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ARTICLE INFO ABSTRACT

Keywords: The rational design of electroluminescent compounds has been recognized as a promising strategy to maximize
Tris(styryl)benzene the efficiency of electronic devices. In this work, we analyze the impact of the substitution of n-alkyl and n-alkoxy
tetra(styryl)benzene

side chains by bulkier side groups (tert-butyl and tert-butoxy) on the photophysics of the two model fluorophores
1,3,5-tris(styryl)benzene and 1,2,4,5-tetra(styryl)benzene. We found that the bulky side groups have a significant
contribution to the vibrational normal modes associated with the non-radiative deactivation. The aggregation-
induced enhanced emission phenomenon observed in some cases was attributed to the blocking of the trans—-
cis photoisomerization and the restriction of intramolecular vibrations. In the solid state, the bulky side groups
have demonstrated to play a determining role in the supramolecular structure and photophysical properties,
particularly in the case of the tetra(styryl)benzenes. In light-emitting devices, we found that the incorporation of
the bulky side groups in oligo(styryl)benzenes could reduce the electromer formation and improve the device
performance. The tetra(styryl)benzenes, and particularly the tert-butyl derivative, showed better device perfor-
mance, with lower turn-on voltage, higher current density and electroluminescent intensity.

Bulky side groups
Aggregation induced emission
Organic light-emitting devices

1. Introduction elongated, or the peripheral groups are bulky. One of the main handi-

caps in this area is that many compounds quench their emission when

The development of highly emissive fluorophores represents a vast
field of research in which experimentalists and theoreticians print their
effort in order to design new materials with singular applications from
molecular electronics [1,2] to biosensing [3,4]. In general, the photo-
physical properties depend on the electron-donor or -withdrawing
character of the substituents that bind to the n-conjugated backbone and
these properties are hardly changed in solution if the side chains are

* Corresponding author.

molecules come into contact each other in powder, thin films, organo-
gels, nanoparticles, etc. losing those desirable properties for which they
were originally designed [5-8]. Intermolecular interactions have
demonstrated to play a crucial role in the photophysical properties of
many emissive compounds due to their direct impact into the arrange-
ment of the molecules in aggregates and solid state [9]. Mechano-
chromism is a representative example of this in which intermolecular
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interactions can be altered applying external mechanical forces over an
emissive compound which partly changes its packing mode and photo-
physical properties [10]. Furthermore, intermolecular contacts could be
responsible for blocking intramolecular process such as photo-
isomerization and molecular vibrations and rotations which commonly
have a strong impact over emissive properties [11]. Therefore, there is
an engaged teamwork between inter- and intramolecular factors which
determines the final photophysical properties of materials. A common
strategy to preserve the intrinsic photophysical properties of the emit-
ters in the solid state can be the introduction of bulky substituents to
prevent the approximation between neighboring molecules and the
undesirable 7-n intermolecular interactions. These interactions have
shown to be responsible for the decrease of emission upon aggregation
in a large amount of fluorophores with the name of ACQ (aggrega-
tion-caused quenching) [12]. In this context, the length of linear alkyl
chains attached to the peripheral phenyl rings has demonstrated to be
very effective to tune the photophysical properties in a huge variety of
emissive compounds [13] while the effect of branched alkyl chains has
been less explored so far. [14] In the case of optoelectronic applications,
the incorporation of branched or bulky substituents in the molecular
structure of a fluorophore could also have a strong impact on the
semiconductor performance of the device. A higher separation between
neighboring molecules could lead to a weaker intermolecular electronic
coupling and inefficient charge transport [15-17]. The understanding
and controlling of the delicate balance between supramolecular orga-
nization and suitable photophysical and semiconducting properties is a
really challenging task [18-20].

Different theories have been proposed to understand the photo-
physical response of organic materials to the light absorption consid-
ering a large variety of inter and intramolecular parameters. If the
molecules are visualized as isolated entities in solution, the photo-
physics is mainly influenced by the solvent. However, if those molecules
are part of aggregates in solution or even solid phases, the final emission
properties depend mostly on the electronic interactions between fluo-
rophore units. The classical theories by Kasha et al. [21-23] and more
recently by Spano and Hestand [24,25] established a classification be-
tween J and H aggregates as a result of different long and short range
excitonic couplings between neighboring chromophores which would
modify their final electronic structure and emitting properties. Another
widespread theory to explain changes in the emissive properties was
proposed by Tang et al. according to which the restriction of intra-
molecular vibrations (RIV) and rotations (RIR) could be responsible for
the enhancement of the radiative relaxation in a huge variety of
n-conjugated compounds [26-28]. Trans—cis photoisomerization, re-
striction access to conical intersections (RACI) between the potential
energy surfaces of the ground and excited states, intramolecular proton
transfer (ESIPT) have also been successful interpretating the photo-
physical properties in different emissive compounds [29-31]. The
thorough knowledge of the main mechanism responsible for the pho-
tophysics in different compounds has helped in the rational design of
new fluorophores stablishing different strategies to achieve appropriate
optoelectronic properties depending on the specific applications of the
emissive compound.

Compounds in which double bonds and benzene rings combine to
form a n-extended structure as oligo(styryl)benzenes, polymers as poly
(p-phenylene vinylene) (PPV) or complex dendritic structures constitute
a vast family of hydrocarbons widely studied due to their attractive
electronic and photophysical properties [9,18-20,32]. Since the early
work in 1990 over the electroluminescence of PPV [33], great efforts
have been devoted to the structural modification in numerous fluo-
rophores with the aim to suppress the effects responsible for the fluo-
rescence quenching in the solid state as well as preserving suitable
charge transport properties. To the best of our knowledge, the first work
which revealed dramatic changes in the fluorescence quantum yield of
an oligo(styryl)benzene from solution to solid state was published in
1996 by Oelkrug et al. [34] In the present study, the photophysical
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properties of tris(styryl)benzenes and tetra(styryl)benzenes have been
explored incorporating for the first time tert-butyl and tert-butoxy as
substituents in the peripheral phenyl rings (3SB-'Bu, 3SB-'BuO,
4SB-'BuO and 4SB-'BuO; see Scheme 1) with the aim to scrutinize the
impact of these bulky substituents on their photophysical properties
upon aggregation. In previous works [18,19,32], we studied the pho-
tophysical properties of oligo(styryl)benzenes scaffolds with
non-branched side chains (3SB-CH3, 3SB-OCgH;3, 4SB-CH3 and
4SB-OCgHj3; see Scheme 1) in solution and solid state although the
absence of crystal structure prevented us to conclude about the packing
of the molecules in solid state and intermolecular interactions present in
it. In this work, we report for the first time the X-ray crystal structure of
alkyl or alkoxy substituted tris(styryl)benzenes and tetra(styryl)ben-
zenes which may help to understand the photophysical properties in
solid state of these extensively studied compounds analyzing molecular
packing and intermolecular interactions. Spectroscopic and electro-
chemical characterization, together with density functional theory
(DFT) calculations have been addressed both in solution and solid state.
The symbiosis between experimental and theoretical tools provides
further understanding of the relationship between intermolecular in-
teractions, molecular packing, and emission properties. In addition,
light-emitting devices based on the studied compounds were fabricated
to assess their suitability for optoelectronic applications. The optoelec-
tronic performance of the different devices, combined with DFT calcu-
lations on diverse parameters related to semiconducting properties of
the emitting material, allowed for a wider perspective on the techno-
logical applicability of oligo(styryl)benzenes decorated with tert-butyl
and tert-butoxy side groups.

2. Experimental section
2.1. General

In air- and moisture-sensitive reactions, all glassware was flame-
dried and cooled under argon. All reagents and solvents obtained from
commercial sources were used as received, except for tetrahydrofuran
(THF), which was freshly distilled over sodium/benzophenone ketyl
under a positive pressure of dry argon. THF and acetonitrile (ACN) were
used as CHROMASOLV quality in spectroscopic experiments. 'H NMR
and *C NMR spectra were acquired at room temperature on a Varian
Inova-500 instrument. The NMR chemical shifts (§) are given in ppm and
are referenced to the residual protons of the deuterated solvent or car-
bon nuclei (*H, § = 7.27 ppm; '3C, § = 77.0 ppm). MALDI-TOF mass
spectra were recorded in positive detection mode.

