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Azadipyrromethene dyes are attractive building blocks for the development of near-IR dyes, with applications
ranging from biosensing, photodynamic therapy and solar energy conversion. In particular, Zn(II) bis(2,8-diphe-
nylethynyl 1,3,7,9 tetraphenylazadipyrromethene) complexes are promising n-type non-fullerene electron accep-
tors for organic photovoltaics. Here, the triple bond in phenylethynyl pyrrolic substituents is replaced with a
double bond. The UV-Vis absorption spectra were not significantly different, indicating that both the double and
triple bond similarly extend the conjugation of ADP. Interestingly, the Zn(II) complex with styryl substituents (Zn
(WS6),) showed emission in the near IR, with a A . of 773 nm. The BF,* chelate also emitted in the near IR with a
Amax of 815 nm, but the emission was very weak. Cyclic voltammetry revealed that double bond compounds were
easier to oxidize than un-substituted ADP analogues, and unlike with triple bond, were not easier to reduce. In
organic photovoltaics, the Zn(WS6), did not perform as well as the Zn(WS3), analogue, showing unfavorable film
morphology when blended with P3HT and low blend electron mobility of 2 x 10™® ecm?V~'s~* by SCLC, com-
pared to 1 x 10”7 cm®V~'s ™! in neat film. The hole mobility of Zn(WS6), in neat films is 6 x 10> cm?V 151,
higher than its electron mobility, suggesting its potential as p-type material as well. Further work in finding an
appropriate n-type polymer acceptor is required to confirm this hypothesis. Using a triple bond at the pyrrolic

positions is therefore better than a double bond for the development of n-type materials based on ADP dyes.

1. Introduction

Azadipyrromethenes (ADP) are bidentate ligands (—1 charge) that
chelate Lewis acid main group or d-block transition metals. They have
strong absorption in the visible to NIR range, despite their relatively
small w-conjugated system, making them attractive for the development
of red to NIR absorption dyes for photodynamic therapy, biosensing and
solar energy conversion applications [1,2]. These dyes are often syn-
thesized as the tetraphenylazadipyrromethene derivatives, Fig. 1, due
to their easy synthesis and ability to symmetrically substitute the
phenyl groups [3]. These dyes are usually coordinated with borondi-
fluoride (BF, ™) because of their advantageous photophysical properties
such as strong NIR light absorption and high emission quantum yields
[4]. We have explored ADP as building blocks for the development of n-
type semiconductors for organic photovoltaic applications (OPVs), be-
cause they not only strongly absorb in the visible to near IR region of
the solar spectra, but also have high electron affinity [5]. Their prop-
erties can be tuned by substitutions, ring fusion, and chelation [1,2].

To extend the m-conjugation of ADP dyes, conjugated groups can be
incorporated at the para position of the phenyl groups, or at the pyrrolic
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positions, with a greater red-shift observed when using pyrrolic sub-
stitutions [6-10]. Aryl groups directly installed to the ADP pyrrolic
positions do not extend conjugation because they twist out-of-plane due
to steric hindrance with the proximal and distal phenyls. To avoid this
problem, we incorporated a triple bond between the ADP core and the
aryl group. This pyrrolic substitution successfully red-shifted the ab-
sorption spectra of both polymeric and molecular ADP-based dyes
[7-9,11]. In particular, ADP dyes with pyrrolic phenylethynyl groups
(bidentate ligand named WS3) resulted in absorption maximum in so-
lution of 610, 732 and 674nm for the free ligand (H(WS3)), BFy"
chelate (BF3(WS3)) and Zn(II) chelate (Zn(WS3),), respectively [9].
When these dyes were tested as non-fullerene electron acceptor in or-
ganic photovoltaics (OPV, using poly(3-hexylthiophene) or P3HT as the
electron donor), both the free ligand and BF, " chelates gave near 0%
efficiency due to poor blend morphology with P3HT. On the other
hand, Zn(WS3), worked well, with a maximum power conversion ef-
ficiency (PCE) of 4% [12]. The large improvement in performance is
mainly due to a better blend morphology with P3HT: the non-planar 3D
shape of the distorted tetrahedral Zn(II) ADP-based complex combined
with the phenylethynyl groups prevented strong aggregation of the
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Fig. 1. a) ADP core, 1,3,7,9-tetraphenylazadipyrromethene free ligand and BF,* chelate. b) Free ligand with pyrrolic phenylethynyl substitutions (H(WS3)), the zinc
complex Zn(WS3), and its optimized geometry (electrostatic potential map), and the free ligand where the triple bonds are replaced with double bonds (H(WS6)).

acceptor without impairing P3HT self-assembly. This results in a fa-
vorable blend morphology that resembles that of well-studied P3HT
and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) blends. In-
corporating either aryl or arylethynyl groups at the pyrrolic position
resulted in similar blend morphology, with PCE in the 2-4% range, il-
lustrating the generality of this substitution to tune self-aggregation and
obtain a favorable blend morphology with P3HT [9,13].

