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The possibilities offered by organic fluorophores in the preparation of advanced plastic materials have been increased by design-
ing novel alkynylimidazole dyes, featuring different push and pull groups. This new family of fluorescent dyes was synthesized by
means of a one-pot sequential bromination-alkynylation of the heteroaromatic core, and their optical properties were investigated
in tetrahydrofuran and in poly(methyl methacrylate). An efficient in silico pre-screening scheme was devised as consisting of a
step-by-step procedure employing computational methodologies by simulation of electronic spectra within simple vertical energy
and more sophisticated vibronic approaches. Such an approach was also extended to efficiently simulate one-photon absorption
and emission spectra of the dyes in the polymer environment for their potential application in luminescent solar concentrators.
Besides the specific applications of this novel material, the integration of computational and experimental techniques reported
here provides an efficient protocol that can be applied to make a selection among similar dye candidates, which constitute the
essential responsive part of those fluorescent plastic materials.

1 Introduction

Nowadays, organic fluorophores with a delocalized -
conjugated system represent fundamental and ripe compo-
nents of many advanced functional materials. Leading exam-
ples are based on active substances in organic electronics',
photovoltaics >, solar concentration>° and chromogenic sys-
tems”8. Among others, (hetero)aromatic 7-conjugated sys-
tems usually display large photoresponses in a spectral region
that can be easily tuned from the visible to the near infrared
by strategic functional groups embedded in the main chro-
mophoric core. Furthermore, these systems show increased
stability and thermal and chemical robustness required for the
fabrication of modern advanced materials.

Quite often, however, the choice of the best candidate for
the application of interest is hardly achievable through chem-
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ical intuition alone, since the effect on the spectral features
of the chromophore (i.e. absorption and emission maxima
and intensities, Stokes shift and quantum yield) by changing
the nature of the functional groups is not easily predictable.
Indeed, while experimental absorption and emission spectra
contain this information, they are generally the result of a mul-
titude of contributing effects, so relating the band-shape to the
properties of the bare molecule may be a difficult task. As a
result, a selection process based on those data alone can be
very approximate and require a significant number of trial-
and-error attempts in order to get the chromophore with the
best performance, increasing significantly the synthetic effort,
and so the overall cost.

Alternatively, a more systematic study can be achieved
with computational modeling, which offers the possibility to
get a better understanding of the chemical-physical proper-
ties at the origin of the observed spectra. In fact, computa-
tional methods give an insight on the structural and stereo-
electronic molecular properties, in both the ground and excited
electronic states®~'4 mimicking the real molecular environ-
ment for instance by means of Polarizable Continuum Mod-
els (PCM)>~2! or more complex matrices where the chro-
mophores can be incorporated. 22-25 Moreover, state-of-the-art
computational techniques have shown excellent performance
not only in predicting vertical absorption and emission transi-
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tions, but also to simulate realistic spectral shapes 2628,

Nowadays it is well recognized that computational strate-
gies based on the density functional theory (DFT) and its
time-dependent extension (TD-DFT) allow for rationalisation
and effective design of novel chromophores'?!4. However,
the standard approach is still based on the computation of the
ground and excited state properties, frontier molecular orbitals
and energies and oscillator strengths of vertical excitations
(VE), which are eventually convoluted by phenomenological
(mostly symmetrical) distribution functions!22%3°, Only re-
cently the direct simulation of the electronic spectra line-shape
with a proper account of vibrational effects>%27-3! become fea-
sible for routine studies of larger molecular systems !42>-28,
Inclusion of vibronic effects is not only crucial for the in-
terpretation of high-resolution data showing a detailed vibra-
tional structure 3233 but also for low-resolution spectra, allow-
ing to simulate realistic asymmetric band-shapes and to ac-
count correctly for the relative intensities of transitions3*3>,
including also vibronic effects on the emission spectra®. An
efficient in silico pre-screening scheme can be devised by
combination of standard and more sophisticated computations
into a step-by-step procedure. It has been already shown that
a combination of cheap approaches based on vertical exci-
tations with more advanced vibronic models to simulate ab-
sorption and emission electronic spectra, can provide feasible
and accurate computational pre-screening schemes for semi-
rigid chromophores®. This theoretical analysis can effectively
guide the synthetic work favouring a rational molecular de-
sign, with clear benefits in terms of cost and time.® In prac-
tice, once an interesting molecular candidate has been iden-
tified experimentally, a virtual screening3® of the UV/Vis ab-
sorption and emission properties can be performed on a wide
set of homologues with the same skeletal structure (the actual
chromophoric unit) but different electron donor and acceptor
groups (called push and pull groups, respectively) in order to
select one or more target molecules on which experiments can
be focused. In this work we extend such a protocol to more
flexible chromophores taking into account also nonspecific ef-
fects of amorphous polymer matrices.

Herein, we report on a combined computational and ex-
perimental study of the spectroscopic properties for a fam-
ily of newly synthesized heteroaromatic chromophores by se-
quential regioselective bromination-alkynylation of the het-
erocyclic core. More specifically, the work is focused on
the phenylethynyl-phenylimidazole backbone functionalised
by different push (Rx: OMe) and pull (Ry: NO,, COOEt)
groups, namely the Yy derivatives in Scheme 1, aimed at as-
sessing their fluorescent properties and proving the ground
for further in silico screening studies. Eventually, the opti-
cal features of the nitro derivatives are also determined when
dispersed in a transparent amorphous polymer matrix such as
poly(methyl methacrylate), for their potential application in

luminescent solar concentrators (LSC).

2 Experimental Section

2.1 Materials

Melting points were recorded on a hot-stage microscope (Re-
ichert Thermovar). Fluka precoated 60 F254 aluminium sil-
ica gel sheets were used for TLC analyses. GLC analy-
ses were performed using two types of capillary columns:
an Alltech AT-35 bonded FSOT column (30 m x 0.25 mm
i.d.) and an Alltech AT-1 bonded FSOT column (30 m x
0.25 mm i.d.). Purifications by flash-chromatography were
performed using silica gel Merck 60 (particle size 0.040-
0.063 mm). EI-MS spectra were measured at 70 eV by
GLC/MS. NMR spectra were recorded at room temperature
at 200 MHz (‘H) and 50.3 MHz (}3C) and were referred
to TMS or to the residual protons of deuterated solvents.
All reactions were performed under argon, by standard sy-
ringe, cannula and septa techniques. N, N-dimethylformamide
(DMF) and N,N-dimethylacetamide (DMA) were dried by
distillation at reduced pressure over CaH;. 1-methyl-1H-
imidazole (4) was purified by distillation at reduced pressure.
Phenylacetylene (7a), 4-ethynylanisole (7b), and piperidine
were purified by distillation at reduced pressure over CaH,.
N-bromosuccinimide (NBS) was purified by crystallization.
All the other commercially available reagents and solvents
were used as received. Ethyl 4-(1-Methyl-1H-imidazol-2-
yl)benzoate (3b) was prepared by the Pd/Cu-mediated direct
C2-H arylation of 1-methyl-1H-imidazole (4) with ethyl 4-
bromobenzoate (5b) as previously reported”.

Poly(methyl methacrylate) (PMMA, Aldrich, Mw =
350,000 g/mol, acid number <1 mg KOH/g) density = 1.17
g/mL (T =15° C).

