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ABSTRACT: In this study, we have assessed the potential application of dichloro . Qo%ﬁé;
silicon phthalocyanine (Cl,-SiPc) and dichloro germanium phthalocyanine (Cl,-GePc) o y '.,\/y 2
in modern planar heterojunction organic photovoltaic (PHJ OPV) devices. We have @"i‘"ﬁj@ > F@Q"i‘"i]@
determined that Cl,-SiPc can act as an electron donating material when paired with Cg, C?HN F_Q:HN

and that Cl,-SiPc or Cl,-GePc can also act as an electron acceptor material when paired

Voltage (V)

with pentacene. These two materials enabled the harvesting of triplet energy resulting 000 025 050

from the singlet fission process in pentacene. However, contributions to the generation _ °] ; %

of photocurrent were observed for Cl,-SiPc with no evidence of photocurrent ;ﬂj _) « w
contribution from Cl,-GePc. The result of our initial assessment established the £, %‘%
potential for the application of SiPc and GePc in PHJ OPV devices. Thereafter, § 2§/ . -
bis(pentafluoro phenoxy) silicon phthalocyanine (F;4-SiPc) and bis(pentafluoro 32: _15222?;@@?;3?@52 ©

phenoxy) germanium phthalocyanine (F,y-GePc) were synthesized and characterized.
During thermal processing, it was discovered that F,y-SiPc and F,-GePc underwent a
reaction forming small amounts of difluoro SiPc (F,-SiPc) and difluoro GePc (F,-GePc). This undesirable reaction could be
circumvented for F(-SiPc but not for F;-GePc. Using single crystal X-ray diffraction, it was determined that F,y-SiPc has
significantly enhanced 7— interactions compared with that of Cl,-SiPc, which had little to none. Unoptimized PHJ OPV devices
based on F,;-SiPc were fabricated and directly compared to those constructed from Cl,-SiPc¢, and in all cases, PHJ OPV devices
based on F,(-SiPc had significantly improved device characteristics compared to Cl,-SiPc.

Increased -1 interactions
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Bl INTRODUCTION aluminum Pc (Cl-AlPc),"”?° chloro gallium Pc (Cl-GaPc)™!
and even chloro indium Pc (Cl-InPc)'®?*"** have also found
application in organic electronic devices such as OPV devices.
However, the use of tetravalent metal and metalloid containing
Pcs in organic electronic devices is rare. The presence of a
tetravalent metal/metalloid such as silicon or germanium
results in a Pc with two axial bonds available for chemical
reaction perpendicular to the Pc plane. Axial groups/molecular
fragments can be two halogens, hydroxyl groups or even
phenoxy groups.

Metal containing phthalocyanines (MPcs) are planar, four
membered aromatic macrocycles, which chelate a single metal
atom within their internal cavity. Depending on the included
metal, MPcs can be inexpensive to manufacture and relatively
versatile, having applications in numerous commercial products
such as dyes and pigments.'® MPcs also have been applied as
active components in organic electronic devices due to their
charge transport and optophysical properties. For example,
MPcs have been utilized as active/semiconducting layers in

organic thin film transistors (OTFTs),”™? organic light emitting Our group has been interested in the application of boron
diodes (OLEDs)'®'> and organic photovoltaic (OPV) subphthalocyanine (BsubPc) in OPV devices and OLEDs for
devices, 13715 several years,””** as have other groups (primarily in OPV
: L) 2529 : o

Divalent MPcs are arguably the most studied. For example, devices). The prototypical BsubPc derivative is chloro
zinc phthalocyanine (ZnPc) and copper phthalocyanine
(CuPc) are widely studied and have found application in Received: June 18, 2014
OTEFTs,® organic sensors,'® OPV devices'”'® and other organic Accepted: February 9, 2015
electronics. To a lesser extent, trivalent MPcs such as chloro Published: February 9, 2015
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boron subphthalocyanine (Cl-BsubPc).>® We have recently
become interested in exploring alternative metalloid Pcs in the
same area of the periodic table as boron and assessing their
potential for application in organic electronic devices.

In the early 1980s, Loutfy and co-workers explored the use of
dichloro silicon and dichloro germanium phthalocyanines (Cl,-
SiPc and Cl,-GePc, respectively, Figure 1) and their respective
dihydroxy-MPc derivatives in a single active layer OPV
devices.>® Although the cell characteristics were poor by
modern standards, their results did however indicate that
silicon and germanium containing Pcs could potentially be used
in OPV devices.*" Thereafter, Xerox Corporation developed a
patent position on the use of GePcs in xerographic organic
photoreceptors.> ¢ Since then, very few examples can be
found in the literature employing SiPc or GePc in an organic
electronic device. Although some groups have utilized SiPc
containing molecules as a photoactive dye in a dye-sensitized
solar cells (DSSCs),>” or as a ternary additive in a P3HT/
PCs,BM/Dye bulk heterojunction (BHJ) ternary OPV
devices,>*™*° their use as an active layer in a planar
heterojunction (PHJ) organic electronic devices has not been
explored.

Anthony et al. has shown that by chemical modification of
pentacene a significant enhancement of the 7—7 interactions in
the solid-state arrangement can be obtained resulting in
enhanced OTFT device performance.‘”_43 Likewise, in our
recent work involving BsubPc, we have identified that simple
axial functionalization of the boron atom, such as using a
pentafluoro phenoxy group, can have significant effect on
solubility, solid-state arrangement, sublimation temperature,
optical and even electrochemical behavior of the BsubPc.*>***
However, very few examples of phenoxy derivatives of
tetravalent MPcs such as silicon or germanium have been
reported. There are some examples of axially substituted SiPc
such as bis(tri-n-hexylsiloxy) (2,3-phthalocyaninato)silicon, ***¢
pyridine substituted SiPcs,*’~* SiPc dimers,*® dendrimer
substituted SiPcs,>' 7> pyrene or thiophene substituted
SiPcs®* and even Cgy—SiPc—Cy, triads.>

In this study we detail our reinvestigation of Cl,-SiPc and
Cl,-GePc within PHJ OPV devices with a modern perspective.
After our initial assessment and by examining the single crystal
X-ray diffraction of Cl,-SiPc, it becomes apparent that although
the Pc unit is planar, very few 71— interactions exist between
the neighboring Cl,-SiPcs.’® Therefore, we have also
synthesized and fully characterized bis(pentafluoro phenoxy)
SiPc (F-SiPc) and bis(pentafluoro phenoxy) GePc (F,-
GePc). We noted an enhanced solid-state arrangement of the
SiPc chromophore when the pentafluoro phenoxy molecular
fragment was present and an enhancement of the resulting PHJ
OPV characteristics compared against the precursor, Cl,-SiPc.
Finally, PHJ OPV devices were fabricated and used to evaluate
the compounds compared to their respective dichloride
precursors.

