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This paper reports the design, facile synthesis and purification of four m-conjugated donor-acceptor small mole-
cules comprising heteroaromatic units, DA-1-DA-4, for surface and electronic structure modification of gold thin
film. These molecules were characterized by 'H/'>C nuclear magnetic resonance spectroscopy, cyclic voltamme-
try, UV-Vis spectroscopy, and single-crystal X-ray diffraction. Morphologically smooth thin-films (~5 nm) of DA-
1-DA-4 were deposited onto Au thin films via thermal evaporation and characterized by atomic force-
microscopy, 6-26 X-ray diffraction and ultraviolet photoelectron spectroscopy. The work functions of the small
molecule coated Au electrodes are shifted to lower energies by ~0.1-0.3 eV, compared to that of the bare Au
film measured as a reference. The vapor-deposition of structurally simple small molecules developed here
shows great promise as a facile approach to reduce gold work function for electron injection/extraction between
organic semiconductors and Au contacts in various opto-electronic devices.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The search for organic semiconductors based on m-conjugated small
molecules during the past few decades have enabled tremendous prog-
ress in the performance of various opto-electronic devices including
light-emitting diodes (OLEDs) [1], field-effect transistors (OFETs) [2,3],
light-emitting transistors (OLETs) [4], and photovoltaic cells (OPV) [5,
6,7]. As a result of these efforts, excellent device characteristics have
been achieved, with several cases even exceeding those of the existing
inorganic-based technologies. In these devices, small molecules have
been mostly utilized as electroactive and photoactive elements such as
interfacial layers for hole/electron injection and transport [8,9], semi-
conductors for switching [10], light absorption/generation [11,12,13,
14], and as part of the gate dielectric layer [15].

In these semiconductor-based devices, charge injection and extrac-
tion at conductor-semiconductor interfaces largely impacts the device
performances since the energy barrier for charge transfer is a critical
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factor affecting device operation [16,17]. Therefore, understanding and
improving metal (or metal oxide) contact-organic semiconductor inter-
faces have attracted significant attention for enabling optimal and stable
opto-electronic devices. To this end, several approaches [18] have been
utilized to modify the surface characteristics and work functions of
metal electrodes including chemisorption or physisorption of -
conjugated small molecules [19,20] or polymers [21], as well as the
use of ultra-thin films of metal oxides [22], zwitterionic systems [23]
and insulating polymers [24]. This can substantially benefit charge in-
jection in OFETs, charge balance/exciton formation in OLEDs and
OLETs, and charge extraction in OPVs [25]. Therefore, structural tailoring
of the molecular components of novel interfacial layer is very crucial to
achieve the desired energetic (and morphological) modifications at
metal electrodes.

For applications where electron injection is essential to the device
functions, one of the factors limiting the device performance is the
large energy barrier between the work function of common stable
electrodes and the corresponding unoccupied electronic states of the
semiconductor [26,27]. This process is critical for electron-
transporting (n-channel in OFETs) semiconductors, in which the lowest
unoccupied molecular orbital (LUMO) levels (—2.9 eV -4.2 eV) [28] are
typically far higher in energies than those of stable metallic thin-films of
Au and Pt (¢ ~ —5.0 to —5.9 eV), inorganic oxides such as indium tin
oxide (ITO) (¢ ~ —4.2 to —4.9 eV), and polymeric conductors such as
poly(3,4-ethylenedioxy)thiophene/poly(styrenesulfonate) (PEDOT/
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PSS) (¢ ~ —5.0 eV) [29]. Although ohmic contacts can be achieved be-
tween metals and highly electron-deficient (LUMO < —3.8 eV) m-
systems, when LUMOs are higher (>— 3.4 eV), significant electron injec-
tion barrier can be observed [30,31]. Specifically, the electron injection
barriers, in combination with other factors such as deep surface traps
and undesired doping, can significantly increase the threshold voltages
in n-channel OFETs and OLEDs, and greatly increase charge recombina-
tion in OPV decreasing the fill factor. Considering that most
unfunctionalized organic m-conjugated systems have high LUMO levels
of —2.5to —3.5eV [4], it's very valuable to lower the work functions of
stable metal electrodes to facilitate electron injection/extraction, which
has been mostly achieved using self-assembled monolayers of thiolated
molecules and thin-films of m-conjugated small molecules [32,33].