2.1.1 1-Methyl-2-(4-nitrophenyl)-1H-imidazole (3a) A
modification of the literature procedure for the Pd- and Cu-
mediated C-2 arylation of 1-substituted-1H-imidazole with
aryl bromides was adopted®. A solution of 1-methyl-1H-
imidazole (4) (5.0 mmol, 0.41 g, 0.40 mL), Pd(OAc), (56
mg, 0.25 mmol), Cul (1,9 g, 10.0 mmol) and 1-bromo-4-
nitrobenzene (5a) (1.52 g, 7.5 mmol) in DMA (25 mL) was
stirred at 160° C for 72h. After being cooled to room tem-
perature the reaction mixture was diluted with AcOEt (100
mL) and poured into a saturated aqueous NH4Cl solution (100
mL). NH4OH (5 mL) was added and the resulting mixture was
stirred in the open air for 0.5 h and then extracted with AcOEt.
The organic extract was washed with water, dried over anhy-
drous NaySOy, filtered trough Celite and the filtrate was con-
centrated under reduced pressure. The crude reaction product
was purified by flash chromatography on silica gel with EtOAc
as eluent to give 3a as a yellow solid (1.02 g, 82%), m.p.: 108-
111° C. EIMS, m/z (%): 324 (25), 323 (100), 278 (7), 277
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(34), 231 (17). "H NMR (200 MHz, CDCl3): § = 8.30 (m,
2H), 7.87 (m, 2H), 7.18 (d, J = 1.2 Hz, 1H), 7.08 (d, J = 1.2
Hz, 1H), 3.86 (s, 3H) ppm. *C NMR (50.3 MHz, CDCl3): §
=147.2, 145.1, 136.5, 129.3 (2C), 128.8 (2C), 124.0, 123.9,
121.7, 34.9 ppm. Anal. Calcd found: C, 59.16; H, 4.45; N,
20.63. Calc. for C1gHoN30,: C, 59.11; H, 4.46; N, 20.68.

2.2 General procedure for the one-pot C5 halogena-
tion/alkynylation of 2-aryl-1-methyl-1H-imidazoles
3a,b: synthesis of fluorophores 1a,b and 2a,b

To a solution of 2-aryl-1-methyl-1H-imidazole 3 (1 mmol) in
DMF (5 mL), NBS (169 mg, 0,95 mmol) was added and the
resulting reaction mixture was stirred in the dark at room tem-
perature for 5 h. Then, Pd(PPh3),Cl, (14 mg, 0.02 mmol, 2
mol%), Cul (8 mg, 0.04 mmol, 4 mol%), an alkyne 7 (1,1
mmol) and piperidine (300 uL, 255 mg, 3 mmol) were added
and the resulting reaction mixture was stirred at 80° C for 3 h.
The reaction mixture was diluted with EtOAc (100 mL), then
saturated aqueous NH4Cl (100 mL) was added. The resulting
mixture was stirred for 30 minutes and extracted with EtOAc
(3x 25 mL). The organic extracts were washed with water (3 x
25 mL) and brine (1 x 25 mL), dried over anhydrous Na; SOy,
filtered and concentrated under reduced pressure. The residue
was purified by flash chromatography on silica gel. This pro-
cedure was employed to prepare compounds 1a,b and 2a,b.
GLC analysis showed that all these compounds had chemical
purity higher than 98%.

2.2.1 1-Methyl-2-(4-nitrophenyl)-5-(phenylethynyl)-
1H-imidazole (1a) The crude reaction product obtained by
the one-pot halogenation/alkynylation reaction of 1-methyl-
2-(4-nitrophenyl)-1H-imidazole (3a) with phenylacetylene
(7a) was purified by flash chromatography on silica gel with
a mixture of toluene and EtOAc (90:10) as eluent to give 1a
as an orange solid (205 mg, 81%), m.p.: 154-157° C. EIMS,
m/z (%): 304 (21), 303 (100), 257 (19), 256 (13), 255 (9).
'"H NMR (200 MHz, CDCl3): § = 8.34 (m, 2H), 7.90 (m,
2H), 7.55 (m, 2H), 7.49 (s, 1H), 7.39 (m, 3H), 3.89 (s, 3H)
ppm. 3¢ NMR (50.3 MHz, CDCl3): § = 147.5, 145.8, 136.1,
134.5, 131.3 (2C), 129.0 (2C), 128.9, 128.5 (2C), 123.9 (2C),
122.1, 119.5, 97.8, 77.1, 33.3 ppm. Anal. Calcd found: C,
71.35; H, 4.33; N, 13.88. Calc. for CigH;3N30,: C, 71.28;
H, 4.32; N, 13.85.

2.2.2 5-((4-Methoxyphenyl)ethynyl)-1-methyl-2-(4-
nitrophenyl)-1H-imidazole (1b) The crude reaction product
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obtained by one-pot halogenation/alkynylation reaction
of 1-methyl-2-(4-nitrophenyl)-1H-imidazole (3a) with 4-
ethynylanisole (7b) was purified by flash chromatography
on silica gel with a mixture of toluene and EtOAc (90:10)
as eluent to give 1b as a red solid (144 mg, 72%), m.p.:
168-171° C. EIMS, m/z (%): 334 (22), 333 (100), 318 (13),
303 (10), 287 (10). 'H NMR (200 MHz, CDCl3): § = 8.33
(m, 2H), 7.89 (m, 2H), 7.48 (m, 2H), 7.27 (s, 1H), 6.91 (m,
2H), 3.88 (s, 3H), 3.85 (s, 3H) ppm. '3C NMR (50.3 MHz,
CDCl3): 8 = 160.1, 147.5, 145.6, 136.2, 134.1, 132.9 (2C),
128.9 (20), 123.9 (2C), 119.9, 114.2 (2C), 97.8, 75.8, 554,
33.3 ppm. Anal. Caled found: C, 68.50; H, 4.55; N, 12.59.
Calc. for C19H 5N303: C, 68.46; H, 4.54; N, 12.61.
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2.2.3 Ethyl 4-(1-methyl-5-(phenylethynyl)-1H-
imidazol-2-yl)benzoate (2a) The crude reaction product
obtained by one-pot halogenation/alkynylation reaction of
ethyl 4-(1-methyl-1H-imidazol-2-yl)benzoate (3b) with
phenylacetylene (7a) was purified by flash chromatography
on silica gel with a mixture of toluene and EtOAc (90:10)
as eluent to give 2a as a brown solid (211 mg, 74%), m.p.:
123-126° C. EIMS, m/z (%): 330 (100), 302 (15), 301 (17),
257 (8), 128 (8). 'H NMR (200 MHz, CDCl;): § = 8.15
(m, 2H), 7.77 (m, 2H), 7.52 (m, 2H), 7.47 (s, 1H), 7.36 (m,
2H), 4.40 (q, J = 7.1 Hz, 2H), 3.82 (s, 3H), 1.41 (t, J = 7.1,
3H) ppm. *C NMR (50.3 MHz, CDCl3): § = 165.8, 147.1,
134.1, 134.0, 131.1 (2C), 130.4, 129.6 (2C), 128.5, 128.3
(20), 128.1 (20), 122.2, 118.5, 97.1, 77.5, 61.0, 33.0, 14.2
ppm. Anal. Calcd found: C, 76.38; H, 5.50; N, 20.63. Calc.
for C51Hi1gN>O,: C, 76.34; H, 5.49; N, 20.65.