B EXPERIMENTAL SECTION

Materials. Pentafluoro phenol (>99%) and potassium hydroxide
(KOH, 85%) bathocuproine (BCP sublimed grade, 99.99% trace
metals basis) were obtained from Sigma-Aldrich and chlorobenzene
(99.5%) and chloroform (CHCl,, 99.8%) were obtained from Caledon
Laboratories Ltd. Pentacene (Lumtec, device grade) and poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, Her-
aeus, Clevois P VP Al 4083) were purchased and used as received.
Fullerene (SES Research, 99.5%) was purchased and purified once by
train sublimation before use. Silver (Ag, 99.999%) was obtained from
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R.D. Mathis and used as is. All chemicals were used as received unless
otherwise specified. Dichloro silicon phthalocyanine (Cl,-SiPc),*”®
dichloro germanium phthalocyanine (CL-GePc)**™®' and chloro
aluminum phthalocyanine CI-AIPc®” were synthesized according to
the published procedures. In all cases, the compounds we synthesized
were purified by train sublimation prior to device integration. Each
compound was analyzed prior to device fabrication by mass
spectrometry to confirm that no peripheral chlorination was present.®®

Bis(pentafluoro phenoxy) Silicon Phthalocyanine (F,y-SiPc).
An oven-dried three-neck glass round-bottom flask was connected to a
condenser and placed on a heating mantel while being purged with
nitrogen. Prior to sealing the reactor with rubber septa, a mixture of
Cl,-SiPc (1.00 g, 1.64 mmol), pentafluoro phenol (1.01 g, 5.45 mmol),
and toluene (10 mL) were added along with a Teflon stirbar. The
mixture was then heated to reflux for 20 h while maintaining a
nitrogen purge. The organic mixture was cooled and washed with 1 M
KOH solution 3 times, and 3 times using neutral H,O, before being
dried. (Yield: 1.3 g, 87%). Prior to device fabrication, F,;-SiPc was
purified using train sublimation®* at 350 °C (1—5 X 10~ Torr) using
CO, as a carrier gas. "H NMR spectroscopy (CDCl;, TMS): Aromatic,
8H, 9.69 ppm and 8H, 8.41 ppm. DART mass spectroscopy: calculated
mass, 907.108; obtained mass, 907.107. EA: expected wt %, C
(58.28%), H (1.78%) and N (12.36%); analysis wt %, C (59.10%) H
(1.94%) N (13.28%). UV—vis (CHCl;) 4,,,, = 686 nm.

Bis(pentafluoro phenoxy) Germanium Phthalocyanine (F;q-
GePc). The synthesis of F,-GePc was accomplished in an identical
fashion to that of F;-SiPc except Cl,-GePc was used instead of Cl,-
SiPc. (Yield: 1.2 g, 65%). '"H NMR spectroscopy (CDCl;, TMS):
Aromatic, 8H, 9.69 ppm and 8H, 841 ppm. DART LR mass
spectroscopy: calculated mass, 951.3; obtained mass, 951.0. UV—vis
(CHCL) Aoy = 692 nm. Purification of F ;-GePc was attempted using
train sublimation 370 °C (1=5 X 107 Torr) using N, or CO,,
resulting in decomposition (see the Results and Discussion section).
Therefore, no electronic-grade purity of the sample could be obtained.

Difluoro Silicon Phthalocyanine (F,-SiPc). In a 50 mL three neck
round-bottom flask with reflux condenser and nitrogen inlet, Cl,-SiPc
(0.1 g, 0.163 mmol) and cesium fluoride (0.06 g, 0.395 mmol) were
dissolved in DMF (1 mL). The mixture was stirred and heated at 150
°C under nitrogen for 30 min. The crude product was allowed to cool
to 130 °C and was precipitated into 150 mL of isopropyl alcohol. The
final product was gravity filtered resulting in a fine dark indigo colored
powder. Yield: 0.068 g (71%). UV—vis (DMSO) 4, = 688 nm.
HRMS [M*]: calculated, 578.1231; found, 578.1235.

Difluoro Germanium Phthalocyanine (F,-GePc). F,-GePc was
synthesized in a similar fashion to F,-SiPc except Cl,-GePc was used
instead of Cl,-SiPc. Yield: 0.076 g (69%). UV—vis (DMSO) 4,,,, = 680
nm. HRMS [M*]: calculated, 624.0678; found, 624.0690.

Characterization. Ultraviolet—visible (UV—vis) spectroscopy was
performed on a PerkinElmer Lambda 1050 in either a toluene solution
using a 10 mm quartz cuvette or by using a film that was prepared by
thermal evaporation onto a microscope slide. Cyclic voltammetry
(CV) was performed using a three-electrode cell assembly at room
temperature in a 0.1 M tetrabutylammonium perchlorate (TBAP) in
dichloromethane electrolyte solution. The working electrode was a
glassy carbon disk electrode, the counter electrode was a polished
platinum wire and the reference electrode was Ag/AgCl. An internal
standard of bis(pentamethyl cyclopentadienyl)iron (E, /5.4 = 0.012 V)
and a scan rate of 100 mV/s were used for all measurements unless
specified otherwise. The samples were bubbled with nitrogen until no
dissolved oxygen was present (30—60 min prior to each run).
Photoemission measurements were conducted on a PHI 5500
Multitechnique system using a monochromated Al Ka photon source
(hv = 1486.7 V) for X-ray photoemission spectroscopy (XPS) and a
nonmonochromated He Iar photon source (hv = 21.22 eV) for UPS.
Work function and valence-band measurements were carried out using
UPS with the sample tilted to a takeoff angle of 89° and under an
applied bias of —15 V. The analysis chamber base pressure was ~10™"°
Torr.

Electronic Device Fabrication. Devices were fabricated on 25
mm by 25 mm glass substrates with patterned indium tin oxide (ITO)
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having a sheet resistance of 15 Q/sq (Thin Film Devices, Inc.).
Patterned ITO was used where 70% of the surface area was covered
with a continuous region of ITO. Slides were cleaned by 5 min
sonications in detergent in deionized water, pure deionized water,
acetone and then methanol. The substrates were dried and treated
with an air-plasma for 2 min followed by application of a suspension of
PEDOT:PSS by spin-casting at 500 rpm for 10 s followed by 4000
rpm for 30 s. The samples were then annealed on a hot plate held at
110 °C for 10 min before transfer into a nitrogen atmosphere
glovebox. The substrates were then transferred into a custom vacuum
chamber via load lock and transfer arm. The vacuum chamber had a
base pressure of ~8 X 107® Torr and a working pressure ~1 X 1077
Torr for organic layer deposition. Layer thickness and deposition rate
were monitored using a quartz crystal microbalance (QCM) calibrated
against films deposited on glass with thicknesses measured by step
edge contact profilometry. All subsequent device layers were deposited
in the vacuum chamber by physical vapor deposition with a shadow
mask that was manually changed by transfer into glovebox between the
deposition of the BCP and Ag layers. OPV devices of dimensions 2 X
10 mm (20 mm?) were formed from the overlap of the electrode and
the ITO region.

