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1. Introduction

Development of air-stable organic semiconductor materials
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Influences of number of 2-ethylhexylamine chain substituents on
electron transport characteristics of core-substituted naphthalene
diimide analogues

Shailesh S. Birajdar, & " Samya Naqvi, " Kerba S. More,® Avinash L. Puyad,® Rachana Kumar,* b®
Sidhanath V. Bhosale, **¢ Sheshanath V. Bhosale*¢

We designed and synthesized a series naphthalenediimide (NDI) derivatives through core-substitution (coded as: cNDI) with
various number of 2-ethyl-hexylamine (EHA) chains at different positions. The molecular structure of cNDI derivatives such
as cNDI-1EHA, cNDI-2EHA, cNDI-3EHA and cNDI-4EHA bearing one, two, three and four 2-ethyl-hexylamine chain,
respectively is confirmed by different spectroscopic techniques such as FTIR, *H-NMR, 3*C-NMR spectroscopy and Mass
spectrometry. Interestingly, incorporation of different numbers of 2-ethyl-hexylamine on electron deficient cNDI yields
diverse photophysical and electrochemical properties. The change in number of alkyl chain on NDI core significantly
influences the redox properties and highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels. The crystal packing and changes in morphology of the spin coated films before and after annealing
are reorganized differently depending on the number of 2-ethyl-hexylamine topology proved by scanning electron
microscopy (SEM) and X-ray diffraction (XRD) techniques. The electron mobility of cNDIs were examined following the
standard protocol of space-charge limiting current (SCLC) method. The NDI derivatives bearing various number of 2-ethyl-
hexylamine chain at NDI core with thermal treatment at 170 oC exhibits very good electron mobility of the order of 10 to
10 cm?/Vs. The observed electron mobility trends are not only depends on number of 2-ethyl-hexylaminesubstituents but
also on the changes in thin-film morphology.

synthesized. Literature search revealed that development of n-
type organic electron-transport material lags far behind to that
of p-type semiconductors due to their instability, inferior
performance and few other affairs.>'?2 Many of the n-type

have attracted considerable attention for their potential
application as active layers or transport layer for flexible and
large-area organic electronics, organic light emitting diodes
(OLEDs), bipolar transistors, printed circuits, electronic papers,
optoelectronic sensors, organic solar cells and so on.® To
fabricate p- and n-type semiconducting material various -
conjugated chromophores have been designed and
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organic semiconductors (OSCs) exhibiting the limited structural
diversity, sensitivity to moisture, oxygen or light and device
performances.’®>* The n-type materials must exhibit strong
intermolecular m-nt staking interaction in the solid state to
facilitate high electron mobility.> The stability of n-type OSCs is
affected by the reasonably less deeper LUMO energy
levels.®Therefore, development of air-stable novel high-
performance n-type OSCs have become an important task for
the researchers and to overcome these limitations enormous
efforts have been dedicated to design and synthesize air-stable
n-type OSCs with low-lying LUMO.17'8 |t was found that to
address this issue, various n-type OSCs have been designed and
synthesized such as fullerene derivatives,1920
benzothiadiazole,?*?? diketopyrrolopyrrole,?324 isoindigo,?>2¢
bisthienoistain,?’ rylene dyes,?82° 7,7,8,8,-
tetraycanoquinodimethane (TCNQ)3° etc. These building blocks
are used in small molecule semiconductors as well as in
polymers.

Recently, rylene diimide chromophores such as
pyromelliticdiimides (PyDls), naphthalenediimide (NDIs), core-
substituted NDIs, and perylenediimides (PDIs) have been
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extensively employed to fabricate efficient n-type electron-
transporting materials.?83%32333435  Among these building
blocks, cNDIs are planar nt-conjugated chromophores and have
been explored as promising n-type OSCs.32:34:36,37,38,39,40|n order
to apply the NDI chromophores to device applications, much
efforts have been devoted to tune their optical, photophysical,
electrochemical and electronic properties by modulating at the
imide-/core- positions with m-conjugated systems, electron
withdrawing groups and alkyl chains.?14243 Moreover, when
core of the NDI is modified by a strong electron withdrawing
group, one can further lower the LUMO energy levels to
increase the air-stability of n-type materials and facilitate the
electron transport properties.***” The incorporation of alkyl
chain at nitrogen atom of the imide enabled smooth solution
processability and self-assembly due to good solubility.424849
Sauvé group demonstrated that the NDI functionalization at
core tuned the optoelectronic properties of the chromophore
and their applications in non-fullerene solar cells.>° On the basis
of imide-/core-substitution strategy a series of novel NDI based
small molecules and polymers have been explored as n-type
semiconductor with high electron mobility under inert
atmosphere and under vacuum was achieved.>! Moreover, it is
notable that there are very few examples have been reported
in the literature in which how the modification of the side chain
structure, length, and branching significantly influences the
solubility, packing structure and performance of the carrier
mobility device. Nevertheless, Ma et al. have reported the first
time effect of alkyl chain length on stacking and charge transfer
mobility and also demonstrated that the short alkyl chain at the
diimide position of the NDI and shown to be useful for charge
transport.>? Furthermore, McNeill and co-workers
demonstrated the effect of alkyl side-chain substituent and
length on the thin-film morphology and solution processed NDI
chromophores OFETs device performance.>® However, to the
best of our knowledge, the number of alkyl chain and position
of substitution at core of the NDI followed by their n-type
semiconducting properties are not investigated till to date.