oS N - coom

2b

2.24 Ethyl 4-(5-((4-methoxyphenyl)ethynyl)-1-
methyl-1H-imidazol-2-yl)benzoate (2b) The crude reaction
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product obtained by one-pot halogenation/alkynylation re-
action of ethyl 4-(1-methyl-1H-imidazol-2-yl)benzoate (3b)
with 4-ethynylanisole (7b) was purified by flash chromatogra-
phy on silica gel with a mixture of toluene and EtOAc (80:20)
as eluent to give 2b as a yellow solid (158 mg, 90%), m.p.:
141-145° C. EIMS, m/z (%): 361 (25), 360 (100), 345 (7),
332 (11), 317 (14). "H NMR (200 MHz, CDCl3): & = 8.15
(m, 2H), 7.76 (m, 2H), 7.47 (m, 2H), 7.43 (s, 1H), 6.89 (m,
2H), 4.40 (q, J = 7.4 Hz, 2H), 3.83 (s, 3H), 3.82 (s, 3H), 1.41
(t, J = 7.4 Hz, 3H) ppm. *C NMR (50.3 MHz, CDCl3): § =
165.9, 159.9, 147.0, 134.3, 133.7, 132.8 (20C), 130.4, 129.7
(20), 128.2 (2C), 118.9, 114.3, 114.1 (20), 97.1, 76.1, 61.1,
55.3, 33.1, 14.3 ppm. Anal. Calcd found: C, 73.37; H, 5.58;
N, 7.79. Calc. for C5oHp9N»O3: C, 73.32; H, 5.59; N, 7.77.

2.3 Preparation of polymer films for optical studies

Different dye/PMMA thin films were prepared by drop cast-
ing, i.e. pouring a 0.8 mL chloroform solution containing 30
mg of the polymer and the proper amount of dye to obtain
concentrations in the range of 0.05-2.2 wt.% over a 35x50
mm area of a glass surface. The glass slides were cleaned
with chloroform and immerged in 6 M HCI for at least 12 h,
then they were rinsed with water, acetone and isopropanol and
dried for 8 h at 120 °C. Solvent evaporation was performed on
a warm hot plate (about 30 °C) and in a closed environment.
The film thickness was measured by a Starrett micrometer to
be 25£5 um. The PMMA films were easily removed with a
spatula after immersion in water so that they can be stored for
successive measurements and comparison by attaching them
on 50x50x3 mm optically pure glass substrate (Edmund Op-
tics Ltd BOROFLOAT window 50x50 TS) with a high-purity
silicone oil with a refractive index comparable to PMMA and
glass (i.e., poly(methylphenyl siloxane), 710 fluid, Aldrich,
refractive index n = 1.5365). Absorption and emission prop-
erties of such devices showed negligible differences with the
freshly prepared ones.
Apparatus and Methods
Absorption spectra were recorded at room temperature on a
Perkin-Elmer Lambda 650 spectrometer. Fluorescence spectra
were measured at room temperature on a Horiba Jobin-Yvon
Fluorolog®-3 spectrofluorometer and equipped with a 450 W
xenon arc lamp, double-grating excitation and single-grating
emission monochromators. The fluorescence of dye/PMMA
films were recorded by using the Solid-Sample Holder and
collecting the front-face emission at 30°.

The fluorescence quantum yield (®y) in tetrahydrofuran
(THF) was determined at room temperature relative to quinine
sulphate (®5 = 0.54 in 0.1 M H,SOy) using the following re-

lation:
Gradx n
b, =P —
* 5T (GradST ) ( nszT

Where the subscripts ST and X are standard and dye respec-
tively, “Grad” is the gradient from the plot of integrated fluo-
rescence intensity versus absorbance for different solutions of
standard and dyes. In order to minimise re-absorption effects
concentration was kept low, so absorbances never exceed 0.1
at and above the excitation wavelength. 1 is the refractive in-
dex of the solvent, i.e. 1.405 for THF and 1.333 for water>?. A
thin film of about 10~3 M 9,10-diphenylanthracene in PMMA
was used as a standard (@3 = 0.83)*° for the quantum yield
measurement of dye/PMMA films.

Photocurrent measurements

A proper apparatus was built, made of a plywood wooden box
15x15x30 cm with walls 1.5 cm thick. A removable cover
hosting a housing for a solar lamp is present at the top. Dur-
ing the measurement a solar lamp TRUE-LIGHT® ESI E27
20W was used. Two 50x3 mm slits were carved out at 5 cm
from the bottom of the box to exactly fit the LSC systems (di-
mensions 50x50x3 mm) so that a minimum amount of light
would come out during the measurements. On the outer side
of the slit, a set of three 1x1 cm photodiodes (THORLABS
FDS1010 Si photodiode, with an active area of 9.7 x 9.7 mm
and high responsivity (A/W) in the spectral range of 400-1100
nm) connected in parallel fashion was placed and coupled to
a multimeter (KEITHLEY Mod. 2700) for photocurrent mea-
suring.

Efficiency measurement using a PV-cell

A different set of LSC samples was prepared to measure
the concentration efficiency attaching a Si-PV cell (IXYS
SLMDI121HO8L mono solar cell 86x14 mm, with a solar cell
efficiency of 22% and a fill factor > 70%) to one edge of the
sample. This set of samples was made covering the full 50x50
mm area of the previously introduced optically pure glass
slabs with a 24£5 pum dye/PMMA thick film. One edge of
the LSC was connected to a Si-based PV cell masked to cover
just the LSC edge (50x3 mm) using silicone grease while the
remaining edges were covered with an aluminum tape. These
devices were then placed over a white poly(ethylene tereph-
thalate) scattering sheet (Microcellular® MCPET reflective
sheet, ERGA TAPES Srl) and placed about 20 cm under a
solar lamp (TRUELIGHT®ESL E27 20W, with a correlated
color temperature of 5500 K). The efficiency is reported as
Nopt» Which is the ratio between the short circuit current of the
PV cell attached the LSC edges under illumination of a light
source (Izsc) and the short circuit current of the bare cell put
perpendicular to the light source (Isc).

3 Computational Methods

Quantum mechanical (QM) calculations on fluorophores 1a,b
and 2a,b have been performed at the density functional the-
ory (DFT) and its time-dependent extension (TD-DFT) lev-
els of theory.*'=* Due to the likely presence of long-distance
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charge transfers, the CAM-B3LYP functional > has been cho-
sen, together with the SNSD basis set*%47 which was devel-
oped for spectroscopic studies of medium-to-large molecular
systems. The SNSD basis set allows cost-effective predic-
tions for a broad range of spectroscopic properties, including
electronic absorption and emission spectra'®?7. Vertical ex-
citation energies (VE) and excited state equilibrium geome-
tries have been calculated with TD-DFT*®. As a matter of
fact, the TD-CAM-B3LYP computations have already shown
very good performance for a broad range of excited electronic
states*>%, and in conjunction with the SNSD or NO7D-aug
basis sets they have been extensively tested for spectroscopic
properties of different 7-conjugated chromophores #2328

In order to match experimental conditions, environmen-
tal effects simulating solvent (THF) and polymeric matrix
(PMMA) have been accounted for with the polarizable contin-
uum model (PCM)!7-1931 and more precisely its Conductor-
like (C-PCM) variant®®. The molecule-shaped cavity sur-
rounding the solute molecule has been built by interlocking
spheres centered on heavy atoms, exploiting the default set of
sphere radii implemented in GAUSSIAN>2. Non-equilibrium
solvent effects on the vertical excitation energies have been
computed with the linear response LR-PCM/TD-DFT ap-
proach*®33 where the excitation energies are directly deter-
mined without computing the exact excited electron density.
This solvation model provides reliable results at a relatively
low computational cost and can be extended to several spec-
troscopic properties>!', with further consideration of spectral
line shapes. 3234,

The TD-CAM-B3LYP/PCM(THF) method has been vali-
dated and compared to the TD-B3LYP results based on the
computation of vertical absorption energies and the simulation
of absorption spectra with respect to their experimental coun-
terparts (see the Results section). Details about the nature of
the electronic transitions have been revealed by computation
of the electronic densities at the ground and excited states, and
the subsequent natural bond orbital (NBO) analysis™>.