Electronic Device Characterization. The OPV devices were
transferred directly from the vacuum chamber back to the nitrogen
glovebox and tested in the glovebox. Silver paste (PELCO Conductive
Silver 187) was applied to the electrode end and ITO contact point to
enhance electrical contact and left to cure for 30 min before testing.
Simulated solar light was supplied by a 300 W xenon arc lamp with an
Air Mass 1.5 Global filter, fed through a Cornerstone 260 1/4 m
monochromator and then into the glovebox by way of a single branch
liquid light guide. Light intensity was calibrated with reference to a
UV-silicon photodetector. Voltage sweeps of the devices were
performed under full spectrum illumination, and corresponding
currents were measured with a Keithley 2401 Low Voltage
SourceMeter, controlled by a custom LabView program. Wavelength
scans of the devices were performed and corresponding currents
measured using a Newport Optical Power Meter 2936-R controlled by
TracQ Basic software. External quantum efficiencies were calculated
using a reference wavelength scan of the UV-silicon photodetector.

B RESULTS AND DISCUSSION

As a point of reference for this study we choose CI-AlPc in
place of Cl-BsubPc. Although aluminum is not a metalloid, we
decided to choose Cl-AlPc due to the structural similarly of the
phthalocyanine ligand to that of Cl,-SiPc and Cl,-GePc (Figure
1). Cl-AlPc has also been extensively studied in PHJ OPV
applications. For example, Kim et al. fabricated both PHJ and
BH]J devices containing CI-AlPc and Cg, and found that in both
cases the resulting devices out performed comparable CuPc and
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Figure 1. Chemical structure of chloro aluminum phthalocyanine (Cl-
AlPc), dichloro silicon phthalocyanine (Cl,-SiPc) and dichloro
germanium phthalocyanine (Cl,-GePc).
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Cg based devices." It has also been demonstrated that Cl-AlPc
can act as an electron acceptor when paired with pentacene.®®

CI-AIP¢,%* CL,-SiPc>”*® and Cl,-GePc®”® were synthesized
according to methods presented in the literature, and purified
by train sublimation prior to being integrated into devices.

All three phthalocyanine chlorides were first characterized by
UV—vis spectroscopy. The resulting normalized absorption
spectra for solutions in toluene as well as for vapor-deposited
thin solid films are illustrated in Figure S1 and tabulated in
Table 1. UV—vis spectroscopy was also performed in
chloroform and dimethyl sulfoxide (DMSO) solution for
comparison and the corresponding values can be found in
Table S1. It is interesting to note is that with relatively similar
film thicknesses, Cl-AlPc has a much broader absorption
compared to the virtually identical absorption peaks associated
with Cl,-SiPc and Cl,-GePc, which is not the case when in
solution (Figure S1, Supporting Information). The optical band
gap (Egyp,0pt) Was estimated from the onset of the absorbance
data for Cl-AlPc, Cl,-SiPc and Cl,-GePc, and is tallied in Table
1. For example, Cl,-SiPc and Cl,-GePc were found to have an
Egapopt of 171 €V in solution and 1.55 eV in a thin solid film.
Finally, when the optical absorptions for CI-AlPc, Cl,-SiPc and
Cl,-GePc were normalized for film thickness, it was noted that
Cl,-SiPc and Cl,-GePc have a much higher absorption-nm™
than Cl-AlPc (Figure S2, Supporting Information).

Cl-AlP¢, Cl,-SiPc and Cl,-GePc were also electrochemically
analyzed using cyclic voltammetry in dichloromethane solution
with bis(pentamethyl cyclopentadienyl)iron internal standard.
The resulting voltammograms are shown in Figure S3
(Supporting Information), and the relevant potentials are
tabulated in Table S2 (Supporting Information). Although
electrochemical analysis does give a good preliminary assess-
ment of the energy levels of the frontier orbitals and the overall
electrochemical behavior of a compound,®” ultraviolet and X-
ray photoelectron spectroscopy (UPS and XPS) are better used
to accurately assess the highest occupied molecular orbital
(HOMO) energy levels. UPS and XPS were therefore
performed on Cl,-SiPc and Cl,-GePc thin films (and CI-AlPc
for reference). The resulting UPS spectra can be found in
Figure S4 along with the obtained values in Table 1. The work
functions obtained by XPS (®ypg) are very similar to those
obtained by UPS (®ypg) and are very similar for all three Pcs,
with values falling between 4.1 and 4.5 €V (Table 1). The
ionization energy (IE) levels were calculated using UPS by
adding the valence (HOMO) offset (Ae), ranging from 1.3 to
1.6 eV from the Fermi to ®yps. Therefore, for all three metal
halide Pcs the IE = 5.7 to 5.8 eV (Table 1). While there are no
known UPS or XPS measurements of CL,-SiPC or Cl,-GePc,
for Cl-AlPc in all cases the regported values are within the
differences of measured values.®

In general, the transport energy gap, Eg,,, is equal to the
Egap0pt Plus the energy associated with the exciton binding Ep,

Gap,T = EGap,opt + Eg).% Cho et al. identified that for Cl-AlPc
(similar to CuPc) the Eg, ~ 0.24 ¢V, which gives an Eg,,r of
around 1.9 eV (when using Eg,, o, = 1.66 eV).%® Therefore,
knowing the HOMO energy levels and the Eg,, o, from the
solid-state absorbance of these compounds, we then estimated
the lowest unoccupied molecular orbital (LUMO) energy levels
by using the Eg,,r and assuming Eg, of Cl-AlPc ~ 0.24 eV is
similar for Cl,-SiPc and Cl,-GePc (Table 1).