Herein, we investigate the influence of the number of alkyl
i.e. 2-ethyl-hexaylamine chain substitution and their position at
core of the NDI over electrochemical and electron transport
properties. Typically, we have synthesized a series of NDI-based
chromophores i.e. cNDI-1EHA, cNDI-2EHA, cNDI-3EHA and
cNDI-4EHA, which is substitution at the core with one, two,
three and four 2-ethyl-hexylamine chains, respectively (Fig. 1).
The optical and electrochemical properties evaluated by means
of UV-vis and cyclic voltammetry, respectively. The thin-film
morphology is studied by employing SEM and XRD techniques.
The structure-property relation has been investigated at
different temperatures to enable the effect of temperature and
the numbers of 2-ethyl-hexylamine chain on thin-film
morphology, electrical conductivity and electron mobility of
NDIs. The charge transport properties were calculated using
space-charge limiting current (SCLC) model by fabricating
electron-only devices. The best performance was produced NDI
bearing three 2-ethyl-hexylamine chain i.e._,4cNDI—3EHA exhibits
the maximum electron mobility of 2.69x10 cm?V-1s!:
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2.1. Thermogravimetric Analysis: Thermogravimetric analysis

(TGA) measurement was performed using a TA instruments

2. Experimental Section

Q500 TGA under flowing nitrogen gas at a heating rate of 10°C
per minute up to 800°C.

2.2. UV-vis Measurements for Solution: UV-vis absorption
measurements were performed on UV-vis-1800 Shimadzu
spectrometer using 1 cm path length quartz cuvette. A 300 plL
aliquot of NDI-1EHA, NDI-1EHA, NDI-2EHA, NDI-3EHA and NDI-
4EHA (1x103 M stock solution) were transferred to a vial and
made up to a final volume of 3 mL (1 x 10% M) in
dichloromethane. The solutions were allowed to equilibrate for
2h prior to their spectral measurements. For thin film
measurements, samples were prepared using spin coating
method.

2.3. Cyclic Voltammetry Measurements: The solutions of NDI-
1EHA, NDI-1EHA, NDI-2EHA, NDI-3EHA and NDI-4EHA and
ferrocene (Fc) in dichloromethane were deoxygenated by
bubbling nitrogen gas. The electrolyte tetra-n-butylammonium
hexafluorophosphate (0.1 M) was supporting
electrolyte. The CV measurements were performed at room

used as

temperature by using a Power Lab ML160 potentiostat
interfaced via a Power Lab4/20 controller to a PC running E-
Chem for Windows version 1.5.2. Cyclic voltammograms.
Platinum is used as a working electrode with saturated calomel
electrode (SCE) is a reference electrode, auxiliary electrode: Pt
wire. Fc was used as the internal reference; scan rates: 0.100
mV/s, at 20 °C.

2.4. Scanning Electron Microscopy (SEM) Measurements: Firstly,
the silicon wafer substrate was cleaned by rising in acetone and
ethanol then Milli Q water. Then the sample sputter was coated
with gold for 10 s at 0.016 mA Ar plasma (SPI, West Chester,
USA) using a FEI Nova NanoSEM (Hillsboro, USA) operating at
high vacuum which provided direct visualization of the material.
The samples were prepared by solvent evaporation and spin
coating methods.

2.5. X-ray Diffraction Measurements: The NDI-1EHA, NDI-1EHA,
NDI-2EHA, NDI-3EHA and NDI-4EHA in the DCM solvent
mixtures were used for XRD measurements. Then precipitates
of NDI-EHAs were dropped on the silicon wafer and dried at 40
oC for 4 h, this process was repeated for 3 times. The thin film
of NDI-EHAs was prepared using spin coating techniques.
Structure and crystallinity were analysed on a X'Pert PRO PAN
alytical machine with a 0.15405 nm Cu-Ka radiation source.

2.6. Device Fabrication

2.6.1. Electron Transport Studies:*#%%0 The charge carrier
mobility of all the materials was investigated by fabricating
electron only device. The ITO coated glass substrates were
ultrasonically cleaned with soap solution, acetone, isopropyl

This journal is © The Royal Society of Chemistry 20xx
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alcohol for 10 minutes and dried in a vacuum oven. The zinc
oxide (ZnO) precursor solution was spin coated on cleaned ITO
substrates and then baked on hot plate at 250 °C for 30 minutes.
The active layer solution of all the NDI materials (40 mg/mL) in
chlorobenzene was spin-coated on top of ZnO coated ITO
substrate with annealing at 170 °C for 15 minutes. Finally, the
substrates were loaded into a thermal evaporator for the
deposition of the metal electrode, i.e., a 100 nm Al layer was
deposited on top of the NDI layer under high vacuum. The -V
characteristics were tested at room temperature under dark
condition using a computer controlled Keithley 2420 source
measure unit.

