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ARTICLE INFO ABSTRACT

Keywords:
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The optoelectronic properties of a series of p-phenylene vinylene derivatives are studied herein to scrutinize their
relationship with the molecular flexibility of the peripheral groups induced by the hybridization of the presented
nitrogen atoms. All the molecules share a model fluorophore in the core, 1,3,5-tristyrylbenzene, as a structural
leitmotif, while TPA and carbazole groups are located in the periphery. The studied compounds showed high
luminescence, highlighting the TPA derivative (compound 1) with a fluorescence quantum yield of 91% in
dichloromethane solution. In addition, a linear relationship between the fluorescence lifetime and the solvent
polarity was found for this compound. The solvent dependence was associated with an intramolecular charge
transfer (ICT) upon photoexcitation which leads to a large change of the dipole moment and geometrical
modifications mainly involving a single branch of the molecule. The photophysical properties of the carbazole
derivatives (compounds 2 and 3) are strongly influenced by the substitution position of the peripheral carbazole
groups (C-N or C-C linkage, respectively). Interestingly, a linear relationship between the non-radiative rate
constant and the solvent viscosity was found for compound 3. This behavior was associated to the higher rigidity
of this compound because the carbazole groups are embedded in the branches of the molecule and not in a
terminal position as in compound 2. Finally, the three studied compounds were used as electroluminescent
material for non-doped OLEDs (organic light emitting diodes) in a proof-of-concept. This experiment also showed
the importance of the molecular packing for having a good device performance.

Photoisomerization

OLED

fluorescence spectroscopy
DFT calculations

1. Introduction photoinitiating properties, strong intramolecular charge transfer (ICT),
among others [1-4]. All these properties make them an important type

Aryl amines, especially triphenylamine (TPA) and carbazole, have of organic compounds for optoelectronic applications such as organic

been widely used as electron donor groups to modulate the electronic
properties of many molecular systems because of their low cost of the
reagents, easy structural tunability, good thermal stability, good hole-

light emitting devices (OLED), dye-sensitive solar cells (DSSCs), or
nanosecond lasers [2,5] [-] [8].
The electron-donating ability of the TPA and carbazole is due to the

transport properties, ease of oxidation, interesting radical lone pairs of the nitrogen atom which is bound to several phenyl rings.
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Scheme 1. Chemical structure of molecules 1-3 along with some related
compounds (4a, 4b and 4c). Model structure shows the interring C-C bonds
that differentiate the studied molecules.

Nevertheless, the linking to form a five-membered ring in the carbazole
gives rise to structural characteristics that strongly affect the final
electronic properties of the molecule. Carbazole is planar and leads to a
more effective overlap of the n-orbitals, whereas the free rotation of the
phenyl rings in the TPA has been employed as an inducer of restriction of
intramolecular motions (RIM) in molecules exhibiting aggregation
induced emission (AIE) properties [9] [-] [11]. However, despite the
similarities and differences between the two groups, there are not many
studies on how this structural difference affects the ultimate photo-
luminescent properties [12] [-] [14]. Thus, one of the main aims of the
present work is to study the effect of both groups on the optoelectronic
properties of a model fluorophore, i.e. 1,3,5-tristyrylbenzene (com-
pound 4a in Scheme 1). The selected fluorophore has been used as a
model structure in diverse photophysical studies because its optical
properties are modulated by the functional groups that decorate this
scaffold [15] [-] [20]. The derivative 4d has also proven to be suitable
for fabricating optoelectronic devices [21,22].

In a previous work, excellent luminescent properties (with quantum
yields, ®g, within 59-83%) were reported for a compound formed by a
core of 1,3,5-tristyrylbenzene and peripheral carbazole groups (com-
pound 2 in Scheme 1) [16]. Starting from these promising results, we
here compare the optoelectronic properties of compounds 1 and 3 with
2, where the only structural difference is the presence or absence of the
interring C-C bonds (dotted line in Scheme 1). All these molecules share
1,3,5-vinylbenzene as a common motif while the peripheral moieties are
different, i.e. molecule 1, without any (dotted line) interring bond, is
decorated with three triphenylamine (TPA) groups in the periphery
[23]; carbazoles are the peripheral groups of 2 and are linked to 1,3,
5-tristyrylbenzene core through C-N bonds [16]; on the contrary,
carbazole groups have a more central location in the molecular structure
of 3 while phenyl rings occupy the terminal position of each branch (as
we are aware, this compound has been synthesized for the first time in
this work). Despite the structural similarity between the three com-
pounds, the apparent differences between TPA and carbazole and the
different way of anchoring of the latter confers different final
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Scheme 2. Synthesis of compounds 1 and 3.