It is well accepted that metal electrode/organic semiconductor
interface deviates from simple Schottky-Mott limit [34] and exhibits a
significant interface dipole barrier (~0.5-1.0 eV) formation upon -
conjugated molecule adsorption [35,36]. This influences the metal
surface dipole, which is one of the main contributors to the metal
work-function along with the bulk chemical potential ([yy) [37,38].
Thus, a strategy to tune dipole formation is to adjust the m-electron den-
sity of small molecular adsorbates on metals. Relatively electron-rich
(donor-type) small molecules with good m-extended cores are needed
to reduce the surface dipole of metals via “push-back effect” [39]. If
the molecules are designed to be strong electron-acceptors, such as
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) [40]
and tetracyanoanthraquinodimethane (TCAQ) [41], then the metal
work function is found to be further lowered due to net metal-to-mole-
cule electron transfer, which leads to the formation of subsequent local di-
poles with their negative ends oriented away from the surface. To date,
typical m-conjugated adsorbates studied to lower metal work functions
span a limited number of donor-type molecules including
tetrathianaphthacene (TTN) [42], tetrakis(dimethylamino)ethylene
(TDAE) [43,44], cobaltocene [45/46], and 1,1’-dimethyl-
[4,4'|bipyridinylidene [36]. Note that the molecular layers based on m-
conjugated systems on metal electrodes provides better device stabilities
compared to thin-layers of alkali halides [47,48] and alkali/alkaline-earth
metals [49,50], which can be also used to lower metal work functions.
Therefore, the development of structurally simple compounds with facile
synthesis and purification would be very valuable for further improve-
ments in this field to optimize metal-organic interfacial properties.

In this paper, we demonstrate the implementation of four small
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dimethylaminobenzene, N-methylpyrrole, and N-benzylindole m-
donor moieties, which are designed in conjugation with electron-
withdrawing units of (4-fluorophenyl)acrylonitrile, acetylnaphthalene,
3-methyl-1-phenyl-2-pyrazoline-5-one to optimize the ambient stabil-
ity of these cores against undesired oxygen doping. The cores are de-
signed to be highly planar with extended m-conjugations and stable
under thermal evaporation conditions. It is important to note that aro-
matic amino groups containing small molecules have been extensively
used as hole-transport layers in OLEDs due to their m-electron rich back-
bones. The present compounds were synthesized easily in one or two
steps without any need of chromatography. The purifications were
employed via recrystallizations and the final compounds were charac-
terized by 'H and '3C NMR, FTIR, single-crystal XRD, melting point mea-
surement, UV-Vis, cyclic voltammetry (CV) measurements. Thin-films
(~5 nm) of the new compounds DA-1-DA-4 were deposited onto gold
electrodes by using a thermal evaporation technique. The organic film
crystallinities and morphologies were characterized by X-ray diffraction
(XRD) and atomic force microscopy (AFM), respectively. The electronic
structure and energy level of the new metal-organic systems were in-
vestigated by ultraviolet photoemission spectroscopy (UPS). Our find-
ings show that thin-film deposition of relatively simple molecules,
DA-1-DA-4, onto Au electrode film is a very effective method of reduc-
ing Au electrode work-function (¢ = 4.7 eV — 4.4 eV), rendering this
facile approach useful for practical applications.

2. Experimental section
2.1. Materials and characterization methods

All reagents were purchased from commercial sources and used
without further purification unless otherwise noted. Conventional
Schlenk techniques were used, and reactions were carried out under
N, unless otherwise noted. NMR spectra were recorded on a Varian
Unity Plus 500 spectrometer ('H, 500 MHz; '3C, 125 MHz). UV-Vis ab-
sorption measurements were performed on a Cary-50 UV-Vis Spectro-
photometer. The concentrations of the solution samples were
~1 x 10~° M. Electrochemistry was performed on a C3 Cell Stand elec-
trochemical station equipped with BAS-CV-50W voltammetric analyzer
and BAS Epsilon software (Bioanalytical Systems, Inc., Lafayette, IN). A
platinum wire is used as the working and auxiliary electrodes, and a
Ag wire anodized with AgCl is used as a pseudo reference electrode.
The experiments were performed in deoxygenated 0.1 M solutions of
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Fig. 1. Chemical structures of donor-acceptor molecules (DA-1-DA-4) developed in this study.
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tetra-n-butylammonium hexafluorophosphate in anhydrous dichloro-
methane at a scan rate of 50 mV/s. Potentials were referenced to the
standard calomel electrode (SCE) using ferrocenium/ferrocene (Fc™/
Fc) couple as an internal standard. AFM was carried out using a Nano
Surf SPM S100 instrument. The surface topography and phase images
were obtained by a generic tapping mode scan in the first pass. Thin
film XRDs were analyzed using wide-angle X-ray diffractometry
(WAXRD) on a Rigaku ATX-G using standard 6/26 technique, with the
monochromated CuKa radiation. (N = 1.5406 A) in a continuous scan
mode.