Besides the basic electrophysical properties outlined above,
when considering the application of a new compound as an
organic electronic material, it is prudent to first examine its
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Table 1. UV—vis Absorbance and X-ray/Ultraviolet Photoelectron Spectroscopy Characterization Characteristics of Chloro
Aluminum Phthalocyanine (CI-AlPc), Dichloro Silicon Phthalocyanine (Cl,-SiPc) and Dichloro Germanium Phthalocyanine
(Cl,-GePc) and Bis(pentafluoro phenoxy)silicon Phthalocyanine (F,,-SiPc)

toluene films
sample It (nm) EGap,OPTb (eV) Ay (nm) EGap,OPTb (eV)
Cl-AlPc 688 1.77 765 1.48
Cl,-SiPc 685 1.77 752 1.56
Cl,-GePc 691 1.76 750 1.56
F,-SiPc 686 1.73 737 1.62

E Gap,TC q’xpsd (eV) CI)UPSd (eV) Ae (eV) IE yps (eV) Ejumo® (eV)
1.72 4.5 4.4 1.3 5.7 4.0
1.80 4.1 4.1 1.6 5.7 3.9
1.80 4.5 4.4 1.4 5.8 4.0
1.86 4.4 4.4 1.4 5.7 3.8

“)nax Was determined as the peak wavelength of the absorbance spectra. bEGap,Opt was determined from the onset of the absorbance spectra (Figure

c 6
6) EGap,T = EGap,Opt + EEx}

where Eg, &~ 0.24 eV.%® “Work Function (®) determined by either X-ray photoelectron spectroscopy (XPS) and

ultraviolet photoelectron spectroscopy (UPS). “Energy level associated with the lowest unoccupied molecular orbital (E; ), was estimated using

Erumo = IEups — EGap,T'

Figure 2. Solid-state arrangement of Cl,-SiPc (A) and (B) (CCDC deposit #148330/identifier VIKVEQ, taken from Kojima et al.>®) and confirmed
by our group. CL,-GePc (C) and (D) (CCDC deposit ref #214379/identifier JAGWAQ, taken from Janczak and Kubiak”') and (E) and (F) Cl,-
GePc (CCDC deposit ref #214378/identifier JAGWAQO]1, taken from Janczak and Kubiak”"). The axes represent the unit cells.

solid-state arrangement (if available). When the published
single crystal structure of Cl,-SiPc (CCDC deposit #148330/
identifier VIKVEQ, taken from Kojima et al.>®) is examined, no
significant 7—7 interactions between Pc rings are apparent even
though the molecules are relatively planar.®® The shortest
distance measured between the aromatic rings of the
phthalocyanine units is 3.977 A with a corresponding angle
of 16.56° (Figure 2A,B). We also grew single crystals of Cl,-
SiPc by sublimation that were confirmed to be identical to that
obtained by Kojima et al.* Silver et al. also reported a similar
crystal structure of Cl)-SiPc grown by solution; however,
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crystals grown by sublimation give a more accurate
representation of the solid-state arrangement of molecules
thermally evaporated into thin films and therefore this structure
was not considered.”

Two crystal structures of Cl,-GePc have been reported by
Janczak and Kubiak.”" Although the details of the synthesis of
Cl,-GePc and the subsequent growth of single crystals of two
different polymorphs is not well detailed, an analysis of the P1
triclinic polymorph shows better three-dimensional 7—x
interaction than Cl,-SiPc at 3.770 and 3.800 A and with the
Pc chromophores nearly parallel (within error, Figure 2E,F).

DOI: 10.1021/am508491v
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Scheme 1. Synthesis of Bis(pentafluoro phenoxy) Ailicon Phthalocyanine (F,,-SiPc) and Bis(pentafluoro phenoxy) Germanium
Phthalocyanine (F,,-GePc) from Dichloro Silicon Phthalocyanine (ClL,-SiPc) and Dichloro Germanium Phthalocyanine (CL,-
GePc) and the Unexpected Formation of Difluoro Silicon Phthalocyanine (F,-SiPc) and Difluoro Germanium Phthalocyanine

(F,-GePc), Respectively”
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Figure 3. Thermogravimetric analysis (TGA) of (A) bis(pentafluoro phenoxy) silicon phthalocyanine (Fo-SiPcs) and difluoro silicon
phthalocyanine (F,-SiPc) and (B) bis(pentafluoro phenoxy) germanium phthalocyanine (F;-GePcs) and difluoro germanium phthalocyanine (F,-

GePc).

The P21/n monoclinical polymorph of Cl,-GePc is nearly
identical in solid-state arrangement to Cl,-SiPc, with no
significant 77—z interactions (Figure 2C,D). These crystal
structures suggest that Cl,-GePc has potentially more favorable
7—r interaction compared to Cl,-SiPc indicating that further
investigation is merited and necessary (Figure 2E,F).

Our group has shown that in the case of boron
subphthalocyanine (BsubPc), the addition of the pentafluoro
phenoxy molecular fragment can reduce the sublimation
temperature, significantly modify the electrochemical and
optical properties and modify the solid-state arrange-
ment.***>7>7> Therefore, given the poor solid-state arrange-
ments of Cl,-SiPc and the P21/n monoclinic polymorph of Cl,-
GePc, we elected to see if taking an analogous pentafluoro
phenoxylation approach with SiPc and GePc would yield
similar results. We therefore synthesize F,;-GePc and F,;-SiPc

by reacting Cl,-SiPc or Cl,-GePc each with a five molar excess
of pentafluoro phenol in refluxing toluene (Scheme 1). Workup
to obtain the crude product was relatively straightforward (see
the Experimental Section).

Before fabrication of organic electronic devices, it is
imperative that all organic compounds are purified to
“electronic grade”. In most cases, this level of purity is
obtainable by train sublimation.®* During train sublimation, the
sample is heated under vacuum to the point where it sublimes
into a flowing carrier gas and travels along a temperature
gradient where it then deposits on a surface down tube.”* As
mentioned above, Cl,-SiPc and Cl,-GePc were easily purified
using this technique. However, when train subliming F(-SiPc at
350 °C and roughly 1—5 X 107 Torr under nitrogen gas flow,
we determined that approximately 5—10% (estimated by mass
spectrometry) of the sublimed product was difluoro silicon

5080 DOI: 10.1021/am508491v
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phthalocyanine (F,-SiPc, Scheme 1) and roughly 20—25% (also
estimated by mass spectrometry) of the material left in the
sublimation boat was also F,-SiPc. These results were
consistent and reproducible and confirmed by elemental
analysis (EA). When CO, was used as the train sublimation
carrier gas, the amount of F,-SiPc formation dropped to <1%
(estimated by mass spectrometry).

To study this decomposition of F,;-SiPc and the formation
of F,-SiPc, we performed thermogravimetric analysis (TGA).
To do this, a genuine sample of F,-SiPc was synthesized (see
the Experimental Section). The respective weight % relative to
temperature (TGA) trace for F,;-SiPc and F,-SiPc can be found
in Figure 3. When the TGA trace for F (-SiPc is analyzed, it is
clear that two distinct transitions occur. The first drop in mass
has a 5% weight loss onset at ~370 °C resulting in a ultimate %
mass loss of roughly 22 wt %, close to the molar mass difference
between F,;-SiPc (906.72 g:mol™') and F,-SiPc (568.61 g
mol™") of roughly 37 wt %. This temperature is slightly above
the temperature employed during train sublimation. The
second mass loss occurs at ~540 °C, which is clearly the
ultimate thermal decomposition. F,-SiPc only shows one
transition and it is at ~540 °C, which is consistent with the
decomposition temperature seen when F-SiPc is analyzed.
This result indicates that the mass loss seen for F,;-SiPc at
~370 °C is the formation of F,-SiPc. Once formed, F,-SiPc
then ultimately decomposes at ~540 °C. The mechanism by
which this transformation to F,-SiPc occurs is unclear; however,
these results do suggest that if sublimation during device
fabrication can be effected at a temperature of <370 °C then
formation of F,-SiPc can be avoided.

