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1. INTRODUCTION

Organic compounds that emit in the UV-Vis region and whose fluorescence
emission is sensitive to solvent polarity are of significant interest due to their
versatile applications in optoelectronic devices. Considerable attempt has been
expended in to shifting the fluorescence emission of organic compounds in to the
visible region. The most employed strategy for the red shifting of the emission
wavelength is to extend the conjugation of the derivatives with aryl, ethenyl or
ethynyl groups. The addition of electron accepting and donating (A-D) groups to
these conjugation extended molecules also helps in shifting the emission
wavelengths in to the red region [1], therefore A-D type molecules are of
considerable interest and importance. In this type of derivatives, the excited state is
highly polar compared to the ground state, due to intramolecular charge transfer
(ICT) from the donor to the acceptor moiety. This process leads to a large increase
of the dipole moment in the excited state compared to that of the ground state and
causes a large Stokes shift and a solvatochromic effect.

So far, the use of the concept of A-D system in 1,8-naphthalimide chemistry
was rather limited. In the recent years the interest in the optical and fluorescence,
eletrochemical and photoelectrical properties of 1,8-naphthalimide derivatives has
been steadily increasing [2—4]. Much attention has been paid to the design and
synthesis of new 1,8-naphthalimide architectures as well as to the studies of the
properties of the materials.

1,8-Naphthalimide derivatives possess several interesting properties: (a) they
often combine intensive fluorescence with good charge transporting properties; (b)
the oxidation and reduction potentials of naphthalimides can be tuned by
substitution; (c) introduction of an electron-donating moiety at the C-4 position of
1,8-naphthalimide compounds generate ICT excited state [5,6] and leads to a large
bathochromic shift in both absorption and emission spectra. The length of the shift
depends on the strength of the electron donor. For example, introduction of
alkylamino groups into C-4 position of naphthalimides results in bathochromic shifts
up to 50 nm in absorption spectra and over 100 nm in emission [7].

Most of the ambipolar organic semiconductors are capable of transporting both
holes and electrons when protected from air. However, until formulation of the aims
of this work there had been less information regarding on the organic materials
capable of transporting negative charges or both negative and positive charges with
balanced hole and electron mobilities, which operate in air [8]. The investigation of
the 4-substituted 1,8-naphthalimide derivatives demonstrate that many of these
materials have charge transporting abilities and show film forming properties. These
properties make naphthalimides the potential materials for the applications in
optoelectronics. Moreover, the knowledge of the relationship of the structure and the
characteristics such as ionization potential and electron affinity values, charge-
mobilities of organic materials is important for the optimization of optoelectronic
devices. By selection of appropriate electron-donating moieties the ionization
potential values and thus the band gap can be controlled. On the other hand, the
investigation of the fluorescence and charge transporting behavior of 1,8-
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naphthalimide derivatives by the theoretical and experimental is important for
design of the structures of new highly effective organic electroactive materials.

So, the aim of this work: synthesis, experimental and theoretical estimation
of the structure-properties relationships of 1,8-naphthalimide-based organic
compounds, containing triphenylamino and fluorenyl moieties, capable of
transporting electrons or holes or both holes and electrons.

The tasks proposed for the achievement of the above stated aims were as
follows:

1. Synthesis of hole-transporting hydrazones, having triphenylamino and
1,8-naphthalimide moieties. Investigation of their thermal, photoelectrical,
electrochemical, and fluorescence properties.

2. Synthesis, experimental and theoretical studies of ambipolar organic
materials containing triphenylamino and 1,8-naphthalimide moieties linked by
single, double and triple bonds.

3. Synthesis and investigation of 1,8-naphthalimide-substituted derivatives
of fluorene.

The main statements of the doctoral dissertation are:

1.  Glass-forming triphenylamino-substituted naphthalimides are potential
organic semiconducting materials for applications in optoelectronic devices,
exhibiting high thermal and electrochemical stability, and high mobilities of
positive, negative or both positive and negative charges.

2. 1,8-Naphthalimide-substituted derivatives of fluorene are solution
processable materials, exhibiting high thermal and electrochemical stability,
solvatochromic behavior, high fluorescence quantum yields, and high electron drift
mobility.

Theoretical and practical value of this work

Several series of new potential n-, p-type or bipolar charge transporting
organic semiconducting materials of 1,8-naphthalimide, containing triphenylamino
and fluorenyl moieties were synthesized and investigated. Triphenylamino-
substituted naphthalimides and naphthalimide-substituted derivatives of fluorene can
be used as hole, electron or both charges transporting materials for application in
optoelectronics. 4-(4°-(Di-(4‘-methoxyphenyl)amino)phenyl)-N-(2-ethylhexyl)-1,8-
naphthalimide is capable of transporting both negative and positive charges with
balanced hole and electron mobilities.

Publication of the research results

The results of the doctoral dissertation work were presented at 7 international
scientific conferences and 5 articles were published in the journals included into the
Thomson Reuters Web of Knowledge database.

Contribution of the author

The author of the thesis performed the synthesis of all the compounds, made
all the experiments of thermal, electrochemical characterization of all the
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compounds and made the experiments of optical and fluorescence investigation of
the compounds, analysed the data of the measurements. The author prepared
manuscripts of most of the articles, and participated in the preparation of conference
presentations. Part of the results was obtained in collaboration with other
laboratories. The experiments of investigation of the optical and fluorescence
properties of some compounds were performed in the laboratories of prof. S. A.
Jur$énas (Vilnius University). The ionization potential measurements of the
derivatives were performed in collaboration with habil. dr. V. Gaidelis. The charge
drift mobility measurements were performed by dr. V. Jankauskas (Vilnius
University). The theoretical calculations were performed in collaboration with dr. G.
Sini (Cergy-Pontoise University, France).

Structure and contents of the dissertation

The dissertation consists of the introduction, literature survey, experimental
part, results and discussion, conclusions, the lists of references and publications
topic. The list of references includes 281 bibliographic sources. The doctoral
dissertation consists of 164 pages, illustrated in 6 schemes, 38 tables and 97 figures.
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2. LITERATURE REVIEW

1,8-Naphthalimides belong to a class of compounds with the interesting
excited-state properties. 1,8-Naphthalimides moiety is one the most important
building blocks for the synthesis of efficient fluorescent materials. Non-substituted
1,8-naphthalimides exhibit low fluorescence quantum yields. In contrast the
substituted 1,8-naphthalimides have attracted much attention due to their high
fluorescence quantum yields, good optical, thermal and chemical stabilities, and
sizable Stokes shifts [9,10]. These derivatives also have high photoactivity [11] and
make good photosensitizers because of their large extinction coefficients in the
triplet and reduced states as well as their efficient intersystem crossings [12].
Furthermore, naphthalimide derivatives have high electron affinity due to the
existence of an electron-deficient centre [13-15], and display good electron-
transporting or hole-blocking capabilities that are appropriate for balanced carrier
injection in OLEDs.

Mainly due to the unique fluorescence properties [16-19] 1,8-naphthalimide
compounds have found applications in various areas [3], including coloration of
polymers [20], laser active media [21], photosensitive biological units [22],
fluorescent markers in biology [23], OLEDs [24], photoinduced electron transfer
sensors [25], fluorescence switchers [26], electroluminescent materials [27], liquid
crystal displays [28], strongly absorbing and colorful dyes [29], ion probes [30]. The
attractive properties of the 1,8-naphthalimide chromophore have led to its
incorporation into numerous polymeric [31] and dendritic [32—39] structures so as to
tailor solubility, self-association, and molecular size to suit a particular application.

2.1. 1,8-Naphthalimide derivatives with aromatic substituents at the 4-position

Many studies were reported on 1,8-naphthalimide derivatives, however it is
still meaningful to extend the research the derivatives, introducing new electron-
donating and electron-accepting groups at the C4 position of 1,8-naphthalimides.
The fluorescence properties of these derivatives can be changed by changing the
nature of a substituent present on the aromatic ring [40]. Introduction of the
substituents with different electron-donating capability, such as alkyl(aryl) amino
[41], alkynyl/alkenyl [16,42], aryloxy or alkoxy groups [43] induces a polar CT
excited state [5]. This ICT character leads to a large excited-state dipole and broad
absorption and emission bands shifted at longer wavelengths. The ICT transition is
highly solvent dependent. The optical and fluorescence properties of naphthalimides,
such as the positions maxima of absorption and emission spectra, fluorescence
quantum yields as well as fluorescence lifetimes, are all affected by the properties of
solvents [44], and their fluorescence emission colour can be readily tuned from
yellowish green to pure blue. 1,8-Naphthalimide derivatives with alkoxy groups
constitute a very important class of compounds with intensive fluorescence and very
good photo stability [45].
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2.1.1. 4-Aryl- and 4-aryloxy-substituted 1,8-naphthalimides

Diarylamine-substituted naphthalimide derivatives 1-1 — 1-3 and the similar
compounds consisting of 2-naphthalene-1-yl-benzo[de]isoquinoline-1,3-dione (1-4,
1-5) and bulky diphenylamine or naphthylphenylamine substituted as a side moieties
were reported [46,47] (Fig. 2.1).
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It was found, that the glass transition temperature (Tg) increased in the order
72 °C (1-1) < 95 °C (1-3) < 105 °C (1-2). For compounds 1-4 and 1-5, T4 were
observed at 128 °C and 148 °C, respectively. The higher T4 value of 1-5 can
apparently be explained in terms of its higher molecular weight and higher
intermolecular interaction. T\p of 1-4 and 1-5 derivatives were at 368 °C and 407 °C,
respectively. The high thermal stability indicate that 1-1 — 1-5 derivatives can form
homogeneous and amorphous film through thermal evaporation. Increasing solvent
polarity from n-hexane to DCM resulted in a 20 nm bathochromic shift of the Aass OF
compounds 1-1 — 1-3. This shift suggested that the ground state of the molecules
was significantly polar. For the compounds (1-1 — 1-3) red-shift was observed in the
emission spectra of the solutions as the solvent polarity increased. The electron
affinity values (EAcv) of the compounds were found to be comparable: —3.06 eV for
1-4 and —-3.04 eV for 1-5. The CIE coordinates of the OLED device (ITO/DNTPD
(60 nm)/NPD(20 nm)/Alqgs:% dopant (20 nm)/Algs (40 nm)/LiF/Al) were found to be
(0.46, 0.52) for 1-4 and (0.48, 0.52) for 1-5 at 10 mA/cm?. Luminance-efficiency
were obtained 6.6 cd/A at the voltage of 5.9 V for OLED device containing 1-4 and
5.9 cd/A at the voltage of 6.3 V for OLED device containing 1-5.

Table 2.1. Properties of diarylamine-substituted 1,8-naphthalimide derivatives

Aabs, (NM) Aabs
Material Ty (°C)  Tio, (°C) in n- xiaﬁs'.r(ﬂr:) (hm) in E(':‘\‘;S’ (cg/LA)
hexane CH.CI,
1-1 72 NM 441 448 460 NM NM
1-2 105 NM 430 438 450 NM NM
1-3 95 NM 448 454 465 NM NM
1-4 128 368 NM NM NM -3.06 6.6
1-5 148 407 NM NM NM -3.04 5.9

Aabs — Maximum absorption wavelength; Ty — glass-transition temperature; Tip — temperature
of the onset of the thermal decomposition; EAcv — electron affinity; n— luminance-
efficiency; NM — not measured.

Wang and co-workers [48] reported experimental and theoretical studies of
similar naphthalimide compounds containing dimethylamino, diphenylamino groups
(1-6, 1-7), and different number of triphenylamino moieties (1-8, 1-9, Fig. 2.2).
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The replacement of dimethylamino group at C4 position of naphthalic ring
with diphenylamino group led to a 38 nm red-shift of Aabs (cf. Aaps Of 1-6 and 1-7).
When the number of aromatic amino groups in compounds 1-8 and 1-9 increased to
two and three, respectively, Aaps Of these compounds red shifted for 31 and 9 nm,
respectively compared to 1-7. Small red shifts of Aaps Of the solutions of compounds
1-6 — 1-9 in polar solvents were identified relative to those observed for the
solutions in non-polar solvents. ®¢ value of compound 1-7 (®r = 0.057) was much
smaller than that of compound 1-6 (®r= 1) [49]. ®r of compounds 1-8 and 1-9 were
very small (Or = 0 and ®r = 0.01, respectively). The ionization potential values
(IPcv) increased for compounds 1-7 — 1-9 from 4.70 to 5.33 eV. The structures of
compounds 1-6 — 1-9 were optimized using B3LYP/6-31G(d) method. It was
established, that the naphthalic ring had a planar structure with a twisting angle of
~90° from the plane of directly connected amino group. IPcv values increased along
with the increase on the number of triphenylamino groups at C4 position and the
E,°"* decreased following the order of 1-6 > 1-7 > 1-8 > 1-9. The energy levels of
HOMO-1 of compounds 1-6 — 1-9 increased along with the increase on the humber
of triphenylamino groups at 4-position.

Table 2.2. Properties of 1,8-naphthalimide compounds

Material abs, (NM) e IPcv, (V) Es, (eV)
1-6 425 1 NM NM
1-7 463 0.057 5.33 2.28
1-8 503 0 4.70 1.56
1-9 494 0.01 491 1.84

Aabs — maximum absorption wavelength; ®r — fluorescence quantum yield; IPcy — ionization
potential; E4°" — optical band gap; NM — not measured.

Several naphthalimide-based compounds containing differently substituted
phenyl groups at C4 position (1-10 — 1-12) were reported [50] (Fig. 2.3).

o8P 085D 08P

1-11 1-12
Figure 2.3

The absorbance and FL spectra of compound 1-10 revealed a strong absorption
peak at 350 nm (VS Aans = 370 nm for compound 1-11) and a high intensity emission
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peak at 425 nm (vs Aem = 540 nm for compound 1-11) in dilute acetonitrile solutions.
The strongest fluorescence was observed for the dilute solution of compound 1-10 in
acetonitrile (ACN). At higher concentrations, reduction of the fluorescence signal
intensity was observed. It was explained by self-quenching. Compound 1-12
exhibited a lower fluorescence intensity than the sulfoxide 1-10, while the emission
of 1-12 at Aem= 411 nm closely overlapped the emission of 1-10 at Aem= 425 nm.

A series of starburst benzene-based glass-forming molecules ((1-13)a-e) with
terminal naphthalimide moieties for optoelectronic devices were reported [51] (Fig.
2.4).

1-13a, R=n-butyl

1-13b, R= n-hexyl

1-13c, R= 2-ethylhexyl

1-13d, R= 3,5-dimethylphenyl

1-13e, R=9,9-dibuylfluorophenyl-2-yl

Figure 2.4

Glass transitions were observed for all compounds ((1-13)a-e). T4 reached as
high as 254 °C for compound 1-13d and 193 °C for 1-13e. The compounds with
more rigid moieties (1-13d and 1-13e) exhibited higher T4 than those with flexible
alkyl substituents ((1-13)a-e). T4 values dropped with increasing length of the alky!l
chain. TGA experiments revealed that all these compounds exhibited high thermal
stability with Tip up to 489 °C. Aem wWas observed in the range of 425-431 nm.
Compound 1-13e did not emit fluorescence under the ultraviolet excitation. Two
organic electroluminescent devices 1TO/MoOs; (3 nm)/NPB (40 nm)/Algs (20
nm)/Bphen (20 nm)/electron transporter (20 nm)/Cs,COs (1 nm)/Al (100 nm) were
fabricated, where 1-13a and Algs were chosen as electron transporter. The 1-13a
based device showed the current density of 48.7 mA/cm?, luminance of 985 cd/m? at
5V, compared with 1 mA/cm? and 23 cd/m? observed for the Algs-based device.

Table 2.3. Properties of benzene-based molecules with terminal 1,8-naphthalimide
moieties

Material Ty, (°C) Tio, (°C) Aem, (NM)
1-13a 140 381 426
1-13b 91 489 430
1-13c 78 477 431
1-13d 254 488 425
1-13e 193 488 ND

Ty — glass-transition temperature; Tip — temperature of the onset of the thermal
decomposition; Aem — maximum emission wavelength; ND — not detectable.

Two naphthalimide-based derivatives (1-14, 1-15) containing electron
donating moieties were reported [52] (Fig. 2.5).
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Figure 2.5

Indoline based 1-14 showed red shift (Alas = 39 nm) compared to the TPA
based compound 1-15. The absorption spectra of thin layers of 1-15 and 1-14 on
TiO2 showed blue shift by 2 and 21 nm, respectively compared to those of the
solutions due to the indoline moiety has stronger electron-donating capability than
that of TPA. The LUMO levels of 1-15 and 1-14 corresponding to the first reduction
potentials (Eeq vs the normal hydrogen electrode) were -1.42 V, -1.45 V,
respectively. The HOMO level of 1-14 corresponding to the first oxidation potential
(Eox vs the normal hydrogen electrode) was more negative (0.79 V) than that of 1-15
(1.08 V). A solar energy to electricity conversion efficiencies of 1.10%, 1.18% were
observed for dye-sensitized solar cells containing 1-15 and 1-14, respectively.

Bipolar compounds containing naphthalimide and carbazole moieties (1-16 —
1-21 and 1-22 — 1-24) for organic electronic devices were reported [53] (Fig. 2.6).
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1-16-1-21 | L 1-22-1-24
1-16, X:piperidipo, R=CyHs 1-22, X= piperidino, R= C,Hg
1-17, X= piperidino, R= CgHy3 1-23, X= piperidino, R= CH,C¢Hs
1-18, X=piperidino, R= CH,C¢H5 1-24, X= N(CHg),, R= C;Hs

1-19, X=N(CHs),, R= C,Hs
1-20, X= N(CHg)z, R= CHys
1-21, X= N(CHz); R= CH,CgHs

Figure 2.6

Two types of EL devices were fabricated. Device 1 had an architecture:
ITO/compounds 1-16 — 1-21 or 1-22 — 1-24 (50-100 nm)/LiF (1 nm)/AlLi. Device 2
had the following structure: ITO/CuPc (10 nm)/TPD (10 nm)/compound 1-19 (30
nm)/BePP; (45 nm)/LiF (1 nm)/AILi. To improve the performance of the two EL
devices, a 1.0 nm LiF layer was inserted between the cathode and organic layer. The
device 2 had maximum brightness of 110 cd/m? at a driving voltage of 21 V and a
maximum current density of 240 mA/cm?. From the synthesized compounds 1-22 —
1-24 single-layer devices were prepared (ITO/1-22 — 1-24 (50-100 nm)/LiF (1
nm)/AILi). The devices containing triads (1-22 — 1-24) displayed higher brightness,
lower turn-on voltage than those containing 1-16 — 1-21. Due to improve the device
efficiency the device 2 with additional electron-transporting layer (BePP>) and hole-
transporting layer (CuPc and TPD) were prepared. The maximum brightness of the
device 2 reached 4800 cd/m? at the driving voltage of 21 V, the maximum current
density increased up to 410 mA/cm?,
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Koyuncu and co-workers [54] reported a donor-acceptor carbazole derivative
(1-27) containing napthalimide moiety at C4 position (Fig. 2.7).

S 4 4
:

Br

N
= e D
1-26

1-27
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Figure 2.7

UV-Vis absorption spectra of 1-27 was red shifted in DCM [55] compared to
the molecules I and 1-25 due to the direct attachment of carbazole moiety to
napthalimide moiety. A weak ICT band of 1-27 was observed at ~412 nm [56].
Fluorescence emission of compound 1-27 was quenched compared to that of
compound 1-26 [57]. ®¢ value of 1-27 (®r = 0.066) was found ~10 times smaller
than that of compound 1-26 (®r= 0.686) in DCM. The reduction half wave potential
of compound 1-26 was observed at the more positive potential (—1.28 V) compared
to that of derivative 1-25 (-1.31 V). Eox of molecules | and 1-26 (1.29, 1.18 V,
respectively) was observed at the lower potential than that of 1-27 (1.39 V).

Table 2.4. Properties of carbazole derivative containing napthalimide moiety

Material Aabs, (NM) Aem, (NM) Dr Eox, (V) Ereq, (€V)
| 340 362 0.762 1.29 -
1-25 345 396 0.024 - -1.31
1-26 422 512 0.686 1.18 -1.28
1-27 412 543 0.066 1.39 -1.22

Aas — maximum absorption wavelength; Aem — maximum emission wavelength; ®r —
fluorescence quantum yield; Eqx — oxidation potential; Erq — reduction potential.

Similar three naphthalimide derivatives 1-28 — 1-30 as candidates for
optoelectronics, containing the same electron-donor moiety (carbazole), and
electron-acceptor naphthalimide with the different substituents at N atom also were
reported [55] (Fig. 2.8).
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Figure 2.8

Increasing solvent polarity from n-hexane to DCM, Aem Of the solutions of
compound 1-28 were red-shifted (Akem= 116 nm). The similar trend was observed in
other compounds 1-29 and 1-30. The Stocks shifts of compounds 1-28 — 1-30 were
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larger for the solutions in polar solvents as compared to those observed for the
solutions in non-polar solvents [46]. From the slope of Lippert-Mataga plot, the
difference of the dipole moment between the excited state and the ground state was
estimated to be 15.83, 17.91 and 17.93 D for compounds 1-28 — 1-30, respectively.
Blue light-emitting naphthalimide derivatives containing electron-donating
phenoxy or t-butyl modified phenoxy groups (1-32, 1-33)a) were reported [58] (Fig.
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(1-32,1-3%a  (1-32,1-33)b  (1-32,1-33)c  (1-32, 1-33)d
Figure 2.9

Compounds (1-32, 1-33)d showed red-shift compared to 1-31 in solution, due
to that t-butyl acts as weak electron-donating substituent. The fluorescence
properties of the solid films differed from those of the solutions due to the
aggregation. The dilute solutions of compounds (1-32, 1-33)a in chloroform showed
blue fluorescence with high ®r of 0.55 and 0.82 respectively. The solid films of the
derivatives (1-32, 1-33)a showed bathochromic shift (AAem = 50 nm) with respect of
those of the solutions. The films of compounds (1-32, 1-33)a exhibited much lower
®r (<0.15) that those of compounds (1-32, 1-33)b (0.27 and 0.46, repectively) [59].
®r of the solutions of compounds (1-32, 1-33)c were between 0.46-0.66, while
those of the films were as low as 0.04. Compounds (1-32, 1-33)d had much dropped
®r (<0.03) in solution, much improved ®r of >0.24 in the solid films. Derivatives
(1-32, 1-33)d had low EAcv values ranging from —3.29 to -3.24 eV, and the IPcv
values ranging from 6.16 to 6.26 eV. Their E¢'° were 2.92-3.01 eV, somewhat in
good accordance with E¢°"* (3.03-3.08 eV).

Table 2.5. Properties of 1,8-naphthalimide derivatives

Aabs, (NM) in Aem, (NM) in

Materi . @ sol/solid Eq%%, Eqel, IPcv, EAcv,
al soI/(;:)_I' iCdI;i Im CHCI?i?r%VSO“d film @) V) V) V)
1-32a 366/369 429/478 0.55/0.14 NM NM NM NM
1-32b 369/369 435/471 0.27/0.42 NM NM NM NM
1-32¢ 369/369 432/448 0.66/0.04 NM NM NM NM
1-32d 374/369 444/451 0.02/0.29 NM NM NM NM
1-33a 365/367 425/473 0.82/0.15 3.08 2.96 6.25 -3.29
1-33b 367/368 429/475 046/011 306 301 626  —3.25
1-33c 364/366 4271438 0.46/0.04 3.08 2.92 6.16 -3.24
1-33d 372/370 442/441 0.03/024 303 295 619 324

Xabs — maximum absorption wavelength; Aem — maximum emission wavelength; ®F —
fluorescence quantum vyield; IPcyv — ionization potential; EAcy — electron affinity; Eg° —
optical band gap; E¢*° — electrochemical band gap; NM — not measured.
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Similar series of naphthalimide derivatives by substituting electron-donating
phenoxy, methylphenoxy and cyanophenoxy groups at the C4 position of
naphthalimide also were synthesized (1-34 — 1-35)a-c [60] (Fig. 2.10).
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(1-34,1-35)a (1-34,1-35)b  (1-34, 1-35)c

1-34a-c 1-35a-c
Figure 2.10

Aavs OF the films of derivatives (1-34, 1-35)a-c were red shifted relative to those
of the dilute solutions. E,°" for the derivatives (1-35)a-c varied from 3.06 eV to 3.14
eV. The values of log € of the derivatives were high and ranged from 4.214 to 4.35.
dem for the films of compounds (1-35a-c) were red shifted by 38-54 nm compared to
those observed for the dilute solutions. The highest ®¢ value was found for the
solution of compound 1-35¢ (®¢= 0.37) in chloroform. The calculated energy yields
(Ef) of fluorescence were in the range of 0.09-0.311, which could used instead of ®¢
€ ~o; Pabs- Tip corresponding to 5% and 10% weight losses were in the

ﬂem

temperature range 260-275 °C and 278-308 °C, respectively for compounds (1-34,
1-35)a-c, and the Tr, of the derivatives (1-34, 1-35)a-c were high and were in the
range of 135-271 °C. IPcv values of the molecules (1-35)a-c were in the range of
6.30-6.36 eV and E¢° values were in the range of 2.93-3.0 eV. For this series of
compounds (1-35)a-c IPcv values were higher compared to earlier described HOMO
energy level of compounds 1-31 — 1-33 [58].

Table 2.6. Properties of 1,8-naphthalimide derivatives

Aabs, (NM) in Xem, (NM) @r in

op elc,
Tm CHCls inCHClz  CHCl; £9  Es IPov, EAc,

Material Tip, (°C)
O solsolid film solfsolid film ~ sol  EY) V) (V) (V)

1-34a 260 (278) 160  355(365) 424 (462) 027 3.08 293 636 343
1-34b  274(293) 199  355(368) 414 (468) 019 3.06 297 636 -3.39
1-34c  270(308) 230  352(368) 413(463) 055 312 294 634 -3.40
1-35a  268(287) 135 352(363) 419(457) 012 313 3.00 631 331
1-35b  275(293) 168  353(364)  411(465) 011 310 299 630 331
1-35c  264(294) 271  351(368) 410(460) 037 314 300 635 335

Tm — melting transition temperature; T4 — glass-transition temperature; Tip — decomposition
temperatures at 5% and 10% (in parantheses) weight 10ss; Aas — maximum absorption
wavelength; Aem — maximum emission wavelength; ®r — fluorescence quantum yield; IPcyv —
ionization potential; EAcv — electron affinity; E,®° — electrochemical band gap; E°* — optical
band gap.
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Marinova and co-workers [61] synthesized and studied three derivatives of 4-
phenoxy- and 4-alkoxy-substituted 1,8-naphthalimides (1-36 — 1-38) (Fig. 2.11).

S S T~

1-36 1-37 1-38
Figure 2.11

Compounds 1-36 — 1-38 showed the ¢ higher than 10000 I/mol-cm. @ value of
solvents with different polarity of compound 1-36 was lower those of the solutions
of compounds 1-37 and 1-38. ®r of compound 1-36 was low in toluene compared
with that observed for the chloroform solution which is not consistent with the
behaviour of other naphthalimides in organic solvents with different polarity. In
polar organic solvents the ®¢ of napththalimides were found to be lower (®r =
0.003-0.879) than those observed for the solutions in non-polar solvents (®f =
0.004-0.920). Compound 1-38 showed significantly less dependent on the solvent
nature ®r compared to the compound 1-37. The Stokes shift values of compounds 1-
36 — 1-38 were in the range of 59-79 nm.

2.1.2. 4-Ethynyl- and 4-ethenyl-substituted 1,8-naphthalimides

The synthesis and fluorescence properties of donor-acceptor 4-ethynyl
naphthalimides (1-39 and 1-40) were reported [62] (Fig. 2.12).

O N/ 1-39, R= -NMe,

1-40, R=-CN
1-39, 1-40

0
Figure 2.12

Increasing solvent polarity from hexane to DMSO, Aaps 0f compounds 1-39 and
1-40 was red shifted (~14—24 nm). For compound 1-40, a blue shift of ~17 nm of the
absorption band was observed changing the solvent from dioxane to
trifluoroethanol. As the solvent polarity increased a strong red shift of ca. 140 nm
was observed in the FL spectra of compound 1-39 with the decrease in both the
fluorescence intensity and ®r. No emission was observed when polarity of the
solvent increased to that of methanol. The emission spectra of the solid films of
compound 1-39 revealed a strong emission with a Stokes shift of 161 nm. The time
resolved fluorescence of 1-39 in solid state showed a longer life time (t = 5.59 nm)
compared to its solution state (t = 1.38-2.05 nm). The gas phase/solution phase E4
(2.6-2.7 eV) remained very close to that of a band gap of an organic semiconductor
[63]. For naphthalimide 1-40, on changing the solvent polarity from cyclohexane to
trifluoroethanol, both the intensity and ®gr of emission increased with red shift of
~50 nm. For compound 1-39, ®r value decreased with increase in solvent polarity.
Time dependent DFT calculation [64] revealed that the emissive state of compound
1-39 was characterized with more significant electron redistribution.

26



Another series of N-alkyl-1,8-naphthalimide derivatives (1-41)a-m with
phenylacetylene moiety at the C4 position were reported [16] (Fig. 2.13).

O
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Rz -H -H -OCHs | -OCHs -Cl -CN H -CHs -OCH3 -Cl -CN H -CHs

Figure 2.13

The same pattern was observed for compounds 1-41c, 1-41h, 1-41m. The
highest Tr, was observed for the compounds having cyano group at the p-position of
the phenylacetylene moiety (228 °C for 1-41f and 193 °C for 1-41k). For compounds
1-41d and 1-41i, the Aas Was observed at the longest wavelengths (399 nm).
Compounds containing chlorine atoms (1-41e and 1-41j) or cyano group (1-41f and
1-41k) at the p-position of the phenylacetylene moiety, showed blue-sifted
absorption spectra with Aaps at 374 nm and at 372 nm, respectively. Compounds 1-
41d and 1-41i showed yellow fluorescence with the intensity maxima at 531-533
nm, and a great Stokes shifts (132 and 134 nm, respectively), while compounds 1-
41f and 1-41k exhibited smaller Stokes shift (56 nm). ® of (1-41)a-m in dilute
DMF solutions were found to be from 0.25 to 0.75.

Table 2.7. Properties of N-alkyl-1,8-naphthalimide derivatives

Material Tm, (°C) Aabs, (NM) Aem, (NM) Dr Stokes shift, (nm)
1-41a 166 374 447 0.70 73
1-41b 146 374 446 0.71 72
1-41c 170 380 462 0.75 82
1-41d 156 399 531 0.27 132
1-41e 160 374 446 0.72 72
1-41f 228 372 428 0.25 56
1-41g 121 375 446 0.70 71
1-41h 133 379 462 0.69 83
1-41i 134 399 533 0.37 134
1-41j 142 374 450 0.65 76
1-41k 193 372 428 0.25 56
1-411 140 374 450 0.65 76
1-41m 139 378 462 0.67 84

habs — Maximum absorption wavelength; Aem — maximum emission wavelength; ®F —
fluorescence quantum yield.

A series of donor-spacer-acceptor compounds (1-42 — 1-50), and their
fluorescence and electrochemical properties were reported [65] (Fig. 2.14).
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Figure 2.14

Compounds (1-42 — 1-50) showed reversible or quasi-reversible one-electron
reduction processes in the CV experiments and they were in the range from —1.03 to
—1.09 V. For compounds 1-42 — 1-50, the broad absorption bands with Aas being in
the ranges of 280-370 nm and of 375477 nm were assigned to n—7* transitions of
the p-band of the aryl group and the naphthalimide, respectively [66]. The
absorption of ferrocenyl-containing compound 1-45 was stronger and red-shifted
compared to that of compounds 1-44, 1-46 and 1-47. O values in DCM obtained for
compounds 1-45, 1-47 and 1-50 were low (®r <0.01). In all cases, attachment of a
ferrocenyl moiety to compounds 1-45, 1-47, 1-50 resulted in significant
intramolecular quenching of the fluorescence [67].

By variation of the linking topology at the phenyl groups, four naphthalimide
compounds (1-51 — 1-54) with 0, 1, and 2 meta linkages were reported [68] (Fig.
2.15).

1-51: para-para \\\N O
1-52: meta-para
o 1-53: para-meta
C8H17\N : 1-54: meta-meta
(0] N 4
= \/
1-51-1-54

Figure 2.15

As the number of meta linkages in the phenylacetylene moiety increased from
0 to 2, the two-photon cross section decreased by almost 1 order of magnitude. Each
additional meta linkage reduced the two-photon cross section by about a factor of 3,
mainly due to the decreased ability of the ground-state bridge to support charge
transfer between the donor and acceptor moieties. In all the molecules, the
absorption was red-shifted relative to the absorptions of the donor carbazole (365
nm) and the acceptor naphthalimide (345 nm). The toluene solutions of compounds
1-51 — 1-54 exhibited small Stokes shifts and the FL spectra exhibited vibronic
features. As the solvent became more polar, the emission broadened and shifted to
the longer wavelength. ®r of 1-51 — 1-54 in dilute toluene solutions were found to
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be from 0.14 to 1.00. In more polar solvents the ®r dropped, suggesting that the
fluorescence was being quenched by an intramolecular electron transfer which
became more favorable in polar solvents.

Jin et al. [69] reported a series of naphthalimide derivatives (1-55 — 1-62) and
their theoretical properties were investigated (Fig. 2.16).

N Table 2.8. Electrochemical characteristics of
compounds 1-55 — 1-62

R N

R Compou IPcy,  EAcy, Eg®"

o N O 155 —@o/ 159 @ nd eV eV gV
» . S 1-55 6.899 1279 5610
OO VAT @ 1-56 7.305 -1.815  5.490
157 - 8 1-57 6.832 -1.439 5.393
_ 161 1-58 6.753 —1.476 5277
150 1-59 7217 -169 5521
. v S 1-60  6.605 -1.360 5.244
1162 1-61 7.273 -1.898 5.374
Figure 2.16 1-62 7.258 -1.645 5613

The theoretical values of IPcy values for compounds 1-57, 1-58, and 1-60
increased, while EAcv values decreased compared with those of compound 1-55
(Table 2.8). E4°" values of derivatives 1-55 — 1-62 decreased compared with that of
compound 1-55. The results were all in agreement with experimental results [70],
with the maximum deviation being less than 33 and 120 nm. The HOMO—LUMO
excitations dominated in compounds 1-55 and 1-57 — 1-60, while the HOMO-
1—-LUMO excitations dominated in compounds 1-56, 1-61, and 1-62. 1ans Values of
compounds 1-57 — 1-61 had bathochromic shifts of 7-30 nm, while compounds 1-56
and 1-62 showed hypsochromic shifts of 8 and 7 nm referring to the spectrum of 1-
55, respectively. Zem values of compounds 1-57 — 1-61 showed bathochromic shifts
49, 64, 24, 40, and 64 nm, while the values of derivatives 1-56 and 1-62 showed
hypsochromic shifts 9 and 11 nm, respectively compared with that of compound 1-
55.

Two compounds with the donor-acceptor structure 1-63 and 1-64 [56] for
memory devices were reported [72] (Fig. 2.17).

om A a9
g0 gedin
Figure 2.17

Both compounds exhibited high thermal stability with T\p of 323 °C (for 1-63)
and 407 °C (for 1-64). The ICT absorption peaks of the films were red-shifted (AXaps
=13 nm for 1-63, and Akas = 10 nm for 1-64) compared with the absorption spectra
of the solutions of the same compounds. Es°"* of the films of compounds 1-63 and 1-
64 was 2.51 and 2.19 eV, respectively. IPcv and EAcv values were determined to be
5.66 eV (or 5.22 eV) and —3.15 eV (or —2.54 eV) for the 1-63 (or 1-64). IPcy values
of 1-63 and 1-64 were higher compared to other donor-acceptor structures 1-55 — 1-
62 [69]. The memory device based on 1-63 exhibited much better characteristics
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than that based on 1-64 due to the presence of rigid carbazole moiety in favor of
improving the surface morphology, which was revealed by atomic force microscopy
measurement.

Mikroyannidis and co-workers [73] reported two linear divinylenes 1-65 and
1-66 that contained fluorene and phenylene, as central unit and naphthalimide
moieties as the terminal groups (Fig. 2.18).

