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ABSTRACT: Previous studies have shown that the use of
bis(tri-n-hexylsilyl oxide) silicon phthalocyanine ((3HS)2-
SiPc) as an additive in a P3HT:PC61BM cascade ternary
bulk heterojunction organic photovoltaic (BHJ OPV) device
results in an increase in the short circuit current (JSC) and
efficiency (ηeff) of up to 25% and 20%, respectively. The
previous studies have attributed the increase in performance to
the presence of (3HS)2-SiPc at the BHJ interface. In this study,
we explored the molecular characteristics of (3HS)2-SiPc
which makes it so effective in increasing the OPV device JSC
and ηeff. Initially, we synthesized phthalocyanine-based
additives using different core elements such as germanium
and boron instead of silicon, each having similar frontier
orbital energies compared to (3HS)2-SiPc and tested their effect on BHJ OPV device performance. We observed that addition of
bis(tri-n-hexylsilyl oxide) germanium phthalocyanine ((3HS)2-GePc) or tri-n-hexylsilyl oxide boron subphthalocyanine (3HS-
BsubPc) resulted in a nonstatistically significant increase in JSC and ηeff. Secondly, we kept the silicon phthalocyanine core and
substituted the tri-n-hexylsilyl solubilizing groups with pentadecyl phenoxy groups and tested the resulting dye in a BHJ OPV.
While an increase in JSC and ηeff was observed at low (PDP)2-SiPc loadings, the increase was not as significant as (3HS)2-SiPc;
therefore, (3HS)2-SiPc is a unique additive. During our study, we observed that (3HS)2-SiPc had an extraordinary tendency to
crystallize compared to the other compounds in this study and our general experience. On the basis of this observation, we have
offered a hypothesis that when (3HS)2-SiPc migrates to the P3HT:PC61BM interface the reason for its unique performance is not
solely due to its frontier orbital energies but also might be due to a high driving force for crystallization.
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■ INTRODUCTION

Over the past decade, the interest in organic photovoltaic
devices (OPVs) has grown exponentially.1−4 While promising
results have been reported for both bilayer and planar
heterojunction OPV device structures,5−8 the majority of the
literature is focused on the fabrication of bulk heterojunction
(BHJ) OPVs that utilize the blending of donor−acceptor
polymers and/or small molecules which mutually phase
separate when deposited as a single functional layer. Recently,
OPVs based on BHJ configurations have been reported to have
power conversion efficiencies (ηeff) approaching 9% using a
variety of unique synthetic polymers.9−13

P3HT and PC61BM (poly(3-hexylthiophene):phenyl-C61-
butyric acid methyl ester, Figure 1) are arguably the most
studied donor−acceptor pair of materials used as an active layer
in a BHJ OPV, with countless publications showing these

devices having ηeff ranging between 2% and 5%.14 Several
factors such as compound purity, annealing temperature and
time, the use of a low boiling solvent and additives, and the
overall ratio of P3HT to PC61BM have all been identified as
contributors to this variation in efficiency.14,15 It is accepted
that the energy levels associated with P3HT and PC61BM are
not ideal and that increased efficiency could or can result from
modifying the energy levels of the frontier molecular orbitals of
P3HT or PC61BM.16,17

In place of altering the energy levels of the frontier orbitals of
the main active materials, another method which has been
shown to increase P3HT:PC61BM BHJ OPV device efficiency
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is to incorporate a third component, either a small molecule or
polymer, to act as a second donor or acceptor. This
configuration is referred to as a cascade BHJ whereby the
increase in device ηeff is achieved by increasing the light
absorption, exciton dissociation, or even hole or electron
transfer between the P3HT and PC61BM or PC71BM
domains.18−23 For example, Chen et al. utilized an ambipolar
poly[2,3-bis(thiophen-2-yl)-acrylonitrile-9,9′-dioctyl-fluorene]
polymer as an additive in a P3HT:PC61BM cascade BHJ OPV
device.24 The authors noted up to a 30% increase in ηeff when
adding as little as ∼2.5 wt % of the polymer with respect to
P3HT:PC61BM.24

Recently, Honda et al. explored the use of metal-containing
phthalocyanines for the formation of a P3HT:PC61BM cascade
BHJ.25,26 An increase of up to 20% in ηeff was noted when
bis(tri-n-hexylsilyl oxide) silicon phthalocyanine ((3HS)2-SiPc,
Figure 1) was added to a P3HT:PC61BM BHJ OPV device.25

The authors further studied this system and determined that
(3HS)2-SiPc was present mostly at the P3HT:PC61BM
interface27 and that the efficiency increase came from the
increased light absorption due to SiPc chromophore (peak at
≈700 nm) as well as the more efficient electron transfer from
P3HT through (3HS)2-SiPc to PC61BM compared to the direct

Figure 1. Energy level diagram and chemical structure of poly(3-hexylthiophene) (P3HT), bis(tri-n-hexylsilyl oxide) silicon phthalocyanine
((3HS)2-SiPc), bis(3-pentadecylphenoxy)-silicon phthalocyanine ((PDP)2-SiPc), tri-n-hexylsilyl oxide boron subphthalocyanine (3HS-BsubPc), 3-
pentadecylphenoxy boron subphthalocyanine (PDP-BsubPc). 3-methylphenoxy boron subphthalocyanine (3MP-BsubPc), pentafluorophenoxy
boron subphthalocyanine (F5-BsubPc), bis(tri-n-hexylsilyl oxide) germanium phthalocyanine ((3HS)2-GePc), and phenyl-C61-butyric acid methyl
ester (PC61BM). The energy levels of the HOMOs and LUMOs were either taken from the literature or derived from electrochemistry (Table 2).

Table 1. P3HT:PC61BM:X (where X is Tertiary Additive) Ratios for BHJ OPV Device Fabrication and the Resulting Device
Characterizationa

P3HT:PC61BM:Xb (mass ratio) wt %c X JSC [mA cm−2] VOC [V] FF [%] ηef f [%]

