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Colour-tuneable solid-state fluorescence of
crystalline powders formed from push—pull
substituted 2,5-diphenyl-stilbenes+

Karel Pauk,? Stanislav Lufnak, Jr,® Ales Ruzicka, © € Aneta Markova,?
Katefina Teichmanova,® Anna Mausova,® Matous Kratochvil,® Rastislav Smolka,®
Tomas Mikysek,® Martin Weiter,® Ale$ Imramovsky*® and Martin Vala © *°

The solid-state fluorescence (SSF) of eight DPA-DPS-EWG derivatives (DPA = diphenylamino, DPS = 2,5-
diphenyl-stilbene building block, EWG = electron withdrawing group) was studied. Varying the strength of
the EWG enabled the tuning of the LUMO energy within a range broader than 1 eV, while the simultaneous
changes of HOMO energy were less than 0.1 eV, according to cyclic voltammetry. The fluorescence
maxima in dichloromethane laid between 483 and 752 nm and exhibited monoexponential decay and
a photoluminescence quantum yield (PLQY) always higher than 35%. Six derivatives with a SSF PLQY
higher than 10% in polycrystalline powder form continuously covered the range from 475 to 733 nm.
Three components of SSF multiexponential decay, obtained by time-resolved fluorescence
spectroscopy, were ascribed to exciton migration to nonfluorescent traps, and monomer-like and
aggregate fluorescence. The character of the emitting aggregates was evaluated by quantum chemical
modelling based on time-dependent density functional theory computations, carried out on the dimer

arrangements obtained by X-ray diffractometry of the single crystals.

Introduction

Luminescent materials based on all-organic conjugated mole-
cules are usually used in solid physical form in technological
fields, such as biological probes, chemical sensing, optoelec-
tronic systems and stimuli-responsive materials." Solid-state
fluorescence (SSF) has been studied on single crystals, poly-
crystalline powders, thin films and nanostructures.”> Typical
applications of single-crystal emission are in lasing and organic
light-emitting field-effect transistors,** fluorescent powders are
common in stimuli-responsive research,”® thin films/layers
form a key component of organic light-emitting diodes®** and
water dispersions of nanoparticles dominate biomedical
studies.***® The efficiency of SSF depends on the combination
of nonradiative intramolecular deactivation processes,
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intermolecular arrangement and morphology, the net effect of
which can cause either quenching or enhancement of the
photoluminescence quantum yield (PLQY) compared to solu-
tion.”® Intramolecular nonradiative pathways occur either with
a conserved spin (internal conversion, IC) or with a spin-flip
(intersystem crossing, ISC), both of which are often supported
by large-amplitude excited-state structural motions.**** Solidi-
fication is, thus, a way to improve PLQY by limiting these
vibrations/rotations via various mechanisms.?”** The mutual
arrangement of the molecules in crystals determines their
photophysics through excitonic coupling, forming physical J- or
H-aggregates unambiguously defined by the bright (oscillator
strength fos. > 0) or dark (fosc ~ 0) character of the lowest excited
state, respectively.”** True H-aggregates, determined by
a decrease in the radiative rate of a solid with respect to
a solution, ie. not only by geometrical factors, are more
common than J-aggregates, and it is believed that their SSF is
enabled by static and/or dynamic symmetry breaking
enhancing the f,,. of the H-aggregate lowest state.>® Excitons
formed during photon absorption are either localised by self-
trapping or delocalised over several molecules, and they may
migrate in crystals and fall into various traps, either in bulk or
on the surface.” This trapping is generally considered to be the
main source of SSF quenching in solids, and a higher concen-
tration of traps on the surface and a shorter distance from the
excited site to the surface lead to a common decrease in the
PLQY when transitioning from single crystals to polycrystalline
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powders, films and nanoparticles.*® Consequently, reducing
exciton migration is one of the few general ways to obtain highly
luminescent poly- and nanocrystalline organic solids.*

Exciton traps are often connected with cofacial H-aggre-
gates.”® If they both fulfil the conditions of limited delocalisa-
tion on only two molecules and show a pronounced charge-
transfer (CT) character, they can be called excimers.>” On the
other hand, an excimer-induced enhanced emission®®
phenomenon has been observed on crystals, formed by discrete
pairwise m—m stacked dimers of polycyclic aromatic hydrocar-
bons, such as perylene®® or anthracene,*** suitably substituted
by bulk groups. Excimer-type SSF can also originate from crys-
tals with alternating (e.g. stacked/unstacked) dimers in
columns;®* however, relatively small changes in the molecular
structure, saving the same building block, may transform this
unique arrangement into uniform columns with either H- or J-
type aggregation.*>** We have recently observed that one of the
polymorphs of DPA-DPS-DCV (Chart 1) forms a crystal
arrangement with such alternating dimers and consequent
intense infrared excimer-type emission was observed.**
Research on solid-state emitters has paid special attention to
the series of derivatives based on the same building block with
SSF maxima tuned by a variation of simple substituents.***” An
impressive interval of SSF maxima from 383 to 631 nm, ie.
covering a range of 248 nm (1.27 eV), obtained by varying the
electron withdrawing group (EWG) on simple triphenyl-
amines,*® shows the potential of this approach, e.g. for multi-
component white-light-emitting materials.*