2.2. Synthesis

The synthesis of compounds 3SB-'Bu, 3SB-'BuO, 4SB-‘BuO and
4SB-'BuO was performed according to Scheme 2. Phosphonates A and B
were obtained by Arbuzov reaction of 1,3,5-tris(bromomethyl)benzene
and 1,2,4,5-tetrakis(bromomethyl)benzene, respectively, with triethyl
phosphite following a standard methodology. More detailed information
is collected in Supporting Information.

2.3. Single crystal X-ray diffraction

The single crystals of 3SB-'Bu, 3SB-'Bu0, 4SB-'Bu were obtained by
slow evaporation method of acetone, (1:1) tetrahydrofurane:methanol
and (1:1) acetone:dicloromethane, respectively. The single crystal of
4SB-'Bu0 was obtained by liquid-liquid diffusion method of (1:3)
dicloromethane:hexane. Single-crystal X-ray diffraction (SCXRD) mea-
surements were collected in a Bruker Kappa Apex II diffractometer using
graphite-monochromated molybdenum K, radiation (» = 0.71073 A). A
summary of some crystal and refinement data for measurements at room
temperature of compounds 3SB-'Bu, 3SB-'BuO, 4SB-'Bu, y 4SB-'BuO
can be found in Table S6. CCDC 2041137-2041140 contain the
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3SB-R (sym conformation)

R =-C(CHj3)3 3SB-'Bu

R =-OC(CHj3)3 3SB-'‘Bu0
R=-CHj 3SB-CH;

R =-O(CH,)sCH; 3SB-OCgHy3
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Scheme 1. Chemical structures of the synthetized
oligo(styryl)benzenes (3SB-‘Bu, 3SB-'BuO, 4SB-'Bu
and 4SB-'BuO) as well as some reference oligo(styryl)
benzenes (3SB-CH3, 3SB-OCgH; 3, 4SB-CH3 and 4SB-
OCgHj3). Only the full-trans configuration was
considered in the spectroscopic and theoretical study
of 3SB-R and 4SB-R compounds. The molecular
structure and electronic properties of 3SB-R de-
rivatives were calculated for both the sym and anti
rotamer. T;.3 are three dihedral angles selected to
describe the molecular structure of the studied
compounds.

3SB-R (anti conformation)

= -C(CHs)3 4SB-'Bu
= -OC(CHs)3 4SB-'BuO

R =-CHj 4SB-CH,
=-O(CH,)sCH;  4SB-OCgH,;3

crystallographic data, that can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccde.cam.ac.
uk/data_request/cif.

Diffraction measurements of the crystals of 3SB-'Bu, 3SB-'Bu0, and
4SB-'Bu were made at low temperatures to improve the signal to noise
ratio. In the case of compound 4SB-'Bu, the crystals were extremely
unstable out of the mother liquor and suffered from loss of crystallinity
even when covered in mounting oil and placed under nitrogen atmo-
sphere. These three samples also display statistical disorder in many
fragments: in 4SB-*Bu, carbon atoms C87-C92 are randomly located in
two positions (A and B) with 51%-49% occupations, many of the methyl
groups in the two molecules found in the asymmetric unit are heavily
disordered, and only the most populated position (50%) could be
located for C27-C30, C40-C42, C52-C54, C70-C72, C82-C84, C94-C96,
C106-C108. Also, some partially disordered interstitial water molecules
were found in the voids. In 3SB-"Bu0, carbon atoms C17, C39-C42, C49-
C56 and C81-C84 (and interstitial water oxygen O7W and O8W) were
also heavily disordered, and only the position with the largest electron
density (50%) could be located and isotropically refined, with the aid of
geometrical restraints. 3SB-"Bu also displays disorder in the two mole-
cules in the asymmetric unit: C7-C18 in one of them (with occupations
60% for position A and 40% for B) and C75-C84 in the other, with 56%

and 44% for A and B respectively (except methyl carbons C82B, C83B
and C84B where only 22% of the density could be located). Interstitial
partially disordered water molecules were also included in the model.

2.4. Spectroscopy experiments

Sample concentration of 3 pM was employed for UV-Vis absorption
and fluorescence measurements of the free molecule in solution. Solvent
mixtures (ACN/water and THF/water) and sample concentrations of 5
pM were used for the molecular aggregation experiments. Quartz cu-
vettes (Hellma Analytics) of 10 mm were employed for all the absorption
and fluorescence emission measurements in liquid samples. UV-Vis
absorption spectra were acquired at 298 K on a V-750 spectrophotom-
eter (JASCO) using a slit width of 0.4 nm and a scan rate of 600 nm
min~ . Steady-state fluorescence spectra were acquired in a FS5 spec-
trofluorometer (Edinburgh Instruments) equipped with a 150 W Xe lamp
as the light source and a PMT (photomultiplier tube) detector (R928P
model). Time-resolved fluorescence spectra were performed in a FLS920
(Edinburgh Instruments) spectrofluorometer equipped with a sub-
nanosecond pulsed light-emitting diode, EPLED-360 (Edinburgh Pho-
tonics), a MCP-PMT (microchannel plate-photomultiplier tube) detector
(R3809 model) and a TCSPC (time-correlated single photon counting)
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(EtO),(0)P CHO
K'BuO
+ 3 JR——
P(O)(OEY),
R
P(O)(OEY),
A R: 'Bu, O'Bu

R: -C(CHj3)3 3SB-'Bu
R: -OC(CHj3)3 3SB-'BuO

CHO

(Et0),(O)P P(O)OEY), , ,
(Et0),(0)P P(O)(OEt),

K'BuO
—_—

4SB-'Bu
4SB-'BuO

R: -C(CH3)3
R: -OC(CH3)3

Scheme 2. Synthesis of 3SB-'Bu, 3SB-'Bu0O, 4SB-'BuO and 4SB-'BuO.

data acquisition card (TCC900 model). The fluorescence spectra and
quantum yield of the solid samples were obtained using an integrating
sphere coupled to the FS5 spectrofluorometer. The quantum yield of the
liquid samples was also obtained using the integrating sphere. In solu-
tion, sample concentrations were <1 pM (and absorbance <0.1) for
quantum yield measurements, excepting for the aggregation experi-
ments (5 pM). In aggregation experiments, THF/water and acetonitrile/
water mixtures were used as solvent and as reference. Quantum yield
calculations were carried out using the F980 Software of Edinburgh
Instruments.

2.5. Diffusion light-scattering (DLS) measurements

DLS measurements were recorded employing a Zetasizer NanoZS
(Malvern Instruments). The studied compounds were solved in different
THF/water mixtures. Solutions were not filtered.

2.6. Electrochemistry

Cyclic voltammetry (CV) and Osteryoung square wave voltammetry
(OSWV) measurements were carried out in o-dichlorobenzene/acetoni-
trile 4:1 solutions. Tetrabutylammonium perchlorate (0.1 M as sup-
porting electrolyte) was purchased from Acros and used without
purification. Solutions were deoxygenated by argon bubbling prior to
each experiment which was run under argon atmosphere. Experiments
were done in a one-compartment cell equipped with a glassy carbon
working electrode (¢ = 2 mm), a platinum wire counter electrode, and
an Ag/AgNOs (0.01 M in the supporting electrolyte) electrode as
reference. Ferrocene/ferrocenium redox couple (Fc/Fc ') was used as an
internal reference in order to determine the oxidation potentials of the
studied compounds. The data were transformed into frontier molecular
orbital (FMO) energy levels vs. vacuum.

2.7. OLED fabrication

A single-layer device of each compound was fabricated using the

following configuration: ITO anode/PEDOT:PSS (40 nm)/active com-
pound (~50 nm, spin coated from 3 mg mL~! in ACN solution)/Al
cathode (150 nm)). An indium-tin-oxide (ITO)-coated glass (~109 Q
cm) was used as substrate. Before use, the glass was washed by im-
mersion 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 optical excitation)
was blocked in order to only register the electroluminescence spectra.
Current — Voltage (I-V) curves were measured in the dark at room
temperature using a Keithley 2400 device.