Figure 2.18

The values of Tip 1-65 and 1-66 were 362 and 410 °C, respectively, and Ty
followed the trend 1-65 (45 °C) > 1-66 (42 °C). Es° values of 1-65 (2.55 eV) and 1-
66 (2.48 eV) were comparable with that of poly(9,9-dioctylfluorene-2,7-vinylene)
[74] (2.6 V) and higher than that of MEH-PPV [74] (2.21 eV). 1-65, 1-66 showed
close ®r values (0.10-0.15). IPcy values were 5.37 and 5.54 eV, and EAcv values
were —2.89 and —2.99 eV, respectively. Double-layer electroluminescent devices
with the configuration of ITO/PEDOT:PSS (30 nm)/PVK:(25%)emitter (75
nm)/TPBI (25 nm)/LiF (0.5 nm)/Al (200 nm) were fabricated. The devices based on
1-65 and 1-66 showed the similar current efficiency of 0.15-0.10 cd/A. For the
device based on 1-65, the maximum luminance of 143 cd/m? are comparable to that
of 124 cd/m? based on 1-66.

Green host compounds (1-67 — 1-69) containing the naphthalimide moieties
were reported [75] (Fig. 2.19).

’0 ok Yo G @:m

Flgure 2.19

Aaps Of dilute DCM solution of compound 1-68 was red-shifted by 10 nm
compared with the absorption spectra of the solution of compound 1-69. Although
1-68 and 1-69 exhibited the similar fluorescence properties with respect to both
emission color and ®¢ of dilute solutions, ®r of their solid films were differed. The
value of ®r of compound 1-69 was by ca. 10 times higher than that of 1-68 [76]. The
solid films of 1-69 also displayed higher ®r than those of 1-68. Both compounds
exhibited high Tip (higher than 400 °C). Ty of the two compounds was not identified,
however high melting points (>290 °C) were observed. IPcv values of 1-69 and 1-67
were calculated to be 5.38 eV and 5.67 eV, respectively. EAcv values of -3.14 eV
and —2.99 eV were deduced for 1-69 and 1-67, respectively. Tip, IPcv and EAcv
values of compounds 1-67, 1-69 were comparable with compounds 1-63 — 1-66
[75,77]. OLEDs employing 1-69/1-67 as the guest/host pair were fabricated. The
configuration of the devices were: ITO/NPB (30 nm)/CBP (2 nm)/1-67:1-69 (x
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wt%) (20 nm)/Bphen (40 nm)/Mg:Ag (200 nm), N,N’-diphenyl-N,N’-bis(1-
naphthyl)-(1,10-biphenyl)-4,4’-diamine (NPB), Bphen, 1-69/1-67, Mg/Ag, 4.,4’-
bis(9H-carbazol-9-yl)biphenyl. Devices | and Il represented OLEDs with 1-69
blending ratio of 3 wt% and 6 wt%, respectively. The turn-on voltages of device |
and Il were 5.2 V and 4.1 V, respectively. Device Il showed higher current at the
similar driving voltages (<13 V) relative to device I.

Table 2.9. Properties of 1,8-naphthalimide derivatives

. T|D, 7\abs, (DF in sol/solid |Pcv, EACV,
Material °C) (nm) Aem, (NM) film (&V) V)
1-67 419 NM NM NM 5.67 -2.99
1-68 NM 477 477 0.004/0.016 NM NM
1-69 423 468 466 0.005/0.153 5.38 -3.14

habs — Maximum absorption wavelength; Aem — maximum emission wavelength; ®g —
fluorescence quantum yield; IPcy— ionization potential; EAcy— electron affinity.

2.1.3. 1,8-Naphthalimide moiety containing hydrazones and Schiff bases

Four naphthalimides (1-70 — 1-73) containing hydrazone moieties were
synthesized and investigated [78] (Fig. 2.20).

o7 o

1-70-1-73
Compound 1-70 1-71 1-72 1-73
R -CsHy -CeHi3 -CoHyg -CioHas
Figure 2.20

The emission bands of 1-70 — 1-73 were similar and red shifted by ca. 20 nm
in comparison with that of naphthalimide group. Meanwhile, the intensity of
fluorescence was enhanced compared with naphthalimide group and this was
assigned to the significant ICT and larger conjugation due to the presence hydrazone
moiety. These compounds possessed the similar non-linear optical properties
because of their similar structure. E,°" of compounds 1-70 — 1-73 were similar,
ranging from 3.182 to 3.184 eV. In the HOMO of 1-70 — 1-73, the electrons were
distributed throughout the whole molecule, while in the LUMO, the electrons were
mainly concentrated on naphthalimide moiety.

Gan and co-workers [79] reported naphthalimide derivatives containing Schiff
base moiety (Fig. 2.21).
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Comp. 1-74 1-75 1-76 1-77 1-78 1-79 1-80
4- . .
R: -CH; | -phenyl methoxyphenyl -anthracenyl 4-dimethylaminophenyl — -

R, - - - - -

bUtyl C12H25

Figure 2.21
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By extending the conjugation length, the fluorescent lifetimes of the solutions
of 1-75 and 1-77 in THF decreased to 4.71 and 0.29 ns, respectively, in comparison
with that of 1-74 (7.4 ns). The similar trend was evident for compounds 1-76 and 1-
78. Aans Of 1-75 — 1-80 in acetonitrile were red-shifted by 10, 22, 33, 46, 54, and 55
nm, respectively with respect of that of 1-74. Xem of the solid films of compounds 1-
76 — 1-80 were shifted to longer wavelengths with respect of that of 1-75. When a
methoxyl group was attached to the para position of the benzene ring, the Aem of the
solid film of 1-76 was red shifted. The emission of the film of compound 1-77
showed a red-shift of more than 110 nm compared to that of 1-74. IPcy values of
naphthalimides 1-75 — 1-80 were in the range of 6.9-7.3 eV. OLEDs with the
structure ITO/CuPc (12 nm)/(NPB 30 nm)/1-77/sodium stearate (2 nm)/Al (100 nm)
were prepared. The device with a 45 nm thick 1-77 film had maximum luminance of
15.5 cd/m? and a maximum current density of 2.9 mA/cm? at an applied voltage of
22 V. Turn-on voltage of this EL device was 14 V. In the same device structure, the
organic photovoltaic properties containing 1-77 with a 1.1 V voltage and a 5 pA/cm?
current density were observed, when the device was irradiated by the quartz light at
50 W.

Table 2.10. Properties of 1,8-naphthalimide derivatives

Material T, (ns) Aaps, (NM) Xem, (NM) in sol/solid film
1-74 7.40 431 521/545
1-75 4.71 441 527/558
1-76 4.21 453 546/643
1-77 0.29 464 564/661
1-78 0.23 477 659/ND
1-79 1.91 485 536/618
1-80 1.94 486 517/620

Aabs — Maximum absorption wavelength; Aem — maximum emission wavelength; © —
fluorescent decay time constant; ND — not detectable.

A series of 4-aziridino[Ceo]fullerene-1,8-naphthalimide compounds ((1-81 — 1-
82)a-f) and their spectroscopic properties were reported [80] (Fig. 2.22).
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(1-81)a-f (1-82)a-f

Comp. | (1-81,1-82)a | (1-81,1-82)b | (1-81,1-82)c | (1-81,1-82)d | (1-81,1-82)e | (1-81, 1-82)f

R -CgHyr -CioHas -Ci6H33 -CoHsOCgH, -CH3CsH,4 -CeHs

Figure 2.22

Geometrical optimization was performed with semiempirical methods using
PM3 parametrization with Hyperchem 7.5. The alkyl group was found to be the tail
of the planar naphthalimide core (1-82)a-f, but the phenyl group was nearly
perpendicular to the planar naphthalimide core, minimizing steric hindrance between
phenyl group and the imide functionality. The plane of the phenyl spacer was
oriented out of the naphthalimide plane. The absorption of dilute solutions of
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compound 1-82d was much stronger than that of 1-82b, which indicated that the
substituent (R) on the naphthalimide moiety has an obvious influence on the
absorption feature. The fluorescence of the solution of compound (1-82)d-f was
subjected to a strong quenching relative to that of the derivative 1-81d.

The same scientific group [81] also reported the synthesis of 4-
aziridino[Cgo]fullerene-1,8-naphthalimide under microwave irradiation [80] and the
first comparative study of the fluorescence properties of pyrazolo- and aziridino-
fullerene (1-83 — 1-84)a-k derivatives (Fig. 2.23).

C12Hzs
O _N._O

Q
O O
CioHas—N Q N
4 NH /.\

(1-83)a-k (1 84)a-k
T T 24
N 4 4 4 4 24- ’ 4
< | Cohs | -CoFs NOHjCG MeaNCoHs Et&cﬁ FCoHs | CICoHs | BrCsHs | 2FCeHs 253:5 CNCsHs
o d “fs' (183, | (183, (183, | (1-83 | (83 | (183 | (183 | (183 | (83 | (183,
OFE gia | 180b | 184c | 184d | Lede | L8of | Leag | Leah | 184 | L) | Lk
Figure 2.23

The UV-Vis spectra of compounds (1-84)a,b,e and 1-82b [65] had two main
\abs appearing at ~254 and 326 nm. A.m for compounds (1-84)a,b,e were blue-shifted
by 60-100 nm relative to the hydrazones (1-83)a-k, and the fluorescence of (1-84)a-
k was quenched. DFT framework calculations were performed at the B3LYP/6-31G
level. The electron density of the HOMO level of hydrazine 1-84a and 1-84b was
found to be delocalized among the naphthalimide moiety and pyrazoline ring,
whereas the electron density of the LUMO level was located in the Ceo cage [82].
IPcy values of (1-84)a-k were higher in energy relative to Ce (9.48 eV). EAcy
values of compounds (1-84)a-k were lower than that of Ce (—2.88 eV). The_natural
bonding orbitals of compounds (1-84)a,b were calculated and it was found that the
sps nitrogen atom in the pyrazoline ring plays a key role in the charge transfer
process.

Ivanov et al. [83] reported a series of aryl-substituted hydrazones ((1-85)a-h,
Fig. 2.24).
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(1-85)a-h
Comp. 1-85a 1-85b 1-85¢ 1-85d 1-85e 1-85f 1-85¢ 1-85h
X -N(OCHs)2 | -OCHjs -CHs H -Cl -CN -NO2 -OCHs
Y -H -H -H -H H -H -H -OCHs
Figure 2.24
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For compound 1-85a intensive red fluorescence was observed, while the p-
nitro substituted compound 1-85g did not fluorescence. For the solid samples the
spectral shapes of aryl-substituted hydrazones (1-85)a-h were similar to each other.
The emission band of 1-85a was situated in the red light area. The p-cyano
substituted compound 1-85f showed a small (7 nm) hypsochromic shift. FL spectra
of the films of compounds (1-85)a-h were red-shifted by 33-76 nm compared to
those of the solutions.

2.1.4. 4-Heteroaromatic-substituted 1,8-naphthalimides

A series of naphthalimides with different electron-donating, electron-
withdrawing, or aromatic substituent groups (1-86 — 1-94) were reported [84] (Fig.
2.25).
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1-86 - 1-94 1-94 ‘@
Figure 2.25

TDB3LYP calculated Aaps and Aem Values of 1-86 were in agreement with
experimental results, with the deviations being 17 and 2 nm, respectively. Stokes
shift of compound 1-86 was 82 nm, which is comparable to the experimental one
(63 nm). Aem values of derivatives 1-86 and 1-87 — 1-94 (ranged from 0.361 to 0.525
eV) were larger than that of Algs [85] (0.276 eV). The calculated reorganization
energies for hole (An) values of 1-86 (0.455 eV) and compounds 1-87, 1-88, 1-90 —
1-92, and 1-94 (ranged from 0.341 to 0.636 eV) were larger than that of TPD, which
is a typical hole transport material (An = 0.290 eV) [86]. A value of compound 1-89
(0.202 eV) was smaller than that of TPD, while the value of 1-93 (0.295 eV) was
almost equal to that of TPD. It indicates that the hole transfer rate of 1-93 may be
higher than that of TPD and the hole transfer rate of 1-93 may equal to that of TPD.
Derivatives 1-87 — 1-94 had nearly equal values of absolute hardness (», ranging
from 2.695 to 3.365), being almost equal to that of 1-86 (» = 3.208). These results
revealed that the different substituent groups did not affect the stability of these
molecules.

The similar derivatives of N-butyl-1,8-naphthalimides for organic
optoelectronics (1-95 — 1-103) also were reported [87] (Fig. 2.26).
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The values of Aas and Aem Of 1-96 — 1-103 showed bathochromic shift
compared with that of the compound 1-95 having aliphatic substituent at nitrogen
atom. The Stokes shifts of compounds 1-96 — 1-103 were 82, 114, 120, 95, 68, 97,
90, and 72 nm, respectively. The values of reorganization energies for electron ()
and A, of the molecules were predicted from the single point energy at the B3LYP/6-
31G(d,p) level based on the CAM-B3LYP/6-31G(d,p) optimized neutral, cationic,
and anionic geometries. . values of 1-95 (0.365 eV) and compounds 1-96 — 1-103
(ranged from 0.361 to 0.415 eV) were larger than that of Algs (Ae = 0.276 eV). The
calculated An values of 1-95 and 1-96 — 1-101 (ranged from 0.327 to 0.527 eV) were
comparable with compounds 1-86 — 1-94 [84] and were larger than that of TPD (An=
0.290 eV). An values of derivatives 1-102 and 1-103 (0.268 and 0.222 eV) were
smaller than that of TPD (0.364). This observation indicated that the hole transfer
rates of 1-95 and 1-96 — 1-101 might lower while the corresponding characteristic of
compounds 1-102 (A, = 0.268) and 1-103 (An= 0.222) might higher than that of TPD.

Zhengneng et al. [88] reported a series of N-alkyl-1,8-naphthalimides ((1-
104)a-k) with a thiophene rings at C4 position (Fig 2. 27)
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The value of Aaps Of compounds (1-104)c,e,k were bathothromically shifted for
ca. 10-30 nm [16] compared with those of compounds (1-104)b,d,j. Due to the
strong electron-accepting ability of nitro group on the thiophene ring, compound 1-
104i exhibited no fluorescence. Aem Values of compound 1-104a and compound 1-
104j were red shifted ~7 nm and 69 nm, respectively compared with that of
compound 1-104b. Compound 1-104k exhibited a yellow fluorescence with the Aem
at 542 nm. Among all the compounds, (1-104)d,f,g in dilute chloroform solutions
had relatively longer fluorescence lifetime 3891, 5571 and 3885 ps, respectively.

Three compounds containing naphthalimide acceptor and N-aryl donors (1-105
—1-107) were reported [89] (Fig 2. 28)
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Figure 2.28

Compounds 1-105 and 1-106 exhibited two major absorption bands at 350 and
450 nm, and compound 1-107 exhibited red-shifted absorption maxima at 439 nm
and 672 nm, respectively. EAcy (-3.67 — -3.19 eV) and IPcv values (6.01-6.43 eV)
of compounds 1-105 — 1-107 were obtained.

Xiao and co-workers [90] reported derivatives of naphthalimide and
spirobifluorene (1-108, 1-109, Fig. 2.29).

MQQ

1-108 1-109
Figure 2.29

FL spectra of 1-108 and 1-109 showed red-shifts going from low-polarity to
high-polarity solvents along with the decreased fluorescence intensity. 1-108 and 1-
109 were highly stable as they only started to decompose around 451, 430 °C,
respectively [91]. E¢" (2.48, 2.49 eV), and IPcy (5.81, 5.85 eV) and EAcv values (-
3.36, —3.34 eV) of derivatives 1-108 and 1-109 were obtained.

The same scientific group [92] reported a series of naphthalimide derivatives
containing thiophene and pyrazole moieties ((1-110 — 1-111)a-d, Fig. 2.30).
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Figure 2.30

Compounds (1-111)a-d have a maximum absorption bathochromic shift of
~12-20 nm in DCM solution compared with (1-110)a-d. (1-111)a-d exhibited a
bathochromic shift of nearly 2-6 nm relative to that of (1-110)a-d. Aem oOf
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compounds (1-111)a-d showed a bathochromic shift of ~7-18 nm compared with
those of (1-110)a-d. Compounds (1-110)a-d showed ®r values in solutions ranging
from 0.15 to 0.18, and (1-111)a-d had ®r ranging from 0.33 to 0.38. For compounds
1-110a and 1-111a both UV-Vis absorption and emission spectra were red-shifted
with the increase of solvent polarity. EAcv and IPcy values were —3.30 eV, 5.85 eV
for 1-111a and —3.34 eV, 5.81 eV for 1-111a. For other compounds, EAcv values
ranged from —3.29 eV to —3.49 eV, and IPcv values ranged from 5.34 eV t0 5.94 eV.
The ground-state geometry of the compounds was optimized by hybrid density
functional theory (B3LYP) with 6-31G* basis set in the Gaussian 03 program
package [64]. The HOMOs for 1-110a and 1-111a were localized at the thiophene-
containing pyrazole moiety, the LUMOs were mainly located at the naphthalimide
moiety.

Table 2.11. Properties of 1,8-naphthalimide derivatives

Material Aabs, (NM) Xem, (NM) D IPcy, (eV) EAcv, (eV)
1-110a 388 517 0.16 5.85 -3.30
1-110b 389 519 0.18 5.94 -3.40
1-110c 389 519 0.15 6.04 -3.49
1-110d 389 515 0.16 5.81 -3.29
1-111a 400 519 0.35 5.81 -3.34
1-111b 402 521 0.36 5.94 -3.41
1-111c 402 517 0.33 5.79 -3.34
1-111d 403 521 0.38 5.85 -3.39

Aas — maximum absorption wavelength; Aem — maximum emission wavelength; ®r —
fluorescence quantum yield; IPcy— ionization potential; EAcy— electron affinity.

Several compounds containing naphthalimide and the pyrazoline moieities ((1-
112)a-d and (1-113)a-c) also were reported [93,94] (Fig. 2.31).

CigHas CioHs

°@’*

N Q n

(1-112)a-d

-
CeHig

R (1-113)a-c

Comp. 1-112 1-113
a b c d a b c
R -phenyl | 4-methoxyphenyl | 4-nitrophenyl | -thiophenyl | -H | -OCHjs -Cl
Figure 2.31

Compounds (1-112)a-d and (1-113)a-c exhibited two prominent bands in the
chloroform solution, appearing at 280—352 nm and 464-615 nm, respectively. daps at
280-352 nm were attributed to the absorption of the carbazole moiety; Aups at 464—
615 nm was attributed to naphthalimide moiety. The absorption and FL spectra of
the solid films of these compounds were similar to the corresponding spectra of the
solutions. For compound 1-112c, the position of Aem in the THF solution was red-
shifted from 505 nm to 530 nm when the NO; functional group with the electron-

37




accepting ability was introduced [95]. ®r value of 0.96 was observed for the
chloroform solution of derivative 1-113a, which was higher than that of the other
compounds. ®r of the other compounds were in the range of 0.40-0.41. This
difference of ®r might be due to the change of the molecular size and the change of
the electronic push-pull substitution of the conjugated part in the molecules [96].
Compounds (1-113)a-c showed distinct T4 at 133, 133 and 130 °C, respectively.
Compounds showed high thermal stabilities with T\p from 400 to 450 °C. IPcyv
values of compounds (1-112)a-d and (1-113)a-c ranged from 4.95 to 5.88 eV, and
the EAcv values ranged from —2.65 to —1.83 eV, which were in agreement with the
calculated values (from 5.07 to 5.62 eV for IPcy, and from —2.65 to —2.05 eV for
EAcv values of compounds (1-112)a-d and (1-113)a-c and were comparable with
earlier described compounds (1-110)a-d, (1-111)a-d [92]. The ground-state
geometry of the compounds were optimized by B3LYP with 6-31G* basis set in the
Gaussian 03 program package [64]. For compound 1-113a, the HOMO level was a p
orbital concentrated on the central triphenylamino moiety, and the LUMO level was
of p* character distributed on the pyrazoline ring and naphthalimide ring.

Table 2.12. Properties of 1,8-naphthalimide derivatives

Aabs, Aem, (NM)

Material Tio,C)  Tq (°C) S((;‘IQ) iy P TPov(eV)  EAcy(eV)
film film
11122 NM NM 465 505 015 531 513
1-112b  NM NM 475 516 0026 512 2,05
1-112c  NM NM 476 548 0021 562 265
1112d  NM NM 472 516 0040 523 214
11132 400 133 613/466 535/600 096  4.95 183
1-113b 410 133 615/475 543/561 040 502 207
1-113c 450 130  581/462 519/622 041 497 185

Tip — temperature of the onset of the thermal decomposition; Ty — glass-transition
temperature; Aans — maximum absorption wavelength; Aem — maximum emission wavelength;
@r — fluorescence quantum yield; IPcy— ionization potential; EAcy — electron affinity; NM —
not measured.

Marinova et al. [97] reported on the synthesis of compounds 1-114 — 1-116
based on naphthalimide moieties (Fig. 2.32).
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Figure 2.32

1-116

All of the compounds showed ¢ higher than 132 nm. In different solvents the
Stokes shift values of compound 1-114 were between 64 nm and 117 nm. The DMF,
chloroform and methanol solutions of compounds 1-115 and 1-116 exhibited low ®r
values compared to 4-amino-1,8-naphthalimides [98]. ®r of methylpiperazinyl
substituted naphthalimide 1-115 was highly solvent dependent. In polar media ®r of
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1-114 — 1-116 was low (®r = 0.005-0.012), while in non-polar media ®r was higher
(Pr=0.185).

A series of N-heteroaryl-1,8-naphthalimides ((1-117)a-c) were prepared and
studied [99] (Fig. 2.33).
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Figure 2.33

Changing of the solvents from cyclohexane to methanol led to the red shift of
dem Of compound 1-117c by 75 nm. The Stokes shifts increased with increasing
solvent polarity and ®r decreased [100]. The calculated Aaps 0f compound 1-117c in
the gas phase (387 nm) correlated well with the experimental Aas in cyclohexane
which had quite a low polarity (389 nm). The calculated Aem Was blue shifted,
because the computations were performed without corrections for solvent effects.
For compound 1-117c, the dipole moment in the ground state was 4.31 D and the
difference between the dipole moments of the first excited state and the ground
states was 1.61 D.

Panchenko and co-workers [101] reported 4-amino- and 4-(acetyl)amino-N-
aryl-1,8-naphthalimides containing aza-15-crown-5 ether moieties in the N-aryl
fragment and at C-4 of the naphthalimide ((1-118 — 1-20)a-c, Fig. 2.34).
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Figure 2.34

Substitution of amino hydrogen in (1-118)a,b by the acetyl group to produce
(1-119)a,b caused a blue shift of Aws and Aem with the changes in ®g The
introduction of aza-15-crown-5 ether substituent at C-4 of the naphthalene ring
enhanced ICT interaction in the molecule and in the absorption spectra
bathochromic shift (3 nm) was observed. As compared with compound 1-118a, Aem
of 1-120a was 22 nm red-shifted and the emission intensity decreased [100]. The
relatively low ®¢ of compound 1-120a in dilute acetonitrile with respect to that of 1-
118a was a result of conformational changes at the 4-amino moiety. The effect of
decrease in emission intensity of compounds 1-118b and 1-119b could be explained
in terms of photoinduced electron transfer quenching mechanism [102].

Another series of fluorescent naphthalimide compounds 1-121 — 1-123 with
amines, alkoxides and thiols under microwave irradiation were reported [103] (Fig.
2.35).
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dem OF 1-122 shifted from 490 nm to 524 nm as the solvent was changed from
toluene to acetonitrile. The major difference that distinct 1-121 from 1-122, was the
presence of 5 member ring of pyrolidine in 1-122 instead of 6 member ring of
morpholine containing an oxygen atom. The aforementioned differences were the
origin of some observations: ¢ of the 1-122 was greater than 1-121 in all of the
examined solvents. While Aem spectra of 1-121 and 1-122 were in the same range in
different solvents, the absorption spectra showed a red-shifted for 1-122 compared
to 1-121 in examined solvents. @ of the solutions of compounds in ethyl acetate 1-
121 — 1-123 was estimated experimentally 0.66, 0.74 and 0.71, respectively.

Ding and co-workers [9] also reported a series of naphthalimide derivatives
containing a benzoazole moiety (1-124 — 1-126, Fig. 2.36).

o
A3y o \
Blom ~o O
) e
Y x 1-124 1125 1126

1-124 - 1-126 X=5 (a), NH (b), O (c)
Figure 2.36

In chloroform solutions all compounds displayed strong fluorescence emission
with Aem of 511-521 nm. The optimized molecular structures of the compounds
calculated using the MOPAC AML1 or PM 3 method showed that the benzoazole unit
was twisted by thesteric hindrance of carbonyl group of naphthalimide, with the
dihedral angel between the plane of benzothiazole benzoazole and naphthalimide
moieties. These compounds exhibited high ®r in solutions ranging from 0.4 to 0.8.
IPcv (5.51-5.68 eV) and EAcv values (-3.12 — -2.61 eV) of the compounds were
calculated. T4 of compound 1-125b was found 150 °C. The electroluminescent
devices ITO/NPB (75 nm)/emissive layer (65 nm)/Mg:Ag/Ag (100 nm) were
fabricated. Compounds 1-124a, 1-124b, and 1-126a were used as both emissive
materials and electron transporters. The best performance was observed for the
device based on 1-124a with a maximum luminance of 4500 cd/m? (at 19 V) and a
turn-on voltage of 10 V. Maximum luminance values of 1100 cd/m? (at 16 V) and
2119 cd/m? (at 17 V) were obtained for the devices containing 1-124b and 1-126a,
respectively. The power efficiency of the device based on 1-124b (0.26 Im/W) was
the highest among the three devices, and power efficiency of 1-124a and 1-126a was
identical (0.12 Im/W). The order of the current efficiency was as follows: 1-124b
(0.94 cd/A) > 1-124a (0.65 cd/A) > 1-126a (0.56 cd/A).
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Table 2.13. Properties of 1,8-naphthalimide derivatives

Material 1- 1- 1- 1- 1- 1- 1- 1- 1-
124a 124b  124c  125a  125b  125c 126a  126b  126¢
Tm, (°C) NM 355 NM 345 355 NM NM NM 329
Tg, (°C) NM NM NM NM 150 NM NM NM 177
Aem, (NmM) 521 518 521 513 513 511 512 513 512
Ok 0.80 0.7 071 0.74 071 075 053 0.48 0.54
IPcv, (eV) 5.60 555 557 568 563 564 551 5.5. 5.51
EAcv, (eV) -287 -261 -278 -263 -292 -289 -287 326 -312
Maximum
luminance (at 120 4500 2119 NM NM NM NM 1100 NM NM
mA/cm?)
Turn-on voltage
(V) (at 1 mA/em?) 10 7 NM NM NM NM 6 NM NM
Current efficiency
(cd/A) (at5 0.65 094 NM NM NM NM 0.56 NM NM
mA/cm?)
Power efficiency
(Im/W) (at 5 0.12 026 NM NM NM NM 0.12 NM NM
mA/cm?)

Aas — mMaximum absorption wavelength; Aem — maximum emission wavelength; ® —
fluorescence quantum yield; Ty — glass-transition temperature; IPcy — ionization potential;
EAcv — electron affinity; E4° — optical band gap; E*° — electrochemical band gap; NM — not

measured.

N-substituted 1,8-naphthalimide derivatives ((1-127)a-s) and ((1-128)a-p) by
TDDFT and polariable continuum TDDFT (PCM-TDDFT) with B3LYP [104] and

PBEO [105] hybrid functional were investigated [106] (Fig. 2.37).
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When the hydrogen atom at C-4 position was replaced by a benzofuranyl
group, Aans of compounds (1-127)a-n was red-shifted. For compounds (1-128)c-p,
the introduction of 4-arylacetylene group resulted in ~40 nm bathochromic shift.
When the hydrogen atom was replaced by a monoazo phenyl group, Aass Of
compounds 1-1270 — 1-128c¢ was shifted to 530-550 nm. Theoretical values of TD-
B3LYP (3.68-3.70 eV), PCM-TD-B3LYP (3.56-3.62 eV), PCM-TD-PBEO (3.67—
3.71 eV) were in good agreement with those observed in the experimental spectra
(3.60-3.67 eV). The mean absolute error was 0.21 eV compared with the
experimental spectra data. The theoretical excitation energies of compounds (1-
127)a-n and (1-128)d-p were lower than those observed experimentally. For
compounds 1-1270 — 1-128c, the excitation energies calculated under cyclohexane
or chloroform solvent environment was in good agreement with the experimental
results.

Yang et al. [42] also reported on naphthalimides ((1-129)a-n) with a larger p-
conjugated group at the C-4 position of the naphthalene moiety (Fig. 2.38).

N>Ry (1-129)a-n
Co
mp. a b c d e f g h i ] Kk | m n
2 B =2 = = = = = =N =N =N = B - o
g 5| 2 g| 2 2| 2| 2| 5| §| §| £ £§| o
5| = | 2| 2 2 2 2| Bl =l | z| E| =] 8
R1 é & c < o o o o [ [ [ f f rﬂ
T
L
R, -CH; | -H | -CH3 | t-butyl -H -CH; -Cl -H | -CH3 |-CH; |-CI |-CN | -H
Rs -H | -H | -CHs -H thutyl | -H [ H[-H[ H | -H[H]|-H[H
Ra CH; | -H | -H -H -H CH; | H [-H|[ -H [CH; [ H] -H][H
Figure 2.38

42



The largest bathochromic shift in the UV-Vis absorption spectra occurred
when a t-butyl was at the C-6 position (Rs) of the benzofuran ring (1-129f).
Compounds (1-129)a-g, (1-129)i-k and 1-129n exhibited a strong yellow-green
fluorescence, and Stokes shifts of 107-115 nm. Compound 1-129f showed the
greatest red shift (519 nm) and greatest Stokes shift (115 nm) compared to Aem OFf the
other derivatives. Compound 1-129m with a cyano group at the benzofuran ring
showed blue fluorescence and the smallest Stokes shift (92 nm). All these
compounds in dilute DMF showed @ in the range of 0.52-0.75. ®r of compounds
1-129h and 1-129m were higher (®r = 0.52-0.75) compared with those of
compounds 1-129d, 1-129j (®r= 0.52-0.56).

A series of monoazo compounds based on N-ester-1,8-naphthalimides ((1-
130)a-g) were reported [18] (Fig. 2.39).
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Figure 2.39

The strong hypsochromic effect of compound 1-130g (Alaps = 102 nm) was
obtained containing p-aminoacetophenone moiety in comparison with the
corresponding N,N-diethylaniline derivative (1-130c) [107]. Aas Of compound 1-
130e was characterized by significant bathochromic shifts compared to its N,N-
diethylaniline analogues (AAas = 26 nm) due to the possession of -NHCOCHj;
group. By changing the solvent polarity from toluene to DMF, the positive
solvatochromism was observed (AAas = 5-31 nm). ¢ maxima of this series
compounds in chloroform were in the range of 3319649080 I/mol-cm.

Another series of bipolar molecules with TPA and naphthalimide moieties
with the different m-conjugated bridges (1-131 — 1-140) were reported [108] (Fig.
2.40).
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The geometries of compounds in the ground states and the first excited singlet
state were optimized using the CAM-B3LYP and TD-CAM-B3LYP functionals. Aabs
value of compound 1-131 in gas phase was in agreement with the experimental
result recorded for the solid films [109]. Xas value of 1-131 in THF showed larger
deviation from the experimental data (the deviation was 77 nm) than in the gas
phase. Aem values of compound 1-131 both in THF and toluene solvents also showed
larger deviations from the experimental data than those in gas phase. The deviations
were 37 and 64 nm, respectively. Aaps of compounds 1-132 — 1-139 exhibited strong
bathochromic shifts compared with that of the compound 1-131. The fluorescence of
derivatives 1-131 — 1-139 were assigned to the Sp<—S; electronic transitions and
LUMOs«<—HOMOs excitations played a dominant role.

2.2. 1,8-Naphthalimide moieties containing polymers

It was shown that when N-aryl-1,8-naphthalimide derivatives were
incorporated into polymer chains, the resulting materials show interesting
fluorescent and electroluminescent properties [110,111]. If N-arylnaphthalimide or
1,8-naphthoilenearylimidazole derivatives have different electron-accepting (or
donating) groups and different coplanar degree of molecular structures, these groups
can change the optical properties shift the fluorescence wavelengths, change the
emission quantum yields [112]. By controlling the electron-donating property of the
substituent at the C-4 position of 1,8-naphthalimide moiety, the emission color of
the resulting polymer can be tunable within a large range. Moreover, highly efficient
and nearly pure white electroluminescence can be achieved using such polymers.

Simas et al. [113] reported polyfluorene containing N-(2-benzothiazole)-1,8-
naphthalimide (1-141) moieties as the end groups (Fig. 2.41).

polyfluorene

Figure 2.41

The absorption spectra of 1-141 in all solvents was similar that of
polyfluorene, and it was characterized by a broad m—=* absorption band of the
polufluorene backbone entered at ~380 nm. The content of end groups in the
polymer was low, its absorption band overlapped with the intense absorption of
polyfluorene. ®r of 1-141 (0.58-0.68) was lower than that of polyfluorene (0.74—
0.78) in all the solvents investigated. The analysis of frontier molecular orbitals
showed that HOMO and LUMO electron densities of 1-141 molecule were
distributed over the z-orbitals of the benzothiazole and naphthalimide moieties,
respectively, revealing a charge transfer character for the HOMO-LUMO transition.
The fluorescence life time of 1-141 in dilute solution were found in the ranges 26—
87 ps (r1), 438-472 ps (12), and 1.3-3.4 ns (t3).

Several green light emitting polyfluorenes containing N-arylnaphthalimide and
1,8-naphthoilenearyl-imidazole as end caps ((1-142 — 1-146)P) for optoelectronics
were reported [114] (Fig. 2.42).
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Tio of the polymers ranged from 416 to 424 °C and T4 was in the range of
110-113 °C. ®r of compounds (1-142 — 1-146)M were in the range of 0.01-0.82. FL
spectra of the films of these polymers showed green emission. It was due to the
effective energy transfer from the fluorene segments to the vicinity of the moieties
(1-142 — 1-146)M in the films. The energy levels of the polymers were in the range
of 5.62-5.70 eV (for IPcv), and —2.36 — —2.12 eV (for EAcv), and these energy
levels of the polymers had slightly different than those of polyfluorene [114]. The
devices were fabricated in the configuration of ITO/PEDOT:PSS/PVK/emission
layer/Ca/Ag. EL spectra of (1-142 — 1-144)P also exhibited a blue peak of fluorene
(Amax = 433 nm), because of the incomplete energy transfer from fluorene segments
to (1-142 — 1-4)M units. The turn-on voltage, maximum brightness, and maximum
luminance of the devices contaning polymers were: (11 V, 930 cd/m?, 0.19 cd/A) for
the device containing 1-142P, (10 V, 2890 cd/m?, 0.28 cd/A) for the device with the
emission layer of 1-143P, (11 V, 772 cd/m?, 0.15 cd/A) for the device with 1-144P,
(6 V, 11500 cd/m?, 0.83 cd/A) for the device with 1-145P, and (7 V, 6534 cd/m?,
0.56 cd/A) for the device with 1-146P. The devices based on (1-142 — 1-144)P had
higher turn-on voltages and lower current density. The device with 1-145P emitted
pure green light, and exhibited maximum brightness of 11500 cd/m? at 12 V.

Table 2.14. Properties of 1,8-naphthalimide derivatives

Tum- Luminous
. TID, o |PCV, EACV, on Brightness -
Material (°C) Te.(°C) (eV) (eV)  voltage, max, (cd/m?) efﬁmeg;:y
V) max, (cd/A)
1-142P 420 110 5.62 -2.14 22 930 0.19
1-143P 424 112 5.67 -2.12 20 2890 0.28
1-144P 421 110 5.68 -2.15 22 772 0.15
1-145P 417 113 5.67 -2.24 6 11500 0.83
1-146P 416 110 5.70 -2.36 7 6354 0.56

Tio — temperature of the onset of the thermal decomposition; Ty — glass-transition
temperature Aans — maximum absorption wavelength; Aem — maximum emission wavelength;
®r — fluorescence quantum yield; IPcy — ionization potential; EAcv — electron affinity; E°" —
optical band gap; E¢®'° — electrochemical band gap.