1:0.8:0 8.48 ± 0.42 0.57 ± 0.01 0.56 ± 0.03 2.74 ± 0.22
1:0.8:0.2 10.6 (3HS)2-SiPc 10.58 ± 0.27 0.59 ± 0.02 0.51 ± 0.01 3.17 ± 0.08
1:0.8:0.1 5.3 (3HS)2-SiPc 9.10 ± 0.82 0.56 ± 0.02 0.52 ± 0.02 2.68 ± 0.38
1:0.8:0.07 3.7 (3HS)2-SiPc 9.84 ± 0.15 0.57 ± 0.005 0.59 ± 0.01 3.29 ± 0.09
1:0.8:0.1 5.3 (3HS)2-GePc 0.35 ± 0.03 0.12 ± 0.01 0.24 ± 0.01 0.012 ± 0.002
1:0.8:0.07 3.7 (3HS)2-GePc 0.62 ± 0.01 0.16 ± 0.01 0.24 ± 0.01 0.023 ± 0.002
1:0.8:0.2 10.6 3HS-BsubPc 8.75 ± 0.28 0.55 ± 0.005 0.44 ± 0.04 2.10 ± 0.18
1:0.8:0.1 5.3 3HS-BsubPc 8.69 ± 0.43 0.56 ± 0.01 0.57 ± 0.01 2.76 ± 0.15
1:0.8:0.07 3.7 3HS-BsubPc 9.20 ± 0.32 0.55 ± 0.005 0.58 ± 0.01 2.92 ± 0.07
1:0.8:0.2 10.6 PDP-BsubPc 7.69 ± 0.33 0.57 ± 0.005 0.52 ± 0.18 2.27 ± 0.18
1:0.8:0.1 5.3 PDP-BsubPc 7.77 ± 0.23 0.57 ± 0.005 0.51 ± 0.04 2.26 ± 0.22
1:0.8:0.07 3.7 PDP-BsubPc 7.90 ± 0.27 0.55 ± 0.005 0.61 ± 0.01 2.63 ± 0.11
1:0.8:0.2 10.6 3MP-BsubPc 6.99 ± 0.51 0.51 ± 0.03 0.37 ± 0.01 1.30 ± 0.16
1:0.8:0.1 5.3 3MP-BsubPc 7.03 ± 0.62 0.57 ± 0.005 0.47 ± 0.01 1.90 ± 0.15
1:0.8:0.1 5.3 F5−BsubPc 6.68 ± 0.78 0.50 ± 0.01 0.33 ± 0.02 1.08 ± 0.06
1:0.8:0.1:0.1d 5.3/5.3 F5/3MP-BsubPc 6.93 ± 0.31 0.48 ± 0.02 0.29 ± 0.005 0.96 ± 0.09
1:0.8:0.05:0.05d 2.7/2.7 F5/3MP-BsubPc 8.27 ± 0.40 0.56 ± 0.01 0.37 ± 0.01 1.68 ± 0.14
1:0.8:0.2 10.6 (PDP)2-SiPc 8.94 ± 0.09 0.58 ± 0.01 0.46 ± 0.01 2.34 ± 0.03
1:0.8:0.1 5.3 (PDP)2-SiPc 7.94 ± 0.20 0.58 ± 0.01 0.53 ± 0.01 2.44 ± 0.08
1:0.8:0.07 3.7 (PDP)2-SiPc 9.49 ± 0.20 0.59 ± 0.01 0.54 ± 0.01 3.02 ± 0.08

aIn all cases, the values were averaged with a minimum of 4−5 devices. In the case of Exp. A, B, and C, the values were averaged over a minimum of
2−3 devices with 4−5 pixels on each device fabricated over the span of 8−12 weeks in the same apparatus. The values were obtained under AM1.5G
irradiation at 100 mW cm−2. bMass ratio used to fabricate the active layer of the bulk heterojunction organic photovoltaic (BHJ-OPV) devices, where
P3HT represents poly(3-hexylthiophene), PC61BM represents phenyl-C61-butyric acid methyl ester, (3HS)2-SiPc represents bis(tri-n-hexylsilyl
oxide) silicon phthalocyanine, 3HS-BsubPc represents tri-n-hexylsilyl oxide boron subphtahlocyanine, (3HS)2-GePc represents bis(tri-n-hexylsilyl
oxide) germanium phthalocyanine, and (PDP)2-SiPc represents bis(3-pentadecyl phenoxy)-silicon phthalocyanine.

cwt % is the weight percent of the
additive relative to the P3HT:PC61BM. dQuarternary BHJ OPV devices: P3HT:PC61BM:3MP-BsubPc:F5-BsubPc.
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transfer from P3HT to PC61BM without (3HS)2-SiPc
present.28

Lim et al. recently reported the addition of a bis(tri-n-
hexylsilyl oxide) silicon naphthalocyanine ((3HS)2-SiNc) into a
P3HT:PC61BM BHJ OPV.29 In one instance, the SiNc was tert-
butylated around the periphery and in another it was not. At
high dye loadings when no tert-butyl groups were present, the
P3HT:PC61BM morphology was disrupted resulting in a third
highly ordered phase and a drop in device characteristics.
However, the authors found that, with the addition of the tert-
butyl groups on the dye, a much higher loading of the dye was
possible without a significant change in morphology. Detailed
analysis also showed that the SiNc derivatives were present at
the interface and that non-tert-butylated SiNc had a tendency to
form a distinct crystalline third phase at certain loadings.29

Coincident with the study of Lim et al.,29 we were interested
in determining if other closely related phthalocyanine
compounds could show similar or even better improvements
in performance when applied in a P3HT:PC61BM cascade BHJ
and compared against (3HS)2-SiPc. In other words, we wanted
to understand if (3HS)2-SiPc is unique or whether other
structurally and chemically related phthalocyanine dyes could
function in the same manner. In this paper, we summarize our
exploration of variants of (3HS)2-SiPc and their application in
P3HT:PC61BM cascade BHJ OPV devices. Specifically, we have
synthesized boron and germanium variants as well as variants of

(3HS)2-SiPc and incorporate each into BHJ OPV devices at
varying concentrations.

■ RESULTS AND DISCUSSION

Baseline P3HT:PC61BM BHJ OPV Devices. A series of
baseline BHJ OPV devices using the structure ITO/
PEDOT:PSS/Active Layer/LiF/Al, where the active layer was
a 1.0:0.8 mixture of P3HT:PC61BM, was repeatedly fabricated
throughout the entire study and constantly analyzed and
compared (see Experimental Section for procedure). The
resulting BHJ OPV devices were determined to have short
circuit current (JSC) = 8.15 ± 0.78 mA·cm−2, VOC = 0.62 ± 0.02
V, FF = 0.55 ± 0.03, and ηeff = 2.75 ± 0.21 (averaged over at
least 40 devices), which is within the average reported for such
devices (Table 1).14 A representative current versus voltage
(IV) curve with error bars and external quantum efficiency
(EQE) plot for an average P3HT:PC61BM device are shown in
Figure S1, Supporting Information.