2.8. Computational details

Full geometry optimizations of the ground (Sp) and first excited (S;)
states were performed using Gaussian 09 program package (version
D.01) [35] at the M06-2X/6-31G** and B3LYP/6-31G** levels of theory
[36]. M06-2X/6-31G** was chosen because it has shown suitable results
in previous works of related oligo(styryl)benzenes and was the func-
tional mainly used in the present work [7,18-20,32]. The vibrational
frequencies were computed to check the absence of imaginary fre-
quencies. The molecular geometries from X-ray diffraction were taken as
starting point for the geometry optimization in the ground state and a
conformational analysis was performed searching the most stable
conformation in solution. Polarizable continuum model (PCM) was used
to include the effect of the solvent as it has been as implemented in the
Gaussian package [37-39]. For both 3SB-'Bu and 3SB-'BuO derivatives,
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the anti configuration was predicted as the most stable in THF solution
(see Scheme 1) being very close in energy to the sym configuration (see
Fig. S33 and Table S9). According to that, both anti and sym have been
considered in the photophysical analysis in solution. It should be pointed
out that from the X-ray crystal structure, both sym and anti configuration
were solved for 3SB-BuO while only the anti configuration for 3SB-*Bu.
For both 4SB-'Bu and 4SB-'BuO derivatives, a pseudo-C; conformation
that reminds of the ‘frog-leap’ was predicted as the most stable in so-
lution, but this configuration only was found in the crystal structure of
4SB-'BuO. However, a pseudo-Ca, configuration resembling the free-fall
of a paratrooper was solved from the X-ray crystal structure of 4SB-‘Bu.
In this case, according to the relative energies, only the pseudo-C;
configuration has been considered for the photophysical analysis in
solution.

Vertical electronic transitions and geometry optimization of the
excited electronic states were computed using Time-Dependent DFT
calculations (TD-M06-2X/6-31G**) in solution. The fluorescence emis-
sion energy from the first excited state was calculated at the same level
of theory as

Eem(S1) = Es1(Gs1) — Eso(Gs1) (@9)

where Eg1(Gg1) is the energy of the S; state at its equilibrium geometry
(Gs1), in the state-specific solvation approach [40]; and Egg(Gs1) cor-
responds to the energy of the Sy state at the S; state geometry (Gs;) and
with the static solvation from the excited state [41].

The vibrational reorganization energy associated to the non-
radiative relaxation of excited electronic states, A, was computed using
the program DUSHIN developed by Reimers [42] according to:

A= k=) hos; (2)

where w; is the wavenumber associated to the vibrational mode i, which

assist the internal conversion process, and S; is the dimensionless Huang-

Rhys (HR) factor calculated from the atomic displacements AQ and force

constant, k, of the normal mode i according to [42]:
1. AQ?

_1,a0

S,' ==
2 hw;

3)

The solid state was simulated using a two-layer ONIOM approach
[43-46] building a model cluster from the X-ray crystallographic data.
The central active molecule was treated with M06-2X/6-31G** and
B3LYP/6-31G** (high level) and both Sy and S; electronic state geom-
etries were fully optimized. This central molecule was surrounded by
several molecules (low level) treated by molecular mechanics (MM)
using the UFF [47] force field with their molecular geometries frozen.

Different parameters related to the semiconducting properties were
also computed for the studied compounds. Firstly, the charge-transfer
rate constant (kcr) was calculated in the context of the hopping model
on the basis of the semi-classical Marcus theory according to the equa-
tion [48].

oL g, (i> (4)
T Ve P\ akT

where 1 and t are the reorganization energy and the charge-transfer
integral, respectively. The intermolecular charge transfer integral for
hole (t;) and electron (t.) were computed for each charge transport
pathway using couple of molecules extracted from the crystal structure
and using of the so-called dimer projection approach implemented in the
code J-from-g03 [49,50]. Both A and t were calculated at the
B3LYP/6-31G** level of theory in gas phase. In this context, A was
calculated using the Nelsen’s four-point approach. A is the sum of two
terms A = A1 + Ap which corresponds to the geometry relaxation energies
upon going from the neutral-state geometry to the charged-state one and
vice versa:
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M = BYAG*) - E%GY) (5)
M = E*(G%) — EX(G¥) (6)

where E%(G°) and E*(G*) are the ground-state energies of the neutral
and ionic states, respectively. EO(G*) is the energy of the neutral mole-
cule at the optimal ionic geometry, and E*(G°) is the energy of the
charged state at the optimal geometry of the neutral molecule. Addi-
tionally, the adiabatic ionization potentials (AIP) and electron affinities
(AEA) were calculated as follows for the cationic state

AIP = E_(G,) — Eo(Gp) (7)
and for the anionic state
AEA = Ey(Gp) - EL(G.) (8

where E¢(Gg), E;(G) and E (G_) are the ground-state energies of the
neutral, cationic and anionic ionic states, respectively.

3. Results and discussion
3.1. Photophysical properties in solution

The synthesis of oligo(styryl)benzenes was carried out by the Horner-
Wadsworth-Emmons reaction. This methodology allows a high control
in the stereochemistry of the double bonds, obtaining exclusively the
diastereoisomers in trans configuration for all of them, as can be
observed in the value of J = 16 Hz for the coupling constants of the
olefinic protons in the 'H NMR spectra (see Supporting Information).
The absorption and fluorescence emission spectra of the synthetized
compounds were recorded in different solvents (see Fig. 1(a) and S7).

We found a good match between the recorded absorption maxima (Agk™

and the corresponding vertical transition wavelengths (Ayert) computed
at the TD-M06-2X/6-31G** level of theory (see Tables 1 and S10). The
solvent polarity and the presence of the oxygen atom in the side group
(tert-butoxy vs. tert-butyl) have a minor effect on their absorption
spectra. No significant differences between the absorption spectra of the
studied compounds and those reported for their methyl, methoxy and n-
hexyloxy derivatives were also found [19,32]. The absorption maxima
of the tetra(styryl)benzene derivatives are red-shifted (AAJE* > 20 nm in
THF) with respect to the tris(styryl)benzene derivatives. This agrees
with the fact that ortho and para substitution leads to more effective
conjugation than meta substitution which leads to the consequent
reduction of the optical band gap. The lowest-energy absorption band of
tris(styryl)benzene derivatives, with a pseudo-C3 symmetry (sym
configuration; Fig. S33), was assigned to two electronic transitions
(So—S1 and Sp—S3) involving diverse degenerate molecular orbitals (see
Fig. S34). Accordingly, close wavelengths were calculated for So—S; and
So—Ss transitions of sym-3SB-BuO (A% = 304 and 302 nm, respec-
tively) and a similar behavior was found for sym-3SB-'Bu. HOMO-1,
HOMO, LUMO and LUMO+1 frontier orbitals calculated for these mol-
ecules have V-shape and are located on two branches of the molecule.
Curiously, a loss of orbital degeneracy was observed for the anti
configuration of both molecules. For instance, higher differences were
found between the wavelengths calculated for the three lowest-energy
vertical transitions of anti-3SB-'Bu0O (A = 311, 303 and 294 nm for
So—S1, So—S2 and Sp—Ss, respectively) and a similar behavior was
observed for anti-3SB-'Bu. As reported for 1,3-bis(styryl)benzene [51],
both sym and anti conformations appear in the crystal structure of
3SB-'BuO (vide infra) being the anti rotamer slightly more stable than
the sym one in THF solution (AE = 0.02 kcal mol’l; see Table S9 for
details). The coexistence of both conformations and the thermal popu-
lation of low-frequency torsional modes lead to a high spectral
complexity and loss of the fine structure of the absorption band.
Accordingly, a blue-shift is observed in the absorption spectra of both
3SB-'Bu0 and 3SB-'Bu upon temperature increases (Fig. 1(b) and S8).
This fact can be related to a population enhancement of the sym rotamer.
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The coexistence of different conformers also leads to the absorption and
excitation spectra do not completely overlap (Fig. 1(c)) indicating that
the anti rotamer has greater contribution to the fluorescence signal at
room temperature.

