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Fluorescent bent-core molecules, bearing one or two cyanostilbene units in the lateral structure and different position of the
cyano group (a- or f-isomers), are described with the aim to modulate molecular packing and fluorescence properties. These
compounds give rise to a variety of crystal polymorphs and bent-core liquid crystalline phases (SmCP, Colr and B6), offering
the unique chance to study the fluorescence properties of the cyanostilbene structure in different phases. Experimental and
computational studies elucidate geometrical and electronic properties of these bent-core structures but especially the
fluorescence properties (spectral positions, quantum yields and decay curves) in a detailed comparison between diluted
solutions, in dichloromethane (DCM) or poly(methylmethacrylate) (PMMA), and condensed phases. Quantum yields as high as
70% have been obtained in some diluted solutions (PMMA) and condensed phases. Remarkably, the quantum yield values
depend on the position of the cyano group, being higher for - than for the a-isomers due to higher radiative rates and lower
non-radiative rates of the former. The photophysical characterization in the condensed phase focuses on RT studies with solid
samples with different processing, and show that, upon aggregation, interactions between the cyanostilbene groups result in
changes of the emission spectra and dynamics compared to the diluted systems in DCM and PMMA, giving rise to H-
aggregation of varying strength. Furthermore, the compounds exhibit thermochromism, showing a green-yellow fluorescence in
the pristine crystalline phase that change to blue on heating to the liquid crystal phase.

Introduction properties.”* Relevant relationships between molecular

structure, assembly and optical properties have been

The cyanostilbene platform has evolved to chromophores of carefully reviewed recently.®

IS
&

great interest to develop novel functional materials based on In addition, a few examples of liquid crystalline

low-molecular weight x-conjugated molecules due to their cyanostilbenes have been reported. The liquid crystal phase

. . .. 1.2
luminescence and electronic characteristics.™” It belongs to opens further possibilities to crystalline materials due to the

the class of fluorophores that is low emissive in liquid combination of fluidity and several degrees of packing order.

solution, but becomes emissive in the solid state, e.g. in solid Intrinsic liquid crystalline cyanostilbenes with mesophases

43 44 39,45-51 39,52,53

@
3

solution, upon cooling, or aggregation.>* This is mainly due

like columnar, nematic or smectic phases

to the suppression of the non-radiative decay channel have been described. These materials have lead to other

through restriction of torsional motions,4 but might be 39,43,53

interesting phenomena such as fluorescence switching,

additionally ~ enhanced by appropriate  intermolecular photoisomerization-induced phase transition and surface

arrangement (J-aggregation); this synergetic effect is usually

L5 5 relief gratings.“4 In recent times it has been also shown that

"
ot

termed aggregation 1nduced. enhanced .emlss10n (AIFTE)’ incorporation into liquid crystal matrices give rise to
Furthermore, the photophysical properties of cyanostilbenes hotoi N .54
. - 3 . photoisomerization-induced phase separation.
can be tuned in response to a variety of external stimuli such In a previous work we have demonstrated that the
as heat, pressure, solvents, pH, etc.” '’ p . . .
i ’ e . o cyanostilbene unit can also be incorporated in a bent-shaped
Several types of functional materials containing

« structure leading to bent-core mesophases.>® Bent-core liquid

3

: . : 45,11-
f3y anostllbenfas have been prepa;zd, b?ﬁ% nanopartlclei, 1924 crystals (BCLC)***® are a class of non-conventional liquid
Nanowires or nanolibres, organoge S7’27_38 crystalline phases discovered in 1996 that have received

monolayers,”> quantum dots,”® single crystals,

3739.41 significant attention in the soft matter area. Due to their

polycrystalline films, etc. In the case of materials with

: ) o ; molecular shape they give rise to compact packing that have
crystalline polymorphism they can exhibit thermochromic s allowed the development of novel mesophases with polar,

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1
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and in some cases, chiral organizations providing so far

69-71
such

72,73

materials with very attractive functional properties

as ferro- and antiferroelectric switching,”’*®

piezoelectric
. . 74-80 .

or nonlinear optical responses from its molecular non-

but

molecules. In our case, bent-shaped cyanostilbenes forming

centrosymetric  order, interestingly using achiral

columnar mesophases (Col,) or the polar smectic C
mesophase (SmCP), including a dark conglomerate phase
(DC-SmCP), have been obtained, with an antiferroelectric
ground state in the lamellar phases.>

The objective of this work is to study the luminescent
properties of these materials in order to obtain novel
functional materials characterized by the incorporation of the
cyanostilbene unit into a bent-core structure, and to establish
relationship between their molecular and supramolecular
structures and their optical properties. Herein we report
studies carried out for several bent-core molecules bearing
one or two cyanostilbene units and with different position of
the cyano substituent (named o- or B-families) (Figure 1).
The four previously described”™ bent-core compounds
bearing two n-tetradecyloxy terminal chains, o—B, a,a-B, 3-
B and f, $-B, and two B-family analogues showing n-butoxy
terminal chains on the cyanostilbene-containing lateral part,
only one for B—-BC,4 and two for 3,—BC,4. These two new
compounds have been prepared and studied with the aim to
modulate molecular packing of bent-shaped molecules by
using shorter terminal chains. Our joint experimental and
computational studies elucidate geometrical and electronic
properties of the bent-core structures, but especially their
fluorescence properties, i.e. spectral positions, quantum
yields and decay curves, in a detailed comparison between
diluted solution and condensed phases, inter alia as a
function of temperature. Such thermochromism was reported
earlier for (liquid) crystalline cyanostilbene compounds,***’
however here novelly reported for the structurally more

demanding bent-core structures.