3. Results and Discussion

NDI-1IEHA NDI-2EHA NDI-3EHA NDI-4EHA

0] N O
Boee
R/ R,

0] N o]

NDI-1EHA: R,, R3, Ry = H and R| = 2-ethyl-1-hexylamine
NDI-2EHA: R;, R4 = H and Ry, R, = 2-ethyl-1-hexylamine
NDI-3EHA: R, =H and Ry, Ry, Ry = 2-ethyl-1-hexylamine
NDI-4EHA: Ry, Ry, R3, Ry = 2-ethyl-1-hexylamine

Fig.1Chemical structures of the naphthalenednmlde derivatives cNDI-1EHA, cNDI-
2EHA, cNDI-3EHA and cNDI-4EHA

3.1. Development and synthesis of NDI based molecular
architectures

Two known derivatives cNDI-1EHA and cNDI-2EHA were
prepared from 1,4,5,8-naphthalene dianhydride in three steps
following reported literature procedure (see ESI Scheme S1).542
Interestingly to quote here, this is first time we were able to
synthesize tri-bromo along with tetra-bromo substituted
1,4,5,8-naphthalene dianhydride (NDA), typically, we obtained
compounds NDA-3Br and NDA-4Br5* by reacting NDA with
dibromohydantoin (DBH) in concentrated sulphuric acid (H,SO,)
at 90 °C (Scheme 1).

The synthesis of compounds NDI-3Br and NDI-4Br were
achieved by the two step reaction sequence via the amide
bearing bromo-substituted naphthalene-dicarboxylic acids1
and 2. Thus, the reaction of NDA-3Br and NDA-4Br with 2-ethyl-
1-hexylamine in acetic acid at 90 °C gave the corresponding
products 1 and 2(Scheme 1). Subsequent reaction of
compounds 1 and 2with phosphorus tribromide (PBr3) in
toluene at reflux temperature gave two products in various
proportions i.e. NDI-3Br (20% yield) and NDI-4Br (60% yield)
depending on the reaction conditions (see the experimental
section). Compound NDI-3Br is a golden yellow solid. H NMR
spectra indicated the existence of single NDI-Ar proton peak
signal at 6 9.00 ppm (Flg. S2). 33C NMR pointed the bromine
substituted NDI-Ar carbon (three) peaks at & 128.40 ppm,
127.78 ppm and 125.31 ppm, whereas, peak at 6 139.20 ppm,

This journal is © The Royal Society of Chemistry 20xx
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which corresponds to the NDI-Ar-H carbon (Fig. S3).Gempennd
NDI-4Br is a dark yellow solid. IH NMRQp&ttPdoshdwedothe
absence of NDI-Ar peak in aromatic region (Fig. S4).
Furthermore, the synthesis of core-substitution of NDI-3Br
and NDI-4Br with 2-ethyl-hexylamine was performed as a
nucleophilic substitution reaction at 140 °C for 15 h and 18 h,
respectively, to produce cNDI-3EHA and cNDI-4EHA as
illustrated in Scheme 1. Compound cNDI-3EHA is a blood red
sticky liquid. The FT-IR spectra of compound cNDI-3EHA was
measured and displayed in Fig. S14. As illustrated in Fig. S14, the
absorption peak appeared at 1637 cm™ is ascribed to imide
carbonyl group stretching vibrations and those located at 1281
cm™ is corresponding to C-O stretching vibrations. The
absorption peak located at 3450 cm™ is ascribed to N-H
stretching vibrations. As seen in Fig. S14, the stretching
vibration frequency of C-H exhibit peaks at 2864 cm™ and 2952
cm™. 1H/3C NMR spectra displayed the existence of peak at &
7.77 ppm/126.25 ppm, which corresponds to the NDI-Ar
hydrogen and carbon atoms, respectively (Flg. S15/516).
MALDI-TOF spectrometry gave m/z peaks at 871.56 [M+H]* (Flg.
S17). Chromophore cNDI-4EHA is a dark green sticky liquid. *H
NMR spectra of cNDI-4EHA does not exhibits any aromatic
proton peak (Flg. S19) and in MALDI-TOF spectrum m/z peak at
998.61 corresponds to [M]*ion (Flg. S21) appeared confirms the
formation of complete core nucleophilic substitution. All the
synthesized compounds i.e., cNDI-1EHA, cNDI-2EHA, cNDI-
3EHA and cNDI-4EHA were utilized for further thermal, optical,
electrochemical characterization and device fabrication.