In a first approximation, the electronic spectra can be simu-
lated with the commonly used basic vertical energy approach,
which relies on the computation of vertical excitation energies,
giving rise to a single peak per electronic transition with the in-
tensity determined by the corresponding electronic transition
dipole monent. The line-shapes are then obtained by applying
a symmetric distribution functions to simulate the broadening
observed experimentally. Nevertheless, the computation of
electronic spectra with the VE approach completely neglects
the influence of nuclear motions. Therefore, this approach is
not able to simulate the vibrational structure present in exper-
imental spectra and, consequently, accurately reproduce the
typical asymmetry of the experimental bands, which is often
required in order to get more accurate absorption and emis-
sion maxima and to be able to correctly interpret the experi-

mental results. 122830 In this regard, several approaches to in-
clude vibronic contributions have recently become feasible for
medium-to-large systems, following the time-independent>®
or time-dependent®'7 frameworks. Here we employ the
time-independent Franck-Condon Vertical-Gradient (FC|VG)
and Adiabatic-Shift (FC|AS) models, which allow to avoid the
expensive computations of excited state frequencies. Within
the framework of the Franck-Condon principle, 33" the tran-
sition dipole moment is assumed to remain constant during
the electronic transition, equal to its value at the equilibrium
geometry. This approximation is generally valid for fully al-
lowed transitions, such as the ones considered in this work.
The spectrum is simulated based on the computation of over-
lap integrals (Franck-Condon integrals) between the vibra-
tional wavefunctions of the electronic states involved in the
transition, which within sum-over-states approach are treated
individually (see Refs.?%?7 for further details). Finally the re-
sulting stick spectrum is convoluted by mean of distribution
functions.

In order to compute vibrationally resolved electronic spec-
tra different models are now available, which differ by their
conceptual approach to the electronic transition, vertical or
adiabatic>>°%6! n this work we will simulate absorption
spectra by means of the vertical gradient model, which fo-
cuses on the final-state PES at the equilibrium geometry of
the initial state, i.e., the region corresponding to the most in-
tense transitions (FC|VG). This is also known in literature as
the linear coupling model (LCM)®2. The adiabatic approach
has been applied as well in order to estimate Franck-Condon
factors of the emission spectra and simulate fluorescence spec-
tra in polymer matrix, within the Adiabatic Shift (AS) model.
Those models (VG and AS) have been applied assuming that
the computation of the excited-state energy gradients (at the
ground-state equilibrium structure) or excited-state geometry
optimizations, are sufficient to describe the PES of excited
states in vertical region (absorption, VG) or at its equilibrium
(emission, AS) (see Refs.27900! for detailed discussions).

The simulated VG and AS stick spectra have been con-
voluted using Gaussian functions with half-widths at half-
maximum (HWHM) of 750 cm ™. This value has been chosen
to match the reference experimental absorption spectra.

All computations were performed using a locally modified
version of the GAUSSIAN package’?. A graphical user inter-
face (VMS-Draw)©? was used to analyze in detail the outcome
of vibronic computations and plot electronic spectra.
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4 Results and Discussion

4.1 Synthesis and experimental characterization of chro-
mophores

5-Alkynyl-2-arylimidazoles 1a,b and 2a,b were obtained ac-
cording to a simple and scalable synthetic procedure involv-
ing as the key step a one-pot sequential regioselective C5
bromination and Sonogashira coupling recently described by
us (Scheme 2)%7. In detail, 2-arylimidazoles 3a,b were ef-
ficiently prepared by a palladium and copper mediated base-
free and ligandless direct C2-H arylation reaction, involving
1-methyl-1H-imidazole (4) and bromoarenes Sa,b. The 2-
arylimidazoles 3a,b obtained this way were then regioselec-
tively brominated at C5 by reaction with NBS in DMF at room
temperature, and to the resulting 2-aryl-5-bromoimidazoles
6a,b PdCI,(PPh3), (2 mol%), Cul (4 mol%), and an ary-
lalkyne 7a,b (1.1 equiv) were sequentially added. The reac-
tion mixture was then warmed up to 80 ° C and stirred for 3
h at this temperature. In this way the fluorophores 1a,b and
2a,b were isolated in 72-90% yield (Scheme 2).

Compounds 2a and 2b appear as dark brown powders,
which emits blue-green light. On the contrary, compounds
1a and 1b look like reddish solids, which emit yellow and red
light, respectively (Figure 1). The optical features of the pre-
pared fluorophores dissolved in THF solutions are reported in
Figure 2 and summarized in Table 1. All fluorophores display
absorption bands comprised in the interval between 330 and
370 nm, closely associated to the near UV range of the elec-
tromagnetic spectrum of light. In the range of concentration
investigated (1076-5-107> M), no absorption bands attributed
to dyes aggregates emerged. As expected the 1a and 1b com-
pounds showed absorption at longer wavelengths than 2a and
2b due to the stronger electron-withdrawing character of the
nitro group. This behaviour was also reflected and amplified
in emission spectra; 1la and 1b emit in the interval between
500 and 600 nm with Stokes shift (S) 70 nm larger than the
2a and 2b fluorophores. Notably, the presence of the electron-
donating -OMe groups shifts the emission maximum of all flu-
orophores by about 10-15 nm to longer wavelengths. A worth-
while parameter for making useful comparisons between dif-
ferent fluorophores is the product of the extinction coefficient
(&) and the quantum yield (QY). This term is directly propor-
tional to the brightness (B) of the dye, accounting for both the
amount of light absorbed and the quantum efficiency of the
fluorophore. It is evident that the presence of the nitro group
strongly affects both € and QY (Table 1), thus providing poor
B values (less then 2x 103 M~!em™!). The nitro group is ac-
tually believed to be a general quencher of fluorescence due
to donor-excited photoinduced electron transfer (d-PeT) orig-
inating from the excited fluorophore moiety showing strong
electron-withdrawing effect®. Conversely, the emission prop-

erties of the 2a and 2b derivatives are comparable to those of
the common bright fluorophores (B over 10* M~'em™1), such
as fluorescein, even if characterized by smaller S than nitro
1 derivatives.

