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Two donor-acceptor type molecules consisting of triphenylamine and 1,8-naphthalimide moieties with the olefinic linkages

between chromophores were synthesized by Heck reaction. The compounds obtained are capable to form molecular

glasses with glass transition temperatures of 56 and 75 °C recorded for mono- and di-substituted derivatives of

triphenylamine, respectively. They exhibit high thermal stabilities with 5% weight loss temperatures of 350 and 363 °C.

Fluorescence quantum yields of the dilute solutions of the synthesized compounds range from 0.065 to 0.72 while those of

the solid films are 0.028 and 0.034. The Stokes shifts increased with the increase of the solvent polarity. Cyclic

voltammetry measurements revealed close values of the solid state ionization potentials (5.22 and 5.27 eV) and of

electron affinities (-3.20 and -3.18 eV). For the layer of the monosubstituted derivative of triphenylamine core hole

mobility was found to be 2.1x10° cm?V''s™. Good intrinsic hole transport parameters were theoretically estimated in the

frame of Marcus theory, and the impact of polaron-type hole transport in these materials is discussed.

Keywords: donor-acceptor, olefinic linkage, triphenylamine, 1,8-naphthalimide, charge-transport.

INTRODUCTION

Compounds having an intramolecular charge transfer (ICT)
properties usually consist of electron donating (D) and electron
accepting (A) groups linked through a m-conjugated bridge
which makes it possible to reduce the band gap between
ionization potential and electron affinity values. Donor-m-
acceptor (D-m-A) type organic compounds are regarded as
promising organic semiconducting materials due to their broad
absorption in the visible region resulted from ICT, easy tuned
electronic energy levels and band gaps through adjusting the
acceptor, donor, and n-conjugated bridge moieties."?

So far, among the different classes of organic n-conjugated
systems reported, the derivatives of electron donating
triphenylamine (TPA) have been widely investigated as hole
transporting materials for organic light emitting diodes
(OLEDs) and other optoelectronic devices.*” Owing to the
noncoplanarity of the phenyl rings, TPA derivatives can be
viewed as 3D systems and their combination with linear 7-
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conjugated systems can be expected to lead to amorphous
molecular materials with good hole-transporting capability.s'12
It is well known that the central nitrogen atom is responsible
for the donor behavior of arylamine compounds which are
widely investigated and used in various optoelectronic and
electronic devices, such as dye-sensitized solar ceIIs,13 OLEDs,14
organic field-effect transistors,15 non-linear optical devices,16
and sensors.”” Numerous experimental and theoretical studies
were carried out in order to find correlations between the
structure and properties of the derivatives of TPA.X822

So far, the use of the concept of A-D system in 1,8-
naphthalimide chemistry was rather limited. Much attention
has been paid to the design and synthesis of new 1,8-
naphthalimide architectures. The optical, photophysical,
photoelectrical, electrochemical properties of 1,8-
naphthalimide derivatives are determined by the nature of the
substituents. Linking of electron donating groups at C-4
position of the naphthalic ring gives a “push-pull” electronic
configuration and generate ICT excited states.”>*® This ICT
character leads to a large excited-state dipole moment and
broad absorption and emission bands at longer wavelengths.
ICT transition is highly solvent dependent, and the
photophysical properties of the compounds with ICT character,
such as the wavelengths of the maxima of absorption and
emission spectra, the fluorescence lifetimes as well as the
fluorescence quantum yields, are all affected by the properties
of solvents.?®

Recently, we reported on the synthesis of the electroactive
compounds containing electron donating TPA fragments as
cores and electron accepting 1,8-naphthalimide moieties as
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arms.””?® Introduction of ethenyl or ethynyl units as spacers
helped the compounds to acquire planarity.

In this work, two new charge transporting derivatives TPA
and 1,8-naphthalimide with the olefinic linkages between
electrophores were designed and synthesized with the aim of
getting the further information of the structure-properties
relationship of the donor-acceptor derivatives.

EXPERIMENTAL METHODS

Instrumentation

Melting points (Mp) of the compounds were estimated using
Electrothermal Mel-Temp apparatus. 'H NMR and **c NMR
spectra were obtained on Varrian Unity Inova (300 MHz for
1H), 75.4 MHz for 13C). Mass (MS) spectra were recorded with
Waters ZQ 2000. Elemental analysis was carried out with an
Exeter Analytical CE-440 Elemental Analyzer. Infrared (IR)
spectra were recorded using Perkin Elmer Spectrum GX
spectrometer. Differential scanning calorimetry (DSC)
measurements were carried out using a Perkin-Elmer DSC-7
series thermal analyzer at a heating rate of 10 °C/min under
nitrogen flow. Thermogravimetric analysis (TGA) was
performed on a Mettler Toledo TGA/SDTA 851°. UV spectra
were recorded with Hitachi U-3000 spectrometer.
Fluorescence measurements of the dilute solutions and of the
of the compounds were performed using
spectrometer FS980. For these measurements, the dilute
solutions of the investigated compounds were prepared by
dissolving them in a spectral grade solvent at 10° M
concentration. The drop-casting from THF solutions (10'3 M)
was employed to prepare thin solid films of the compounds.
Fluorescence quantum yields (®;) of the solutions were
estimated by using integrated sphere method.*® Cyclic
voltammetry (CV) measurements were carried out by a three-
electrode assembly cell from Bio-Logic SAS and a micro-
AUTOLAB Type lll potentiostat-galvanostat. The measurements
were carried out in a solution of dry dichloromethane
containing 0.5 M tetrabutylammonium hexafluorophosphate
(BusNPFg) at 25 °C, scan rate 50 mV/s, sample concentration
10®° M. The potentials were measured against Ag/AgNO; as
reference electrode, platinum wire was used as counter
electrode. The experiments were calibrated with the standard
ferrocene/ferrocenium (Fc/Fc’) redox system.31

The ionization potentials (IPpg) of the layers of the
compounds were measured by the electron photoemission
method in air.>? The samples were fabricated by means of
vacuum deposition of the compounds onto Al coated glass
substrate under vacuum below 510° mbar. The negative
voltage of 500 V was supplied to the sample substrate. Then
the layers were illuminated with the monochromatic light from
the deep UV deuterium light source ASBN-D130-CM and
CM110 1/8m monochromator. The counter-electrode was
connected to the input of the 6517B Keithley electrometer for
the photocurrent measurement. The photocurrent was
strongly dependent on the incident light photon energy. An
energy scan of the incident photons was performed while

solid films
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increasing the photon energy. In this scan direction, no
electrons were emitted until the photon energy exceeded the
ionization potential (IPpg) of the compounds.