Chen et.al., have reported core substituted tetraamino-NDI
showing high HOMO and LUMO energy levels and behaving
more like electron donor. However, in the present work, all the
four NDIs show comparatively deeper HOMO and LUMO energy
levels as required for stable n-type OSCs.*24°

J. Name., 2013, 00, 1-3 | 3
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2-ethyl-1-hexylamine
acenc acid

90°C,8h

E i H,S0,,90 °C
24h

NDA NDA-3Br

HO. 00, NH HO. 00, NK{ \_§ ()\_N§
Toluene 00 &
Br Rcflux 8h g [g
HN oo? ~OH HN og? ~OH

NDIO3
(20%) (60"/)

o g

NDA-4Br

2-ethyl-1-, -exylamine

140°C, 15h
140°C, 18 h

NDI-3EHA T-4EHA
40% 0%

Scheme 1. Synthesis of NDI-3Br, NDI-4Br-cNDI-3EHA and cNDI-4EHA.

3.2. Thermal stability

The thermogravimetric analysis (TGA) experiments were
performed under nitrogen atmosphere, in the temperature
range from 25 2C to 800 2C, at a heating rate of 10 2C/min. The
thermal stability and decomposition behaviour of cNDI-1EHA,
cNDI-2EHA, cNDI-3EHA and cNDI-4EHA are illustrated in Fig. 2a,
b, cand d, respectively. The 5% weight loss of cNDI-1EHA, cNDI-
2EHA, cNDI-3EHA and cNDI-4EHA was observed at 326 2C, 342
9C, 311 eC and 275 9C, respectively. The thermal decomposition
of cNDI-1EHA was observed with a maximum decomposition
rate at 400 oC (with mass loss of 100%) (Flg. 2a, red line). In the
case of cNDI-2EHA, the maximum rate decomposition at 410 eC
(90%) was observed (Flg. 2b, blue line). TGA measurements
confirmed the decomposition maximum rate at 450 2C (100%)
and 410 2C (80%) for cNDI-3EHA (Flg. 2c, green line) and cNDI-
4EHA (Flg. 2d, black line), respectively. These TGA results
suggest that NDI materials cNDI-1EHA, cNDI-2EHA, cNDI-3EHA
and cNDI-4EHA are thermally stable and can be utilized at
higher annealing temperature for device fabrication.

4| J. Name., 2012, 00, 1-3
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3.4. Photophysical properties

The UV-vis absorption properties of cNDI-1EHA, cNDI-2EHA,
cNDI-3EHA and cNDI-4EHA were studied in dichloromethane
(DCM) solution (1.0 x 104 M), a solvent of moderate polarity
(Flg. 3a), and also in thin-film form (FIg. 3b). The absorption data
are summarized in Table 1. cNDI-1EHA has two absorption
bands at Ayax = 500 nm (shoulder) and 532 nm (¢ = 1.06 x 10*
M-1cm-1). The UV-vis absorption of cNDI-2EHA shows three
small absorption peaks at 420 nm(g = 0.68 x 10* M-lcm), 433
nm(e =0.67 x 10 M-1cm), 470 nm (¢ = 0.67 x 10 M-1cm™!) and
one shoulder band at 566 nm (g = 1.43 x 10* M-1cm-1) along with
strong peak at 603 nm(ge = 2.31 x 10* Mcm-1). cNDI-3EHA
display an absorption maximum at around 624 nm (g = 3.26 x
10 M-1cm-1) with shoulder band at 578 nm(e = 1.73 x 10* M-
1cm-1). The UV-vis absorption spectra of cNDI-4EHA exhibit at
434 nm (shoulder)(s = 0.65 x 10* M-1cm-1), 460 nm (g = 0.86 x
10 Mlcm) and prominent peak at 651 nm(g = 2.26 x 10* M-
1cm1). In DCM solvent, cNDI-1EHA, cNDI-2EHA, cNDI-3EHA and
cNDI-4EHA show strong absorption from 400 nm to 730 nm,
which is attributed to the intramolecular charge transfer (ICT)
transitions from the 2-ethyl-1-hexylamine substituent to NDI
ring system. The photoabsorption band of cNDI-2EHA, cNDI-
3EHA and cNDI-4EHA shows pronounced bathochromic shift of
78 nm, 94 nm and 121 nm, respectively, as compared to the
absorption band of NDI-1EHA appeared at 530 nm (Flg. 3a). This
red-shift in absorption peak is due to the increase in number of
2-ethyl-1-hexylamine chain at NDI core leading to the strong ICT
excitation. For solid state UV-vis absorption study, thin-film of
the NDIs were deposited via spin coating on glass substrate. The
UV-vis absorption of NDI-1EHA exhibits absorption peaks at 466
nm (shoulder), 505 nm and 532 nm. NDI-2EHA has three small
absorption bands at 412 nm, 439 nm and 468 nm along with one
broad shoulder peak at 564 nm and a strong band appeared at
600 nm. cNDI-3EHA show an absorption peaks at 538 nm (broad
shoulder) and two strong peaks at 578 nm and 614 nm. The
spectral absorptions of the cNDI-4EHA appeared at 434 nm
(small shoulder), 468 nm (small), broad shoulder at 595 nm and
strong band at 645 nm. As illustrated in Flg. 3b, the broadening