2.2. Crystal structure determination

The intensity data for DA-1, DA-2, and DA-3 were collected on a
Agilent Supernova (Dual source) Agilent Technologies diffractometer,
equipped with a graphite-monochromatic Cu K, radiation (N =
1.54184 A), to collect diffraction data using CrysAlisPro software at
296 K. The structure solution was achieved through computer assisted
program packages such as, SHELXS-97 [51] and refined by full-matrix
least-squares methods on F? using SHELXL-97, in-built with X-Seed
[52]. The supplementary crystallographic data can be found with the de-
position numbers of CCDC 1498639 (for DA-1), CCDC 981028 (for DA-
2), and CCDC 980984 (for DA-3) from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

2.3. Synthetic procedures and chemical characterizations

2.3.1. Synthesis of  (Z)-3-(4-(dimethylamino)phenyl)-2-(4-
fluorophenyl)acrylonitrile (DA-1)

A solution of 4-(dimethylamino)benzaldehyde (1.5 g, 0.010 mol), 2-
(4-fluorophenyl)acetonitrile (1.35 g, 0.010 mol), and NaOH (2.0 g,
0.05 mol) in 20 mL of ethanol was heated at 80 °C for 4 h. Then, the re-
action mixture was cooled to room temperature and allowed to stand
overnight at room temperature during which time a precipitate formed.
The precipitate was collected by vacuum filtration, dried, and recrystal-
lized from ethanol to obtain the pure product as a yellow solid (2.34 g,
88% yield). m.p. 178-180 °C. 'H NMR (600 MHz, CDCls): & 3.07 (s,
6H), 7.84 (d, ] = 8.8 Hz, 2H), 7.75 (s, 1H), 7.70 (m, 2H), 7.29 (t,] =
8.9 Hz), 6.80 (d, ] = 8.9 Hz); 3C NMR (150 MHz, CDCl5): 6 40.1, 98.7,
100.1, 111.6, 116.4, 119.3, 121.4, 124.5, 127.2, 129.4, 129.6, 131.2,
131.6, 142.5, 147.3, 151.8, 161.2. IR (KBr, cm™ ') Uppax = 1158, 1520,
2210, 2970.

2.3.2. Synthesis (E)-3-(1-methyl-1H-pyrrol-2-yl)-1-(naphthalen-2-
yl)prop-2-en-1-one (DA-2)

A solution of 1-methyl-1H-pyrrole-2-carbaldehyde (1.2 g,
0.011 mol) and 1-(naphthalen-2-yl)ethanone (1.87 g, 0.011 mol), and
NaOH (2 g, 0.05 mol) in 20 mL of ethanol was heated at room tempera-
ture for 5 h. Then, the reaction mixture was cooled to room temperature
and allowed to stand overnight at room temperature during which time
a precipitate formed. The precipitate was collected by vacuum filtration,
dried, and recrystallized from ethanol to yield the pure product as a yel-
low solid (2.53 g, 88% yield). m.p. 186-188 °C. '"H NMR (600 MHz,
CDCl5): 6 8.52 (s, 1H), 8.10 (dd, 1H, ] = 7.2 Hz, 1.8 Hz), 8.0 (d, 1H,
J=28.4Hz),794 (d, 1H, ] = 8.4 Hz), 7.88 (dd, 1H, ] = 7.8 Hz, 1.8 Hz),
7.61-7.54 (m, 2H), 7.48 (d, 1H, ] = 15 Hz), 7.45 (d, 1H, ] = 15 Hz),
6.92 (d, 1H, ] = 5.4 Hz), 6.84 (d, J = 3.6 Hz, 1H), 6.25 (dd, 1H, ] =
6.6 Hz), 3.7 (s, 3H); '*C NMR (150 MHz, CDCl5): 6 34.4, 109.8, 112.4,
116.7, 124.5, 126.6, 127.75, 127.8, 128.1, 128.4, 129.5, 129.4, 130.36,
132.2,132.64, 135.3, 136.1, 189.7; IR (KBr, cm™ ') vypax = 1060, 1125,
1275, 1480, 1560, 1648, 2920.