Tu and co-workers [115] reported copolymers (1-150 — 1-152) with
naphthalimide chromophores chemically doped into the polyfluorene backbones
(Fig. 2.43).
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The films of the compounds 1-148, 1-149 showed red fluorescence with ®r of
0.30 and 0.25, respectively. Their IPcy and EAcv values were determined to be (5.60
eV, —-3.30 eV) for 1-147, (5.24 eV, —3.26 eV) for 1-148, and (5.26 eV, —3.31 eV) for
1-149. The electroluminescent devices with a configuration of indium tin oxide
(ITO)/(PEDOT; 50 nm)/copolymer(80 nm)/Ca(10 nm)/Al(100 nm) were fabricated
by spin coating the polymer solution onto PEDOT-modified ITO glass under
ambient conditions. The device made from 1-152 showed the best performance, with
a maximum brightness of 11 900 cd/m?, a luminance efficiency of 3.8 cd/A, a power
efficiency of 2.0 Im/W, and external quantum efficiency of 1.50%. In the case of 1-
152, when a driving voltages of 8, 10, 12, and 14 V were applied the CIE
coordinates under the different voltages were (0.32, 0.36), (0.32, 0.36), (0.31, 0.35),
and (0.31, 0.35), respectively, corresponding to maximum brightnesses of 144, 997,
3026, and 5560 cd/m?, respectively.

Poly(fluorene-alt-phenylene)  containing  pendant  naphthalimide-based
moieties (1-153 — 1-157) were reported [116] (Fig. 2.44).
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The cyclic voltammograms of copolymers 1-154 — 1-157 showed the similar
redox behaviour as 1-153. It exhibited a relatively broad quasi-reversible wave with
an onset oxidation potential at around 0.53 V. The absorption spectra of the films of
1-154 — 1-157 and 1-153 were similar to those observed for the solutions. With
respect to the emission of the films, 1-153 emission spectra exhibited the same shape
as the spectrum of the solution, with the small red shift. The fluorescence life times
of copolymers 1-155 — 1-157 were close, slightly increasing with the naphtalimide
concentration (13.4, 14.5 and 14.9 ns, respectively). Copolymer 1-157 exhibited a
significant emission at 600 nm with with the life time of 14.4 ns, similar to that
observed at 530 nm. The introduction of the naphthalimide moiety diminished the
emission efficiency from 0.89 for 1-153 to 0.39, 0.17, 0.41, 0.38 and 0.40 for 1-154
— 1-157. OLED structures were fabricated with configuration: ITO/PEDOT:PSS (50
nm)/copolymer (90-125 nm)/Ba/Al (200 nm). The highest efficiency (47.11 cd/A)
was obtained for the device containing 1-156.

A series of highly efficient blue electroluminescent copolymers containing
pendant naphthalimide species were reported [10] (Fig. 2.45).
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Figure 2.45

EAcv and IPcv values of polymers 1-158P, 1-159P and 1-160P were estimated

to be —2.12 eV and 5.80 eV, respectively. The absorption spectrum of monomer 1-
160M was blue shifted by ~12 nm compared to those of 1-158M and 1-159M. FL
spectrum of 1-159M was red shifted by 5 nm relative to those of 1-158M and 1-
160M. The toluene solutions of all three copolymers exhibited high @ values
(0.74-0.91). Single-layer electroluminescent devices were fabricated with the
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configuration of ITO/(PEDOT:PSS) (40 nm)/copolymer (90 nm)/Ca (10 nm)/Al
(100 nm). The devices containing the layers of 1-158P, 1-159P and 1-160P
exhibited turn on voltages of 3.5 V, luminous efficiencies of 2.20-5.22 cd/A and
power efficiency of 1.53-3.28 Im/W.

Table 2.15. Properties of copolymers

Maximum  Maximum
Turn-on .
Aabs, Aem, luminous power 1Pcv, EAcv,

Material (nm)  (nm) e voltage, efficiency, efficiency, (eV) (eV)

(V) CdA) (Imw)
1158M 411 490 077 = = = 549 305
1-150M 410 495 091 - _ _ 551  -3.04
1-160M 398 490 074 - _ _ 562  -3.07
141582 - - NM 35 441 234 NM NM
141592 - - NM 35 5.2 3.28 NM NM
11602 - - NM 35 2.20 153 NM NM
1-158PP - - NM 35 571 3.35 NM NM
1-159pP - - NM 35 6.84 4.28 NM NM
14160 - - NM 35 2.89 2,01 NM NM

Aabs — Mmaximum absorption wavelength; Aem — maximum emission wavelength; ®f —
fluorescence quantum yield; IPcyv — ionization potential; EAcy — electron affinity; # the device
without thermal treatment; ° the device with thermal annealing; NM — not measured.

Mei and co-workers [117] reported a series of low-band-gap copolymers
containing 1,8-naphthalimide moieties (1-161 — 1-164, Fig. 2.46).

Figure 2.46

Ty 1-161 — 1-164 were in the range of 70-82 °C. All the polymers showed the
similar values of T;p around 415 °C. They showed the similar electrochemical
behavior to that of polyfluorene rather than to that of 1-165. Slight down-shifts of
redox potentials were observed for 1-161 — 1-164 (0.08 and 0.09 V for the oxidation
and reduction potentials of 1-163, respectively in relative to those of polyfluorene,
whereas a large difference (1.2 V down-shift of the reduction potential for 1-163)
was revealed when compared to the redox properties of 1-165. The single-layer
electroluminescent devices with the configuration of ITO/PEDOT/copolymer/-Ca/Al
were fabricated. The turn-on voltages increased with the increase of 1-165 content
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and were in the range of 3.5-4.9 V. At a 1-165 content of 0.1 mol%, the 1-162-
based device showed the best performance with a brightness of 9104 cd/m? at 18 V,
the maximum luminous efficiency of 2.74 cd/A and a power efficiency of 1.51
Im/W. In order to further improve the device performances, the electron and hole
trapping at the low-band-gap unit should be balanced.

The same group of authors synthesized a new 1,8-naphthalimide containing
copolymer [117] (1-166, Fig. 2.47).

1-166 x=0.5%

Figure 2.47

The device based on 1-166 exhibited much better performance than the
devices based on 1-163. The maximum brightness was as high as 14228 cd/m? at 23
V, the maximum luminous efficiency was 4.53 cd/A and power efficiency was 1.57
Im/W.

Table 2.16. Properties of copolymers

Turn- Maximum  Maximum
Material T, Ty on Brightness luminous power Eox, Ereq,
(°C) (°C) wvoltage max, (cd/m?) efficiency, efficiency, (eV) (eV)
V) (cd/A) (Im/W)

1-161 418 76 35 7095 251 1.41 NM NM
1-162 420 70 4.2 9104 2.74 1.51 NM NM
1-163 415 75 4.4 8189 217 0.90 137 -2.30
1-164 412 77 4.9 6648 1.15 0.34 NM NM
1-165 NM NM NM NM NM NM 141 -1.13
1-166 411 82 4.9 14228 4.53 1.57 142 -2.25

Tio — temperature of the onset of the thermal decomposition; Ty — glass-transition
temperature; Eox — oxidation potential; Erq — reduction potential; NM — not measured.

Wang et al. [115] developed several series of copolymers with pendant 1,8-
naphthalimide moieties (1-167 — 1-169) for single-layer white OLEDs (Fig. 2.48).
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Figure 2.48

Among 1-167 — 1-169 the best performance with a maximum luminance of 11
900 cd/m?, a peak external quantum efficiency of 1.5%, a luminance efficiency of
3.8 cd/A, and a power efficiency of 2.0 Im/W in the device configuration of
ITO/PEDOT:PSS (50 nm)/ 1-169 (80 nm)/Ca (10 nm)/Al (100 nm) showed 1-169.
OLED with 1-169 showed stable white electroluminescence spectra in a wide
driving voltage range from 8 V to 14 V. In the voltage range corresponding to the
maximum brightness from 144 cd/m? to 5560 cd/m?, the CIE coordinates remained
relatively stable (Ax = 0.01, Ay = 0.01) with CIE (0.32, 0.36) at 8 V and (0.31, 0.35)
at14 V.

Table 2.17. Properties of copolymers

Maximum  Maximum External CIE 1931

. Tulr n-on Brightness luminous power quantum co-
Material  vo sge, max, (cd/m?)  efficiency, efficiency, efficiency, ordinates
™) CdA)  (mw) (%) (xy)
1-167 5.8 18300 3.8 1.2 1.15 0.34,0.49
1-168 4.8 12400 2.7 0.81 0.72 0.29,0.33
1-169 6.6 11900 3.8 2.0 1.50 0.32, 0.36

The external quantum efficiencies were measured at 100 mA.cm2; the CIE coordinates were
measured at 8 V.

Another series of white light-emitting copolymers (1-170, 1-171) with pendant
naphthalymide moieties also were reported [118,119] (Fig. 2.49).

1‘X~y ° /B

N

CgHyz

o

1-170 x=0.0002, y=0.0003

1-171 x=0.0005, y=0.0003

Figure 2.49

Although the device based on 1-170 could not give attractive EL efficiencies
(luminance efficiency of 1.59 cd/A and power efficiency of 0.83 Im/W), it showed
very good white light color quality with CIE coordinates at (0.31, 0.34) and stable
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EL spectra from 8 V to 12 V. White-emitting terpolymer 1-171 with bluish-green
emitting chromophore 4-dimethylamino-1,8-naphthalimide (DMAN) OLED with
the configuration of ITO/PEDOT:PSS (40 nm)/copolymer (90 nm)/Ca (10 nm)/Al
(200 nm) showed EL with luminance efficiency of 12.8 cd/A, external guantum
efficiency of 5.4% and power efficiency of 8.5 Im/W. OLED with 1-171 emitted
white light of high quality with CIE coordinates of (0.31, 0.36) and nearly invariant
EL spectra from 6 V to 10 V.

Lee and co-workers [120] reported low-band-gap copolymer of fluorene and
diphenylamine with the derivatives of naphthalimide as the pendants and the end
caps (1-172, Fig. 2.50).

Figure 2.50

Tip of 1-172 was observed at 423 °C and E of 1-172 was found to be 1.82
eV. The maximum of absorption of the films 1-172 was red-shifted by ~18 nm
relative to that of the solution, which suggested more efficient p-stacking and
stronger intermolecular interactions in the film than in dilute solution [121]. The
fluorescence of the films of 1-172 was quenched relative to that of polyfluorene due
to the electron-withdrawing side chain. IPcy and EAcv values of 1-172 were 5.21
and —3.32 eV, respectively. E¢** of 1-172 was 1.89 eV, and E¢*° was larger than E,°"
(1.82 eV), due to the interface barrier for charge injection [122]. The bulk
heterojunction solar cell were fabricated with a structure of ITO/PEDOT:PSS (50
nm)/ 1-172:PCBM (110 nm)/LiF (0.5 nm)/Al (80 nm). The power conversion
efficiencies of solar cells based on 1-172:PCBM (1:3) and 1-172:PCBM (1:4) were
0.61% and 0.67%, respectively, under the illumination of AM1.5 G, 100 mW/cm?,
The solar cell fabricated from 1-172:PCBM (1:4) exhibited open-circuit voltage
(0.55 V) and a higher short-circuit current (4.46 mA/cm?), which resulted in a higher
power conversion efficiencies of 0.67%. The maximum external quantum efficiency
value of 1-172/PCBM (1:4) device was 30.9% at 535 nm.

2.3. Conclusions of literature review

The literature review shows that wide possibilities of changing the thermal,
electrochemical, optical, fluorescence, electroluminescent, and photoelectrical
properties of 1,8-naphthalimide derivatives can be materialized by introducing
different electron-donating or electron-accepting substituents at the C-4 position in
the 1,8-naphthalimide moiety, including aryl/aryloxy, alkynyl/alkenyl groups. 1,8-
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Naphthalimide-based compounds display a wide range of interesting fluorescence
properties, including high fluorescence quantum yields in solutions and solid films,
good optical properties, high thermal (up to 489 °C) and chemical stabilities. Most of
the low-molar-mass charge transporting materials are not capable of forming thin,
neat, homogenous layers, and must be used in combination with polymeric hosts.
The presence of a large proportion of polymer host in the compositions, leads to
considerable decrease of charge carrier mobility. Many 4-substituted 1,8-
naphthalimide derivatives were capable to form glasses (up to 254 °C) with good
morphological stability. Moreover, some of them displayed relatively good charge-
transporting capabilities that were appropriated for balanced carrier injection in
organic light-emitting diodes. At the same time, derivatives 1,8-naphthalimide have
found application in other optoelectronic devices, such as organic solar cells as well
as in memory devices. The attractive properties of the 1,8-naphthalimide
chromophore have led to its incorporation into numerous polymeric structures in
order to tailor solubility, self-association, and molecular size to suit a particular
application. To conclude, the synthesis and investigation of the derivatives of 1,8-
naphthalimides is still a comparatively new area of research of new effective
materials for practical application with similar or better thermal, fluorescence,
photoelectrical and electrochemical properties. The design of stable molecular
glasses must include combining of rigid moieties together with flexible units.
Searching for new effective charge transporting materials for optoelectronic devices
it is of interest to synthesize and study 1,8-naphthalimide derivatives with desirable
hole, electron or ambipolar charge mobility values of an order of 10°-103 cm?/V-s.
Such derivatives as potential organic semiconductors showing ambipolar behavior
should have low laying ionization potential (slightly lower than -5.0 eV) and
electron affinity (below —3.9 eV with respect to the vacuum level) values. Some of
organic ambipolar materials are hardly soluble and for this reason difficult to be
used in organic optoelectronics. In this viewpoint, solution processable ambipolar
organic materials are of great interest.
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3.  EXPERIMENTAL

3.1. Instrumentation

Nuclear magnetic resonance (NMR) spectroscopy. *H NMR and *C NMR
spectra were obtained using a Varrian Unity Inova (300 MHz (*H), 75.4 MHz (*3C)).
The samples were prepared by dissolving 20-30 mg of the material in ~1 ml of
deuterated chloroform (CDCIs) with an inner standard, tetramethylsilane (TMS).
Hydrogen nuclei (*H) were excited using the frequency of 300 MHz, and carbon
nuclei (**C) were excited with the 75 MHz frequency. Spectrum scale is divided into
parts per million (ppm). The presented chemical shifts (o) are relative to TMS, the
of which is attributed to zero (orms = 0).

Mass spectrometry (MS). Mass spectra were recorded either on a Waters ZQ
2000 or on a Bruker Maxis 4G analytical system. The system is comprised of high-
performance liquid chromatograph (HPLC) and mass spectrometer. The samples
were prepared as diluted solutions (of ppm order) of the materials. The particles
were ionized using atmospheric pressure chemical ionization method (APCI).

Fourier—transform infrared (FT—IR) spectroscopy. IR spectra in the range
of 400-4000 inverse centimeters (cm™) were recorded on a Perkin-Elmer Spectrum
GX Il FT-IR System spectrometer. The samples were semi-transparent pellets of
potassium bromide (KBr) containing ~1% of the analyzed material. FT—IR spectra
are presented as a function of transparency (T) expressed in percent against
wavenumber (v) expressed in cm™.

Elemental analysis was performed with an Exeter Analytical CE-440
Elemental Analyzer. A weighed sample of a material (1-3 mg) is combusted at ca.
1100 °C in pure oxygen. The combustion products are carried through the analytical
system using inert argon gas. Components of the sample gas are separated by
absorption traps. Concentrations of the components are detected using thermal
conductivity cells by comparing the output signal to a reference cell through which
pure argon flows. Acetanilide (CsHsNO) is used as a standard for calibration.

Single crystal X-ray diffraction data of the selected compounds was
performed on a Rigaku XtaLAB mini diffractometer using graphite monochromated
Mo-Ka radiation. The crystal-to-detector distance was 50.05 mm. The primary X-
rays were made to fall on the sample substance. Because of its wave nature, it got
diffracted to a certain angle. This angle of diffraction, which differs from that of the
incident beam, gave the information regarding the crystal nature of the substance.
Data were collected and processed using CrystalClear 2.0 program. All calculations
were performed using the CrystalStructure 4.0 crystallographic software package
except for refinement, which was performed using SHELXS97 and expanding using
Fourier techniques.

Melting point (m.p.) of the compounds were determined using Electrothermal
Mel-Temp apparatus.
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Differential scanning calorimetry (DSC). Thermal transition data of
synthesized compounds was collected using a Q100 TA DSC, Perkin-Elmer DSC-7
series thermal analyzer. Samples of 3-6 mg as obtained from the synthesis were
heated in 40 uL pans at a scan rate of 10 °C/min under nitrogen flow. An empty pan
was used for a reference. Baseline calibration was performed with sapphire disks.
Temperature calibration was performed with indium standard.

Thermogravimetric analysis (TGA) was carried out using a Mettler
TGA/SDTA851e/LF/1100, Mettler Toledo TGA/SDTA 851e. The samples were
open alumina (Al;Os) crucibles loaded with a 3-6 mg milligrams of investigated
material. The equipment was calibrated with indium and aluminum standards. All
measurements were performed under nitrogen flow (75 cm®min) in a temperature
range from —30 to 800 °C at a heating rate of 20 °C/min.

Absorption spectra of the dilute solutions of concentration of 10° M were
recorded by Perkin-Elmer Lambda 35 spectrophotometer and Hitachi U-3000
spectrometer, UV-Vis-NIR spectrophotometer Lambda 950 (Perkin Elmer). The
absorption spectra of thin films prepared by vacuum deposition on quartz plates. The
spectra were recorded under ambient conditions. Molar absorption (extinction)
coefficients for solutions (&) were estimated according to Beer-Lambert law: A =
e, where ¢ is molar concentration of a material in solution (in M), and | is the path
length (in cm) which light travels through a sample (the thickness of couvette was
0.99 cm).

Fluorescence (FL) spectroscopy. Fluorescence spectra of dilute solutions,
solid solutions in PS matrix and of the solid films were measured using back-thinned
CCD spectrophotometer PMA-11 (Hamamatsu), Hitachi MPF-4 or Perkin-Elmer
LS55 fluorescence spectrometer at ambient conditions. The slit widths may be
varied to give resolutions between 2.5 nm to 15 nm for the excitation
monochromator and between 2.5 nm to 20 nm for the emission measurements in
increaments of 0.1 nm. The value of 0 can also be selected for both the excitation
and emission slit and this gives a resolution of <2 nm. For these measurements, the
dilute solutions of the investigated compounds were prepared by dissolving them in
a spectral grade solvent at 10°-10"° M concentration. The PS films with the
molecularly dispersed compounds with the concentration of 0.25 wt% were prepared
by mixing the dissolved compounds and PS in THF and casting the solutions on
quartz substrates in an ambient air. The drop-casting from THF solutions (1x1073 M)
was employed to prepare the solid films of the compounds. Fluorescence quantum
yield (®g) of the solutions and solid films were estimated by using integrated sphere
(Sphere Optics) coupled to the CCD spectrometer [123]. FL transients of the
samples were recorded using a time-correlated single photon counting system
PicoHarp 300 (PicoQuant) utilizing semiconductor diode laser (repetition rate 1
MHz, pulse duration 70 ps, emission wavelength 375 nm) as an excitation source.

The spectra of the prompt and delayed luminescence were recorded at room
temperature using spectrometer FS980 with microsecond gated detector.
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Electron photoemission measurements (IPep). IPep were established by
electron photoemission technique in air. The samples were prepared by the earlier
reported procedure [124]. They were obtained by casting THF solutions of the
materials on aluminium foil coated with the adhesive layer of methylmetacrylate and
metacrylic acid copolymer. The samples before measurements were dried at 80 °C in
air for 1 hour. The samples were illuminated with monochromatic UV radiation of
the energy range of 4.5-6.3 eV. The negative voltage of an order of —10% V was
applied to the sample substrate. The counter electrode with the slit for illumination
was placed at a few millimeters of distance from the sample surface. The counter
electrode was connected to an electrometer working in an open input regime for the
photocurrent measurement. The charge formed under illumination was accumulated
at a capacitor and the rate of the potential change (dU/dt) was measured. The
photocurrent (which is attributed to dU/dt) is dependent on the incident light photon
energy (hv). The IPgr were estimated as the intersection points of the extrapolated
linear part of the dependence (dU/dt)1/2 = f(kv) and the Av axis (i.e. iv value at zero
photocurrent) [125]. Standard error in the mean to 95% confidence for values of
ionization potential was up to 0.04 eV.

Charge drift mobility was measured by xerographic time of flight (XTOF)
method [126,127]. The samples for the measurements were prepared by the earlier
reported procedure [128]. The charge-transporting layers were cast from the
solutions of the compounds synthesized or from solutions of the mixtures of these
compounds with polymer host PC-Z at mass proportion 1:1 in THF. The substrates
were polyester film with Al layer. After coating the samples were heated at 80 °C
for 1 h. Charge drift mobility was measured in electrophotographic regime. Electric
field was created by positive (for hole drift mobility measurements) and negative
(for electron drift mobility measurements) corona charging. The charge carriers
were generated at the layer surface by illumination with pulses of nitrogen laser
(pulse duration was 2 ns, wavelength 337 nm, pulse energy was (6-7)x10° J). The
layer surface potential decrease as a result of pulse illumination was up to 1-5% of
initial potential before illumination. The capacitance probe that was connected to the
wide frequency band electrometer measured the rate of the surface potential
decrease dU/dt. The transit time t; was determined from the kink on the curve of the
dU/dt transient in log—log scale. The drift mobility was calculated by the formula
1=0%/Ugt:. The thickness contained a ~10% error and therefore contributed an error
of £20% in the mobility calculation. The field typically carries an error of £10%,
arising from the 10% error in the thickness, and 0% negligible error in the voltage
from the power supply. Because of this, a +20% mobility error bar was included in
the Poole-Frenkel plots.

Charge drift mobility measurements were also performed using charge
extraction by linearly increasing voltage (CELIV) method [129,130]. For the CELIV
measurements the samples in configuration 1TO/compound/Al with the thickness of
layers organic compound of 100-200 nm and an active area of 7 mm? were
prepared. The layers from 10 mg/ml THF solutions of the compounds were spin
coated onto glass/ITO substrates at 1000 rpm. Glass/ITO substrates were sonicated
in acetone, deionized water, and isopropanol for 10 minutes before use. Al electrode
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of 60 nm of was thermally evaporated at 10 A/s at a pressure below 5x10-° mbar
using a mask, t, obtain three top contact pixels. The light pulse was used to
photogenerate the charge carriers by exciting layers of compounds through the ITO
layer. The charge carriers were generated by illumination with pulses of Nd:YAG
laser (pulse duration was 25 ps, wavelength 355 nm). The experimental setup
consisted of a delay generator Tektronix AFG 3011 and a digital storage
oscilloscope Tektronix DPO 4032. Transient currents were determined averging
over 10° laser pulses and statistical error of measurement was estimated by
triplicating each transient current experiment.

Electrochemical investigations (CV) were carried out in a dry argon
atmosphere on an Autolab potentiostat (PGSTAT20) or p-Autolab Type Il
(EcoChemie, Netherlands) potentiostat. The data were collected using GPES
(General Purpose Electrochemical System) software. The electrolyte medium
consisted of the studied semiconducting compounds dissolved in 0.1 M
BusNBF4+/DCM or BusNPFs¢/DCM electrolyte. For cyclic voltammetry, following
two kinds of three electrode systems were used: i) platinum working electrode of
surface area of 3 mm?, platinum wire counter electrode and Ag/AgCl reference
electrode (used also for differential pulse voltammetry) and ii) glassy carbon
working electrode (0.12 cm? surface), platinum wire counter electrode and Ag/0.1 M
AgNO3/CH3CN reference electrode. lonization potential (IPcy) and electron affinity
(EAcv) values were calculated from the first onsets of oxidation and reduction
potentials, respectively, on the basis of the reference energy standard of
ferrocene/ferrocenium redox couple. IPcy value for Fc with respect to zero vacuum
level was determined as 4.8 eV [131].

Computational methodology. The theoretical study was carried out in the
frame of density functional theory (DFT) [132] employing the Becke, 3-parameter,
Lee-Yang-Parr (B3LYP) [133,134] functional in conjunction with the 6-31G(d,p)
basis set. All the geometry optimizations were followed by frequency calculations to
assure that real minima were obtained. The geometry optimizations of the cationic
radical species were performed at the unrestricted open shell level.

Time-dependent density functional theory (TDDFT) [135-139] was used for
the study of the spectroscopic properties of the molecules. Up to 40 excited states
were calculated and the theoretical absorbtion bands were obtained by considering a
band half-width of 0.2 eV at half-height (Gaussview 5 software).

The vertical ionization potentials (l,) were calculated at the B3LYP/6-
31G(d,p) level as energy difference between neutral and radical cation species at the
neutral state geometry. In order to check for any methodology influence on these
values, other functionals (M052X [140], BMK [141], wB97X-D [142], wB97X
[143]) and different basis sets (6-31G(d,p), 6-311+G(2d,p)) were considered.

The values of hole-transfer constants (knr) were calculated on the basis of the
Marcus-Levich-Jortner equation'

4n’ t Zexp( S)exp{

for = W

(AG® + A, + nha,)? (3.1)
42K, T ‘
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where t is the electronic coupling between two adjacent molecules; AG® is the
charge-transfer (CT) reaction free energy (which is set to zero in the case of hole
transfer between identical molecules); As is the medium (outer) reorganization
energy (set to 0.3 eV), representing the contribution from the medium polarization
energy; Si = Avhwi is the Huang-Rhys factor characterizing the strength of the
electron-vibration coupling for the internal mode i (in the products). Ai represents the
energetic effort due to the intramolecular geometric relaxations related to the CT
between two adjacent molecules.

In this calculation, the vibration mode Aw; has been set equal to 0.2 eV, which
is a typical value for the energy of a carbon-carbon bond stretch in a conjugated
system.

The internal reorganization energy (4) values of model compounds were
calculated at the B3LYP/6-31G(d,p) level according to the following equation [144]:

ﬂ’i _ /1% +/112 _ (Eﬁeom(M*) _ Eﬁeom(M))_}_(ESiom(M) _ E’(\jeiom(M*)) (3.2)

where the quantity E ~ for instance corresponds to the energy of the neutral

molecule (M) in the geometry of the cationic species (M*). The calculation of the
electronic couplings was based on the following approximations: (I) despite the
irregular packing between adjacent molecules in the amorphous materials, dimers of
different geometries can be established which are supposed to adopt local minima
geometries; (I1) the hole is localized in only one molecule; (I11) electronic coupling
between the HOMO orbitals of adjacent monomers, also known as the “direct
calculation” or “two state model” is considered instead of the coupling between
states.

The simplest but the more limited method for calculation of transfer integrals is
based on the Koopmans’ theorem, in which the transfer integrals are determined as
half of the energy splitting between the HOMO-1 (LUMO-1) and HOMO (LUMO)
orbitals in the dimer. As this method is applicable only if the dimer possesses a
perfect symmetry, the “direct calculation” of the transfer integrals in the frame of a
“two state” model is commonly employed.

The transfer integrals between frontier orbitals of two monomers in a dimer
were calculated on the basis of the equation:

- 1. -
- t, 2 (‘91'2‘92 )812 | (33)
1-S;,

The parameters involved in eq. 3.3 were calculated as follows (for example in
the case of the transfer integral between the HOMO orbitals of two monomers, noted
here as M1 and M2):

flz = <lr//!-’\|/|01MO ‘ H gimer l//ﬂﬂcho >’ (3.4)
B = (Vo ? Pl 3057 ), (35)
S, = <(//l-’\|/|01MO ‘WI—I\{IOZMO >: (3.6)
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w2 in eq. 3.4-3.6 represent the wave functions corresponding to

HOMOw: and HOMOW: as calculated from the isolated monomers, whereas ﬁdimer

is the Hamiltonian in a given geometry of the dimer M1---M2. The necessary
matrices for these calculations (S,,and ﬁz) are produced by Gaussian09 program
[145].

A general method evaluating the electronic coupling between electronic states
(instead of frontier orbitals) has been proposed. The “two state” model making use
of the frontier orbitals for the calculation of the transfer integrals has been
employed.

In order to correctly describe the m-stacking interactions, the geometries of the
dimers formed by two identical molecules have been optimized by employing the
®B97X-D functional at the 6-31G** basis set. The electronic couplings between the
HOMO orbitals of two adjacent molecules have been calculated at the same level
(0B97X-D/6-31G**) with the corresponding matrix elements evaluated with
Gaussian 09 program.

The interaction energies of some optimized dimers were calculated with
respect to the isolated monomers with the 6-311++G(3df,3pd) basis set and were
corrected for the basis set superposition error (BSSE) by the counterpoise correction
method. The zero point energy (ZPE) correction has been also taken into account by
using the value obtained at the 6-31G** basis set.

3.2. Materials

4-Bromo-1,8-naphthalic anhydride (98%), 1-iodoethane (99%), hydrazine
hydrate (99%), triphenylamine (TPA, 98%), 1-iodo-4-methoxybenzene (97%),
tris(4-bromophenyl)amine (99%), 4-(diphenylamino)phenylboronic acid (97%), n-
BuLi (2.5 mol-L in hexane), 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(98%),  bis(triphenylphosphine)palladium(ll)  (Pd(PPh3).Cl,,  98%),  N-
bromosuccinimide (NBS, 98%), 1,10-phenanthroline (99%), 18-crown-6 (99%),
triethylamine (TEA, 99.5%), tri(o-tolyl)phosphine (P(o-tolyl)s, 98%), palladium(Il)
acetate (Pd(OAC),, 97%), ethynyltrimethylsilane (98%), diisopropylamine (99.5%),
tetrabutylammonium fluoride solution 1.0 M in THF (TBAF), triphenylphosphine
(PPhs, 98%), 2-bromofluorene (99%), 2,7-dibromofluorene (99%), [9,9-bis(2-
ethylhexyl)-9H-fluorene-2,7-diyl]bisboronic acid (98%), 9,9-(2-ethylhexyl)-9H-
fluoren-2-yl-boronic acid (97%), 1-bromooctane (99%), n-octylamine (99%),
tetrabutylammonium hydrogen sulphate (97%) were purchased from Aldrich and
used as received. 2-Ethylhexylamine (98%) and 4-bromoaniline (98%) were
purchased from TCI Europe. Diphenylamine (99%) was purchased from Reakchim.
Potassium hydroxide (KOH, >85%), tetrabutylammonium bromide (99%),
magnesium sulfate (MgSO., >97%), copper iodide (Cul, 99%), potassium tert-
butoxide (t-BuOK, 99%), methyltriphenylphosphonium bromide (CH3sPPhs, 99%),
potassium carbonate (K.COs;, 99%), tetrabutylammonium tetrafluoroborate
(BusNBF4, 99%) and tetrabutylammonium hexafluorophosphate (BusNBFs, 99%)
were purchased from Aldrich as reagent grade chemicals and used as received. The
solvents, i.e. toluene, 2-methoxy ethanol (Aldrich); chloroform, ethylacetate, n-
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hexane, diethyl ether and methanol (Penta) and other solvents were purified and
dried using the standard procedures [146]. Dimethylformamide (DMF, Lachema)
was dried by distillation over calcium (1) hydride. Tetrahydrofuran (THF) was dried
and distilled over sodium and benzophenone. Dichloromethane (DCM, POCH),
ethyl acetate and n-hexane (Penta), TEA were purified by distillation over KOH.

4-(Di(4-methoxyphenyl)amine)benzaldehyde (a) (yellow crystals, m.p. =
92-93°C) was prepared by the reported procedure [147].

4,4’-Diformyl-4>’-methoxyphenylamine (b) (yellow crystals, m.p. = 83-84
°C, lit. [148] m.p. = 80 °C) was prepared by the reported procedure as described in
literature [148].

N,N-diphenyl-4-bromoaniline (1a) (white crystals, m.p. = 106-107 °C, lit.
[149] m.p. = 101-103 °C) was prepared by the reported procedure [150].

(4-Bromo-phenyl)-di-(4-methoxyphenyl)-amine (2b) (grey crystals, m.p. =
92-93 °C, lit. [151] m.p. = 96-98 °C) was prepared by the reported procedure as
described in literature [152].

Bis(4-bromophenyl)phenylamine (2c) (colorless oil) was prepared by the
reported procedure [153].

4-(4,4,5,5-Tetramethyl-(1,3,2)dioxaborolan-2-yl)-phenyl)-di-(4-
methoxyphenyl)-amine (3b) (white crystals, m.p. = 122-123 °C) was prepared by
the reported procedure [152].

Bis(4-(4,4,5,5-tetramethyl-(1,3,2)dioxaborolan-2-yl)-phenyl)phenylamine
(3c) (white crystals, m.p. = 228-230 °C (lit. [154] m.p. = 229-230 °C) was prepared
by the reported procedure [154].

Tris(4-(4,4,5,5-tetramethyl-(1,3,2)dioxaborolan-2-yl)-phenyl)phenylamine
(3d) (white crystals, m.p. 327-330 °C, lit. [155] m.p. = 334-335 °C) was prepared
by the reported procedure as described in literature [154].

4-(Diphenylamino)benzaldehyde (2°) (yellow crystals, m.p. = 120-121 °C,
lit. [156] m.p. = 120-121 °C) was prepared by the reported procedure [157].

4,4¢-Diformyl triphenylamine (3’) (yellow crystals, m.p. = 143-144 °C, lit.
[158] m.p. = 142-145 °C) was prepared by the reported procedure as described in
literature [159].

Tris-(4-formyl-phenyl)amine (4°) (yellow crystals, m.p. = 245-247 °C) was
prepared by the reported procedure as described in literature [160].

4-Vinyltriphenylamine (5°) (yellowish crystals, m.p. = 90-91 °C, lit. [161]
m.p. = 91-92 °C) was prepared by the reported procedure [162].

4,4¢-Vivinyltriphenylamine (6) (yellowish crystals, m.p. = 62-63 °C, lit.
[163] m.p. = 64.5 °C) was prepared by the reported procedure as described in
literature [164].
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Tris-(4-vinyl-phenyl)amine (7°) (yellowish crystals, m.p. = 77-78 °C) was
prepared by the reported procedure [165].

N,N-Diphenyl-4-((trimethylsilyl)ethynyl)benzenamine (2a’) (yellow oil)
was prepared by the reported procedure as described in literature [166].

N-Phenyl-4-((trimethylsilyl)ethynyl)-N-(4-
((trimethylsilyl)ethynyl)phenylaniline (2b’) (yellow oil) was prepared by the
reported procedure [167].

Tris(((p-trimethylsilyl)ethynyl)phenyl)aniline (2c’) (yellow crystals, m.p. =
171-174 °C, lit. [168] m.p. = 172-175 °C) was prepared by the reported procedure
as described in literature [169].

4-Ethynylphenyldiphenylamine (3a’) (yellow oil) was prepared by the
reported procedure [166].

4-Ethynyl-N-(4-ethynylphenyl)-N-phenylbenzenamine (3b?) (viscous oil)
was prepared by the reported procedure as described in literature [167].

Tris[p-ethynylphenyl]lamine (3¢’) (yellow crystals, m.p. = 107-108 °C, lit.
[168] m.p. = 113-114 °C) was prepared by the reported procedure [169].

9,9-Diethylfluorene-2-boronic acid (2a’’) (white crystals, m.p. = 113-114
°C, lit. [170] m.p. = 118-120 °C) was prepared by the reported procedure.

9,9-Dioctylfluorene-2-boronic acid (2c*’) (white crystals, m.p. = 72-74 °C,
lit. [171] m.p. = 70.1-77.3 °C) was prepared by the reported procedure as described
in literature.