optoelectronic properties to the molecule. In addition, the presence of
TPA and carbazole groups in the periphery of the molecule leads to
intramolecular charge transfer (ICT) upon photoexcitation [16]. As will
be discussed, ICT processes also have a significant impact on photo-
physical properties of some of these compounds. Finally, they were
employed as electroluminescent materials for the fabrication of
non-doped OLEDs.

2. Materials and methods
2.1. General

All reagents were used as received and without further purification.
Toluene (Tol), tetrahydrofuran (THF), dichloromethane (DCM), aceto-
nitrile (ACN), dimethylsulfoxide (DMSO) and glycerol were used as
CHROMASOLV quality. In air- and moisture-sensitive reactions, all
glassware was flame-dried and cooled under argon.

2.2. Synthesis

Formation of the double bonds in compounds 1 and 3 was performed
by the reaction of a commercial aldehyde with hexaethyl(benzene-1,3,5-
triyltris(methylene))tris(phosphonate) in the presence of potassium tert-
butoxide, a standard methodology for the Hor-
ner—Wadsworth—Emmons reaction (Scheme 2). Specific details con-
cerning preparation of 1 and 3 and their characterization are provided in
the Supporting Information.

2.3. Spectroscopic experiments

Spectra were acquired in different solvents at 20 °C and sample
concentration of 1 pM. Quartz cuvettes (Hellma Analytics) of 10 mm
were employed for all the UV-Vis absorption and fluorescence emission
measurements of liquid samples.

UV-Vis absorption spectra were recorded in a V-750 (Jasco) spec-
trophotometer using a slit width of 0.4 nm and a scan rate of 600 nm
min~. A Peltier accessory was employed to control the temperature of
the spectrophotometer measuring cell.

Steady-state and time-resolved fluorescence spectroscopy (SSFS and
TRFS, respectively) experiments were recorded on a FLS920 spectro-
fluorometer (Edinburgh Instruments) equipped with a MCP-PMT
(microchannel plate-photomultiplier tube) detector (R3809 model)
and a TCSPC (time-correlated single photon counting) data acquisition
card (TCC900 model). A Xe lamp of 450 W was used as the light source
and the excitation for SSFS measurements and a EPLED360 sub-
nanosecond pulsed light emitting diode (Edinburgh Photonics) was
employed as light source at 368 nm for TRFS experiments. A TLC 50
temperature-controlled cuvette holder (Quantum Northwest) was
employed for SSFS and TRFS measurements.

The fluorescence intensity decays, I(t), were fitted by using an iter-
ative least-square fit method to the following multiexponential function:

1(1)= Zn:a,-exp(ft/'t[) @
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Fig. 1. Molecular structure of compounds 1, 2 and 3 calculated at the M06-2X/6-31G* level of theory using dichloromethane as solvent. The numbering and dihedral

angles 1 — 14 are used in Fig. 1, S1 and Table S1 are shown.

where o; and 1 are the amplitude and lifetime for each ith term. The
mean decay lifetime (1) was then calculated as:

@

Quantum yields were measured in a FS5 spectrofluorometer (Edin-
burgh Instruments) equipped with an integrating sphere, a 150 W Xe
lamp as the light source and a PMT (photomultiplier tube) detector
(R928P model). Quantum yield calculations were carried out using the
F980 Software of Edinburgh Instruments.