4.2 Theoretical characterization of chromophores

4.2.1 Validation: DFT functional In order to rationalize
the spectroscopic properties of the studied chromophores we
firstly set up an appropriate computational strategy, in partic-
ular we focus on the choice of the method to be applied to
compute molecular structures, properties, and spectra. In ad-
dition to the 1- and 2-derivatives we will also consider two
model systems: 1b’, an analogue of 1b with OMe replaced
by OH (Rx=0OH, Ry=NO;) and 2b’, an analogue of 2b with
OMe and COOEt replaced by OH and COOH, respectively
(Rx=0H, Ry=COOH), all depicted in Scheme 1. It has been
already shown® that lateral methoxy groups can be effectively
substituted in computational studies by OH groups, to avoid
the problem of methyl rotation with the electronic transition,
while in experiment, the methoxy group is preferred over OH,
due to the undesired reactivity of the latter.

Geometry optimizations and TD-DFT VE calculations have
been performed at B3LYP/SNSD, B3LYP/SNSD/PCM(THF)
and CAM-B3LYP/SNSD/PCM(THF) levels of theory, in
order to assess the most adequate computational approach
to be used in the following studies. The vertical excitation
energies of the first bright electronic transition computed with
the above mentioned methods at the fully optimized ground-
state geometries are listed in Table 2. Comparison with
experimental absorption maxima from Table 1 shows that the
vertical excitation energies are strongly underestimated using
the B3LYP and B3LYP/PCM(THF) methods, while a much
better agreement is obtained with CAM-B3LYP/PCM(THF).
Moreover, B3LYP computations do not show systematic
errors with the blue-shifts of B3LYP/PCM(THF) VE varying
from 56 nm for 1b to 157 nm for 2b, suggesting also different
amount of charge-transfer (CT) character for different com-
pounds (vide infra). The B3LYP gas phase results are also
closer to experiment than the ones including solvent effects,
while for CAM-B3LYP/PCM(THF), the VE results agree
with experimental A, within 20 nm for all compounds. The
TD-CAM-B3LYP/SNSD computations in conjunction with
the C-PCM model show also that VE of 1b’ and 2b’ match
well their methoxy counterparts (1b and 2b), validating the
use of these model systems in further studies.

4.2.2 Geometric structure in the ground and first ex-
cited electronic state in solution Considering the equilibrium
structures in the ground electronic state, as optimized in THF
solution, contrary to what suggests the skeletal formula (Fig-
ure 1), the planar configurations (Cs; symmetry) are first-order
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saddle points (one imaginary frequency), while the minima
show a slight distortion of the molecule around the phenyl-Ry
moiety (Figure 3). Indeed, the planar configuration is a tran-
sition state (TS) between the two equivalent distorted ground
state geometries. The energy difference between the planar
and distorted configurations is of about 4-5.5 kJ mol~!. For
example, the energy differences between the planar (imagi-
nary frequency of about i40 cm~!) and the distorted (mini-
mum) configuration in the ground state are 4.3 kJ mol~! for
1b’ and 5.2 kJ mol~! for 2b’, with a 36° and 38° distortion of
the dihedral angle between the imidazole and the phenyl-pull
moiety, respectively.

The situation is quite different in the first excited state
(S1), where for all chromophores unconstrained geometry
optimizations in THF have led to nearly planar configurations
(the dihedral angles between the imidazole and the phenyl-
pull moiety in the ground state and in the excited state are
reported in Table 4). This behavior may be explained based
on the features of the molecular orbitals. In particular, during
the HOMO-LUMO transition a charge transfer from the
phenylethynyl-imidazole moiety to the phenyl-Rx one occurs,
causing the planarization of the molecules (vide infra). For
the model systems 1b’ and 2b’, the energy difference between
the planar configuration (constrained geometry optimisation)
and the distorted one have been calculated also in the excited
state. As expected, only a slight energy difference in the
excited state has been observed, namely 0.1 kJ mol~! for
1b’ and 0.2 kJ mol~! for 2b’ with a 10° and 8° distortion of
the dihedral angle between the imidazole and the phenyl-pull
moiety, respectively. These results indicate that the PES of
the excited state is rather flat, while the PES of the ground
state is narrower, corresponding to a more rigid structure as
shown in Figure 4.

4.2.3 Vertical absorption and emission spectra and
molecular orbitals analysis A detailed analysis of molecular
orbitals shows that the gap between the HOMO and the
LUMO is lower for chromophores with Ry=NO, than with
Ry=COOEt. This behavior is explained by the stabilization
of the LUMO when the nitro moiety is the pull group
(Figure 5). Furthermore, when Rx is a push group (OMe,
OH), the HOMO is destabilized, resulting in a decrease of the
HOMO-LUMO gap. To test the impact of using OH instead of
OMe in position Ry, both substitutions have been considered
in conjunction with Ry=NO; (1b and 1b’). As shown in
the molecular orbital diagrams (Figure 5), the HOMO is
mainly localized on the phenylethynyl-imidazole moiety for
all molecules, while the LUMO is mostly localized on the
phenyl-pull moiety. However, with Ry=COOEt, the LUMO is
more delocalized than in the case of NO,. This can be related
to the antibonding character of the delocalized LUMO, which

explains why this orbital is more destabilized than for Ry=
NO;. Moreover, the first bright electronic transition, can
be mainly described as HOMO-LUMO, which suggests a
charge transfer from the phenylethynyl-imidazole moiety to
the phenyl-Ry (Ry=NO;, COOEt) one, clearly visible from
the plot of the electron density difference (ELD) between
the ground and the first excited electronic states shown in
Figure 6. Such a plot points out a significant redistribution
of the charge during the electron transition, especially in the
case of the chromophore with the NO, pull group (1a). The
strong electron-withdrawing effect of the nitro group can be
quantified by the analysis of atomic NBO charges presented
in Figure 7, showing a significantly larger increase of electron
density upon the electronic excitation on the NO, (A=-0.08)
in comparison to the COOEt (A=-0.02).

The TD-DFT vertical absorption and emission electronic
transitions, computed within the non-equilibrium solvent
regime are reported in Table 3. In order to study emis-
sion properties, the excited-state geometry (S;) of each sys-
tem has been optimized at the TD-DFT level. Concerning
the absorption spectra a good agreement between TD-CAM-
B3LYP/SNSD/C-PCM(THF) computed excitations and the
reference experimental data has been already pointed out. The
situation is more challenging for the comparison between the
computed and observed fluorescence wavelengths. For com-
pounds 2a and 2b, i.e. when the pull moiety is Ry=COOEt,
the observed and computed values are very close (discrepan-
cies lower than 15 nm). On the other hand, for 1a and 1b,
i.e. with NO, as the pull moiety, there is a systematic un-
derestimation of about 70 nm. This behavior cannot be as-
cribed to structural effects since the geometry distortion from
the ground state to the excited state seems to be independent
of the pull group as shown in Table 4. This larger discrepancy
seems to be a purely electronic effect related to intrinsic limits
of the TD-DFT model. However, we note that the TD-DFT
computations lead to a correct trend as far as the relative posi-
tions of absorption and emission maxima, and also the Stokes
shifts are concerned: 1b>1a>2b>2a.