9,9-Dioctylfluorene-2,7-diboronic acid (3c’?) (white crystals, m.p. = >400
°C, lit. [172] m.p. >400 °C) was prepared by the reported procedure.

o
BrN\/\/\/\/
W

4-Bromo-N-octyl-1,8-naphthalimide (1a’). A solution of 4-bromo-1,8-
naphthalic anhydride (1 g, 3.61 mmol) in 25 ml of DMF was added to a 100 mL
three neck round bottom flask equipped with a reflux condenser and a magnetic
stirrer. Then n-octylamine (0.60 g, 3.61 mmol) was added drop-wise and the
reaction mixture was heated up to 120 °C and stirred under nitrogen for 24 h. The
reaction mixture was concentrated using rotary evaporator and then the product was
precipitated out into 1N HCI solution, filtered off and washed with 1N HCI solution.
The crude product was purified by silica gel column chromatography using
hexane/ethylacetate, 8:1 as an eluent. Yield: 1.03 g (74%) of white crystals; m.p. =
74-75 °C. "H NMR spectrum (300 MHz, CDCls, J, ppm): 8.67 (d, 1H, J= 8.4 Hz, —
Hnaphthatene), 8.57 (d, 1H, J = 7.5 Hz, —Hnaphthatene), 8.43 (d, 1H, J = 7.9 Hz, -
Hnaphthatene ), 8.05 (d, 1H, J= 7.9 Hz, —Hnaphthatene), 7.87 (t, 1H, J1 = 7.3 Hz, J,=15.8
Hz, —Hnaphthatene), 4.21-4.13 (m, 2H, —CH>, —Haiiphatic), 1.80—-1.69 (m, 2H, CH,, —
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Haiiphatic), 1.51-1.18 (m, 10H, CHa2, —Haiiphatic), 0.89 (t, 3H, Ji= 6.7 Hz, J, = 13.7 Hz,
CH3, —Haiiphatic). IR (KBr, v cm™): (arene C-H) 3068; (aliphatic C-H) 2958, 2927,
2871, 2852; (imide C=0) 1699; (Ar C=C) 1585, 1512, 1458; (imide C-N) 1351,
1234; (C-Br) 665, 560. 3C NMR spectrum (75.5 MHz, CDCl;, 6, ppm): 163.6,
133.2, 132.0, 131.2, 131.0, 130.6, 130.1, 129.0, 128.0, 123.1, 122.3, 40.6, 31.8,
29.2, 28.1, 27.1, 22.6, 14.1. Anal. Calcd. for C20H22BrNO;: C, 61.86; H, 5.71; Br,
20.58; N, 3.61; O, 8.24%. Found: C, 61.78; H, 5.77; N, 3.59%. MS (APCI", 20 V),

m/z: 389 ([M+H]").
} Q :v(A/
e

4-Bromo-N-(2-ethylhexyl)-1,8-naphthalimide (1). Compound 1 was prepared
by the reported procedure [173]. The procedure followed in this work for the
synthesis is slightly different. A solution of 4-bromo-1,8-naphthalic anhydride (1 g,
3.61 mmol) in 25 ml of DMF was added to a 100 ml three neck round bottom flask
equipped with a reflux condenser and a magnetic stirrer. Then 2-ethylhexylamine
(0.47 g, 3.61 mmol) was added drop-wise and the reaction mixture was heated up to
110 °C and stirred under nitrogen for 1.5 h. The end of the reaction was detected by
thin-layer chromatography (TLC) (eluent: toluene/ether, 6:1). The reaction mixture
was concentrated using rotary evaporator and then the product was precipitated out
into 1N HCI, filtered off and washed with 1N HCI. The crude product was purified
by silica gel column chromatography using acetone and hexane mixture (vol. ratio
1:1.5) as an eluent. Yield: 0.86 g (62%) of yellow crystals. M.p. = 82-83 °C. 'H
NMR spectrum (300 MHz, CDCls, 8, ppm): 8.70 (dd, 1H, J1= 1.1 Hz, J,=7.3 Hz, -
Hnaphthatene), 8.61 (dd, 1H, J1 = 1.1 Hz, J, = 8.5 Hz, —Hnapnthatene), 8.45 (d, 1H, J =7.8
Hz, —Hnaphthatene), 8.08 (d, 1H, J = 7.8 Hz, —Hnaphthatene), 7.89 (t, 1H, J1=7.3 Hz, Jo =
8.5 Hz, —Hnaphthatene), 4.18-4.11 (m, 1H, —CH, —Haiiphatic), 1.60-1.34 (m, 10H, 5xCHj,
~Hatiphatic), 0.99-0.90 (M, 6H, 2xCH3, —Haiiphatic). IR, (in KBr), cm™: 3070 v (CHa);
2959, 2926, 2871, 2855 v (CHatiphatic); 1702 v (C=Ooanhyarice); 1653, 1590, 1504, 1459
v (C=Ca); 1344, 1231 v (C-N); 783 y (CHar); 664, 563 v (C-Br). 1*C NMR spectrum
(300 MHz, CDCls, 8, ppm): 164.2, 133.4, 132.3, 131.5, 131.3, 130.8, 130.3, 129.3,
128.3,123.4, 1225, 445, 38.1, 31.0, 28.9, 24.3, 23.3, 14.3, 10.9. MS (APCI*, 20 V),
m/z: 388 ([M+H]"). Anal. Calcd. for CxH2:BrNO,: C, 61.86; H, 5.71; Br, 20.58; N,
3.61; O, 8.24%. Found: C, 61.79; H, 5.75; Br, 20.62; N, 3.58%.

) ‘;
e

4-Hydrazino-N-(2-ethylhexyl)-1,8-naphthalimide ~ (2).  4-Bromo-N-(2-
ethylhexyl)-1,8-naphthalimide (1) (1.5 g, 3.86 mmol) and hydrazine hydrate (0.38
ml, 7.73 mmol) were dissolved in 40 ml of 2-methoxy ethanol and placed into an
oven—dried, 150 ml two—necked round—bottomed flask equipped with a magnetic
stir bar under an nitrogen atmosphere. The reaction mixture was refluxed at the
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room temperature for 1.5 h. The end of the reaction was detected by TLC (eluent:
acetone/n-hexane, 1:1.5). The reaction mixture was concentrated using rotary
evaporator and then the product was precipitated out into 1N HCI, filtered off and
washed with 1IN HCI. The crude product was purified by silica gel column
chromatography using acetone and hexane mixture (vol. ratio 1:1.5) as an eluent.
Yield: 0.67 g (52%) of yellow crystals. M.p. = 81-82 °C. *H NMR spectrum (300
MHz, CDCls, 8, ppm): 8.64 (dd, 1H, J. = 1.0 Hz, J, = 7.3 Hz, —Hnaphthalene), 8.58 (d,
1H, J = 8.3 Hz, —Hnapnthatene), 8.09 (d, 1H, J = 1.0 Hz, —Hnaphthatene), 8.06 (d, 1H, J =
1.0 Hz, —Hnaphthatene), 7.69 (d, 1H, J = 1.0 Hz, —Hnzphthatene), 6.61 (S, 1H, —NH), 4.15—
4.12 (m, 1H, CHaiiphaic), 3.88 (s, 2H, —NH>), 1.60-1.32 (m, 10H, 5xCH2, —Haiiphatic),
1.01-0.87 (m, 6H, 2xCH3, —Haiiphatic). IR, (in KBr), cm™: 3341, 3310 v (NH,); 3295
v (NH); 3073 v (CHar); 2950, 2924, 2868 v (CHaiiphatic); 1693 v (C=Oanhyaride); 1642,
1616, 1581, 1543 v (C=Cax); 1392, 1358 v (C-N); 778 v (CHa); *C NMR spectrum
(300 MHz, CDCls, 6, ppm): 133.7, 133.1, 132.7, 132.1, 131.6, 131.3, 131.0, 130.9,
127.1,125.1, 113.6, 54.1, 53.8, 47.3, 45.0, 32.6, 29.2, 27,9, 27.5. MS (APCI*, 20 V),
m/z: 339 ([M+H]"). Anal. Calcd. for CxH2sNsO2: C, 70.77; H, 7.42; N, 12.38; O,
9.43%. Found: C, 70.81; H, 7.39; N, 12.33%.

oo,
PR A
cHO

4,4’-Diformyl-4°>-methoxyphenylamine bis(N-(2-ethylhexyl)-1,8-
naphthalimide hydrazone (3). 4,4’-Diformyl-4’’-methoxyphenylamine (b) (0.1 g,
0.03 mmol) and 25 ml of methanol were placed into 250 ml 2-neck round bottom
flask equipped with reflux condenser and mechanical stirrer and heated at 60 °C
untill the homogeneous solution was obtained. Then the solution of 4-hydrazino-N-
(2-ethylhexyl)-1,8-naphthalimide (2) (0.026 g, 0.08 mmol) in 15 ml of methanol was
added drop-wise. The mixture was refluxed until the dialdehyde (b) fully reacted
(1.5 h, TLC control: eluent acetone/n-hexane 1:3). After the reaction, the mixture
was slowly cooled to the room temperature. Crystals formed upon standing were
filtered off, washed with methanol and dried to obtain 0.02 g (70%) of compound 3.
M.p. = 158-159 °C. 'H NMR spectrum (300 MHz, CDCls, 3, ppm): 8.80 (s, 2H,
2xN-CH), 8.61 (q, 6H, J1 = 7.7 Hz, J, = 17.5 Hz, —Hnaphthatene), 8.25 (d, 2H, J=8.5
Hz, —Hnaphthatene), 8.07 (d, 2H, J = 4.2 Hz, —Hnapnthatene), 7.81-7.59 (m, 10H, —Ar),
7.54 (q, 2H, J1 = 3.3 Hz, J, = 5.7 Hz, —Ar), 4.09 (p, 4H, J1 = 6.5 Hz, J, = 13.4 Hz,
2xN-CH>, —Haliphatic), 3.84 (s, 3H, —OCHs), 3.49 (s, 2H, 2xNH), 1.44-1.32 (m, 16H,
8xCH2, —Haiiphatic), 0.98-0.85 (M, 12H, 4xCHs, —Haiiphatic). IR, (in KBr), cm™: 3284 v
(NH); 3060 v (CHa); 2954, 2926, 2856 v (CHaliphatic); 1691 v (C=Ooanhyarice); 1651,
1614, 1578, 1504 v (C=Cq); 1460, 1427 y (OCH3s); 1387, 1352 v (C-N); 827, 774 y
(CHar); C NMR spectrum (300 MHz, CDCls, §, ppm): 165.1, 164.7, 152.4, 151.3,
149.0, 145.4, 134.1, 131.6, 131.5, 131.4, 129.8, 128.8, 128.4, 125.8, 120.0, 118.9,
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115.5, 115.4, 55,8, 44.3, 38.2, 31.0, 29.0, 24.3, 23.3, 14.3, 10.9. MS (APCI*, 20 V),
m/z: 973 ([M+H]"). Anal. Calcd. for C16HssN7Os: C, 75.21; H, 6.52; N, 10.06; O,
8.21%. Found: C, 75.30; H, 6.56; N, 10.12%.

oL
5 S
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-

4-(Di(4-methoxyphenyl)amine)benzaldehyde N-(2-ethylhexyl)-1,8-
naphthalimide hydrazone (4). Compound 4 was synthesized by the same
procedure as compound 3, only 4-(di(4-methoxyphenyl)amine)benzaldehyde (a) was
used instead of compound (b). The yield of red crystals of 4 was 0.09 g (56%). M.p.
= 125-126 °C. *H NMR spectrum (300 MHz, CDCls, 5, ppm): 8.59 (d, 1H, J= 7.7
Hz, —Hnaphthatene), 8.53 (d, 1H, J = 8.3 Hz, —Hnapnthatene), 8.21 (d, 2H, J = 8.4 Hz, —
Hnaphthatene), 7.74 (d, 1H, J= 8.3 Hz, —Hnapnthatene), 7.55 (d, 2H, J= 8.7 Hz, —-Ar), 7.18-
7.09 (m, 4H, —Ar), 6.96-6.84 (m, 6H, —Ar), 4.12-4.08 (m, 2H, J1=5.4 Hz, J,=12.9
Hz, N-CHa, —Haiiphatic), 3.82 (s, 6H, 2xOCHa), 3.49 (s, 1H, —-NH), 1.43-1.29 (m, 8H,
4xCHa, —Haliphatic), 0.96-0.84 (m, 6H, 2xCHs, —Haiiphatic). IR, (in KBr), cm™: 3282 v
(NH); 3038, 2994 v (CHar); 2953, 2926, 2836 v (CHaliphatic); 1688 v (C=Oannyaride);
1647, 1575, 1503 v (C=Ca); 1462, 1440, 1427 y (OCHs); 1387, 1370, 1352 v (C-N);
822, 775 v (CHar); *C NMR spectrum (300 MHz, CDCls, &, ppm): 165.1, 164.7,
161.6, 156.8, 140.1, 134.4, 131.8, 131.7, 128.4, 128.3, 127.5, 125.6, 125.3, 123.5,
119.3, 116.9, 115.3, 115.1, 55,7, 44.2, 38.2, 31.0, 29.0, 24.3, 23.3, 14.3, 10.9. MS
(APCI*, 20 V), m/z: 655 ([M+H]"). Anal. Calcd. for C41H42N4O4: C, 75.20; H, 6.47;
N, 8.56; O, 9.77%. Found: C, 75.15; H, 6.42; N, 8.63%.

{ e
PSEEE AN

4,4’-Diformyl-4>’-methoxyphenylamine bis(N-ethyl-N-(2-ethylhexyl)-1,8-
naphthalimide hydrazone (5). Compound 3 (0,5 g, 0,51 mmol) and 30 ml of
acetone were placed into a 100 ml 3-neck round bottom flask equipped with reflux
condenser, thermometer and mechanical stirrer. The mixture was stirred vigorously
at 50-60 °C for 10 min, and powdered KOH (0.072 g, 1.29 mmol), 1-iodoethane
(0.094 g, 1.18 mmol) and tetrabutylammonium bromide (0.01 g, 0.032 mmol) were
added. After 30 min the reaction mixture was filtered, and the solvent was
evaporated. The crude product was purified by silica gel column chromatography
using the mixture of acetone and n-hexane (vol. ratio 1:3) as an eluent. Yield: 0.38 g
(53%) of red crystals. M.p. = 94-95 °C. *H NMR spectrum (300 MHz, CDCls, §,
ppm): 8.67-8.58 (m, 5H, Hnapnthatene), 7.72 (dd, 3H, J1 = 7.3 Hz, J, = 85 Hz, —
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Hnaphthatene), 7.65 (S, 2H, —Hnaphthatene), 7.53 (dd, 6H, J1 = 2.3 Hz, J, = 8.4 Hz, —Ar),
7.13-7.07 (m, 4H, —Ar), 6.92-6.88 (M, 2H, ~Ar), 4.18-4.16 (M, 4H, 2xN-CH,, —
Haliphatic), 3.85 (S, 3H, fOCH3), 2.04-1.95 (m, 2H, ZXCH, fHanphatic), 1.46-1.36 (m,
20H, 10><CH2, fHanphatic), 1.13-0.74 (m, 18H, 6><CH3, fHanphatic). |R, (in KBI‘), cm™:
3063 v (CHa); 2955, 2926, 2856 v (CHaiiphatic); 1691 v (C=Ounnyarice); 1696, 1656,
1585, 1505 v (C=Ca); 1465, 1426 y (-OCHs); 1386, 1352 v (C-N); 828, 779 y
(CHar); 3C NMR spectrum (300 MHz, CDCls, 8, ppm): 165.0, 164.5, 150.9, 148.3,
139.9, 137.7, 132.2, 131.7, 131.6, 130.2, 129.7, 128.0, 127.5, 127.4, 126.1, 119.6,
118.4, 115.2, 55,7, 47.0, 44.3, 38.2, 31.0, 29.0, 24.3, 23.3, 14.3, 11.2, 10.9. MS
(APCI*, 20 V), m/z: 1030 ([M+H]*). Anal. Calcd. for CesHznN:Os: C, 75.77; H,
6.95; N, 9.52; O, 7.76%. Found: C, 75.68; H, 6.88; N, 9.59%.
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4-(Di(4-methoxyphenyl)amine)benzaldehyde N-ethyl-N-(2-ethylhexyl)-1,8-
naphthalimide hydrazone (6). Compound 6 was synthesized by the same
procedure as compound 5, only compound 4 was used instead of compound 3. The
yield of red crystals was 0.2 g (80%). M.p. = 67-68 °C. *H NMR spectrum (300
MHz, CDCls, 8, ppm): 7.71 (d, 2H, J= 1.2 Hz, —Hnaphthatene), 7.68 (d, 1H, J=4.1 Hz,
—HNaphthaIene), 7.53 (S, 1H, —Hnaphthalene), 7.49 (d, 1H, J=41 HZ, —Hnaphthalene), 7.16—
7.07 (m, 4H, —Ar), 7.02-6.81 (m, 8H, —Ar), 4.18-4.13 (m, 2H, N—CH,, —Haiiphatic),
3.83 (s, 6H, 2xOCHzs), 2.02-1.94 (m, 1H, N-CH, —Haiiphatic), 1.47-1.33 (m, 10H,
5><CH2, —Halipha’[ic), 1.01-0.86 (m, 9H, 3><CH3, —Haliphatic)- |R, (in KBI’), Cmfll 3037 v
(CHar); 2954, 2927, 2856 v (CHaiiphatic); 1695 v (C=Oanhydrice); 1655, 1585, 1504 v
(C=Ca); 1464, 1441, 1427 y (OCHzs); 1400 1385, 1353 v (C-N); 826, 779 vy (CHa);
13C NMR spectrum (300 MHz, CDCls, 3, ppm): 165.1, 164.5, 156.4, 151.3, 149.6,
140.6, 138.8, 132.2, 131.9, 131.5, 127.5, 127.4, 127.1, 126.0, 120.1, 119.2, 118.0,
115.0, 55,7, 44.2, 38.2, 31.0, 29.0, 24.3, 23.3, 14.3, 10.9. MS (APCI*, 20 V), m/z:
683 ([M+H]*). Anal. Calcd. for CasHasN4Os4: C, 75.63; H, 6.79; N, 8.20; O, 9.37%.
Found: C, 75.58; H, 6.83; N, 8.15%.

TS
IG5y

4-(4¢-Diphenylaminophenyl)-N-ethylhexyl-1,8-naphthalimide (7). The
solution of 4-bromo-1,8-naphthalimide (1) (0.5 g, 1.29 mmol) and Pd(PPhs).Cl,
(0.03 g, 0.04 mmol) in THF (15 mL) was purged with nitrogen, and the solution of
4-(diphenylamino)phenylboronic acid (0.37 g, 1.28 mmol) in THF (3 mL) and
aqueous K>COs solution (1.70 g, 12.32 mmol) in H>O (2 mL) were added with a
syringe. The reaction mixture was stirred at 80 °C for 24 h. After cooling down, the
product was extracted with CH,Cl,, washed with water and dried over MgSQa,. The
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solvent was evaporated to afford a crude product. After column chromatography on
silica gel with the eluent mixture of ethyl acetate and hexane (1:8, V:V), compound 7
was obtained as yellow powder with the yield of 0.55 g (78%), m.p. = 127-128 °C;
'H NMR (300 MHz, CDCls, 3, ppm): 8.67 (d, 1H, J = 7.3 Hz, —Hnapnthalene), 8.66 (d,
1H, J = 8.5 Hz, —Hnapnthatene), 8.46 (d, 1H, J = 1.1 Hz, —Hnaphthatene), 8.43 (d, 1H, J =
1.1 Hz, —Hnaphthatene), 7.75 (t, 1H, J = 7.5 Hz, —Hnapnthatene), 7.44—7.31 (m, 7H, —Ar),
7.27-7.09 (m, 9H, —Ar), 4.26-4.11 (m, 2H, —CH2, —Haiiphatic), 2.06-1.95 (m, 1H, —
CH, fHanphatic), 1.48-1.31 (m, 8H, 4><CH2, fHanphatic), 1.01-0.89 (m, 6H, 2XCH3, —
Haiiphatic). *C NMR (75.4 MHz, CDCls, 8, ppm): 167.4, 147.7, 146.7, 146.1, 132.8,
131.9, 131.4, 131.2, 130.3, 130.0, 129.3, 128.4, 127.9, 126.7, 125.7, 124.7, 123.8,
121.6, 43.8, 38.1, 31.7, 28.8, 24.5, 23.4, 14.4, 10.8. IR, (KBr), cm™: 3060 v (CHz);
2954, 2925, 2858 v (CHaiiphatic); 1697 v (C=Oanhyarice); 1656, 1584, 1505, 1486 v
(C=Cxq); 1350, 1279 v (C-N); 784, 759, 695 v (CHa). MS (APCI*, 20 V), m/z: 552
(IM+H]™). Elemental analysis for CssHzsN2O;: calcd. C, 82.58; H, 6.57, N, 5.07; O,
5.79%. Found: C, 82.63; H, 6.60; N, 5.08%.

MeO

4-(4¢-(Di-(4*¢-methoxyphenyl)amino)phenyl)-N-(2-ethylhexyl)-1,8-

naphthalimide (8) was prepared by the similar procedure as 7 using 4-(4,4,5,5-
tetramethyl-(1,3,2)dioxaborolan-2-yl)-phenyl)-di-(4-methoxyphenyl)-amine (3b)
(0.58 g, 1.42 mmol), 1 (0.5 g, 1.29 mmol), Pd(PPhs).Cl, (0.03 g, 0.039 mmol),
K2COs (1.78 g, 12.89 mmol). 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 8 as amorphous material with the yield of 0.59 g (75%); *H NMR
(300 MHz, CDCls, 8, ppm): 8.66 (d, 1H, J = 7.3 Hz, —Hnaphthatene), 8.64 (d, 1H, J =
7.4 Hz, —Hnaphthatene), 8.45 (d, 1H, J = 1.1 Hz, —Hnaphthatene), 8.44 (d, 1H, J = 1.1 Hz, —
Hnaphthatene) 7.73 (t, 1H, J = 7.6 Hz, —Hnaptthatene), 7.35 (d, 2H, J = 8.8 Hz, —Ar), 7.20
(d, 4H, J = 9.1 Hz, —Ar), 7.08 (d, 2H, J = 8.8 Hz, —Ar), 6.92 (d, 4H, J = 9.1 Hz, —
Ar), 4.24-4.12 (m, 2H, —CH2, —Haiiphatic), 3.85 (s, 6H, 2xOCHjs), 2.04-1.94 (m, 1H, —
CH, fHanphatic), 1.48-1.30 (m, 8H, 4><CH2, fHanphatic), 1.01-0.90 (m, 6H, 2><CH3, —
Haliphatic). 2C NMR (75.4 MHz, CDCls, 8, ppm): 164.9, 156.7, 149.4, 147.2, 140.4,
133.2, 131.3, 130.8, 130.0, 127.8, 127.7, 127.3, 126.8, 123.1, 121.2, 119.6, 115.1,
55.7, 44.3, 38.1, 30.9, 28.9, 24.3, 23.3, 14.3, 10.8. IR, (KBr), cm™: 3037 v (CHay);
2955, 2927, 2856 v (CHaiiphatic); 1698 v (C=Oanhyarice); 1657, 1586, 1504, 1463 v
(C=Cu); 1440, 1425 y (OCHs); 1354, 1282 v (C-N); 784, 758, 656 y (CHa). MS
(APCI*, 20 V), m/z: 612 ([M+H]"). Elemental analysis for CsHaoN2Oa: calcd. C,
78.40; H, 6.58; N, 4.57; O, 10.44%. Found: C, 78.45; H, 6.65; N, 4.52%.
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4,4’-(Di(N-(2-ethylhexyl)-1,8-naphthalimide-4-yl)phenyl)benzenamine (9)
was prepared by the similar procedure as 7 using bis(4-(4,4,55-tetramethyl-
(1,3,2)dioxaborolan-2-yl)-phenyl)phenylamine (3c) (0.28 g, 0.59 mmol), 1 (0.5 g,
1.29 mmol), (PPhs).Cl; (0.02 g, 0.035 mmol), K:COs; (1.21 g, 8.79 mmol). 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 9 as a red crystals with
the yield of 0.32 g (64%), m.p. = 131-132 °C; *H NMR (300 MHz, CDCls, &, ppm):
8.68 (d, 4H, J = 7.5 Hz, —Hnapnthatene), 8.46 (d, 2H, J = 8.4 Hz, —Hnapnthatene), 7.84—
7.71 (m, 4H, —Hnaphthatene), 7.56—7.34 (m, 11H, —Ar), 7.27-7.20 (m, 1H, —Ar), 4.25—
4.12 (m, 4H, 2xCH2, —Haiiphatic), 2.05-1.97 (m, 2H, 2xCH, —Haiiphatic), 1.53-1.29 (m,
16H, 8xCHa, —Haiiphatic), 1.06-0.85 (m, 12H, 4xCHs, —Haiiphatic). *C NMR (75.4
MHz, CDCls, 3, ppm): 164.7, 148.0, 147.2, 146.6, 133.2, 132.8, 131.5, 131.2, 130.2,
130.0, 129.0, 128.0, 127.0, 126.0, 124.5, 123.8, 123.2, 121.7, 44.4, 38.2, 31.0, 29.0,
24.3, 23.3, 14.3, 10.9. IR, (KBr), cm®: 3032 v (CHa); 2955, 2926, 2856 v
(CHaiiphatic); 1701 v (C=Oannhyarice); 1659, 1587, 1504, 1464 v (C=Cy); 1353, 1284 v
(C-N); 783, 758, 697 y (CHar). MS (APCI*, 20 V), m/z: 859 ([M+H]"). Elemental
analysis for CssHs7N3Oa: caled. C, 80.99; H, 6.68; N, 4.89; O, 7.44%. Found: C,
81.06; H, 6.65; N, 4.92%.
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4,4’,4>°-(Tris(N-(2-ethylhexyl)-1,8-naphthalimide-4-
yl)phenyl)benzenamine (10) was prepared by the similar procedure as 7 using
tris(4-(4,4,5,5-tetramethyl-(1,3,2)dioxaborolan-2-yl)-phenyl)phenylamine (3d) (0.23
g, 0.39 mmol), 1 (0.5 g, 1.29 mmol), (PPhs).Cl, (0.02 g, 0.035 mmol), K>COs (1.08
g, 7.81 mmol). The crude product was purified by silica gel column chromatography
using the eluent mixture of ethyl acetate and hexane (1:8, V:V) to obtain 10 as a
yellow crystals with the yield of 0.15 g (34%), m.p. = 133-134 °C; *H NMR (300
MHz, CDCls, 3, ppm): 8.71 (d, 3H, J = 2.7 Hz, —Hnaphthatene), 8.69 (d, 3H, J = 2.5 Hz,
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—Hnaphthatene), 8.47 (dd, 3H, J1 = 0.8 Hz, J, = 8.6 Hz, —Hnaphthatene) 7.76 (t, 6H, J = 7.7
Hz, —Hnaphthatene), 7.58 (d, 6H, J = 8.6 Hz, —-Ar), 7.51 (d, 6H, J = 8.69 Hz, —-Ar), 4.26—
4.12 (m, 6H, 3xCH>, —Haiiphatic), 2.04-1.96 (m, 3H, 3xCH, —Haiiphatic), 1.48-1.32 (m,
24H, 12xCHa, —Haiiphatic), 1.00-0.91 (m, 18H, 6xCHs, —Haiiphaiic). *C NMR (75.4
MHz, CDCls, 3, ppm): 162.5, 145.3, 146.4, 133.3, 133.8, 132.5, 132.2, 129.7, 129.1,
127.8, 127.1, 125.9, 125.1, 123.7, 123.2, 121.8, 44.4, 38.3, 31.1, 28.9, 24.2, 23.2,
14.3, 11.0. IR, (KBr), cm™: 3063 v (CHa); 2956, 2927, 2857 v (CHaiiphatic); 1700 v
(C=Oannyaride); 1659, 1586, 1504, 1464 v (C=Cy); 1354, 1281 v (C-N); 783, 758, 696
vy (CHy). MS (APCI*, 20 V), m/z: 1166 ([M+H]"). Elemental analysis for
C.sH7sN4Os: calcd C, 80.24; H, 6.73; N, 4.80; O, 8.22%. Found: C, 80.29; H, 6.79;

N, 4.85%.
o TR,
5 I;Nﬁ

4-((E)-2-(N-(2-ethylhexyl)-1,8-naphthalimid-4-

yl)vinyl)phenyl)benzenamine (11). A flask was charged with a mixture of 1 (0.50
g, 1.29 mmol), 4-vinyltriphenylamine (5°) (0.42 g, 1.55 mmol), Pd(OAc). (5 mg,
0.016 mmol), P(o-tolyl)s (16 mg, 0.071 mmol), DMF (10 mL) and TEA (3 mL). The
flask was degassed and purged with N,. The mixture was heated at 90 °C for 24 h
under N,. Then, it was filtered and the filtrate was poured into methanol. The orange
precipitate was filtered and washed with methanol. The crude product was purified
by dissolving it in THF and precipitating into methanol (0.35 g, 47%). It was
recrystallized from methanol. M.p. = 156-157 °C. 'H NMR spectrum (300 MHz,
CDCls, 8, ppm): 8.67 (dd, 1H, J1= 1.1 Hz, J; = 7.3 Hz, —Hnaphthatene), 8.64-8.61 (m,
2H, —Hnaphthatene), 8.03 (d, 1H, J = 7.9 Hz, —Hnaphthatene), 7.85-7.78 (m, 2H, —
Hnaphthatene, =CH-), 7.56-7.53 (m, 2H, —Ar), 7.38-7.29 (m, 7H, —Ar, —-CH=CH),
7.21-7.11 (m, 6H, —Ar), 4.18-4.11 (m, 2H, N-CH), 2.02-1.97 (m, 1H, ~CH), 1.49—
1.29 (m, 8H, —-CH), 1.00-0.88 (m, 6H, —CHa). IR, (in KBr), cm™: 3033 v (CHa);
2956, 2924, 2855 v (CHaiiphatic); 1695 v (C=Oanhydrice); 1655, 1584, 1508, 1491 v
(C=Ca); 1354, 1231 v (C-N); 965 v (trans, -CH=CH); 778, 751, 695 y (CHa). 1*C
NMR spectrum (75.4 MHz, CDCls, 8, ppm): 143.4, 142.6, 140.7, 136.1, 132.7,
130.9, 130.4, 130.4, 129.3, 128.3, 128.3, 127.4, 126.9, 125.5, 125.3, 124.5, 122.8,
122.3, 122.2, 112.8, 54.7, 45.7, 38.6, 36.4, 33.1, 28.0, 27.8, 23.5, 15.3, 10.9. MS
(APCI*, 20 V), m/z: 578 ([M+H]"). Anal. Calcd. for C4H3sN2O2: C, 83.01; H, 6.62,
N, 4.84. Found: C, 82.90; H, 6.67; N, 4.92%.
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4-((E)-2-(N-(2-ethylhexyl)-1,8-naphthalimid-4-yl)vinyl)-N-(4-((E)-2-(N-(2-
ethylhexyl)-1,8-naphthalimid-4-yl)vinyl)phenyl)benzenamine (12). A flask was
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charged with a mixture of 1 (1.08 g, 2.78 mmol), 4,4 -vivinyltriphenylamine (6”)
(0.30 g, 1.01 mmol), Pd(OAc). (3.1 mg, 0.010 mmol), P(o-tolyl)s (9.2 mg, 0.041
mmol), DMF (20 mL) and TEA (6 mL). The flask was degassed and purged with
N.. The reaction mixture was heated at 90 °C for 24 h under N». Then, it was filtered
and the filtrate was poured into methanol. The red precipitate was filtered and
washed with methanol and then dissolved in methylene chloride. After evaporation
of the solvent, the crude product was purified by silica gel column chromatography
using the mixture of ethyl acetate and n-hexane (vol. ratio 1:4) as an eluent and by
recrystallization from methanol to obtain 0.60 g of red crystals of 12 with a yield of
65%. M.p. = 179-180 °C. *H NMR spectrum (300 MHz, CDCls, §, ppm): 8.69 (dd,
2H, J1 = 1.0 Hz, J; = 7.2 Hz, —Hnaphthatene), 8.64-8.61 (m, 4H, —Hnaphthalene, —
HNaphthaIene), 8.03 (d, 2H, J = 7.7 Hz, —HNaphthaIene), 7.88-7.79 (m, 4H, —Hnaphthalene,
=CH-), 7.60 (d, 4H, J = 8.6 Hz, —Ar), 7.41-7.33 (m, 5H, -Ar, =CH-), 7.26-7.19 (m,
6H, —Ar), 4.19-4.15 (m, 4H, N-CH>), 2.08-1.92 (m, 2H, —-CH), 1.52-1.25 (m, 16H,
—CHy), 1.02-0.86 (m, 12H, —CHs). IR, (in KBr), cm™: 3032 v (CHa); 2956, 2924,
2855 v (CHaiiphatic); 1695 v (C=Oannyarice); 1657, 1583, 1506, 1490 v (C=Cy); 1355,
1231 v (C-N); 961 v (trans, -CH=CH); 781, 753, 696 y (CHa). *C NMR spectrum
(75.4 MHz, CDCls, 6, ppm): 165.0, 164.6, 148.1, 147.0, 141.8, 134.8, 131.4, 130.2,
129.8, 129.7, 129.0, 128.4, 126.8, 125.7, 124.0, 123.8, 123.3, 123.3, 122.1, 121.4,
44.3, 38.2, 31.0, 29.0, 24.2, 23.3, 14.4, 10.9. MS (APCI*, 20 V), m/z: 911 ([M+H]").
Anal. Calcd. for Ce2Hs1N3O4: C, 81.64; H, 6.74; N, 4.61; O, 7.02. Found: C, 81.51;
H, 6.80; N, 4.68%.