Hole mobilities () of the layers of the compounds and of
their molecular mixtures with bisphenol Z polycarbonate (PC-
Z) were estimated by xerographic time-of-flight (XTOF) method
as described earlier.”® The electric field was created by positive
corona charging. The charge carriers were generated at the
layer surface by illumination with pulses of nitrogen laser
(pulse duration was 1 ns, wavelength 337 nm). As a result of
pulsed illumination the layer surface potential decreased down
to 1-5% of the initial potential. The capacitance probe
connected to the wide frequency band electrometer measured
the rate of the surface potential decrease dU/dt. The transit
time t; for the samples with the transporting material was
determined from the kink of the curve of the dU/dt transient
in log-log scale. The hole-drift mobility was calculated by using
the formula u=d2/U0tt, where d is the layer thickness, and U,
the surface potential at the moment of illumination. The layers
were casted from the solutions of compounds 4, 5 in THF. The
substrates were glass plates with a conductive polyester films
with an Al layer. After coating and drying at the room
temperature the samples were heated at 80 °C for 1 h. The
thickness of the charge-transporting layers varied in the range
of 2.8-6.0 um.

Materials

4-Bromo-1,8-naphthalic anhydride, 2-ethylhexylamine were
purchased from TCI, triphenylamine, triethylamine (TEA),
palladium acetate(ll) (Pd(OAc),), tri-tert-butylphosphine
solution, 1.0 M in toluene (tri(o-tolyl);), acrolein diethyl acetal,
tetrabutylammonium acetate (n-BusNOAC), N-
bromosuccinimide (NBS) were purchased from Aldrich and
used as received. Dimethylformamide (DMF, Lachema) was
dried by distillation over CaH,. THF was dried and distilled over
sodium and benzophenone. Dichloromethane (POCH), ethyl
acetate and n-hexane (Penta) were purified and dried using
the standard procedures.34
4-Bromo-N-(2-ethylhexyl)-1,8-naphthalimide (BrIM),35 m.p.
82-83 °C, N,N-diphenyl-4-bromoaniline (1a),® m.p. 106-107 °C,
bis(4-bromophenyl)phenylamine (1b),37 (E)-4-(4-
(diphenylamino)phenyl)acrylaldehyde, (2a),38 m.p. 97-98 °C, N-
(4-((E)-buta-1,3-dienyl)phenyl)-N-phenylbenzenamine (2b),39
(E)-4-{4-[(E)-4-formyl-1-ethenyl]-(4,4'-
(diphenylamino)phenyl)}acrylaldehyde (3a),” m.p. 121-122 °C
were prepared according to the published procedures.
N,N-Bis(4-((E)-buta-1,3-dienyl)phenyl)benzenamine (3b).
A mixture of (E)-4-{4-[(E)-4-formyl-1-ethenyl]-(4,4'-
(diphenylamino)phenyl)}acrylaldehyde (3a) (0.5 g, 1.42 mmol),
sodium  tert-butoxide (0.34 g, 3.55 mmol) and
methyltriphenylphosphonium bromide (1.21 g, 3.41 mmol) in
dry THF under nitrogen was heated with stirring at 80 °C for 24
h. After cooling to the room temperature, the mixture was
poured into distilled water and extracted with chloroform. The
organic layer was dried with anhydrous magnesium sulfate and
concentrated by vacuum evaporation. The crude product was
purified by column chromatography (n-hexane/ethyl acetate