One question that emerged is: what if we replaced the triple bond in
phenylethynyl with a double bond? We do not expect photochemical
isomerization reactions under ambient lighting conditions. Our pre-
vious DFT calculations predict slightly higher internal reorganization
energy with the double bond than with the triple bond[14]. Our cal-
culations also predict higher HOMO and LUMO energy levels and
smaller HOMO-LUMO gap with the double bond than with the triple
bond. Here, we synthesized an ADP ligand with styryl substituents at
the pyrrolic positions and coordinated it with BFy* and Zn(II). The
optical, electrochemical, and photovoltaic properties of the new com-
pounds are investigated and compared with the properties of the phe-
nylethynyl-substituted analogues.

2. Experimental
2.1. Materials and methods
Solvents and reagents were purchased from commercial suppliers,

Fischer or Aldrich, and used without further purification unless in-
dicated. Azadipyrromethene (H(ADP)) and iodinated H(ADP) (ADPI,)

was synthesized according to published methods.[3,8] 'H, **C and '°F
NMR spectra were recorded on a Varian AS-400 spectrometer. Chemical
shifts (*H) were reported in parts-per-million relative to Si(CH3),. Ele-
mental analysis (C, H, and N) was performed using optimum combustion
conditions (Robertson Microlit Laboratories). UV/Vis spectra were col-
lected on a Cary 500 spectrophotometer in HPLC grade chloroform or on
1 cm wide glass plate. Fluorescence spectra were collected on a Cary
Eclipse fluorescence spectrophotometer. Films were spin-coated at
600 rpm for 60s from 30 mg/mL chloroform solutions onto glass sub-
strates. MALDI-TOF MS spectra were acquired in reflective negative
mode on a Bruker Autoflex Il Smartbeam MALDI-TOF TOF spectro-
meter. Cyclic voltammetry measurements were performed at room
temperature using 0.1 M BuyNPFg in dry dichloromethane (distilled over
CaH,) as the electrolyte and ferrocene as the internal standard. The so-
lutions were purged with dry nitrogen for 10 min prior to the measure-
ment. Glassy carbon (GC) working electrodes were polished with
0.05um alumina, thoroughly cleaned and dried. Platinum wires were
used as the counter and reference electrodes. All scans were performed at
a scan rate of 0.1 V/s. The E, » values versus ferrocene/ferrocenium (Fc/
Fc*) were calculated by setting the E; 5 of Fc/Fc™ to 0.0 V.