2.3.3. Synthesis of 1-benzyl-1H-indole-3-carbaldehyde (1)

To a solution of 1H-indole-3-carbaldehyde (1.5 g, 0.010 mol) in
50 mL of ethanol, KOH pellets were added (0.69 g, 0.012 mol) and the
mixture was stirred at room temperature until complete dissolution.

Then, the solvent was removed under vacuum, and acetone (50 mL)
was added followed by the addition of (bromomethyl)benzene
(1.2 mL, 0.010 mol), which resulted in an immediate precipitate forma-
tion. The precipitate was collected by vacuum filtration, dried, and re-
crystallized from ethanol to give the pure product as a yellow solid
(2.16 g, 92%). m.p. 220-222 °C. 'H NMR (600 MHz, DMSO-dg) & 5.4 (s,
2H), 7.25-8.12 (m, 9H), 8.55 (s, 1H), 10.2 (s, 1H); IR (KBr, cm™!):
Umax = 1652, 2954.

2.3.4. Synthesis of (E)-3-(1-benzyl-1H-indol-3-yl)-1-(naphthalen-2-
yl)prop-2-en-1-one (DA-3)

A solution of 1-benzyl-1H-indole-3-carbaldehyde (1) (1 g,
0.0042 mol), 1-(naphthalen-2-yl)ethanone (0.71 g, 0.0042 mol), and
NaOH (2 g, 0.05 mol) in 20 mL of ethanol was stirred at room tempera-
ture for 5 h. Then, the reaction mixture was allowed to stand overnight
at room temperature during which time a precipitate formed. The pre-
cipitate was collected by vacuum filtration, dried, and recrystallized
from ethanol to yield the pure product as a yellow solid (1.33 g, 82%
yield) m. p. 182-184 °C. "H NMR (600 MHz, CDCl3): 6 5.37 (s, 2H),
7.25-8.12 (m, 9H), 8.55 (s, 1H), 7.73 (d, 1H, ] = 15.4 Hz), 7.37 (d, 1H,
J=15.1Hz), 7.32 (s, 1H), 7.55-7.61 (m, 3H), 7.18 (d, 2H, ] = 7.2 Hz),
8.16 (d, 1H, J = 8 Hz); '3C NMR (150 MHz, CDCls): 6 190.1, 138.5,
137.8, 136.4, 136.0, 135.2, 133.7, 132.7, 129.5, 129.3, 129.0, 128.8,
128.3, 128.1, 128.0, 127.8, 127.0, 126.7, 126.6, 124.7, 123.3, 121.7,
1209, 118.1, 117.6, 113.6, 110.7, 50.6; IR (KBr, cm ™ ') Vpmayx = 1648,
1540, 1180, 1020.

2.3.5. Synthesis of (Z)-4-((1-benzyl-1H-indol-3-yl)methylene)-3-methyl-
1-phenyl-1H-pyrazol-5(4H)-one (DA-4)

To a solution of 3-methyl-1-phenyl-1H-pyrazol-5(4H)-one (0.18 g,
0.0010 mol) and 1-benzyl-1H-indole-3-carbaldehyde (1) (0.235 g,
0.0010 mol) in 15 mL of n-butanol, catalytic amount of piperidine was
added and the reaction mixture was refluxed for 3 h. After thin-layer
chromatography (TLC) indicated the reaction completion, the mixture
was cooled to room temperature, which resulted in the precipitation
of a crude solid. The crude solid was filtered, and then washed with bu-
tanol, dried, and recrystallized from ethanol to give the pure product as
an orange solid (0.28 g, 72% yield). m.p. 254-256 °C. "TH NMR (600 MHz,
DMSO-dg): 6 5.4 (s, 2H), 2.6 (s, 3H), 7.25-8.12 (m, 9H), 8.55 (s, 1H), 6.5
(s, 1H), 10.2 (s, 1H), 6.8-7.1 (m, 5H); IR (KBr, cm™!): Upax = 1652,
3150.