40
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vol. ratio 9:1) to obtain amorphous compound 3b with the
yield of 0.24 g (52%). R=0.32 (n-hexane/ethyl acetate 9:1); 'y
NMR (300 MHz, CDCl;, 25 °C, §, ppm): 7.32-7.25 (m, 6H, -Ar),
7.14-7.11 (m, 2H, 2x-CH=CH-CH=CH,), 7.09-7.05 (m, 3H, -Ar,
2x-CH=CH-CH=CH,), 6.79-6.66 (m, 8H, -Ar, 2x-CH=CH-CH=CH,),
5.32 (d, 2H, J = 10.1 Hz, -CH=CH-CH=CH,), 5.16 (d, 2H, J = 10.1
Hz, -CH=CH-CH=CH,). >C NMR (75.4 MHz, CDCl;, 25 °C, §,
ppm): 6=141.4, 141.2, 134.7, 130.8, 128.9, 127.4, 126.4, 124.5,
123.3, 122.7, 118.4, 115.6. MS (APCI*, 20 V): m/z: 350
(IM+H]"). IR, (KBr), cm™: 3025 v (CH,,); 2958, 2878 V (CH,jiphatic);
1655, 1581, 1498 v (C=C,,); 1358, 1325, 1266 v (C-N); 967 y
(trans, -CH=CH-CH=CH,); 772, 754, 688 y (CH,,). Elemental
analysis calc (%) for CygH,5N: C 89.36, H 6.63, N 4.01; found C
89.33, H 6.67, N 4.04.
N-(4-((E)-Buta-1,3-dienyl)phenyl)-N-phenyl-(N-(2-
ethylhexyl)-1,8-naphthalimide) (4). A flask was charged with a
mixture of BrIM (0.50 g, 1.29 mmol), 3a (0.46 g, 1.55 mmol),
Pd(OAc), (3.6 mg, 0.016 mmol), P(o-tolyl); (16 mg, 0.071
mmol), DMF (10 mL) and triethylamine (3 mL). The flask was
degassed and purged with nitrogen. The mixture was heated
at 90 °C for 24 h under nitrogen. Then, it was filtered and the
filtrate was poured into methanol. The orange precipitate was
filtered off and washed with methanol. The crude product was
purified by silica gel column chromatography using the mixture
of ethyl acetate and hexane (1:8, V:V) as an eluent to obtain 4
as red crystals with the yield of 0.42 g (54%).
recrystallized from the mixture of solvents of the eluent.
R=0.41 (n-hexane/ethyl acetate 8:1); M.p. = 182 — 183 °C. 'y
NMR spectrum (300 MHz, CDCls, 25 °C, 8, ppm): 8.64 (dd, 1H,
J;=7.2 Hz, J,=2.8 Hz, -Ar), 8.57 (dd, 1H, J; = 4.8 Hz, J, =2.8 Hz, -
Ar), 8.55 (d, 1H, J = 4.8 Hz, -Ar), 7.97 (d, 1H, J = 7.2 Hz, -Ar),
7.78 (dd, 1H, J; = 8.5 Hz, J, = 7.2 Hz, -Ar), 7.47-7.33 (m, 6H, -
Ar), 7.29-7.23 (m, 2H, -CH=CH-CH=CH-), 7.19-7.12 (m, 4H, -Ar, -
CH=CH-CH=CH-), 7.10-6.99 (m, 5H, -Ar), 6.82 (d, 1H, J = 8.5 Hz,
-Ar), 4.33-4.03 (m, 2H, -CH,jipn), 2.04-1.93 (m, 1H, -CHgjipn),
1.49-1.26 (m, 8H, -CH,jpp), 1.02-0.86 (M, 6H, -CH,jipn). *C NMR
(75.4 MHz, CDCl3, 25 °C, §, ppm): 164.8, 148.6, 147.3, 141.3,
137.8, 134.2, 133.5, 131.8, 129.3, 129.3, 129.2, 129.1, 128.9,
128.0, 127.2, 126.4, 125.8, 125.8, 125.8, 123.5, 123.2, 123.1,
122.7, 122.6, 122.5, 121.3, 44.6, 37.2, 31.8, 29.1, 25.3, 23.6,
14.4, 11.9. IR, (KBr), cm™: 3032 v (CH,,); 2956, 2928, 2858 v
(CHaliphatic); 1697 v (C=0Ojmiqe); 1660, 1583, 1505, 1488 v (C=C,,);
1354, 1332, 1274 v (C-N); 988 y (trans, -CH=CH-CH=CH); 778,
754, 693 y (CH,). MS (APCI', 20 V): m/z: 605 ([M+H]").
Elemental analysis calc (%) for C4,H4N,0,: C 83.41, H 6.67, N
4.63, 0 5.29; found C 83.44, H 6.65, N 4.59.
N,N-Bis(4-((E)-buta-1,3-dienyl)phenyl)phenyl bis(N-(2-
ethylhexyl)-1,8-naphthalimide) (5) was prepared by the
similar procedure as 4 using 3b (0.5 g, 1.42 mmol), BriM (1.22
g, 3.14 mmol), Pd(OAc), (8.02 mg, 0.036 mmol), P(o-tolyl); (32
mg, 0.14 mmol). The crude product was purified by silica gel

It was

column chromatography using the mixture of ethyl acetate
and hexane (1:8, V:V) as an eluent to obtain 5 as red crystals
with the yield of 0.51 g (37%). It was recrystallized from the
mixture of solvents of the eluent. R=0.39 (n-hexane/ethyl
acetate 8:1); M.p. = 155 — 156 °C. 'H NMR (300 MHz, CDCl3, 25
°C, 5, ppm): 8.62 (dd, 2H, J; = 7.7 Hz, J, =4.9 Hz, -Ar), 8.55 (dd,

This journal is © The Royal Society of Chemistry 20xx
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3H, J; = 9.8 Hz, J, =4.9 Hz, -Ar), 7.96 (dd, 2H, J; = 7.7 Hz, J, =4.9
Hz, -Ar), 7.80-7.75 (m, 3H, -Ar), 7.48-7.39 (m, 6H, -Ar), 7.35-
7.28 (m, 4H, -Ar, 2x-CH=CH-CH=CH-), 7.26-7.15 (m, 5H, -Ar, 2x-
CH=CH-CH=CH-), 7.13-6.99 (m, 4H, -Ar), 6.62 (d, 2H, J = 9.8 Hz,
-Ar), 4.19-4.08 (m, 4H, -CHgipn), 2.01-1.91 (m, 2H, -CHin),
1.44-1.30 (m, 16H, -CHgjipn), 1.00-0.85 (m, 12H, -CH,jpn). °C
NMR (75.4 MHz, CDCl;, 25 °C, 8, ppm):165.3, 148.2, 143.9,
141.2, 140.5, 137.8, 137.3, 133.2, 131.9, 129.3, 129.3, 128.2,
128.2, 127.8, 127.5, 126.2, 125.9, 125.6, 125.3, 125.2, 123.2,
123.2, 122.7, 122.4, 122.3, 44.3, 37.2, 31.9, 29.3, 25.3, 23.4,
14.3, 11.3. IR, (KBr), cm™: 3048 v (CH,,); 2953, 2926, 2862 v
(CHaiphatic); 1699 V (C=0imigc); 1659, 1582, 1501, 1479 v (C=C,,);
1353, 1330, 1278 v (C-N); 981 y (trans, -CH=CH-CH=CH); 779,
751, 697 y (CH,). MS (APCI*, 20 V): m/z: 965 ([M+H]").
Elemental analysis calc (%) for CggHesN3O,4: C 82.21, H 6.79, N
4.36, 0 6.64; found C 82.25, H 6.72, N 4.33.

Computational details

The calculations in this study were carried out in the frame of
density functional methods (DFT).41 B3LYP***
used for the calculation of molecular properties, whereas the
®B97X-D**  functional used during the geometry
optimizations of dimers constituted from like molecules. The

functional was
was

geometry of all molecules in their neutral and cationic states
were optimized without symmetry constraints by using the 6-
31G(d,p) basis set. The vertical ionization potentials (l,) were
calculated at the neutral state geometry as energy difference
between neutral and cation species. All calculations were
performed by using the Gaussian 09 program.45

The absorption spectra of compounds 4 and 5 were
obtained by means of time dependent DFT (TDDFT)46'50
calculations at the B3LYP/6-31G(d,p) level. The theoretical
absorption bands were obtained by using Gausview (version 5)
software.”