4.2.4 Electronic spectra line-shapes in solution The
VE theoretical absorption spectra, convoluted using Gaussian
functions with a half-width at half-maximum of 2500 cm™!
are shown in Figure 8 for all chromophores. Although those
TD-DFT calculations clearly show two bands in the 250-500
nm range for 1a and 1b, our study has been focused on the
lower-energy ones for all chromophores. The latters, indeed
match rather well the band positions and shapes of the exper-
imental spectra with an average error between calculated and
experimental values of the absorption maxima of about 15 nm.
Moreover, as already discussed based on the data from Ta-
ble 3, the experimental trend moving from one chromophore
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to the other is computationally well reproduced. In fact, it can
be noted that the strong sensitivity of the absorption maximum
wavelength on the nature of the push/pull substituents is cor-
rectly simulated, showing diagnostic shifts towards different
spectral regions depending on the specific push/pull groups.

A significant improvement to the computed electronic spec-
tra can be achieved by taking into proper account the vibra-
tional effects, with the so-called vibronic calculations, which
will be considered within the Vertical Gradient approach. The
FC|VG model is computationally inexpensive and well suited
to the study of low-resolution absorption spectra of strongly
allowed transitions. It can be also noted that the changes in
the electron density between the ground state and the first ex-
cited electronic state obtained at the equilibrium geometry of
the ground state (Sp) and the excited state (S;) (shown in Fig-
ures 6 and 11) are very similar, validating the use of the VG
approach. The absorption FC|VG spectra shown in Figure 8
point out the increased agreement with experiments. In partic-
ular, FC|[VG maximum absorption wavelengths agree within
about 6 nm with experiment (improvement of about 10 nm
with respect to VE) and describe much better the experimental
line-shapes. In fact, contrary to the VE spectra, the asymmetry
of the band-shape is now clearly visible.

For the chromophores under study it is noteworthy that,
contrary to the ground state, the excited-state equilibrium ge-
ometry is nearly-planar, which implies a marked distortion as-
sociated to the electronic transition. As a consequence, the
case of emission is more challenging since the initial state is
the excited one, and the considered time-scales involve relax-
ation to its nearly-planar equilibrium geometry. The adiabatic
shift model take into account directly PESs of the initial and fi-
nal states computed about their respective minima, at the same
time avoiding expensive excited state frequency computations.
Nevertheless, the large changes in the equilibrium geometries
upon excitation from Sy to S (as shown in Figure 9 for the spe-
cific case of 1a) results, of course, in a strongly reduced over-
lap integrals between the corresponding vibrational ground
states. This leads to a rather low intensity of the simulated
emission spectra for all chromophores, as shown in Figure10
for the model systems 1b’ and 2b’. However, for the 1a and
1b chromophores, showing the most promising properties due
to the largest Stokes shift, intensity is further decreased most
likely due to the some non-radiative processes i.e. quenching
effects via a donor-excited photoinduced electron transfer®*.
Indeed the LUMOSs of compounds 1a and 1b are less unsta-
ble than those of compounds 2a and 2b, and this is accompa-
nied by a much larger electron transfer toward the nitro group.
Moreover, analysis of the first three excited electronic states
shows for 1b’ a low-lying dark state, which might facilitate a
non-radiative energy loss and fluorescence quenching, on the
contrary, the first two electronic transitions of compound 2b’
are bright (see Table 5).

4.3 Fluorescence properties in polymethyl methacrylate
(PMMA): toward luminescent solar concentrators

Owing to the aforementioned properties of 1a and 1b, that is
S larger than 150 nm and emission shifted to the yellow-red
portion of the electromagnetic spectrum of light, these flu-
orophores were chosen for investigation when dispersed in
a transparent and totally amorphous polymer matrix such as
PMMA. Aim of this approach was the determination of the
optical properties of the derived thin films in terms of their po-
tential use as luminescent solar concentrators. LSCs represent
nowadays a promising technology for sunlight harvesting and
solar energy conversion and several solutions are engineered
for the development of future photovoltaic (PV) technology °.
LSCs are thin, flat or bulk plates of highly fluorescent materi-
als that absorb sunlight and concentrate most of the resulting
fluorescence to their edges by internal reflection®”. The pho-
toactive elements are organic dyes or luminescent nanopar-
ticles, dispersed in a transparent polymer matrix. The solar
radiation is thus conveniently transmitted to PV cells at their
edges, even with a cloudy sky. It is worth noting that PV cell
efficiencies can be further increased by matching the dye emis-
sion with the cell responsivity. This is an efficient approach to
solar PV since the intrinsic red-shifting that accompanies flu-
orescent emission, in 1a and 1b, allows to combine the maxi-
mum solar emission intensity (at about 500 nm) and the high-
est PV cell responsivity, i.e. between 500 and 1000 nm.

The optical features of the prepared fluorophores dispersed
in PMMA are reported in Figure 13 and summarized in Ta-
ble 6. 1a and 1b fluorophores in PMMA displayed absorp-
tion and emission features in accordance to their respective
behaviour in THF solution, thus suggesting that the polymer
matrix well interact with the guest molecules preventing their
aggregation. Also, the calculated QY (0.1) in the polymer was
the same of that evaluated in THF. The fact that QY does not
decrease in the PMMA can be attributed to the enhanced rigid-
ity of the fluorophore dispersed in the polymer matrix which
allows to recover the loss of efficiency often observed upon
dispersion. Notably, both films still show very large S values
(i.e., ~ 150 nm) and emissions comprised between 450 and
650 nm (Figure 13a), thus making them suitable for LSC ap-
plications. In order to assess the performances as LSC, an op-
tically pure 50x50x3 mm glass was coated with PMMA films
with a thickness of 25+5 um.

In Figure 13b, an example of LSC obtained by coating a thin
layer of 1b/PMMA is reported. It is worth noting the amount
of light emitted by the dispersed fluorophore and concentrated
to the LSC edge. Photocurrent measurements were accom-
plished with a home-built apparatus (see experimental part)
by using a set of three 1x1 cm photodiodes assembled in par-
allel fashion. Photodiods are ideal for measuring light sources
in LSC emission range by converting the optical power to an
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electrical current, allowing for a fast, precise and reproducible
response even with different sets of samples. The maximum
photocurrents measured with our setup were 44.54+0.1 nA for
1 wt.% 1b/PMMA and 37.04+0.1 uA for 1 wt.% 1la/PMMA
systems. The higher photocurrent generated by 1b/PMMA is
ascribed to its more red-shifted emission maximum (around
20 nm) than 1a/PMMA and agrees well with the typical re-
sponsivity curve of photodiods (Figure S1). No significant
variation of the photocurrent values were detected by increas-
ing fluorophores concentration in PMMA up to 2 wt.%.

The LSC with the highest photocurrent, i.e. the 1b/PMMA
system, was analyzed by using a Si-based PV cell attached to
one edge of the concentrator, as described in the experimen-
tal section. The optical efficiency 1,,; was evaluated from the
concentration factor C, which is the ratio between the short
circuit current measured in the case of the cell over the LSC
edge (ILsc) and short circuit current of the bare cell put per-
pendicular to the light source (Is¢) (eq.1):

Iisc
Isc-G

nopt = (1)
where G is the geometrical factor, which is the ratio between
the area exposed to the light source and the collecting area.
The calculated 1, for the 1b/PMMA system was lower than
5% and it agrees well with the optical efficiencies of LSC
made of PMMA and containing fluorophores with similar
characteristics in terms of emission maxima and QY values 8.
Future approaches for 1,,, enhancement should adopt new
synthetic strategies aimed at increasing the fluorophore QY
while maintaining S higher than 150.