4-((E)-2-(N-(2-ethylhexyl)-1,8-naphthalimid-4-yl)vinyl)-N-(4-((E)-2-(N-(2-
ethylhexyl)-1,8-naphthalimid-4-yl)vinyl) N-(4-((E)-2-(N-(2-ethylhexyl)-1,8-
naphthalimid-4-yl)vinyl)phenyl)benzenamine (13). A flask was charged with a
mixture of 1 (1.27 g, 3.27 mmol), tris-(4-vinyl-phenyl)amine (7°) (0.25 g, 0.77
mmol), Pd(OACc), (2.6 mg, 0.084 mmol), P(o-tolyl)s (7 mg, 0.031 mmol), DMF (30
mL) and TEA (9 mL). The flask was degassed and purged with N,. The reaction
mixture was heated at 90 °C for 24 h under N». Then, it was filtered and the filtrate
was poured into methanol. The red precipitate was filtered and washed with
methanol and dissolved in methylene chloride. After evaporation of the solvent, the
crude product was purified by silica gel column cromatography using the mixture of
ethyl acetate and n-hexane (vol. ratio 1:8) as an eluent and by recrystallization from
methanol to obtain 0.42 g of red crystals of 13 with a yield of 44%. M.p. = 209-210
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°C. 'H NMR spectrum (300 MHz, CDCls, 8, ppm): 8.67 (dd, 3H, J;= 0.9 Hz, J, =
7.2 HZ, —HNaphthaIene), 8.64-8.61 (m, 3H, —HNaphthaIene), 8.04 (d, 3H, J=17.8 HZ, —
Hnaphthatene), 7.91—7.79 (m, 6H, —Hnaphthatene, —Vinylic), 7.65-7.54 (m, 6H, —Ar), 7.41—
7.27 (m, 9H, —Ar, =CH-), 4.18-4.16 (m, 6H, N-CH_), 2.07-1.95 (m, 3H, —CH),
1.47-1.31 (m, 24H, —-CH,), 1.00-0.91 (m, 18H, —CHj). IR, (in KBr), cm™: 3032 v
(CHa); 2954, 2925, 2856 v (CHaiiphatic); 1698 v (C=Ouannyarice); 1656, 1583, 1504, 1461
v (C=Ca); 1354, 1231 v (C-N); 956 y (trans, -CH=CH); 778, 753, 724 y (CHa)). 13C
NMR spectrum (75.4 MHz, CDCls, 5, ppm): ): 164.9, 164.7, 147.6, 141.6, 134.7,
132.2, 131.5, 131.5, 131.4, 130.0, 129.7, 129.0, 128.6, 126.9, 124.7, 123.9, 123.4,
122.6, 122.4,121.4, 44,4, 38.2, 30.9, 29.0, 24.3, 23.3, 14.4, 10.9. MS (APCI*, 20 V),
m/z: 1244 ([M+H]*). Anal. Calcd. for CesHaaNsOs: C, 81.00; H, 6.80; N, 4.50.
Found: C, 79.75; H, 6.85; N, 4.48%.
®,
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4-((4*-Diphenylaminophenyl)ethynyl)-N-(2-ethylhexyl)-1,8-naphthalimide
(14). To a mixture of 4-ethynylphenyldiphenylamine (3a’) (0.38 g, 1.42 mmol),
PdCI3(PPhs), (0.036 g, 0.052 mmol), Cul (0.003 g, 0.017 mmol), 4-bromo-N-(2-
ethylhexyl)-1,8-naphthalimide (1) (0.5 g, 1.29 mmol) in diisopropylamine (20 mL)
was purged with nitrogen and stirred at room temperature for 24 h. After removing
the solvent under vacuum, the residue was eluted through a silica gel column using
gradient solvents from pure hexane, a mixture of n-hexane:ethylacetate (12:1), n-
hexane:ethylacetate (8:1) and n-hexane:ethylacetate (4:1) to give the pure product 14
(0.31 g; 42%) as an orange crystals, m.p. = 177-178 °C; 'H NMR (300 MHz,
CDCls, 8, ppm): 8.78-8.73 (M, 1H, Hnaphthalene), 8.69 (dd, 1H, J, = 4.6 Hz, J, = 1.25
Hz, HNaphthaIene), 8.68-8.66 (m, 1H, HNaphthaIene), 8.58 (dd, 1H, J1 = 7.7 Hz, J, = 1.0
Hz, Hnaphthatene), 8.47 (dd, 1H, J1 = 8.4 Hz, J> = 1.1 Hz, Hnaphthatene), 7.96 (dd, 1H, J1 =
7.7 Hz, J, = 1.7 Hz, —Ar), 7.90-7.82 (m, 1H, —Ar), 7.75-7.66 (m, 2H, —Ar), 7.60—
7.43 (m, 5H, —Ar), 7.14-7.00 (m, 5H, —Ar), 4.22-4.09 (m, 2H, —Haiiphatic), 1.98 (s,
1H, —Hatiphatic), 1.43-1.21 (m, 8H, —Haiiphatic), 1.01-0.87 (m, 6H, —Haiiphatic). °C NMR
(75.4 MHz, CDCls, 6, ppm): 159.3, 150.7, 141.3, 137.3, 137.2, 137.2, 135.9, 133.3,
133.2, 131.3, 129.7, 129.7, 129.2, 128.7, 125.8, 125.0, 123.3, 123.2, 122.3, 122.3,
122.2, 122.2, 117.2, 92.2, 44.7, 37.0, 31.5, 29.4, 25.8, 23.2, 14.8. IR, (KBr), cm™:
3034 v (CHa); 2957, 2934, 2855 v (CHaiiphatic); 1698 v (C=Ouannyarice); 1654, 1588,
1501, 1486 v (C=Ca); 1323, 1312, 1273 v (C-N); 779, 752, 691 y (CHa). MS
(APCI*, 20 V), m/z: 577 ([M+H]"). Elemental analysis for CHssN2O,: calcd. C,
83.30; H, 6.29; N, 4.86; O, 5.55. Found: C, 83.36; H, 6.25; N, 4.82%.
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4,4’-((Di(N-(2-ethylhexyl)-1,8-naphthalimide-4-

yl)phenyl)ethynyl)benzenamine (15) was prepared by the similar procedure as 14
using 4-ethynyl-N-(4-ethynylphenyl)-N-phenylbenzenamine (3b¢) (0.5 g, 3.35
mmol), 1 (1.72 g, 4.44 mmol), (PPh3).Cl, (0.11 g, 0.16 mmol), Cul (0.02 g, 0.1
mmol). The crude product was purified by silica gel column chromatography using
gradient solvents from pure hexane, a mixture of n-hexane:ethylacetate (12:1), n-
hexane:ethylacetate (7:1) and n-hexane:ethylacetate (3:1) to obtain 15 as a red
crystals with the yield of 0.48 g (31%), m.p. = 202-203 °C; 'H NMR (300 MHz,
CDCls, 3, ppm): 8.76 (dd, 2H, J1 = 8.4 Hz, J; = 1.0 Hz, Hnaphthatene), 8.67 (dd, 2H, J1
= 7.3 Hz, J, = 1.0 Hz, Hnaphthatene), 8.58 (d, 2H, J = 7.7 Hz, Hnaphthatene), 7.96 (d, 2H, J
= 7.7 Hz, Hnaphthatene), 7.86 (dd, 2H, J1 = 8.2 Hz, J, = 7.52 Hz, Hnaphthatene), 7.60 (d,
4H, J = 8.7 Hz, -Ar), 7.45-7.36 (m, 2H, -Ar), 7.21 (dd, 7H, J1 = 178 Hz, J, = 7.9
Hz, —Ar), 4.23-4.08 (m, 4H, —Haiiphatic), 2.04-1.89 (m, 2H, —Haiiphatic), 1.50-1.25 (m,
16H, —Haiiphatic), 0.93 (M, 12H, —Haiiphaic). *C NMR (75.4 MHz, CDCls, 8, ppm):
159.3, 141.3, 140.2, 137.8, 137.7, 137.2, 135.8, 135.2, 133.7, 133.0, 131.7, 131.3,
129.3, 128.7, 125.7, 125.6, 125.3, 123.6, 122.8, 122.6, 122.3, 117.4, 92.4, 44.2,
37.8,31.2,29.3, 25.6, 23.9, 14.2, 11.4. IR, (KBr), cm™: 3040 v (CHa); 2957, 2927,
2857 v (CHaliphatic); 1699 v (C=Ouannyarice); 1657, 1585, 1509, 1492 v (C=Ca); 1355,
1316, 1284 v (C-N); 784, 755, 695 y (CHar). MS (APCI*, 20 V), m/z: 909 ([M+H]").
Elemental analysis for Cs,Hs7N3Oa: calcd. C, 82.00; H, 6.33; N, 4.63; O, 7.05.
Found: C, 82.03; H, 6.36; N, 4.64%.

4,4°,4°-((Tris(N-(2-ethylhexyl)-1,8-naphthalimide-4-
yl)phenyl)ethynyl)benzenamine (16) was prepared by the similar procedure as 14
using tri[p-ethynylphenyl]amine (3c¢) (0.5 g, 1.58 mmol), 1 (2.08 g, 5.36 mmol),
(PPh3)2Cl, (0.12 g, 0.17 mmol), Cul (0.03 g, 0.19 mmol). The crude product was
purified by silica gel column chromatography using gradient solvents from pure
hexane, a mixture of n-hexane:ethylacetate (12:1), n-hexane:ethylacetate (6:1) and
n-hexane:ethylacetate (2:1) to obtain 16 as a red crystals with the yield of 0.45 g
(23%), m.p. = 213-215 °C; *H NMR (300 MHz, CDCls, 3, ppm): 9.19 (dd, 5H, J: =
19.3 Hz, J> = 10.1 Hz, Hnaphthatene), 8.39 (d, 4H, J = 6.8 Hz, Hnaphthatene), 7.99 (t, 3H, J
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= 6.1 Hz, Hyaphthatene), 7.85-7.76 (m, 3H, Hnaphthatene), 7.46—7.41 (m, 6H, —Ar), 7.15—
7.11 (m, 6H, —Ar), 4.17-4.04 (m, 6H, —Haiiphatic), 1.98-1.84 (m, 3H, —Haiiphatic), 1.45—
1.22 (m, 24H, fHanphatic), 1.03-0.76 (m, 18H, fHanphatic). 13C NMR (75.4 MHZ,
CDCls, 8, ppm): 159.4, 140.5, 137.8, 137.5, 137.2, 135.2, 133.5, 133.4, 133.4,
131.4, 128.6, 125.8, 125.6, 124.8, 122.4, 117.8, 92.4, 44.6, 37.8, 31.4, 29.4, 25.2,
23.1, 14.6, 115. IR, (KBr), cm™: 3051 v (CHa); 2956, 2929, 2853 v (CHaiiphatic);
1700 v (C=Oannydride); 1654, 1585, 1510, 1489 v (C=Ca); 1356, 1317, 1284 v (C-N);
774, 765, 698 y (CHar). MS (APCI*, 20 V), m/z: 1242 ([M+H]"). Elemental analysis
for CesHgoN4Os: calcd. C, 81.26; H, 6.49; N, 4.51; O, 7.73. Found: C, 81.22; H, 6.54;
N, 4.48%.

2-((N-(2-ethylhexyl)-1,8-naphthalimide)-4-yl)-9,9-diethyl-9H-fluorene (17)
and  2,7-di((N-(2-ethylhexyl)-1,8-naphthalimide)-4-yl)-9,9-diethyl-9H-fluorene
(20) were prepared according to the published procedure [174].

2-((N-(2-ethylhexyl)-1,8-naphthalimide)-4-yl)-9,9-di(2-ethylhexyl)-9H-

fluorene (18). 4-Bromo-N-2-ethylhexyl-1,8-naphthalimide (1) (300 mg, 0.77 mmol)
and 9,9-di(2-ethylhexyl)-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-2-yl)-9H-
fluorene (0.85 mmol) were taken in a 100 mL Schlenk flask. A solvent mixture of
20 mL of THF and 2 mL of water and powdered K>COs (2.7 mmol) was added. The
reaction mixture was purged with nitrogen for 5 min. The reaction flask was
degassed and then again purged with nitrogen for 2 min. Pd(PPhs).Cl, (0.04 mmol)
was added into it and stirred for 12-16 hrs at 80 °C under nitrogen. The reaction
mixture was allowed to cool down to the room temperature, diluted with water and
extracted using ethyl acetate. The organic layers were dried over sodium sulfate and
evaporated at reduced pressure. The product was purified by column
chromatography using an eluent mixture of n-hexane and ethyl acetate in a volume
ratio of 8:1. Yield = 78% (180 mg); Yellow crystals (FW = 698.03 g/mol); m.p. =
55-56 °C. *H NMR (300 MHz, CDCls, J, ppm): 8.74-8.66 (m, 2H), 8.45 (d, J=7.9
Hz, 1H), 8.37 (dd, J; = 1.1 Hz, J, = 8.5 Hz, 1H), 7.94-7.88 (m, 1H), 7.85-7.81 (m,
2H), 7.79-7.72 (m, 1H), 7.54-7.49 (m, 2H), 7.47-7.40 (m, 2H), 4.26-4.13 (m, 2H,
NCH,), 3.56-3.47 (m, 1H, CH), 2.18-2.07 (m, 4H, CHa¢uorene), 2.05-1.93 (m, 2H,
CHuaphentimide), 1.55-1.27 (m, 24H, CHonaphtntimide, CHariuorene), 1.07-0.80 (m, 12H,
CHanaphthiimige, CHaFiuorene), 0.47 (t, J = 7.3 Hz, 6H, CHagiyorene). *C NMR (75.5 MHz,
CDCls, o, ppm): 164.9, 164.3, 150.8, 150.4, 147.6, 142.2, 141.0, 137.8, 133.4,
132.9, 132.3, 131.5, 131.2, 130.4, 129.1, 128.1, 127.9, 127.3, 127.1, 124.7, 123.3,
121.8, 120.2, 119.8, 56.5, 44.5, 44.4, 38.2, 38.2, 33.0, 31.1, 29.0, 24.4, 23.5, 23.3,
14.4, 11.0, 10.9, 8.9. IR (KBr, v cm™): (arene C-H) 3063; (aliphatic C—H) 2960,
2927, 2855; (imide C=0) 1699; (Ar C=C) 1658, 1588; (imide C-N) 1354, 1231.
Anal. Calc. for C4HeNO2: C, 84.31; H, 9.10; N, 2.01; O, 4.58%. Found: C, 84.37;
H, 9.14; N, 2.03%. MS (APCI*, 20 V), m/z: 698 [M+H]".
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2-((N-(octyl)-1,8-naphthalimide)-4-yl)-9,9-dioctyl-9H-fluorene  (19) was
prepared by the similar procedure as 18 using 4-bromo-N-octyl-1,8-naphthalimide
(1a%) (300 mg, 0.77 mmol), 9,9-dioctyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-
2-y1)-9H-fluorene (0.85 mmol), K>COs (2.7 mmol), Pd(PPhs).Cl, (0.04 mmol). The
product was purified by column chromatography using an eluent mixture of n-
hexane and ethyl acetate in a volume ratio of 8:1 to yield the viscous solid. Yield =
71% (134 mg); (FW = 698.03 g/mol). *H NMR (300 MHz, CDCls, § ppm): 8.76—
8.65 (m, 2H), 8.36 (dd, J. = 1.1 Hz, J, = 8.5 Hz, 1H), 7.90 (d, J = 8.5 Hz, 1H), 7.86—
7.79 (m, 2H), 7.72 (m, 2H), 7.52 (dd, J: = 1.5 Hz, J> = 7.0 Hz, 2H), 7.46-7.39 (m,
2H), 4.30-4.22 (m, 2H, NCH), 2.11-1.98 (m, 4H, CHzrivorene), 1.87-1.74 (m, 2H,
NCH,CH,), 1.41-0.94 (m, 22H, CHanaphthlimide; CH2F1uorene), 0.94-0.82 (m, 11H, CH,,
CHarivorene, CHanaphthiimide). *C NMR (75.5 MHz, CDCls, 6 ppm): 164.6, 164.4, 151.5,
151.3, 147.8, 141.8, 140.6, 137.6, 132.9, 131.4, 131.1, 130.5, 129.0, 128.1, 127.9,
127.3, 127.0, 124.8, 123.2, 121.9, 120.3, 120.1, 119.9, 55.6, 40.8, 40.5, 32.0, 30.3,
29.7, 29.5, 28.4, 27.5, 24.2, 22.9, 14.3. IR (KBr, v cm?): (arene C-H) 3061;
(aliphatic C—H) 2958, 2923, 2845; (imide C=0) 1698; (Ar C=C) 1655, 1585; (imide
C-N) 1353, 1234. Anal. Calc. for C4HesNO2: C, 84.31; H, 9.10; N, 2.01; O, 4.58%.
Found: C, 84.35; H 9.15; N, 2.07%. MS (APCI*, 20 V), m/z: 698 [M+H]".

2,7-Di((N-(2-ethylhexyl)-1,8-naphthalimide)-4-yl)-9,9-di(2-ethylhexyl)-9H-
fluorene (21) was prepared by the similar procedure as 18 using 4-bromo-N-2-
ethylhexyl-1,8-naphthalimide (1) (300 mg, 1.54 mmol), 9,9-di(2-ethylhexyl)-2,7-
di(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-2-y1)-9H-fluorene (0.38 mmol), K,COs
(5.4 mmol), Pd(PPhs).Cl, (0.08 mmol). The product was purified by silica gel
column chromatography using an eluent mixture of n-hexane and ethyl acetate in a
volume ratio of 8:1. Yield = 72% (145 mg); Yellow crystals (FW = 1005.42 g/mol);
m.p. = 118-119 °C. *H NMR (300 MHz, CDCls, § ppm): 8.75-8.67 (m, 4H), 8.40—
8.30 (m, 2H), 8.00 (d, J = 7.7 Hz, 2H), 7.80-7.71 (m, 4H), 7.63-7.53 (m, 4H), 4.28—
4.14 (m, 4H, NCHy), 2.19-2.09 (g, J = 7.1 Hz, 4H, CHarivorene), 2.08-1.93 (m, 4H,
CHnaphthlimide), 1.51-1.31 (m, 16H, CHanaphthiimige), 1.07-0.76 (m, 28H, CHanaphthlimide,
CHSNaphthIimide), 0.75-0.58 (m, 12H, CH3FIuorene)- 13(: NMR (75.5 MHZ, CDC|3, 0
ppm): 165.1, 164.8, 151.6, 151.6, 151.5, 147.5, 141.2, 137.9, 132.8, 131.7, 131.4,
130.6, 129.4, 128.0, 127.0, 125.9, 123.3, 122.1, 120.5, 55.9, 44.9, 44.5, 38.2, 35.2,
34.3,31.1,29.0, 28.9, 27.3, 24.4, 23.2, 14.3, 11.0, 10.5. IR (KBr, v cm™): (arene C—
H) 3062; (aliphatic C-H) 2957, 2925, 2856; (imide C=0) 1702; (Ar C=C) 1660,
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1588; (imide C-N) 1353, 1233. Anal. Calc. for CeoHssN204: C, 82.43; H, 8.42, N,
2.79, O, 6.37%. Found: C, 82.51; H, 8.49; N, 2.71%. MS (APCI*, 20 V), m/z: 1004
[M]".

2,7-Di((N-(octyl)-1,8-naphthalimide)-4-yl)-9,9-dioctyl-9H-fluorene (22)
was prepared by the similar procedure as 18 using 4-bromo-N-octyl-1,8-
naphthalimide (1) (300 mg, 1.54 mmol), 9,9-dioctyl-2,7-di(4,4,5,5-tetramethyl-
1,3,2-dioxaborolane-2-yl)-9H-fluorene  (0.38 mmol), K:CO; (5.4 mmol),
Pd(PPhs).Cl, (0.08 mmol). The product was purified by column chromatography
using silica gel as stationary phase and an eluent mixture of n-hexane and ethyl
acetate in a volume ratio of 8:1. Yield = 65% (112 mg); Yellow crystals (FW =
1005.42 g/mol); m.p. = 161-162 °C. *H NMR (300 MHz, CDCls, § ppm): 8.78-8.66
(m, 4H), 8.38 (dd, J: = 1.0 Hz, J, = 8.5 Hz, 2H), 8.00 (d, J = 7.5 Hz, 2H), 7.85 (d, J
= 7.5 Hz, 2H), 7.75 (dd, J1 = 7.3 Hz, J, = 85 Hz, 2H), 7.63-7.52 (m, 4H,
CHoariorene), 4.32-4.20 (m, 4H, NCH>), 2.18-2.02 (m, 4H, CHzriuorene), 1.86-1.74 (m,
4H, CHonaphthiimige), 1.49-1.11 (m, 32H, CHanaphthlimide, CHazrivorene), 0.96-0.80 (m,
12H, CHagiyorene, CHanaphthlimice). “C NMR (75.5 MHz, CDCls, 6 ppm): 164.6, 164.4,
151.8, 147.4, 141.0, 138.3, 132.9, 131.5, 131.1, 1304, 129.4, 129.1, 128.2, 127.1,
124.9, 123.3, 122.0, 120.5, 55.8, 40.9, 40.5, 32.0, 30.2, 29.7, 29.5, 28.4, 27.5, 24.3,
22.9, 14.4. IR (KBr, v cm™): (arene C—H) 3060; (aliphatic C—H) 2956, 2926, 2856;
(imide C=0) 1701; (Ar C=C) 1658, 1589; (imide C-N) 1354, 1232. Anal. Calc. for
CeoHssN2O4: C, 82.43; H, 8.42, N, 2.79, O, 6.37%. Found: C, 82.49; H, 8.46; N,
2.78%. MS (APCI*, 20 V), m/z: 1004 [M]*.
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4.  RESULTS AND DISCUSSION

4.1. Bipolar compounds having 1,8-naphthalimide and triphenylamino
moieties

Naphthalimide derivatives represent an attractive class of electron-deficient
organic materials with high electron affinities (~ -3 eV) [13], due to the existence of
an electron-deficient centre [13] and display good electron-transporting or hole-
blocking capabilities. They have wide energy gaps (~ 2.2-3 eV) [175] and low
reduction potentials (~-1.8-2 V) [176]. They also exhibit good photochemical
stability [177,178] and high luminescence quantum yields [13-15,179]. Wide
possibility of functionalization via imide moiety [180] and carbocyclic core using
non-chromophore or chromophore substituents in order to improve the
processability or electronic properties have also driven research interest extensively
on naphthalimides and their derivatives [178,181]. The substitutions at the C-4
position of 1,8-naphthalimide derivatives [16,41,43], may change glass transition
temperatures, shift fluorescence wavelengths, change fluorescence quantum yields,
shift redox potentials and/or improve photoelectrical  characteristics
[71,109,182,183].

Compounds bearing TPA moiety are widely investigated mainly as hole-
transporting materials, and their properties were described in a number of papers and
reviews [8,184-186]. TPA and its derivatives, with excellent solubility, good
stability, and high photoluminescent efficiency, have been extensively used in
optoelectronic devices [187]. Electron-rich TPA derivatives have been typically
used as hole-transporting materials and/or blue light emitting materials [188-190]
due to the easy oxidizability of the nitrogen center and the ability to transport
positive charges via the radical-cation species. These properties are related to the
presence of nitrogen atom linked to three electron rich phenyl groups in a three-
dimensional propeller-like shape [191], which benefits the amorphous structure and
solution-processability of the compounds containing it.

4.1.1.Synthesis and properties of hydrazones containing 1,8-naphthalimide and
triphenylamino moieties

Bipolar molecular glasses are of interest for the applications in optoelectronic
devices such as organic light-emitting diodes. Recently materials showing bipolar
charge transport properties have been reported by several groups [192-194]. To
achieve a good balance of holes and electrons, both hole and electron-transporting
functions should be incorporated into a single bipolar material [195,196]. One
promising strategy is to develop bipolar compounds bearing both electron-donating
and electron-accepting moieties capable of matching for charge carrier injection and
acceptance of both holes and electrons [189,197,198]. In this chapter, the synthesis
and a systematic investigation of hydrazones containing both donor
(triphenylamino) and acceptor (1,8-naphthalimide) moieties are reported.
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Synthesis and characterization

Compounds 3 and 4 were synthesized by the synthetic route, shown in Scheme
4.1. The first step was condensation of 4-bromo-1,8-naphthalic anhydride with 2-
ethylhexylamine to obtain 4-bromo-N-(2-ethylhexyl)-1,8-naphthalimide (1).
Compounds 3 and 4 were obtained by condensation of compound 2 with an excess
of  4-(di(4-methoxyphenyl)amine)benzaldehyde (a) and 4,4’-diformyl-4>’-
methoxyphenylamine (b).
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o N o drzine hydrate, ° \©\ /@/\N O
0, 0.0
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Scheme 4.1. Synthetic routes to hydrazones 3 and 4

1 methanol, 1.5 h

Compounds 5 and 6 were synthesized by alkylation of 3 and 4 (Scheme 4.2).

S N
N N/\©\ /@/\
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KOH, 50-60 °C,
10 min, 5

1 Oglﬁ

CH3

Scheme 4.2. Synthesis of compounds 5 and 6

The chemical structures of the newly synthesized compounds (1-6) were
confirmed by H NMR, ¥*C NMR, IR, and mass spectrometries. Hydrazones 3-6
were found to be soluble in common organic solvents such as chloroform, acetone,
THF.
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Thermal properties

The behaviour under heating of compounds 3-6 was studied by DSC and TGA
under a nitrogen atmosphere. The values of Ty and 5% weight loss temperatures
(Tp-s%) are summarized in Table 4.1.

Table 4.1. Temperatures of the thermal transitions of compounds 3-6

Compound Tg (°C) (2™ heating) Tip-s%, (°C)
3 142 275
4 87 348
5 73 268
6 46 303

Compounds 3-6 demonstrated thermal stability similar to that of other
hydrazones [199]. The Tip-s% ranging from 268 °C to 348 °C we recorded by TGA
with a heating rate of 20 °C/min. Alkyl substituted derivatives 5 and 6 exhibited
lower thermal stability than the corresponding unsubstituted compounds (3 and 4).
The attachment of ethyl group at the nitrogen atom of hydrazine moiety lead to the
change of the mechanism of thermal degradation. While the degradation of
unsubstituted compounds (3 and 4) occured in one stage, the alkyl-substituted
derivatives (5 and 6) showed two-step thermal degradation. Fig. 4.1 showing TGA
curves of compounds 4 and 6 illustrates this statement.

@U@f&

200 300 400 500 600 700 800 cHy
Temperature (°C)

Figure 4.1. TGA curves of 4 and 6 recorded at the heating rate of 20 °C/min in N

The compounds synthesized can exist in the glassy state. Their T4 range from
46 to 142 °C. The comparison T4 of compounds 3 and 4 having secondary amino
group with those of alkyl substituted hydrazones 5 and 6 revealed considerably
higher T4 of 3 and 4. This observation can apparently be explained by the hydrogen
bonding in the glasses of 3 and 4.

Optical and fluorescence properties

Fig. 4.2 and Fig. 4.3 show UV and FL spectra of dilute solutions and thin films
of compounds 3-6. The wavelengths of absorption and emission maxima are
summarized in Table 4.2.
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Table 4.2. Wavelengths of absorption and fluorescence maxima of compounds 3-6

Compound UV: Amax, (NM)? UV: Amax, (NM)P FL: Amax, (NM)?
3 476 499 562
4 478 511 585
5 471 485 N.d
6 475 491 N.d

a Splution in THF with the concentration of 10> M. ® Measured for thin films on the
fused quartz plates. N.d — fluorescence not detectable.

The absorption spectra of compounds 3, 4 and 5, 6 are similar. The lowest
energy absorption bands of monohydrazones 4 and 6 are slightly red-shifted with
respect of those of dihydrazones 3 and 5. This observation can apparently be
explained by the presence of two methoxy groups in the triphenylamino mieties of
monohydrazones. The FL spectra of compounds 3 and 4 are also similar. The
spectrum of monohydrazone 4 shows bathochromic shift with respect to the
spectrum of dihydrazone 3. This observation is consistent with the UV spectrometry
data. Absorbance spectra of the films are similar to those of the dilute solutions,
however the lowest energy absorption bands of the films are red-shifted with respect
to those of the solutions, apparently due to enhanced intermolecular interactions in
the solid state. Bathochromic shifts of the spectra of the films with respect of the
spectra of the solutions are more evident for compounds 3 and 4 relative to
compounds 5 and 6. The intermolecular interaction in the films of unsubstituted
hydrazones is apparently stronger due to hydrogen bonding. We did not manage to
record FL from the films of compounds 5 and 6. This was apparently due to the
intermolecular quenching.
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Figure 4.2. UV-Vis and FL spectra of dilute THF solutions (10~ M) of hydrazones 3—6.
Absorption maxima wavelengths were used as excitation wavelengths
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Figure 4.3. UV-Vis absorption spectra of thin films of hydrazones 3—6
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Electrochemical properties

Electrochemical investigation of DCM solutions of compounds showed that
oxidation starts at the same potential of 0.09 V as shown in Fig. 4.4a-d. The first
oxidation potential of compounds occurs at 0.30 V for 3 and at 0.25 V for 4.
Oxidation of 3 and 4 is a reversible redox process (Fig. 4.4) but the reduction
process is reversible only for 5 and 6 (Fig. 4.4a,c). The first reduction potential
occured at -1.86 V, —1.84 V for compounds with alkyl chain (5, 6) and at -1.97 V, —
1.99 V for compounds with unsubstituted hydrazine moiety (3, 4).

1.5 E,=0.30V 154 E,,= 0.30V

I (uA)
I (uA)

E o= 023V

15+ 1.0+ E,,=0.25V
E,,=0.25V
0.8
0.6
0.4+
0.2+
0.0+
-0.24
-0.44
-0.6
-0.84
-1.04
T T T T T T : : : " : :
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Figure 4.4. CV! curves of ImM solutions in 1M BusNBF4; DCM electrolyte of a) 5; b) 3; c)
6,d)4

CV curves of monohydrazones 4, 6 are shifted to the left as compared to the
curves of dihydrazones 3, 5. The shapes of CV curves are similar for alkyl
substituted compounds 5 and 6 (cf. curves 4.4a,c). They are also similar for
unsubstituted derivatives (3 and 4) (cf. curves 4.4b,d). However the considerable
distinctions are observed between CV curves of alkyl substituted (5, 6) and
unsubstituted (3, 4) compounds (cf. curves 4.4a,b). Free hydrogen at hydrazine
nitrogen is apparently involved in side reactions of electrochemical process and
because of that reduction process is not reversible. Oxidation part of CV curves is
related to the oxidation of triphenylamino group and reduction part is related to the
reduction of imido group.

1 Electrochemical measurements were carried out at the Faculty of Chemistry, Silesian University of Technology by
dr. P. Data.

78



DPV spectra (Fig. 4.5) show absolute peaks of oxidation and reduction
processes. In correlation to the molecular band, oxidation peak is related to IPcv and
reduction peak is related to EAcv values. Eoe value is in the range between those

peaks. Oxidation potential peaks are similar for monohydrazones 4 and 6 (0.21 V)
and dihydrazones 3 and 5 (0.16 V). For the reduction potential peaks the opposite
correlation is observed: the potentials are similar for compounds with alkyl groups
5, 6 (-1.80 V) or without them 3, 4 (-1.89 V).

4 -

| (uA)
4

20 15 10 05 00 0.5
E(V)

Figure 4.5. DPV curves of ImM of solutions of compounds 3—6 in 1M BusNBF4 DCM
electrolyte

The band-gap value is one of the most useful characteristic for materials used
in optoelectronic devices. ES° is usually slightly lower than the E‘;”tone. The band

gap value for the alkyl-substituted hydrazones 5, 6 are lower than those of un-
substituted hydrazones 3 and 4. Alkyl-substituted hydrazones 5, 6 show lower of
EAcv values than their unsubstituted counterparts. Compounds 4 and 6 having two
methoxy groups in triphenylamino moiety show increased IPcy (see Table 4.3).

Table 4.3. IPcv/EAcvy, optical and electrochemical band-gap energies and IPgp Of
bipolar hydrazones

Compound  IPcy, (eV)?  EAcy, (eV)° Ef;c,(eV)C EZ. (eV)? 1P (eV)©

3 5.06 -291 2.15 2.27 -
4 5.01 -291 2.10 2.27 -
5 5.06 -3.00 2.06 2.24 5.45
6 5.01 -3.00 2.01 2.25 5.45

& Jonization potentials and electron affinities estimated according to
IPey = (Egne +4.8) (€V). EA,, =—(Efiey+4.8)(€V). ® EAcy = (| IPcv | = EZ)). © EZ°=|

IPcv | — | EAcv |. @ The optical band gap estimated from the onset wavelength of optical
absorption according to the empirical formula: E;pt = 1240/ )cqqe. € Established from electron

photoemission in air spectra?.

2 |Pep was measured at the Department of Solid State Electronics, Vilnius University.
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The IPep values determined by cyclic voltammetry do not represent any
absolute solid-state or gas-phase ionization energies, they can be used only for the
comparison of different compounds. It was therefore of interest to estimate the
ionization potentials of the amorphous layers of the synthesized compounds by
electron photoemission technique. The values of IPgr of compounds 5 and 6 are
given in Table 4.3. It seems that the presence of electron accepting 1,8-
naphthalimide species has minor effect on the ionization potentials of these
compounds. They are close to the ionization potentials of earlier reported
triphenylamine-based hydrazones [200,201]. The IPep values of the synthesized
compounds are rather close and comparable to IPep of clasical hole transporting
material TPD (5.3-5.5eV) [202].

Photoelectrical properties

Xerographic time of flight measurements were used to characterize the
magnitudes of hole drift mobility () for the solid solutions of compounds 5 and 6
in the host polymer bisphenol Z polycarbonate (PC-Z). For the layers of the solid
solutions of compounds 5 and 6 in PC-Z the room temperature z, shows the linear
dependencies on the square root of the electric field (Fig. 4.6). This characteristic
dependence is observed for the majority of amorphous organic systems and can be
attributed to the effects of disorder on charge transport [203]. The layers of the solid
solutions of compounds 5 and 6 in PC-Z (50%) showed s, exceeding 10-° cm?-V-1.s
1 at high electric fields at 25 °C, these results indicate that such compounds are
suitable for practical applications in the solid-state dye-sensitized solar cells [204].
The hole drift mobility values of the synthesized hydrazones are comparable to those
of the other derivatives of hydrazones [205,206].
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Figure 4.6. Electric field dependencies of hole-drift mobilities® in the layers of hydrazones 5,
and 6 molecularly doped in PC-Z (50 wt.%)

T
T=25°C

W A45+(PC-Z), 1:1,d = 5,4 ym
@ A+6+(PC-Z), 1:1,d =50 um

107 F

0 200 400 600 800 1000 1200 1400 1600

12 12

E™ (Vicm)

In conclusion, four new hydrazones containing both acceptor and donor
moieties were synthesized and their thermal, optical, electrochemical and
photoelectrical properties were investigated. The hydrazones exhibit 5% weight loss

3 Hole mobilities were measured at the Department of Solid State Electronics, Vilnius University by dr. V.
Jankauskas.
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temperatures in the range of 268-348 °C and can form glasses with glass transition
temperatures in the range of 46-142 °C. Room temperature time-of-flight hole
mobilities in the solid solutions of the derivatives in the polymeric host bisphenol-Z
polycarbonate (50%) exceeded 10° cm?/V-s at high applied electric fields.

4.1.2.Synthesis and properties of ambipolar organic compounds containing
triphenylamino and 1,8-naphthalimide moieties linked via the single
bonds

In the last decades many kinds of organic hole-transporting amorphous
molecular materials were reported [8]. Lesser assortment is available of glass-
forming electron-transporting organic molecular materials especially those capable
of working in air [207-210]. Even smaller amount of amorphous organic molecular
materials capable of effectively transporting both holes and electrons were reported.
Such materials recently attract much attention [211-213]. Ambipolar charge-
transporting materials are of interest for the applications in organic light emitting
diodes (OLED) [214,215] and in particular in electrophosphorescent devices [216].
Materials capable of transporting both negative and positive charges at ambient
conditions are of particular interest [217,218].

In this chapter, the synthesis and properties of compounds consisting of 1,8-
naphthalimide and TPA moieties capable of effectively transporting both holes and
electrons in air are reported. Hydrazones containing 1,8-naphthalimide and
triphenylamino moieties (see Chapter 4.1.1) were found to be capable of
transporting only positive charges in air. To our knowledge no studies demonstrating
ambipolar charge transport in the derivatives of 1,8-naphthalimide and TPA were
yet reported.

By applying a joint experimental and theoretical approaches, the aim of this
study is twofold: (i) report on the synthesis of four new derivatives of TPA
containing direct linkages with a different number of naphthalimide moieties (ii)
characterization of the four new compounds for better understanding of the
structure-property relationships. The hole-transport properties of these amorphous
compounds are discussed in the frame of Marcus theory [219-222].

Synthesis and characterization

Scheme 4.3 shows the synthetic routes to compounds 7-10. The first step was
condensation of 4-bromo-1,8-naphthalic anhydride with 2-ethylhexylamine in DMF
which gave 4-bromo-N-(2-ethylhexyl)-1,8-naphthalimide (1). Compound 2b was
obtained by Ullmann coupling of 4-bromoaniline (1b) with 1-iodo-4-
methoxybenzene [223]. Compound 2c was prepared by bromination of TPA with
NBS. Compounds 3b-d were obtained by the reactions of 2b, 2c and commercially
available tris(4-bromophenyl)amine (2d) with n-BuLi at —78 °C and the following
guenching with  2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane.  4-(4’-
Diphenylaminophenyl)-N-ethylhexyl-1,8-naphthalimide (7) was synthesized by
Suzuki coupling of 4-bromo-N-(2-ethylhexyl)-1,8-naphthalimide (1) with 4-
(diphenylamino)phenylboronic acid (3a). Compounds 8-10, were also synthesized
by the Suzuki coupling reactions between compounds 3b-d and compound 1 under
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nitrogen atmosphere. All the derivatives were characterized by *H and *C NMR,
mass spectrometries and elemental analysis, and additionally. The crystal structure
of compound 7 was identified by X-ray analysis which helped to understand the
molecular interactions in the solid state (Fig. 4.7).
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Scheme 4.3. The synthetic routes to 7-10

The target compounds (7-10) are soluble in common organic solvents such as
DCM, chloroform, THF, chlorobenzene and toluene.

X-ray structure analysis*

Single crystals of 7 suitable for the XRD analysis were obtained by slow
evaporation of the solvent mixture from chloroform and hexane. Compound 7 was
packed in a monoclinic crystal lattice; the crystal data are summarized in Table 4.4.
The steric interactions of the phenyl ring of TPA impart a propeller-like
conformation stemming from the trigonal nitrogen center (Fig. 4.7).

