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Abstract The core expansion of naphthalene diimides (NDIs) is an
effective strategy to modulate frontier molecular orbital energy levels
and improve device performances. Herein two new rhodanine-bridged
and core-extended NDIs T1 and T2 were designed and synthesized. The
rhodanine moiety could act not only as a π-spacer to enlarge the
molecular conjugated system, but also as an electron-donating unit to
tune the molecular energy levels. As a result, both T1 and T2 showed
slightly lower lying LUMO energy levels (< � 4.2 eV) by ca. 0.1 eV and
narrower optical band gaps (ca. 1.5 eV) by 0.5 eV compared to those of
n-type organic semiconductor (OSC) NDI2DT-DTYM2.The solution-
processed organic thin-film transistors based on T1 and T2 exhibited
electron motilities in the range of 10�4–10�3 cm2 V�1 s�1, and the
inverted perovskite solar cells constructed using T2 as electron
transport materials provided a power conversion efficiency value of
8.82%. The results demonstrated that embedding rhodanine units in a
NDI2DT-DTYM2 backbone is an effective approach to tune the energy
levels and optical properties of OSCs, providing a new way to construct
novel n-type OSCs with multifunctional optoelectronic applications.

Keywords rhodanine, naphthalene diimides, organic semiconductors,
organic thin-film transistors, electron transport materials

Introduction

As the key active-layer components of organic optoelec-
tronic devices, organic semiconductor (OSC) materials have
attracted considerable attention owing to their various
advantages such as mechanical flexibility, low cost, solu-
tion-processability, and tunable frontier molecular orbital
energy levels by rational molecular design.1–7 Suitable
HOMO and LUMO energy levels are a vital prerequisite for
achieving high-performance OSCs.8 For instance, the high-

lying HOMO and low-lying LUMO energy levels should be
close to the work function of the electrode, which are
beneficial for hole and electron injection, respectively, and
in turn to achieve high charge carrier mobility in organic
thin-film transistor (OTFT) devices.9 In addition, a good
alignment of the LUMO energy levels with the conducting
bandminimumof the perovskitematerials is also important
for the dynamics of charge transfer and extraction behavior
at the perovskite–electron transport material (ETM) inter-
face, which play an important role in determining the
performance parameters such as open-circuit voltage (Voc),
short-circuit density (Jsc) as well as the power conversion
efficiency (PCE).10 The construction of π-expanded conju-
gated semiconductors with the push–pull strategy is one of
the most successful approaches to modulate the HOMO and
LUMO energy levels of OSCs.11 In this manner, more and
more extended π-conjugated OSCs with high performance
burgeoned during the past decades.12,13

1,4,5,8-Naphthalene diimides (NDIs),12,14,15 among the
most versatile and fascinating class of building blocks, have
beenthesubjectofgreat research interestduetotheir intrinsic
properties such as high electron affinity, good charge carrier
mobility, and remarkable thermal and oxidative stability. As a
result, the past decades have witnessed extensive develop-
ments of NDIs14,15 as organic conjugated frameworks for the
synthesis of multifunctional structures in supramolecular
chemistry, chemical sensors, molecular switching devices,
biomedical application, andOTFTandphotovoltaic devices.At
present, the chemical-structure modifications of NDIs are
mainly focused on the following three paths: (i) the
modulation of N-substituent alkyl chains for influencing
solution processability, molecular packing, film microstruc-
ture,and inturn totunechargetransportofOTFTdevices16–18;
(ii) the core modification of NDIs including σ-bond-linked
substituents (including electron-withdrawing groups and
electron-donating units) for modulating molecular
optical/electronic properties19–21; (iii) the lateral core expan-
sion of NDIs by fusing five- and six-membered rings either on
one side or both sides of the NDI core to regulate the HOMO
and LUMO energy levels as well as the intramolecular and/or
intermolecular interactions for efficient charge transport.22,23
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Among such heterocyclic (carbazole, imidzaole, thiophene
rings, etc. ) fused NDIs,16–23 NDI-DTYM2 derivatives bearing
two (1,3-dithiol-2-ylidene)malononitrile (DTYM) are the
most representative building blocks, which exhibit excellent
electron mobilities and ambient stability in OTFT devices.5a

Therefore, the core expansion of NDIs by sulfur-containing
heterocycles and end capped with an electron-withdrawing
group is a successful strategy to obtain high-performance
OSCs. On the other hand, sulfur-heterocycle-fused NDI
materials, which effectively function as nonfullerene ETMs
in “regular”or “inverted”perovskite solar cells (PSCs), have far
less been explored.15a Consequently, novel n-type OSCs based
on large π-conjugated NDIs for OTFT and PSC applications are
still in urgent pursuit.