2.4. Molecular thin-film fabrication and ultraviolet photoemission spectros-
copy (UPS) measurements

Thin-films (~5 nm) of DA-1-DA-4 were fabricated on glass and Au-
coated glass substrates (kept at room temperature) by using thermal
evaporation method (Denton Vacuum, Inc., USA) at a deposition rate
of 0.2 A/s under high vacuum (~4 x 107> Pa). The film thicknesses
were measured by calibration based on the profilometry of a thicker
film. Au-coated (~50 nm) glass substrates were also fabricated via ther-
mal evaporation under high vacuum. Ultraviolet photoelectron spectra
were obtained using Thermo Scientific ESCALAB 250Xi with
He(I) source (21.22 eV) at a base pressure of 1.33 x 10~7 Pa. The UV
light was incident at 45° from the surface, and photoelectrons were col-
lected from normal emission by a hemispherical electrostatic analyzer.

3. Results and discussion
3.1. Synthesis and characterization

For the synthesis of compounds DA-1-DA-4 (Scheme 1), Aldol and
Knoevenagel condensations are used as the key steps for the formation
of o,B-unsaturated carbonyl (enone), and acrylonitrile units. In these
reactions, the deprotonations of the ai-methylene protons of carbonyl
and cyano compounds were accomplished by using NaOH or piperidine.
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Scheme 1. Synthesis of donor-acceptor compounds DA-1-DA-4.

The nucleophilic addition of the active hydrogen compound to the alde-
hyde group of the corresponding substrate is followed by the elimina-
tion of water molecules to result in the final compounds.

DA-1 was synthesized in one step via Knoevenagel condensation be-
tween 4-(dimethylamino)benzaldehyde and 2-(4-
fluorophenyl)acetonitrile in the presence of NaOH catalyst (88% yield).
Similarly, DA-2 was also synthesized from 1-methyl-1H-pyrrole-2-
carbaldehyde and 1-(naphthalen-2-yl)ethanone in the presence of
NaOH base via an Aldol condensation in 88% yield. On the other hand,
for the synthesis DA-3 and DA-4, an intermediate compound 1-
benzyl-1H-indole-3-carbaldehyde (1) was first synthesized by nucleo-
philic addition of deprotonated 1H-indole-3-carbaldehyde to
(bromomethyl)benzene in the presence of NaOH base in 92% yield.
The successive aldol condensations of 1 with 1-(naphthalen-2-
yl)ethanone and 3-methyl-1-phenyl-1H-pyrazol-5(4H)-one were per-
formed in the presence of NaOH and piperidine bases to yield DA-3
and DA-4, respectively, in 72-82% yields. In general, the crude product
was found to precipitate out from the reaction media, which was col-
lected and purified by recrystallization to yield the pure final com-
pounds. The chemical structures and purities of DA-1-DA-4 were
characterized by 'H and '>C NMR, FTIR, and melting point measure-
ments. The facile synthesis in one or two steps, good yields (72-88%),
and relatively straightforward purification of the final compounds with-
out the need of chromatography indicate the advantageous preparation
of these molecules.

3.2. Single-crystal structures

The diffraction-quality single-crystals of the compounds DA-1, DA-2,
and DA-3 were grown from chloroform solutions via solvent evapora-
tion method, and their solid-state structures were confirmed by
single-crystal X-Ray analysis. The crystal structures are shown in Fig.
2, and the related crystallographic data and refinement parameters are
summarized in Tables S1-S3. Compounds DA-1-DA-3 crystallize in
monoclinic unit cells with P2,/c, P21/c, and P2/n space groups, respec-
tively. Unit cell dimensions are a = 10.8630(5) A, b = 6.2359(2) A, and
¢ = 20.7868(7) A with o = 90.00°, 3 = 93.619(4)°, and y = 90.00° for
DA-1,a = 15.2708(10) A, b = 5.0994(5) A, and ¢ = 17.9008(15) A with