The internal reorganization energies (A;) for holes were
calculated by mean of the following ee|uation:52

% :(Ef:f 7E;44 )+(E;;, 7E“X:) 1)
with EM”V', for instance, being the energy of the cationic
species (M) in the geometry of the neutral molecule (M).

For each model dimer, the HOMO-HOMO electronic
couplings were calculated at the B3LYP/ 6-31G(d,p) level, by
using the fragment orbital method (also known as the “direct
calculation” or “two state model").53'55

RESULTS AND DISCUSSION

Synthesis and characterization
the
compounds. The first step was condensation of 4-bromo-1,8-
naphthalic anhydride (BrA) with 2-ethylhexylamine in DMF
which gave 4-bromo-N-(2-ethylhexyl)-1,8-naphthalimide
(BrIM). Compounds 1a,b were prepared by bromination of
TPA with NBS. The reactions of 1a,b with acrolein diethyl
acetal afforded cinnamaldehydes 2a,b. Compounds 3a,b were

Scheme 1 shows synthetic routes to the target

J. Name., 2013, 00, 1-3 | 3
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prepared by the reactions of cinnamaldehydes 2a,b with
methyltriphenylphosphonium bromide. The final steps were
Heck reactions of BrIM with 3a,b in the presence of
palladium(ll) acetate and tri-o-tolylphosphine to obtain the
target compounds 4 and 5. All the derivatives were
characterized by 'H and c NMR, mass spectrometries and
elemental analysis. The target compounds (4, 5) were found to
be soluble in various organic solvents such as dichloromethane

(DCM), chloroform, tetrahydrofuran (THF), toluene and etc.

L

%%%*%@ xay

(04l Plo-olls
B O, TEA,
0°C, 26

1a(61%)

3a(36%)
1b (83%) 3b

)
(a3%)

R |Ri|Re Ry R Rs Re Ry
1a | H | Br | H | 2 H AN | H | 3a H AN | H
| B | B | H|]2p || oA | H |3 | A~ | A~~~ | H

Scheme 1. The synthetic routes to 4, 5.

Thermal properties

The thermal properties of compounds 4, 5 were investigated
by thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) under a nitrogen atmosphere. The values of
glass transition temperatures (Tg), melting points (T) and 5%
weight loss temperatures (T,p-5%) are summarized in Table 1.

Table 1. Thermal characteristics of compounds 4 and 5.

Compound T, [°C]® (2™ heating) T [°C1™ Tio-se [°C]
4 56 191 350
5 75 159 363

tel Tg is glass transition temperature, Lol melting point, (both estimated
by DSC), Il Tio-s% IS 5% weight loss temperature estimated by TGA at a
heating rate of 10 °C/min in N, atmosphere.

Compounds 4 and 5 were isolated after the synthesis as
crystalline compounds, however they could be transformed
into the glassy state by heating from the melts. Their behavior
in DSC experiments was similar, therefore DSC curves of only
one compound (4) are given in Figure la. Tjpsy for 4 and 5
were observed at 350 and 363 °C, respectively (Figure 1b).
These values indicate the relatively high thermal stability of
the compounds. Tp.5¢ increased with increase of the number
of naphthalimide arms. These results are in agreement the
previously reported data on the thermal stability of the other
derivatives of naphthalimide and TPA.Z%

4| J. Name., 2012, 00, 1-3
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Figure 1. (a) DSC thermograms of 4; (b) TGA curves of 4 and 5.

In the first heating scans compounds 4 and 5 revealed
endothermic melting peaks at 191 and 159 °C, respectively. No
crystallization was observed during the cooling scans. In the
second heating scans compounds 4 and 5 showed glass
transitions at 56 and 75 °C, respectively and no crystallization
was observed on the following heating. T, values of 4 and 5
were slightly lower than those of the earlier reported
corresponding derivatives of naphthalimide and TPA with the
different (shorter) linkages between the chromophores.y'29

Geometry and electronic properties of model compounds

The geometrical structures of the model compounds M4 and
M5 are shown in Figure 2. While the three N-C bonds are
situated in the same plane (“N-plane”), a propeller-like
geometry is found around the TPA N atoms. Ph-“N-plane”
dihedral angles are larger for the non-substituted versus
substituted phenyl groups (-44.5° and -34.3°, respectively in
the case of compound M4, and -46.5° and -37.7° in the case of
MS5). The effect of TPA-butadiene linking appears through
shortening of N-C(Ph) distances and decreasing of Ph-“N-
plane” dihedral angles. However, there is less free room for
two short N-C distances in the case of M5 as compared to M4,
which is consequently reflected in larger Ph-“N-plane” dihedral
angles for M5. The butadiene moieties lie in the same plane as
the internal TPA phenyl groups, but form dihedral angles of
roughly 25° with the naphthalimide group(s).

Figure 2. Geometrical structures of model compounds M4 and M5, containing methyl
groups instead of ethyl-hexyl ones (B3LYP/6-31G(d,p) level in “gas phase”).

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. HOMO and LUMO representations of compounds M4 and M5. The red dashed
circles delimit the TPA moiety.

HOMO and LUMO of model compounds M4 and M5 are
given in Figure 3. Both HOMOs are basically localized on the
TPA and butadiene moieties (Figure 3), with the dominant
contribution coming from the TPA moiety. Similarly, the
naphthalimide and butadiene moieties are found to contribute
to the LUMOs, with practically no contribution from the TPA
core.

The energies of the frontier orbitals are given in Table 2.
Both HOMO and LUMO energies decrease with increasing
number of naphthalimide-butadiene- groups. This is the
expected result for LUMO energies, due to some degree of
interaction between the two branches. The decrease in HOMO
energy seems to depend on two effects: while the attractor
effect of naphthalimide groups may contribute to this effect,
the increasing Ph-“N-plane” dihedral angles in the order M4 <
M5 also plays in the same sense. However, the evolution of
LUMO energy is faster than for HOMO, so that the HOMO-
LUMO gap is by 0.08 eV smaller for M5 than for M4.