Recently, we synthesised®® DPA-DPS-CHO (Chart 1),
a synthetic precursor of DPA-DPS-DCV, with a push-pull
substituted stilbene 7-system decorated at the acceptor part by
a pair of side-phenyls. Both polymorphs of DPA-DPS-CHO have
shown green monomer-type SSF with only moderate PLQY.
Side-phenyl interactions (CH-T or wt-stacking) in DPA-DPS-CHO
and DPA-DPS-DCV, respectively, were found to be vital for an
overall crystalline arrangement of molecules and the conse-
quent SSF ability. Here we present further research into addi-
tional DPA-DPS-EWG derivatives, synthesised from DPA-DPS-
CHO, in order to cover a much broader area of SSF colours by
tuning the EWG strength within a series of emitters based on
the same donor (DPA) and the same building block (DPS).
Attention was paid to the relationship between the acceptor

R: CHO DPA-DPS-CHO
R: CN DPA-DPS-CN
R'=R*=H DPA-DPS-V
R'=R?*=CN DPA-DPS-DCV
R'= R%= Br DPA-DPS-DBV
R'= R%= COOMe DPA-DPS-DMV

R'= CN, R*= COOMe DPA-DPS-CMV
R'= CN, R%Z COOEt DPA-DPS-CEV

Chart1 Notations of the compounds under study.
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strength and SSF spectra (energy), and between the crystal
structure and photophysics (PLQY and fluorescence decay), in
order to better understand the nature of the SSF phenomenon
in polycrystalline solids. The series was designed to answer, at
minimum, the following questions. (1) Is the presence of side-
phenyl substituents a universal way of achieve SSF of at least
moderate intensity? (2) Does the intensity of SSF follow the so-
called “energy gap law”, usually indicating intramolecular
internal conversion as a dominant deactivation pathway, as
sometimes found in isolated molecules?*® (3) Is the crystal
arrangement consisting of alternating stacked/unstacked
dimers, as observed for DPA-DPS-DCV,** driven by side-phenyl
specific interactions which lead to excimer-induced fluores-
cence unique or quite common in a series of isostructural
compounds differing only by EWG substituent?

Experimental
Synthesis

All reagents and solvents were purchased from commercial
sources (Sigma-Aldrich, Fluorochem, Acros Organics, TCI
Europe, Merck, and Lach-Ner). Commercial grade reagents were
used without further purification. Reactions were monitored
using thin layer chromatography (TLC) plates coated with 0.2-
0.5 mm silica gel (60 F254, Merck). TLC plates were visualised
using UV irradiation (254 nm). All melting points were deter-
mined using a melting point B-540 apparatus (Biichi, Switzer-
land) and are given in their uncorrected form. Fourier
transform infrared (FT-IR) spectra were recorded on a Nicolet
iS50 using the ATR technique. The NMR spectra were measured
in CDCl; and CD,Cl,-d, solvents at ambient temperature using
either a Bruker Avance™ III 400 spectrometer at frequencies of
400 MHz ("H) and 100.26 MHz (**C), or a Bruker Ascend™ 500
spectrometer at frequencies of 500.13 MHz (*H) and 125.76
MHz ("*C{'H}). The chemical shifts (9) reported in the ESI{ are
given in ppm and are related to the following residual solvent
peaks: —4.79 (D,0-d,), —5.32 (CD,Cl,-d,) and —7.27 (CDCl;).
Tetramethylsilane (TMS) was used as an internal standard. The
coupling constants (J) are reported in Hz. Elemental analyses (C,
H, and N) were performed on an automatic microanalyser
(Flash 2000 Organic elemental analyser). High-resolution mass
spectrometry was performed by the “dried droplet” method
using the MALDI mass spectrometer LTQ Orbitrap XL (Thermo
Fisher Scientific) equipped with a nitrogen UV laser (337 nm, 60
Hz). Spectra were measured in positive ion mode and in regular
mass extent with a resolution of 100000 at a mass-to-charge
ratio (m/z) of 400, with 2,5-dihydrobenzoic acid (DBH) used as
the matrix.

Single-crystal X-ray diffraction (XRD)

Full-sets of diffraction data for DPA-DPS-CMV and DPA-DPS-
DMV were collected at 150(2) K with a Bruker D8-Venture
diffractometer equipped with Cu (Cu/K, radiation; A =
1.54178 A) or Mo (Mo/K,, radiation; A = 0.71073 A) microfocus X-
ray (IuS) sources, a Photon CMOS detector and an Oxford Cry-
osystems cooling device. The frames were integrated with the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Bruker SAINT software package using a narrow-frame algo-
rithm. Data were corrected for absorption effects using the
Multi-Scan method (SADABS). The obtained data were treated
by XT-version 2017/1 and SHELXL-2014/7 software imple-
mented in the APEX3 v2017.1-0 (Bruker AXS) system. CCDC
2118685 and 2118686 contains the ESIf crystallographic data
for this paper.

Electrochemical measurements

Electrochemical measurements were carried out in acetonitrile
containing 0.1 M BuyNPF, in a three-electrode cell by cyclic
voltammetry (CV) and rotating disk voltammetry (RDV). For CV
and RDV experiments, the working electrode was a glassy
carbon disk (3 mm in diameter). A saturated calomel electrode
(SCE) separated by a bridge filled with supporting electrolyte
and Pt wire were used as the reference and auxiliary electrodes.
All potentials are given vs. SCE. Voltametric measurements were
performed using a potentiostat PGSTAT 128N (AUTOLAB, Met-
rohm Autolab B.V., Utrecht, The Netherlands) operated via
NOVA 1.11 software.