P3HT:PC61BM Cascade BHJ OPVs Using (3HS)2-SiPc. As
mentioned above, Honda et al. found that the addition of
roughly 5 wt % (3HS)2-SiPc increased the generated current as
well as the ηeff of a P3HT:PC61BM BHJ OPV device.25,26 The
authors also thoroughly studied why and how (3HS)2-SiPc
functions in this manner. For example, spectroscopic analysis
showed that (3HS)2-SiPc enables more efficient charge transfer
from the P3HT to the PC61BM layer.27,28 AFM and contact

Figure 2. Electrochemical spectra for (A) bis(tri-n-hexylsilyl oxide) silicon phthalocyanine ((3HS)2-SiPc), (B) bis(tri-n-hexylsilyl oxide) germanium
phthalocyanine ((3HS)2-GePc), (C) tri-n-hexylsilyl oxide boron subphthalocyanine (3HS-BsubPc), and (D) bis(3-pentadecylphenoxy)-silicon
phthalocyanine ((PDP)2-SiPc).
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angle studies using roughly 5 wt % (3HS)2-SiPc determined
that 40% of the SiPc molecules are located at the interface.25

It is important to note that Honda et al.25,26 obtained their
(3HS)2-SiPc from a “commercial source” and that (3HS)2-SiPc
is no longer available in North America from the “commercial
source”. Therefore, we began our study by synthesizing
(3HS)2-SiPc in our laboratory by modifying a patented
procedure.30 We obtained (3HS)2-SiPc in high yields and
higher purity than the “commercial source” which was specified
at “>85% dye content”. See the Experimental Section for details
on the synthesis and the Supporting Information for all
respective analytics.
Our in house (3HS)2-SiPc was then evaluated as an additive

in P3HT:PC61BM BHJ OPV devices with identical device
structure to our baseline P3HT:PC61BM OPVs outlined above
and using (3HS)2-SiPc loadings similar to those reported by
Honda et al.25,26 The characteristic IV curves and external
quantum efficiency (EQE) plots are illustrated in Figure S1,
Supporting Information, and the statistics of all the replicates
can be found in Table 1. In line with the results of Honda et
al.,25,26 a peak at ≈700 nm due to the SiPc chromophore in the
EQE, an increase in JSC of 7−25%, and an increase in ηeff of
15−20% were all observed (Figure S1, Supporting Information,
Table 1). When adding as much as 10 wt % (3HS)2-SiPc, a
decrease in FF was observed, which resulted in a slight decrease
in ηeff (Figure S1, Supporting Information, Table 1), all
consistent with the reports of Honda et al.25,26 They explained
this observation by stating that the incorporation of a larger
quantity of dye disrupts the morphology already dictated by the
P3HT:PC61BM BHJ resulting in a separate ternary phase for

the dye instead of this dye being predominantly present at the
interface.25,26 Given our verification of the results of Honda et
al.,25,26 we can assume that all their other observations and
conclusions are valid and replication of their detailed studies is
not required by our group for this study.

P3HT:PC61BM Cascade OPVs Using Phthalocyanine
Variants. After reproducing the findings by Honda et al.,25,26

we followed a similar synthetic route to that of (3HS)2-SiPc
and synthesized bis(tri-n-hexylsilyl oxide) germanium phthalo-
cyanine ((3HS)2-GePc, Figure 1). UV−vis absorbance spec-
troscopy and electrochemical analysis were performed on both
(3HS)2-SiPc and (3HS)2-GePc. Their respective cyclic
voltammograms are illustrated in Figure 2A,B, and their
calculated highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energy levels
along with the absorption maxima are summarized in Figure 1
and Table 2. Interestingly, double reversible oxidation and
reduction peaks are observed for (3HS)2-GePc, a finding not
observed for (3HS)2-SiPc, which is presumably due to the
unique Si−O−Ge−O−Si sequence in (3HS)2-GePc (Figure 1).
Apart from the double reversible oxidation and reduction peaks
not seen for (3HS)2-SiPc, the estimated HOMO and LUMO
energy levels for (3HS)2-GePc appear to be similar to those of
(3HS)2-SiPc (Table 2). However, when we introduced (3HS)2-
GePc into identical P3HT:PC61BM BHJ OPV devices, the
opposite effect was observed to what was found for (3HS)2-
SiPc. As little as 3.7 wt % (3HS)2-GePc resulted in a significant
decrease in EQE across the spectrum as well as a very large
decrease in cell performance characteristics (FF, JSC, and ηeff,
Figure 3, Table 1). Little literature is available on the electronic

Table 2. Characterization of (3HS)2-SiPc, 3HS-BsubPc, (3HS)2-GePc, and (PDP)2-SiPc

sample ERed,1/2 (V) EOX,1/2 (V) EHOMO
a (eV) ELUMO

b (eV) λMAX
c (nm) EGap,Opt

d (eV)

(3HS)2-SiPc −0.85 1.04 −5.31 −3.42/−3.49 663/669 1.82
3HS-BsubPc −1.12 1.07 −5.34 −3.15/−3.27 571/561 2.07
(3HS)2-GePc −0.59, −0.72, −1.10, −1.25 1.11, 1.34 −5.38 −3.68/−3.58 674/678 1.80
(PDP)2-SiPc −0.65, −1.17 0.98 −5.25 −3.62/−3.47 681/765 1.78

aEHOMO = −(4.27 + EOX,1/2) eV (scaled to an internal standard of decamethylferrocene50−52). bELUMO,Electro/ELUMO,Opt where ELUMO,Electro = −(4.27 +
ERed,1/2) and ELUMO,Opt = EGap,Opt − EHOMO.

cMaximum absorbance, λMAX, of respective compounds where λMAX,solution/λMAX,film.
dEGap,Opt determined

from the onset of the solution absorbance spectra.

Figure 3. Characteristic (A) external quantum efficiency (EQE) and (B) IV curves for the P3HT:PC61BM (1.0:0.8, mass ratio) and
P3HT:PC61BM:X (1.0:0.8:Y), where X = bis(tri-n-hexylsilyl oxide) silicon phthalocyanine ((3HS)2-SiPc, 1), tri-n-hexylsilyl oxide boron
subphtahlocyanine (3HS-BsubPc), and bis(tri-n-hexylsilyl oxide) germanium phthalocyanine ((3HS)2-GePc) and where Y = 0.2 (10.6 wt %, open
squares), 0.1 (5.3 wt %, filled circles), or 0.07 (3.7 wt %, open triangles). Standard P3HT:PC61BM BHJ solar device data (no tertiary additive, black)
is shown with error bars to illustrate the space occupied by standard devices.
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properties of GePcs in general and what is available is
significantly out of date.31,32 We are confident on the analytical
purity of (3HS)2-GePc. We are therefore left without an
explanation for the significantly detrimental effects of adding
(3HS)2-GePc to a P3HT:PC61BM OPV.
Boron subphthalocyanines (BsubPcs) are a class of

phthalocyanines that have a unique bowl-shaped heterocyclic
structure made out of 3 isoindoline groups as compared to the
planar structure of normal phthalocyanines and the presence of
4 isoindoline repeating units in their heterocyclic structure.
Recently, BsubPcs have attracted interest as functional
components in various organic electronic devices such as
organic light emitting diodes (OLEDs),33,34 OPVs,8,35−40 and
organic thin film transistors (OTFTs).41,42 The majority of
literature examples of BsubPc-based OPV have been limited to
the use of chloro-BsubPc (Cl-BsubPc)33,38,39 which is sparingly
soluble and therefore is incorporated into OPV devices by
vapor deposition33,38,39 as opposed to solution processing.
While uncommon, a few examples of solution deposition of
these BsubPc molecules can be found in the literature. For
example, Frechet and co-workers fabricated a series of bilayer
OPVs by spin coating a soluble 2-allylphenoxy-BsubPc followed
by vapor deposition of C60.