2.2. Synthesis of free ligand, H(WS6)

trans-phenylvinylboronic acid (127 mg, 0.855mmol) and ADPI,
(200 mg, 0.285 mmol) were charged into a dry 50 mL Schlenk flask and
put under vacuum for 10 min. The flask was evacuated and refilled with
N, three times. Dry chlorobenzene (20 mL) was added via a syringe.
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The solvent was stirred and bubbled with N5 for 5min before adding
the catalyst, Pd(PPh3), (57 mg, 10% mmol) inside a glove box. The
reaction mixture was stirred for 15 min under N5 at room temperature.
Then a de-gassed aqueous solution (4mL) of K,CO3; (280mg) and
BuyNBr (20 mg) was added to the reaction mixture via a syringe under
N,. The mixture was then heated at 80 °C for 24 h under N,. After 24 h,
portions of trans-phenylvinylboronic acid (65mg) and Pd(PPhs),
(33 mg) were added and heating was continued for another 24 h. The
deep blue solution, which was initially purple, was cooled down to
room temperature before pouring into methanol (500 mL) to pre-
cipitate. The precipitate was collected by vacuum filtration, dissolved in
dichloromethane (300 mL) and passed through a Celite pad. The filtrate
was then rotovaped to concentrate and poured into methanol (300 mL)
to re-precipitate. The product was collected by vacuum filtration and
washed with ether (300 mL) and further purified by Soxhlet extraction
following the solvent sequence acetonitrile (15h), hexanes (2h) and
dichloromethane (2 h). The dichloromethane fraction was rotovaped to
obtain the pure product as a deep blue solid. Yield: 85mg, 46%. 'H
NMR (400 MHz, CD,Cl,, 8): 7.80-7.82 (d, J = 8.0 Hz, 4H), 7.66-7.68
(d, J = 8.0Hz, 4H), 7.48-7.54 (m, 6H), 7.38-7.42 (t, J = 8 Hz, 4H),
7.33-7.35 (d, J = 8Hz, 4H), 7.27-7.29 (d, J = 8 Hz, 6H), 7.19-7.24
(m, 2H), 7.14-7.18 (d, J = 16 Hz, 2H), 6.57-6.61 (d, J = 16 Hz, 2H).
13C NMR (500 MHz, CD,Cl,, 8): 149.97, 138.92, 138.13, 134.07,
133.88, 133.59, 131.51, 130.11, 129.36, 129.22, 129.15, 128.33,
128.11, 128.07, 126.73, 120.90, 100.57. MALDI-TOF MS: m/z calcd for
C4gH3s5N3 653.28, found 652.12. Elem. anal. caled: C, 88.18; H, 5.40; N,
6.43; found: C, 87.92; H, 5.39; N, 6.38.

2.3. Synthesis of Zn(II) complex, Zn(WS6),

In a 100 mL three-necked flask connected with a reflux condenser, H
(WS6) (100mg, 0.152mmol) was dissolved in anhydrous tetra-
hydrofuran (10 mL) under N,. To this dark blue solution, anhydrous
NaH (4.05 mg, 0.168 mmol) was added and the mixture was heated to
60 °C. The solution turned into a bright blue solution. After 24 h, an-
hydrous ZnCl, (11.5mg, 0.084 mmol) was added and heating was
continued for another 24 h. The mixture turned back into a dark blue
color. The mixture was then cooled to room temperature and dissolved
in dichloromethane (300 mL). This solution was passed through a Celite
pad and the filtrate was collected. The crude product was obtained by
rotary evaporation of dichloromethane. The crude product was purified
by Silica flash chromatography using dichloromethane/hexane mixture
as the eluent (started with 80% hexane and gradually decreased to
60%). After removal of solvents, the final pure product was obtained as
a dark blue solid. Yield: 30 mg, 29%. 'H NMR (500 MHz, CDCl,, 8)
7.53 (bs, 8H), 7.44 (bs, 8H), 7.38 (bs, 12H), 7.16-7.21 (bm, 32H),
6.94-6.97 (d, J = 12 Hz, 4H), 6.39-6.42 (d, J = 12 Hz, 4H). '3C NMR
(500 MHz, CD,Cl,, 8): 160.96, 147.50, 141.86, 138.45, 134.61, 134.43,
131.68, 131.45, 129.52, 129.39, 129.04, 128.41, 128.17, 127.77,
127.69, 127.67, 126.46, 121.21. MALDI-TOF MS: m/z calcd for
CoeHesNeZn 1369.48, found 1368.84. Elem. anal. caled: C, 84.10; H,
5.00; N, 6.13; found: C, 83.98; H, 5.27; N, 5.88.

2.4. Photovoltaic fabrication and characterization

Photovoltaic properties were studied using the inverted configura-
tion: ITO/ZnO/P3HT:Acceptor/MoO,/Ag. ITO-coated glass substrates
(R = 15Q/sq) were cleaned stepwise in soapy water, DI water, acetone
and isopropanol under ultrasonication for 15 min followed by UV-ozone
treatment at 80 °C for 15min. A ZnO layer was prepared from a pre-
cursor solution of 0.25 M zinc acetate dihydrate in 0.25 M ethanolamine
and 2-methoxyethanol by spin coating at 4000 rpm for 40 s, then heated
at 150 °C for 7 min. The photoactive layers were spin coated inside the
glovebox (PureLabHE) at 1000 rpm for 40 s followed by 2000 rpm for
2s from a blend solution with a total concentration of 20 mg/mL in o-
DCB. The solutions were filtered through a 0.45 pm PTFE filter prior to
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spin coating. All acceptors were blended with P3HT in 1:0.7 ratios. The
photoactive layers were pre-annealed at 120 °C for 30 min followed by
deposition of MoO; (10 nm) and Ag (80 nm) under a vacuum pressure
of 3 x 10~°Torr using the Angstrom Engineering Evovac Deposition
System. Solar cell measurements were performed using an Oriel Sol2A
solar simulator (AM 1.5, 100 mW/cm?) and Keithley 2400 source meter
inside the glovebox. The devices have a total effective area of 0.20 cm?.
Incident Photon-to-Charge Carrier Efficiency was measured in air on
fully constructed devices using a QEX10 Quantum Efficiency
Measurement System.