Spectral and photophysical measurements

UV-vis absorption was measured by employing a Varian Cary
Probe 50 UV-Vis spectrometer (Agilent Technologies Inc.).
Steady-state photoluminescence was captured using an SF5
spectrofluorometer ~ (Edinburgh  Instruments).  Photo-
luminescence quantum yields (PLQYs) were determined by the
absolute method employing an integrating sphere SC-30
(Edinburgh Instruments). PLQYs of powdered samples were
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determined by a combination of direct and indirect excitation.
Time-resolved fluorescence was recorded by means of the time-
correlated single photon counting method (TCSPC) using
a Horiba Jobin Yvon Fluorocube.

Quantum chemical calculations

Monomer geometries in the ground and the lowest excited state
were optimised by density functional theory (DFT) and time-
dependent (TD) DFT calculations, respectively. Either wB97X-
D*' or CAM-B3LYP** xc functionals, and either 6-31G(d,p) or 6-
311G(d,p) basis sets were used. The solvent effect was intro-
duced by the polarised continuum model (PCM). Excitation
energies of the dimers (and monomers, for comparison) were
calculated by the TD DFT wB97X-D/6-311G(d,p) level in vacuum
on the geometries obtained from single-crystal XRD. All calcu-
lations were carried out with Gaussian 09 software.*

Results and discussion

The synthesis of new compounds was carried out according to
Scheme 1. In most cases, the previously reported** DPA-DPS-
CHO was used as the starting precursor. The only exception
were the syntheses of DPA-DPS-CN, for which an independent
synthesis according to Scheme 1 gave a considerably better yield
and purity compared to the oxidation of DPA-DPS-CHO with
iodine in NH,OH, which provided an inseparable mixture of
substances. Final powders for SSF measurements were obtained
by crystallisation from ethyl acetate (DPA-DPS-CN, -V and -DBV),
DCM (DPA-DPS-CMV) or an EtOAc/MeOH/n-hexane/DCM

CH;PPh,'BI", +-BUOK Ph
THF,0°C, 180 Ph,N Q \
——
3% O A DPA-DPS-V
Ph
CBr,, PPh, Ph
DCM.-78°C, 18h  Ph,N Q \
P O \ g DPA-DPS-DBV
Ph Br
Ph
Ref. [18] PhoN O \
” O N\ _en DPA-DPS-DCV
Br Ph
Ref. [18] PhoN Ph NC
_ 2 \ NCCH,COOCH,,
[E— CHO —
Br ALO,, Ph
iding
Ph ochh refse 18h  PhoN Q \ O
—
1 DPA-DPS-CHO s2% Y—coome DPA-DPS-CMV
Ph NC
NCCH,COOCH,,
AcOH, NH,OH, Ph
Tol, reflux, 18 h Ph,N O
" )
oo V-cooet  ppa-pPS-CEV
Ph NC
CH,(COOCH,)
piperidine h,N O
DCM, reflux, 7 days O DPA-DPS-DMV
> N—coome e
42% Ph” MeoOC’
I\ 1) I,NH, | o~
0. ° THF, RT. 18h CHO O
Br 2) 10% HCI tBuOK, 4 o)
Ref. [18] THF,50°C, 2h THF,RT, 18h Q
S QL TR o
. oL o
O after two steps O
CN
CHO NPh,
1 2 3 DPA-DPS-CN 4

Scheme 1 Synthesis of DPA-DPS-EWGs. Compound 4 = dimethyl (4-
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mixture (DPA-DPS-DMV and -CEV), only dried, without any
physical treatment.

Single crystals of DPA-DPS-DMV and DPA-DPS-CMV, ob-
tained by crystallisation from solution, were prepared in
a quality suitable for X-ray diffraction (XRD) analysis. The
former crystallises in a non-centrosymmetrical P2,2,2,; space
group (such as DPA-DPS-CHO),** and the latter in a centrosym-
metrical P2,/c group (DPA-DPS-DCV crystallizes in a different
centrosymmetrical P1 space group).** A unit cell of all four
derivatives consists of four molecules (Z = 4) and contains only
one independent molecule. The molecular geometries of both
DPA-DPS-DMV and DPA-DPS-CMV in crystals are mutually
similar (Fig. 1). Contrary to -CHO and -DCV derivatives, which
have nearly coplanar side-phenyls, i.e. out-of-plane rotated in
the same manner (e.g. ¢; = —53.5° and ¢, = +46.0° for -DCV),
the phenyls in -DMV and -CMV derivatives are rotated out-of-
plane in a mutually opposite manner (¢; = +61.2° and ¢, =
+46.2° for CMV and ¢; = —65.0° and ¢, = —52.5° for DMV). As
for -CHO and -DCV compounds,* the stilbene units in both
derivatives are non-planar (& = +29.9°, 6 = —1.6° and ¢ = —24.4°
for -CMV, and o = —29.2°, 6 = —10.5° and ¢ = +6.0° for -DMV),
i.e. considerably more distorted than in analogous compounds
without side-phenyls.***

Molecules of DPA-DPS-DMV form infinite stacked columns
consisting of the same type of non-centrosymmetrical dimer
with parallel dipole moments (Fig. 2). The key intermolecular
interactions that form the columns are of the edge-to-face C-
H---7 type. Contrary to DPA-DPS-CHO, where y-shaped C-H---7
interactions connected the side-phenyls of adjacent

Fig. 1 Molecular structure of DPA-DPS-DMYV (a) and DPA-DPS-CMV
(b), ORTEP view, 50% probability level.
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Fig. 2 Crystal structure of DPA-DPS-DMV. Overall view (a) of the
stacked column. Detailed view of a stacked dimer with PP = 3.445 A
(b).

molecules,* in DPA-DPS-DMV, these interactions are of a T-
shape® and form a network with multiple contacts either
between the side-phenyls and the phenyls of a DPA group, or
between the phenyls of triphenylamine groups mutually.