To further develop core-expanded NDI chemistry, here
we report two rhodanine-bridged NDI derivatives T1 and T2
(Scheme 1) synthesized via the core-expanded strategy. This
molecular design is based on the following considerations:
(i) the incorporation of π-conjugated spacer rhodanine not
only extends the π-conjugation of NDIs, but also acts as a
second “donor” moiety to modulate the optical/electronic
properties of the molecules24; (ii) the selection of malono-
nitrile as the end-capped electron-withdrawing group,
which could effectively deepen the LUMO energy levels of
A-π-D-A-D-π-A-type conjugated small molecules, which are
crucial for achieving ambient-stable electron injection and
conduction in their OTFT devices.5a,17a

Results and Discussion

The synthetic routes of T1 and T2 are shown in Scheme 1,
and the synthetic details of the intermediate A3 and T1
and T2 are provided in the Supporting Information (Scheme
S1-S4).25 The facile nucleophilic aromatic substitution
reaction (SNAr) of A3 could be performed efficiently via a
mild one-pot synthetic method with a yield of 51.2% for T1
and 67.2% for T2, respectively.17a This one-pot synthesis
undergoes an in-situ formation of rhodanine-bridged
dithiolate sodium salts (first step) and then an SNAr reaction
(second step) in THF at room temperature, allowing an easy
and low-cost access to diverse 1,3-disulfur heterocyclic-

fusedNDI-based n-type semiconductors. Amixture of trans/
cis target compounds (T1 and T2) was obtained but the
separation of the trans-T1 and cis-T1 (as well as the trans-T2
and cis-T2) failed with column chromatography and high-
performance liquid chromatography, which probably as-
cribed to identical molecular polarity of the trans- and
cis- isomers. The chemical structures of A3, T1, and T2
(trans-/cis- isomers) were well characterized by 1H and 13C
NMRspectroscopy,high-resolutionmassspectroscopy, FT-IR
analysisaswell aselementalanalysis (FigureS8-S24).BothT1
and T2 are readily soluble in common organic solvents such
as chloroform, chlorobenzene, and 1,2-dichlorobenzene
(>5 mg/mL) at room temperature, allowing the solution-
processable fabrication of optoelectronic devices based on
them. Thermogravimetric analysis (TGA) measurements
revealed that T1 and T2 have excellent thermal stability
with decomposition temperatures (Td, 5% weight loss) of
387 °C and 380 °C, respectively (Figure S1). Differential
scanningcalorimetry (DSC)characterizationwasalsocarried
out under an inert atmosphere, and no apparent thermal
transition signal for T1 and T2 was observed in the entire
scanning range: 25–350 °C (Figure S2). The results indicated
that T1 and T2 exhibit good thermal stability and their thin
films can be treated over a broad range of annealing
temperatures.26

The ultraviolet–visible–near infrared (UV-vis-NIR) ab-
sorption spectra of T1 and T2 in chlorobenzene solution and
in thin films were measured to investigate their optical
properties (Figure 1); the corresponding data are summa-
rized in Table 1. The absorption spectra of NDI2DT-DTYM2
in solution and in thin film were also recorded for
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Scheme 1 Synthetic route of T1 and T2.

Figure 1 Normalized UV-vis-NIR absorption spectra of (a) T1 and
(b) T2 in solution and in thin films.

Organic Materials 2020, 2, 165–172
Georg Thieme Verlag KG, Rüdigerstraße 14, 70469 Stuttgart, Germany

!