4 X-ray structure analysis have done at the Department of Polymer Chemistry and Technology, Kaunas University
of Technology by dr. G. Bagdziunas.
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Table 4.4. The crystal data for compound 7

Empirical formula
Formula weight
Crystal color, habit
Crystal dimensions
Crystal system
Lattice type

Lattice parameters

Space group
Z value
Dcalc
Fooo
u (MoKa)
Temperature
Refinement method
Goodness of Fit Indicator
Largest difference peak and hole, e. A3
Maximum and minimum transmission

CssH3sN202
552.71
colorless, prism
0.520 x 0.260 x 0.120 mm
monoclinic
primitive
a=1254(2) A
b =18.378(9) A
c=28.27(3) A
B =92.58(2)°
V =2967(6) A
P21/n (#14)

4
1.237 g/lcm?®
1176.00
0.759 cm™
20.0°C

Full-matrix least-squares on F?
1.096

0.48 e/A%and g 38 /A’
from 0.152 to 0.991

Figure 4.7. The molecular structure of 7

DFT calculations, geometries and frontier orbitals

The geometries of model compounds M7-M10, (containing methyl groups
instead of the experimental alkyl groups) are presented in Fig. 4.8, along with some
relevant geometrical parameters.
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(1.227)
1.228

(1.249)

o,

Figure 4.8. Optimized geometries of M7 (a), M8 (b), M9 (c), and M10 (d) model
compounds, obtained at the B3LYP/6-31G(d,p) level. Some relevant bond-lengths (N-C
bond-lengths in TPA core in A) and dihedral angles (absolute values in degrees) are shown.
The C-O bond-lengths for compound M8 in the neutral state are also indicated, along with

the same distances in the cationic and anionic states (shorter and longer distances

respectively in parentheses)®

The TPA N atom of each compound and the three appended carbon atoms
form a plane (reported hereafter as “N-plane”), due to the n-conjugation between the
phenyl groups and the lone pair of the central N atom. In the case of M8, only one
conformer is presented. Other conformers of similar energy can be assumed, with
the methoxy groups combined in different orientations. Compared to the model
compound M7, the geometry around the N(TPA) atom in M5 has more quinoidal
character, which is due to the m-donor effect of the methoxy groups. The same

observation can be done when comparing M8 with M9 and M10. The frontier
orbitals for the three molecules are given in Fig. 4.9.
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Figure 4.9. Sketch of frontier orbitals for the model compounds M7-M10. The encircled

parts delimit the TPA moiety. The frontier orbitals for the three molecules (Fig. 4.9) look

very similar for all compounds, being localized almost entirely on the TPA core for the
HOMO or naphthalimide moiety for the LUMO. The presence of the n-donor methoxy

groups in M8 is expected to destabilize the HOMO orbital [224] as compared to M7, which
can also be deduced from the anti-bonding contribution of the methoxy groups in the shape

of the HOMO orbital of M8

3 DFT calculations have done at the Laboratoire de Physicochimie des Polymeéres et des Interfaces, Université de
Cergy-Pontoise by dr. G. Sini.
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Thermal properties

The thermal properties of 7-10 were examined by DSC and TGA under a
nitrogen atmosphere. The values of T,, Tm and 5% weight loss temperatures (Tip-5%)
are summarized in Table 4.5.

Table 4.5. Thermal characteristics of compounds 7-10

Compound T, (°C) (2™ heating) Tm, (°C) Tip-sw, (°C)
7 47 134 437
8 45 - 429
9 76 136 448
10 84 141 483

TGA revealed that all the target compounds exhibit excellent thermal
stabilities. Their Tip-s% range from 429 to 483 °C. These temperatures are close to
5% weight loss temperatures of methoxy-substituted derivatives of TPA [224].
Increase of the number of 1,8-naphthalimide moieties leads to the increase of the
thermal stability of the derivatives. Molecules 9, 10 having two and three 1,8-
naphthalimide moieties showed higher 5% weight loss temperatures than molecules

7 and 8 containing one 1,8-naphthalimide moiety.
4
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Figure 4.10. DSC thermograms of compound 7 (scan rate of 10 °C/min, N, atmosphere)

Compounds 7, 9 and 10 were obtained as crystalline materials. Their first DSC
heating scans revealed melting in the range of 134-148 °C. Their second DSC
heating scans revealed the Ty in the range of 45-93 °C and no peaks due to
crystallization appeared. The values of T, of molecular glasses of 7-10 are affected
by the number of naphthalimide moieties in the para positions of triphenylamino
moiety and increase in the order 7 < 9 < 10. The lower T, values of 7 and 8 can
apparently be explained in terms of their lower molecular weight and lower
intermolecular interaction. The DSC traces of 5 did not display transition associated
with melting even during repeated scans. The absence of melting confirms the
amorphous character of 8. This observation can apparently be attributed to the
presence of methoxy groups at the triphenylamino moiety which increase the
disorder in the molecule packing. Previously it has been suggested that C-H...w short
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contacts can be established between the methoxy groups and the phenyl groups
[224]. C-H...n short contacts of different interaction energies may thus be present in
the films of compound 8, which might be responsible for the absence of a well-
defined melting temperature. The amorphous nature of compound 8 is also reflected
in its enhanced solubility. Fig. 4.10 shows DSC thermograms of compound 7.
During the first heating scan of the sample of 7 the endothermal melting signal at
134 °C was observed. After re-cooling, the following second heating scan revealed
glass transition at 47 °C and no crystallization signal was observed. This observation
shows that the material can exist in solid amorphous state and can be considered as
molecular glass.

Optical and fluorescence properties

UV-Vis absorption spectra and fluorescence spectra of the dilute solutions in
nonpolar cyclohexane, of dilute solid solutions in PS matrixes, and of solid films of
the investigated TPA and naphthalimide derivatives are shown in Fig. 4.11 and Fig.
4.12). The fluorescence characteristics of the compounds are summarized in Table
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Figure 4.11. Absorption (dashed thin line) and normalized fluorescence spectra of the 1076
M solutions of compounds 7-10 in cyclohexane (thick, solid line), of solid films (dashed
grey line) and of molecular dispersions in polystyrene matrix at 0.25 wt% concentration

(dotted line). Fluorescence quantum yields are indicated. Absorption maxima wavelengths

were used as excitation wavelengths
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Table 4.6. Fluorescence characteristics® of the dilute cyclohexane solutions, solid
films and 0.25 wt% solid solutions in PS of compounds 7-10

Solution in cyclohexane Solid film In PS
A
Compound (8gbsl,_(rr1nn;)|7 Aem, ® T, TRb TNRb Ateor®| Aabs, | Aem, ® Tavg, | Aabs, | Aem, o Tavg,
’ (nm)| " [(ns)|(ns)|(ns)|(nm){(nm)|(nm)| " [(ns) {(nm)|(nm)| " © |(ns)

lem?)
7 413 (13821) |470(0.783.2|4.1|14.5/488 |425|557(0.11/13.1/430| 501 |0.58 5
8 434 (12459) | 506 0.684.7|6.9(14.7/532 | 448 | 630 |0.10,10.8|452 | 541 |0.66| 7.2
9 410 (24658) |465|0.682.6/3.8|8.1|482|426|569(0.16) 9.2 |426|498|0.64/2.8
10 407 (32025) |461|0.632.2|3.5|5.9|470|425|570(0.2313.3/426 | 493|0.58/3.8
@ Molar extinction coefficient. ® Radiative and non-radiative decay time constants calculated
as t/m and t/(1-n), respectively. © The theoretical So—=>S: values calculated at the
TDB3LYP/6-31G(d,p) level.

Normalized absorption (arb.u.)

550

400 450 500

Wavelength (nm)

Figure 4.12. Absorption spectra of the solutions of compounds 7-10 in cyclohexane (1076

M) (thick, solid line), solid films (dashed line) and of the solid solutions in polystyrene at
0.25 wt% concentration (dotted line)

6 Optical and fluorescence properties were obtained at the Institute of Applied Research, Vilnius University by dr.
A. Miasojedovas.
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Figure 4.13. UV-Vis experimental (a) and theoretical spectra of M7-M10 model
compounds (e, d, ¢, and b respectively) obtained by mean of TDDFT calculations’ at
B3LYP/6-31G(d,p) level. The absorption bands are obtained by considering peak half-widths
at half height of 0.2 eV. Some relevant MOs are also presented. The theoretical CT bands are
red shifted with respect to the experimental ones. This is a known effect which is due to the
bad performances of standard hybrid functionals (like B3LYP) in the description of CT
excitations. For more details on this point see for example [225-229]

The theoretical UV-Vis spectra for the model compounds M7-M10 (Fig. 4.13)
suggest that the absorption bands peaking at about 320 nm and 350 nm (Fig. 4.11)
correspond to the local n—n* electron transitions of the triphenylamino moieties and
naphthalimide fragments [230], respectively. Absorption peaks which appear in the
range of 406436 nm correspond to HOMO->LUMO electronic transition, with
HOMO and LUMO orbitals being almost exclusively localized on the donor and
acceptor moieties, respectively (Fig. 4.9). These broad unstructured bands
correspond consequently to the intramolecular charge-transfer transitions between
the TPA donor moieties and the naphthalimide acceptor moieties. In the case of
compounds M9 and M10, a second CT excitation (S S:) is present in the CT band
(Fig. 4.13). The So=>S: and So—=>S: excitations correspond to HOMO—->LUMO and
HOMO->LUMO+1 electronic transitions, both virtual orbitals being exclusively
localized on the naphthalimide arms (see Fig. 4.13 for the pictograms of the

" DFT calculations have done at the Laboratoire de Physicochimie des Polyméres et des Interfaces, Université de
Cergy-Pontoise by dr. G. Sini.
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LUMO+I1 orbitals of M9 and M10). In the case of compound M9, the oscillator
strength of So—=>S, transition is smaller as compared to So=>S; (0.079 and 0.419
respectively). As for compound M10, the two CT electronic transitions,
HOMO->LUMO and HOMO->LUMO+I1, are degenerate, (identical oscillator
strengths values of 0.373). The increasing intensity of the charge transfer bands from
7 to 10 (Fig. 4.11 and Fig. 4.13) is thus related to the presence of a second CT
transition of increasing intensity in the order M9 < M10.

The lowest energy absorption band of 8 is red shifted by ca. 20 nm in
comparison with those of 7, 9 and 10. This effect is due to the electron donating
ability of methoxy groups in the triphenylamino moiety of 8, (see also the anti-
bonding contribution of the methoxy groups in the shape of the HOMO orbital of
MS, Fig. 4.9). By using the onset wavelengths of the absorption bands it was
possible to roughly estimate the E{*'of the molecules which ranged from 2.40 to

2.58 eV (Table 4.7). The E‘;ptof compound 8 containing methoxy groups in the para

positions of triphenylamino moiety is evaluated at 2.40 eV, which is by 0.15 eV
lower than that of the corresponding derivative (7) containing no methoxy
substituents (2.55 eV).

The absorption spectra of solid films of 7-10 and those of molecular
dispersions in PS matrixes are presented in Fig. 4.12. The low energy absorption
bands of the films are broader and slightly red shifted with respect to those of the
dilute solutions. It is presumed that the red shifts of the absorption spectra of films
as compared to those of solutions may be due to smaller dihedral angles in solid
state, thus giving rise to more efficient n-conjugation and decreased HOMO-LUMO
gap, but can also be due to more efficient m-stacking and stronger intermolecular
interactions in the films than in dilute solutions [231]. Some degree of aggregation in
the ground state may also be suspected to influence the absorption spectra of the
films of these compounds. As a means to confirm this assumption, we have
optimized dimers of different geometries for compounds 7 and 8 (Fig. 4.14).

Figure 4.14. Dimers of different geometries optimized at the wB97XD/6-31G(d,p) level: a)
and b) two different views of the same dimer for compound 7, reported here as Dim-M7-HH
(head-to-head); ¢) dimer for compound 8, reported here as Dim-M8-HH; d) dimer for
compound 8, reported here as Dim-M8-HT (head-to-tail); e) dimer for compound 8, reported
here as Dim-M8-DA (donor-acceptor)
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The theoretical UV-Vis spectra corresponding to some of these dimers are
presented in Fig. 4.15 and Fig. 4.16, showing the appearance of new transitions in
the proximity of the HOMO->LUMO transition. Depending on the aggregation
pattern, a blue or red shift of roughly 20-30 nm (0.12 eV) can be observed between
the band maxima of dimer and monomer species (Fig. 4.15 and Fig. 4.16), which
seem to be due to the contribution of these new slightly higher energy transitions.
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Figure 4.15. Theoretical UV-Vis spectra of M7 and Dim-M7-HH model compounds
obtained by mean of TDDFT calculations at B3LYP/6-31G(d,p) level in THF. The
absorption bands are obtained by considering peak half-widths at half height of 0.2 eV. Some
relevant MOs are also presented. The geometry of Dim-M7-HH is optimized at the
wB97XD/6-31G(d,p) level by considering the effect of THF
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Figure 4.16. Theoretical UV-Vis spectra of M8 and Dim-M8-HH model compounds
obtained by mean of TDDFT calculations at B3LYP/6-31G(d,p) level in THF. The
absorption bands are obtained by considering peak half-widths at half height of 0.2 eV. The
geometry of Dim-M8 model complexes are optimized at the wB97XD/6-31G(d,p) level by
considering the effect of THF

FL spectra of the dilute solutions of the synthesized compounds in nonpolar
cyclohexane (10° mol-L™?), in PS and of solid films are shown in Fig. 4.17. FL
spectra of compounds 7, 9, 10 dissolved in nonpolar cyclohexane exhibit efficient
molecular emission with ®r of 0.63-0.78. The spectra show vibronic progression
and pronounced Stokes-shift of ca. 55 nm. The Stokes-shift of compound 8 is of 72
nm. This observation indicates more polar nature of the excited states, but can also
be due to the additional relaxations in the C-OMe bonds in compound 8 as compared
to 7. These bonds exhibit anti-bonding and non-bonding contributions at the HOMO
and LUMO orbitals respectively (Fig. 4.9). After the HOMO->LUMO transition,
the anti-bonding character vanishes, resulting in decreased C-O bond-lengths and
non-negligible contribution in the relaxation energy (see also C-OMe bond-lengths
in the neutral, cationic states, Fig. 4.8). After HOMO—->LUMO transition, a
somewhat zwitterionic structure is created, with positive charge in the TPA core and
the negative one in the naphthalimide core. Calculations on the cationic and anionic
compounds 7 and 8 confirm this assumption. The difference in the C-OMe bond-
lengths between neutral and cationic state in 8 is roughly 0.02 A (THF/B3LYP/6-
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31(d,p) level. The charge-transfer origin of the lowest transitions is revealed by the
spectral properties of the compounds dissolved in solvents of various polarities. As
it is evidenced in Fig. 4.17 the studied derivatives of TPA and 1,8-naphthalimide
exhibit pronounced positive solvatochromic behavior.
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Figure 4.17. Absorption and FL spectra of compounds 7 (a) and 8 (b) in dilute cyclohexane
(solid line), toluene (dashed line), THF (dotted line), and acetonitrile (short dashed line)
solutions (1076 M, Aex = 450 nm)

In the case of the solution of compound 8 in acetonitrile, the FL band is
expected to be at about 850-950 nm and is undetectable.

Compound 7 is emitting at 470 nm in nonpolar cyclohexane and shows
remarkable batochromatic shift of the fluorescence in THF (of 134 nm with respect
to cyclohexane) and even larger red shift (of 258 nm with respect to cyclohexane) in
acetonitrile. ®f of 7 is reduced down to 0.54 in THF and to 0.01 in acetonitrile. At
the same time, the absorbtion spectra are only weakly shifted (by ca. 6 nm). Such
solvatochromic behavior is typical for compounds with significantly enhanced
dipole moment in the excited state. Solvation effect is even more pronounced for
compound 8 possessing polar methoxy groups in the donor triphenylamino moiety.
The batochromatic shift of the fluorescence in THF is significantly larger (of 204
nm with respect to cyclohexane), while ®r is found to be below 0.01 (see Fig.
4.17b). The solvation-shift of fluorescence bands decreases with increase of the
number of naphthalimide side arms, which is in line with the reduced polarity of the
excited state.The dependence of the optical properties of the naphthalimide
derivatives on the solvent polarity has been reported [232-235]. The fluorescence
quenching in the most polar solvents was accounted for the exciplex or cluster
formation [232]. Solvatochromic behaviour of TPA and naphtahalimide derivatives
seems to be different. It is very weak in absorbance, while it is much stronger in
fluorescence particularly for compound 8, possessing polar methoxy groups. Such
behavior is typical for the compounds with enhanced polarity in the excited state,
what is in line with the DFT calculations. The theoretical dipole moments in the
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ground state are 7.7D, 7.9D, 7.2D, and ~ 1D for compounds M7-M10 respectively
(B3LYP/6-31G** level, in THF. The value of M7 does not correspond to the C3
geometry). Test single point calculations of M7 and M8 in the lowest triplet state
(geometry of the singlet ground state, with the excited electron localized on the
acceptor core) result in dipole moments of 24.5D and 29.8D respectively, thus
giving a rough idea on the evolution of the dipole moments after charge separation
in the excited state. Although the spectral behavior of TPA and naphthalimide
compounds dissolved in solvents of various polarity seems to be systematic and
could be accounted to the solute and solvent interaction, the specific solute-solvent
interactions in most polar solvents THF and acetonitrile, leading to the pronounced
decrease in fluorescence intensity, can not be excluded.

The largest ®r of 0.78 is found for the monosubstituted derivative of TPA (7)
in nonpolar surrounding and it is steadily decreasing for compounds 9 and 10 down
to 0.68 and 0.63, respectively. This is in contradiction with the enhanced oscillator
strength of the lowest transition of the compounds possessing one, two and three
side arms (see Fig. 4.15) and thus less pronounced charge transfer character of the
lowest excited states. Indeed, the radiative decay time systematically decreases in
the order 3.2 ns, 2.6 ns and 2,2 ns for compounds 7, 9, 10, respectively. However
increase in the number of the singly bonded naphthalimide arms results in almost
threefold increase in the rate of nonradiative recombination. Nonradiative decay
time decreases in the order 14.5 ns, 8.1 ns and 5.6 ns for compounds 7, 9, 10,
respectively. Incorporation of the polar methoxy groups for compound 8 results in
more expressed charge transfer character of the excited states and, thus enhanced
excited state lifetime of 4.7 ns and decreased radiative decay rate with 6.9 ns
radiative decay constant. Meanwhile, the nonradiative decay constant is almost the
same for both mono 1,8-naphthalimide-4-yl substituted compounds 7 and 8.

FL spectra of the compounds molecularly dispersed in a rigid PS matrix are
similar to those observed for the dilute solutions in nonpolar solvents. A systematic
red shift of fluorescence spectra of about 20—30 nm is due to the slightly different
polarity of the media. Since in the case of solid dispersion the intramolecular motion
is suppressed, few peculiarities of the emission are evident. FL spectra are broader
and non-structured, the emission efficiency is slightly decreased and the
fluorescence transients are non-exponential. This observation can be explained by
“freezing” of the initial molecular geometry in the ground state [236,237]. However,
the impact of restriction of intramolecular twisting is not strong. The largest
decrease in ®r (from 0.78 to 0.58) is observed for compound 7.

Intramolecular interaction seems to have pronounced impact on the optical
properties, particularly on emission properties of the solid films of compounds 7-10.
FL spectra are broad, unstructured and significantly red shifted. The Stokes shift is
of 132 nm, 143 nm and 145 nm, and is weakly increasing with the number of
naphthalimide arms, for compounds 7, 9 and 10 respectively. It is strongly
dependent on the polarity of the excited state and increases up to 182 nm for
compound 8, possessing polar methoxy groups. Such behavior can be rationalized in
the frame of the model of self-trapped excitons [238,239]. Non-exponential
fluorescence decay and decreased fluorescence quantum yields indicate on the

93



impact of exciton migration. Interestingly, ®r increases in the order 0.11, 0.16 and
0.23 for compounds 7, 9 and 10, respectively. This can be accounted for the
enhanced oscillator strength and the reduced intramolecular vibrations.

Electrochemical and photoelectrical properties

In order to gain information on the charge injection capabilities, the
electrochemical behavior of compounds 7-10 were estimated by CV at room
temperature in DCM solutions. Table 4.7 outlines the onset oxidation and reduction
potentials of 7-10. Fig. 4.18 shows CV curves of the compounds.
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Figure 4.18. Cyclic voltammograms of 7-10 (10~ M solutions, scan rate of 50 mV-s™! vs
Ag/Agh) in 0.1 M solution of BusNPFg in DCM

Table 4.7. Electrochemical, photoelectrical, and theoretical electronic characteristics
of 7-10

EOX ErEd |Pcv EACV Eopt EH eL |PEP
Com O nd onset onset ) ] g s ! y
PN \sFov vsFav (VI @V oy @V (V)P eV

7 054 -183 534 297 255 528 234 (Zjég)
8 025 184 505 296 240 496 -2.26 (g:g;)
9 057 184 537 296 257 548 -2.49 (gzzg)
10 058 180 538 300 258 568 2.60 (g:gi)

2 Calculated with reference to ferrocene (4.8 eV). Ionization potentials and electron affinities
estimated according to IP,,, = (EX:, +4.8) (eV). EA,, = —(E™  +4.8)(eV) [240]. E*_ and

onset onset onset
E red

red o Of Fc/Fc™ measured in DCM solution containing 0.1 M BusNPFs was 0.204 V vs.

ferrocene/ferrocenium). ® HOMO and LUMO energies corresponding to the isolated model
compounds M7-M10, calculated at the B3LYP/6-31G(d,p) level. ¢ Established from electron
photoemission in air spectra. The values in parentheses correspond to the adiabatic IP of
isolated model compounds M7-M10, calculated at the B3LYP/6-31G(d,p) level.
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Compounds 7-10 displayed one reversible reduction peak, which might be due
to the electron withdrawing nature of naphthalimide moieties, as well as one
reversible oxidation peak, which can be attributed to the electron donating nature of
TPA segment [241-243], suggesting that these compounds possess excellent
electrochemical stability. The reduction current of 9 and 10 is obviously higher than
that of the oxidation current in the cyclic voltammograms, suggesting that 9 and 10
can be classified as electron-accepting materials in organic electronics. The
oxidative processes of 7-10 started at 0.54, 0.25, 0.57 and 0.58 V, respectively, and
the reduction processes started at —1.83, —184, —1.84 and —1.80 V, respectively.

In the anodic scan regime of the cyclic voltammogram of 8, reversible
oxidation peak at 0.49 V is observed which can be ascribed to oxidation of the
electron-rich nitrogen atom in the TPA core. The irreversible oxidation peak at 1.14
V can be attributed to oxidation of methoxy groups, causing radical recombination
and formation of a quinoid structure [244]. This observation is attributed to two-
electron stepwise oxidation process.

An important characteristic of electronically active compounds intended for
the application in optoelectronic devices is [Pgp, which characterizes the electron
releasing work under illumination. Except for compound 8, the IPcv values deduced
from the onset redox potentials range in a very small window (5.34-5.38 e¢V) and
are in agreement with those of naphthalimide containing hydrazones [109]. The IPgp
values of the solid samples of compounds 7-10 were also estimated by electron
photoemission spectrometry (Fig. 4.19) and the results are collected in Table 4.7.

8+

O T T T ; T T T T T ; T ; T T T T T T T T T 1
54 55 56 57 58 59 6.0 6.1 6.2 6.3 64 65
hv (eV)
Figure 4.19. Electron photoemission spectra® of the neat layers of 7-10 recorded in air

The values of IPgp of amorphous layers of the compounds 7, 9, and 10 range
from 5.79 to 6.01 eV, indicating good air stability for these materials. Compounds 9
and 10 with two and three 1,8-naphthalimide moieties, respectively, demonstrated a

8 |Pep was measured at the Department of Solid State Electronics, Vilnius University.
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little higher IPep values with respect to those of 7 and 8 with one 1,8-naphthalimide
moiety. While the range of the electrochemical IPgp values is smaller than those
obtained by electron photoemission spectrometry, both methods provide similar
trends, with the IPgp values for 8 being smaller by 0.2-0.3 eV as compared to those
of 7.

The trend in the theoretical IPep values (Table 4.7) is in agreement with the
experimental ones. In the frame of Koopmans* theorem (relating in this case the first
IPep values to the HOMO energies) these trends can be explained by the similar
evolution of the HOMO energies in these compounds (Table 4.7). The evolution in
the HOMO energies in the order 7 > 9 > 10 is related to the electron withdrawing
nature of 1,8-naphthalimide arms, whereas the small experimental and theoretical
ranges of the IPgp values of compounds 7, 9, and 10 are due to the similar nature of
their HOMO orbitals (Fig. 4.9). As for compound 8, the higher HOMO energy (and
smaller IPgp) as compared to that of 7 (by roughly 0.2—0.3 eV) is due to the strong 7t-
donor effect of the methoxy groups, which can be observed in the anti-bonding
contribution of this group in the HOMO orbital (Fig. 4.9).

Charge-transporting properties of the synthesized compounds were estimated
by xerographic time-of-flight technique. Fig. 4.20 shows electric field dependencies
of hole and electron drift mobilities for the molecular glasses of 7-10 and for the
solid solution (50%) of compound 10 in bisphenol Z polycarbonate ((PC-Z), 1:1).
Charge drift mobility values are summarized in Table 4.8.
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Figure 4.20. Electric field dependencies of hole and electron drift mobilities® for the layers
of compounds 7-10 and for the layer the solid solution of 10 in PC-Z (50%)

9 Electron and hole mobilities were measured at the Department of Solid State Electronics, Vilnius University by dr.
V. Jankauskas.
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Table 4.8. Hole and electron mobility data for the layers of compounds 7-10 and for
the solid solution of 10 in PC-Z (50%)

Transport material, Elet(J:FIr_c;n Hole mobility q 12\/112
host polymer pe,r?com; /I\/){s)a un, (cm?/V/-s)? » Hm a, (cm )
Al+7 2.3x10* 3.7x1077 2.3 -
Al+8 7.5%x104 1.1x10* 4.0 0.013[¢, 0.014
Al+9 4.7x10°° 4x1077 2.2 ~0.00681, 0.0097M!
Al+10 - 2x10-800] 7.0 ~0.008[
Al+[10+(PC-Z), 1:1]  4.2x10°5 - 35 ~0.0025

2 Hole and electron drift mobility values at electric field 1x10° V/cm. ® Hole drift
mobility value at electric field 3.6x10° V/cm. © Pool-Frenkel parameter for electrons. ¢ Pool-
Frenkel parameter for holes.

All the compounds (7-10) are capable of transporting both holes and electrons.
Their amorphous layers demonstrated p, values reaching 10°-10"7 ¢m?/V's at an
electric field of 1x10° V/cm at room temperature and electron mobilities reaching
105-10* cm?/V s at the same electric field. Compound 8 showed the best ambipolar
charge-transporting properties. This hole and electron mobility value is comparable
to that of other ambipolar compounds [187,245]. Its amorphous layers showed the
highest values of both hole and electron mobilities (Table 4.8). We did not manage
to estimate electron mobilities in the layers of 10. In oder to confirm the ability of
the compound to transport negative charges we estimated elctron mobilities in the 50
wt% solid solutions of 10 in bisphenol Z polycarbonate and observed relatively high
mobilities reaching 4.2x107° cm?/V s at an electric field 1x10° V/ecm (Fig. 4.21). The
dU/dt transients of electrons for the layer of neat 8 are shown in Fig. 4.21.

T T T T T T T ML |
. [T 12J25, Al+8, d = 4um
10" ]
1004
S
S 10° E 801 _
5 ER:d
=) o
T, 4| B 40
107 F 3 E
204 -370V
10% £ 00 5.0x10° 1.0x10° E
F 337 nm laser Time (s)
C sl 1 Lo sl 1 Lol 1 Lol
107 10° 10° 10
Time (s)

Figure 4.21. XTOF transients of electrons for a solid film of 8

The layer of compound 8 exhibited dispersive electron transport, which, along
with the strong electric-field mobility dependence may suggest trap-dominant
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charge transport in this material. The # needed for the estimation of electron
mobilities were established from the intersection points of two asymptotes from the
double logarithmic plots. Dispersive charge transport was also observed for the other
compounds studied in this work.

It is interesting to point out that, except of compound 8, the electron mobilities
are by 23 orders of magnitude higher as compared to the hole mobilities. Related to
this observation, the ambipolar CT character of 8 is intriguing. Moreover, the larger
hole mobility of compound 8 as compared to that of the parent compound 7 (by ~3
orders of magnitude) seems quite different form the results reported by
Borsenberger et al. [246] and Maldonaldo et al. [247], in which, the lower hole
mobilities for the substituted compounds were related to the role of the increase of
the dipole moments (and the disorder) induced by the substitutions. The calculated
dipole moment for compounds 7 and 8 are 6.2 D and 6.5 D respectively, which, in
line with the results of Borsenberger et al. [246], suggests negligible role of this
factor.

In order to obtain more insight in these questions, we present a qualitative
discussion of charge-transfer rate-constants (kcr) based on the Marcus theory [219—
222]. In the frame of Marcus’ “hopping” mechanism, the rate-constant of a charge-
transfer reaction between two adjacent molecules in amorphous materials can be
calculated by means of the following equation:

K :472'2 2 —(AG°+ﬂ)2 (41)
T h famik,T kg AT

b

In this equation, ¢ is the electronic coupling between two adjacent molecules,
AG° is the free energy of the charge-transfer reaction (approximated to zero in the
case of charge hopping between identical molecules in the absence of electric field),
and A is the reorganization energy. This last parameter is the sum of two terms: (i)
As, containing the contribution from the medium polarization energy. (ii) Ai,
representing the energetic effort due to the intra-molecular geometric relaxations
related to the charge transfer between two adjacent molecules. In the following,
some of these molecular parameters will be discussed, while the influence of
morphological and other structural parameters will be ignored.

Based on equation 1, high charge-transfer rate-constants (kcr) need minimal
values of the reorganization energy (A) and large values of the electronic coupling
parameter (¢). In order to compare compounds 7-10, we have calculated some of
these parameters and collected them in Table 4.9.
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Table 4.9. Hole- and electron intramolecular reorganization energies for the model
compounds M7-M10 computed at the B3LYP/6-31G(d,p) level

Compound A, (eV) A (eV)
M7 0.139 0.399
M8 0.258 0.422
M9 0.138 [a]
M10 0.136 [a]

2 Similar reorganization energy values as compared to M7 can be assumed for M9 and
M10. See text for details.

The hole reorganization energies (A") of model compounds M7, M9, and M10
are almost identical, which is due to the identical spatial distribution of the HOMO
orbitals in these compounds (Fig. 4.9). The electron reorganization energies (A ) are

also supposed to remain similar for M7, M9, and M10 despite the increasing
number of naphthalimide arms. Indeed, the coupling between the arms in M10
(~0.023 eV) is much smaller than the reorganization energy of a single
naphthalimide arm (0.399 eV for M7, Table 4.9), suggesting localization of the
LUMO orbital in M10 (and M9). Concerning the compound M8, both values are

larger than for the other compounds. The much larger ir value for M8 as compared

to M7 could be due to the additional contribution inherent to the relaxation of the C-
OMe bonds. Indeed, the local anti-bonding contributions in the HOMO orbital at the
C-OMe bonds (Fig. 4.9) are released in the cationic state, as indicated by the bond-

length reduction of ~0.02 A. As for A°, much smaller difference between M8 and

M7 is found, which is mostly due to the space separation between the naphthalimide
groups and the methoxy substituents in M8.

However, the main observation in Table 4.9 is that ),f values are more
important than the hole analogues, suggesting that this parameter cannot account for
the larger electron mobilities found experimentally. Similarly, both A and /'tih

values for M8 are larger than for the other compounds, which is in opposite
agreement with the largest mobility values found for this compound. Consequently,
in order to obtain better understanding of the experimental observations, we focus
on the influence of the electronic coupling parameter (¢). The calculation of the
electronic couplings is based on the assumption that, despite the irregular packing
between adjacent molecules in the amorphous materials, dimers of different
geometries can be established. The ¢ values calculated for two special dimers of
compounds 7 and 8 (Dim-M7-HH and Dim-M7-HH, Fig. 4.14a-c), are given in
Table 4.10 (lines 1-2).
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Table 4.10. Electronic couplings (t) and dissociation energies (Ep, corrected for
BSSE and ZPE) for some selected dimers of model compounds M7 and M8. The
electronic couplings are calculated at the B3LYP/6-31G(d,p)//CPCM//wB97XD/6-
31G(d,p) level. The dissociation energies are calculated at the CPCM/wB97XD/6-
31G(d,p) level. Negative dissociation energies mean repulsive state (higher level
calculations would slightly modify these values, however, the trends are expected to
remain unchanged)

i h e ED,

Model dimer t", (eV) t&, (eV) (kcal.mol %)

Dim-M7-HH 0.055 -0.032 13.9
O;<0

N

Dim-M8-HH Se—) 0.045 -0.027 15.7
\/{

Dim-M7-HT ‘& —-0.007 0.052 8.5

: 5
5=

Dim-M8-HT AEE?UV 0028 0001 103
w/-_‘ L =~

—
=1
Dim-M7-DA = y 0.014 ~0.001 3.4
=5y ==
:—:_’r{‘\
Dim-M8-DA ijaﬁ 0.024 ~0.004 3.9
==
Y
. ~ 7
. (-f_/‘_\/)i/
Dim-M7-DD /Oﬁ S 0.048 0.001 ~1.9
@ <
~
LA
X
)
Dim-M8-DD 7 // = 0.001 0.001 1.8
,r QT

In both cases, simultaneous donor-to-donor and acceptor-to-acceptor packing
is assumed, which is similar to the packing reported in polymers containing
naphthalimide and bi-thiophene alternated cores [248]. The results given in Table
4.10 indicate larger ¢ values for the holes, suggesting faster hole transfer, which,
again, can not account fot the higher electron mobility found experimentally.

However, the static description provided so far considers only idealized dimer
geometries, ignoring the displacements between molecules in the real materials. We
suspect that this last factor may constitute a possible explanation for the above
disagreements, as it has been pointed out in a recent similar study [249]. In order to
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give more insight in this respect, we firstly consider parallel displacements between
adjacent molecules in the model dimer Dim-M7-HH shown in Fig. 4.14b. A detailed
analysis of the LUMO orbital of compound 7 (Fig. 4.9), indicates absence of nodal
planes along the long axes, suggesting that the LUMO-LUMO overlap would be
very little affected by small displacements between adjacent molecules in this
direction. Similar analysis with respect to the HOMO orbital indicates the presence
of nodes in the longitudinal direction, suggesting much more sensitivity of the
HOMO-HOMO overlap to the displacements in this direction. A similar conclusion
has been reached also by Wetzelaer et al. [249] by calculating the LUMO-LUMO
and HOMO-HOMO couplings for different reciprocal positions between molecules
containing naphthalene diimide and bithiophene moieties. As for the transversal
displacements (along the short axes of Dim-M7-HH), both HOMO and LUMO
orbitals exhibit nodal surfaces, making the corresponding overlaps very sensitive to
the displacements. However, the transversal displacements seem to be mostly
limited by the steric hindrance between the long alkyl chains of naphthalimide
groups on the one hand, and between the TPA phenyl groups on the other hand. One
can thus suppose that, due to this kind of displacements, the overall variation in the
orbital overlap should be larger for the HOMO orbitals. Larger disorder in the
electronic couplings should be than expected for the hole transfer, which, in terms of
disorder models [250] would result in smaller hole mobilities.

As for compound 8, additional coupling schemes can be supposed, similar to
those proposed previously [224]. Briefly, due to the presence of the methoxy groups,
different types of C-H...n(Ph) or C-H...N,O hydrogen-bond interactions between
TPA-OMe moieties of adjacent molecules have been assumed [224], resulting in
strengthening of inter-molecular interactions. Stronger interactions between the
TPA-OMe groups can be thus expected in the case of compound 8, as suggested by
the stronger dissociation energy found for Dim-M8-HH as compared to Dim-M7-
HH (15.7 kcal.mol™" and 13.9 kcal.mol™!, Table 4.10).