We also attempted to purify F,;-GePc using train sublimation
with either N, or CO, as a carrier gas. In all attempts,
temperatures in excess of 350 °C were necessary to see any
mass movement and in all of our attempts 100% of F;;-GePc
was converted to F,-GePc (as determined by mass spectrom-
etry). A genuine sample of F,-GePc was also synthesized. When
TGA analysis on F;y-GePc is performed, it becomes apparent
that an initial mass loss, most likely a result of the F,-GePc
formation (by comparison against the TGA of the genuine
sample) takes place at ~330 °C followed by a second one at
~500—540 °C (Figure 3B), which are at slightly lower
temperatures than observed for F,y-SiPc (Figure 3A). Due to
the elevated temperature required to sublime F,-GePc, it was
determined that the formation of F,-GePc was unavoidable
with our current purification setup and/or our current device
fabrication apparatus. Given these observations, we did not
continue the characterization of F,j-GePc.

X-ray photon electron spectroscopy (XPS) was performed
on thermally evaporated films of F,y-SiPc and F,-SiPc that were
prepared under ultrahigh vacuum (~107'° Torr). Unfortu-
nately, the sublimation rate of F;-SiPc was only monitored by
QCM and therefore the sublimation temperature itself was
unknown. The resulting core level XPS can be found in Figure
4. As expected, when the peaks associated with the 1s orbital for
oxygen (Figure 4B) are examined, it is clear that the film of F,-
SiPc shows no oxygen peak while that of F (-SiPc has a clear
peak at 532.5 eV. F,-SiPc and F(-SiPc both exhibit a similar
single peak corresponding to the 1s orbital for silicon (Figure
4C) around 103 to 103.5 eV. However, when the 1s orbital for
fluorine (Figure 4D) is examined, F,-SiPc and F,-SiPc exhibit
clearly separate and distinct single peaks at 685.5 and 688.0 eV,
respectively. The absence of a peak at 685.5 eV for the Fy-SiPc
sample confirms that a vacuum deposition can be done without
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Figure 4. Core level X-ray photoelectron spectroscopy (XPS) of (A)
Is - carbon peak, (B) 1s oxygen peak (C) Is - silicon peak and (D) 1s -
fluorine peak for bis(pentafluoro phenoxy) silicon phthalocyanine
(F10-SiPcs) and difluoro silicon phthalocyanine (F,-SiPc).

formation of F,-SiPc. Although we are unsure of the actual
deposition temperature, these results suggest that when the
sublimation temperature is kept low (due to high operational
vacuum, ie. low pressure) the formation of F,-SiPc can be
avoided.

To further confirm this, we sublimed F,-SiPc in the vacuum
chamber that was used to fabricate F;y-SiPc containing PHJ
OPV devices (see below for discussion on devices) at
temperatures between 190 and 220 °C at a pressure of ~1 X
1077 Torr. Mass spectrometry confirmed that these films had
no F,-SiPc within them. Although we are confident no F,-SiPc
will be present in our PHJ OPV devices that are fabricated at
~1 X 1077 Torr, we do intend to further investigate the
mechanism of its formation of F,-SiPc on heating of F(-SiPc.

Once synthesized and purified, single crystals of Fy-SiPc
were grown. Single crystals that were grown by slow vapor
diffusion of hexanes into a dichloromethane solution and
heptane into a THF solution were found to be identical (CCD
Deposition #1034275) and a benzene solvated crystal structure
was also obtained from slow vapor diffusion of heptane into
benzene (CCD Deposition #1034274) (detailed X-ray
crystallography data can be found in the Supporting
Information, Tables S3—S8 for nonsolvated and Tables S9—
14 for solvated).

Figure $ illustrates the solid-state arrangement within the F -
SiPc crystals. As expected, the addition of a pentafluoro
phenoxy fragment does enhance the 77— interactions of the
SiPc chromophores compared to Cl,-SiPc. For instance, Fy-
SiPc crystals have two of the peripheral aromatic groups of the
SiPcs stacked in a parallel fashion, at a minimum distance of
3.654 A with a corresponding maximum angle of 3.14° between
the aromatic planes. In addition to the stacking of the Pc
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Figure S. Solid-state arrangement of (A) face on view and (B) side view of F,;-SiPc obtained by single crystal X-ray diffraction (CCDC deposit
#1034275). The dotted green lines represent molecular 7—7 interactions between neighboring molecules (<then 3.8 A). Identical single crystals
were grown from slow vapor diffusion of hexanes into a dichloromethane solution or heptane into a THF solution. The axis represents the unit cell.
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Figure 6. (A) Scaled UV—vis absorbance in toluene (solid lines) and as sublimed films (dashed lines) of Cl,-SiPc and F;,-SiPc and (B) characteristic
cyclic voltammograms of F,,-SiPc vs Ag/AgCl (dichloromethane; glass carbon working electrode; platinum wire counter electrode and an internal
standard of bis(pentamethyl cyclopentadienyl) iron averaged over three runs using a scan rate of 100 mV/s).

peripherals, stacking of the pentafluoro phenoxy groups was
also observed with a molecular distances of 3.740 A with a
corresponding angle of 0° between planes (parallel) (Figure
SB).

UV—vis spectroscopy was performed on F-SiPc in toluene
solution as well as on 50—80 nm films obtained by thermal
sublimation and compared against Cl,-SiPc (Figure 6). The
Antax Of Fip-SiPc is Ayp Toluene = 686 nm for toluene solution
and Ayg,y pim = 737 nm for the film (Figure 6A). These values
are very similar to those obtained for the Cl,-SiPc, where
AMax, Toluene = 685 nm in toluene solution and a Ay, gim = 752
nm for the film (Table 1, Figure 6A). The EGap, opt Was
calculated from the solution spectra and from the solid-state
spectra and is tabulated in Table 1. Despite slight changes in
their respective absorbance, the addition of pentafluoro
phenoxy groups has little effect on the overall shape of the
absorbance or the band gap compared to Cl,-SiPc. However,
when normalized to film thickness (Figure S2, Supporting
Information) the absorbance was roughly 210% greater for F -
SiPc compared to Cl,-SiPc, which is consistent with the ~10%
increase in solid-state density measured by X-ray crystallog-
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raphy (1.692 g-cm™ for F(-SiPc and 1.509 g-cm ™ for Cl,-SiPc,
Tables S3 and S8, Supporting Information).