a = 90.00°, B = 100.150(8)°, and y = 90.00° for DA-2, and a =
18.5489(18) A, b = 5.8835(5) A, and ¢ = 18.7144(17) A with o =
90.00°, 3 = 93.780(8)°, and y = 90.00° for DA-3. As shown in Fig. 2A,
DA-1 adopts a highly coplanar molecular backbone with very small tor-
sional angles of <1.27° between N,N-dimethylaniline, 4-fluorophenyl
and acrylonitrile units, and the cyano (—C=N) functionality stays
completely within the molecular plane. The root mean square (r.m.s.)
deviation was found to be 0.0162 (2) A. This conformation ensures an
efficient m-conjugation along the molecular backbone. In addition,
short (Ar)C—H---N=C— contacts (~2.58 A) are found to be effective
between adjacent molecules (2 interactions per molecule), which indi-
cates favorable non-covalent hydrogen-bond like interactions between
phenyl hydrogen (positive end), which is located in ortho-position to the
electron-withdrawing fluorine substituent, and the nitrogen (negative
end) of the cyano group. This interaction results in the formation of mo-
lecular dimers, which may be leading the crystallization process. The
crystal structure of DA-1 includes two different packing structures of
slipped cofacial m-stacking and herringbone motifs (Fig. 2A). The
interplanar distances of ~3.86 A was observed between -1t stacked
molecules, whereas distances of ~3.06 A was measured in the herring-
bone region for —CH--- 1 interactions.

As shown in Fig. 2B, in DA-2 solid-state structure, although carbonyl,
ethylene and N-methylpyrrole units are found to be almost coplanar
with a small dihedral angle of 1.51°, a noticeable twist (6 = 20.52°)
exist between the N-methylpyrrolyl-acrylcarbonyl moiety and the
naphthalene ring. In addition, short (N-methyl)C—H ---O=C— contacts
(2.49 A) are found to be effective between adjacent molecules (2 inter-
actions per molecule), which indicates favorable non-covalent
hydrogen-bond like interactions between the hydrogen of pyrrole's N-
methyl group (positive end) and the oxygen (negative end) of the car-
bonyl group. Similar to DA-1, this interaction also results in the forma-
tion of molecular dimers, which may be directing the crystallization
process. The naphthalene cores exhibit slipped cofacial m-stacking be-
tween each other with 7t stacking distances of 3.57 A. Additional m-m
interactions are found to exist between N-methylpyrrolyl-acrylcarbonyl
moieties with interplanar distances of 3.91 A. Crystal structure analysis
of the final compound DA-3 indicates that carbonyl, ethylene and N-
benzylindole units are almost coplanar with a small dihedral angle of
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Fig. 2. ORTEP drawings of the crystal structures of DA-1 (A), DA-2 (B), and DA-3 (C) with 50% probability level. The perspective views of dimer formations and packing arrangements are

illustrated with the corresponding short contacts and interplanar distances, respectively.

3.82° (Fig. 2C). However, a noticeable twist (6 = 12.35°) is found to
exist between the N-benzylindolyl-acrylcarbonyl moiety and the naph-
thalene ring. This molecular conformation is very consistent with that of
DA-2. Although no short contact was observed in this molecule, an in-
version dimeric structure was observed, which was stabilized by weak
(N-methylene)C—H--O=C— (3.67 A) interactions (2 interactions per
molecule). On the other hand, the phenyl ring on the N-substituent of
the indole ring is found to be almost perpendicular to naphthalene
and indole systems, and the dihedral angles were 81.12° and 79.06°,
respectively.

3.3. Optical and electrochemical properties

The UV-Vis absorption spectra and the cyclic voltammograms of the
present compounds DA-1-DA-4 are recorded in dichloromethane solu-
tions to investigate their optical absorption characteristics and redox
properties. The corresponding spectra are shown in Fig. 3, and the opto-
electronic data are collected in Table 1.

>
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0.24

Absorbance (a.u.)

0.0

All compounds exhibit several absorption peaks with the lower en-
ergy maxima located above 350 nm and the higher energy peaks are
below 300 nm. The lowest energy maxima are observed at 393 nm for
DA-1 and DA-2, 405 nm for DA-3 and 412 nm for DA-4, which corre-
spond to the m-n* transitions of the donor-acceptor molecular back-
bones. The optical band gaps are calculated from the low-energy
absorption band-edges as 2.82 eV (DA-1 and DA-2), 2.51 eV (DA-3),
and 2.48 eV (DA-4). The observed red-shifts (AN = 12-19 nm) and
the reductions in optical band gaps (AE; ~ 0.3 eV) going from DA-1/
DA-2 to DA-3/DA-4 may be attributed to the enhanced m-conjugations
along the extended molecular m-backbones.