2.4. OLED device fabrication

An indium-tin-oxide (ITO)-coated glass (~109 Q cm) was used as
substrate. Before use, the glass was washed by immersion and sonication
for 10 min in following solvents: 1) alkaline-detergent water (Hellmanex
solution), water, acetone and isopropanol. The cleaned ITO-glasses were
treated in an ultraviolet-ozone reactor (30 min) to lower the work
function of the ITO layer. After that, a solution of the hole-injection
layer, poly(3,4-ethylenedioxythiophene):polystyrene  (PEDOT:PSS;
Sigma Aldrich, high conductivity), was spin coated at 3000 rpm for 120 s
and subsequently annealed at 150 °C during 15 min. Next, a 5 mg mL™!
solution of the selected carbazoles in acetonitrile (Sigma Aldrich,
anhydrous), was spin coated for 60 s at 1000 rpm and annealed at 80 °C
for 15 min. Finally, a 150 nm aluminum (Al) electrode layer was vapor
deposited on top of the emissive layer.

Stationary electroluminescence measurements were recorded using
an Edinburgh FLS 980 fluorimeter where the Xe-lamp (usually for op-
tical excitation) was blocked in order to only register the electrolumi-
nescence spectra. Current — Voltage (I-V) curves were measured in the
dark at room temperature using a Keithley 2400 device.

2.5. Computational details

Full geometry optimizations were performed using the Gaussian09
(revision D.01) suite of programs [24] at the M06-2X/6-31G* level of
theory [25]. We chose the meta-hybrid M06-2X functional because, in
previous studies, it has provided a reasonable accuracy in the calculation
of photophysical properties of 1,3,5-tristyrylbenzene derivatives
[15-17,26]. The molecular geometries of the ground state, Sp, and the
first excited state, S;, were optimized and the vibrational modes were
calculated to check the absence of imaginary frequencies. The solvent
environment was described by the polarizable continuum model (PCM)
as implemented in the Gaussian package [27] [-] [29]. The vertical
electronic transitions (absorption and emission) were computed using
time dependent (TD)-DFT (TD-M06-2X/6-31G*). The fluorescence
emission energy in solution was calculated as

AEem = Es1(Gs1) — Eso(Gs1) 3

where Eg1(Gg1) is the energy of the S; state at its equilibrium geometry
(state-specific solvation approach) [30] and Ego(Gs;) is the energy of the
Sp state at the S1 state geometry and with the static solvation from the
excited state [31].

The reorganization energy, 4, associated to the electronic relaxation
was calculated using the DUSHIN program [32] according to:

A= ZA,- = ZhwiS,» 4

where w; is the wavenumber associated to the vibrational mode i, and S;
is the Huang-Rhys (HR) parameter calculated from the atomic dis-
placements AQ and force constant, k, of the normal mode i according to

2
1,40°

S,‘ —-=
2 hw;

)



P.J. Pacheco-Linan et al.

a)

Normalized Absorbance

0.0+
300

T T ﬂl
350 400 450 500

Wavelength (nm)

Dyes and Pigments 199 (2022) 110105

b)

LUMO+1

LUMO

dihedral angle (de

HOMO-1

T T3 Ty

Fig. 2. (a) Normalized absorption spectra of compounds 1-3 in dichloromethane solution (sample concentrations were 1 pM) [2]. (b) Isocontour plots (0.02 au) of
some selected frontier molecular orbitals of 1 (and their energy levels in eV) in dichloromethane solution computed at the M06-2X/6-31G* level of theory. (c) Charge
density distribution (hole in green; electron in purple) calculated for 1 in S; state (TD-M06-2X/6-31G*, dichloromethane solution). (d) Some selected dihedral angles
(71, T2 and 74 of each branch of the molecule) calculated for the Sy and S; states of 1 in dichloromethane (the arrows indicate significant changes). (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)

The quantitative indicator of the charge-transfer length (Ar) was
calculated as proposed by Adamo et al., [33].

3. Results and discussion

The molecular structure of 1-3 was optimized in dichloromethane
solution at the M06-2X/6-31G* level of theory. The planarity of 1,3,5-
trivinylbenzene core is affected by the presence of TPA or carbazole
groups in the periphery of the molecule. Typically, 1,3,5-tris(styryl)ben-
zene derivatives (4) have slightly twisted branch geometries resembling
fan blades. Instead, the core of molecule 2 is near-planar while dihedral
angles |11| and |t3| reach values up to 24° and 14°, respectively, for
compound 3 (see Fig. 1 and S2, and Table S1). Nevertheless, the lowest
bond length alternation, BLA, value (0.127), associated to a more effi-
cient conjugation, was found for the core of 1 (see Table S1). A distinct
scenario was observed in the peripheral groups, being especially

interesting the differences observed between molecules 1 and 2. The
existence of the interring bond (marked with dotted line) brings on a
twisting of the peripheral groups, i.e. |t4] is within 30-36° for TPA
groups of compound 1 while |t4] increases up to 51-52° for the carbazole
moieties of compound 2. The terminal phenyl rings of compound 3 are
also highly twisted with respect to the carbazole group (|t4] = 52-53°).