166

Organic Materials J. Li et al. Original Article

~



comparison (Figure S3). As shown in Figure 1, both in dilute
chlorobenzene solution and in thin films, T1 and T2 display
a typical dual-band absorption feature covering 300–
800 nm. The sharp one at the high-energy region (350–
500 nm ) is attributed to π-–π* transitions of the conjugated
backbone, and the strong and wide absorption (550–
800 nm) can be ascribed to the strong intramolecular
charge transfer transition between the donor and acceptor
units.17,27 The chemically similar structures of T1 and T2
bearing different amide alkyl chains in rhodanine units
show nearly identical absorption spectra both in solution
and in thin films with nearly identical peak values of their
maximum and onset absorptions (Table 1), suggesting that
their optical properties are insensitive to the structure of
the N-alkyl chain in the rhodanine moiety as expected.12a

The maximum of the 0–0 vibrational peak of thin films
shows a large red shift of about 25 nm compared to those of
T1 and T2 in solution. Moreover, the absorption intensities
of the 0–1 and 0–0 vibrational peaks from solution to thin
film changed greatly, indicating the highly changed confor-
mation of T1 and T2, and probably the stronger intermo-
lecular π–π stacking in the solid state originated from the J-
type aggregate pattern.28 It is worth noting that the
absorptions of T1 and T2 in thin films extend to the NIR
region with the absorption onset at 821 and 832 nm,
respectively, and the corresponding Eg

opt values of 1.51 and
1.49 eV, respectively. In comparison with NDI2DT-DTYM2
(Eg

opt ¼ 2.0 eV), the dramatic down-shift band gaps of T2
and T2 possibly ascribe to the larger extension of the π-
conjugated system of T1 and T2 with the implanted

rhodanine unit as a spacer. Thus, implanting rhodanine
units into OSC backbones is a potent strategy to impact on
their intramolecular and intermolecular interactions and
efficiently tunes the optical properties of OSC materials.24

To investigate the electrochemical properties of T1 and
T2, cyclic voltammetry (CV) measurements were per-
formed (Figure 2 and Table 1). Compounds T1 and T2
exhibit a nearly identical irreversible reduction process in
CHCl3, in which the first onset reductive potential
(Ered1onset) is at approximately –0.24 V. The LUMO energy
levels, estimated by CV [ELUMO ¼ – (Ered1onset þ 4.44)
eV],29 are both at �4.20 eV. Compared to NDI2DT-
DTYM2, the LUMO energy levels of T1 and T2 are shifted
upward by ca. 0.1 eV, which is likely due to the rhodanine
unit that not only as a π-conjugated spacer regulates its
optical properties (Figure 1), but also as a relatively strong
electron-donating moiety effectively tunes its electronic
structure (Figure 2). The relative low-lying LUMO energy
levels of T1 and T2 enable them to be potential n-type
OSCs.

To evaluate the semiconducting properties of T1 and
T2, OTFT devices were fabricated by spin-coating the
solutions of T1 and T2 onto octadecyl trichlorosilane
(OTS)-modified Si/SiO2 substrates. Au source/drain elec-
trodes were deposited on the active layer to afford OTFTs
with a bottom-gate top-contact device configuration. The
OTFT devices were tested in a glovebox with a nitrogen
atmosphere, and the OTFT characteristics of the devices,
thermal annealed at different temperatures, are collected
in Table 2. Additionally, the histograms of performance
distributions of T1- and T2-based OTFT devices are

Figure 2 CV plots of T1 and T2 in chloroform solution. The CV plots
weremeasured by using 0.1 M n-Bu4NPF6 as the supporting electrolyte,
SCE as the reference electrode, Pt disk as the working electrode, and Pt
wire as the counter electrode at a scan rate of 100 mV/s.

Table 1 Thermal, optical, and electrochemical data for T1 and T2

Compound Td (°C) λmax sol. (nm) λmax
0–0 sol. (nm) λmax

0–1 sol. (nm) λmax
0–0 film (nm) λmax

0–1 film (nm) Eg
opt (eV)a ELUMO (eV)b EHOMO (eV)c

T1 387 414 686 627 713 652 1.51 –4.20 –5.71

T2 380 414 688 627 713 654 1.49 –4.20 –5.69

aEstimated from the onset absorption of thin films.
bCalculated from the first onset reductive potential. ELUMO ¼ �4.44 � Ered1

onset.
cEHOMO ¼ ELUMO � Eg

opt.