2.5. Space-charge limited current measurements

For single-carrier device fabrication, ITO-coated glass substrates
(R = 15Q/sq) were cleaned as previously mentioned. For hole-only
devices with an ITO/PEDOT:PSS/active layer/MoO,/Ag structure, a
layer of PEDOT:PSS was prepared by filtering through a 0.45 um PTFE
filter followed by spin coating at 4000 rpm for 60 s and heated at 150 °C
for 10 min. The active layers were prepared in the same manner as for
the photoactive layers. For electron-only devices with an ITO/ZnO/
active layer/Ca/Al structure, the ZnO and active layer film formation
was performed as previously described. Calcium (30nm) and Al
(100nm) were thermally deposited. Dark current measurements for
both architectures were performed using a Keithley 2400 source meter
inside the glovebox. The devices have a total effective area of 0.20 cm?.

2.6. Atomic force microscopy (AFM)

AFM was performed on the photoactive layer of photovoltaic de-
vices using a Bruker Veeco Digital Instruments Dimension 3100 mi-
croscope and a Nanoscope Illa controller in tapping mode. WSxM 5.0
Develop 8.0 was used to analyze the AFM images [15].

3. Results and discussion
3.1. Synthesis

The synthesis of the styryl substituted free ligand and chelates is
shown in Scheme 1. The free ligand H(WS6) was obtained by reacting
the iodinated ADP ligand with trans-phenylvinylboronic acid under
Suzuki coupling conditions. To increase yields, more trans-phenylvi-
nylboronic acid and catalyst were added after 24 h and continued to
react for an additional 24 h. The blue product H(WS6) was purified by
Soxhlet extractions, recovered from the dichloromethane fraction and
isolated in 46% yield. The BF,* chelate BFy(WS6) was synthesized
using the literature procedure by reacting the free ligand with tri-
fluoroboron etherate in 59% yield. The homoleptic zinc(II) complex Zn
(WS6), was synthesized using sodium hydride followed by zinc
chloride. The sodium hydride deprotonates the amine of the ADP core
leaving Na™ (ADP ™) with the sodium acting as a good leaving group for
the zinc(II). The method consistently gives higher yields for zinc che-
lating to azadipyrromethene than the more widely used method based
on zinc acetate. The product was purified by column chromatography
and isolated as a blue solid in 29% yield. NMR, MALDI-TOF MS and
elemental analysis confirmed the compounds identity and purity. 'H
NMR of BF2(WS6) and Zn(WS6), show two doublets due to the protons
on the double bond of the styryl substituents in the 6.4-7.0 ppm range,
whereas they overlap with other signals in spectra for H(WS6). The *°F
NMR of BF,;(WS6) shows a quartet around 133 ppm, consistent with the
tetracoordinated state of boron. The mass of Zn(WS6), found by
MALDI-TOF, 1369.47 m/z, is close to the calculated mass 1368.48.

3.2. Optical properties

Fig. 2 depicts the absorption spectra of the new ligand and its
chelates in chloroform, and the optical properties are summarized in
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Scheme 1. Synthesis of styryl-substituted ADP and its chelates.

Table 1. The free ligand H(WS6) shows an absorption band at 305 nm
and at 603nm with absorptivity coefficients of 39kM ™~ 'cm ™ 'and
43kM ™ 'em ™!, respectively. Chelation with BF,* red-shifts the visible
absorption band by 133 nm, to a Ay, of 736 nm with a maximum ab-
sorptivity coefficient of 39kM ™ lecm ™. The homoleptic zinc complex
shows strong absorptions at 302 nm and 688 nm, with high absorptivity
coefficients of 74kM ~'cm ™' and 91 kM~ 'em ™!, respectively. As with
other related azadipyrromethene complexes, BF, ™ chelation gave the
most red-shifted absorption, with a maximum in near-IR whereas the
homoleptic zinc(I) complex gave the strongest absorptivity coefficient.