As for DPA-DPS-DCV,** the molecules of DPA-DPS-CMYV form
slipped infinite columns with two alternating (stacked/
unstacked) types of centrosymmetrical dimer with antiparallel
dipole moments (Fig. 3). In contrast to DPA-DPS-DCV, the
stacked dimer 1 is shorter (NN = 16.636 A) than the unstacked

Fig. 3 Crystal structure of DPA-DPS-CMV. Overall view (a) of the
alternation of the dimers in a slipped stacked column. Dimer 1 consists
of yellow and green monomers, and dimer 2 of yellow and red
monomers. Detailed view of stacked dimer 1 (b) with PP = 3.449 A
Detailed view of unstacked dimer 2 (c) with PP = 4.291 A.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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dimer 2 (NN = 21.221 A). The dimer forming an interaction
between adjacent molecules in DPA-DPS-CMV columns is
created by T-shape C-H---7t type connections exclusively
between side-phenyls. Such a decisive role of side-phenyls was
also observed in DPA-DPS-DCYV, in which case the side-phenyls
were coupled by parallel offset face-to-face stacks.**

The geometry of both alternating dimers 1 and 2 of DPA-DPS-
CMV (Fig. 3) was recomputed from crystal structures by DFT
(wB97X-D/6-31G(d,p))** and compared with the experimental
data. The computed structure of dimer 1 matches the experi-
ment quite well and dimer 1 can, thus, be considered as
a standalone dimer. The overall length of a conjugated system
of this dimer, characterised by a distance between the nitrogens
of TPA groups (NN), was found to be 16.501 A (exp. NN = 16.636
A). The plane-to-plane (PP) distance, defined by the central
benzene rings of the 2,5-diphenyl-1,4-divinyl-benzene (PVB)
unit, was computed to be 3.286 A (exp. PP = 3.448 A), signalising
a slightly overestimated dispersion attractive force with respect
to repulsive electron exchange in the wB97X-D xc functional, as

Fig. 4 Split orbitals LUMO+1 (a), LUMO (b), HOMO (c) and HOMO-1
(d) in a dimer of DPA-DPS-DMV (left) and dimer 1 of DPA-DPS-CMV
(right). DFT calculations were carried out on the wB97X-D/6-31G(d,p)
level. An isovalue of 0.02 was used for the drawing.
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in the previously studied case of DPA-DPS-DCV.** However, the
experimental arrangement of the unstacked dimer 2 could not
be well reproduced, because (1) the optimised geometry always
converged to a dimer with coplanar stacked side-phenyls, and
(2) the NN distances were always significantly shorter (by more
than 0.5 A) than the experimental ones. The computations of
the stacked dimer of DPA-DPS-DMV (Fig. 2) failed entirely as it
was impossible to reproduce the coplanarity of the central
benzene rings of adjacent molecules. Consequently, all reported
energies of the dimers (vide infra) were obtained by (time-
dependent) density functional theory [(TD) DFT] calculations,
carried out on non-optimised geometries obtained from XRD
single-crystal structures.

Although DPA-DPS-CMV forms columns of stacked/
unstacked alternating centrosymmetrical dimers such as DPA-
DPS-DCV, the more compact arrangement of a stacked dimer 1
for the former derivative significantly affects the electronic
properties expressed in terms of split frontier Kohn-Sham
orbitals (KS FMOs). First, the symmetries of the HOMO (a,) and
HOMO—1 (a,) are the same for both derivatives, but the
symmetries of the LUMO (a5) and LUMO+1 (a,) of DPA-DPS-
CMV (Fig. 4) are opposite to the FMOs of DPA-DPS-DCYV, i.e.
during the slipping, longitudinal geometrical shift virtual
orbitals pass a node.**

Second, the virtual orbital energy splitting (ALUMO = 108
meV), relating to electron transfer, is lower, while the occupied
orbital splitting (AHOMO = 73 meV), relating to hole transfer, is
higher than for DPA-DPS-DCYV, i.e. both transfer integrals are
better balanced for DPA-DPS-CMV. Third, FMOs in an antipar-
allel arrangement of DPA-DPS-CMV are delocalised over both
molecules in a dimer with a significant overlap in the LUMO,
contrary to parallelly packed DPA-DPS-DMV (Fig. 4), in which all
four KS orbitals are localised on only one molecule, with
a consequent low orbital energy splitting (AHOMO = 24 meV
and ALUMO = 19 meV).