Cyclic voltammetry (CV) was performed on F,,-SiPc (Figure
6B, Table S2, Supporting Information). Scanning at a positive
potential reveals a completely reversible peak at +1.22 V
whereas reductive scanning shows multiple completely
reversible reductions at —0.46 and —091 V (Figure 6B,
Table S2, Supporting Information). These values are very
similar to those obtained for Cl,-SiPc (Figure S3, Supporting
Information) with the exception that the data is much clearer
due to the higher solubility of F;-SiPc in DCM. UPS and XPS
were also performed on F;-SiPc. The UPS spectra can be
found in Figure SS (Supporting Information) along with the
obtained values in Table 1. The @xpg and Dyypg as well as the IE
of Cl,-SiPc and F(-SiPc were determined to be equivalent
(Table 1). Finally, the LUMO level of F,,-SiPc was estimated
and can be found in Table 1.

Photovoltaic Device Analysis. A series of planar
heterojunciton (PHJ) OPV devices were fabricated containing
Cl,-SiPc, Fjy-SiPc and Cl,-GePc as active layers. Figure 7
illustrates the estimated energy levels used for PHJ OPV
configurations as well as a visual representation of the device
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Figure 7. Estimated energy levels used for PHJ OPV configurations
where X-MPc = Cl,-GePc, Cl,-AlPc, Cl,-SiPc or F,,-SiPc are used as
(A) the electron acceptor layer in a PHJ OPV device or B) the
electron donor layer in a PHJ OPV device. The representative Eyopo
levels were either taken from the literature or determined by UPS
(Table 1) and the E; 0 levels were either taken from the literature or
estimated from the difference between the Eyoyo and the Eg,,r the
transfer energy gap (Table 1).

structures. To begin we assessed each as an electron donating
materials paired with C4, as a standard electron acceptor
material. As a point of comparison we also fabricated a series of
baseline OPV devices using Cl-AlPc as the electron donor
material. All devices had the structure: ITO/PEDOT:PSS/X-
MPc(20 nm)/Cg,(40 nm)/BCP(7.5 nm)/Ag. The resulting J—
V curves and external quantum efficiency (EQE) versus
wavelength plots are illustrated in Figure 8A,B, respectively.
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Figure 8. (A) J—V curves and (B) external quantum efficiency (% vs
nm) for a series of X-MPc/Cy, OPV devices. The legend in panel A is
the same as for panel B.

On average, our Cl-AlPc/Cg, PHJ baseline OPV devices were
characterized as having a Jsc = 3.9 + 0.3 mA-cm ™, Vo = 0.68
+ 0.03 V, FF = 0.48 + 0.03 and My = 126 £ 0.2% (Table 2,
Figure 8A). These metrics are in line with those reported by So
et al,"® as are the EQE spectra. However, it should be noted
that the devices of So et al. did not include a PEDOT:PSS
injection layer. We found that when the PEDOT:PSS layer was
not included for our setup a significant number of short
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circuited devices were obtained. This type of observation is not
uncommon.*

Thereafter, PHJ] OPV devices with 20 nm of Cl,-SiPc (device
B), 20 nm of F,-SiPc (device C) or 20 nm of Cl,-GePc were
fabricated whereby the corresponding Pc was substituted for
Cl-AlPc (Table 2, Figure 8). In the case of Cl,-SiPc (device B,
Table 2), a functional OPV device was obtained with the
following metrics: Vo = 0.24 + 0.05; Jsc = 0.47 + 0.05; FF =
0.32 + 0.03; 7, = 0.04 & 0.01. Although the resulting device
characteristics were not as favorable as our baseline, they
illustrate that Cl,-SiPc can function as an electron donor
material when paired with Cg. When the 20 nm of Cl,-SiPc
was replaced with 20 nm of F,;-SiPc (device C), the device
experienced an improvement in both V¢ and Jsc. Device C
was characterized by having a Vo = 0.76 + 0.03; Jc = 1.4 +
0.2; FF = 0.31 % 0.005; 7, = 0.34 + 0.04 (Figure 8, Table 2).
Although these F;-SiPc containing devices showed an
improved Vg relative to CI-AlPc, the devices did not
outperform the base device in terms of measured efficiency
(Figure 8, Table 2). There is some evidence that the addition of
shielding to the z-system can reduce parasitic carrier leakage
and charge recombination at the donor/acceptor interface
resulting in a significant increase in Voc. 7€ However, in these
examples, the increase in V¢ is paired with a decrease in
Jsc.”¥77 The pentafluoro phenoxylation of SiPc increased both
the V¢ and Jgc, suggesting the improved solid-state arrange-
ment of the SiPc, does play a significant role in the improved
device performance and perhaps is not prone to decreasing the
Jsc. It should again be noted that both F,;-SiPc and Cl,-SiPc
films were identified as having greater relative absorption to Cl-
AlPc but a narrower absorption profile.

The incorporation of Cl,-GePc (device J) resulted in a device
with little to no diode character even when irradiated with the
equivalent of 2 suns of simulated light (Figure 8, Table 2). A
possible reason for this observation could be that we
misidentified the peak in the UPS spectra of Cl,-GePc (Figure
S4, Supporting Information) corresponding to the HOMO
energy level. On closer inspection of the UPS spectra of Cl,-
GePc, there is a very small broad peak centered at —0.6 eV.
This peak is confirmed and is not present in the UPS spectrum
of Cl-AlPc or Cl,-SiPc. If this broad poorly defined peak is used
to calculate the HOMO level of Cl,-GePc, the result is an IE ~
4.8 eV. If this is accurate, then it could explain the poor to
nonexistent PHJ OPV device characteristics as this HOMO
level is approximately equivalent the LUMO level of Cq,.
Unfortunately, our electrochemical analysis cannot be used to
confirm this hypothesis due to its relatively low quality. Further
discussion on Cl,-GePc and this idea appears below.

Based on the calculated HOMO and LUMO energy levels, it
was apparent to us that Cl,-SiPc, F (-SiPc and Cl,-GePc could
also be applied as electron acceptors when paired with
pentacene (Figure 7). Beaumont and Jones have recently
determined that Cl-AlPc is a potential Cg, replacement and a
viable electron acceptor material in PHJ OPV devices.*®
Similarly, Jones et al. have shown the dual functionality of
halo BsubPcs in OPV devices.”” We have also shown that a
BsubPc we refer to as pentafluoro phenoxy BsubPc (F-
BsubPc) also has dual functionality and can be applied either as
an electron donating or an electron accepting material in OPV
devices.”