Table 1 also includes the optical data for the phenylethynyl-sub-
stituted free ligand, BF,™ and Zn(II) chelates for comparison. The ab-
sorption and absorption coefficients tend to be similar whether the
compound is substituted with styryl or phenylethynyl, indicating that
both have similar conjugation length. Fig. 3 compares the absorption
spectra of Zn(ADP),, Zn(WS3), and Zn(WS6), in solution and film. The
absorption spectra were normalized for direct comparison. Both Zn
(WS3), and Zn(WS6), spectra are similar in solution and film, and are
both red-shifted compared to Zn(ADP),, further demonstrating that
both pyrrolic substituents extend the conjugation length similarly.
Comparing the spectra of solution and film, we note a large red-shift
upon film formation for Zn(ADP),, consistent with its ability to

100

' —— H(WSB)
—— BF(WS6)
Zn(Wse),

40

Molar Absorptivity (kM'cm™)

20

T T T T
500 600 700 800

Wavelength (nm)

T T
300 400 900

Fig. 2. Absorption spectra of new compounds in solution.

260

aggregate, whereas the pyrrolic-substituted complexes exhibit a smaller
red-shift upon film formation than Zn(ADP),, consistent with our pre-
vious results with pyrrolic-substituted complexes of ADP [9].

Fig. 4 depicts the emission spectra of the new compounds. The free
ligand emitted weakly around 724 nm and the BF,* chelate emitted
weakly at 815 nm, with a quantum yield (QY) too low to measure ac-
curately. In contrast, the QY for the unsubstituted BF;(ADP) is 0.34. The
styryl groups therefore provide a deactivation pathway for fluores-
cence, though not as pronounced as the phenylethynyl groups. To our
surprise, the styryl-substituted Zn(WS6), showed emission at 773 nm in
solution with a QY of 0.003 (using BF>(ADP) as standard), and weak
emission in film at 793 nm. The small Stokes shift suggests that the Zn
complex is very rigid, consistent with the very low internal re-
organization energies calculated for this complex [14]. To our knowl-
edge, Zn(WS6), is the only ADP-based zinc complex that shows emis-
sion, and the only one where the emission of the Zn complex is stronger
than that of the BF,™" chelate.

3.3. Electrochemistry

The electrochemical properties of the new compounds were in-
vestigated by cyclic voltammetry (CV) in dichloromethane, using fer-
rocene/ferrocenium as the internal reference. The cyclic voltammo-
grams are shown in Fig. 5. The free ligand has two irreversible
reductions and one irreversible oxidation events. The BF," chelate has
two reversible reductions and one irreversible oxidation events and the
Zn chelate has two closely spaced reductions and two quasi-reversible
oxidation events. Oxidations and reductions tend to be less reversible
than for the phenylethynyl substituted related compounds. The elec-
trochemical properties are summarized in Table 2. Table 2 also includes
the data for the phenylethynyl-substituted compounds for comparison.

Fig. 6 compares the estimated HOMO and LUMO energy levels for
the Zn complexes in solution using the E, , values and —5.1 eV for Fc/
Fc™. Compared to un-substituted Zn(ADP),, the Zn(WS6), has a slightly
higher HOMO and a similar LUMO energy levels. This is in contrast
with the phenylethynyl substituent, which stabilizes both the HOMO
and LUMO levels. Phenylethynyl groups are therefore better suited than
styryl groups for the design of electron acceptors.

3.4. Organic photovoltaics

Since the homoleptic zinc(II) complexes worked well as an electron
acceptor (or n-type) in organic photovoltaic (OPV) when blended with
P3HT, we tested Zn(WS6), in OPVs using regioregular poly(3-hex-
ylthiophene) (P3HT) as the electron donor (or p-type). Devices were
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Table 1
Optical properties of free ligand and chelates with phenylethynyl and styryl substituents.
Compound Solution Film
Absorption Amay, nm (¢, kM~ em 1) Absorption Agnse, M (Eg opt, €V) Emission Apax, M Amax DM Aonsets NN (Eg o5, €V)
H(WS3)* 309 (39), 610 (42) 676 (1.83) N/A 585 775 (1.60)
H(WS6) 305 (39), 603 (43) 703 (1.76) 724 498 709 (1.75)
BF,(WS3)* 306 (25), 732 (49) 782 (1.59) 792 763 845 (1.47)
BF,(WS6) 312 (31), 543 (24), 736 (39) 830 (1.49) 815 718 852 (1.46)
Zn(WS3),* 309 (39), 644 (99), 674 (105) 757 (1.64) N/A 696 785 (1.58)
Zn(WS6), 302 (74), 655 (86), 688 (91) 762 (1.63) 773 705 787 (1.57)
* Literature values [9].
N/A = not detectable.
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Fig. 3. Comparison of absorption spectra for the homoleptic zinc complexes in
solution and film.
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Fig. 4. Emission spectra for WS6 compounds in solutions and for Zn(WS6), in
film. Solution concentration for all compounds was 2 uM and film thickness for
Zn(WS6), was 70 nm.