The strength of acceptor substituents in push-pull
substituted derivatives was related to the LUMO energy ob-
tained from cyclic voltammetry (Table 1). The representative CV
curves of the compounds with the highest (DPA-DPS-V) and the
lowest (DPA-DPS-DCV) LUMO are shown in Fig. 5 together with
a visualised HOMO and LUMO dependence on the EWG. CV
curves for further compounds can be found in the ESI.+f HOMO

Table 1 Results of cyclic voltammetry. E(oy1) (Ereqn) Stands for the potentials of the first oxidation (reduction)®

Material Eo) [V] Eoa) [V] Egrean) [V] HOMO [eV] LUMO [eV] AHL [eV]
DPA-DPS-V 0.929 0.794 —2.032 —5.223 —2.397 2.83
DPA-DPS-DBV 0.947 0.807 —1.682 —5.236 —2.747 2.49
DPA-DPS-CN 0.944 0.855 —1.741 —5.284 —2.688 2.60
DPA-DPS-CHO 0.977 0.854 —1.564 —5.283 —2.866 2.42
DPA-DPS-DMV 0.982 0.813 —1.444 —5.242 —2.985 2.26
DPA-DPS-CEV 0.994 0.838 ~1.133 —5.267 —3.296 1.97
DPA-DPS-CMV 0.984 0.819 —1.126 —5.248 —3.303 1.95
DPA-DPS-DCV 1.005 0.862 —0.949 —5.201 —3.480 1.81

“ HOMO/LUMO energies were computed from oxidation/reduction potentials according to the formula —Enomosrumo [€V] = E(oxijrear) [V] + 4.429

(ref. 45).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Representative CV curves of the oxidation and reduction of DPA-DPS-V (a) and DPA-DPS-DCV (b) compounds at the glassy carbon
electrode in acetonitrile containing 0.1 M BusNPFg.; v = 100 mV s~%. Visualisation of HOMO and LUMO levels (c) from Table 1.

energies in the set under study are only slightly affected by the
EWG, within 0.07 eV, while the effect on the LUMO is dramatic.
The double cyanation of DPA-DPS-V to DPA-DPS-DCV decreases
its energy by more than 1.08 eV. The difference between the
electrochemical gaps of these compounds is (consequently) also
higher than 1 eV, i.e. the set based on the same donor (DPA) and
building block (DPS) is suitable for wide-range tuning of the
spectral properties.

Absorption and fluorescence spectra in solution show
dependencies that are clear and expected for push-pull
compounds (Tables S3-S91). They show a bathochromic shift
(Fig. 6a) and a more pronounced bathofluoric (Fig. 6b) shift
with an increasing electron-acceptor strength of the EWG. The
effect of side-phenyls on the spectra of DPA-DPS-CN (with
respect to DPA-stilbene-CN) is qualitatively similar to the re-
ported shifts for an analogous substituted pair with EWG =
CHO,* i.e. DPA-DPS-CN shows a small red shift in absorption (5
nm) and a moderate shift in fluorescence (33 nm), both in
acetonitrile.*® Positive fluorescence solvatochromism is more
distinct for the compounds with a strong EWG; the effect is
given both by a stronger solute-solvent interaction and the
redistribution of a vibronic pattern from a 0-0 (typically DPA-
DPS-V in less polar solvents, Fig. 6¢) to a 0-1 (typically DPA-DPS-
CMV in more polar solvents, Fig. 6d) maximum. This effect
relates to the solvent-dependent structural relaxation in the S;
(HOMO-LUMO) state (Table 2). DFT calculated exocyclic bond
lengths in S, are independent of solvent within 0.001 A and
show a remarkable agreement with experimental values
(computed C=C bond lengths in toluene are only 0.003 A
longer than those obtained from single-crystal XRD). Irre-
spective of the solvent, TD DFT calculated excitation to S; is
accompanied by the planarization of a main conjugated chain
on account of a more pronounced side-phenyl torsion.
However, the bond length alternation (BLA) of exocyclic bonds
is considerably dependent on the solvent, e.g. the terminal C=C
bond (bond e in Table 2) of DPA-DPS-DCV is lengthened by
0.011 A when changing the solvent from toluene to acetonitrile.
This change in BLA causes a solvent-dependent shift of the S;
hypersurface with respect to S, along the C=C coordinate,
responsible for the main vibronic progressions in conjugated
compounds,” and consequent modifications of Franck-Con-
don factors, responsible for vibronic band intensities. Such
a redistribution of vibronic intensities affects, of course, the
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Fig. 6 Absorption (a) and fluorescence (b) spectra of DPA-DPS-V,
-DMV, -CMV and -DCV in chloroform. Fluorescence of DPA-DPS-V (c)
and -CEV (d) in toluene, chloroform, dichloromethane and acetonitrile
(-V) or acetone (-CEV). Fluorescence of DPA-DPS-V, -DBV, -CN,
-DMV, -CMV and -DCV in dichloromethane (e) and the solid-state (f).