Table 2 Characteristics ofOTFT devices based on thin films of T1 and T2

Compound Ta (°C) μe Max (Avg) (cm2 V�1 s�1)a VT (V)a Ion/Ioff
a

T1 As-spun 2.82 � 10�3 (1.44 � 10�3) –3.11–8.73 103–105

80 4.11 � 10�3 (1.76 � 10�3) 7.18–14.67 103–105

120 2.27 � 10�3 (1.52 � 10�3) 14.70–18.33 103–105

T2 As-spun 0.27 � 10�3 (0.19 � 10�3) 2.22–13.37 102–104

80 0.39 � 10�3 (0.20 � 10�3) 1.57–6.43 102–104

120 0.15 � 10�3 (0.12 � 10�3) 4.13–6.10 102–104

aThe performance data were obtained based on at least 10 different devices.
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presented in Figure S5. As shown in Figure 3, all the
devices exhibited n-type semiconductor characteristics,
which correlate well with the aforementioned CV results
(Figure 2). The as-spun OTFT devices based on compounds
T1 and T2 showed electron mobilities (μe) in the range of
10�3–10�4 cm2 V�1 s�1, and current on/off ratios (Ion/off)
in the range of 102–105. When subjected to thermal
annealing at 80 °C, the μe values of OTFTs with thin films
of T1 and T2were improved (Table 2). For instance, the as-
spun OTFT devices based on T1 showed an average μe

value of 1.44 � 10�3 cm2 V�1 s�1, and a current on/off
ratio (Ion/off) of 103–105. For OTFT devices based on T1 and
annealed at 80 °C, the average μe was enhanced to
1.76 � 10�3 cm2 V�1 s�1 and its maximum μe up to
4.11 � 10�3 cm2 V�1 s�1. A slight decrease in mobility of
the T1-based OTFT devices was observed after annealing
at 120 °C. The performance of OTFTs based on T2 exhibit
analogous response to thermal-annealing treatment.
After annealing at 80 °C, the optimal μe of
3.9 � 10�4 cm2 V�1 s�1 was obtained for the T2-based
OTFT devices (Table 2). It should be mentioned that the
T1-based devices show about 1 order of magnitude higher
μe values than those of T2-based ones. The drastically
different performance of OTFT devices is probably the
result of different film microstructures influenced by the
alkyl chain in the rhodanine moiety, which will be
discussed below.30

To investigate the different device performances of T1
and T2, the surface morphologies, crystallinity, and micro-
structures of the thin films of T1 and T2 were analyzed by
using atomic force microscopy (AFM) and X-ray diffraction
(XRD), which play an important role in affecting the
electronic properties.4,30 Figure 4 shows the AFM images

of the as-spun and annealed thin films of T1 (Figure 4a–c)
and T2 (Figure 4d–f) deposited on an OTS-modified Si/SiO2

substrate, respectively. T1 exhibited a much smoother and
uniform film morphology with a very small root-mean-
square (RMS) surface roughness of about 1 nm compared to
that of T2 (RMS values of 2.46–4.63 nm), which is beneficial
for charge accumulation and transport in the conducting
channel and might account for the better electron-trans-
porting property of T1. Moreover, the thin films of T1
display no appreciable change (RMS values of 1.02–-
0.80 nm) upon annealing at 80 °C and 120 °C, respectively.
In contrast, the surface morphologies of T2 were changed
drastically with large and discontinuous domains (RMS
value of up to 4.63 nm) after thermal annealing as shown
in Figure 4f. Such high surface roughness and large domain
boundaries of T2-based thin films are deleterious for
electron transport.25b,30 The XRD images of T1- and T2-
based thin films showed no apparent diffraction peaks even
after high-temperature thermal annealing (Figure S4),
suggesting their randomly arranged packing on the
substrate.31

Finally, the potential of rhodanine-embedded NDI2DT-
DTYM2 as non-fullerene ETM in PSC devices was investi-
gated. We first evaluated the electron motilities of T2 and
NDI2DT-DTYM2 using the space-charge-limited current
(SCLC) method with a device configuration of ITO/ZnO/T2
(or NDI2DT-DTYM2)/Al. T2 showed a SCLC electron
mobility of 2.72 � 10�4 cm2 V�1 s�1, which is about 1
order of magnitude higher than that of NDI2DT-DTYM2
(2.64 � 10�5 cm2 V�1 s�1, Figure S6). For T2, in consider-
ation of its high electron charge transport in the vertical
direction, better solubility in common organic solvents,
and the LUMO energy level’s well alignment with the
conducting band minimum of MAPbI3,

15a10 PSC devices
using T2 as ETMs with the inverted structure of ITO/PTAA/
MAPbI3/T2(or NDI2DT-DTYM2)/BCP/Ag were fabricated.
Figures 5 and S7 depict the representative current density–

Figure 4 AFM images of as-spun and annealed thin films of T1 (a–c) and
T2 (d–f).