36,37

To the best of our knowledge, BsubPcs have never been
incorporated into BHJ devices. Therefore, we synthesized the
analogous BsubPc to (3HS)2-SiPc, tri-n-hexylsilyl oxide boron
subphthalocyanine (3HS-BsubPc, Figure 1, see Experimental
Section and Supporting Information for complete synthesis and
characterization). We found it to be exceptionally soluble in
common organic solvents. Optical and electrochemical
characterization of 3HS-BsubPc were performed, and the
results are outlined and tabulated in Figures 1 and 2 and Table
2. On the basis of the measured CV behavior and the calculated
HOMO and LUMO energy levels, that are similar to (3HS)2-
SiPc, 3HS-BsubPc should result in a cascade BHJ when mixed
with P3HT and PC61BM (Figure 1); hence, we introduced
3HS-BsubPc into the identical P3HT:PC61BM BHJ OPV
devices as outlined above. The corresponding EQE spectra and
IV curve are illustrated in Figure 3. Unlike (3HS)2-SiPc, the
absorbance of the 3HS-BsubPc chromophore is at ≈545 nm,
and therefore, any photocharge generation from 3HS-BsubPc at
low loadings is indistinguishable from charge generated by the
combination of P3HT and PC61BM (Figure 3A). Photo-
generation from the BsubPc chromophore was observed at
increased loadings or when removing PC61BM from the
mixture and making a device with just another BsubPc
derivative and P3HT (Figure S13, see Supporting Information

Figure 4. Characteristic (A) external quantum efficiency (EQE) versus wavelength and (B) current versus voltage (IV) plots for
P3HT:PC61BM:PDP-BsubPc (1:0.8:X, where X = 0.2 (10.6 wt %), 0.1 (5.3 wt %), and 0.07 (3.7 wt %)) and as active layer in a BHJ OPV
device. Characteristic (C) EQE versus wavelength and (D) IV plots for P3HT:PC61BM:X (where X = 5.3 wt % addition of 3MP-BsubPc, PDP-
BsubPc, or F5-BsubPc or both 2.7 wt % of 3MP-BsubPc and 2.7 wt % of F5-BsubPc) as active layer in BHJ OPV devices. P3HT:PC61BM is the
pristine, standard BHJ OPV device (no tertiary additive) with error bars which arise from the standard deviation of all P3HT:PC61BM pristine BHJ
OPV devices.
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for further discussion). That being said, the addition of 3HS-
BsubPc at three different mass loadings did not result in a
statistical difference in the measured JSC or VOC of the BHJ
OPV devices (Figure 3B, Table 1). The lack of increase in JSC
with the addition of 3HS-BsubPc indicates that there is no
significant cascade effect between the P3HT and PC61BM via
the intermediacy of 3HS-BsubPc despite favorable alignment of
the frontier orbitals. On the basis of this, we could presume that
a significant portion of 3HS-BsubPc molecules is solubilized in
either the P3HT or PC61BM phase rather than being present at
the P3HT:PC61BM interface thereby not facilitating the desired
electron transfer effect.
We then explored alternative BsubPc derivatives. Our group

has several BsubPc variants on hand including 3-pentadecyl-
phenoxy-BsubPc43 (PDP-BsubPc, Figure 1), 3-methyl-phe-
noxy-BsubPc44 (3MP-BsubPc, Figure 1), and pentafluoro-
phenoxy-BsubPc8,34 (F5-BsubPc, Figure 1). These three
BsubPcs have similar energy levels to that of 3HS-BsubPc
and therefore meet the base energetic criteria to facilitate a
cascade electron transfer from P3HT to PC61BM (Figure 1).
Each has either similar or differing physical properties than
3HS-BsubPc. For instance, PDP-BsubPc is also highly soluble
and the pentadecyl phenoxy fragment has a similar carbon
number to the tri-n-hexylsilyl fragment. 3MP-BsubPc is an
anomalously soluble and crystalline version of BsubPc with a

low carbon number for its phenoxy fragment.44 Finally, F5-
BsubPc is also both relatively soluble and crystalline but has
HOMO and LUMO energy levels distinctly different from
other BsubPcs34 (Figure 1). We evaluated each as an additive in
ternary BHJ OPV devices, and the resulting characteristics are
illustrated in Figure 4 and tabulated in Table 1 (including
statistics on the replicates).
Beginning with PDP-BsubPc, the characteristic external

quantum efficiency (EQE) and IV curve plots for the
P3HT:PC61BM:PDP-BsubPc ternary BHJ OPV device are
illustrated in Figure 4A,B, respectively. When adding 3.7 wt %
PDP-BsubPc, we observe a statistically insignificant increase in
JSC and no change in VOC but a statistically significant
improvement in FF (56% to 61%) compared to the baseline
devices. Increasing the amount of PDP-BsubPc resulted in a
statistically significant decrease in device characteristics (Figure
4B, Table 1).
The addition of 3MP-BsubPc or F5-BsubPc resulted in

negligible increases in JSC and a significant decrease in VOC and
FF (Figure 4C, Table 1). Figure 4C,D illustrates the
comparison between the addition of 5.3 wt % 3MP-BsubPc,
F5-BsubPc, and PDP-BsubPc to the baseline device and the use
of a mixture of 2.7 wt % 3MP-BsubPc and 2.7 wt % F5-BsubPc
in the same baseline device. The combination of 3MP-BsubPc
and F5-BsubPc was tested with the idea that the energetic

Figure 5. (A) Microscope picture of crystals of (3HS)2-SiPc. (B) Ellipsoid plot (50% probability) showing the structure and atom number scheme of
(3HS)2-SiPc (CCDC deposition number: 988974). (C) and (D) are the crystal structure arrangement of multiple (PDP)2-SiPc molecules. In (C)
and (D), a single molecule is colored red for clarity. In all cases, hydrogens are omitted for clarity. The unit cell is shown in (B) and (C).
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differences between P3HT, PC61BM, 3MP-BsubPc, and F5-
BsubPc would create a favorable cascade of electron transfer
effect with lower energetic barrier and an increase in extracted
current. Indeed, using the combination of 2.7 wt % 3MP-
BsubPc and 2.7 wt % F5-BsubPc, the P3HT:PC61BM BHJ OPV
ternary device did exhibit a statistically significant increase in JSC
compared to the use of 5.3 wt % 3MP-BsubPc or 5.3 wt % F5-
BsubPc alone (Table 1, Figure 4C) but still a reduction in JSC
compared to the P3HT:PC61BM baseline device. The measured
VOC was unchanged, and we observed a more pronounced peak
at 610 nm in the EQE spectra when the mixture was used
compared to the use of 3MP-BsubPc or F5-BsubPc alone
(Figure 4C). However, the FF was significantly reduced to 37%
for the mixture, which is in between the FF of 47% and 33%
obtained when using simply 3MP-BsubPc or F5-BsubPc,
respectively.
The sum of these results suggest that, while the BsubPc

chromophore has the correct frontier orbital energies to
produce a cascade electron transfer between P3HT and
PC61BM phases, none of these compounds are as functional
as (3HS)2-SiPc. We can conclude then that there is more to
consider than having a chromophore with either high or low
solubility (take PDP-BsubPc vs F5-BsubPc, for example) and
appropriate frontier orbital energy levels.
During our work with (3HS)2-SiPc, we have observed that it

has a unique combination of high solubility and an
extraordinarily strong (in our experience) tendency to
crystallize. Sasa et al. have reported a single crystal determined
structure for (3HS)2-SiPc.