Computational studies suggested that the quantum yields of
potentially promising chromophores 1a and 1b in solution are
affected by the large geometry changes between the ground
and excited electronic structures and the corresponding low
FC overlaps. Such geometrical distortions involving rather
large functional groups are less likely in the rigid polymeric
matrix 2. Following such assumption we have set up a simpli-
fied computational model in order to simulate spectra in poly-
mers. In particular, during the excited state optimisation the
dihedral angle between the imidazole and the phenyl-pull moi-
eties has been fixed to its ground-state value, while all other
nuclear degrees of freedom have been relaxed. The resulting
S1 equilibrium structure presented in Figure 9b shows indeed
a large overlap with the corresponding ground state structure.
Moreover, the electrostatic effects of the polymer have been
accounted for by mean of PCM with the dielectric constant
corresponding to PMMA (€ ~ 3.3). In such case the calcu-
lated fluorescence spectra are significantly more intense with
respect to their counterparts in THF solution, where full ge-
ometry relaxation of the chromophores is allowed. That inten-
sity increase allows to counter-balance the intrinsic quench-
ing effects of the polymer matrix, which otherwise would fur-

ther reduce the observed QY. Both FC|AS emission spectra of
1b’ are presented in Figure 10 showing also that the observed
solution-to-polymer blue-shift is reproduced in our simula-
tions, at least qualitatively. Finally the 1a and 1b’ emission
spectra in PMMA are reported in Figure 12. A more de-
tailed analysis of 1a and 1b excited-state properties in THF
and PMMA (see for instance the similar ELD plots shown for
1a in Figure 11) confirms that the expected favourable fluo-
rescence properties in polymeric matrix should be attributed
to geometrical/steric rather than to electronic effects on the
S1—Sy transition. It can be also postulated that steric hin-
drance reduces the efficiency of quenching effects, i.e. the
second excited state of 1b’ in PMMA shows a non-negligible
oscillator strength (see Table 5). Following the current the-
oretical analysis we propose that an effective in silico pre-
screening can be performed assuming directly increased rigid-
ity of chromophores in the polymeric matrix, instead of mod-
elling the isolated flexible chromphores in the solution. How-
ever, we note that the scheme is still under development and
further improvements are necessary including proper account
of non-radiative processes affecting emission quantum yields
as well as more reliable modeling of polymer matrices 2>,

5 Conclusions

The selection of the best chromophore candidate for a specific
application is quite challenging, and an effective combination
of experimental design and computational screening may al-
low to identify the chromophore with the most appropriate
absorption/emission features.® In order to perform a virtual
screening, a reliable protocol must be preliminarily devised
and validated, choosing the best combination of QM model
and environment description which allow to compute accu-
rately the geometries, frequencies and vertical excitation ener-
gies, which in turn allow the simulation of electronic spectra
within simple vertical energy or more sophisticated vibronic
approaches. This contribution focused on the evaluation of
stereo-electronic and spectroscopic properties of a new family
of chromophores characterized by a alkynylimidazole back-
bone and different push and pull groups. The fluorophores
were obtained in good yields (72-90%) and showed optical
features in THF, in the visible region, mostly influenced by
the nature the electron-withdrawing group.

Firstly, our results indicate that the CAM-
B3LYP/PCM(THF) method is the most appropriate to
compute vertical excitation energies and simulate absorption
spectra, taking into proper account solvation, which repre-
sents an important environmental effect strongly affecting the
spectral features. Then, the basic VE approach has been used
to simulate electronic spectra, providing good predictions
for vertical excitation energies and correctly reproducing the
strong sensitivity of the absorption maximum wavelength to
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the nature of the push/pull substituents. However, a signifi-
cant improvement has been achieved by computation of the
vibrationally-resolved electronic spectra by means of the VG
approach, which can be confidently applied to simulate the
broad absorption spectral features observed experimentally.
With respect to the emission spectra, simulated through adia-
batic AS model, it has been found that large changes between
equilibrium structures of ground and excited electronic states
in solution lead to low fluorescence intensities, with further
fluorescence quenching observed for nitro derivatives.

However, considering that our final target is the chro-
mophore dissolved in the polymeric matrix, we have pro-
posed a cost-effective computational protocol to simulate one-
photon absorption and emission spectra in the polymer envi-
ronment. Notably, alkynylimidazole fluorophores with Stokes
shift larger than 150 nm and emission shifted to the yellow-red
portion of the electromagnetic spectrum of light were selected
and dispersed in PMMA. It has been shown that the largest ge-
ometry change, unlikely in PMMA, is related to the variation
of the dihedral angle between the imidazole and the phenyl-
pull moieties. In such case in order to model polymer environ-
ment it is sufficient to take into account geometrical constrains
by fixing the dihedral angle to its ground state value (along
with some bulk electrostatic effects accounted by PCM). Al-
though the steric hidrance has been also postulated to reduce
the efficiency of quenching effects, non-radiative processes in
the studied chromophores (either intramolecular or associated
with the polymer matrix) are not yet fully understood. Exper-
imental results were also discussed in terms of LSC character-
istics which were found to agree well with those of LSC made
of PMMA and containing fluorophores with similar features
in terms of emission maxima and QY values.

Overall, the proposed strategy can be further applied to
perform first steps of virtual screening in order to identify
the most efficient chromophores to be used in plastic devices
such as LSC. It can be suggested, that similar strategy can
be also applied for other sets of homologues, once the main
un-constrained geometric effects taking place upon electronic
excitation are identified. In more general terms, this work
further confirms that understanding and simulation of fluores-
cent properties of chromophores dispersed in semi-rigid envi-
ronments require proper account for sterical hindrance, with
models ranging from effective mean-field approaches to fully
atomistic simulations?>> possibly employing non-periodic
boundary conditions.
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Aaps nm] €M Tem™'1 A,y [nm] S [nm] @} B[M 'em ']’
1a 367 17°000 517 150  0.10 1700
2a 329 36’000 408 79 061 217960
1b 373 15°000 538 165  0.10 1500
2b 331 27°000 422 91 051 13'770

Fluorescence quantum yield (®) was determined relative to quinine sulphate in

0.1M H,S0, (@ = 0.54).

The brightness (B) of fluorophores are calculated as the product of the
absorption coefficient € and .

Table 1 Spectroscopic properties of functionalised 1 fluorophores

dissolved in THF

B3LYP  B3LYP/PCM(THF)  CAM-B3LYP/PCM(THF)
1a 449 494 349
2a 374 385 315
1b 476 530 357
1’ 356
2b 387 401 319
2b’ 321

Table 2 Vertical absorption energies (in nm) of the first bright

electronic transition computed with B3LYP, B3ALYP/PCM(THF) and

CAM-B3LYP/PCM(THF) for 1 and 2 derivatives. In all cases

computations are performed in conjunction with the SNSD basis set.

Aabs [Nm] f Aem [nM] f S [nm]
THE solution
1a 339 T.11 29 132 T00
2a 314 1.57 402 1.80 88
1b 357 111 465 156 108
1’ 356 1.08 462 152 106
2b 319 1.67 410 188 91
2b’ 321 153 412 177 91
PMMA

la 336 19 76 1.37 30
1’ 353 116 438 135 85

Table 3 Vertical absorption and emission wavelengths and relative

oscillator strengths for 1 and 2 derivatives calculated at

TD-CAM-B3LYP/SNSD level, in THF solution and PMMA matrix.