The cyclic voltammetry measurements are performed in dichloro-
methane by using Pt as the working and counter electrodes, and ferro-
cene is used as an internal standard. All compounds exhibit
(quasi)reversible oxidation peaks with the first half-wave potentials
(EX2) located at 1.03 V for DA-1, 1.17 V for DA-2, 0.84 V for DA-3, and
1.26 V for DA-4. The good reversibility of DA-1 and DA-3 oxidation
peaks demonstrates the good redox stability of these two compounds.
The HOMO energy levels are estimated as —5.47 eV for DA-1,

B 0.97V
DA-1
s
s DA-2 388 v
t 0.79V
¢ [DA-3 ' N
S 125V
(&]
DA-4 0.88V 121V
F
130V

300 400 500
Wavelength (nm)

600 04 06 08 1.0 12 14

Voltage (V) (vs SCE)

Fig. 3. (A) Optical absorption, and (B) cyclic voltammograms (0.1 M BuyN " PFg, scan rate = 100 mV s~ !) of compounds DA-1-DA-4 in dichloromethane solutions.
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Table 1
Summary of optical absorption, electrochemical, and work-function properties of com-
pounds DA-1-DA-4 and corresponding estimated frontier molecular orbital energies.

NSBs o Enomo Erumo ©
Compound (nm) (Eg (eV))* (V)P (eV)© (ev)d (eV)©
DA-1 393 (2.82eV) 1.03 —547 —2.65 4.6
DA-2 393 (2.82¢eV) 117 —5.61 —2.79 4.5
DA-3 405 (2.51 eV) 0.84 —5.28 —2.77 44
DA-4 412 (2.48 eV) 1.26 —5.70 —3.22 44

2 From optical absorption in dichloromethane, optical band gap is estimated from the
low energy band edge of the UV-Vis absorption spectrum.

> Measured in 0.1 M BuyN* PF5 in dichloromethane at a scan rate of 50 mV/s (vs. SCE).

¢ Estimated from the equation Eyopo = —4.44 eV — EJ2.

9 Erywmo is calculated from Eg = Erymo — Eromo-

€ Measured on semiconductor thin-film deposited metal electrodes by ultraviolet
photoemission spectroscopy (UPS) and binding energies are given compared to Fermi
level.

—5.61 eV for DA-2, —5.28 eV for DA-3, and —5.70 eV for DA-4, by using
the vacuum energy level of SCE as —4.44 eV. The corresponding LUMO en-
ergies (LUMOpa.1 = —2.65 eV, LUMOpp, = —2.79 eV, LUMOpa-
3= —2.77eV,and LUMOpa4 = — 3.22 eV) are calculated from the optical
band gaps. Among the present compounds, the strongest electron-
accepting moiety, 3-methyl-1-phenyl-2-pyrazoline-5-one, shifts the oxi-
dation potential of DA-4 to more positive values, although this compound
exhibits the lowest band gap. Accordingly, DA-4 shows the lowest LUMO
energy (—3.22 eV) among the present compounds. On the other hand,
DA-3 exhibits the easiest oxidation compared to DA-1 and DA-4 since it
has relatively weaker carbonyl acceptor unit when compared to DA-1
(—CN and —F) and DA-4 (3-methyl-1-phenyl-2-pyrazoline-5-one). In
addition, when DA-3 is compared with DA-2, both of which includes the
same carbonyl acceptor unit, the easier oxidation of DA-3 may be attribut-
ed to the more extended indole vs. pyrrole m-core. As expected, the LUMOs
of the present compounds are much higher than those of typical strong
electron-acceptors (—4.0 eV to —4.4 eV) used to increase metal electrode
work-function. Therefore, based on the (quasi)reversible oxidative charac-
teristics, and relatively high HOMO and LUMO energy levels, the present
compounds are likely to behave as m-electron donors and their thin-
films deposited on metals may reduce the electrode work functions.