We therefore first fabricated a pentacene/Cg, baseline PHJ
OPV with a similar configuration to that reported by Sullivan et
al.”” except with PEDOT:PSS between the ITO and pentacene
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Table 2. Organic Photovoltaic (OPV) Device Structure and Characterization

device” donor (nm) acceptor (nm) BCP (nm)
device A Cl-AlPc(20) Cqg(40) 11.0
device B Cl,-SiPc(20) Cq(40) 7.5
device C F,-SiPc(20) Co(40) 7.5
device D pentacene(43) Cq(40) 11.0
device E pentacene(43) Cl,-SiPc(40) 11.0
device F pentacene(43) F,-SiPc(40) 11.0
device G a-6T (60) Cl,-SiPc(20) 7.5
device H a-6T (60) F4-SiPc(20) 7.5
device I pentacene(43) Cl,-GePc(40) 7.5
device ] Cl,-GePc(20) Cqg(40) 7.5

Voc” (V) Jsc” (mA-cm™2) EF’ Hpower. (%)
0.68 + 0.03 39+03 0.48 + 0.03 1.26 + 0.2
0.24 + 0.05 0.47 + 0.05 0.32 + 0.03 0.04 + 0.01
0.76 + 0.03 14 +£ 0.2 0.31 + 0.01 0.34 + 0.04
0.29 + 0.02 7.0 + 0.7 0.46 + 0.05 095 + 0.2
0.14 + 0.01 23 +03 0.35 + 0.02 0.11 + 0.02
041 + 0.01 24 + 02 0.45 + 0.02 0.45 + 0.03
0.29 + 0.02 1.2 + 0.1 0.39 + 0.04 0.13 + 0.02
041 + 0.02 27 +02 0.36 + 0.01 0.40 + 0.04
0.08 + 0.008° 1.67 + 0.07° 0.36 + 0.05° 0.05 + 0.01°
0.02 + 0.02¢ 0.1 + 0.1° =° =°

“Device structure: ITO/PEDOT:PSS/donor(20, 43, or 60 nm)/acceptor(20 or 40 nm)/BCP(7.5 or 11.0 nm)/Ag(80 nm). Device characteristics
taken from an average of 6—10 pixels over 2—4 devices. “These PHJ OPV devices were tested at 2 suns.
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Figure 9. (A) J—V curves and (B, C) external quantum efficiency (% vs nm) for a series of pentacene/X-MPc and a-6T/SiPc OPV devices. The

legend in panel A is the same as for panels B and C.

(to prevent shorted devices as mentioned above). We also used
Ag instead of Al as the counter electrode. Our device
configuration was ITO/PEDOT:PSS/pentacene(43 nm)/
Cg(40 nm)/BCP(11 nm)/Ag. On average, our baseline PHJ
OPYV devices were characterized as having a Jgc = 7.0 + 0.7 mA-
em™, Voe = 029 + 0.02V, FF = 046 + 005 and 77, = 095 +
0.2%, which is similar to the characteristics from Sullivan et al,,
albeit with a poorer Ve (Jsc = 6.70 mA-cm ™2, Vo = 041V,
FF = 0.54 and 1, = 1.50%).”

Next we substituted Cl,-SiPc, F;(-SiPc and Cl,-GePc for Cy,
with the same device configuration: Cl,-GePc (device I), Cl,-
SiPc (device E) and F,(-SiPc (device F) (Figure 9, Table 2).
The devices containing Cl,-SiPc (device E) exhibited a J¢c = 2.3
+ 0.3 mA-cm™, Vo = 0.14 + 0.01 V, FF = 0.35 + 0.02 and 7
= 0.11 + 0.02% whereas the use of F,-SiPc (device F§
exhibited a Jgc = 2.4 + 0.2 mA-cm™2, Vo = 0.41 + 0.01 V, FF =
0.45 + 0.02 and 7, = 0.45 + 0.03% (Table 2, Figure 9A). In the
cases of F;;-SiPc and CL,-SiPc, two additional peaks in the EQE
plot are present between 300 and 400 nm and between 700 and
800 nm, which correspond to the absorbance of the SiPc
chromophore (Figure 9B). It is interesting to note that these
peaks are more pronounced when using F,(-SiPc compared to
Cl,-SiPc, indicating a more significant photogeneration
contribution from F,,-SiPc.

In contrast to its performance as an electron donating
material, the PHJ OPV incorporating Cl,-GePc as an electron
acceptor material was functional albeit with dismal performance
even when irradiated with the equivalent of 2 suns of simulated
light. With such poor device performance, it is hard to offer an
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explanation of the root cause. However, if our hypothesis above
is correct, that we have miscalculated the HOMO and LUMO
energy levels of Cl,-GePc, then the offset between the HOMO
of pentacene and HOMO of Cl,-GePc may only be >0.2 eV.
This offset is known in some cases to be enough for a rectifying
interfacing, but that is rare.2%78

Additionally, it has been recently shown that when properly
engineered, pentacene and C4, containing devices can take
advantage of triplet fission to reach quantum efliciencies
exceeding 100%.”” Very few examples of singlet fission capable
materials are known in the literature,*® and materials capable of
harvesting these triplets are equally rare.®® Recently, we have
shown that hexachloro BsubPc chloride (CI-Cl¢BsubPc) can
harvest triplets from the singlet fission process within
pentacene.”* A large peak in the EQE spectrum between 600
and 700 nm can be used to identify the singlet fission process.
This characteristic region of activity is present in the EQE plots
for the pentacene/Cl,-SiPc, pentacene/F,(-SiPc and penta-
cene/Cl,-GePc devices (Figure 9B) suggesting that all Cly-
MPcs in this study can extract the triplet energy resulting from
the singlet fission process within pentacene. These results are
consistent with the previous findings that electron acceptors
with LUMO energies greater than 3.8 eV can effectively
dissociate pentacene triplets.gl’82

In order to avoid the singlet fission process, a 60 nm layer of
a-sexithiophene (a-6T) was used as a donor layer and paired
with either 40 nm of Cl,-SiPc (device G) or F,,-SiPc (device
H). The device containing Cl,-SiPc (device G) exhibited a Jyc =
1.2 + 0.1 mA-cm™2, Vo = 0.29 + 0.02 V, FF = 0.39 + 0.04 and
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n, = 0.13 + 0.02% whereas the use of F,y-SiPc (Device H)
exhibited a Joc = 2.7 + 0.2 mA-cm™2, Vo = 041 + 0.02 V, FF =
0.36 + 0.01 and 77, = 0.40 =+ 0.04% (Figure 9A). The EQE plots
show two distinct contributions corresponding to the
absorption of @-6T and X-MPc (Figure 9C). Compared to
the baseline device, the use of F,,-SiPc resulted in an increased
Voc but an overall lower 77, due to a lower short circuit current
density (Jsc). Regardless, these results indicate that both Cl,-
SiPc and Fy-SiPc can act as acceptor molecules when paired
with either a-6T or pentacene, and that F,;-SiPc outperforms
Cl,-SiPc. Clearly, further device engineering and optimization is
required to improve the Jsc and ultimate efficiency of PHJ
OPVs based on the presented Pcs.