45 In our laboratory, extraordinarily
large single crystals of (3HS)2-SiPc were unintentionally grown
by leaving the crude (3HS)2-SiPc in a hot pyridine solution and
letting it cool to room temperature overnight (Figure 5A). The
nonsolvated single crystals were analyzed using X-ray
diffraction at a low temperature (CCDC deposition number
988974), and the molecular structure and solid state arrange-
ment of (3HS)2-SiPc was determined with very high accuracy,
higher than that reported by Sasa et al.45 The resulting thermal
ellipsoid plot is illustrated in Figure 5B. In spite of the high
number of degrees of freedom that would normally be assumed

to be associated with a tri-n-hexylsilyl group, we found that the
crystals of (3HS)2-SiPc have absolutely no disorder in the hexyl
chains. Furthermore, the positions of the carbon atoms of the
tri-n-hexylsilyl groups are well fixed (as indicated by the tight
thermal ellipsoids), further indicating a lack of disorder within
the crystal. Regarding the solid state arrangement, (3HS)2-SiPc
arranges into a well ordered three-dimensional matrix where all
the SiPc chromophores are pointing in the same orientation
and are separated by interstacking tri-n-hexylsilyl groups
(Figure 5C,D).
On the basis of the uniqueness of (3HS)2-SiPc seen to this

point, we also wanted to determine if the tri-n-hexylsilyl groups
are essential to the functionality of (3HS)2-SiPc in a BHJ OPV
device and its tendency to crystallize. We therefore synthesized
an alternative SiPc derivative: bis(3-pentadecyl phenoxy)-
silicon phthalocyanine ((PDP)2-SiPc). (PDP)2-SiPc was chosen
as target because it is (or was expected to be) a highly soluble
SiPc derivative43 and the 3-pentadecyl phenoxy molecular
fragment has a similar number of carbon atoms as the tri-n-
hexylsilyl oxide group (21 vs 18 carbon atoms). Electro-
chemical and spectroscopic characterization were performed on
(PDP)2-SiPc, and the results are tabulated in Table 2. The
respective HOMO and LUMO energy levels (calculated) are
similar to those of (3HS)2-SiPc and should therefore also
facilitate a cascade electron transfer between the P3HT and
PC61BM. (PDP)2-SiPc was introduced into a series of
P3HT:PC61BM BHJ OPV devices using loadings of 3.7, 5,
and 10 wt %. The respective EQE spectra and IV curves for the
BHJ OPV devices as well as the corresponding characteristics
are illustrated and tabulated in Figure 6 and Table 1,
respectively. At low (PDP)2-SiPc loadings (3.7 wt %), a
noticeable increase in JSC and consequently the ηeff was
observed compared to the baseline P3HT:PC61BM OPV
(Figure 6, Table 1). Once the loading was increased to 10 wt
%, a moderate increase in JSC was observed; however, the
significant drop in FF resulted in a drop in ηeff. At low loading,
this behavior is similar to (3HS)2-SiPc but the similarity
deviates at higher loadings.

Figure 6. Characteristic (A) external quantum efficiency (EQE) versus wavelength and (B) current versus voltage (IV) plots for P3HT:PC61BM:
(PDP)2-SiPc (1:0.8:X, where X = 0.2 (10.6 wt %), 0.1 (5.3 wt %), and 0.07 (3.7 wt %)) and as active layer in a BHJ OPV device. P3HT:PC61BM is
the pristine, standard BHJ OPV device (no tertiary additive) with error bars which arise from the standard deviation of all P3HT:PC61BM pristine
BHJ OPV devices as outlined in the Baseline P3HT:PC61BM BHJ OPV Devices section.
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We also found that (PDP)2-SiPc also has a tendency to
crystallize, albeit qualitatively not as strong as (3HS)2-SiPc as
indicated by the much smaller crystals obtained. This
observation was made despite the expected large degrees of
freedom of the 3-pentadecylphenoxy molecular fragments and
the high overall solubility of (PDP)2-SiPc. For instance, single

crystals of (PDP)2-SiPc could be obtained either by
precipitation of a dichloromethane solution into acetonitrile
or by simple slow evaporation of a dichloromethane solution.
The single crystals of (PDP)2-SiPc that were grown by slow
evaporation of a dichloromethane solution were diffracted using
X-ray crystallography (CCDC deposition number 988976).

Figure 7. (A) Ellipsoid plot (50% probability) showing the structure and atom number scheme of (PDP)2-SiPc (CCDC deposition number:
988976); (B) and (C) are the solid state arrangement of multiple (PDP)2-SiPc molecules. In (B), each molecule is colored blue or orange for clarity.
In all cases, hydrogens are omitted for clarity. The unit cell is shown in (B) and (C).
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The resulting 50% ellipsoid probability plot is illustrated in
Figure 7A. The solid state arrangement of (PDP)2-SiPc is quite
different from that of (3HS)2-SiPc (Figure 7B,C), where the
SiPc chromophores are closely packed and separated in
between the interdigitated pentadecyl molecular fragments
(Figure 7B,C).
When comparing the addition of (3HS)2-SiPc versus the