Consequently, in the case of Dim-M8-HH, reduced geometry disorder and
reduced disorder in the HOMO-HOMO coupling would be expected as compared to
Dim-M7-HH, resulting in enhanced hole mobility. Results for other dimer
geometries, based on M7 and M8, are also shown in Table 4.10. One can observe
that the HOMO-HOMO couplings are generally larger for dimers containing no
OMe groups, which seem to contradict the experimental trend of hole mobilities
between 7 and 8. However, systematically stronger interactions are found in the case
of OMe-containing dimers, again suggesting that the disorder in HOMO-HOMO
couplings should be strongly reduced for this compound as compared to 7.
Concluding this analysis, we suggest that the enhanced hole mobility and the
ambipolar CT character of 8 result from the stronger interactions between adjacent
molecules, making possible to maintain the hole transport rate at a comparable level
as the electron one.

Admittedly, this semi-quantitative analysis can not provide thorough
explanations, but aims only to point on some possible mechanisms allowing to better
understand the difference between the hole and electron transport in these materials.
Interestingly, packing patterns between naphthalimide moieties similar to those
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presented in Fig. 4.14a-c have been reported in polymers containing naphthalimide
and bi-thiophene alternated cores [249] which comforts the validity of the above
analysis.

In conclusion, a series of ambipolar materials containing electron accepting
1,8-naphthalimide moieties and electron-donating triphenylamino groups were
obtained via Suzuki cross-coupling reaction. Their 5% weight loss temperatures
range from 429 to 483 °C. All the synthesized compounds are capable of glass
formation. Their glass transition temperatures are in the range from 45 to 84 °C. The
lowest ionization potentials and the best charge-transporting properties were
observed for the amorphous layers of 4-(4’-(di-(4’’-methoxyphenyl)amino)phenyl)-
N-(2-ethylhexyl)-1,8-naphthalimide (8). Electron mobilities of 7.5-10* ¢cm?-V1.s1
and hole mobilities of 1.1-10* cm?-V-1.s7* were recorded for this compound at an
electric field of 1-10° V/cm. Compounds containing no methoxy groups exhibit
electron mobilities by 2-3 order of magnitude higher than the hole mobilities. The
comparison between compounds 7 and 8 shows that the methoxy groups increase the
hole mobility by ~3 orders of magnitude.

4.1.3.Synthesis and properties of glass-forming derivatives with triphenylamino
and 1,8-naphthalimide moieties linked via ethenyl-containing linkages

In this chapter, new solution-processable donor-acceptor organic molecules
with TPA and 1,8-naphthalimide moieties linked via ethenyl-containing linkages
which were synthesized by palladium-catalyzed Heck reaction are reported. It is
expected that the absorption of these molecules will be extended to longer
wavelengths due to intramolecular charge transfer between the donor and the
acceptor units. The double bond linkage between TPA and 1,8-naphthalimide
fragments will enhance the extent of conjugation degree which is also expected to
result in the shift of absorption to longer wavelength region.

Joint experimental and theoretical approaches are employed in order to
characterize the synthesized compounds and to better understand the structure-
property relationships. In order to get some more insight in the hole-transport
properties of these amorphous compounds, Marcus theory is applied by means of a
comparative analysis of some molecular parameters involved in the calculation of
charge-transfer rate-constants (kxr) [219-222].

Synthesis and characterization

The synthetic route to derivatives (11-13) is shown in Scheme 4.4.
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Scheme 4.4. Synthetic route to 11-13

The first step was condensation of 4-bromo-1,8-naphthalic anhydride with 2-
ethylhexylamine in DMF to obtain 4-bromo-N-(2-ethylhexyl)-1,8-naphthalimide (1).
Aldehydes (2°—4’) were obtained under the conditions of Vilsmeier reaction.
Compounds 5-7 were prepared by the reaction of aldehydes (2°-4°) with
methyltriphenylphosphonium bromide. The final step was Heck reactions of
bromide 1 with 4-vinyltriphenylamine (5°), 4,4°-divinylphenylamine (6”) and tris-(4-
vinyl-phenyl)amine (7°) in the presence of palladium(Il) acetate and tri-o-
tolylphosphine to obtain the target compounds 11-13.

The chemical structures of the synthesized compounds were confirmed by 'H
NMR, *C NMR, IR, mass spectrometries and elemental analysis. Compounds 11—
13 were readily soluble in common organic solvents like DCM, chloroform, THF,
acetonitrile, toluene.

DFT calculations, geometries and frontier orbitals

The geometries of M11, M12, and M13 model compounds (containing methyl
groups instead of longer-chain alkyl groups) are presented in Fig. 4.22.

[
550/ |

Figure 4.22. Optimized geometries of M11 (left), M12 (center), and M13 (right) model
compounds, obtained at the B3LYP/6-31G(d,p) level'°. Some relevant dihedral angles
(absolute values in degrees) are shown

Some relevant geometrical parameters are also indicated. In the three
molecules the geometry around the central N atom is planar (“N-plane”), due to the

10 DFT calculations have done at the Laboratoire de Physicochimie des Polymeres et des Interfaces, Université de
Cergy-Pontoise by dr. G. Sini.
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n-conjugation between the phenyl groups and the lone pair of the central N atom.
The dihedral angles of each phenyl group with the “N- plane” are approximately 44—
47° for the un-substituted phenyl rings and 35—40° for the substituted ones (angles
increasing with the number of 1,8-naphthalimide fragments in the arms). The
frontier orbitals for the three molecules are given in Fig. 4.23.
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Figure 4.23. Pictograms of frontier orbitals for the model compounds M11, M12, and M13.
The encircled parts delimit the TPA moiety

The three HOMO orbitals are very similar, being localized almost entirely on
the TPA core, containing only small antibonding contributions from the ethylene
moieties. Similar HOMO energies should be then expected for these compounds
suggesting similar electronic and optical properties.

Thermal properties

The thermal behavior of compounds 11-13 was studied by TGA. The 5%
weight loss temperatures (Tips%) were found to be in the range of 431-448 °C
(Table 4.11). The thermal stability of the synthesized donor-acceptor derivatives
increased with increase of the number of 1,8-naphthalimide arms.

Table 4.11. Thermal characteristics of compounds 11-13

Molecule T, (°C) (2™ heating) T, (°C) Tip-s%, (°C)
11 55 163 431
12 90 185 445
13 107 222 448
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Figure 4.24. DSC thermograms of compound 12 (scan rate of 10 °C/min, N, atmosphere)

Compounds 11-13 were isolated after the synthesis as crystalline materials.
Their behaviour in DSC experiments was similar, therefore DSC curves of only one
compound are given in Fig. 4.24.

Temperatures of thermal transitions of compounds 11-13 are summarized in
Table 4.11. The first run heating scans revealed only melting endotherms. No
crystallization was observed during the cooling scans. In the second heating scans
compounds 11, 12 and 13 showed glass transitions at 55 °C, 90 °C and 107 °C,
respectively and no crystallization was observed in the following heating and
cooling scans. Both T, and melting points increased with the increase of the number
of 1,8-naphthalimide arms. This observation can apparently be explained by the
enhancement of intermolecular interaction.

Optical properties

Absorption and FL spectra of dilute solutions in THF of compounds 11-13 are
shown in Fig. 4.25. The wavelengths of the absorption and fluorescence maxima and
®r are summarized in Table 4.12.

Table 4.12. Optical and fluorescence characteristics of 11-13

Compound Solution Amax, (M) Film Amax, (nm) Stokes shift, (nm) [of
uv FL uv FL sol/film sol/film
11 455 641 470 624 186/154 0.64/0.18
12 469 643 489 643 174/154 0.45/0.14
13 474 646 490 652 172/162 0.48/0.09
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Figure 4.25. UV-Vis and FL (A = 365 nm) spectra of the dilute THF solutions (10° M)
and of solid films of compounds 11-13"!

The lowest energy absorption bands of these compounds which can be
ascribed to the charge transfer exhibit bathochromic and hyperchromic shifts with
the increase of the number of 1,8-naphthalimide arms. All compounds show a broad
structureless long wavelength absorbance band with strongly Stokes shifted broad
fluorescence typical for intramolecular charge-transfer states. The solutions of all
the compounds (11-13) also show absorption bands peaking at ca. 350 nm. These
absorption bands can be assigned t0 n—n* transition of naphthalimide groups [230].
The dilute solutions of these compounds emit orange light peaking in the range of
641-646 nm when excited with the ultraviolet radiation. Incorporation of additional
1,8-naphthalimide arms weakly affects the emissive states. The spectra of the solid
samples of compounds 11-13 exhibit small red shifts with respect of those of the
dilute solutions, probably due to the smaller dihedral angles in solid state, thus
giving rise to more efficient m-conjugation end decreased HOMO—LUMO gap. The
TDDEFT calculations also support the charge-transfer nature of the lowest energy
band. The theoretical UV-Vis spectra for the model compounds M11-M13 are
shown in Fig. 4.26.

u Optical and fluorescence properties were studied in collaboration with Institute of Applied Research, Vilnius
University by dr. A. Miasojedovas.
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Figure 4.27. Pictograms of some relevant orbitals for the neutral model compounds M11—
M13

The So=>S; excitation in compound 11 is entirely due to HOMO—->LUMO
electronic transition, with HOMO and LUMO orbitals being almost entirely
localized on the donor and acceptor moieties, respectively (Fig. 4.23). In the case of
compound 12, a second CT excitation (So=>S;) of smaller oscillator strength (0.163

as compared to 1.044 for Sy—>S,) is present in the CT band (Fig. 4.26). The So=>S»
excitation corresponds to HOMO—>LUMO+1 electronic transition. It is worth of
pointing out that LUMO and LUMO+1 orbitals of compound 12 (containing two
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1,8-naphthalimide arms) are the in-phase and out-of-phase combinations of the local
LUMO orbitals of each 1,8-naphthalimide arm. The similar observations can be
done in the case of compound 13, with the difference that the two CT electronic
transitions (HOMO—->LUMO, LUMO+1) are degenerate, hence corresponding to
identical oscillator strengths (0.876). The roughly linearily increasing intensity of
the charge transfer bands from 11 to 13 is thus related to the presence (in the
compounds 12 and 13) of a second CT transition (So=>S.) of increasing intensity in
the same order.

The other bands seem to contain some mixing of CT and local excitations. The
important Stokes shifts observed for all compounds (Table 4.12) can also be traced
back to the large geometrical reorganizations  happening  after
HOMO->LUMO(LUMO+1) transitions, which is suggested by the totally different
space localization of the HOMO and LUMO orbitals for each compounds.

@r of the dilute solutions of 11-13 range from 0.64 to 0.45, while those of the
films are considerably lower and range from 0.09 to 0.18. The highest ®f both for
solution and for the solid sample were observed for compound 11.

Electrochemical properties

We used CV for the investigation of the redox behavior of compounds 11-13
and for the estimation of their [Pcv and EAcy values. The CV curves of 11-13 are
shown in Fig. 4.28, Table 4.13 summarizes the relevant data.

Table 4.13. IPcv/EAcy, optical and electrochemical band-gap energies and IPep of
11-13

Molecule  IPcy, (BV)*  EAcv,(eV)*  Eg°,(eV)e  EP.(eV)!  IPer (eV)

11 518 (5.17)7  —3.06 (—2.45) 2.12 2.34 5.75 (6.33)"
12 524 (529)  —3.07 (-2.63) 2.17 2.28 5.78 (6.28)"
13 5.25(5.39)  —3.08 (-2.72)f 2.17 2.27 5.80 (6.26)"

¢ lonization potentials and electron affinities estimated according to IP,,, = (EZ, +4.8)
(eV), EA, =—(E, +48) (eV). EJ:. and E;dset of Fc/Fc* measured in DCM solution

containing 0.1 M BusNPFg was 0.27 V vs. ferrocene/ferrocenium). ¢ EZ'°=|IPCV| — [EAcy]. ¢

The optical band gap estimated from the onset wavelength of optical absorption in dilute
solution according to the formula: E‘;p‘ = 1240/hcage. © Established from electron

photoemission in air spectra. f Corresponding to the model compounds M11, M12, and M13
calculated at the B3LYP/6-31G(d,p) level.
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Figure 4.28. Cyclic voltammograms of 11-13 (107> M solutions, scan rate of 50 mV-s™! vs
Ag/Ag") in 0.1 M solution of BusNPFg in DCM

Compounds 11-13 were found to be electrochemically stable. Their cyclic
voltammograms showed one quasi-reversible oxidation and reduction couple waves.
The shapes of CV curves were found to be similar for all the compounds (11-13).
Oxidation part of CV curves is principally related to the oxidation of triphenylamino
group and reduction part is related to the reduction of imido group, which is also
suggested from the shape of the HOMO and LUMO orbitals (see pictograms in Fig.
4.23).

On the basis of the onset potentials, we estimated IPcy values of 11, 12 and 13
to be 5.18 eV, 5.24 eV, 5.25 eV, respectively, with EAcv values of —3.06 eV, —-3.07
eV, —3.08 eV, respectively, according to the energy level of the ferrocene reference
(—4.8 €V) [251]. The small range of the IPcy values (0.07 eV) is due to their similar
shape for the three compounds (almost total localization of this orbital on the TPA
core, Fig. 4.23). The slight decrease of the IPcy values from 11-13 is related to the
electron withdrawing nature of 1,8-naphthalimide arms. The similar arguments can
explain the small range and the trend of the LUMO energies.

The band-gap value is one of the most useful characteristics for materials used
in optoelectronic devices. s of 11-13 were 2.12-2.17 ¢V and they were slightly

lower than corresponding Eo (2.27-2.34 eV, Table 4.13), but within the range of
error (0.2—0.5 eV) [252].
Photoelectrical properties

Amorphous thin films on substrates could be prepared by casting or spin
coating techniques from the materials reported in this chapter. Fig. 4.29 shows
electron photoemission spectra of of the layers of compounds 11-13 recorded in air.
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Figure 4.29. Electron photoemission spectra'? of the layers of 11-13

The values of ionization potentials obtained by extrapolation of the straight
parts of the spectra to the X-axis are given in Table 4.13. The values of IPgp of the
films of compounds 11-13 range from 5.75 eV to 5.80 eV. These values are very
close and comparable to those of TPA derivatives [224,253]. It seems that the
introduction of 1,8-naphthalimide arms and the increase of the number of these arms
has a negligible effect on the ionization potentials of the TPA derivatives. In the
frame of Koopmans® theorem (relating in this case the first IPgp values to the
HOMO energies) these observations can be explained by the similarity between the
HOMO orbitals of compounds 11-13 on the one hand and the HOMO (TPA) on the
other hand (Fig. 4.23).

The slightly increasing experimental IPep values (from 5.75 eV to 5.80 eV)
can be explained at first sight in a strightforward manner: on the bases of
Koopmans* theorem, the decreasing HOMO energies from 11-13 (Table 4.13) can
explain the increasing experimental IPep values in the same order. However, the
theoretical results indicate that the picture is slightly different: while the theoretical
HOMO (and LUMO) energies decrease from M11-M13 (in line with the above
explanation), the theoretical IPep values decrease (from 6.33 to 6.26 eV) instead of
increasing. This result is intriguing as it is at odds with the trends deduced from the
Koopmans* theorem and the experimental results. In order to check for possible bad
performances in the applied theoretical methods, medium effects, different DFT
methods, and different basis sets were considered. However, the similar results were
obtained in all cases. It is worth of pointing out that the ranges of the experimental
and theoretical IPgp values are both very small (0.05 and 0.07 eV, respectively). The
discrepancies reported so far might then be due to the influence of other factors such
as: (i) the fact that the orbital-relaxation energy terms between the neutral and
cationic species are ignored in the Koopmans‘ theorem (,frozen orbital®
approximation), which can be on the origin of the different IPgp trends deduced from
the Koopmans‘ theorem and from the direct calculations. (ii) the quite different T,

12 |pgp was measured at the Department of Solid State Electronics, Vilnius University.
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values between 11 and 12 or 13 (Table 4.11) indicate different molecular packing,
which also might influence the trend of the IPgp values.

We conclude this point by underlying that the relevant result to retain here is
the very small range of the IPep values obtained (experimentally and theoretically)
for the three compounds 11-13, which is principally due to the similar nature of
their HOMO orbitals. Time-of-flight technique was used to study charge-
transporting properties of the derivatives (11-13). Fig. 4.30 shows the electric field
dependencies of the hole-drift mobilities of the amorphous layers of 11-13.
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Figure 4.30. Electric field dependencies of hole-drift mobilities'? in the layers of 11-13

The layers of compounds 11-13 demonstrated hole-drift mobility values in the
range from 10* to 10° cm?V-!''s! at moderate electric fields at the room
temperature. Hole mobilities in the layers of compounds 11 and 12 having one and
two 1,8-naphthalimide moieties well exceeded 102 cm?V-'-s! at high electric
fields. The charge transporting properties of the amorphous layers of pure 11 and 12
are good enough for many practical applications [254,255]. Dispersive hole-
transport was observed for the layers of compounds 11-13. For the illustration of
this statement representative TOF transients of holes for compound 11 are shown in
Fig. 4.31.

T T T
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Figure 4.31. Representative TOF transients of the layer of compound 11

0.
-2 | 337 nm laser

13 Hole mobilities were measured at the Department of Solid State Electronics, Vilnius University by dr. V.
Jankauskas.
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In every case, the short initial spike, limited by the time resolution of the
measurement setup, is followed first by a clear constant current plateau and then by
a drop. In order to get some more insight in the hole-transport properties of these
compounds, a qualitative discussion of charge-transfer rate-constants (kxr) based on
the Marcus theory can be helpful [219-222].

In the case of amorphous materials, the rate-constant of a hole-transfer
reaction between two adjacent molecules can be described by the “hopping”
mechanism and calculated mean of the following equation [219-222]:

K _Ar? 1 £ exp —(AG®° + 1)?
" h famik, T kg AT

In this equation, ¢ is the electronic coupling between two adjacent molecules,
AG® is the free energy of the hole-transfer reaction, and A is the reorganization
energy. This last parameter is the sum of two terms: (i) A, containing the
contribution from the medium polarization energy. (ii) A, representing the energetic
effort due to the intra-molecular geometric relaxations related to the hole transfer
between two adjacent molecules.

Equation 2 indicates that in order to obtain high hole-transfer rate-constants
(kur), the reorganization energy (A) should be small whereas the electronic coupling
parameter (¢) should be large. In the following only these two molecular parameters
will be discussed, whereas the influence of morphological and other structural
parameters will be ignored.

The internal reorganization energy (A;) values of model compounds 11-13
(0.18, 0.14, and 0.11 eV, respectively, B3LYP/6-31G(d,p) level) are small and vary
in a narrow range. The relatively small A; values for the three compounds suggest
good hole-transfer properties, which seems in line with the high hole mobilities
measured for compounds 11 and 12. On the other hand, the trend of A; values (11 >
12 > 13) suggests increasing hole-transfer rate-constants (kx7) in the order 11 < 12 <
13 which seems in diagreement with the experimental trend of the hole mobilities
(13 <11 < 12). This discrepancy along with the narrow range of 4; values (0.07 eV),
indicates that from the microscopical viewpoint, the hole transfer in these
compounds should be dominated by the electronic coupling between the HOMO
orbitals of adjacent molecules.

The electronic coupling parameter is strongly dependent on the overlap
between the HOMO orbitals of adjacent molecules. The HOMO pictograms in Fig.
4.23 suggest that in order for these compounds to exhibit good hole-transfer
properties, a sufficient spatial overlap should be established between the TPA cores.
In the case of compound 13, the TPA core is hindered by three 1,8-naphthalimide
arms, which prevent from efficient approach of the TPA cores of two adjacent
molecules. In the case of 11 and 12, there are still one or two phenyl rings non
substituted by 1,8-naphthalimide arms, thus suggesting less hindered overlap
between adjacent HOMO orbitals. However, while this observation might give ideas
on why compound 13 exhibits lower hole mobilities than 11 and 12, the higher
mobility of 12 as compared to 11 seems in disagreement with the above argument.

4.2)
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Other factors should consequently dominate in the comparison of hole mobilities
between 11 and 12. We suspect that the different packing manners between 11 and
12, as suggested by the very different T, values (Table 4.11), indicate stronger
intermolecular interactions in 12 as compared to compound 11, which might result
in smaller mean intermolecular distances, hence larger electronic coupling in
compound 12.

In conclusion, three new donor—acceptor glass-forming derivatives with
triphenylamine core and 1,8-naphthalimide arms were synthesized and
characterized. Their thermal, optical, electrochemical, and photoelectrical properties
were studied and discussed in terms of correlation with their chemical structures.
The 5% weight loss temperatures ranging from 431 to 448 °C. The compounds form
glasses with glass-transition temperatures being in the range of 55107 °C. Electron
photoemission spectra of the amorphous films of the materials revealed ionization
potentials similar to those of the derivatives of triphenylamine (5.75-5.80 eV) with
no evidence of dependence of ionization potentials on the number of 1,8-
naphthalimide arms. Hole mobilities in the layers of the compounds having one and
two 1,8-naphthalimide moieties well exceeded 102 cm?.V1.s1 at high electric
fields at room temperature.

4.1.4.Synthesis and properties of glass-forming derivatives with triphenylamino
and 1,8-naphthalimide moieties linked via ethynyl-containing linkages

In this chapter, the synthesis of three new derivatives with the TPA moiety as
a core and 1,8-naphthalimide fragments as arms with the ethynyl linkages between
electrophores are presented. The triple bond containing linkage between TPA and
1,8-naphthalimide moieties is expected to enhance the extent of conjugation which
in turn is expected to result in the improved photoelectrical properties. Another aim
of this work was characterization of the three new compounds for the better
understanding of the structure-property relationship of the electroactive materials
with the donor-acceptor structure.

Synthesis and characterization

Palladium/copper-catalyzed Sonogashira cross-coupling reaction was used as a
key reaction to obtain compounds with ethynyl linkages. Scheme 4.5 illustrates the
synthetic routes to the intermediates and the target compounds. The first step was
condensation of 4-bromo-1,8-naphthalic anhydride with 2-ethylhexylamine in DMF
which gave 4-bromo-N-(2-ethylhexyl)-1,8-naphthalimide (1). Compounds la, 2c
were prepared by bromination of TPA with NBS. Intermediates 3a’-c’ were
prepared by coupling 2a’-c’ with ethynyltrimethylsilane in the presence of Pd/Cu
and subsequently base-promoted deprotection. The treatment of 3a-c with
compound 1 by a Sonogashira cross-coupling reaction gave the desired compounds
14, 15 and 16. All these derivatives were characterized by H and *C NMR, mass
spectrometries and elemental analysis. The target compounds (14-16) are soluble in
common organic solvents such as DCM, chloroform, THF, chlorobenzene, toluene
etc.
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Scheme 4.5. The synthetic routes to 14-16

Thermal properties

The thermal properties of compounds 14-16 were investigated by TGA and
DSC under a nitrogen atmosphere. The values of Ty, Tm and 5% weight loss
temperatures (Tip-s%) are summarized in Table 4.14. The Tip are in the range of 396—
462 °C. These data indicate that all derivatives have high thermal stabilities. The
thermal stability of the synthesized donor-acceptor derivatives increases with
increase of the number of naphthalimide arms (14 < 15 < 16). These results are in
agreement the previously reported data on the thermal stability of the other
derivatives of naphthalimide and TPA [71,256]. Compounds 14-16 were isolated
after the synthesis as crystalline materials. Their behaviour in DSC experiments was
similar, therefore DSC curves of only one compound are given in Fig. 4.32. The first
heating scan revealed only one endothermic melting peak. No crystallization was
observed during the cooling scan. In the second heating scans compounds 14, 15 and
16 showed glass transitions at 73 °C, 89 °C and 96 °C, respectively and no
crystallization was observed in the following heating and cooling scans. These Tq
values are higher than those earlier reported for the derivatives of naphthalimide and
TPA with the single bond linkages between the chromophores [256]. T of the
synthesized compounds also increased with the increase of the number of
naphthalimide arms. These observations can apparently be explained by the
enhancement of intermolecular interaction.
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Table 4.14. Thermal characteristics of compounds 14-16

Compound Tg (°C) (2" heating) Tm (°C) Tip-sm, (°C)
14 73 181 396
15 89 207 454
16 96 216 462
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Figure 4.32. DSC thermograms of compound 15 (scan rate of 10 °C/min, N, atmosphere)

Optical and fluorescence properties

Absorption and FL spectra of the dilute solutions (10> M) in toluene and of
the thin solid films of the derivatives (14-16) are shown in Fig. 4.33. The
wavelengths of the absorption maxima, molar extinction coefficients (g), the
wavelengths of fluorescence maxima, ®g, Stokes shifts of the dilute solutions in
different organic solvents are summarized in Table 4.15.
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Figure 4.33. UV-Vis (dashed thin line) spectra of 10~ M solutions of compounds 14-16 and
normalized FL spectra of the dilute solutions in toluene (thick, solid line), and of the solid
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Table 4.15. Optical and fluorescence characteristics of the solutions in the different
solvents and of thin solid films of compounds 14-16

Compound
4 15 16
Solvent Aabs NM (€/  Aemy M Av, nif;bz’g/ Aem, Av, Aabs, NM Aemy M Av,
Mtem?) (DF) nm Micmy) D (@) nm (¢ Miem?) (Df) nm
Toluene 438 (243) (5’;29) 74 (gﬁ) (glgjl) 62 446 (2.46) (0%563) 70
462, 430,453 472,
Cyclohexane (1455"114211) 41 50 (122, 505 52 (1453’ ‘1“%47) 4(24622)2 58
19,1 (0.66) 127)  (0.93) 34, 1. :
582 587 588
Chloroform 450 (221)  (0.51, 132 (;‘gi) (0.44, 122 453(233) (0041, 134
0.96%) : 0.829) 0.054%)
621 451 631 633
THE  434@20) o 18T gon Qo 180 ar@2)  fo 188
547 456 549 612
AN amare)  Soe ua (0 M0 e ey (SR 158
Solid film 460 (551‘;) 9% 486 (372%) 90 470 (05331) 79

@ ypon deoxygenation; Av (Stokes shift) = Aem—Aabs.

The absorption bands in the range between 321 and 346 nm can be assigned to
n—n* transition of naphthalimide groups [230], while the lowest energy absorption
bands between 438 and 452 nm can be ascribed to the ICT of compounds 14-16
(Fig. 4.33 and Table 4.15). Such ICT absorption bands were observed for the earlier
described derivatives of TPA and naphthalimide [71,256]. Molar extinction
coefficients of the ICT bands of the dilute toluene solutions of compounds 14-16
were 2.43x10* Mt.cm™, 2.56x10* M.cm™ and 2.46x10* M~t.cm™™?, respectively.

The absorption maxima of the solid films of compounds 14 and 16 show blue
shifts of 26 and 16 nm, respectively compared to the wavelength of absorption
maximum compound 15 apparently owing to the smaller dihedral angle, thus giving
rise to more efficient w-conjugation in molecule 15. At the same time the absorption
maxima of the solid films of compounds 14-16 show red shifts of 22, 34 and 24 nm,
respectively with respect of those of dilute toluene solutions. This observation
indicates that there are significant conformational changes of compounds 14-16 in
the solid state with respect of those characteristic of the dilute solutions. The
absorption edges E* of the thin films of compounds 14-16 were estimated as 2.38,

2.33, and 2.21 eV, respectively. The values of g observed for the dilute solutions

were found to be by ca. 0.1 eV higher.

The emission intensity maxima of the dilute toluene solutions of compounds
14-16 were found to be in the close range of 512-516 nm (Fig. 4.33). The FL
spectra of the solid films of 14-16 were broadened with the intensity maxima at 554,
576 and 549 nm, respectively. They were without vibronic features and exhibited
considerable red shifts with respect to the spectra of the dilute solutions. The
considerable red shifts of the fluorescence spectra of the films of compounds 14-16
with respect of those of the solutions can apparently be explained by the formation
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of excited complexes (exciplexes) in the solid state [257]. These results are
consistent with the results obtained by UV spectrometry for the same compounds.
The Stokes shifts of 94 nm, 90 nm and 79 nm were observed for the solid films of
compounds 14, 15 and 16, respectively. They decreased with the increased number
of naphthalimide arms. For the dilute toluene solutions no decrease of the Stokes
shifts with the increase of the number of naphthalimide arms was observed.

To investigate in detail the effect of solvatochromism of compounds 14-16,
the spectral changes induced by solvent polarity are exemplified by comparison of
the absorption and FL spectra of each compound using several different polar
solvents with dielectric constants ranging from 2.02 to 37.50, including cyclohexane
(dipole moment = 0 D), toluene (0.36 D), chloroform (1.04 D), THF (1.75 D) and
acetonitrile (ACN, 3.92 D).

The influence of solvent polarity on the absorption wavelengths was
negligible, however considerable red shifts were observed for the emission bands of
all the studied compounds. Fig. 4.34 shows the effect of solvent polarity on FL
spectra of compounds 14-16. FL spectra of the dilute solutions of compounds 14-16
in cyclohexane show two peaks which can be associated with the transitions from
the lowest vibrational state to two different vibrational states. As the solvent polarity
increased, the FL spectra of all the studied compounds exhibited only one broad
band. Compounds 14-16 showed a blue shifted FL maxima in non-polar solvent
(cyclohexane and toluene) and red shifted FL maxima in polar solvent (THF and
chloroform). This suggests ICT occurring from the less polar ground state to the
more polar excited state [258]. The Stokes shifts increased with the increase in the
solvent polarity (>100 nm for the solutions in chloroform, ACN and THF) which
indicates that the polar excited state is more stabilized in the polar solvent.
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Figure 4.34. FL spectra of the solutions (10~ M) of compounds 14 (a), 15 (b) and 16 (c) in
dilute cyclohexane (solid line), toluene (dashed line), chloroform (dashed dot line), THF
(dashed dot dot line), and acetonitrile (short dot line). Absorption maxima wavelengths were
used as excitation wavelengths

The spectral dependency on the solvent polarity was studied on the basis of the
Lippert-Mataga model. The Lippert-Mataga polarity parameter (Af) was considered
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as the measure of the polarity of different solvents used. It was calculated according
to the following equation [259]:

V= Ve = 21hex Au? x Af xa™® + const.

A =(e-DIQ2e+D) - (" -DI2n2 +1),  Au=ptg — i’ (4.3)

(va—Vve )l Af =11307.6Au% xa™* + const.
where va and vr are the wavenumbers (cm™) of the absorption and emission
maxima, respectively, h = 6.6256x10%’ erg-s (Planck‘s constant); ¢ = 2.9979x10%°
cm-s* (the speed of light); a is the radius of the cavity in which the fluorophore
resides; pe and pe refer to the ground state and excited state dipole moments,
respectively. The slope of the Lippert plot reflects the solvent sensitivity of a
fluorophore.

Therefore, the Lippert-Mataga plot has to be linear, provided the solvent-
solute interactions are dipolar. However, as it can be seen from Fig. 4.35a, there is a
poor linear correlation between the Stokes shift of derivative 14 and the solvent
orientation polarizability. Poor linear correlations are also observed for compounds
15 and 16, suggesting that strong solute-solvent interaction other than dipole-dipole
interaction occurs in the excited states of compounds 14-16.
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Figure 4.35. (a) Dependences of Stokes shifts Av of compounds 14-16 (¢ = 10> M) on the
orientation polarizability Af. Solid lines were obtained from the linear fits. (b) plots of the
wavelengths of fluorescence intensity maxima of 14—16 versus the E1(30) polarity parameter
of the different solvents. (c) flurescence quantum yields of the solutions 14-16 versus the
solvent plarity Af(e,n)
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In order to get a deeper understanding on the solvatochromism of compounds
14-16, the Reichardt-Dimroth equation was used [260]:

vy—Vve =m,-E +const, (4.4)
where ETN , the normalized solvent polarity of Reichardt is a solvatochromic

parameter based on the absorption wavenumber of a standard betaine dye in the
corresponding solvent.

A linear correlation between the position of the emission maxima and
empirical solvent polarity parameter (Et(30)) is observed for the solutions of
compounds 14-16 in aprotic solvents (Fig. 4.35b), 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 4.15. For the solution in chloroform the largest ®¢ of 0.51 was
found for the derivative 14 containing one napthalimide moiety. The solutions of
compounds 15 and 16 showed @ values of 0.44 and 0.041, respectively. Thus
higher fluorescence quantum efficiencies were observed for the solutions in non-
polar solvents compared to those in polar solvents (Fig. 4.35c). The fluorescence
guenching in most of the polar solvents was accounted for exciplex or cluster
formation [232]. Compounds 14-16 showed very low emission intensity in ACN,
which is in accordance with the low ®r observed (Table 4.15). This is probably due
to the ICT from the TPA to the naphthalimide moieties through the ethynyl spacers.
ICT normally reduces the quantum yield due to more pronounced relaxation and
nonradiative decay of the excited state [261]. To study the effect of an increased
number of naphthalimide moieties on @, the ®¢ of the three compounds in dilute
toluene solutions was estimated. It is known that the triplet excitons of thermally
activated delayed fluorescence materials are inactivated by included triplet oxygen
molecules (*0;) [262]. Therefore ®r were measured after deoxygenation of the
dilute solutions by bubbling nitrogen through them. The ®¢ of the three compounds
increased from 0.041-0.51 to 0.054-0.96 upon deoxygenation. These results showed
that 14-16 might be useful as emitters for new generation organic light emitting
diodes [263,264].

To reveal the delayed fluorescence of the dilute solutions and solid films of
compounds 14-16 in toluene solutions (10° M) and solid films we recorded time
resolved fluorescence spectra (Fig. 4.36). The spectra of the delayed fluorescence of
the solutions and the layers of compounds 14, 15 are identical to those of the prompt
fluorescence. The resemblance between the prompt and delayed fluorescence spectra
of the compounds with donor-acceptor structure can be explained by the effective
ICT [265,266].
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Figure 4.36. Normalized prompt and delayed fluorescence spectra of the toluene solutions
(107 M) of 14 (a) and 15 (b) and of the solid films of 14 (c) and 15 (d)

Electrochemical properties

The results of the electrochemical measurements are listed in Table 4.16. Fig.
4.37 shows that the shapes of CV curves are similar and compounds 14-16 showed
ambipolar redox behavior. One irreversible n-doping/dedoping
(reduction/reoxidation) process in the negative potential range (related to the
reduction of naphthalimide group) and one irreversible p-doping/dedoping
(oxidation/rereduction) process in the positive potential range (related to the
oxidation of triphenylamino group) were observed for all the compounds (14-16).
The onsets of the oxidation potential (g _,) were found to be 0.76 V for compound

14, 0.68 V for 15 and 0.81 V for 16. Derivative 15 possesses the lowest onset
oxidation potential, which means that the electron-donating ability of compound 15
containing two naphthalimide moieties is the strongest among these three
compounds. In the reductive potential region, the onset reduction potentials (E™
were found to be -1.62 V for 14, -1.65 V for 15 and -1.51 V for 16. The
electrochemically estimated band gaps (Eg'c) of 14-16 were in the range of 2.31-

2.38 eV (Table 4.16). They were found to be slightly lower than the corresponding
optical band gaps (Egp‘) observed for the solutions of 14-16 (2.32-2.53 eV), but

within the range of error (0.2-0.5 eV) [252]. The values of EZ'° of these compounds
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were smaller than the corresponding values of E‘;pt. Such relatively small
differencies between E and ESe were also observed for the other derivatives of

TPA and naphthalimide [71,256]. The solid state ionization potentials (IPcv) and
electron affinities (EAcv) were also estimated by CV (Table 4.16). The values of
IPcv for compounds 14-16 ranged from 5.48 to 5.61 eV. They are comparable to
those of the other derivatives of TPA and naphthalimide [71,256].
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Figure 4.37. Cyclic voltammograms of 14-16 (10> M solutions, scan rate of 50 mV-s vs
Ag/Ag?) in 0.1 M solution of BusNPFg in CHCl»

Table 4.16. Electrochemical characteristics of 14-16

ox red elc opt opt

Compound Eonset EOHSEI IP\C/VB EQ;:\Q Eg ! Eg ! Eg '

vsFcva  vsFove  (BY) (V) (eV)° (V) (V)

14 0.76 -1.62 5.56 -3.18 2.38 2.53 2.38

15 0.68 -1.65 5.48 -3.16 2.32 244 2.33

16 0.81 -151 5.61 -3.29 231 2.32 2.21

% red

a Bonet and Eomset are measured vs. ferrocene/ferrocenium. ® lonization potentials and
electron  affinities  estimated  according  to IP., = (ES. +4.8) (eV).