Stokes shift in solvents of moderate polarity (Table 3). Its
highest value in all solvents was found for DPA-DPS-DMV, both
experimentally and theoretically, due to the more energetic
geometrical relaxation of the ester with respect to the cyano
group. While the differences between the computed and
measured values are relatively consistent for the three
compounds with the strongest EWG, this difference found for
DPA-DPS-V is about 2000 cm™ " higher in all solvents. This
discrepancy arises from the vibronic structure, i.e. the Stokes

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Experimental (XRD) and PCM (TD) DFT (wB97X-D/6-31G(d,p))
optimised exocyclic C=C/C-C bond lengths of a monomer in Sq and
S, states (SS = solid-state, all values in A)

Bond length [A]

R, =R, State Solvent a b c d e
H So SS (exp.) — — — — —
CH;Ph 1.469 1.340 1.472 1.477 1.334
Sq CHzPh 1.404 1.407 1.407 1.459 1.342
CHCl, 1.402 1.410 1.405 1.459 1.343
CH,ClI, 1.400 1.412 1.403 1.458 1.343
CH;CN 1.399 1.414 1.402 1.458 1.344
COOMe S, SS (exp.) 1.458 1.338 1.465 1.463 1.342
CH;Ph 1.467 1.341 1.470 1.466 1.344
S1 CHzPh 1.409 1.401 1.405 1.429 1.369
CHCl, 1.406 1.404 1.402 1.426 1.372
CH,CI, 1.404 1.406 1.400 1.423 1.374
CH;CN 1.402 1.408 1.397 1.421 1.376
CN So SS (exp.) 1.462 1.338 1.465 1.454 1.351
CH;Ph 1.467 1.341 1.469 1.457 1.357
S, CHzPh 1.412 1.396 1.408 1.417 1.393
CHCl; 1.408 1.400 1.404 1.412 1.398
CH,CI, 1.405 1.403 1.401 1.409 1.401
CH;CN 1.402 1.406 1.398 1.405 1.404

shift for all three DPA-DPS-DMV, -CMV and -DCV compounds is
estimated between 0-1 maxima both in absorption and fluo-
rescence, while for DPA-DPS-V, the Stokes shift is the difference
between the 0-1 absorption maximum and the 0-0 fluorescence
maximum, consequently differing by a frequency of C=C
stretching from the other three compounds.

All eight compounds show strong fluorescence with mono-
exponential decay in solution, except the low PLQY of most polar
compounds in acetonitrile, where some quenching by excited-
state twist may play a role. Moreover, only six of the eight
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compounds have a PLQY of SSF higher than 10% (Table 4),
usually with multiexponential decay. Their SSF maxima relate
quite well to those in DCM (Fig. 6e) for the compounds with
weaker EWGs, while for compounds with stronger EWGs, the SSF
spectra show a considerable blue shift with respect to fluores-
cence in DCM (around 90 nm for DPA-DPS-DMV, -CMV and -CEV),
because of a limited excited-state relaxation in a rigid environ-
ment. The only exception is DPA-DPS-DCV with an excimer
character of the solid-state emission,* for which only a small blue
(21 nm) shift compared to DCM is observed. Otherwise, while
DPA-DPS-DMV, -CEV and -CMV show a blue shift of the fluores-
cence maxima (36-53 nm, Tables S7-S9f) when going from
chloroform to the solid state, DPA-DPS-DCV shows a red shift of
31 nm.* SSF maxima cover a range from 475 nm (DPA-DPS-V) to
733 nm (IR polymorph of DPA-DPS-DCV),* thus covering a large
area of fluorescence colours in the CIE diagram (Fig. 7a). Such
a range of SSF maxima, tuned only by an acceptor substituent—
i.e. keeping the same donor and building block—ranks among
the biggest ever reported®~” if expressed in wavelength scale (258
nm). Furthermore, in energy units (0.975 eV), this interval is lower
than was found for simple acceptor-substituted triphenylamines
(248 nm, but 1.273 eV).*® The reason is that the conjugation
extension of a bridge between the donor and acceptor from
benzene to stilbene dramatically shifts the emission range from
violet-red to blue-infrared (Fig. 7b), i.e. by about 90 nm.

While the spectral properties are mainly a function of the
molecular structure, here of the EWG substituent, the photo-
physics is much more complicated and is driven mainly by
intermolecular arrangement. An illustrative example is an almost
isomorphic, m-isoelectronic DPA-DPS-CMV and -CEV pair. The
SSF spectrum of the former is slightly (10 nm) red-shifted with
respect to the latter, as is the case in chloroform (9 nm, Tables S8
and S9t), but its SSF PLQY is almost four times higher (Table 4)
and the weighted average SSF lifetime 7 is more than five times
longer (Fig. 8 and Table 5). The deconvolution of SSF multi-
exponential decay curves (Table 5) enables the division of the set
of eight compounds into three groups. The only member of the
first of these groups is DPA-DPS-DBV, which shows an anoma-
lous ultrashort monoexponential decay (0.42 ns), much shorter
than in any solvent, and with a relatively low SSF PLQY (11%). We
consider that intersystem crossing, enhanced by the heavy atom

Table 3 Comparison of the experimental and theoretical Stokes shift dependence on EWG and solvent”

Toluene Chloroform Dichloromethane
Compound Experiment/theory A F S A F S A F S
DPA-DPS-V Experiment 25 840 22520 3320 26 040 21320 4720 26 040 20700 5340
Theory 28 570 22120 6450 28 570 21320 7250 28 570 20 830 7 740
DPA-DPS-DMV Experiment 24 630 18 800 5830 24 450 15950 8500 24 630 15080 9550
Theory 27 470 20530 6940 27 400 19460 7940 27 320 18 800 8520
DPA-DPS-CMV Experiment 22370 17 240 5130 22220 14 860 7 360 22370 13720 8650
Theory 25710 19420 6290 25580 18290 7290 25510 17 540 7970
DPA-DPS-DCV Experiment 21280 16 530 4750 20920 14240 6680 21100 13 300 7 800
Theory 24 690 18970 5720 24 570 17760 6810 24 570 17 040 7530

“ Theoretical excitation energies were obtained by PCM TD DFT (CAM-B3LYP/6-311G(d,p)) calculations on the S, and S, geometries obtained on the
same PCM (TD) DFT level [A = absorption, F = fluorescence and S = Stokes shift (all values in cm™)].