addition of (PDP)2-SiPc under similar loadings in a ternary
P3HT:PC61BM BHJ OPV device, it is observed that (3HS)2-
SiPc is a more effective additive (Table 1, Figure 6). For
example, compared to the baseline P3HT:PC61BM BHJ OPV
device, the addition of 3.7 wt % of (3HS)2-SiPc resulted in an
increase in JSC and ηeff of 16% and 20%, respectively, while the
addition of 3.7 wt % of (PDP)2-SiPc only resulted in an
increase in JSC and ηeff of 12% and 10%, respectively. These
results indicate that a more significant cascade effect is taking
place between P3HT and PC61BM when (3HS)2-SiPc is
present. We can offer a possible explanation. We feel the
superior performance of (3HS)2-SiPc may be due to its
extraordinary tendency to crystallize. Honda et al. has offered
plenty of evidence that the majority of the (3HS)2-SiPc resides
at the interface between the P3HT and the PC61BM
phases.25−28 We can then hypothesize that the driving force
for crystallization is enabling the migration of the (3HS)2-SiPc
to the interface. Conversely, (PDP)2-SiPc has a lower tendency
to crystallize, so while it does enhance the performance of the
BHJ OPV, it does so to a lesser extent; it lacks a strong driving
force to migrate to the interface. Considering it in the reverse
way, (PDP)2-SiPc could have a higher solubility or affinity for
the P3HT phase due hydrocarbon−hydrocarbon interaction
between the n-hexyl chains of P3HT and the pentadecyl chains
of (PDP)2-SiPc resulting in a decreased amount of (PDP)2-SiPc
at the P3HT:PC61BM interface compared with (3HS)2-SiPc.
Such interactions might not be possible with (3HS)2-SiPc due
to the differences in geometry/location of the n-hexyl fragments
and its own high tendency to crystallize. Another important
observation is that a 3.7 or 5.3 wt % loading of (PDP)2-SiPc
results in a EQE, at 700 nm, of ≈30%, whereas with a loading
of 5.3 wt % of (3HS)2-SiPc the resulting EQE, at 700 nm, is
≈55% (Figures 3 and 6). These observations further suggest
that, compared to (3HS)2-SiPc, fewer (PDP)2-SiPc are able to
migrate to the P3HT:PC61BM interface and crystallize to
participate in the cascade effect, even when increasing the
concentration of (PDP)2-SiPc (Figures 3 and 6). We also
observed that under higher (PDP)2-SiPc loadings (10.6 wt %)
the EQE spectrum consistently demonstrated a second peak at
≈720 nm, which is red-shifted from the peak assigned to the
SiPc chromophore (≈700 nm) (Figure 6A). This second peak
could be a result of the broadening of the absorption due to the
agglomeration of several (PDP)2-SiPc molecules present at high
loadings, suggesting the formation of (PDP)2-SiPc clusters.
This hypothesis is consistent with the observation reported by
Lim et al. whereby the non-tert-butylated (3HS)2-SiNc did also
form its own crystalline phase which was suppressed to some
extent by the incorporation of tert-butyl group.29

Further supporting this idea that the tendency to crystallize is
an important consideration for BHJ OPV additives, we could
not obtain crystals of 3HS-BsubPc for X-ray diffraction analysis
despite multiple attempts including growth via vapor diffusion
(hexanes into DCM or heptanes into benzene), liquid/liquid
diffusion by a layering method (DCM to hexanes or benzene to
heptane), or slow cooling from hot solvent such as chloroform,
dichloromethane, or toluene. Given the lack of tendency to

crystallize, 3HS-BsubPc likely stays in either phase and
therefore cannot participate in the cascade electron transfer
process.
As a final note, we were also able to grow single crystals of

(3HS)2-GePc, albeit with significantly more difficulty than for
(3HS)2-SiPc. The resulting molecular structure and solid-state
arrangement were again analyzed using X-ray diffraction
(CCDC deposition number 988975). We found that (3HS)2-
GePc has a similar solid state arrangement to that of (3HS)2-
SiPc (Figure S13, Supporting Information). However, within
this crystal, there was significant disorder observed in the
arrangement of one of the three hexyl chains of the tri-n-
hexylsilyl molecular fragments. The position of the six carbon
atoms was distributed between two positions each. The larger
ellipsoids generally within all the tri-n-hexylsilyl groups also
indicate a level of disorder. This is in sharp contrast to what was
found (and discussed above) for (3HS)2-SiPc. Given these
observations, we can then hypothesize that (3HS)2-GePc does
not possess the extraordinary ability to crystallize that (3HS)2-
SiPc does. While this does not offer an explanation for the poor
BHJ OPV performance seen when (3HS)2-GePc is added to
the cell, it does indicate that it is unlikely that (3HS)2-GePc is
present at the interface between P3HT and PC61BM rather it is
likely solubilized in one or both of the phases.

■ SUMMARY AND CONCLUSIONS
We have verified the results of Honda et al.25 that the use of
(3HS)2-SiPc as an additive in a ternary P3HT:PC61BM:dye
BHJ OPV device results in an increase in the JSC and ηeff of up
to 25% and 20%, respectively. Our original interest was to
explore alternatives to (3HS)2-SiPc, and we therefore
synthesized similar dyes using different core elements such as
germanium and boron and placed the resulting dyes in BHJ
OPV devices. We observed that addition of (3HS)2-GePc to
the BHJ OPV resulted in a large decrease in cell performance
and EQE. We also showed that the presence of 3HS-BsubPc in
the BHJ OPV device resulted in a nonstatistical increase in JSC
and ηeff.
Given the lack of performance of (3HS)2-GePc and 3HS-

BsubPc, we further explored the silicon phthalocyanine core.
We synthesized a silicon phthalocyanine with solubilizing
pentadecyl phenoxy groups ((PDP)2-SiPc, pentadecyl phenoxy
having almost equivalent carbon number as tri-n-hexylsilyl) and
tested the resulting dye in a BHJ OPV device. At low (PDP)2-
SiPc loadings (3.7 wt %), JSC and ηeff were observed to increase
compared to the base P3HT:PC61BM BHJ OPV device;
however, when increasing the loading of (PDP)2-SiPc to 5 or
10 wt %, the resulting device ηeff dropped below that of the base
P3HT:PC61BM BHJ OPV device. Comparing the addition of
(3HS)2-SiPc or that of (PDP)2-SiPc, it became clear that
(3HS)2-SiPc uniquely resulted in a more significant cascade
electron transfer effect manifesting itself in greater increases in
JSC and ηeff.
The sum of our observations led us to believe that (3HS)2-

SiPc is a unique phthalocyanine-based additive to a
P3HT:PC61BM BHJ OPV device. Not only does it have
appropriate frontier molecular orbital energy levels to facilitate
cascade electron transfer but also it is likely that when (3HS)2-
SiPc moves to the P3HT:PC61BM interface during deposition
(as determined by Honda et al.28) it readily crystallizes
resulting in better charge transfer between the P3HT and
PC61BM phases. We make this assertion based on our
observations that despite the high solubility of (3HS)2-SiPc it
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also has an extraordinary tendency to crystallize. It is possible
that the driving force for crystallization of (3HS)2-SiPc is the
reason it moves to a large extent to the P3HT/PC61BM
interface. Conversely, the reason 3HS-BsubPc and (PDP)2-SiPc
are not as effective as (3HS)2-SiPc despite having appropriate
frontier orbitals is because they do not crystallize as easily, in
other words, there is a limited driving force for them to
crystallize and thus a significant portion remains outside of the
interface between P3HT and PC61BM. These findings
represent a possible explanation as to why (3HS)2-SiPc is
such a good dye in assisting P3HT:PC61BM BHJ OPV devices
and that the choice of the tri-n-hexylsilyl substituent is crucial to
its performance. Tri-n-hexylsilyl substituents offer the necessary
solubilizing properties while offering ease for crystallization for
a silicon phthalocyanine when in the solid state, resulting in
favorable dispersion and charge transfer between the P3HT and
the PC61BM.