Fig. 2a shows the absorption spectra recorded for compounds 1-3 in
dichloromethane solution (see Fig. S4, as well as Table 1 and S2 for
additional spectra and details) [2]. In general, the lowest-energy ab-
sorption band of these compounds was not very sensitive to the polarity
of the solvent. Considering dichloromethane as the reference solvent,
the highest maximum absorption wavelength (A,p" ) was found for
molecule 1 (383 nm), which is in accordance with its smaller BLA in the
core and lower twisting of the peripheral groups (it is well-known that
there is a close connection between the BLA and the electronic gap in
conjugated oligomers) [34-36]. The lowest-energy absorption bands of
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Fig. 3. Normalized fluorescence emission espectrum of compounds 1 (a) and 3 (b) in different solvents. (c) CIE1931 chromaticity diagram of solutions of compound
1 in different solvents. (d) Stokes shift (Av) vs. Lippert—Mataga solvent polarity parameter (Af) for compounds 1-3 (data corresponding to compound 2 were

extracted from reference) [16].

the carbazole derivatives are centered at 343-344 nm being red-shifted
with respect to the equivalent bands of the reference compound (1,3,
5-tristyrylbenzene) and its methyl and methoxy derivates (A;p" > is 317
nm for 4a, 319-320 nm for 4b and 327-328 nm for 4c¢ in dichloro-
methane solution) [19,37]. These results show the strong influence of
the peripheral groups on the photophysical properties of 1,3,5-tristyryl-
benzene derivatives. As discussed in previous works, the frontier mo-
lecular orbitals of 1,3,5-tristyrylbenzene derivatives were not uniformly
distributed on all the branches of the conjugated core, leading to
quasi-degenerate molecular orbitals and very close energies for the
transitions Sg—S; and So—Sa (Adap€ < 7 nm) [15,16] (see Fig. 2b and
$3). The main components of these transitions in compound 1 involve
occupied molecular orbitals (HOMO, HOMO-1 and HOMO-2) predom-
inantly localized on the external part of the molecule, including the TPA
groups, while the unoccupied molecular orbitals (LUMO, LUMO+1 and
LUMO-2) are particularly located on the central core. Therefore, So—S;
and Sp— S, transitions have ICT character and similar conclusions can be
obtained for the carbazole derivatives, i.e. 2 and 3 [16]. The ICT char-
acter of the Sy—$S; transition can be quantitatively analyzed through the
Ar index, proposed to measure charge transfer length during electron
excitation [33]. Although the highest Ar index was obtained for com-
pound 1 (3.62 A), a comparable value was found for the carbazole de-
rivative 2 (3.47 f\). On the other hand, compound 3 showed a significant
smaller ICT character (Ar = 2.54 A) than 2 mainly due to the position of
the carbazole groups, more embedded in the core of the molecule and
not totally located at the periphery. Therefore, if an ICT character is
desired in the ultimate properties of the fluorophore, the carbazole unit
should preferably be attached by the free nitrogen, as in compound 2,
rather than through one of the phenyls configuring the carbazole
tricycle, as in compound 3.

These ICT transitions also lead to interesting modifications of the
molecular structure which mainly involve a single branch of the core of
the molecule. In this sense, Fig. 2¢ shows how the hole charge density of
molecule 1 in S; state is mainly located on the 1,3,5-trivinylbenzene
central moiety but the electron charge density is placed on the TPA
group of a single branch. In this branch, |t1| varies from 17° in the Sy
state to 2° in the S; state (see Fig. 2d and S2, and Table S1). Thus, |t3|
varies from 16° to 0° upon the excitation and BLA drops from 0.127 to
0.007 in the same branch. On the contrary, the changes in the rest of the
branches are comparatively small. The planarization of a branch of the
core in the S; state was also observed for compound 2 [16] and, in less
extension, for 3 (|71| and |t3| did not drop below 5° and 3°, respectively,
for this molecule). The worse planarization observed for 3 could be
associated to the smaller ICT character of the Sy—S; transition as well as
a higher molecular rigidity (because of the less peripheral position of the
carbazole groups) with respect to compounds 1 and 2.