Figure 3 Transfer and output characteristics of OTFT devices based on
T1 (a, b) and T2 (c, d).
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voltage (J–V) curve and external quantum efficiency (EQE)
spectra of T2- or NDI2DT-DYTM2-based PSCs, respectively,
and the corresponding performance parameters of PSCs are
collected in Table S1. The PSC devices with T2 as the ETMs
produced a Jsc, Voc, and PCE value of 20.43 mA cm�2, 0.91 V,
and 8.82%, respectively, which are slight higher than those
of NDI2DT-DTYM2-based PSCs (Table S1). The inverted PSC
devices using T2 as ETMs showed an EQE response from
300 to 800 nm with the maximum value of 81.7%, and the
integrated Jsc of 18.14 mA cm�2 was obtained from the EQE
curve.

Conclusions

In summary, T1 and T2 have been designed and
efficiently synthesized via an effective strategy that
incorporated a rhodanine unit into the core-expanded
NDI2DT-DTYM2 backbone. Compared to NDI2DT-DTYM2,
both T1 and T2 showed higher LUMO energy levels
(< � 4.20 eV) and lower optical band gaps (ca. 1.5 eV),
demonstrating that rhodanine units play a significant role in
tuning the optical and electronic properties of T1 and T2.
The OTFT devices based on T1 and T2 exhibit n-type
semiconducting properties with μe of about10�3 cm2 V�1

s�1, and the inverted PSC devices using T2 as ETMs displayed
a decent Jsc, Voc, and PCE value of 20.43 mA cm�2, 0.91 V,
and 8.82%, respectively. The above results indicate that the
core-extended strategy by embedding a rhodanine unit into
the backbone of OSCs is applicable and promising for
constructing new families of high performance n-type
semiconductors with multifunctional applications.

Experimental Section

Materials and General Method

1,4,5,8-NDA, DBH, PBr3, H2SO4, malononitrile, octyl
isothiocyanate, and A4 were purchased from Shanghai
Aldrich and used as received. THF was dried using sodium
and freshly distilled prior to use. CH3NH2 was obtained from

Energy Chemical, China. HI, 55–58 wt% in water, was
purchased from Aladdin, China. Bathocuproine (BCP) was
purchased from TCI, Japan. Dimethylsulphoxide (DMSO) and
N,N-dimethylformamide (DMF) were obtained from J & K,
China. Indium tin oxide-coated(ITO) glasses were purchased
from Kaivo, China. Aluminum (Al) was purchased from
Cuibolin, China. Silver (Ag) was purchased from CNM, China.
1H NMR (400 MHz) and 13C NMR (100 MHz) spectra were
measured in deuterated chloroform (CDCl3) on JEOL RESO-
NANCE ECZ 400S instruments. Mass spectra (MALDI-TOF)
were recorded on a Voyager-DE STR mass spectrometer.
Elemental analyseswere carriedoutonanElementarVarioEL
III elemental analyzer. TGA measurements were performed
on a TA Q500 instrument under a dry nitrogen flow at a
heating rate of 10 °C/min, heating from room temperature to
500 °C. DSC analyseswere carried out on a Perkin Elmer Pyris
1 instrument under a dry N2 flow at a heating rate of
10 °C/min, heating from room temperature to 350 °C. The
electrochemical measurements for T1, T2, and NDI2DT-
DTYM2were performed on a CHI610D electrochemicalwork
stationinaconventional three-electrodecellusingaplatinum
workingelectrode, a platinum-wire auxiliaryelectrode, and a
saturated calomel electrode (SCE) reference electrode in a
solution of [Bu4N][PF6] (0.1 M) in CHCl3 at a scan rate of
100 mV/s. The experiments were calibrated with the
standard ferrocene/ferrocenium (Fc) redox system and
assumption that the energy level of Fc is 4.8 eV below
vacuum. Optical absorptionwasmeasured on a JASCOV-570
UV-vis-NIR spectrophotometer. XRD measurements were
carriedout inthereflectionmodewithCuKα radiationusinga
PanalyticalX’PertProXRDsystem.AFMwasrecordedona JPK
atomic forcemicroscopebyanACmodewith a silicon tip. The
current density–voltage (J–V) characteristics of the devices
were measured with a Keithley 2420 measurement source
unitmaintained at room temperature in a N2-filled glovebox.
Photocurrent was acquired upon irradiation using an AAA
solar simulator (Oriel 94043A, 450 W,USA)with anAM1.5 G
filter. Light intensitywas simulated to be100mWcm�2 using
a NREL-certified standard silicon cell (Oriel reference cell
91150,USA). EQEwasmeasuredwith a75 Wxenon lampthat
was equipped with an Oriel monochromator (74125), an
optical chopper, a lock-in amplifier, and an NREL-calibrated
crystalline silicon cell.