Electrochemical and photoelectron emission properties

The electrochemical properties of compounds 4 and 5 were
investigated by CV. As it is shown in Figure 4 compounds 4 and
5 showed ambipolar redox behavior with only one quasi-
reversible oxidation and reduction couple waves around -1.5
and 1.5 V respectively (vs. Ag/AgNO;). The results of the
electrochemical listed in Table 2. The
reduction peak is predetermined by withdrawing nature of

measurements are

naphthalimide moieties, while one quasi-reversible oxidation
peak is predetermined by the electron donating nature of TPA
moiety.14 Compound 5 possesses the slightly lower onset
oxidation potential than compound 4. In the reductive
potential region, the reduction processes started at -1.60 and -
1.63 V, for compounds 4 and 5, respectively. As a result,
electrochemical band gaps of compounds 4 and 5 were found
to be comparable (2.05 and 2.04 eV, respectively). These
values are somewhat lower than the corresponding optical
band gap (Eg°pt) values observed for the solutions of 4, 5 (Table
2). similar £ and E°
previously reported TPA and naphthalimide derivatives.
The solid state ionization potentials (IPc.y) of 4 and 5 were
found to be very close, 5.25 and 5.22 eV, respectively. A similar
observation applies to electron affinities (EA¢y) of -3.20 and -

values were also observed for the
26,27
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3.18 eV, respectively. These values are comparable to those of
the other derivatives of TPA and naphthalimide.27’28

7.0x10°
6.0x10°
5.0x10°
4.0x10°
3.0x10°
2.0x10°
1.0x10°4

0.0

Current, pA

-1.0x10° 4
-2.0x10°4
-3.0x10°4

-4.0x10° T T T T T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0 15 20

Potential, V

Figure 4. CV curves of 4 and 5 (10’S M solutions in CH,Cl, with 0.1 M n-BugNPFg).

Table 2. Electrochemical characteristics of 4 and 5.

IPpe (|PV)
(ev)

IPoy, EAw, ES ES™
(ev)(b) (eV)'b' (eV)(C) (eV)'d'

Ehomo Eromo Euy

(ev)? (ev)® ( ev)®

Compound
Eonset”* Vs Fc/V®
Eonset*° Vs Fc/V®

4 045
5 042

-1.60 5.25 -3.20 2.05 2.12 5.47(6.09)
-1.63 5.22 -3.18 2.04 2.09 5.49(5.98)

-5.02 -2.49 253
-5.09 -2.64 2.45

d bl )
B B set™ and Eomser™® measured vs Fc/Fc'; ™ lonization potentials and electron

_ (R _ _(pred
affinities estimated according to Pey = (B +4.8) [eV]. EAcy = (B +4.8) [eV]

(where, Eonset™ and Eonset™™® are the onset reduction and oxidation potentials
versus the Fc/Fc'). Eonset and Eoncet - of Fc/Fc' measured in DCM solution
containing 0.1 M Bu,NPF¢ was 0.275 V vs Fc/Fc+); © E;'C =|1Pey| = |EAey|, where
Egelc is the electrochemical band gap; 14 The optical band gap estimated from the
onset wavelength of optical absorption of dilute solution, according to the
formula: E. = E/e, where e = 1.6x10™° C, E = hc/hegge, h = 6.63x10°" Js, and ¢ =
3.0x10° m/s, in which the Agg is the onset value of absorption spectra in long
wave direction; fel IPpe corresponds to the electron photoemission IP values. PV
are the theoretical vertical IP (given in parentheses); T Homo (€nomo) and LUMO
(eLumo) energies, and & HomOo-LUMO gap (En..) for model compounds M4 and
M5 (B3LYP/6-31G(d,p), gas phase).

The solid state ionization potentials (IPp) of the
synthesized compounds were also estimated by the electron
photoemission technique under ambient conditions. Figure 5
shows the electron photoemission spectra of the films of
compounds 4 and 5. Comparable values of IPpz of 5.47 and
5.49 eV were established for compounds 4 and 5 by
extrapolation of the linear parts of the spectra to zero
photocurrent. The ionization potentials established by electron
photoemission spectrometry were slightly higher than those
estimated by CV, also exhibiting an opposite trend.
Importantly, the values of IPyz of 4 and 5 were found to be by
ca. 0.15 eV lower than those of the earlier reported derivatives
of TPA and naphthalimide in which the chromophores were
linked via the linkages containing the single and double
bonds.”?%’ Thus, the layers of compounds 4 and 5 are
expected to exhibit lower injection barriers of holes from the
electrode and therefore they could be more suitable for the

. . 56
electroluminescent devices.
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Figure 5. Electron photoemission spectra of the solid films of compounds 4 and 5.

The theoretical IPY values for M4 and M5 (6.09 and 5.98
eV, Table 2) exhibit a larger difference (-0.11 eV) as compared
to IPcy and IPpe values (-0.03 and 0.02 eV, respectively). This
might be due to the decreased dihedral angles and their
variations in the solid state, making the influence of this factor
on the HOMO energy being less important than in the gas
phase (see section Geometry and electronic properties of
model compounds).

Optical and photophysical properties

Absorption and fluorescence (FL) spectra of the dilute
solutions (10'5 mo|~L"1) in non-polar toluene and of the solid
films of the derivatives of TPA and naphthalimide (4 and 5) are
shown in Figure 6. The wavelengths of the absorption maxima,
molar extinction coefficients (g), the wavelengths of
fluorescence maxima, fluorescence quantum vyields (D),
Stokes shifts observed for the dilute solutions in seven
different organic solvents are summarized in Table 3.

Table 3. Summary of absorption and emission properties of the solutions of 4 and 5 in
various solvents and of the solid films of the compounds.