fabricated using the inverted geometry and processing conditions that
worked well for Zn(WS3),. Fig. 7 shows the current-voltage curves for
the best devices obtained and Table 3 summarizes the performance
parameters. While Zn(WS6), slightly outperformed Zn(ADP),, it
showed a lower short circuit current (Jsc), fill factor (FF) and power

Potential vs. Fc/Fc'(V)

Fig. 5. Cyclic voltammograms for new compounds in dichloromethane using
ferrocene/ferrocenium as internal standard.

conversion efficiency (PCE) than Zn(WS3),, with a PCE of 1.4%. AFM
images of the OPV active layer surface, Fig. 8, show that while the
P3HT:Zn(WS3), blend had typical P3HT nanofibril formation for effi-
cient hole transport, the P3HT:Zn(WS6), had a less favorable nodular-
like morphology. Interestingly, the P3HT:Zn(WS6), film was very
smooth, with a surface roughness of 0.68 nm from the 1 X 1 um images.
In contrast, Zn(WS3),:P3HT films had a surface roughness of 12 nm,
which is more similar to the roughness of P3HT:PCBM [16]. We hy-
pothesize that the Zn(WS6), is too miscible with P3HT, thus preventing
P3HT from ni-stacking and form nanofibrils.

Charge carrier mobility was estimated by Space Charge Limited-
Current method in hole and electron only devices. Hole mobility mea-
surement used a device structure of ITO/PEDTO:PSS/Active layer/
Mo0O3/Ag and electron mobility measurement used a device structure of
ITO/ZnO/Active layer/Ca/Al. The SCLC were investigated from current
density-voltage characteristics (J -V curve) in the dark. Mobilities were
calculated with Mott-Gurney law under the trap free SCLCs situation
J = 9¢e,e0uV2/(813) [17], where J is the current density, g is the per-
mittivity of free space, ¢, is the relative permittivity of the material, p is
the charge carrier mobility, V is the effective voltage, and L is the
thickness of the active layer. The SCLC graphs are shown in Figs. S9-12
and results are listed in Table 4. In neat films, Zn(WS6), had a hole and
electron mobility of 5.7 x107° cm?®V™'s™! and 1.4 x 1077
em?V~!s™ !, respectively. While the hole mobility is approaching 10~*
em?V s, the electron mobility is low. This suggests that Zn(Ws6),
may be more suited as a p-type material. In blend films, the hole mo-
bility was 9.0 x 107° cm?V~!s™1, a bit low for P3HT-based devices,
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Table 2
Electrochemical properties of chelates with phenylethynyl and styryl substituents.
Compound E,,» reduction, V vs Fe/Fe™* E(p,c), V vs. Fe/Fe™ E,,» oxidation, V vs Fc/Fc* E(p,a), V vs Fc/Fc™ Eg clects €V*
H(WS6) -1.23, -1.75 -1.27, -1.82 0.52 0.54 1.75
BF2(WS3) -0.79, —1.59 -0.95, —-1.75 N/A 1.08 N/A
BF,(WS6) —-0.90, —1.73 -0.95, —1.79 0.78 0.84 1.68
Zn(WS3),” -1.25, —1.47 -1.33, —-1.55 0.50, 0.77 0.58, 0.86 1.75
Zn(WS6), -1.42, —1.64 —-1.45, —1.68 0.33, 0.52 0.37, 0.59 1.75
N/A: not available from CV curves.
2 Obtained from E; /, values.
" Data borrowed from Mao et al. [12].
. =35 Zn(ADP), Zn(Ws3), Zn(WsS), the double bond is a poor choice for developing n-type materials based
% 308 368 on these types of complexes.
-~ 40k y W ) Since our results suggest that Zn(WS6), be considered as electron
£ : donor in OPVs, we have attempted to make devices by blending Zn
g (WS6), with PCBM, but the resulting films were very uneven, probably
8 45} because both materials are similarly shaped small molecules. As a re-
> sult, we obtained poor devices with no photovoltaic effects. We then
u>’ 5.0 turned to a polymer acceptor, P(NDI20OD-P2), that we graciously ob-
bl [ tained from Polyera. However, initial attempts also gave poor results.
D We hypothesized that these results are mainly due to morphological
q:’ 55 issues in the blend film. We note that azadipyrromethene-based dyes
w -5.50 T 560 -5.43 have been used as donor in vacuum-deposited organic solar cells using
' fullerene as the acceptor [18-20], so there is no fundamental reason to