The frontier orbitals calculated for tetra(styryl)benzene derivatives
have X-shape and are significantly less degenerated than for the sym-tris
(styryl)benzene derivatives (Fig. S34). For instance, a difference of 30
nm was computed between So—S; and Sy—S, transitions of 4SB-‘BuO
(with pseudo-C; symmetry; see Table S10). Accordingly, the prominent
shoulder observed at ~375 nm for 4SB-"BuO in THF solution could be
associated to the Sp—$S; transition (see Fig. 1(a)). Nevertheless, the
coexistence of different conformers cannot be ruled out because the
absorption spectrum is sensitive at the temperature and absorption and
excitation fluorescence spectra do not completely overlap, as previously
discussed in the case of tris(styryl)benzene derivatives (Figs. S8 and S9).
Similar conclusions can be drawn for 4SB-‘Bu. Interestingly, frontier-
orbital degeneracy was also not found for 1,3-bis(styryl)benzene [52,
53]. The lowest energy absorption band of the derivative with two styryl
branches was assigned to the So(llAg)—>Sl(11Bu) electronic transition
which mainly involves HOMO and LUMO orbitals [52,53]. Thus, the
number of styryl branches as well as the structural conformation play a
critical role on the electronic properties of oligo(styryl)benzenes in so-
lution while the nature, size and form of the of side chains seem to have a
lesser impact. This conclusion is directly related to the fact that the
n-conjugation and molecular orbitals involved in the electronic transi-
tions are localized in the central skeleton and do not extend to the pe-
ripheral side chains.

All the studied compounds showed blue fluorescence emission in
solution (Fig. 1(a), S7 and S16; Tables 1 and S3). Differences <0.25 eV
between the emission maximum energies (Aery") in THF solution and the
calculated energies for the S-S, transitions (A§3'%.50) at the TD-MO06-
2X/6-31G** level of theory were found (see Table S11). Similar
matches between experimental and theoretical energies were reported
for the n-alkoxy derivatives 3SB-OCgH;3 and 4SB-OCgH13 [19]. The
fluorescence emission maxima of the tetra(styryl)benzene derivatives
are significantly red-shifted (AMGS* > 60 nm in THF) with respect to
their tris(styryl)benzene counterparts. The fluorescence spectra show
fine structure, particularly for the tris(styryl)benzene derivatives in THF
solution (Fig. 1(a) andS7). As discussed in a previous work, the vibronic
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coupling is probably due to the molecular planarization upon excitation
of the tris(styryl)benzene core [19]. This planarization mainly involves a
single styryl branch of the molecule (in the excitation of tetra(styryl)
benzenes, the planarization involves two styryl branches; see Fig. S37, as
well as Table S13). In addition, the higher energy difference between
sym and anti conformers in the S; state (AE = 0.60 kcal mol ! for
3SB-'Bu0) than in the Sy state, could increase the population of the most
stable conformer (anti) (Table S9). This conformer could not only be the
most abundant but also more fluorescent than the sym one, being the
emission spectrum mainly attributable to the anti conformation. In this
sense, the lower trans—cis energy barrier calculated for sym-3SB-'Bu0O
in the S; state suggests than the sym conformer is more sensitive to the
trans—cis photoisomerization than anti-3SB-'BuO (see Fig. 1(d)). It is
well-known than trans—cis photoisomerization is one of the main
non-radiative deactivation pathways of styryl-benzenes [53-56].

In addition, six normal modes with significant Huang-Rhys (HR)
factors, associated with the internal conversion (IC) deactivation
mechanism, were computed for sym-3SB-‘BuO (marked with a dotted
circle in Fig. 2; see also Fig. S39 and Table S14). On the contrary, only
two normal modes with large HR factors were computed for anti-
3SB-'Bu0. Considering both the trans—cis photoisomerization and the
IC deactivation, higher non-radiative constants might be expected for
sym-3SB-'BuO than for anti-3SB-'BuO. Similar conclusions can be drawn
from the HR factors and trans—cis energy barriers calculated for the sym
and anti rotamers of 3SB-'Bu. Table 1 shows the fluorescence quantum
yield recorded in different solvents. Considering THF as reference sol-
vent, we observed that the quantum yields of the tert-butyl and tert-
butoxy derivatives are somewhat smaller than those reported for their n-
alkoxy homologues (34 and 36% for 3SB-‘Bu and 3SB-'BuO, respec-
tively; 41 and 47% for 4SB-'Bu and 4SB-'BuO, respectively; 60 and 57%
for 3SB-OCgH;3 and 4SB-OCgH;3, respectively) [19]. The important
contribution of the tert-butyl and tert-butoxy groups to the normal modes
associated with large HR factors (also calculated in THF solution) could
be the cause of this difference (see Fig. S39). Nevertheless, some ex-
ceptions to this trend were also observed in more polar solvents (in
DCM, ®p = 43 and 40% for 3SB-'BuO and 3SB-OCgH 3, respectively; in
ACN, ®p = 47 and 27% for 4SB-'BuO and 4SB-OCgH;3, respectively)
[19], preventing general conclusions on the effect of the presence of
bulky side chains on non-radiative deactivation channels of oligo(styryl)

Fig. 1. (a) Absorption and emission fluorescence
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£
[
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solution (sample concentration was 3 pM). (b) Ab-
sorption spectrum of 3SB-'BuO recorded in THF so-
lution at different temperatures. (c) Absorption and
excitation fluorescence spectra of 3SB-*BuO recorded
in THF. (d) Torsional barriers around the vinylene
moiety in the S; excited state computed for 3SB-"Bu
(anti and sym), 3SB-'BuO (anti and sym), 4SB-'Bu
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Fig. 2. Huang-Rhys factors vs. normal mode wavenumbers (in cm~!) calculated for 3SB-"BuO (sym and anti), 4SB-"Bu and 4SB-‘Bu0 in THF solution at the M06-2X/
6-31G** level of theory. The dotted blue circles compare the most significant Huang-Rhys factors found for the sym and anti conformers of 3SB-"BuO.

Table 1

Absorption maximum wavelength (Aap™), molar absorption coefficient (),
fluorescence emission maximum wavelength (A3*) and fluorescence quantum
yield (®g) determined in different solvents.

Compound  solvent max (nm e(mM?! he2X (nm g
[eV]) cm ™) [evD) (%)
3SB-'Bu " THF 320 [3.87] 84 393 [3.15] 34
415 [2.99]
DCM 320 [3.87] 83 395 [3.14] 37
416 [2.98]
ACN 318 [3.90] 93 393 [3.15] 26
413 [3.00]
3SB-'BuO © THF 323 [3.84] 86 397 [3.12] 36
417 [2.97]
DCM 324 [3.83] 101 402 [3.08] 43
418 [2.97]
ACN 321 [3.86] 103 418 [2.97] 29
4SB-Bu ¢ THF 340 [3.65] 75 455 [2.72] 41
478 [2.59]
DCM 340 [3.65] 105 458 [2.71] 36
480 [2.58]
ACN 339 [3.66] 76 454 [2.73] 39
478 [2.59]
4SB-'BuO THF 345 [3.59] 88 460 [2.69] 47
b 483 [2.57]
DCM 344 [3.60] 89 466 [2.66] 29
484 [2.56]
ACN 344 [3.60] 117 466 [2.66] 33
484 [2.56]

@ Determined by using an integration sphere at room temperature. The con-
centration of the samples was <1.0 uM and the absorbance <0.1.

b The excitation wavelength was 318 nm.

¢ The excitation wavelength was 320 nm.

4 The excitation wavelength was 340 nm.

¢ The excitation wavelength was 343 nm.

benzenes. In general, it can be stated that the substitution of n-alkoxy
chains by tert-butyl or tert-butoxy groups does not have a significant
effect on the position of the emission maximum and only a moderate
effect on the fluorescence quantum yield of oligo(styryl)benzenes in
solution.