Solvent 4 5
(viscosity o] Stokes Stokes
y avd Dem/ , Dt " A
x10~ Pas/ al shift al Xem/' shift
. nm™ (g/ nm nm™ (g/ [l
Dipole 44 d /nm, 44 nm (®) /nm,
M7ecm™) (Df) 4 Miem’) 4
moment (D)) cm cm
523,
Cyclohexane 457 <63 106, 466 527,567 101,
(0.898/0) (1.43) 4120 (2.57) (0.72) 3823
(0.51)
Toluene 460 594 134, 443 107,
583 (0.21)
(0.552/0.36) (1.88) (0.40) 4904 (2.76) 5421
THF 461 686 225, 476 696 220,
(0.461/1.75) (1.34) (0.14) 7115 (1.69) (0.081) 6641
Acetone 463 753 295, 464 752 288,
(0.304/2.88) (1.27) (0.15) 8318 (1.45) (0.067) 8254
Acetonitrile 465 758 294, 468 755 284,
(0.3409/3.92)  (0.86) (0.13) 8313 (1.23) (0.065) 8122
640 112, 644 112,
Solid film 528 532
(0.034) 3315 (0.028) 3269

fa) Aabs — absorption maximum; el Aem — €MIission maximum; tel ®f — Quantum
yield.

6| J. Name., 2012, 00, 1-3

5x10°
4x10'[
3x10°
2x10°[*
1x10°*

5x10
4x10°

\
3x10*

Absorbance [M'cm™]

2x10*

Normalized FL intensity (a.u.)

1x10*

T T T =T
300 400 500 600

Wavelength (nm)
Figure 6. UV-vis (dashed thin line) spectra of 10° M solutions of 4, 5 in toluene;
normalized fluorescence spectra of the dilute solutions in toluene (thick, solid line), and
of the solid films (dashed grey line). The long-wavelength absorption maxima

wavelengths were used as excitation wavelengths.

The theoretical absorption spectra (Figure S3,
Supporting Information) indicate that the absorption bands in
the range between 300 and 355 nm correspond to m-mt*
transitions mixing together local TPA and local naphthalimide,
with different degree of ICT transitions. The low energy
absorption bands between 457 and 491 nm correspond to
HOMO->LUMO transitions. Given the dominant localization of
these orbitals on the TPA and naphthalimide moieties,
respectively, an intramolecular charge transfer (ICT) can be
deduced for this band in both compounds (Figure 3 and Figure
S3, Supporting Information). This band exhibits bathochromic
and hyperchromic shifts with the increase of the number of
naphthalimide moieties. The absorption maxima of the solid
films of compounds 4 and 5 show red shifts of 68 and 56 nm,
respectively with respect of those of dilute toluene solutions.
This observation indicates that there are significant
conformational changes of compounds 4 and 5 in the solid
state with respect of those characteristic of the dilute
solutions. Using the onset wavelengths of the absorption
bands, the optical band gaps (E,”™) were estimated for
compounds 4 and 5. Egopt of compound 5 was evaluated at
2.22 eV, which is by 0.06 eV lower than that of the derivative 4
(2.28 eV). This observation can be explained the faster
decrease of LUMO versus HOMO energy in compound 5 as
compared to 4. The values of E;°™ observed for the solid films
4 and 5 were found to be by ca. 0.15 eV lower than those of
the dilute solutions.

see

The emission maxima of the dilute toluene solutions of
compounds 4, 5 appear in the yellow-orange region at 594 nm
and 583 nm (Figure 6). Broad and structureless FL spectra were
obtained for the solid films of 4, 5. Their maxima peaking at
640 and 644 nm, respectively exhibit considerable red shifts
with respect to the spectra of the dilute solutions. The Stokes
shift for all solutions decrease with the increase of the number
of naphthalimide arms (Table 3), but remain constant (112 nm)
for the solid films of compounds 4 and 5.

In a previous work we reported on derivatives of TPA and
naphthalimide in which the chromophores were linked via the
linkages containing single bonds®® (Figure 7).

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. Structures of the previously reported compounds 6 and 7.%

The dilute solutions of 4 and 5 in cyclohexane were found
to exhibit red-shifted absorption by 44 and 56 nm as compared
to those of compounds 6 and 7. The fluorescence intensity
maxima of the dilute solutions of compounds 4 and 5 also
exhibited considerable red shifts (of 93 and 102 nm,
respectively) relative to those of the solutions of 6 (470 nm)
and 7 (465 nm).28

To investigate in detail the effect of solvatochromism of
compounds 4 and 5, the spectral changes induced by solvent
polarity were estimated by comparison of the absorption and
FL spectra of each compound using five solvents of different
polarity with dielectric constants ranging from 2.02 to 37.50,
including cyclohexane (dipole moment = 0 D), toluene (0.36 D),
THF (1.75 D), acetone (2.91 D), and acetonitrile (3.92 D).

Figure 8 shows the effect of solvent polarity on FL spectra
of the dilute solutions of compounds 4, 5.

aa
Cyclohexane (0D)
Toluene (0.36D)
THF (1.75D)
Acetone (2.91D)
Acetonitrile (3.92D)

=015 =013

i

“\@,=0.06!

©.=0.067

=051 ©.=0.40 ¢ _=0.14
-

Normalized FL intensity (a.u.)
|

400 500 600 700 800
Wavelength (nm)

Figure 8. FL spectra of the dilute solutions (10° M) of compounds 4 (a) and 5 (b) in
cyclohexane, toluene, THF, acetone and acetonitrile. The long-wavelength absorption
maxima wavelengths were used as excitation wavelengths.

FL spectra of the dilute solutions of compounds 4, 5 in
cyclohexane show three peaks, which can be associated with
the transitions from the lowest vibrational excited state to
three different vibrational ground states (00, 01, and
092).57’58 As the solvent polarity increased, the FL spectra of
the studied compounds become structureless and exhibit only
a single broad band. The solutions of compounds 4, 5 in polar
solvents show red shifted FL intensity maxima compared to
those observed for the solutions in nonpolar solvents. This
suggests ICT occurring from the less polar ground state to the
more polar excited state.”® Indeed, triplet state calculations of
model compounds M4 and M5 in the geometry of the ground
state result in large dipole moments of 14.4 and 12 D,
respectively, as compared to 8.1 and 7.1 D, respectively for the
singlet ground state. This is also suported by the increasing
Stokes shifts with the increasing solvent polarity, in turn

This journal is © The Royal Society of Chemistry 20xx
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indicating that the polar excited state is more stabilized in the
polar solvents.