Fig. 6. Estimated HOMO and LUMO energy levels for the Zn complexes, using
E;,» values for first oxidation and first reduction and —5.1 eV for Fc/Fc+.
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Fig. 7. Current density-voltage curves of best devices.

consistent with the unfavorable morphology seen by AFM. The electron
mobility was about one order of magnitude lower in blends than in neat
films, at 1.8 X107~ 8 em?V~'s~ !, also indicative of unfavorable blend
morphology and consistent with the complex intermixed with P3HT.
These results, combined with the estimated energy levels, suggest that

expect that Zn(WS6), cannot also be used as donor given that the ap-
propriate donor and processing conditions are found. Further in-
vestigations is thus required to fully evaluate the potential of this
complex as donor in OPVs; such extensive work is beyond the scope of
this paper.

4. Conclusions

We explored replacing the triple bond in phenylethynyl pyrrolic
substituents with a double bond: styryl substituent. The UV-Vis ab-
sorption spectra were not significantly different, indicating that both
the double and triple bond similarly extend the conjugation of ADP. The
Zn(II) complex showed emission in the near IR, with a A,x of 773 nm
and a quantum yield of 0.003. To our knowledge, this is the first
homoleptic Zn(II) complex of ADP that shows emission. The BF,"*
chelate also emitted in the near IR with a An.x of 815nm, but the
emission intensity was too low to accurately measure a quantum yield.
Cyclic voltammetry revealed that double bond compounds were easier
to oxidize than unsubstituted ADP analogues, and unlike with triple
bond, were not easier to reduce. The redox events also tended to be less
reversible in the double-bond containing systems than in the triple-
bond containing systems, at least at the scan rate of 0.1 V/s. In organic
photovoltaics, the Zn(WS6), did not perform as well as the Zn(WS3),
analogue, showing unfavorable film morphology when blended with
P3HT and low electron mobility. SCLC measurements of neat films of
Zn(WS6), shows a hole and electron mobility of 5.7 x 10°°
em?V~!s™! and 1.4 x 1077 em?V~!s™ %, respectively, showing ambi-
polar behavior. The higher hole mobility suggests that Zn(WS6), may
be better suited as a p-type material. We conclude that using a triple
bond is better than the double bond for the development of n-type
materials based on ADP dyes.

Table 3

Performance parameters for P3HT:Zn(II) complexes organic solar cells. Best result and average for 6-10 devices.
Zn(II) complex Voc (V) Jsc (mA cm’z) FF PCE (%)
Zn(ADP), 0.83 (0.83) 2.4 (2.4) 0.58 (0.55 + 0.03) 1.2(1.1 = 0.1)
Zn(WS3), 0.81 (0.77 + 0.04) 5.7 (5.4 = 0.3) 0.55 (0.52 + 0.02) 2521 = 04
Zn(WS6), 0.85 (0.83 = 0.02) 4.0 (3.2 = 0.7) 0.43 (0.42 = 0.01) 1.4 (1.1 £ 0.3)
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87.00 nm 6.00 nm

0.00 nm 0.00 nm

Fig. 8. 1 x 1 um AFM images. Top: P3HT:Zn(WS3), and P3HT:Zn(WS6), height images. Bottom: P3HT:Zn(WS3), and P3HT:Zn(WS6), phase images.

Table 4
Charge carrier mobility for Zn(WS6), complexes by SCLC method. The reported values are averages for 6-10 devices.
Material Neat p* (em? V~1s™1) Neat ¢ (cm? V™1s™1) Blend u* (em? v=1s™1) Blend ¢ (cm? vV=1s™ 1)
Zn(WS6), (5.7 = 0.3) x 107° 1.4 = 01)x 1077 (9.0 = 0.2) x 107° (1.8 +0.1)x 1078
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