This journal is © The Royal Society of Chemistry 20xx
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1
2
3 of absorption peaks in thin-films of cNDI-1EHA, cNDI-2EHA,
4 cNDI-3EHA and cNDI-4EHAis attributed to the strong
5 intermolecular interactions and conformational adjustment of
6 the chromophores in thin-film formation. The Thin film spectra
7 were utilized for band gap calculations. The onset of absorption
8 (Ama®™et in thin-film) for cNDI-1EHA, cNDI-2EHA, cNDI-3EHA
9 and cNDI-4EHA at A = 574 nm, 642 nm, 670 nm and 703 nm
10 determines the optical band gap as 2.16 eV, 1.93 eV, 1.85 eV
11 and 1.76 eV, respectively. This suggests that increase in number
12 of 2-ethyl-1-hexylamine substituent at NDI core exhibits longer
13 Amax®"€t going from cNDI-1EHA, cNDI-2EHA, cNDI-3EHA and
14 cNDI-4EHA and displays strong ICT transition, suggesting
15 significant decrease in optical band gap.
16
T [on
19
?O 1 4 — NDI-IEHA
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g; 08 — NDI-3EHA
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Fig. 3 UV-vis absorption of cNDI-1EHA, cNDI-2EHA, cNDI-3EHA and cNDI-4EHA in
(a) DCM solution (1 x 10 M) and (b) in spin coated thin-films.

3.5. Electrochemical properties

The electrochemical properties of the cNDI-1EHA, cNDI-2EHA,
cNDI-3EHA and cNDI-4EHA were evaluated using cyclic
voltammetry (CV). The cyclic voltammetry properties were
recorded with saturated calomel electrode (SCE) reference
anhydrous dichloromethane with 0.1 ™M
tetrabutylammonium perchlorate (TBAP) electrolyte at a scan
rate of 100 mV/s under nitrogen atmosphere. As illustrated in
Flg. 4a, 4b, 4c and 4d and summarized in Table 1, the
electrochemical potentials were determined from the onset of

electrode in

the oxidation. The electrochemical parameters of cNDI-1EHA,

This journal is © The Royal Society of Chemistry 20xx
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cNDI-2EHA, cNDI-3EHA and cNDI-4EHA are summayijzed.inJable
1. As shown in Flg. 4a, cNDI-1EHA, cNDIZEHA;,IeRDRIEACLAd
cNDI-4EHA exhibited multiple irreversible redox peaks as
illustrated in Flg. 4a, 4b, 4c and 4d, respectively. The onset
oxidation of cNDI-1EHA has one oxidation peak with an E®% s
potential at 0.80 V. NDI-2EHA displays one onset oxidative peak
at 0.94 V. The onset oxidative peaks for NDI-3EHA and NDI-
4EHA were appeared at 0.80 V and 0.90 V, respectively. The
HOMO energy level for the four chromophores cNDI-1EHA,
cNDI-2EHA, cNDI-3EHA and cNDI-4EHA were estimated from
the onset oxidation potential (E®%,nset) by assuming the absolute
HOMO energy level of ferrocene to be -4.4 eV as shown in
equation 1.

Evomo = - (ononset+ 44) eV (1)

The calculated HOMO energy level for cNDI-1EHA, cNDI-2EHA,
cNDI-3EHA and cNDI-4EHA are -5.20 eV, -5.34 eV, -5.20 eV and
-5.20 eV, respectively.

The LUMO energy levels of NDI-1EHA, NDI-2EHA, NDI-3EHA and
NDI-4EHA were estimated from equation 2 using onset
reduction values -1.00 V, -0.94 V, -1.06 V and -1.00 V,
respectively.

ELumo = - (ErEdonset"' 44) eV (2)

The LUMO energy level of cNDI-1EHA, cNDI-2EHA, cNDI-3EHA
and cNDI-4EHA are estimated to be -3.40 eV, -3.45 eV, -3.34 eV
and -3.42 eV, respectively. The LUMO energy level of cNDI-3EHA
(-3.34 eV) is higher than that of the cNDI-1EHA (-3.40 eV) cNDI-
2EHA (-3.45 eV) and cNDI-4EHA (-3.42 eV). The calculated band
gap for cNDI-1EHA, cNDI-2EHA, cNDI-3EHA and cNDI-4EHA are
1.80 eV, 1.90 eV, 1.86 eV and 1.80 eV, respectively. Such
chromophores are potential material for optoelectronic
applications.
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Fig. 4 Cyclic voltammograms of Sa) cNDI-1EHA; (b) cNDI-2EHA; (c) cNDI-3EHAand
(d% cNDI-4EHA and ferrocene (Fc); in dichloromethane(DCM)solutions containing

o -

0.10 M Bu4NPF6 as squorting electrolyte and platinum as a working electrode
with saturated calomel electrode (SCE) is a reference electrode. Fc was used as
the internal reference; scan rates: 0.100 mV/s, at 20 °C.