■ EXPERIMENTAL SECTION
Materials. All ACS grade solvents were purchased from Caledon

Laboratories (Caledon, Ontario, Canada) and used without further
purification unless otherwise stated. Tri-n-hexylchlorosilane was
purchased from Gelest (Morrisville, Pennsylvania, USA) and used as
received. Deuterated chloroform (CDCl3) with 0.05% (v/v)
tetramethylsilane (TMS) was purchased from Cambridge Isotope
Laboratories, Inc. (St. Leonard, Quebec, Canada) and used as received.
Thin layer chromatography (TLC) was performed on aluminum plates
coated with silica (pore size of 60 Å) and fluorescent indicator,
obtained from Whatman Ltd., and visualized under UV (254 nm)
light. Column chromatography was performed using Silica Gel P60
(mesh size 40−63 μm) obtained from SiliCycle Inc. (Quebec City,
Quebec, Canada). Hydroxy-boron subphthalocyanine (HO-BsubPc),46

dichloro silicon phthalocyanine ((Cl)2-SiPc),
47 dichloro germanium

phthalocyanine ((Cl)2-GePc),
48 3-pentadecylphenoxy boron sub-

phthalocyanine (PDP-BsubPc),43 3-methylphenoxy boron subphtha-
locyanine (3MP-BsubPc),44 and pentafluorophenoxy boron subphtha-
locyanine (F5-BsubPc)

49 were all prepared according to the literature.
Methods. All reactions were performed under an atmosphere of

argon gas using oven-dried glassware. Nuclear magnetic resonance
(NMR) spectra were recorded on a Bruker Avance III spectrometer at
23 °C in CDCl3, operating at 400 MHz for 1H NMR and 100 MHz for
13C NMR. Chemical shifts (δ) are reported in parts per million (ppm)
referenced to tetramethylsilane (0 ppm) for 1H NMR and CDCl3
(77.16 ppm) for 13C NMR. Coupling constants (J) are reported in
hertz (Hz). Spin multiplicities are designated by the following
abbreviations: s (singlet), d (doublet), t (triplet), q (quartet), m
(multiplet), and br (broad). Accurate mass determinations (HRMS)
were carried out on a GCT Premier TOF mass spectrometer (Waters
Corporation, Milford, Massachusetts, USA). Low resolution mass
spectroscopy (LRMS) was acquired on a AccuTOF model JMS-
T1000LC mass spectrometer (JEOL USA Inc., Peabody, Massachu-
setts, USA) equipped with a Direct Analysis in Real Time (DART) ion
source or on a GC Premier TOF mass spectrometer (Waters
Corporation, Milford, Massachusetts, USA) with EI/CI sources.
Ultraviolet−visible (UV−vis) absorption spectra were acquired on a
PerkinElmer Lambda 1050 UV/vis/NIR spectrometer using a
PerkinElmer quartz cuvette with a 10 mm path length. Photo-
luminescence (PL) spectra were recorded on a PerkinElmer LS55
fluorescence spectrometer using a PerkinElmer quartz cuvette with a
10 mm path length. High pressure liquid chromatography (HPLC)
analysis was carried out on a Waters 2695 separation module with a
Waters 2998 photodiode array and a Waters Styragel HR 2 THF 4.6 ×
300 mm column. The mobile phase used was HPLC grade acetonitrile
(80% by volume) and N,N-dimethylformamide (20% by volume).
Cyclic voltammetry was carried out using a Bioanalytical Systems C3
electrochemical workstation. The working electrode was a 2 mm glassy
carbon disk; the counter electrode was a platinum wire, and the

reference electrode was Ag/AgCl2 saturated salt solution. Spec-grade
dichloromethane was purged with nitrogen gas at room temperature
prior to its use. Three cycles from +1.7 to −1.7 V at a scan rate of 100
mV/s were measured for each sample. Tetrabutylammonium
perchlorate (1 M) was used as the supporting electrolyte, and
decamethylferrocene was used as an internal reference.

Synthetic Procedures. Tri-n-hexylsiloxy-boron Subphthalocya-
nine (3HS-BsubPc). To an oven-dried three-neck round-bottom flask
was added HO-BsubPc (0.50 g, 1.21 mmol, 1 equiv), 1,2-
dichlorobenzene (20 mL), and tri-n-hexylchlorosilane (0.90 mL, 2.46
mmol, 2 equiv) under argon. The reaction mixture was heated to 130
°C, and the reaction was monitored by HPLC (acetonitrile/N,N-
dimethylformamide, 80:20 v/v) for the consumption of HO-BsubPc.
Once the reaction had stopped progressing (∼5 h), the reaction
mixture was cooled to room temperature before it was concentrated
under reduced pressure to a dark pink liquid. Note that further
addition of tri-n-hexylchlorosilane to the reaction mixture did not
consume any unreacted HO-BsubPc. The crude product was purified
via silica gel column chromotography using 100% hexane to first elute
unreacted tri-n-hexylchlorosilane and other silane derivatives, followed
by a gradient to 20% THF solution in hexane (v/v) to elute the target
compound as a bright pink solid (yield = 49%) following rotary
evaporation. 1H NMR (400 MHz, CDCl3) δ 8.87−8.81 (m, 6H),
7.92−7.85 (m, 6H), 1.14−1.04 (m, 6H), 0.96−0.89 (m, 6H), 0.89−
0.81 (m, 6H), 0.78 (t, J = 7.3 Hz, 9H), 0.51−0.42 (m, 6H), −0.38−
0.45 (m, 6H); 13C NMR (100 MHz, CDCl3) δ 151.0, 131.2, 129.6,
122.2, 33.2, 31.6, 22.9, 22.7, 14.5, 14.3; HRMS (EI) [M] calcd for
694.3987, found 694.3990.

Bis(hydroxy)-silicon Phthalocyanine ((HO)2-SiPc). To an oven-
dried three-neck round-bottom flask was added Cl2-SiPc (2.5 g, 4.09
mmol, 1 equiv), 1,2-dichlorobenzene (25 mL), and cesium hydroxide
(1.50 g, 10.0 mmol, 2.5 equiv) under argon. The reaction mixture was
heated to 120 °C for 4 h. The crude product was precipitated into
methanol and filtered to give a dark blue powder (crude yield = 54%),
which was used without further purification. LRMS (EI) calcd for
574.62, found 574.1.

Bis(hydroxy)-germanium Phthalocyanine ((HO)2-GePc). (HO)2-
GePc was synthesized using the same method as (HO)2-SiPc. The
crude product was precipitated into methanol and filtered to give a
dark blue solid (crude yield = 78%), which was used without further
purification. Mass spectrometry data could not be obtained as
fragmentation of the title compound occurs.