Fine vibronic structure was partially observed for all the compounds
fluorescence emission spectra recorded in low-polarity solvents such as
toluene and tetrahydrofuran [16] (see Fig. 3a and b). On the contrary,
vibronic structure was reported for the reference compound 4d both in
low-polarity solvents (n-hexane and tetrahydrofuran) and in a polar
solvent as acetonitrile [17]. Therefore, the presence of carbazole and
TPA groups seems to produce a certain distortion of the molecular
symmetry in comparison to the reference structure. The fluorescence
emission wavelength maximum (le,™™) of the studied compounds is
sensitive to the solvent polarity and the Stokes shift is particularly large
for 1 (see Table 2 and S4). The emission color of that compound can be
tuned from blue to green as a function of the polarity of the solvent
(Fig. 3c) while the fluorescence emission color of both carbazole de-
rivatives is always blue. The influence of the solvent on the dipole
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Table 1

Experimental maximum absorption wavelength (A,,™**) along with their molar
absorption coefficients (¢) determined in dichloromethane solution. Calculated
lowest-energy transition wavelengths (A,,°2'), oscillator strengths (f) and orbital
contributions for these transitions. Calculations were carried out at the TD-M06-
2X/6-31G* level of theory in dichloromethane solution.

Comp.  Agp™™ e+20 hap™C f Transition  Main
(nm (cm (nm component of
[ev]) mM)  [eV]) the transition
(>20%
contribution)
1 383 13.6 349 1.81  Sp—S; H-2-L+1(20),
[3.24] 4.0 [3.55] H-L(27)
345 2.35 S-S, H-2-L(27), H-
[3.59] 1-L+2(21)
2 344 40.3 + 329 1.71 So—$ H-7-L(47), H-
[3.60]" 3.4 [3.77] 1-L(26)
323 2.37  So—Ss H-2-L(20),
[3.84] H-L(20)
3 343 113.7 322 1.61 So—51 H-L(29)
[3.61] +22 [3.85]
315 2.54  So—S; H-2-L(22),
[3.94] H-L(24)

2 From reference [16].

Table 2

Maximum excitation and emission wavelength (Lex™™* and Aep,™™) recorded for
compounds 1-3 in different solvents along with the wavelength calculated for
the S;—8S transition (hem ™) in dichloromethane solution. In addition, fluo-
rescence quantum yield (®g), mean fluorescence lifetime (1), radiative rate
constant (kp) and non-radiative deactivation rate constant (kyg) obtained in
different solvents at 298 K are also collected.

Compd hex™2 hem™* hem i€ o 5 ke knr

(solvent)®  (nm (nm (nm %)  (ns) msH  (@msh
[eVD) [eVD) [eVD)

1 (Tol) 384 427 84 1.51  0.56 0.1
[3.23] [2.90]

1 (THF) 377 450 82 200 041 0.09
[3.29] [2.75]

1 (DCM) 383 466 442 91 237  0.38 0.04
[3.24] [2.66] [2.80]

1 (ACN) 377 480 87 401 022 0.03
[3.29] [2.58]

1(DMSO) 383 487 77 501  0.15 0.05
[3.24] [2.55]

2 (Tol) 347 401 59"  3.41” 017" 012"
[3.571" [3.091"

2 (THF) 343 403 80" 456" 0.18"  0.04"
[3.611>  [3.08]"

2 (DCM) 345 419 408 75" 339" 0.22" 0.07"
3591  [2.96]"  [3.04]

2 (ACN) 341 429 83"  3.84" 0.22° 0.04"
[3.64]  [2.891"

3 (Tol) 344 408 60 3.44 017 0.12
[3.60] [3.04]

3 (THF) 341 409 58 403 014 0.10
[3.63] [3.03]