Table 1. Absorption (UV-vis) and electrochemical (CV) properties ofghRIALEHA,caNRE
2EHA, cNDI-3EHA and cNDI-4EHA. DOI: 10.1039/DONJ0O5045H
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Molecular NDI-1EHA NDI-2EHA NDI-3EHA NDI-4EHA
Structure/Code
Amax in solution 500 418, 440, 578 434
(nm) (shoulder), 470, 564 (shoulder), (shoulder),
528 (shoulder) 622 460, 648
606
Amax in Thin 530 598 607 642
Film (nm)
Thin film 574 642 670 703
)\maxonset (nm)

E°rtg (eV) 2.16 1.93 1.85 1.76
E%onset (V) 0.80 0.94 0.80 0.90
Ereonser (V) -1.00 -0.94 -1.06 -1.00
HOMO (eV) -5.20 -5.34 -5.20 -5.30
LUMO (eV) -3.40 -3.45 -3.34 -3.42

E¢'g (ev)© 1.80 1.89 1.86 1.88

Amax: The absorption maxima from the UV-vis spectra in CHCls solution or in thin
film.

E°Pt, : optical band gap determined from the absorption onset in thin film.

E¢'g (ev) : electrochemical band gap determined from cyclic voltammetry.

3.6. Computational study

To investigate the computational UV-vis and electronic
properties of the compounds cNDI-1EHA, cNDI-2EHA, cNDI-
3EHA and cNDI-4EHA, density functional theory (DFT)
calculations were used. The results of the calculations reported
in this work have been obtained using the Gaussian 09ab
initio/DFT  quantum chemical simulation package.>*The
geometry optimization of molecules in the series cNDI-1EHA,
cNDI-2EHA, cNDI-3EHA and cNDI-4EHA have been carried out at
B3LYP/6-31G* level.In order to confirm the minima, frequency
calculations also have been carried out at the same level.
Further the geometries of cNDI-1EHA, cNDI-2EHA, cNDI-3EHA
and cNDI-4EHA obtained at B3LYP/6-31G* level were subjected
to time-dependent density functional theory (TD-DFT) studies
using B3LYP/6-31G* level for charge transfer excitations. TD-
DFT results were analyzed by employing Gauss-Sum 2.2.5
program,®® TD-DFT results obtained are illustrated in Flg. S22
and summarized in Table S2. From the TD-DFT results it is seen
that absorption trend matches with the UV-vis absorption of
cNDI-1EHA, cNDI-2EHA, cNDI-3EHA and cNDI-4EHA in spin
coated thin-film form (Flg. 3b). The frontier molecular orbitals
(FMO) are generated by using Avogadro®’°%and are shown in
Flg. 5. cNDI-1EHA, cNDI-2EHA, cNDI-3EHA and cNDI-4EHA
commonly showed fully delocalised HOMOs and LUMOs across
the NDI molecular backbone. As the number of -2ethylhexyl
chain substitution increased, the HOMO and LUMO energy
levels decreased, in agreement with the electrochemical CV
results. The calculated energy band gaps of cNDI-1EHA, cNDI-
2EHA, cNDI-3EHA and cNDI-4EHA are 2.939 eV, 2.445 eV, 2.505
eV and 2.282 eV, respectively. The energy band gap decreased
slightly from cNDI-1EHA (2.939 eV) to cNDI-4EHA (2.282 eV).
Whereas, the E; ctNDI-3EHA (2.505 eV) is slightly higher than
that of cNDI-2EHA 92.445 eV). This decrease in energy band gap
trend from cNDI-1EHA to cNDI-4EHA is similar to the results

This journal is © The Royal Society of Chemistry 20xx
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obtained from the absorption measurements (Table 1). But the
calculated energy band gap values differ from the Eg°Pt. This
disagreement in energy band gap values were attributed to the
DFT calculation of isolated molecules in the gas phase, whereas
the UV-vis absorption characteristics were affected by
intermolecular interactions via m-m staking interactions in the

ARTICLE

solid state
LUMO =-2.982eV LUMO =-2.735eV LUMO =-2.570 eV LUMO=-2543 eV
E,=2939eV ): =2445eV F =2.3505eV F 2282eV
TOMO =-5.921eV HOMO =-5.180 eV HOMO =-5075 ¢V HOMO = .4.825¢V

Fig. 5 Frontier molecular orbitals ofcNDI-1EHA, cNDI-2EHA, cNDI-3EHA and cNDI-
4EHA with energy in eV.