Device Fabrication and Characterization

OTFT device fabrication and characterization: The
OTFT devices based on T1 and T2 were fabricated by a spin-
coating method with a bottom-gate top-contact (BG/TC)
configurationwith a channel length of 31 μmand awidth of
273 μm. The Si/SiO2 substrates were cleaned via a standard
procedure. The Si/SiO2 substrates were modified with
octadecyltrichlorosilane (OTS) on the surface via a vapor

Figure 5 (a) J–V curve and (b) EQE spectra of the optimal PSC device
with T2 as ETMs.
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deposition method for about 4 hours. Then, the substrates
were rinsed with chloroform, n-hexane, acetone, and
isopropyl alcohol subsequently by ultrasonic cleaning for
5 min, respectively. Then, the Si/SiO2 substrate was dried
with N2 quickly. The active layers were fabricated on the
OTS-treated substrate by spin-coating with the small-
molecule solutions in chlorobenzene for T1 (5 mg mL�1)
and in chloroform for T2 (10 mgmL�1), respectively. Finally,
Au was used as a source and drain electrode, and was
deposited on the top of the semiconducting layer through a
shadowmask under high vacuum. The device performances
were measured with a Keithley 4200 semiconductor
parameter analyzer. The mobilities were calculated from
the equation: IDS ¼ (μWCi/2L)(VGS � VT)2, where IDS is the
source-drain current, μ is the carrier mobility, Ci is the
capacitance per unit area of the dielectric layer (10 nF/cm2),
VGS and VT are the gate voltage and threshold voltage,
respectively.

PSCs device fabrication and characterization: ITO
glasswas cleaned using detergent, deionizedwater, acetone,
and isopropanol ultrasonic baths step by step for 20 min
before drying in a N2 flow, respectively. Then the ITO
substrate was cleaned by ultraviolet ozone (UVO) for
20 min. A thin layer of PTAA was spin-coated onto the
cleaned ITO at 4000 rpm for 60 s, and annealed at 140 °C for
15 min. Finally the ITO-coated substrates were transferred
into a N2-filled glovebox for active layer deposition and
further device fabrication. The active layer was deposited
via a two-step procedure: first step: a precursor mixture
solution with PbI2: MAI ¼ 1.3: 0.3 M in a mixture of DMF
and DMSO (9:1, v:v); second step: a solution with MAI
55 mg/mL in isopropanol (IPA) was spin-coated onto the
PTAA-coated-ITO (ITO-PTAA) substrate at 1000 rpm for
10 s and 4000 rpm for 50 s, respectively, and then annealed
at 90 °C for 30 min. After cooling of the PSC active layer to
room temperature, the T2 (10 mg/mL) and BCP (0.5 mg/mL
in IPA) solutions were used to deposit subsequently at
1000 rpm for 30 s and 4000 rpm for 40 s at room
temperature, respectively. Finally, 100 nm of Ag film was
thermal evaporated as counter electrodes using a shadow
mask to finish the device fabrication process. The accurate
active cell area of the device by the overlap of the electrodes
was about 0.04 cm2. The J–Vcharacteristics of the PSCswere
measured with a Keithley 2420 measurement source unit
maintained at room temperature in the N2-filled glovebox.
Photocurrent was acquired upon irradiation using an AAA
solar simulator (Oriel 94043A, 450 W, USA) with an AM 1.5
G filter. Light intensity was simulated to be 100 mW/cm2

using an NREL-certified standard silicon cell (Oriel reference
cell 91150, USA). EQE was measured with a 75 W xenon
lamp that was equipped with an Oriel monochromator
(74125), an optical chopper, a lock-in amplifier, and an
NREL-calibrated crystalline silicon cell.