3.4. Thin-film deposition and morphology/microstructure, and ultraviolet
photoemission spectroscopy characterizations

Prior to the deposition of organic films, Au-coated (~50 nm) glass
substrates were prepared via thermal evaporation method under high
vacuum (~4 x 107° Pa). Then, thin-films (~5 nm) of the new

A

compounds DA-1-DA-4 were fabricated on Au-coated glass substrates
(kept at room temperature) by using thermal evaporation at a slow de-
position rate of 0.2 A/s under high vacuum (~4 x 10~> Pa). Film mor-
phology of the new organic thin-films were assayed by atomic force-
microscopy (AFM) and 6-26 X-ray diffraction (XRD) scans.

As shown in Fig. 4B, the AFM characterization of the DA1-DA4 thin-
films reveal highly homogeneous morphologies with surface roughnesses
of <1.8 nm for a 1 um x 1 pum scan area. The morphologies for all organic
thin-films exhibit uniform and highly-interconnected isotropic spherulites
of ~40-60 nm in diameter. XRD scans reveal that vapor-deposited thin-
films of all compounds on Au electrode are poorly crystalline with weak
and broad reflections at 26 = 5-20° (Fig. 4A). Nevertheless, it's notewor-
thy that the weak reflections may also originate from the low thickness
of the organic film, which might be limiting the diffraction intensity. For
compounds DA-1-DA-3, none of the observed reflections correspond to
any peak in the simulated powder pattern (random crystallite orientation)
of their single-crystal structures (Fig. S1). This indicates that the current
compounds are probably adopting different microstructures in the thin-
film phases compared to those of their single-crystals.

Ultraviolet photoemission spectroscopy (UPS) measurements were
performed under ultrahigh vacuum (1.3 x 107 Pa) for the Au elec-
trodes having organic thin-films on their surface (See Fig. 5). Since
non-treated gold electrode work function may vary largely depending
on the deposition method and the sample history, bare Au thin-films
on glass were also measured in the same experimental set-up as the
control. In the experiments, the photon energies were 21.22 eV and
the work functions of the samples are determined by the onset of pho-
toemissions. The work function of the bare Au electrode was measured
to be 4.7 eV. Importantly, when the Au surface is coated with a thin film
of present organic semiconductors, the work functions decrease to
4.6 eV for DA-1, 4.5 eV for DA-2, and 4.4 eV for DA-3 and DA-4. The
UPS measurements indicate that the lower work-functions of the organ-
ic thin-film deposited Au electrodes remain the same upon storing
under ambient for several months; thus, making our approach an inex-
pensive and robust surface modifying strategy for optoelectronics. The
observed reductions in electrode work function while maintaining a fa-
vorably smooth organic-based electrode surface can be used to promote
electron injection in n-channel OFETSs, charge balance/exciton formation
in OLEDs and OLETs, and electron extraction in OPVs.

4. Summary

In summary, a series of new m-conjugated small molecules, DA-1-
DA-4, has been designed, synthesized and fully characterized. These

Fig. 4. 6-20 X-ray diffraction (XRD) scans (A) and AFM topographic images (B) of DA-1-DA-4 thin-films deposited on Au@Glass substrates. (Scale bars denote 200 nm).
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Fig. 5. The UPS spectra of DA-1-DA-4 (~5 nm) deposited and non-treated gold films (50 nm) on glass. The photon energy is 21.22 eV.

small molecules consist of highly m-conjugated donor-acceptor molecu-
lar architectures based on amine-containing dimethylaminobenzene,
N-methylpyrrole, and N-benzylindole m-donor moieties, which
are in conjugation with electron-withdrawing units of (4-
fluorophenyl)acrylonitrile, acetylnaphthalene, 3-methyl-1-phenyl-2-
pyrazoline-5-one. The optical, electrochemical and single-crystal XRD
characterizations indicate highly coplanar molecular structures with fa-
vorable energetics and m-conjugations. UPS experiments showed that
thin-films (~5 nm) of these structurally simple molecules deposited
onto Au electrode film has been shown to reduce the Au electrode
work-function (¢ = 4.7 eV — 4.4 eV), while maintaining a smooth
organic-based electrode surface. This reduction can provide significant
advantages for electron injection/extraction in various opto-electronic
devices. The findings presented here suggest that through rational de-
sign and facile synthesis/purification, donor-acceptor type molecular
structures with proper electronic properties can be developed for
metal electrode surface modifications. We believe that our results will
offer crucial structural/electronic design standards and further motiva-
tion to investigate and optimize molecular m-conjugated structures as
conducting electrode modifiers in practical opto-electronic devices.
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