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Absorption and fluorescence maxima and PLQY values in DCM and the solid state
DCM Solid

Material A [nm)] e[lmol™ em™] Ap [nm] Stokes [em ] PLQY [%] g [ns] Ap [nm] PLQY [%)]
DPA-DPS-V 378 29400 483 5751 83 1.96 475 12
DPA-DPS-DBV 386 40000 502 5986 48 1.64 498 11
DPA-DPS-CN 393 18000 530 6577 62 1.98 529 18
DPA-DPS-CHO" 408 24 800 587 7474 86 2.96 549 5
DPA-DPS-DMV 406 29900 663 9548 46 1.45 574 20
DPA-DPS-CEV 442 27900 716 8658 58 2.03 627 9
DPA-DPS-CMV 445 28200 729 8754 44 1.85 637 35
DPA-DPS-DCV”? 473 34000 752 7844 35 1.47 733 32

“ Polymorph G. ? polymorph IR.

CIE 1931

0,8

0,6

0,4

0,2

0,0

-DBV -CHO

-DMV -CEV -CMv -DCV

Fig. 7 Position of SSF colours in the CIE diagram (a) and photographs
of powders under UV (365 nm) irradiation (b). We note that the IR SSF
of DPA-DPS-DCV was outside of the detection limits of the camera.

effect of terminal bromines, may play a significant role,>* but we
have no experimental or theoretical evidence, so this compound
was not considered. The second group contains four compounds
(DPA-DPS-V, -CHO, -CN and -CEV) and is characterised by a PLQY
lower than 20% (Table 4) and a significant percentage (B; in
Table 5) of the short-lived (0.80-0.91 ns) component. The overall
PLQY is the lowest (5%) for the compound (aldehyde) with the
highest proportion of fast decay constant, B; = 83%. By contrast,
the highest PLQY (18%) was found for the nitrile with the lowest
proportion of By (46%). Thus, we consider the presence of the
process, represented by this fast component, as the dominating
quenching pathway. We ascribe it to energy migration, which is
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Fig.8 Fluorescence decay curves of DPA-DPS-CEV, -DMV, -DCV and
-CMV in the solid state.

the most frequent reason for SSF quenching in poly- and nano-
crystalline solids® and which manifests itself by a shortening of
the lifetime with respect to monomer fluorescence, proportional
to the concentration of quenching sites.* The dominant (B, =
51%) portion of DPA-DPS-CN emission, thus, originates from
monomer-like fluorescence with 7, = 2.24 ns, which is only
slightly longer than in DCM (1.98 ns, Table 4). Three compounds
of the third group show a PLQY of 20% (DPA-DPS-DMV) and
higher (DPA-DPS-CMV and -DCV), and the fast component is
completely absent in their multiexponential decay (Table 5). We
consider this PLQY enhancement to be a result of exciton self-
trapping,” avoiding detrimental migration, and longer lifetimes
(as compared to a monomer in solution) as a signature of
aggregate emission.

TD DFT calculations on monomers and stacked dimers of
the third-group compounds, with the geometries extracted from
single-crystal XRD, were carried out in order to understand the
character of the fluorescent traps. Directly calculated excitation
energies (Table 6) were recomputed to the energy difference
values (Fig. 9). All three dimers exhibit a dark lowest excited
state Sy, so they can be classified as H-aggregates, even for DPA-
DPS-DMV with a parallel arrangement of the molecules in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Deconvolution of a multiexponential fluorescence decay in the solid state”

Material 7 [ns] 7, [ns] 7, [ns] 73 [ns] 74 [ns] B, [%] B, [%] B3 [%] By [%] a

DPA-DPS-V 2.20 0.80 2.93 5.77 — 61 19 20 — 1.0701
DPA-DPS-DBV 0.42 0.42 — — — 100 — — — 1.0126
DPA-DPS-CN 2.42 0.80 2.24 9.62 — 40 51 10 — 1.0896
DPA-DPS-CHO 1.84 0.84 — 6.75 — 83 — 17 — 1.1551
DPA-DPS-DMV 3.12 — 2.25 — 14.73 — 93 — 7 0.9863
DPA-DPS-CEV 1.88 0.91 2.25 5.05 — 53 35 12 — 1.0050
DPA-DPS-CMV 10.03 — — 5.29 11.53 — — 24 76 1.1670
DPA-DPS-DCV 4.51 — 2.76 4.82 — — 15 85 1.0536

“ Lifetimes with the highest expansion coefficients are set in bold for each compound. The weighted average fluorescence lifetime was computed

according to 1 = ZBiT;.