3.7. Scanning electron microscopy (SEM)

SEM study was performed to evaluate their morphological
properties in films before and after annealing. The SEM images
of cNDI-1EHA, cNDI-2EHA, cNDI-3EHA and cNDI-4EHA before
and after annealing (performed at 170 °C for 30 min) (Flg. 6)
clearly shows difference in self-assembling behaviour. Sheet-
like assembled structures of micrometer size can be clearly
seen for all the three samples, due to interaction of aliphatic
long alkyl chains on both the diimide position as well as core-
substitutions. The SEM images after annealing show clear
difference in morphology. cNDI-3EHA attains more crystallinity
as compared to cNDI-1EHA and cNDI-2EHA show less packed
structures. cNDI-4EHA is more hydrophobic and highly packed
films due to excimer formation and strong nm—m stacking. The
cNDI-3EHA molecule bearing two alkyl chains on diimide
position and three alkyl chains on core allow to arrange the
molecule in well-ordered arrangement. Thus, based on SEM
images, we obtained assembled in following ordered cNDI-
1EHA<cNDI-4EHA<cNDI-2EHA<cNDI-3EHA and comparable to
report of Wasielewski®® and Govindraju.%0

This journal is © The Royal Society of Chemistry 20xx

Fig. 6 SEM images for cNDI-1EHA, cNDI-2EHA, cNDI-3EHA and cNDI-4EHA before
annealing (a, ¢, e and g); after anneallng (performed at 170 °C for 30 min)(b, d, f
and h), respectNer

3.8. X-ray diffraction characteristics

To further investigate the crystalline nature, we obtained high
power X-ray diffraction (XRD) patterns for all the four cNDI-
1EHA, cNDI-2EHA, cNDI-3EHA and cNDI-4EHA as casted thin film
on Si-wafer see ESI FIg.523. It can be seen that all four molecules
showing broad peaks which is evident of the formation of
ordered but non-crystalline file. However, after annealing of the
film of four samples at performed at 170 °C for 30 min, showing
the peaks lamellar d-spacing thin film at 2.4° found to be 8.17A
along with broad peak at 6.17 A for cNDI-1EHA, 5.83 A for cNDI-
2EHA and 4.62 A for cNDI-4EHA with increasing 26 values with
increase in substituted chain number cNDI-1EHA>cNDI-2EHA>
cNDI-4EHA. Interestingly these broad peak missing in the case
of cNDI-3EHA, suggesting that the thin film after annealing in
the case of cNDI-3EHA exhibit completely different properties.
Nevertheless, cNDI-1EHA, cNDI-2EHA and cNDI-4EHA also have
broad peaks at 17.52 nm, however, cNDI-3EHAshows very sharp
peaks 20 > 7.2°. This XRD study also clearly supports our earlier
hypothesis from SEM (Flg. 5) images, that cNDI-3EHA is self-
assembled better crystalline in nature than that of other cNDI-
1EHA, cNDI-2EHA and cNDI-4EHA derivatives.
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As illustrated in Flg. 7, based on SEM images (Fig. 6e and g
and Fig. 6f and h) we presume the plausible molecular
arrangement of cNDI-3EHA and cNDI-4EHA as film cased and
after annealing 170 °C for 30 min.

Assembled

cNDI-4EHA

it~ <

n—7 stacking lAnnEa]eﬂ

b UL, <

Van der Walls “'N‘r'\}c
mteractions

Film formation

Crystalline material

Fig. 7 Schematic presentation of cNDI-3EHA and cNDI-4EHA chromophores before
annealing assembled into random structures for both of the molecules, however,
after annealing, cNDI-3EHA produces crystalline assembly and cNDI-4EHA thin
film, respectively.

3.9. Charge transport properties

To examine the influence of number and position of 2-ethyl-1-
hexylamine chain on n-type semiconducting properties, we
evaluated the electron mobility of these NDIs. The electron-only
device (ITO/ZnO/NDIs/Al) based on cNDI-1EHA, cNDI-2EHA,
cNDI-3EHA and cNDI-4EHA were fabricated and electron
mobility was calculated. The electron mobility was determined
by using the most versatile space charge limited current (SCLC)
model for organic semiconductor materials.#24%61 As can be
seen in Fig. 8a&b, the single carrier devices have been
fabricated by sandwiching the NDI layer between contacts of
different work functions so as to allow only one type of charge
carriers selectively due to band-edge mismatch. The potential
barrier at the interface of ZnO (7.4 eV) and ITO (4.8 eV) blocks
the hole injection from ITO to NDI layer and only electrons are
expected to flow.

Journal Name
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Where J is the current density, L is the thickness of the organic
semiconductor layer, u is the mobility of organic
semiconductor, € is the permittivity of medium, and Vis applied
voltage.