3 (DCM) 343 417 398 52 3.44  0.15 0.14
[3.61] [2.97] [3.12]

3 (ACN) 341 430 47 422 011 0.13
[3.63] [2.88]

3(DMSO) 345 435 67 454  0.15 0.07

[3.59] [2.85]

? Tol, THF, ACN, DCM and DMSO are the used solvents: toluene, tetrahy-
drofuran, acetonitrile, dichloromethane and dimethy] sulfoxide.
b From reference [16].

moment upon excitation was studied through the Lippert-Mataga
equation (see Supporting Information for details) [38] [-] [40]. The
dependence of the Stokes shift versus Af is shown in Fig. 3d. As expected,
the highest slope in the Lippert-Mataga plot and the largest change in the
dipole moment upon the excitation (pg-pg) were found for the TPA
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Fig. 4. (a) Torsional barriers around the vinylene moiety (t3) calculated for
1-3 in the S; excited state (dichloromethane solution). The zero level of energy
corresponds to the full-trans configuration computed at the M06-2X/6-31G*
level of theory. (b) Correlation of ®r and kygr determined for 3 with respect
to the solvent viscosity (ACN, n = 0.369 cp; DMSO, n = 1.987 cp; mixtures of
Glycerol:DMSO, i.e. Xgiic. = 0.15, n = 5.1 ¢p; Xgiic. = 0.26, 1 = 10.1 cp) [48,49].
(c) Correlation of 15, kr and kygr determined for 1 with respect to the polarity
parameter E(30) (Tol, Ex(30) = 33.9; THF, E1(30) = 37.4; DCM, E1(30) = 40.7;
DMSO, Er(30) = 45.1; ACN, E1(30) = 45.6) [50].

derivative 1 (21.1 D, see Tables S3 and S4 for details). Compound 1
exhibits Lippert-Mataga slope (LM slope = 1.04 x 10% cm™1) and pg-pig
value comparable or higher than those reported for other star-shaped
molecules with a central TPA moiety and peripheral groups such as 2,
3,3-triphenylacrylonitrile (LM slope of 1.39 x 10* cm™!) [41], pyri-
dine (pg-pg = 6.15 D) [42], thiophene (pg-pg = 6.55 D) [42] and thie-
nothiophene (pg-jig = 7.68 D) [42], among others. On the other hand,
the change in the dipole moment upon the excitation is similar in both
carbazole derivatives (pg-pig is 14.1 D for 2 and 14.8 D for 3) [16].
The fluorescence quantum yields, ®g, and lifetimes, tf, determined
for the studied compounds are shown in Table 2, along with the kinetics



P.J. Pacheco-Linan et al.

Dyes and Pigments 199 (2022) 110105

a) 50

40

30 -

20

10

Huang-Rhys factor

o — ] T T
0 300 600
wavenumber(cm™)

900 1200 1500 1800

Huang-Rhys factor

Wbeo
0 300 600 900 1200

1500
wavenumber(cm™)

,In‘

1800

Fig. 5. (a) HR factors calculated for 1 vs. the normal modes of the ground state (M06-2X/6-31G*, dichloromethane solution). (b) The normal mode of 1 with the
highest HR factor. (c) HR factors calculated for 3 vs. the normal modes of the ground state (M06-2X/6-31G*, dichloromethane solution). (d) The normal mode of 3

with the highest HR factor.

rate constants calculated for the radiative deactivation kr and non-
radiative deactivation, kyg (see Supporting Information for details).
The kinetics rate constants were calculated through

kp = (DF / TF (6)
e = 1/ (kr + kngr) @

Internal conversion (IC), intersystem crossing (ISC) and trans—cis
photoisomerization are some of the classical non-radiative deactivation
mechanisms of the excited state of n-conjugated organic compounds. ISC
from the S; state to the T; state can be neglected for 1,3,5-tristyrylben-
zene derivatives because of the large energy gap between these states
[16]. The non-radiative IC mechanism was analyzed through the
Huang-Rhys (HR) factors which allow the identification of the vibra-
tional modes involved in that process [43]. Trans—cis photo-
isomerization is also a contributing deactivation pathway of
trans-stilbene derivatives [44] [-] [47]. The highest fluorescence
quantum yields (>77%) were determined for the TPA derivative while
the lowest ones were measured for compound 3 (<67%). Accordingly,
the non-radiative rate constants calculated for 3 in different solvents are
comparable or even higher than its radiative constants. The photo-
isomerization process was studied through the effect of the solvent
viscosity on kyg and the calculation of the trans—cis rotational barrier in
the excited state. As shown in Fig. 4a, the lowest energy barrier around
the vinylene bridge (t3) was computed for 3 and, hence, the