To summarize our findings, although our initial PHJ OPV
devices containing either Cl,-SiPc or F,y-SiPc do not surpass
the device characteristics of our baseline devices, some
conclusions can be drawn from this data. Due to the virtually
identical opto-/electrophysical properties of ClL,-SiPc and F -
SiP¢, and given we know their respective solid-state arrange-
ments, the improved device performance of F,-SiPc over Cl,-
SiPc can be attributed to the observed improved solid-state
arrangement and the potential 7-system shielding of F4-SiPc
compared to Cl,-SiPc. Additionally, CL-SiPc or F,(-SiPc can be
applied as either an electron donor (when paired with Cq) or
as an electron acceptor (when paired with pentacene or a-6T)
in PHJ OPV devices.

The results of this study with respect to SiPc are clear;
however, the results for Cl,-GePc present a bit of a conundrum.
To summarize, Cl,-GePc has a generally good solid-state
arrangement for a potential organic electronic material (Figure
2). When we paired Cl,-GePc with C¢, in a PHJ OPV, where its
function would be as an electron donating material, the result
was a nonfunctional device. In contrast, when Cl,-GePc was
paired with pentacene the device produced a photocurrent,
albeit with no EQE contribution from Cl,-GePc, suggesting
that Cl,-GePc did contribute to the movement of charge but
not its photogeneration. With limited literature precedent for
the use of Cl,-GePc in modern organic electronic devices, it is
hard to offer a concise hypothesis or a set of hypotheses that is
consistent with these observations. However, given GePc
derivatives at one time warranted patent protection and the
favorable solid-state arrangement of Cl,-GePc outlined above,
we felt the poor functionality of Cl,-GePc warranted further
study. One hypothesis we did offer above was that a small
broad peak in the UPS spectrum at ~—0.6 eV could represent a
more accurate estimation of the HOMO energy level of Cl,-
GePc. At this energy level, the HOMO and LUMO energy
levels would be approximately equivalent to that of pentacene,
therefore the pentacene/Cl,-GePc would function more like a
single junction device and could account for the lack of EQE
contribution from Cl,-GePc. This second estimation of the
HOMO and LUMO energy levels is also in line with the
observed nonfunctionality of the Cl,-GePc/Cg, device.

In an attempt to confirm the second estimated HOMO and
LUMO energies of Cl,-GePc, we paired Cl,-GePc with our
known electron accepting material Fi-BsubPc, (energy level
diagram Figure S7, Supporting Information).>® A series of Cl,-
GePc/Fs-BsubPc devices were fabricated, and the resulting
device characteristics can be found in the Supporting
Information (Figure S7). Although the resulting devices did
exhibit diode-like behavior, they again had dismal device
characteristics; the Jqc was below 0.05 mA-cm™ and no
photogeneration due to the Cl,-GePc could be identified in the
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EQE plot (Figure S7A, Supporting Information). This final
attempt leads us to the preliminary conclusion that perhaps Cl,-
GePc can be used in organic electronic devices where a
potential is applied (for example, a photoreceptor as patented
by Xerox Corporation®*"*) but not in one where current
production and extraction is required (OPV). Further study is
required to solidify this hypothesis.

Bl CONCLUSION

In conclusion, we have assessed the potential application of Cl,-
SiPc, Fi;-SiPc and Cl,-GePc in modern organic electronic
devices. Initially, we have shown that CL,-SiPc and Cl,-GePc
have very similar physical and electronic properties relative to
more widely studied Cl-AlPc. We have also shown that Cl,-SiPc
and F;-SiPc can act as an electron-donating layer in an
unoptimized PHJ OPV device when paired with Cg, whereas
PHJ OPV devices of Cl,-GePc/Cq, did not show any diode
characteristics. We also paired pentacene with Cl,-SiPc, F ;-
SiPc and Cl,-GePc and a-sexithiophene with Cl,-SiPc and F ;-
SiPc in PHJ] OPV devices where the Pcs were applied as
electron acceptor layers. Although our initial devices did not
outperform our baseline devices, they did illustrate the potential
for the dual use of Cl,-SiPc and F,,-SiPc as an active material in
PHJ OPV devices; either as an electron donor or as an electron
acceptor. We have shown that these three Pcs enabled the
harvesting of triplet energy resulting from singlet fission in
pentacene when applied as electron accepting materials.

Our initial devices also showed that F,-SiPc universally
outperforms Cl,-SiPc in either role within an OPV. In all cases,
the use of F,(-SiPc instead of CL-SiPc, resulted in as much as a
3-fold increase in both Vy¢ and Jsc and a resulting 8-fold
increase in 7, The relative performance improvement that
comes from using F,-SiPc over Cl,-SiPc is attributed to the
improved solid-state arrangement and z-system shielding of
F,,-SiPc over Cl,-SiPc.

As a cautionary note, when purifying F,-SiPc by train
sublimation, it was discovered that F;,-SiPc underwent a
reaction which resulted in the formation of small amounts of
F,-SiPc. F (-SiPc was then evaporated at different pressures
(i.e., different temperatures) and the films were analyzed using
mass spectrometry and XPS to identify whether F,-SiPc was
present. At greater vacuum (lower pressure) and lower
temperatures, the formation of F,-SiPc was completely
suppressed and F(-SiPc could be purified and incorporated
into OPV devices.

UV—vis spectroscopy in both a solution and in the solid-state
resulted in very similar absorbance profiles and Eg,, o, for Fio-
SiPc and Cl,-SiPc. Electrochemistry of F,(-SiPc identified
completely reversible and stable oxidative and reductive peaks,
whereas UPS was used to determine that both F,-SiPc and Cl,-
SiPc have ionization energies of 5.7 eV. The only major
difference between the compounds was determined by studying
single crystals of the corresponding compounds by X-ray
crystallography. F(-SiPc experienced significant 7—n inter-
action between the benzene rings of the planar SiPcs whereas
Cl,-SiPc experienced little to none. Therefore, it can be
concluded that the addition of pentafluoro phenoxy groups on
the SiPc molecule has little to no effect on the optophysical
properties; however, it does modify the solid-state arrangement
and provide 7-shielding.

We also attempted to synthesized F,-GePc; however, under
train sublimation conditions, regardless of the type of the
carrier gas employed, pressure or temperature, a 100%
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formation of F,-GePc was observed. Therefore, further
attempts to purify, characterize and incorporate F ;-GePc into
OPV devices were not undertaken.
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