Aggregation-induced enhanced emission (AIEE) was found for the
studied tris(styryl)benzene derivates (see Fig. 3, S12 and S14). In THF/
water mixtures, the fluorescence quantum yield reached a maximum
value of 58% for 3SB-'Bu (f,, = 50%) and 64% for 3SB-'BuO (f,, = 60%)
(fw is the fraction of water of the solvent mixture; see Table S1). At low
water fractions (<50%), where AIEE phenomenon is normally observed
for tris(styryl)benzenes [18,19], the absorption bands of 3SB-'Bu and
3SB-'BuO did not show significant shifts suggesting a weak electronic
coupling at the aggregate level (Fig. S10). An analogous photophysical
behavior was reported for 3SB-OCgH;3 in THF/water mixtures and it
was attributed to the formation of slipped-stacking aggregates [19].
Although these aggregates were weakly coupled, the presence of nearby
molecules could hinder the trans—cis-photoisomerization and restrict
the molecular vibrations associated with the IC process (RIV mecha-
nism) [19]. As mentioned, two significant HR factor values involved in
the non-radiative IC decay were calculated for anti-3SB-BuO in THF
solution (S; = 3.2 and 4.3). These HR factors are associated with
vibrational modes in the low energy region of 10 and 13 cm ™! that imply
twisting motions of one or more styryl moieties with a remarkable
contribution of their tert-butoxy groups (Fig. 2 and S39; Table S14). The
most relevant HR factors found for anti-3SB-'Bu (S; = 1.1, 0.8 and 0.6)
are also associated with twisting motions of one or more styryl moieties
involving their tert-butyl groups (29, 60 and 13 cm ™}, respectively). The
significant contribution of the tert-butyl and tert-butoxy side groups to
those normal modes contrast with the case of 3SB-OCH3, where the
methoxy groups have a less relevant contribution to the normal modes
with the highest HR factors [19]. These observations were also
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corroborated for the tetra(styryl)benzene derivates as discussed below.
The average fluorescence lifetime of 3SB-BuO exhibited an increase
from about 10 ns in THF solution to 13 ns in THF/water mixtures with f,,
= 30 and 50% (see Fig. S17 and Table S2). In these cases, DLS mea-
surements showed the presence of small nanoparticles, with a Z-average
radius between 1 and 2 nm (and high polydispersity, PdI) (see Fig. S20
and Table S5). On the contrary, the fluorescence emission was strongly
quenched and significant changes were recorded in the absorption
spectra of both 3SB-'Bu and 3SB-'BuO at high water fractions (>60%).
These results suggested that the molecules in the aggregate were more
strongly coupled due to the increase of the solvent polarity. In
THF/water mixtures with f,, = 80, large aggregates with a radius of
about 400 nm for 3SB-"Bu (PdI <0.4) and 70 nm for 3SB-'BuO (PdI
<0.2) were detected by DLS. Interestingly, the average fluorescence
lifetime of 3SB-'BuO found in THF/water mixtures with f,, = 80 dropped
up to 4 ns. In these conditions, a shorter fluorescence lifetime and, at
same time, a smaller fluorescence quantum yield indicate a strong in-
crease of the non-radiative rate constant in the aggregate as well as an
increase of the radiative rate constant, but in lesser extent. In acetoni-
trile/water mixtures, maximum quantum yields of 60 and 48% were
found for 3SB-'BuO (fw = 60%) and 3SB-'Bu (fw = 40%), respectively.
The photophysical behavior in these mixtures was more complex than in
THF/water mixtures because of the diverse shifts observed in the ab-
sorption spectra. In this case, an excitonic coupling between the mole-
cules in the aggregate could be produced despite the presence of the
bulky side groups. A thorough study on the Coulombic excitonic
coupling in n-r stacking-aggregates of the model molecule 3SB-OCgH; 3
in acetonitrile/water mixtures can be consulted in the reference. [18]
Interestingly, a strong decrease of both the fluorescence lifetime and
quantum yield was also reported for 3SB-OCgH; 3 in acetonitrile/water
mixtures with f,, = 80 with respect to the molecule solved in acetonitrile
[18].

Small aggregates with a radius <2 nm were also detected for the
studied tetra(styryl)benzenes THF/water mixtures with f,, = 30 and
50%. As observed for tris(styryl)benzenes, the size of the aggregate
strongly increases for f,, = 80%, in parallel to a drop in the fluorescence
lifetime (Figs. S17 and S20; Tables S2 and S5). AIEE was observed for the
tetrabranched derivatives but the intensity of this phenomenon was
clearly weaker than for their tris(styryl)benzene homologues (Fig. 3, S13
and S15). In THF/water mixtures, the fluorescence quantum yield
reached a maximum value of 57% for 4SB-'Bu (f,, = 30%) and 59% for
4SB-'BuO (f, = 30%). Curiously, the AIEE phenomenon was not
observed for the n-alkoxy derivative 4SB-OCgHj 3, neither in THF /water
mixtures nor in ACN/water mixtures [19]. In that work, DFT calcula-
tions predicted that the columnar aggregates of 4SB-OCgH;3 are more
weakly coupled (with larger distances between the parallel planes of two
neighboring molecules) than the columnar aggregates of 3SB-OCgH13
[19]. The intermolecular interactions of molecular aggregates of
4SB-'Bu and 4SB-'BuO should not be stronger than the aggregates of
4SB-OCgH;3 because of their more bulky side chains. Accordingly, no
significant shifts were observed in the absorption spectra of 4SB-'Bu and
4SB-'BuO upon aggregation at low water fractions (<50%), as in the
case of 4SB-OCgH13 [19]. Therefore, the origin of the AIEE phenomenon
observed for both 4SB-'"Bu and 4SB-*BuO does not seem to be associated
to excitonic interactions.

The trans—cis isomerization barriers calculated for the tetra(styryl)
benzene derivatives in the excited state are significantly higher than
those calculated for the tris(styryl)benzenes and, consequently, the
photoisomerization could have a smaller contribution to the non-
radiative deactivation of the tetrabranched fluorophores (see Fig. 1
(b)). Concerning to RIV mechanism, we found that the vibrational fre-
quencies with the highest HR values calculated for the tetra(styryl)
benzene derivatives imply twisting motions of several styryl moieties
with a significant contribution of their tert-butyl and tert-butoxy side
chains (o; = 14 and 17 em™ % S; = 5.8 and 12.8, respectively, for
4SB-Bu; @; = 15 and 33 em™ %} S; = 4.8 and 5.1, respectively, for
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4SB-'BuO; see Fig. 2 and S39, and Table S14). On the contrary, the
vibrational modes with the high HR values calculated for 4SB-OCH3
correspond to simultaneous phenyl wagging and hydrogen rocking
causing a deformation of the entire molecule during vibration (note that
similar findings were discussed above for the tris(styryl)benzene de-
rivatives) [19]. The important contribution of the tert-butyl and tert--
butoxy groups to the non-radiative deactivation of 4SB-'Bu and
4SB-'BuO could be involved in the AIEE phenomenon observed for these
molecules and not for their n-alkoxy derivative, considering as hy-
pothesis that the vibrations of bulky side groups would be more effi-
ciently blocked upon aggregation than vibrations involving the whole
molecule.