photoisomerization should be a more efficient deactivation mechanism
for this compound than for 1 and 2. It is well-known that viscous media
hinder the trans-cis photoisomerization increasing ®g [44] [-] [47].
Fig. 4b shows the positive linear correlation found between the quantum
yield determined for 3 and the solvent viscosity (only polar solvents such
as acetonitrile and dimethyl sulfoxide, and mixtures of dimethyl sulf-
oxide and glycerol were employed for this experiment). Accordingly,
kngr decreases as a function of the viscosity of the medium (see Fig. 4b).
Nevertheless, the viscosity could also have an effect on the IC mecha-
nism. One normal mode with a significant HR factor (1.2) was computed
for 3 (see Fig. 5, S6 and S7, and Table S6). This mode corresponds to a
wagging of the entire branches of the molecule, in contrast to the normal
modes mainly responsible for IC deactivation of 2 which only involve to
the peripheral carbazole groups. Thus, the size of the groups involved in
those normal modes could determine the sensitivity of the IC mechanism
to the solvent viscosity. A clear correlation between kyg of 3 and the
polarity of the solvent was not observed.

The highest kr values were calculated for 1 in agreement with the
large quantum yields determined for this compound. The Strickler-Berg
relation establishes that the radiative rate constant is directly related to
the oscillator strength [51,52]. Accordingly, the highest oscillator
strength was computed for the transition Sp—S; of compound 1 as
showed in Table 1. In addition, the highest trans—cis photoisomerization
barriers were calculated for this compound. Consequently, the strong
luminescence of this compound could also be associated with a low
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Fig. 6. (a) Current vs voltage curve and (b) electroluminescence spectra of the
prepared OLED from compounds 1-3 at 5V. The inset in (a) shows a schematic
representation of the OLED architecture. The inset in (b) shows the CIE co-
ordinates obtained for each device.

efficiency of this non-radiative mechanism. In contrast, six normal
modes with noticeable large HR factors (from 3.8 to 39.7) were found for
1, in dichloromethane solution, suggesting that IC could be a main
non-radiative deactivation pathway. In general, these frequencies
correspond to wagging and rocking motions of the peripheral TPA
groups (Fig. 5, S6 and S7, and Table S6). It was also observed that the
polarity of the solvent has a strong influence on the fluorescence lifetime
(from 1.51 ns in toluene to 5.01 ns in dimethyl sulfoxide) while the
quantum yield remains between 77% and 91% (see Fig. 4c). In conse-
quence, the lifetime of the excited state significantly increases in polar
solvents, probably associated to the ICT process and the large change of
the dipole moment of the molecule. As shown in Fig. 4c, kr and kyg
decreases with the solvent polarity. Interestingly, we found that the
highest HR factor calculated for 1 in toluene (35.6) and dichloro-
methane (39.7) dropped to half (16.1) in acetonitrile solution (Fig. S8).
In summary, the ICT process, associated with the higher flexibility of the
molecular structure of 1, leads to a greater planarization of the core in
the excited state, enhancing its fluorescence emission.