Synthetic Part

Compound T1: Under a nitrogen atmosphere, a solution
of CS2 in THF was added slowly to NaH (120 mg, w ¼ 60%,
3 mmol) at 0 °C, and then stirred at room temperature for
4 hours. The mixture was added to A3 solution (125.5 mg,
0.1 mmol) and stirred at room temperature for another
1 hour. After the reaction was completed, some water was
added to the mixture and extracted with chloroform. The
combined organic layer was dried using Na2SO4 and the
filtrate was concentrated under reduced pressure. Chro-
matography of the residue on a silica gel column with
dichloromethane/petroleum ether (1/1) as an eluent
afforded T1 as a bluish green solid (120 mg, yield:
51.2%). Mp > 300 °C. 1H NMR (400 MHz, CDCl3) δ 4.35
(dd, J ¼ 13.2, 6.2 Hz, 4H), 4.27 (d, J ¼ 7.2 Hz, 4H), 2.07 (d,
J ¼ 4.1 Hz, 2H), 1.48 (t, J ¼ 5.9 Hz, 6H), 1.39–1.15 (m, 80H),
0.89–0.81 (m, 12H). 13C NMR (100 MHz, CDCl3)
δ ¼ 165.98, 165.16, 164.94, 150.72, 150.30, 145.85,
128.37, 119.60, 44.48, 39.71, 34.87, 33.11, 32.67, 29.57,
25.59, 16.98. FT-IR (KBr): 2922.5, 2851.6, 2216.4, 1694.6,
1636.9, 1526.1, 1457.1, 1388.5, 1375.1, 1338.1, 1295.1,
1212.7, 1088.8, 1070.3, 882.5, 837.1, 784.0, 739.0, 726.8,
693.3, 630.7, 547.0, 503.7, 461.5 cm�1. MS (MALDI-TOF)m/
z: 1469.6716 (M þ H)þ; HR-MS (MALDI-TOF) (M þ H)þ

calcd for C80H108N8O6S6: 1469.6716; found: 1469.6788.
Anal. calcd. for C80H108N8O6S6 (%): C, 65.36; H, 7.40; N,
7.62; found: C, 65.53; H, 7.50; N, 7.58.

Compound T2: A similar synthesis and purification
method to T1 was implemented for the preparation of
T2 (220 mg, yield 67.2%), by using A5 instead of A4.
Mp > 300 °C. 1H NMR (400 MHz, CDCl3) δ 4.26 (dd,
J ¼ 13.3, 6.6 Hz, 8H), 2.06 (ddd, J ¼ 18.3, 13.1, 5.6 Hz,
2H), 1.46–1.17 (m, 104H), 0.92–0.82 (m, 18H). 13C NMR
(100 MHz, CDCl3) δ ¼ 163.02, 162.06, 161.77, 117.02,
111.89, 46.20, 36.61, 31.93, 31.75, 31.61, 30.19, 29.71,
29.38, 29.11, 26.29, 22.66, 14.11. FT-IR (KBr): 2921.1,
2851.6, 2214.8, 1733.1, 1716.6, 1694.4, 1652.6, 1636.2,
1526.5, 1506.8, 1456.4, 1385.0, 1338.3, 1295.3, 1209.6,
1167.4, 829.2, 784.0, 739.4, 632.9, 580.8, 418.8 cm�1. LRMS:
(MALDI-TOF) (M þ H)þ calcd for C92H132N8O6S6:
1638.8628; found: 1638.3. Anal. calcd. for C92H132N8O6S6
(%): C, 67.44; H, 8.12; N, 6.84; found: C, 67.46; H, 7.94; N,
6.72.
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