The dark log(J)-log(V) curves for NDI chromophores-based
electron only devices are illustrated in Fig. 9 and the electron
mobility data are summarized in Table 2 and Table S1. Slope (i)
and slope (ii) shows the Ohmic and SCLC regions respectively
(Fig. 9). The cNDI-1EHA, cNDI-2EHA, cNDI-3EHA and cNDI-4EHA
molecules in ITO/ZnO/NDIs (~100 _Gnm)/Ag device exhibited
electron mobility as high as 1.14x10 cm?/Vs,1.25x10% cm?/Vs,
2.69%10% cm?/Vs and 1.4x10°° cm?/Vs, respectively (Flg. 8 and
Table 2). The electron mobility in case of NDI-2EHA and NDI-
3EHA are higher than that of NDI-1IEHA and NDI-4EHA,
suggesting that the number and position of 2-ethyl-1-
hexylamine chain play important role. The electron mobility
trend not depends on number of chain length rather formation
of crystalline material after annealing that is in the order cNDI-
1EHA<cNDI-4EHA<cNDI-2EHA<cNDI-3EHA. The highest electron
mobility value was observed with cNDI-3EHA. From XRD data
(Flg. S23) and SEM (Flg. S24) images is clear that cNDI-3EHA
produces very good crystalline morphologies have better
electron mobility.

334 342 LUMO
qrj
s - E
= - E i
=] 2 =
s HE E v
16 HE
4 HE
£
520 -5.20
Electron-only Device 74 HOMO

Fig. 8 Schematic representation of fabricated electron only device with energy
level diagram of corresponding layers.

At room temperature, the space charge limited current shows
quadratic dependency on voltage. The electron mobility of the
NDI materials were extracted from the Mott-Gurney Eq. (1).
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Fig. 9 Electron mobility of (a) cNDI-1EHA, (b) cNDI-2EHA, (c) cNDI-3EHAand cNDI-
4EHA. The device architecture is ITO/ZnO/NDIs/Al. The red lines show slope for
ohmic (i) and SCLC regions (ii) respectively.
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Table 2: Best optimized condition for electron mobility properties of cNDI-1EHA, cNDI-
2EHA, cNDI-3EHA and cNDI-4EHA.

Sample Concentration  Anneali Device e-

Code (Chlorobenze ng Structure moli)ility

ne) Temp. (cm /Vs)

cNDI-1EHA 40 mg/mL 170°C ITO/ZnO/ cNDI-  1.14x10°®
1EHA/AI

cNDI-2EHA 40 mg/mL 170°C ITO/ZnO/ cNDI-  1.25x10*
2EHA/AI

cNDI-3EHA 40 mg/mL 170°C ITO/ZnO/ cNDI-  2.69x10*
3EHA/AI

cNDI-4EHA 40 mg/mL 170°C ITO/Zn0O/ cNDI- 1.4x10°
4EHA/AI

The electron mobility results obtained from this work is compared
with the literature report on the electron mobility performance of
naphthalene diimide based small molecules by SCLC method and
are summarized in Table 3. The results display the comparative
electron mobility performance in this work compared to the
literature report.

Table 3: Literature reports on the performance of NDI based small molecules for electron
mobility characteristics with SCLC method.

Structures Electron Mobility Device Refer
cmtVist Structure ence
H3C(H2C)14 1.8 x 103
O _N. .0 ITO/ZnO/
NDI
OO derivative 49
(200
nm)/Al
(0] N (@)
(CH2)14CH3
R = z%? 417 x 03
5 @ . ITO/ZnO/
O N® g =-- 216 x0 NDI
Q derivatives 42
OO (200
O,N nm)/Al
0“>N"So
R R =--© 2.5x 1075
R F
R =“QF 7.9 x 10

."
n
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@ 6.08+1.13x10  [TO/ZnO/
R = -3
. ra NDI

Oy M derivatives 62
C <= 2;0/ 450£3.03x10%  (5-10
\

pum)/Al

9.04+525x10°%

o/
0
R = -- JNH
1.28+1.32x 107
©=0T 144%109
RuRsRs = H ITO/ZnO/
sl me =T 1.26X 104 NDI This
® MorR = o derivative ~ work
R‘Rz 2.69 x 104 (40
N0 RiReRy = N . X A
N _ H’\(\/\ mg/mL)/Al
. 1.4 x 106
RyRyRyRy = g’\(\/\

4. Conclusions

In conclusion, we have synthesized four naphthalenediimide
(NDI) derivatives through core-substitution with varying
number of 2-ethyl-hexylamine (EHA) substituents at different
positions and studied their optical, self-assembling, electronic
and charge transport properties. The absorption measurement
reveals that the increase in number of 2-ethyl-1-hexylamine
substituent at NDI core showed longer A,,°"™¢t and displays
strong ICT transition, resulting significant decrease in optical
band gap. Electrochemical analysis shows the low-lying LUMO
energy level as required for stable n-type OSCs. The SEM and
XRD analysis clearly illustrates thatcNDI-3EHA gives more
crystallinity than the other three NDI derivatives showing strong
n—mn-stacking and van der Walls interactions within the
aggregated stacks that play a major role in arrangement of
molecules in directional growth. Further, the electron mobility
of the materials has also been evaluated which is in the range
of 10 to 10°® cm?/Vs, clearly indicate that number and position
of 2-ethyl-1-hexylamine chain play effective role in electron
transport due to ordered film formation. The excellent electrical
and optical properties of these materials make them a
promising n-type material for wide applications in various
semiconducting devices.
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