The strong luminescence of the studied compounds encouraged us to
investigate their electroluminescent properties being incorporated in a
light-emitting device as emissive layer. Previously, it was determined
that compound 1 is chemically stable up to 200 °C and the carbazole
derivatives up to 450 °C (see the thermogravimetric analysis in
Figure S10). Thus, the thermal stability showed by all the studied
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compounds is suitable to be incorporated in OLEDs [53]. In a preceding
work, the parent compound 4d was used as an active layer in the
fabrication of a OLED (ITO/PEDOT:PSS(75 nm)/active layer/Al) [22].
Similar single-layer devices were fabricated for the studied compounds
here (ITO/PEDOT:PSS(40 nm)/active layer(~50 nm)/Al(150 nm); see
the scheme in the inset of Fig. 6a). Their current-voltage curves showed
typical diode characteristics [54]. Interestingly, the lowest turn-on
voltages were found for the carbazole derivatives (~3 V for compound
2; ~2 V for compound 3; see Fig. 6a). These differences observed be-
tween carbazole and TPA derivatives could be associated with the
different packing and intermolecular interaction in the solid state. The
OLEDs fabricated with the carbazole derivatives also showed lower turn
on voltages than the one using 4d as active layer (9 V) [22]. For all the
compounds, a good match between the electroluminescence (EL) and
photoluminescence (PL) maxima (in acetonitrile solution) was found
(Fig. 6b displays the EL spectra at 5 V). Nevertheless, a broadening of the
EL bands with respect to the PL ones was observed. This is particularly
notorious in the case of compound 3, for which FWHM (full width at half
maximum) is 3700 and 4300 cm ™! for PL and EL spectra, respectively.
These differences are reflected in the CIE coordinates (see Table S5).
Similar observations were reported for other amorphous layers and the
main explanation is related to the intermolecular packing in the solid
state which leads to a larger number of electron and hole traps [55]. To
confirm this hypothesis, the UV-Vis absorption and PL spectra of the
three studied compounds in thin film were recorded (see Fig. S9; thin
films were prepared by spin coating from acetonitrile solutions on quartz
plates). In all the cases, the absorption bands become broader and red
shifted in comparison to those obtained in acetonitrile solution. The
broadening is also observed for the PL spectra, while the maxima are
located at the same position than in acetonitrile solution. This suggests
that the molecules are mainly presented as monomers but the presence
of shoulders (for instance at ~430 and 550 nm for compound 3) could be
related to the formation of different emissive species as aggregates. In
previous studies, partially overlapped (~390 nm) and fully overlapped
(~420 nm) emission bands were attributed to the formation of excimers
when the carbazole units interact [55] [-] [58]. Therefore, the same
analogy could be done for the carbazole derivatives 2 and 3; while the
lower energy emission (~530 nm) could be associated with partially
overlapped aggregates, the fully overlapped ones are presented at higher
energy (~430 nm). In this way, the broad distribution of intermolecular
packing of the formed films could enhance the formation of different
electroluminescent species as can be observed in the performed OLED
devices.

4. Conclusions

The photophysical properties of a series of star-shaped molecules
decorated with TPA and carbazole groups in the periphery have been
studied here. All of them share 1,3,5-tristyrylbenzene as structural
leitmotif in the molecular core which is a model fluorophore used in
many spectroscopic studies. Despite the structural similarities between
the three structures, their ultimate optoelectronic properties are
different allowing us to compare and establish the role of peripheral TPA
and carbazole groups. In general, all the compounds are highly fluo-
rescent in solution, with higher quantum yields for compound 1 (®f =
77-91%) and somewhat lower for compound 3 (®p = 47-67%). The
photoexcitation of the studied compounds leads to ICT transitions and
geometrical modifications involving a single branch of the molecule.
The largest change in the dipole moment upon photoexcitation, as well
as the highest Ar index, were found for compound 1. The strong ICT
character of the photoexcitation of 1, associated to its higher molecular
flexibility, leads to a greater planarization in the excited state enhancing
its fluorescence emission. The lifetime of the excited state of 1 also in-
creases upon increasing the solvent polarity. On the other hand, the
relationship observed between the non-radiative rate constant of 3 and
the solvent viscosity was attributed the higher rigidity of its molecular
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structure because the carbazole groups are more embedded in the
branches of the molecule. Thus, the viscous media hinder non-radiative
deactivation mechanisms of compound 3 such as the trans-cis photo-
isomerization and IC. Compound 2, despite having a carbazole, is bound
by the nitrogen atom which confers some freedom of movement, and its
behavior is intermediate to compounds 1 and 3.

To further probe the possibility of implementing those molecules on
solid state lighting, a proof of concept of light-emitting devices was
fabricated for the synthetized compounds. The results highlight the
importance of the molecule structure not only on the photophysical
performance, but the molecule design also plays an important role in the
aggregation behavior, ending in a different device performance.
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