3.2. Photophysical properties in the solid state

The studied tris(styryl)benzene and tetra(styryl)benzene derivatives
showed blue and green emission, respectively, in the solid state (see
Fig. 4(b) and Table S3). Their fluorescence excitation and emission
spectra are pointed out in Fig. 4(a) and S18. Table 2 collects the exci-
tation and emission maximum wavelengths (A" and Aeg®) as well as
the quantum yields recorded in different sample forms, i.e. powder, thin
film and crystal. Interestingly, the fluorescence quantum yields were
higher for the more amorphous samples (powder and thin films) than for
their crystals. The largest quantum yields were determined for
3SB-'BuO (25-26% in powder and thin film) and for 4SB-'Bu (25% in
thin film). On the contrary, markedly different quantum yields were
reported for their n-alkoxy derivatives, i.e. 3S8B-OCgHj13 (50% in powder
and 29-51% in thin film) [18] and for 4SB-OCgH;3 (2% in powder)
[19]. This results suggest that n-alkoxy chains have a smaller influence
on the supramolecular structure than the nature of the conjugated core.
Thus, the larger conjugated core of 4SB-OCgH;3 favors n-stacking in-
teractions, approximating molecules in the supramolecular structure,
with dramatic effects on the luminescence emission properties [19]. It
seems that tert-butyl and tert-butoxy groups play a more determining
role in the control of the supramolecular structure and intermolecular
molecular interactions of the studied fluorophores than n-alkoxy chains.
The presence of the bulkier groups leads to a more balanced fluorescence
quantum yields between tris(styryl)benzenes and tetra(styryl)benzenes.
Crystals were obtained for all the studied compounds and their struc-
tures solved by single crystal X-ray diffraction. These crystal structures
along with DFT calculations have allowed us to analyze the influence of
the intermolecular interactions on the photophysical properties. ONIOM
calculations were performed defining a cluster with enough molecules
extracted from the experimental X-ray crystal to mimic the crystalline
environment. In these clusters, both the ground state and excited state of
a central active molecule was optimized while the surrounding ones are
kept frozen (see Fig. 5). The central active molecule was treated with
and both Sy and S; electronic state geometries were fully optimized
(high level with DFT). This central molecule was surrounded by several
molecules (low level with UFF). The most relevant vertical absorption
transitions were calculated for the active molecules of these clusters are
collected in Tables 2 and S12. Additionally, the wavelengths calculated
for the transition S;—Sg (}\g"iliso), along with the experimental emission
maxima, are shown in Table 2. Large differences between (excitation
and emission) fluorescence maxima and wavelengths calculated for the
(So—S71 and S1—Sg) electronic transitions with TD-M06-2X/6-31G**
were found despite this method proved to be accurate in the calcula-
tion of the electronic transitions of the studied compounds in THF so-
lution. This could evidence that the methodology used is insufficient to
predict the photophysical properties of the crystal probably due to the
treatment of electrostatic interactions between DFT and UFF layers.
Interestingly, TD-B3LYP/6-31G** significantly improved the results
obtained with TD-M06-2X/6-31G**. For instance, the differences be-
tween A& 5o and A2 were in the range of 0.02-0.12 eV and 0.06-0.12
eV for the tris(styryl)benzene the tetra(styryl)benzene derivatives,
respectively. This result could be due to the fact that B3LYP tends to
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and 4SB-'BuO in the solid state (powder).

overestimate the electronic delocalization favoring more planar struc-
tures. According to Fig. S38, the optimization of the central molecule
with B3LYP produces in general smaller t; and 75 dihedral angles than
MO06-2X, and therefore closer values to the crystal structure.

Digging deeper into the crystal structures we found that the tris
(styryl)benzene derivatives display two molecules in the asymmetric
unit of the crystal (Figs. S23, 524 and S27). Both molecules (types 1 and
2) adopt anti conformation in the case of 3SB-'Bu and pack in columns
with weak n-t and C-H---& intramolecular interactions (Fig. 5S28). This
packing is the least dense among the structures here presented, leaving
large channels where highly disordered solvent molecules are lodged. In

the asymmetric unit of the crystal of 3SB-'BuO, there is a molecule in
sym conformation and other in anti conformation. anti-3SB-"BuO packs
in columns and presents two of the arms almost coplanar with the
central ring while the other one displays a much larger angle (53°) due
to the C-H---m intramolecular contacts (see Fig. S29). Sym—3SB-tBuO also
packs in columns with weak n-t intramolecular interactions and shows a
slight concave curvature with angles <23° between the outer and cen-
tral rings. The quenching of the emission in solid state has been typically
associated to -1 intermolecular interactions [57,58]. On the other hand,
it has been reported that C-H---n intramolecular interactions restrict the
molecular motions of bis(a-phenylstyryl)-benzene derivatives
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Table 2
Fluorescence excitation and emission maxima (Ao~ and Ag ) determined in the solid state. Absorption and fluorescence emission wavelength calculated for the Sy—S;

calc

transition (\§4g1) and S;—S, transition (A2<.go) in the solid state at the TD-M06-2X/6-31G** and TD-B3LYP/6-31G** levels of theory.

Experimental TD-B3LYP/6-31G** TD-M06-2X/6-31G**

Compd  Sample AG™ (nm A (nm @y 2§3%s1 (nm [eV]) 2§50 (nm [eV]) 2§3%s1 (nm [eV]) 250 (nm [eV])

form [eVvD) [eVD) (%)
3SB-'Bu powder 394 [3.15] 421 [2.95] 13¢

thin film 394 [3.15] 421 [2.95] 15

Crystal 400 [3.10] 425 [2.92] 1f 381 [3.26]° 422 [2.94]° 303[4.09]° 349 [3.56]"
3SB-Bu0  powder 395 [3.14] 424 [2.92] 25°

thin film 395 [3.14] 424 [2.92] 26"

Crystal 404 [3.07] 433 [2.86] 14 376 [3.30]%/381 420 [2.96]%/422 309[4.01]%/297 354 [3.51]%/356

[3.25]" [2.94]° [4.171° [3.49]"

4SB-'Bu powder 456 [2.72] 518 [2.39] 13¢

thin film 456 [2.72] 518 [2.39] 25"

Crystal 440 [2.82] 502 [2.47] 20' 415 [2.99]¢ 480 [2.59]¢ 332[3.74]° 408 [3.04]°
4SB-BuO0  powder 449 [2.76] 524 [2.37] 5/

thin film 449 [2.76] 524 [2.37] 12"

Crystal 466 [2.66] 516 [2.40] 3! 430 [2.88]¢ 505 [2.46]¢ 344[3.60]¢ 419 [2.96]¢

anti conformation.

sym conformation.

¢ pseudo-C,, symmetry.

4 pseudo-C; symmetry.

¢ The excitation wavelength was 350 nm.
f The excitation wavelength was 370 nm.
8 The excitation wavelength was 400 nm.
" The excitation wavelength was 430 nm.
! The excitation wavelength was 410 nm.
J The excitation wavelength was 420 nm.
K The excitation wavelength was 440 nm.
! The excitation wavelength was 450 nm.
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increasing de fluorescence emission in the solid state [59]. Therefore,
the existence of columns of anti-3SB-‘BuO molecules with C-H---n
intramolecular contacts and absence of n-n interactions could be asso-
ciated to higher fluorescence quantum yield of 3SB-'BuO with respect to
3SB-'Bu. Here, it should be remembered that some twisting normal
modes of the styryl moieties are involved in the non-radiative IC decay
of anti-3SB-*BuO in solution. In the solid state, the hindering of these
vibrations because of C-H---n intramolecular contacts should reduce the
efficiency of the non-radiative deactivation.

In addition, the short-range excitonic effects of 3SB-Bu and
3SB-'BuO were analyzed for those molecular dimers with the highest
electronic couplings in the crystal. Thus, in the context of the Spano and
Hestand formalism [24,25], the photophysical behavior can be esti-
mated from the sign of the charge-transfer intermolecular coupling, Jcr
a —(tpt,), where t, and t, are the hole and electron transfer integrals
between neighboring chromophores. Interestingly, the sign of Jcr de-
pends on the column selected in the crystal both for 3SB-‘Bu and
3SB-'BuO (see Table 3). In the case of 3SB-'BuO, for instance, Jcr is
negative if the molecular dimer is extracted from the columns of the
conformer sym-3SB-'BuO while Jcr turns to be positive for the columns
of anti-3SB-'BuO. In a simplistic treatment it could be expected that
sym-3SB-'Bu0 columns had J-type behavior (bathochromic spectral
shifts) and anti-3SB-*BuO columns had H-type behavior (hypochromic
spectral shifts). In a rigorous treatment, nevertheless, the spectral shifts
of the whole crystal depend on the Davydov components which result
from the sum of the excitonic couplings in different crystal orientations
(this treatment is far beyond the scope of this article) [60,61].