The spectral dependency on the solvent polarity was
studied on the basis of the Lippert-Mataga model. The Lippert-
Mataga (4Af,
polarizability parameter) was considered as a measure of the

polarity parameter also called orientation
polarity of the different solvents used. It was calculated
according to the following equation 2:%

Vv, =V =2/hex Au® x Af xa” + const.
A =(e-D/Q2e+ 1)~ (i —D/Qn* +1),  Au= gty —pig
(v, —vp)/ Af =11307.6A1% x a”> + const. (2)

where v, and vy are the wavenumbers (cm'l) of the
absorption and emission maxima, respectively, h = 6.6256x10"
2 erg s (Planck’s constant); ¢ = 2.9979x10" c¢m s (the speed
of light); a is the radius of the cavity in which the fluorophore
resides; ug and g refer to the ground state and excited state
dipole moments, respectively. The slope of the Lippert plot
reflects the solvent sensitivity of a fluorophore.

The Lippert-Mataga plot has to be linear, provided the
solvent-solute interactions are dipolar. Figure 9a suggests
linear correlations between the Stokes shift of compounds 4, 5
and the solvent orientation polarizability.

a 12000 T T T T T T T T
4 acetonitrile b sool 4 acetone acetonitrile
N THF ol THE
"= 8000 lohexane ‘*4*"®
g toluene 600-<¥cl
S acetone —
£ 4000F E 400
£ <
5 cyclohexane ~ 200
<
@ o ———— S o0
2 =
2 5 S sl 5
& L
8000 / % 600
4000+ = a0l
200F
000 005 010 015 020 025 030 035 040 )

2 30 50

Ej(530)(kca‘i?mol) “
Figure 9. (a) Dependences of Stokes shifts Av of compounds 4, 5 (c = 10° M) on the
orientation polarizability Af. The solid lines correspond to the linear fits. (b) Plots of the
wavelengths of fluorescence intensity maxima of 4, 5 versus Er(30) polarity parameter
of the different solvents.

For the description of solvatochromism of compounds 4
and 5, the Reichardt-Dimroth equation was additionally used
61
3:

v,—V,=m,-E} +const. 3)

ETN, the normalized solvent polarity of Reichardt is a
solvatochromic parameter the absorption
wavenumber of a standard betaine dye in the corresponding

based on

solvent. A linear correlation between the position of the
emission maxima and empirical solvent polarity parameter
(E1(30)) was observed for the solutions of compounds 4, 5 in
aprotic solvents (Figure 9b), again revealing the involvement of
solvent polarity dependent ICT emissive states.

The values of ®; of the solutions of the synthesized
compounds in different solvents were also estimated. They are
summarized in Table 3. Viscosity of the solvents as well as the
polarity seems to have influence on ®¢ of the compounds. The
highest ®; values (0.51 and 0.72 for 4 and 5, respectively,
Table 3) were found in the case of cyclohexane solutions with
the highest viscosity and the lowest dielectric constant (2.02)
of the solvent (0.898><10'3 Pas). Higher fluorescence quantum
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efficiencies were observed for the solutions in non-polar
solvents compared to those in polar solvents, with the lower
viscosity values and with the lowest emission intensity found
in acetonitrile (Table 3). This is probably due to the enhanced
ICT from the TPA to the naphthalimide moieties through the
olefinic spacers. Indeed, ICT is considered to reduce the
quantum vyield due to more pronounced relaxation and
nonradiative decay of the excited states.®? The globally smaller
®¢ values for compound 5 as compared to 4 (except for the
cyclohexane solution) seem to comfort the above assumption,
as the red shifted ICT for 5 are expected to enhance the
nonradiative decay as compared to 4. However, enhancement
of exciplex formation with increasing solvent polarity may
additionally contribute to the decreased quantum yields,
which is supported by the smallest @ values found for both
compounds in the less polar solid state (0.034 and 0.028 for 4
and 5, respectively, Table 3).

Hole transport properties

The charge transporting properties of the compounds were
probed by the xerographic time-of-flight (XTOF) method. For
the layers of compounds 4 and 5 hole mobilities were found to
be 2.1x10> and 2.2x10™ cmZ/Vs at the electric fields of 2.4x10°
and 6.1x10° V/cm, respectively. The layers of the molecular
mixtures of compounds 4 and 5 with PC-Z (50%) were also
prepared. Charge transporting characteristics of compounds 4
and 5 are summarized in Table 4.

XTOF transients exhibited dispersive charge transport for
all the samples and the transient-time (t;) values were
determined from the kinks of photocurrent curves in double
logarithmic plots (Figure 10a). As such, these hole mobilities
are expected to characterise the fastest carriers instead of the
steady state hole transport of these materials. However, the
dependence of the square root of the applied electric field (E)
on the logarithm of hole mobility (u,) was found to be linear
for all the samples investigated (Figure 10b). Such electric field
dependence on hole mobility follows the nearly universal
Poole-Frenkel relationship (1 = uoexp(aEm). This relationship
is usually observed in disordered organic systems63 and can be
attributed to effects of energetic and positional disorder on
the hopping conduction in amorphous organic solids. Carrier
transport in an amorphous organic solid that can be commonly
described by Marcus theory64 is generally associated with
charge carriers hopping along channels of localized hopping
sites. Due to disorder phenomena, the distribution of the
hoping site energies (width of the density of states, DOS) is
generally large, so that the charge transport in amorphous
materials is generally disorder dominated. In order to estimate
the role of the polaronic-type transport, we compare the
intrinsic properties of compounds 4 and 5. In the frame of
Marcus theory, the charge hopping rates between identical
molecules basically depend on the intramolecular
reorganization energy (A;), and the electronic couplings
between the HOMOs of adjacent molecules (limited to a
monoelectronic approximation). In order to evaluate the
electronic couplings, a selected number of dimers were
constructed from the model compounds M4 and M5 (Figure

8| J. Name., 2012, 00, 1-3

11 and Figure S4, Supporting Information). Our calculations
indicate: (i) decreasing intramolecular reorganization energy
from 0.23 to 0.14 eV for compounds 4 and 5, respectively,
which predicts evolution of hole mobility in opposite sens as
compared to the esperimental results. (ii) Non-negligible
HOMO-HOMO electronic couplings of roughly 0.01-0.08 eV
were calculated (Table 5), suggesting good intrinsic properties
for hole transport. However, increased average intermolecular
distances and decreased HOMO-HOMO electronic couplings
were found for compound 5 as compared to 4, suggesting a
slight advantage for the hole transport in layers of compound
4.