So Si
1a -36 -6
2a -39 -8
1b -36 -10
1b’ -36 -10
2b -39 -10

2b’ -38 -8

Table 4 Dihedral angles (in degrees) between the imidazole and the
phenyl-pull moiety (see Fig.4) in the ground state (Sp) and in the
excited state (S7) for 1 and 2 derivatives.

Transition Aemi [nm] f
1b’/THF HOMO—LUMO (88%) 462 1.5201
HOMO-7—LUMO (81%) 350 0.0005
HOMO—LUMO+1 (77%) 303 0.3706
1b’/PMMA HOMO—LUMO (86%) 438 1.3535
HOMO-7—LUMO (83%) 349 0.0049
HOMO—LUMO+1 (82%) 308 0.4608
2b’/THF HOMO—LUMO (92%) 441 1.7726
HOMO—LUMO+1 (81%) 296 0.1763
HOMO-3—LUMO (51%) 272 0.0020

HOMO—LUMO+4 (31%)

Table S Vertical emission wavelengths and relative oscillator
strengths for the lowest transitions of 1b’ and 2b’ derivatives
calculated at TD-CAM-B3LYP/SNSD level, in THF solution and

PMMA matrix.
Aaps [Nm] ~ Ag [nm] S [nm] D%
la/PMMA 367 517 150 0.1
1b/PMMA 373 519 146 0.1

¢ Fluorescence quantum yield (®) was determined relative to

9,10-diphenylanthracene in PMMA (P = 0.83).

Table 6 Spectroscopic properties of 1a/PMMA and 1b/PMMA thin

films
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Ry 1a:Ry=H;Ry=NO,

Me, 1b : Ry = OMe; Ry = NO,

N 1b' : Ry = OH; Ry = NO,
R — | 2a: Ry = H: Ry = COOEt
X \ N a: Ry » Ry

2b : Ry = OMe; Ry = COOE(
2b': Rx = OH; Ry = COOH

Scheme 1 Scheme of the 1 and 2-derivatives skeletal formula, characterized by a phenylethynyl-phenylimidazole backbone and different push
(Rx) and pull (Ry) groups.

[N\> Pd(OAC), (5 mol%) [N\ . 3 R Yield(%)
. :
N Cul (2.0 equiv) N a NO, 82

\ DMA, 160 °C, 72h \

me Br Me b  COOEt 74
4 sab 3ab
(1.5 equiv)
N i N 2) R1—©%H N
1) NBS (0.95
L, R owers | L R (72 (5 )=
N DMF, rt, 5h . N P )
r
;Vle ;Vle PdCl,(PPh3), (2 mol%) = ;Vle
0,
3a,b . Cul (4 mol%) ' 1ab
, 6a,b piperidine (3.0 equiv)
o R! 2a,b
80 °C, 3h
1o0r2 R R? Yield (%)
1a NO, H 81
1b NO, OMe 72
2a COOEt H 74
2b COOEt OMe 90

Scheme 2 Synthesis of fluorophores 1a,b and 2a,b.
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Fig. 1 Fluorophores 1a,b and 2a,b in the form of solid powders under visible (up) and near-UV light (366 nm, down).
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Fig. 2 Absorbance (left) and emission (right) spectra of 5uM (a) 1a and 1b and (b) 2a and 2b solutions in THF.
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Fig. 3 Ground state optimized structures for 1- and 2-derivatives computed at CAM-B3LYP/PCM(THF) level of theory.

Relative Energy k)] mol*

T T T

~60 —40 —20 0 20 40 60

NCCC dihedral (deg)

Fig. 4 Relaxed Potential Energy Profile scan along the dihedral angle (marked in green) between the imidazole and the phenyl-pull moiety for
the ground state (Sp) and the excited state (S;) of the 1b’ chromophore.
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Fig. 5 MOs diagrams of 1- and 2-derivatives obtained at CAM-B3LYP/PCM(THF) level of theory.

Fig. 6 Plots of the difference in electron density (ELD) between the ground state and the first excited electronic state both in the equilibrium
geometry of the ground state for the 1a and 2a chromophores computed at CAM-B3LYP/PCM(THF) level of theory. The regions that have
lost electron density as a result of transition are shown in yellow, whereas the blue regions have gained electron density. ELD densities were
plotted with an isovalue threshold of 0.001.
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Fig. 7 Selected atomic charges from natural bond orbital analysis for the 1a and 2a chromophores. Values computed at
CAM-B3LYP/SNSD/PCM(THF) and TD-CAM-B3LYP/SNSD/PCM(THF)levels of theory for the ground and excited states, respectively.
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Fig. 8 Normalized simulated electronic (VE approach) and vibronic (VG approach) absorption spectra for the 1- and 2-derivatives, compared
with the experimental absorption spectra. The theoretical spectra line-shapes have been convoluted using Gaussian functions with a half-width
at half-maximum (HWHM) of 2500 cm™! for the electronic spectra and 750 cm™~! for the vibronic ones.

1-25 | 21



Physical Chemistry Chemical Physics Page 22 of 26

Fig. 9 Superposition of the ground (blue) and excited state (green) equilibrium structures of the 1a (a) in the THF solution and (b) in the
PMMA.

~ 11b/PMMA AS|FC
BN /! Y 1b/THF  AS|IFC
& A 120/THF  AS|FC
o , | - 1b'/PMMA (HWHM 750)
I \ —1b/THF  (HWHM 750)
Q/xé” \ —2bTHF  (HWHM 750)
S

450 475 500
Wavelength (nm)

Emitted intensity (in microJ mol™)

0%50 " 400 450 500 550 600 650 700 750
Wavelength (nm)

Fig. 10 Simulated vibronic (AS approach) emission spectra for 1b” and 2b’ chromophores in THF and in PMMA. The theoretical
stick-spectra have been convoluted using Gaussian functions with a half-width at half-maximum (HWHM) of 750 em~ L

22| 1-25



Page 23 of 26 Physical Chemistry Chemical Physics

J
1a/PMMA

Fig. 11 Plots of the difference in electron density (ELD) between the ground state and the first excited electronic state of the 1a, at the excited
state equilibrium geometry (a) in THF and (b) in PMMA computed at CAM-B3LYP/PCM(THF) level of theory. The regions that have lost
electron density as a result of transition are shown in yellow, whereas the blue regions have gained electron density. ELD densities were
plotted with an isovalue threshold of 0.001.
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Fig. 12 Normalized simulated vibronic (AS approach) emission spectra for 1a and 1b’ chromophores in PMMA. The theoretical stick-spectra
have been convoluted using Gaussian functions with a half-width at half-maximum (HWHM) of 750 em~ L
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Fig. 13 Upper panel: Absorbance (left) and emission (right) spectra of 1 wt.% 1a/PMMA and 1b/PMMA thin films (2545 um); Lower
panel: An optically pure 50x50x3 mm glass coated with a 25+5 um thick 1b/PMMA film.
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TOC: Integrated experimental and computational investigation on absorption and emission spectra
of the novel organic fluoropohores in the solution and in polymer environment give insights for their
potential application in luminescent solar concentrators.
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