In the case of the tetra(styryl)benzene derivates, columnar packing
(along the b axis) was only observed for 4SB-‘Bu0O with weak -1 in-
teractions at 3.3 A between the central rings (and a slip angle of 33°). As
commented, this distance is higher than the distances between the
central rings found for the tris(styryl)benzenes (only excepting the
similar distance measured for the columnar packing of the molecule type
1 of 4SB-'BuO) (see Table S8). Hence, the presence of four tert-butoxy
groups per molecule seems to increase the steric hindrance, separating
the tetra(styryl)benzene molecules in the crystal with respect to the tris
(styryl)benzene derivates. In the crystal of 4SB-'Bu, there are two
molecules in the asymmetric unit which adopt a bent conformation
where the peripheral rings have dihedral angles with the central ones as
high as 53° (see Table S7 and Fig. $25). In the packing of 4SB-*Bu, weak
C-H---O hydrogen bonds with the interstitial solvent are present as well
as weak 7-1 interactions between neighbour molecules (see Fig. S30).
The weaker supramolecular bonds observed for the crystal of 4SB-"Bu
led to the rapid loss of crystallinity of this structure (see Fig. S32).
Interestingly, the quantum yields determined for the crystal of 4SB-"Bu
are higher than for the crystal of 4SB-"BuO (and for the rest of solid
samples).

3.3. Electroluminescent and semiconducting properties

The photophysical properties described for the synthetized com-
pounds have impelled us to develop proof-of-concept light emitting
devices by using these compounds as electroluminescent emissive layer.
Previously, the semiconducting properties of the active compounds were

Table 3

Electron (t,) and hole (t,) couplings calculated at the M06-2X/6-31G** level of
theory for dimers extracted from the crystal X-ray structure. The dimers are
shown in Fig. S41.

Compound t, (meV) to (meV) tp-te (meV [2])
anti-3SB-'Bu (type 1) 83.2 -10.9 —907
anti-3SB-'Bu (type 2) —55.4 —-39.0 2161
anti-3SB-'BuO (type 1) -16.3 85.1 —1387
sym-3SB-'BuO (type 2) 36.4 53.6 1951

4SB-'Bu (Cy,) 32.8 35.5 1164
4SB-'BuO (C) 14.6 14.9 218
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evaluated to have a broader perspective on their optoelectronic poten-
tial. Thus, different parameters related to the charge injection and
transport processes were calculated at the B3LYP/6-31G** level of
theory. B3LYP is one of the most employed functionals for the study of
electronic properties in organic semiconductors and provides reasonable
linear relationship between the experimental ionization potential and
electron affinity and calculated HOMO and LUMO energy levels,
respectively [62-64]. Table 4 shows the adiabatic ionization potential
(AIP), adiabatic electron affinity (AEA) as well as hole and electron
reorganization energies (1 and Z¢) calculated in gas phase. The hole and
electron transfer rate constant (k, and k.) were estimated using the
Marcus’ equation (4) for the dominant charge-hopping pathways in the
crystal. These charge-hopping pathways correspond to the molecular
arrangements in which the hole and electron couplings are maximized
(Fig. S41). The value of the reorganization energy and charge transfer
integral must be minimized and maximized, respectively, to achieve
semiconductor materials with high charge transfer rate constants [65].
Slightly smaller A, values were computed for the tris(styryl)benzene
derivatives (0.18-0.21 eV) than for the tetra(styryl)benzene derivatives
(0.26-0.30 eV). 1y, is sensitive to both the number of branches of the core
and the nature of the side chains. This energy is significantly smaller for
the tris(styryl)benzenes with tert-butyl side chains (0.17 eV for 3SB-'Bu)
than for the tetra(styryl)benzenes with tert-butoxy chains (0.67 eV for
4SB-'Bu0).

The highest charge rate constants were calculated for the tris(styryl)
benzene derivates because they generally have smaller reorganization
energies and higher transfer integrals (Tables 3 and 4). For instance, ky
> 2.6 x 10'3 57! for 3SB-'Bu (molecules type 1 and 2) and ke > 1.1 x
10'% 57! for both 3SB-'OBu (molecules type 1 and 2) and 3SB-'Bu (only
molecules type 2). Interestingly, balanced hole and electron transfer rate
constants were found for the molecular arrangement type 2 of 3SB-"Bu
(kn/ke = 2.4) and for 4SB-'Bu (ki /k. = 3.3). Thus, exclusively consid-
ering the charge transfer rate constants, a better device performance
could be expected for single-layer OLEDs based on 3SB-'Bu and 4SB-'Bu
than those based on their tert-butoxy homologues 3SB-‘OBu and
4SB-'OBu. Unfortunately, the results obtained in the electroluminescent
experiments did not totally match with these preliminary predictions
(vide infra). However, this result should not be surprising because we
must also assume that the supramolecular structure of the active layer of
the OLED (obtained by spin coating) could be different to the crystal
structure (employed for our theoretical calculations). The differences in
the molecular packing would have a great impact on the value of charge
transfer integral due to it is extremely sensitive to small displacements
between neighboring molecules, and as a consequence, on the charge
rate constants [17].

In addition, other many factors might have a significant impact on
the device performance, as for instance the charge injection efficiency.

Table 4

Adiabatic ionization potential (AIP), electron affinities (AEA), reorganization
energies (4, and Z¢) and charge transfer rate constant (kj, and k) for hole and
electron, respectively, calculated at the B3LYP/6-31G** level of theory in gas
phase.

Compound AIP AEA In e kn(s™H ke (s™H)
(eV) (eV) (eV) (eV)

anti-3SB-'Bu 6.28 0.54 0.165 0.178  5.75 x 8.37 x
(type 1) 10'3 10!

anti-3SB-"Bu 6.28 0.54 0.165 0.178  2.55 x 1.07 x
(type 2) 10'3 10!3

anti-3SB-'Bu0 6.09 0.55 0.384  0.208  1.71 x 3.52 x
(type 1) 10! 10!

sym-3SB-'BuO 6.09 0.45 0.402  0.204  7.01 x 1.47 x
(type 2) 10! 103

4SB-'Bu (Cy,) 5.73 1.01 0.183  0.296  7.12 x 2.18 x
1012 1012

4SB-'BuO (C;) 5.45 0.95 0.668  0.261  6.57 x 5.75 x
10° 10!
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In this sense, DFT calculations predicted significant higher AEAs and
AIPs for the tetra(styryl)benzene derivates than for their tribranched
homologues. Higher AEA and AIP values are commonly associated with
higher hole and electron injection efficiencies [65]. The HOMO-LUMO
energy gap is also smaller for the tetra(styryl)benzenes than for the
tris(styryl)benzenes (Fig. 6(a); Tables 4 and S15). Consequently, smaller
charge injection barriers from the cathode and anode to the active
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Fig. 6. (a) (Black bars) HOMO and LUMO energy levels (in eV) calculated for
the studied compounds (3SB-*Bu, 3SB-'BuO, 4SB-‘Bu and 4SB-*BuO) at the
B3LYP/6-31G** level of theory in gas phase and reported for some related
compounds (3SB-CH3 and 4SB-CH3) [32]. (Red bars) HOMO energy levels were
also estimated from OSWV (Osteryoung square wave voltammetry) oxidation
curves, assuming the absolute energy level of ferrocene/ferrocenium to be 5.1
eV below vacuum. (Red bars) The HOMO and LUMO energy levels (estimated
from OSWV) reported for 3SB-CH3 and 4SB-CH3 were also included [32]. (b)
Current vs voltage curve and (c) electroluminescence spectra of the prepared
OLEDs from the selected compounds at 5V. The inset in b) shows a schematic
representation of the OLED architecture.
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material are expected for the tetra(styryl)benzenes. Similar conclusions
were reported for related oligo(styryl)benzenes with methyl and
methoxy side chains [32]. As described below, four single-layer light--
emitting devices formed by ITO/PEDOT:PSS/active compound/Al were
fabricated using each one of the studied compounds as active layer.
Thus, the hole injection barrier to the active material is between 0.6 and
0.9 eV considering a HOMO energy of —5.1 eV for the injection layer
[66] and HOMO energies estimated from cyclic voltammetry (CV) for
the studied compounds (Fig. 6(a), S21 and S22). As expected, smaller
hole injection barriers were calculated for the tetra(styryl)benzenes
(0.6-0.7 eV) than for the tris(styryl)benzenes (0.7-0.9 eV). These bar-
riers are even smaller considering the HOMO energies calculated by
B3LYP for the studied compounds. On the contrary, higher
metal-organic barriers are expected for electron injection and hence it
seems to be less efficient than the hole injection. Unfortunately, LUMO
energies could not be estimated from CV for the studied compounds but
values of —3.39 eV and —3.38 eV were reported for the analogue com-
pounds 3SB-CH3 and 4SB-CHgs, respectively (see Scheme 1) [32].
Considering that these LUMO energies were comparable to those of their
tert-butyl and tert-butoxy derivatives, electron injection barriers of about
0.9 eV with respect to the Al electrode (with a work function of —4.3 eV)
would be expected [66]. Although these barriers are even higher take
into account the LUMO energy values calculated with B3LYP (2.5-2.9
eV), it was observed that the barriers predicted for the tetra(styryl)
benzenes are slightly smaller than for the tris(styryl)benzenes. Based on
the described results, a more efficient charge injection (both for holes
and electrons) might be expected for 4SB-'Bu and 4SB-'OBu than for
3SB-'Bu and 3SB-'OBu.