Bis(tri-n-hexylsiloxy)-silicon Phthalocyanine ((3HS)2-SiPc).
(3HS)2-SiPc was synthesized from (HO)2-SiPc by adapting the patent
literature.30 To an oven-dried three-neck round-bottom flask was
added (HO)2-SiPc (1.00 g, 1.61 mmol, 1 equiv), pyridine (100 mL),
and tri-n-hexylchlorosilane (4.85 g, 17.1 mmol, 5 equiv per reactive
site) under argon. The reaction mixture was heated to 130 °C for 5 h
before it was cooled to room temperature. The crude product was
precipitated into water, filtered, washed with water (3×), and dried in
a vacuum oven to give a dark blue solid (yield = 79% before column
chromatography, purity >90% as determined by 1H NMR). The crude
product was purified via silica gel column chromatography using 100%
hexane to first elute unreacted tri-n-hexylchlorosilane and other silane
derivatives, followed by a gradient to 50% THF solution in hexane (v/
v) to elute the target compound as a dark blue solid (yield = 47%)
following rotary evaporation. Single crystals of (3HS)2-SiPc were
grown by slow cooling from hot pyridine solution. 1H NMR (400
MHz, CDCl3) δ 9.66−9.60 (m, 8H), 8.33−8.28(m, 8H), 0.87−0.79
(m, 12H), 0.74−0.67 (t, J = 7.2 Hz, 18H), 0.62−0.55 (m, 12H), 0.40−
0.32 (m, 12H), 0.06−0.03 (m, 12H), −1.21−1.35 (m, 12H); 13C
NMR (100 MHz, CDCl3) δ 148.9, 136.4, 130.6, 123.6, 33.6, 33.4, 32.8,
31.8, 31.7, 31.1, 23.4, 23.2, 22.80, 22.75, 22.6, 21.5, 16.0, 15.2, 14.31,
14.29, 14.27, 12.9; LRMS (EI) m/z [M + H]+calcd for 1139.78, found
1139.7.

Bis(tri-n-hexylsiloxy)-germanium Phthalocyanine ((3HS)2-GePc).
(3HS)2-GePc was synthesized from (OH)2-GePc in an identical
fashion to that of (3HS)2-SiPc. The title compound was obtained as a
dark blue solid (yield = 49%). Single crystals of (3HS)2-GePc were
grown by slow cooling from DCM/hexanes. 1H NMR (400 MHz,
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CDCl3) δ 9.66−9.61 (m, 8H), 8.34−8.29 (m, 8H), 0.86−0.78 (m,
12H), 0.73−0.68 (m, 18H), 0.62−0.55 (m, 12H), 0.41−0.32 (m,
12H), 0.06−0.02 (m, 12H), −1.07−1.17 (m, 12H); 13C NMR (100
MHz, CDCl3) δ 149.6, 135.9, 131.5, 124.1, 33.4, 32.7, 31.7, 31.1,
29.92, 29.87, 23.2, 22.8, 22.5, 21.7, 15.2, 14.3, 14.3, 13.4. Mass
spectrometry data could not be obtained as fragmentation of the title
compound occurs.
Bis(3-pentadecylphenoxy)-silicon Phthalocyanine ((PDP)2-SiPc).

In a procedure adapted from Brisson et al.,40 Cl2-SiPc (0.5 g, 0.82
mmol, 1 equiv) and 3-pentadecylphenol (0.60 g, 1.97 mmol, 2.4 equiv)
were added to chlorobenzene (30 mL) under argon and heated to 120
°C for 22 h. Upon cooling to room temperature, the reaction mixture
was concentrated to dryness via rotary evaporation. Some of the 3-
pentadecylphenol was removed via distillation at 200 °C using a rotary
evaporator equipped with a high vacuum pump. The resulting dark
blue solid was eluted on a silica gel column using DCM as the eluent.
The first eluted blue band was collected, concentrated, and dried in a
vacuum oven to give a dark blue solid (yield = 38%). Single crystals of
(PDP)2-SiPc were grown by slow evaporation from dichloromethane
solution. 1H NMR (400 MHz, CDCl3) 9.68−9.61 (m, 8H), 8.38−8.30
(m, 8H), 5.55−5.51 (m, 2H), 5.51−5.46 (t, J = 7.5 Hz, 2H), 2.34−
2.29 (m, 2H), 2.26−2.23 (m, 2H), 1.39−1.26 (m, 40H), 1.25−1.16
(m, 4H), 1.14−1.04 (m, 4H), 0.96−0.90 (m, 6H), 0.85−0.75 (m, 4H),
0.61−0.50 (m, 4H); 13C NMR (100 MHz, CDCl3) δ 149.8, 149.3,
142.1, 135.9, 131.1, 126.6, 123.9, 119.5, 117.5, 114.8, 34.8, 32.1, 30.5,
30.0, 29.94, 29.88, 29.8, 29.6, 29.5, 29.3, 22.9, 14.3; HRMS (DART)
m/z [M + H]+ calcd for 1147.61, found 1147.6.
Device Fabrication and Testing. P3HT:PC61BM:dye containing

devices were made by dissolving the P3HT, PC61BM, and the dye in
1,2-dichlorobenzene (40 mg/mL solutions) and were allowed to
stirred at 50 °C for 2−3 h to ensure complete dissolution of the solids.
Indium tin oxide (ITO) coated glass substrates (Colorado Concept
Coatings LLC) were rubbed with aqueous detergent followed by
ultrasonication in aqueous detergent, deionized water, acetone, and
methanol for 5 min each, followed by an oxygen-plasma treatment for
15 min. A thin layer of poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonic acid) (PEDOT:PSS) was then spin-coated onto the ITO glass
at 3000 rpm for 30 s and dried in air at 140 °C on a hot plate for 15
min. Prior to spin coating the active layer, the P3HT, the PC61BM, and
the dye solutions were stirred together for 15 min. The ternary
mixtures were then spin-coated onto the PEDOT:PSS coated
substrates at 600 rpm under nitrogen atmosphere and allowed to
dry at room temperature for 20 h. No annealing was performed on
these devices. The substrates were then coated with lithium fluoride
(LiF, 0.8 nm) and aluminum (Al, 100 nm) by thermal evaporation
using an Angstrom Engineering (Kitchener, ON) Covap II metal
evaporation system at 0.7−2.0 × 10−6 Torr. The device area is 0.07
cm2 as defined by a shadow mask, and the IV curves were obtained
using a Keithley 2400 source meter under simulated AM 1.5G
conditions. The the spectrum mismatch was calibrated using a Si diode
with a KG-5 filter. EQE measurements were recorded using a 300 W
xenon lamp with an Oriel Cornerstone 260 1/4 m monochromator
and compared with a Si reference device that is traceable to the
National Institute of Standards and Technology.
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