Table 6 TD DFT (wB97X-D/6-311G(d,p)) excitation energies of
stacked dimers in three lowest states”
S S, S,

Compound AggI'Egate ECXC fOSC ECXC j;JSC ECXC fOSC
DPA-DPS-DCV  Monomer 3.275 1.521

Dimer 3.093 0.000 3.190 2.868 3.671 0.003
DPA-DPS-CMV  Monomer 3.401 1.641

Dimer 3.261 0.000 3.456 2.615 3.518 0.286
DPA-DPS-DMV  Monomer 3.564 1.701

Dimer 3.507 0.000 3.569 3.179 3.842 0.010

“ The excitation energies of bright monomer and dimer FR states are set
in bold.
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Fig.9 Excitation energy levels of monomer S; state (left) and dimer S;,
S, and Sz states (right) of DPA-DPS-DCV, -CMV and -DMV, as
computed by TD DFT (wB97X-D/6-311G(d,p)) on experimental XRD
geometries. Monomer-to-dimer excitation energy shift between the
lowest allowed transition is expressed in green, twice the excitonic
coupling between the lower and upper Frenkel (FR) states of the
dimers (S;and S;) in expressed in red and the splitting between allowed
FR (S,) and charge-transfer (CT) states (Ss3) is expressed in blue.

a stack.”®** DPA-DPS-DCYV is the only compound which can be
considered a red-shifted H-aggregate** according to the
monomer-to-dimer energy difference. If one considers an

© 2022 The Author(s). Published by the Royal Society of Chemistry

energy difference between bright (S,) and dark (S;) FR states as
the depth of a trap, these values (0.062 eV, 0.097 eV and
0.195 eV, Fig. 9) for DPA-DPS-DMV, -DCV and -CMV, respec-
tively, qualitatively correlate to the fluorescence lifetimes with
a dominating participation in SSF decay deconvolution (2.25 ns,
4.82 ns and 11.53 ns, Table 5), respectively. The energy differ-
ence between allowed FR (S,) and CT (S;) states, originating
from TD DFT calculations, relates to the FR/CT interaction, i.e.
the larger this difference is, the more CT character can be ex-
pected for the bright FR state.*

Consequently, the pronounced CT character of an emitting
state can be expected for DPA-DPS-DCV (AE = 0.481 eV), relating
well to the red spectral shift and excimer character of SSF, while
for DPA-DPS-CMV (AE = 0.062 eV), the emitting state is of almost
pure FR character with a slight blue shift with respect to
monomer, as is usual for H-aggregates. In summary, the most
intense fluorescent DPA-DPS-CMV derivative is, thus, quite
unique, as its SSF spectrum appears to be monomer-like, but
fluorescence is dramatically delayed as it originates from a deep-
trap neutral H-aggregate. Thanks to the delocalisation of KS
FMOs (Fig. 4 and ref. 34), the traps in DPA-DPS-CMV and -DCV
crystals are localised on stacked dimers, while in DPA-DPS-DMV,
the monomers can be considered as self-trapping sites, as both
transitions to the S; and S, states are formed by symmetrical or
antisymmetrical combinations of intramolecular (Fig. 4) HOMO
to LUMO and HOMO-1 to LUMO+1 monoexcitations in
a configurational interaction. Promoting a J-type coupling is one
of the ways to enhance the PLQY of polycrystalline solids through
a reduction of exciton lifetime.*® An inclined (staircase) packing
of push-pull conjugated organics may lead to abnormal photo-
physics, prolonging an exciton lifetime, as is the case in H-
aggregates.®® This resembles the photophysical behaviour
observed in DPA-DPS-DMV (Fig. 2 and Table 5). We consider its
moderate PLQY to be the result of an on-monomer self-trapping
and small electronic coupling in terms of low values of the
transfer integrals, both of which reduce the migration of an
exciton, and we ascribe the slight increase of exciton lifetime to
a shallow trap in a dimer approximation (Fig. 9).

Conclusions

All eight DPA-DPS-EWG derivatives with the same donor and
building block show fluorescence both in solution and in the
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solid state. The SSF maximum (colour) in powder form can be
tuned by the EWG strength over a broad (from blue to infrared)
range of 258 nm. Excluding intramolecular internal conversion
as a decisive nonradiative deactivation channel in the solid state
within the set, no significant relation between the band gap
energy of the compounds and the SSF intensity was found.
Exciton localisation either on a monomer (in J-like packing) or
a stacked dimer (for H-aggregates) was found to be effective for
improving the overall SSF PLQY through an avoidance of exciton
migration to the quenching sites by a self-trapping process. The
highest SSF PLQY (35%) was found for the red emission of DPA-
DPS-CMV with the deepest trap, localised on an electronically
isolated stacked dimer, causing delayed fluorescence with a life-
time more than five times longer compared to the monomer
fluorescence in solution. The anomalous (with respect to other
push-pull derivatives in a set) spectral shift of the SSF maximum
(with respect to fluorescence in solvents) and the partial CT
character of its bright state in a stacked dimer arrangement
brought further evidence of an excimer character of the previ-
ously reported IR emission of DPA-DPS-DCV. The role of side-
phenyls in the formation of beneficial structural traps in crys-
tals is crucial, but their effect on packing is not universal, as
detrimental exciton migration takes place in at least half of the
derivatives under study. A relatively marginal (with respect to the
molecular fluorescence in solution) change in molecular struc-
ture, such as an exchange of a methyl ester group with an ethyl
ester group as an EWG substituent, causes changes in packing
that are hardly predictable, switching the photophysics in the
solid state from an absence to a dominance of exciton migration.
We have shown here that the formation of crystal packing
enabling exciton self-trapping is an efficient way to improve the
SSF intensity of polycrystalline solids, but a significant amount of
work on the design, syntheses and crystal engineering remains to
be undertaken in order to make this method more universal.
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