The current-voltage curves of the single-layer devices fabricated
using the previously described configuration are shown in Fig. 6(b).
These curves exhibit typical diode characteristics [67] with a turn-on
voltage ranging from 2.5 to 5.0 V, depending on the emissive layer.
The differences observed on the turn-on voltage as well as on the current
density can be related to the charge injection efficiency and charge
transfer rate constants. Thus, the lowest turn-on voltage was found for
4SB-'Bu (2.5 eV), following by 4SB-‘OBu (3.0 eV) and 3SB-'OBu (3.0
eV). Based on the theoretical results, the combination of higher charge
injection efficiency and balanced electron-hole mobility theoretically
predicted for 4SB-"Bu would give higher exciton recombination and
therefore lower turn on voltages. A higher turn-on voltage (9.0 eV) was
reported for a similar device using 3SB-OCgH;3 in the light-emitting
layer [68]. Interestingly, larger differences were found between the EL
(electroluminescence) and PL (photoluminescence) emission spectra for
the tris(styryl)benzene derivates than for their tetra-branched counter-
parts (see Fig. 6(c) and Table S4). A green emission band appears at
around 550 nm in the EL spectrum of 3SB-Bu while the emission
maximum does not shift with respect to the PL emission spectrum. A
similar behavior was reported for 3SB-OCgH;3 being the EL band
observed at 550 nm attributed to the presence of interfacial traps in the
device created during the fabrication process [68]. In the case of
3SB-'OBu, the differences between EL and PL emission spectra are even
more noticeable. A red-shifted band centered at 605 nm appears in the
EL emission spectrum. The pristine band centered at 424 nm in the PL
spectrum appears in the EL spectrum as a tail of the more intense band at
605 nm. These results can also be related to the effect of the packing on
OLED working.

This is not the first time where red-shifted emission bands appears in
the EL spectra, and in particular it was quite explored that tris(styryl)
benzene derivatives can trap the carriers (electrons-holes) which could
be recombined (known as electromers) [69-72]. The possibility of
having electromers is not only supported by a significantly broadening
of the tris(styryl)benzene derivative crystals over than the tetra(styryl)
benzenes (Table S4), also by the highest electronic couplings calculated
before (Table 3). It is worth to note that the results indicate better device
performance for tetra(styryl)benzene derivatives (higher current density
and EL intensity), as electron-hole recombination as electromer is
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reduced in favor of the desired EL spectra. Thus, it is not a surprising that
4SB-'Bu device (the one with the narrowest EL spectrum, and compa-
rable to its PL spectrum; FWHM is 2920 and 3522 cm ™!, respectively)
yielded the highest current density and EL intensity. On the other hand,
the 3SB-'Bu device mainly gives the EL emission of the electromer, and
consequently unmatched EL and PL spectra are obtained. Remarkably,
this behavior is agreement with the DFT calculations (vide supra), where
more efficient charge injection and balanced hole-electron transport
were predicted for the tetra(styryl)benzene derivatives in comparison to
the tris(styryl)benzenes. Therefore, beyond the electronic properties of
the fluorophore employed in an OLED, the nature, form, and size of its
side groups play also a critical role and they should be considered in
order to improve the device performance. For instance, some recent
works have been reported on related compounds with peripheral bulky
groups linked to a benzene core in which AIEE and TADF (thermally
activated delayed fluorescence) properties are observed at the same time
[73-76]. The incorporation of bulky side groups in the fluorophore does
not necessarily lead to a worse semiconductor performance but it can
have a significant effect on the supramolecular structure and the elec-
tromer formation in the emitting layer.

4. Conclusions

The effect of branched substituents as tert-butyl and tert-butoxy on
the intermolecular interactions, supramolecular structure, photo-
physical and electroluminescent properties of tris(styryl)benzenes and
tetra(styryl)benzenes has been studied. In general, the substitution of n-
alkyl and n-alkoxy side chains by tert-butyl and tert-butoxy groups does
not have a significant impact on absorption and emissive properties in
solution of the studied compounds. Nevertheless, tert-butyl and tert-
butoxy side chains seem to have a significant contribution to the normal
modes associated with the non-radiative deactivation (IC). AIEE phe-
nomena was observed for all the studied compounds while in the case of
their n-alkoxy derivatives was only reported for 3SB-OCgHj3 but not for
4SB-OCgHj3 [19]. Thus, the normal modes involving tert-butyl and
tert-butoxy groups seem to be more efficiently blocked upon aggregation
than non-branched side chains as n-hexyloxy (RIV mechanism). The
blocking of the trans—cis photoisomerization upon aggregation could
also be a key mechanism associated with AIEE, particularly for the tris
(styryl)benzene derivatives.

The tert-butyl and tert-butoxy groups have a determining role in the
supramolecular structure of oligo(styryl)benzenes and their photo-
physical properties in solid state. It was particularly notorious the in-
crease of the fluorescence quantum yield observed for 4SB-'Bu and
4SB-'OBu in the solid state, with respect to the reference compound
4SB-OCgHj3. In general, larger distances between the central rings and
weaker intermolecular interactions were found in the crystals of the
tetra(styryl)benzene derivatives with respect to their tribranched
homologues.

Single-layer light-emitting devices were fabricated using each one of
the studied compounds as active layer. The substitution of a n-alkyl
chain by tert-butyl and tert-butoxy groups did not worsen the perfor-
mance of emitting devices fabricated with tris(styryl)benzene derivates.
In fact, the turn-on voltage measured for both 3SB-'Bu and 3SB-'OBu
was significantly lower than that reported for 3SB-OCg¢H;3 [68].
Considering the whole set of studied compounds, we found that the tetra
(styrylbenzene derivatives, and particularly 4SB-'Bu, showed better
device performance, with lower turn-on voltage, higher current density
and EL intensity than the tris(styryl)benzenes. This was attributed to a
higher propensity of tris(styryl)benzenes to form aggregates and elec-
tromers in the active layer of the device. DFT calculations and CV
measurements also suggested that the charge injection is more efficient
in the tetra(styryl)benzene derivatives. Additionally to these findings,
the better performance of the emitting device fabricated with 4SB-'Bu
could be also related to a balanced charge transport as predicted by DFT
calculations for the crystal structure of this compound. Therefore, the
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incorporation of tert-butyl and tert-butoxy side groups in oligo(styryl)
benzenes could be a suitable strategy to reduce the electromer formation
and improve the performance of light-emitting devices.
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