All in all, the evolutions of intramolecular reorganization
energy parameter and electronic couplings should roughly
cancel out, thus suggesting negligible influence of polaronic
type mechanism on the hole transport in these materials. Note
that the enhanced space extension of HOMO distribution in
M5 as compared to M4 (Figure 3) would suggests enhanced
possibilities for efficient electronic couplings between HOMOs
on relatively distant adjacent molecules, but this would be in
opposite agreement with the experimental trend of hole
mobilities. Both parameter trends thus result in polaronic-type
transport predictions which are unable to account for the
larger hole mobility by one order of magnitude in 4 as
compared to 5. The increased hole mobility observed in
compound 4 is then likely to be due to the smaller degree of
disorder in the layers of this compounds as compared to 5,
which could stem form two effects: (i) due to a larger dipole
moment of M4 as compared to M5 (8.1 and 7.1 D,
respectively) and probably due to a smaller steric repulsion,
stronger intermolecular interactions can be supposed for
compound M4, assumably resulting in denser molecular
packing in the layers of this compound. Indeed, the calculated
average intermolecular distances for some selected dimers are
systematically smaller for M4 than for M5 (Table 5).
Interestingly, the increasing intermolecular interaction
energies and the reduced intermolecular distances were
recently shown to result in reduced geometrical randomness
and decreased distribution of HOMO energies.29 (ii) The
number of dihedral angles between groups contributing to
HOMO is larger in compound 5 (Figure 3). This suggests
enhanced impact of geometrical deformations on the HOMO
energy, which are expected to negatively impact the hole
mobility by means of increasing width of DOS. Both factors
predict larger value of the o parameter (standard deviation of
the DOS distribution) for 5 as compared to 4, which seems
consistent with the larger a value of 5 (Table 4). Nevertheless,
the hole mobilities observed for 4 and 5 were found to be
comparable to those of the other compounds consisting of TPA
core and naphthalimide arms.””?®

This journal is © The Royal Society of Chemistry 20xx
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Figure 10. Transient photocurrents for the layer of compound 4 at different applied
sample voltages (a); electric field dependencies of hole drift mobilities for the layers of

4 and 5 (b).
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M5-dimer-cofacial 177

~
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Figure 11. Selected choice of dimers constructed from the model compounds M4 and
M5, obtained at the ®B97XD/6-31G(d,p) level in gas phase. The dimer indicated as
,naphthalimide-over-bridge”, for instance, corresponds to naphthalimide moiety over
the butadiene one. See Figure S4 (Supporting Information) for additional dimer types
for the model compound M4.

Table 4. Charge transporting properties of the layers of 4 and 5 and of their
solid solutions with PC-Z.

Table 5. HOMO-HOMO electronic couplings and average intermolecular distance for a
selected choice of dimers constructed from the model compounds M4 and M5. The
dimers are indicated as ,,naphthalimide-over-bridge” (corresponding to naphthalimide
moiety over the butadiene one), ,cofacial”, and ,TPA-over-bridge” (Figure 11 and
Figure S4 (Supporting Information)). The electronic couplings are calculated at the
B3LYP/6-31G(d,p)/ ®B97XD/6-31G(d,p) level in gas phase. The average distances
correspond to the molecular moieties of adjacent moleculas in direct contact.

Neat layers
Compound 4 5
Layer thickness (um) 5.5 6.0
My (cm?/Vs)® 2.1x10° 2.2x10™
a (cm™ v 0.0068 -
Layer with PC-Z (weight ratio 1:1)
Compound 4 5
Layer thickness (um) 5.0 2.8
Hh (cm?/Vs)® 2.1x10° 1.1x10°
a (cm™ v 0.0034 0.0061

el W — hole drift mobility value; ) o — Pool-Frenkel parameter for holes.

This journal is © The Royal Society of Chemistry 20xx
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t(ev) 4 0.006 0.035 0.083 0.043 0.028 0.007
5 - 0.024 0.072 0.008 - -
A(5-4) - -0.011 -0.011 -0.035 - -
d (A) 4 3.496 3.611 3.650 3.843 3.804 3.694
5 - 3.668 3.727 3.938 - -
A(5-4) - 0.057 0.078  0.095 - -
Conclusions

Solution-processable derivatives of triphenylamine and 1,8-
naphthalimide with  the olefinic linkages between
chromophores were synthesized by Heck reaction. Their
thermal, optical, electrochemical and photoelectrical
properties were studied and discussed
correlation with the chemical structures and compared with
those of the earlier reported derivatives of triphenylamine and
1,8-naphthalimide  with the single bonds between
chromophores. The compounds showed high thermal stability
with the 5% weight loss temperatures of 350 and 363 °C. They
form glasses with glass transition temperatures of 56 and 75
°C. The solution of the compound with two 1,8-naphthalimide
moieties in cyclohexane exhibits the emission quantum yield
of 0.72. Due to pronounced electron donor-acceptor
character, the compounds showed solvatochromic red shifts of
fluorescence up to 158 nm with significant reduction of the
emission vyield. The ionization potential values of the
synthesized compounds measured by the cyclic voltammetry
are 5.22 and 5.27 eV and electron affinities — -3.20 and -3.18
eV. The ionization potentials estimated by electron
photoemission technique were found to be 5.47 and 5.49 eV.
Xerographic time-of-flight hole mobility of the layer of N-(4-
((E)-buta-1,3-dienyl)phenyl)-N-phenyl-(N-(2-ethylhexyl)-1,8-
naphthalimide) exceeds 2.1x10° cmZ/Vs at the electric field of
2.4x10° V/cm. The trend in intrinsic hole transport parameters
predicted by theoretical estimations in the frame of Marcus
theory is opposite to the experimental one, suggesting for
these materials disorder dominated hole transport.

in terms of the
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