EA., =—(E™ +4.8)(eV) (where, E> and E'™_ are the onset reduction and oxidation

onset onset onset

potentials versus the Fc/Fc*). E®_ and E™ of Fc/Fct measured in DCM solution

onset onset

containing 0.1 M BusNPFs was 0.275 V vs. ferrocene/ferrocenium). © E‘;‘°=|IPCV| — |[EAv,
where Eeg'c is the electrochemical band gap. ¢ The optical band gap estimated from the onset

wavelength of optical absorption of dilute solution, according to the formula: Eq =
1240/Xeqge, in Which the deqge is the onset value of absorption spectra in long wave direction.
The optical band gap estimated from the onset wavelength of optical absorption of the solid
film.

Photoelectrical properties

The electron photoemission spectra of the amorphous films of compounds 14—
16, taking the square root of the photocurrent i versus the light irradiation energy hv
are plotted in Fig. 4.38. The values of ionization potentials were obtained by
extrapolation of the straight parts of the spectra to i=0. The ionization potential
values of 5.70, 5.65 and 5.61 eV observed for compounds 14, 15 and 16. They are
comparable and slightly higher than those estimated by CV. The ionization
potentials of 14, 15 and 16 are slightly lower than those of the earlier reported
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derivatives of TPA and 1,8-naphthalimide moieties linked via single and double

linkages [71,256].
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Figure 4.38. Electron photoemission spectra of the films of compounds 14-16

To investigate the effect of attaching of the different number of naphthalimide
acceptor units to a triphenylamine donor core on the charge-transporting properties
of compounds 14-16, we used the method of charge extraction by linearly
increasing voltage (CELIV) [129,130]. Fig. 4.39 shows dark-CELIV and photo-
CELIV transients recorded respectively in the dark and under illumination at various
applied electric fields, which were changed by increasing the maximum voltage of
the pulse while keeping its duration constant, in a 285 nm thick sample of the
amorphous layer of 14. The dark-CELIV curves show a purely capacitive response
in case of the absence of photoexcitation. At 20 V the dark injection from the
electrodes is beginning to occur as evidenced by the tail observed in the transient.
The shape of the photo-CELIV transients resemble the typical case for the extraction
of photogenerated charge carriers from the layer. As it is seen from photo-CELIV
curves, the time of the maximum extraction current (tmax) shifts to the smaller values
at high voltages. For the layer of compound 15 the extraction of photogenerated
charge carriers in photo-CELIV transients was seen only at high voltage (20 V). In
case photo-CELIV of the layer of compound 16 we did not obtain the signal for the
extraction of photogenerated charge carriers. This observation shows that the
recombination of charge carriers in the layers of the compound is faster than the
allowed range of the photo-CELIV method (the range from ps to ms).
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Figure 4.39. Dark CELIV and photo-CELIV curves for compound the layer of 14 as a
function of an applied triangle-shaped voltage pulse with amplitude from 10 to 20 V. The
maximum extraction time was marked in photo-CELIV curves when the maximum in the

current transients was observed

Hole mobilities were calculated at 20 V by the formula y=2d"/3At ", where d
is the sample thickness, A=U(#)/t is the voltage rise rate, fq is extraction time when
the maximum in the current transients is observed (marked in Fig. 4.39). For the
layers of compounds 14 and 15 they were found to be 2.23x10°% cm?/V's at 3.2x10°
V/em, and 4.1x107¢ cm?/V's at 1.2x10° V/cm, respectively. It was not possible to
calculate charge mobilities for derivative 16 since the maximum in the current
transients for its layer was not observed. The values of hole mobility for 14 and 15
are lower compared to those of the other compounds consisting of triphenylamine
core and 1,8-naphthalimide arms [71,256].

In conclusion, three new donor—acceptor glass-forming derivatives with
triphenylamine core and 1,8-naphthalimide arms were synthesized and
characterized. Their thermal, optical, electrochemical, and photoelectrical properties
were studied and discussed. The 5% weight loss temperatures ranging from 396 to
462 °C. The compounds form glasses with glass-transition temperatures being in the
range of 73—96 °C. The values of IPcy for compounds 14-16 ranged from 5.48 to
5.61 eV. They are comparable to those of the other derivatives of TPA and
naphthalimide. The ®¢ of the three compounds increased from 0.041-0.51 to 0.054—
0.96 upon deoxygenation. These results showed that 14-16 might be useful as
emitters for new generation organic light emitting diodes.
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4.1.5. Comparison of properties of glass-forming derivatives with
triphenylamino and 1,8-naphthalimide moieties

Three groups of the synthesized compounds containing triphenylamine and
naphthalimide moieties are shown in Fig 4.40. These groups differ in terms of the
linking topology of the chromophores: in the first group triphenylamino and
naphthalimido moieties are linked via the single bonds, in the second and in the third
groups — the same species are linked via ethenyl- or ethynyl-containing bridges.

S 3

3. B &
& &
I group o O

Q
O O oo o1 o
7 8 9 /‘/{No . U N{L

~ %ﬂ

11 group D O O
= O Q \ O Q N O N
N N O
1 © 12 Q- 13 —
& & 0 & Lo
Oy N O ° é\/ OO
111 group OO “ @ )
1 ) NQ 15 Y 16 s
O QO b ¢

Figure 4.40. Molecular structures of 7-16

TGA revealed that first group of compounds 7-10 exhibit excellent thermal
stabilities. Their 5% weight loss temperatures range from 429 to 483 °C. It was
established that increase of the number of 1,8-naphthalimide moieties leads to the
increase of the thermal stability of the derivatives. Molecules 9, 10 having two and
three 1,8-naphthalimide moieties showed higher 5% weight loss temperatures than
molecules 7 and 8 containing one 1,8-naphthalimide moiety. Compounds 7, 9 and
10 were obtained as crystalline substances. However in the second DSC heating
scans, the glass transitions of 7-10 were observed in the range of 45-84 °C. DSC
revealed that the compounds of the second (11-13) and the third (14-16) groups can
also exist in the glassy state. The glass transition range from 55 to 107 °C for the
compounds of the second group and from 73 to 96 °C for the compounds of the third
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group. The linking topology of the chromophores has significant effect on the glass
transition temperature of the synthesized derivatives. The highest glass transition
temperature was observed for compound 13 in which the chromophores are linked
via the bridge containing double bonds. The lowest T4 was recorded for compound 8
in which the chromophores are linked via the single C-C bond.

The lowest-energy absorption bands of compounds 7-10 are shifted to the
longer wavelengths in respect to the absorbance bands of the compounds having
electronicall isolated 1,8-naphthalimide or triphenylamine moieties. FL spectra of
compounds 7, 9, 10 dissolved in cyclohexane exhibit efficient molecular emission
with ®f of 0.63-0.78. FL spectra of the solid films of compounds 7-10 are broad,
unstructured and red shifted with respect to those of the dilute solutions and
molecular dispersions in PS matrixes.

The dilute solutions of compounds 11-13 emit orange light with the intensities
peaking in the range of 641-646 nm. The spectra of the solid samples of compounds
11-13 exhibit small red shifts with respect of those of the dilute solutions. ®¢ of the
dilute solutions of 11-13 range from 0.64 to 0.45, while those of the films are
considerably lower and range from 0.09 to 0.18.

The lowest energy absorption bands between 438 and 452 nm can be ascribed
to the ICT of compounds 14-16. The absorption maxima of the solid films of
compounds 14-16 show red shifts of 22, 34 and 24 nm, respectively with respect of
those of dilute toluene solutions. Interestingly, that the absorption spectra of the
solid films of compounds 14-16, are red-shifted with respect to those of 7-10 and
11-13, in which donor and acceptor units are linked through the single and double
bonds. For the dilute toluene solutions of 14-16 no decrease of the Stokes shifts
with the increase of the number of 1,8-naphthalimide arms was observed. The FL
spectra of the solid films of 14-16 were broadened as well as for compounds 7-10
and 11-13. The considerable red shifts of the fluorescence spectra of the films of
compounds 14-16 with respect of those of the solutions are observed. The same
batochromic effects are observed for the fluorescence spectra of the films of
compounds 7-10 and 11-13 with respect of those of the solutions in which donor
and acceptor units are linked through the single and double bonds.

The values of ionization potential of the compounds 7-10 range from 5.57 to
6.01 eV. Compounds 9 and 10 with two and three 1,8-naphthalimide moieties,
respectively, demonstrated a little higher of ionization potential values with respect
to those of 7 and 8 with one 1,8-naphthalimide moiety. The similar electrochemical
properties were observed for the compounds of the second (11-13) and the third
groups (11-16).

Compound 8 showed comparable mobilities of holes and electrons. This is a
valuable property with respect of the possible application in organic light emitting
diodes. Hole mobilities in the layers of compounds 11 and 12 having one and two
1,8-naphthalimide moieties well exceeded 103 cm?-V-1-s7t at high electric fields.

In conclusion, thermal, optical, fluorescence, electrochemical, photoelectrical
properties of glass-forming derivatives with triphenylamino and naphthalimide
moieties linked via the single bonds, ethenyl- or ethynyl-containing linkages are
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summarized in Table 4.17 (for more details see in the Chapters 4.1.2, 4.1.3 and
4.1.4).

Table 4.17. Properties of glass-forming derivatives 7-16

Compound| 7 8 9 0 ] 11 ] 12 ] 13 | 14 | 15 | 16
o nd

T%éat?rzg(; 47 45 76 | 84 | 55 | 90 |107| 73 | 89 | 96

To CCP| 132 | - 136 | 141 | 163 | 185 | 222 | 181 | 207 | 216

Tip-se, (°C)°| 437 429 448 483 | 431 | 445 | 448 | 396 | 454 | 462

(in i (in (in . . . . § .
018, 068 | 068" | 063" 10 640n/0.450n|0.480n 0,890 0.94(m [0,0530
D soI/fiImd / cyclohexane)/ / / THF)/ THF)/ THF)/ toluene)/ toluene)/ toluene)/<
011 0.10 0.16 0.23 0.18 | 0.14 | 0.09 | 0.17 | 0.25 | 0.01
e, W -4 -5 -5 _ _ _ _ _ _
(cmiv-se | 10 10 10 10

(C mk‘/*{/_s)f 107 | 10% | 107 | 10® | 10°|10°| 104 | 10% | 106 | —
IPep,
(eV)?
E% . vs
onset 0.54 0.25 0.57 058 [ 038|044 045 0.76 | 0.68 | 0.81
Fc/vh

Er vs
onset -1.83 -1.84 -184 | -1.80 |-1.74|-1.73|-1.72|-1.62| -1.65 | -1.51

Fc/Vi
IPcv, (eV)j 5.34 5.05 5.37 538 | 5.18 | 524 | 525 | 5.56 | 5.48 | 5.61
EAcv, (V)Y —297 | —2.96 | —2.96 | —-3.00 |-3.06|-3.07|-3.08|-3.18| -3.16 | -3.29

ESC.(eV)'| 234 | 226 | 249 | 260 | 212|217 |217|238 | 232 | 231

5.79 5.57 593 | 6.01 | 575|578 | 580|570 | 5.65 | 5.61

ES, (V)" 255 | 240 | 257 | 258 |2.34 (228|227 |253 | 244 | 2.32

8 Ty — glass transition temperature; ® T — melting transition temperature; ¢ Tips — 5%
weight loss temperature; ¢ ®r — fluorescence quantum yield in solution/solid film; ¢ hole drift
mobility value; f electron drift mobility value; 9 established from electron photoemission in

i OX red A ) A A i
air spectra; M Eonser and Eonser are measured vs. ferrocene/ferrocenium; * jonization

potentials and electron affinities estimated according to IP,, =(E>., +4.8) [eV].

onset

EA., =—(E™  +4.8)[eV] (where, E* and E  are the onset reduction and oxidation

onset onset onset

potentials versus the Fc/Fc*). E  and E™ of Fc/Fc* measured in DCM solution

onset onset

containing 0.1 M BusNPFe; Eeg'C = |IPcv| — |EAcv|, where Eo is the electrochemical band

gap; ™ the optical band gap estimated from the onset wavelength of optical absorption of
dilute solution, according to the formula: Eq = 1240/ Aedge, in Which the Aeqge is the onset value
of absorption spectra in long wave direction.
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4.2. Synthesis and properties of electron-transporting derivatives of fluorene
and 1,8-naphthalimide

It is known that absorption, emission, electrochemical and/or photoelectrical
properties of naphthalimides and their analogues can be varied by extending the n-
conjugation at the carbocyclic core using electron-donor chromophores which affect
the electronic structure of the derivatives [178,218,267-269]. However, the
substitutions at the imide position have little or no influence on the electronic
properties of the derivatives [178,218,267-270].

Fluorene and its derivatives are proven to be useful building blocks for the
preparation of luminescent and charge-transporting materials [236,271,272]. They
are applied extensively in the design and synthesis of polymers, low-molar-mass
compounds, and dendrimers for electronic and optoelectronic applications
[236,271-274]. The possibility of functionalization at 2, 7 and 9 positions, of
fluorene moiety not only improves the solubility of its derivatives but also
influences the molecular properties like glass transition, absorption or emission.

In this chapter, the synthesis and thermal, fluorescence, electrochemical, and
charge-transporting properties of naphthalimide-substituted fluorene derivatives
containing different alkyl substituents are reported.

Synthesis and characterization

Compounds 18, 19, 21 and 22 were synthesized by Suzuki-Miyaura coupling
reactions as shown in Scheme 4.6. For the comparison compounds 17 and 20 also
were synthesized as described in literature [174]. For the preparation of simple D-A
compounds (18, 19) containing naphthalimide acceptor and fluorene donor, mono-
1,3,2-dioxaborolanyl derivatives of fluorene were used. For the synthesis of D-A-D
hybrid compounds (21, 22), 2,7-di-1,3,2-dioxaborolanyl derivatives of fluorene were
employed.

. 4
oD

O;’ / Ry R 18, 19
RN 8 B + 2a"-c"
[e]

SO SO LN
1, 1a' O/B . B\O

1 2-gthylhexyl 2a”,3a” -gthyl 17054, 200254 -gthyl 2-gthylhexyl
la’ -octyl 2b>’,3b> | 2-ethylhexyl 18,21 2-ethylhexyl 2-ethylhexyl
2¢”, 3¢” -octyl 19, 22 -octyl -octyl

Scheme 4.6. Synthesis of compounds 17-22. Reagents and conditions: (a) Pd(Phs).Cl,,
K>COs, THF/H0, 80 °C, 12-16 h
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The synthesized compounds were purified by silica gel column
chromatography and characterized by 'H NMR, *C NMR and IR and mass
spectrometries, as well as by elemental analysis. The spectral and elemental analysis
data are in good agreement with their chemical structures.

Thermal properties

The values of Ty, Tm, Te and 5% weight loss temperatures (Tipsw) are
summarized in Table 4.18. The derivatives demonstrate high thermal stability. The
Tmp-s% occured at the temperatures higher than 304 °C, as confirmed by TGA with a
heating rate of 20 °C/min. The thermal stability of disubstituted fluorene derivatives
(20-22) was found to be higher in comparison to that of monosubstituted
compounds 17-19.

All fluorene derivatives synthesized in this work except compound 19 were
isolated after the synthesis as crystalline materials. DSC thermograms of compound
18 are shown in Fig. 4.41. When the crystalline sample of 18 was heated, the
endothermic peak due to melting was observed at 61 °C. When the melted sample
was cooled down and heated again, the glass transition was observed at 50 °C. On
further heating, no peaks due to crystallization and melting appeared. The crystalline
samples of compounds of 17, 20 and 21 demonstrated the similar behaviour. They
melted on the first heating scan at 143 °C (for 17), 145 (for 20) and 142 °C (for 21),
and formed glasses upon cooling at 30 °C, 76 °C and 49 °C, respectively. Compound
22 demonstrated different behaviour in the DSC experiments. The crystalline sample
of 22 melted at 169 °C on the first heating and formed glass upon cooling. When the
amorphous sample was heated again, the glass transition was observed at 59 °C. On
further heating, an exothermic peak due to crystallization was observed at 84 °C to
give the crystals which melted at 167 °C. Compound 19 having linear octyl chains
was isolated after the synthesis as viscous liquid. In the second DSC heating scan it
showed glass transition at —19 °C. The values of T, of naphthalimide-substituted
derivatives of fluorene can be modified by the attachment of the different alkyl
chains to the fluorene and naphthalimide moieties.

Table 4.18. Thermal characteristics of compounds 17-22

Compound T, (°C) 2™ heating)  Tnm (°C) Ter. (°C) Tiv-s. (°C)
17 30 143 - 392
18 50 61 - 304
19 19 - - 360
20 76 145 - 457
21 49 124 - 422
22 59 169, 167" 84 441
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Figure 4.41. DSC curves of compound 18 (heating/cooling rate 10 °C/min, N»)
Fluorescence properties

UV-Vis absorption spectra and fluorescence spectra of dilute solutions in
cyclohexane and of solid films of the synthesized naphthalimide mono- and
disubstituted fluorenes are shown in Fig. 4.42. The details of the optical and
fluorescence properties of the compounds are summarized in Table 4.19.

Table 4.19. Optical and fluorescence properties'* of the dilute cyclohexane solutions
and solid films of compounds 17-22

g Dilute solution in cyclohexane Solid film
s

S

2 Jabs, (NM) Aem, T, w NR? abs,  Aem,

g e Lmoliem?) (m) ®F (s) (s) (s) [om) (m) P T (ns)

218 (51%), 0.55 (31%),
6.84 (18%)
2.03 (44%), 7.01 (29%),
0.54 (27%)
241 (55%), 0.64 (28%),
8.29 (17%)
1.95 (49%), 0.57 (41%),
8.42 (9%)
0.26 (49%), 0.91 (40%),
3.40 (11%)
042 (49%), 1,04 (44%),
4.05 (7%)

17 363 (20505) 423  0501.42 2.84 2.84 380 474 023
18 355(24709) 423 053142 2.68 3.02 378 495 0.17
19 357 (18505) 423 047 1.45 3.09 2.74 393 477 025
20 374 (42867) 425 0.691.22 1.77 394 392 489 0.14
21 369 (47535) 424  0.641.23 1.92 3.42 406 469 0.07

22 373 (42974) 424  0.651.24 191 354 410 480 0.25

2 Radiative and non-radiative decay time constants calculated as ©/®r and t/(1-®F),
respectively.

14 Optical and fluorescence properties were obtained at the Institute of Applied Research, Vilnius University by dr.
A. Miasojedovas.
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Figure 4.42. Absorption (thin solid line) and fluorescence spectra of the solutions (107° M)

of 17-22 in cyclohexane (thick solid line) and of solid films (dashed grey line).
Fluorescence quantum yields are indicated. Absorption maxima wavelengths were used as
excitation wavelengths

The lowest-energy absorption bands of the mono- as well as of the
disubstituted compounds are located at 355-374 nm. These bands are shifted to the
longer wavelengths in respect to the absorbance band of the naphthalimide moiety
(344 nm) [71,183,275] implying extended conjugation. The less pronounced
absorbance band peaked at 306 nm can be attributed to fluorene moiety [276].
Oscillator strength of the lowest-energy transitions of the disubstituted compounds
20-22 is nearly twice as large as that of the monosubstituted compounds 17-19 as a
result of extended m-conjugation on two naphthalimide moieties. Absorption spectra
of the solid films of the investigated compounds were broader and red-shifted by ca.
17-37 nm indicating on excitonic coupling.

Excitation at 365 nm of dilute cyclohexane solutions of the synthesized
compounds resulted in a highly efficient fluorescence in the blue spectral region
with bands peaked at 423425 nm. FL spectra of the dilute solutions of 17-22 in
nonpolar solvents showed vibronic structure. Monosubstituted compounds exhibited
more intense 0—1 vibronic transition (at 435 nm) in respect to the disubstituted
derivatives. FL spectra of the solid films of naphthalimide derivatives 17-22 are
broadened and shifted to the long wavelengths by 4572 nm as compared to those of
dilute solutions. ®r of the dilute cyclohexane solutions of the compounds were
found to be 0.47-0.53 for the monosubstituted compounds (17-19), whereas a
higher value of ®¢ (0.64—0.69) was obtained for the disubstituted compounds (20—
22). Higher values of ®r obtained for the disubstituted compounds are consistent
with the enhanced oscillator strength of the lowest electron transitions revealed by
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the absorption measurements. ®@r of the solid films was estimated to be in the range
0f 0.07-0.25.

It is known that fluorescence properties of naphthalimide derivatives are
strongly dependent on the solvent polarity [71,183]. Significant variation of the
excited state properties on the solvent polarity indicates on pronounced charge-
transfer character of the lowest excited states. The normalized fluorescence spectra
of the dilute solutions of compound 17 in the solvents of different polarities are
shown in Fig. 4.43. The fluorescence characteristics of the solutions of compound
17 in the different solvents are summarized in Table 4.20.

Table 4.20. Fluorescence properties of the dilute solutions of compound 17 in the
solvents of the different polarity

Dielectric
labs, iem, FWHM, T, TR, TNR,
Solvent con(sgt)ant, (m) () (nm) DOr M) (ns)  (ns)
Cyclohexane 2.02 363 423 66 0.50 1.42 284 284
Toluene 2.4 369 444 70 044 1.33 3.02 238
Chloroform 4.8 375 477 78 0.62 225 3.63 592
DCM 9.08 374 481 82 0.63 2.71 430 7.32
Acetone 20.7 369 490 90 0.68 3.36 494 10.5
Acetonitrile 37.5 368 506 97 0.76 4.07 5.35 16.96
DMSO 46.7 376 517 102 0.84 432 5.14 27
' ' ' ' —cyclo'hexane
= = toluene
_ - ~ \I,,'\.\‘ '_~.~_cDer:(')vrloform E
3 Y SN\ T = -acetone
2 I T N e acetonitrile
8 SAs NN . DMso =<
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Figure 4.43. Fluorescence spectra of the dilute cyclohexane, toluene, chloroform,
dichloromethane, acetone, acetonitrile and dimethylsulfoxide solutions (10~° M) of
compound 17

Batochromic shift of 94 nm, broadening and the change of the shape of FL
spectra was observed with increasing solvent polarity. At the same time
solvatochromic shift of the absorbance band was found to be only 13 nm. Such
behavior is typical for compounds possessing small dipole moment in the ground
state and significantly larger dipole moment in the excited state. The most
interesting solvation property is enhancement of ®r with the increase of the solvent
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polarities. ®r of compound 17 increased linearly from 0.55 to 0.84 with the
increasing solvent polarity (Fig. 4.44a).
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Figure 4.44. a) FL quantum yield and b) FL decay time (triangles), radiative (circles) and
non-radiative (squares) decay times versus dielectric constants of the solvents. Lines are
showing the trends

Fluorescence enhancement was also reported for other naphthalimide
compounds dissolved in protic solvents [71,183,267,268,277]. Enhancement of ®r
was accounted to the decrease in the intersystem crossing because of the hydrogen
bond formation [109]. In our case increase in ®r in nonprotic solvents was observed
as compared with ®r in non-polar solvents. However the similar impact of the
polarity on the energy of the resonant singlet and triplet levels can be expected. The
analysis of variation of radiative and nonradiative decay pathways with solvent
polarity supports this assumption (see Fig. 4.44b). Nonradiative decay rate decreases
by almost 10 times with increasing solvent polarity, while the radiative decay rate
increases by less than 2 times. This observation is in agreement with modulation of
the intersystem crossing rate by solvent polarity.

Reduction of the rate of nonradiative recombination rate of such molecules
comprising singly bonded two polar aromatic moieties can be also explained by
solvent polarity impact on the intramolecular twisting [278—280]. However in such a
case the twisting rate should be highly sensitive to the solvent viscosity. There is
minor correlation of the nonradiative decay rate with the solvent viscosity.
Compounds dissolved in a solid polystyrene matrix show the values of ®r slightly
lower than those obtained for the solutions in nonpolar solvents. The fluorescence
decay time parameters of the solid molecular dispersions are similar to those
obtained for the liquid solutions in nonpolar solvents. Rigid matrix restricts possible
intramolecular twisting of the singly bonded naphthalimide and fluorene moieties,
thus the impact of twisting effect is minor.
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Electrochemical properties

Electrochemical investigation of the solutions of compounds 17-22 in DCM
were carried out in order to elucidate the reduction redox processes and thereby
EAcy. The CV profiles of compounds 17-22 are given in Fig. 4.45. The reduction
potentials, and the values of IPcy and EAcv are collected in Table 4.21.

Table 4.21. Electrochemical characteristics of compounds 17-22

Compound Ewt, (V)  Eo (V) En (V)  EJ".(eV)  EAcy, (eV) IPcy, (eV)

17 —-1.81 -1.61 —-1.46 3.04 -3.34 6.38
18 -1.79 -1.70 -1.37 3.04 -3.43 6.47
19 -1.60 —1.48 -1.28 3.03 -3.52 6.55
20 -1.79 -1.61 -1.43 2.98 -3.37 6.35
21 —-1.82 -1.71 —-1.51 3.00 -3.29 6.29
22 —-1.58 -1.47 —1.28 3.00 -3.52 6.52

2 First reduction potential onset vs Fc/Fc™.

-25 20 15 10 05 0025 20 15 10 05 00
E/Vvs Ag/Ag”

Figure 4.45. Cyclic voltammograms of compounds 17-22

EAcv were calculated by referencing with ferrocene/ferrocenium (Fc/Fc*)
redox couple according to the established relationship: EAcy (eV) = 4.8 — E
where E, is the first reduction potential onset versus Fc/Fc*. The values of [Pcy were

calculated according to the relationship: IPcv = EAcv — E™, where E™ is the

optical band gap calculated from the solution absorption onset.

All the naphthalimide-substituted derivatives of fluorene exhibited reversible
reduction processes corresponding to the reduction of naphthalimide moieties to
radical anions (Fig. 4.45). This reduction behaviour clearly demonstrates the
electron deficient nature of these derivatives. The reduction potentials range
between —1.58 V and —1.81 V. No substantial influence of the number of
naphthalimide moieties in the molecules on the reduction potentials were observed.
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The values of EAcv of compounds 17-22 range from —3.29 to —3.52 eV with respect
to the vacuum level. These values are in agreement with those of naphthalimide-
containing hydrazones [109]. The values of [Pcv of disubstituted fluorenes (20-22)
are lower than those of monosubstituted compounds (17-19).

Charge-transporting properties

Xerographic time-of-flight measurements were used to characterize the
charge-transporting properties of the selected compounds. Dispersive electron-
transport was observed in the layers of compounds 17, 18, 21, 22 coated on
aluminium plated glass by solution processing technique. The representative dU/dt
transients for the solid film of 21 are shown in Fig. 4.46.
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Figure 4.46. XTOF transients for the solid film of 21. Arrow mark indicate transit time of
electrons at the respective surface voltage

They clearly demonstrate dispersive electron-transport. The electron-transit
times (#) needed for the estimation of electron mobilities were established from the
intersection points of two asymptotes of the double-logarithmic plots.

The electric field dependencies of electron-drift mobilities of the layers of
naphthalimide derivatives are shown in Fig. 4.47.
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Figure 4.47. Electric field dependencies of electron-drift mobilities of the amorphous layers
of 17, 21, 22 and of the molecular mixture of 18 with PC-Z (1:1)
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Compound 18 did not form good amorphous film. Therefore the layer of its
1:1 molecular mixture with a PC-Z was prepared. For the amorphous films of
compounds 17, 21 and 22 and for the 1:1 blend of 18 with PC-Z, the linear
dependencies of electron drift-mobility on the square root of the electric field were
observed at room temperature.

The room temperature electron drift-mobility values in the amorphous layer of
fluorene containing naphthalimides were 3.8x10° cm?-V-1.s7* for 17, 4x10* cm?.\V~
Ls1 for 21 and 1.2x107° cm2V1s? for 22, respectively, at an electric field of
6.4x10° V-cm in air. Since the concentration of chromophores was considerably
lower in the 1:1 blend (18+PC-Z) compared to the amorphous films of neat
compounds, the electron drift mobility observed was lower (in the order of 10°°
cm?V1st at 6.4x10° V-cm™). The highest electron mobilities were observed for
compounds 22 and 21. Compound 22 with longer linear alkyl chains both in the
imide region and in C-9 position of fluorene moiety showed higher electron
mobilities than compound 21 possessing branched and shorter alkyl chains. This
observation can apparently be attributed to the influence =-stacking or
intermolecular distance in the amorphous films of these compounds. Electron
mobilities of the naphthalimide-substituted derivatives of fluorene are comparable
and somewhat higher to that of electron transporting amorphous materials of organic
semiconductors (pe = 10°-10* cm?V1.s1) [245,281].

In conclusion, we have synthesized a series of naphthalimide substituted
derivatives of fluorene which exhibit high thermal stability with the 5% weight loss
temperatures ranging from 304 to 457 °C. Most of the synthesized compounds can
be attributed to molecular glasses with glass transition temperatures ranging from 30
to 76 °C. Dilute solutions of the fluorenyl substituted naphthalimide compounds in
nonpolar solvents were found to emit in the blue region with high fluorescence
guantum yield ranging from 0.47 to 0.69. Fluorenyl substituted naphthalimides
exhibited pronounced positive solvatochromic behaviour in polar solvents indicating
on charge-transfer character of the lowest excited states. The electron drift
mobilities of the layer of 2,7-di((N-octyl-1,8-naphthalimide)-4-yl)-9,9-dioctyl-
9H-fluorene reached 1.2x10°% cm?-V-1.s* at an electric field of 6.4x10° V.cm™.
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5. THE MAIN RESULTS AND CONCLUSIONS

1. Hydrazones containing electron-accepting 1,8-naphthalimide species and
electron-donating triphenylamino moieties were synthesized; the investigation of
their thermal, optical, electrochemical and fluorescence properties revealed the
following observations:

1.1. The hydrazones exhibit high moderate stabilities with 5% weight loss
temperatures in the range of 268-348 °C and can form glasses with glass
transition temperatures in the range of 46-142 °C.

1.2. Room temperature time-of-flight hole mobilities in the solid solutions of the
alkylated derivatives in bisphenol-Z polycarbonate (50%) exceeded 10
cm?/V-s at high applied electric fields.

1.3. The ionization potentials of the hydrazones, measured by electron
photoemission technique were 5.45 eV. The presence of electron accepting
1,8-naphthalimide species has minor effect on the ionization potentials of
the compounds.

2. A series of derivatives of 1,8-naphthalimide and triphenylamine in which the
chromophores are linked via the single bonds were synthesized by Suzuki
condensation reactions and their properties were studied. It was established that:
2.1. They exhibit very high thermal stabilities with 5% weight loss temperatures

ranging from 429 °C to 483 °C and are capable to form molecular glasses
with glass transition temperatures ranging from 45 °C to 84 °C. Increase of
the number of 1,8-naphthalimide moieties leads to the increase of the
thermal stability as well as glass transition temperatures of the derivatives.

2.2. The dilute solutions of the compounds in nonpolar solvents and in rigid
polystyrene solutions show fluorescence quantum yields from 0.58 to 0.78,
while emission yields of the solid films are in the range of 0.10-0.23.

2.3. The ionization potentials of the solid samples of the compounds established
by electron photoemission spectrometry in air ranged from 5.57 to 6.01 eV.
4,4’-(Di(N-(2-ethylhexyl)-1,8-naphthalimide-4-yl)phenyl)benzenamine and
4,4°,4°°~(tris(N-(2-ethylhexyl)-1,8-naphthalimide-4-yl)phenyl)benzenamine
with two and three 1,8-naphthalimide moieties, respectively, demonstrated a
little higher ionization potential values with respect to those of 4-(4’-
diphenylaminophenyl)-N-ethylhexyl-1,8-naphthalimide and 4-(4’-(di-(4*’-
methoxyphenyl)amino)phenyl)-N-(2-ethylhexyl)-1,8-naphthalimide with
one 1,8-naphthalimide moiety.

2.4. 4-(4°-(Di-(4 -methoxyphenyl)amino)phenyl)-N-(2-ethylhexyl)-1,8-
naphthalimide containing methoxy groups was found to show ambipolar
charge transport in air with the mobilities of charges exceeding 10 cm?.\V~
L.s71 at high electric fields.

3. A series of derivatives of 1,8-naphthalimide and triphenylamine in which the
chromophores are linked via the ethenyl-containing linkages were synthesized by
palladium-catalyzed Heck reactions and their properties were studied in terms of
correlation with their chemical structures. It was established that:
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3.1.

3.2.

3.3.

3.4.

The compounds showed high thermal stability with 5% weight loss
temperatures ranging from 431 °C to 448 °C and the ability to form glasses
with glass-transition temperatures being in the range of 55-107 °C. The
thermal stability as well as glass transition temperatures of the donor-
acceptor derivatives increases with increase of the number of 1,8-
naphthalimide arms.

Fluorescence quantum yields of dilute solutions of the synthesized materials
range from 0.45 to 0.64 while those of the solid samples are in the range of
0.09-0.18.

Electron photoemission spectra of the amorphous films of the materials
revealed ionization potentials similar to those of the derivatives of
triphenylamine (5.75-5.80 eV) with no evidence of dependence of
ionization potentials on the number of 1,8-naphthalimide armes. DFT
calculations show that HOMO and LUMO orbitals are almost entirely
localized on the donor and acceptor moieties, respectively. The frontier
orbital energies for the three synthesized compounds are similar and
practically do not depend on the number of 1,8-naphthalimide moieties.
Hole mobilities in the layers of the compounds having one and two 1,8-
naphthalimide moieties well exceed 10 cm?-V1.s1 at high electric fields at
room temperature.

4. A series of derivatives of 1,8-naphthalimide and triphenylamine in which the
chromophores are linked via the ethynyl-containing bridges were synthesized by
palladium/copper-catalyzed Sonogashira cross-coupling reactions; investigation
of their properties revealed the following observations:

4.1.

4.2.

4.3.

44.

The synthesized compounds showed high thermal stability with 5% weight
loss temperatures ranging from 396 to 462 °C and formed molecular glasses
with glass transition temperatures ranging from 73 °C to 96 °C. The thermal
stability as well as glass transition temperatures of the donor-acceptor
derivatives increases with increase of the number of 1,8-naphthalimide
arms.

Dilute solutions of the compounds in nonpolar solvents showed fluorescence
quantum yields from 0.063 to 0.94, while fluorescence quantum yields of
the solid films were in the range of 0.011-0.25.

The synthesized compounds revealed the delayed fluorescence. The
fluorescence quantum yields of these compounds increased from 0.041-0.51
to 0.054-0.96 upon deoxygenation.

Cyclic voltammetry measurements revealed close values of the solid state
ionization potentials ranging from 5.48 to 5.61 eV and electron affinities
ranging from —3.29 to —3.16 with no evidence of dependence of ionization
potentials on the number of 1,8-naphthalimide armes.

5. Naphthalimide-substituted derivatives of fluorene were synthesized by Suzuki
cross-coupling reaction and their properties were studied. It was established that:

5.1.
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The compounds exhibit high thermal stability with 5% weight loss
temperatures ranging from 304 to 457 °C, most of them form molecular
glasses with glass transition temperatures ranging from 30 to 76 °C. The



5.2.

5.3.

thermal stability of disubstituted fluorene derivatives was found to be higher
in comparison to that of monosubstituted compounds.

Dilute solutions of the compounds in nonpolar solvents were found to emit
in the blue region with high quantum yields ranging from 0.47 to 0.69, while
in the solid state fluorescence quantum yields were found to be in the range
of 0.06-0.25. A higher value of quantum yields was obtained for the
disubstituted compounds compared to the monosubstituted compounds.
Time-of-flight electron drift mobilities of the layer of 2,7-di((N-octyl-1,8-
naphthalimide)-4-yl)-9,9-dioctyl-9H-fluorene with longer linear alkyl chains
both in the imide region and in C-9 position of fluorene moiety in air at 25
°C approached 1.2x1073 cm?V-1.sat an electric field of 6.4x10° V-cm™.
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