Results and discussion

Synthesis and structural characterization of —BC, and
B’ B_BC4-

Details on the synthesis of bent-core compounds bearing two
n-tetradecyloxy terminal chains, a-B, a,a-B, $-B and 3, $-B
were reported in a previous paper.” The novel analogues of
the B-family, $-BC,4 bearing different terminal chains and
B,p-BCs with two n-butoxy terminal chains have been
prepared according to the synthetic pathways shown in
Scheme 1. In the last step of the synthetic route either a

single or double esterification reaction of the acid B-ACy

with compound 2 or 3 occurs, using
dicyclohexylcarbodiimide (DCO) and 4-
(dimethylamino)pyridinium  p-toluenesulfonate (DPTS),

giving the final compounds in high yields. Experimental
details and their characterization data from NMR, FTIR, MS
and elemental analysis are collected in the ESI.
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Figure 1. Chemical structures of the cyanostilbene-containing bent-core
compounds studied in this work.
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60 Scheme 1 Synthesis of the n-butoxy compounds 3-BC, and f3,3-BC,.

Thermal and liquid crystal properties of the compounds.

Phase transitions of the n-butoxy bent-core compounds f3-
BC,; and fB,3-BC, were studied by polarizing optical

¢s microscopy (POM) and differential scanning calorimetry
(DSC). Results are shown in Table 1. Liquid crystalline
properties of the previously reported n-tetradecyloxy bent-
core cyanostilbenes®® have been also enclosed in Table 1 for
comparison.

70 All compounds exhibit complex solid polymorphism. The
DSC thermograms show that in all cases the solid phase

obtained at RT after a heating/cooling cycle at 10 °C min™ is

2 | Journal Name, [year], [vol], 00—00
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different from the initial crystal phase (pristine powder) then,
the second heating cycle is different from the first one. That
is why in Table 1 the first heating-cooling cycle, and the
second heating cycle are shown. In addition, complex
crystal-to crystal transitions are observed before the liquid
crystal phase appears.

Due to the complexity of these processes the Table 1 collects
a simplified version of the crystal transitions, where Cr
represents any crystal phase, and detailed information about
in the DSC
thermograms collected in the ESI (Figures S2, S3) and in ref

the crystal polymorphism are displayed

55. The cooling cycles, on the other hand, are always
reproducible.

In general, compounds with two cyanostilbene groups have
higher melting points that the ones with only one
cyanostilbene group.

Compounds with two terminal n-tetradecyloxy chains are all
liquid crystals. 3-B, B,p-B and o-B show lamellar type
phases (SmCP,) with antiferroelectric polar switching, and
a-B and a,a-B, show columnar phases (Col,)> (Figure 2).
The new compounds with shorter n-butoxy tails, f-BC4 and
B,B-BC,, give both higher melting points and different liquid
crystalline packing compared to the corresponding n-
tetradecyloxy analogues.

Table 1 Thermal transisions of the bent-core cyanostilbenes

Phase transition (7'/ °C) [AH / kJ mol-1] “"
Cr 128 (44.0)° Col, 156 (16.2) T
1153 (15.0) Col, 72 (27.0) Cr
Cr 125 (40.1) Col, 157 (15.4) T
Cr 186 (22.1 M 196 (82) I
1193 (8.7) M 86 (9.7) Cr
Cr 194 M 196 (39.4)° I
Cr93 (61.3) SmCP, 167 (23.7) 1
1164 (23.2) SmCP, 45 (15.9) Cr
Cr 90 (39.1) SmCP, 166 (23.4) I
Cr 134 (46.7)° SmCP, 177 (23.2) I
1174 (22.1) DC 106 (55.5) Cr
Cr 133 (49.8)° SmCP, 177 22.2) I
Cr 89 (53.3)° SmCP, 1487 Col, 164 (18.1)
1160 (18.1) Col, 115¢ SmCP, 33 (8.7) Cr
Cr 86 (2.6) SmCP, 148° Col, 163 (16.7)
Cr 134 (58.3) Col, 191 (20.3)
1 188 (20.0) Col, 89 (87.2) Cr
Cr 107 (88.8)° X° 132 (0.7) Col, 190 (19.9) T

Compound
B-BC,

B.-BC,

B_BSS

B,B'BSS

(X-BSS

a,0-B>

“ Data determined by DSC, showing first heating and cooling cycles, and
second heating cycle at a scanning rate of 10 °C min™' (maximum of the
peaks). Cr: crystal, SmCP,: antiferroelectric polar smectic C mesophase,
DC: dark conglomerate mesophase, Col,: rectangular columnar
mesophase, M: unidentified mesophase, tentatively assigned as B, ” The
crystal phase denoted as Cr is, in most cases, not unique and crystalline
polymorphism with complex transitions appear (see thermograms in the
ESI), ¢ Combined enthalpy of several crystalline transitions; ¢ Data
obtained from dielectric spectroscopy. * Depends on the thermal history,
at 10 °C min™' is an unstable SmCP mesophase which recrystallizes to Cr
on heating.

Compound B-BC, displays a pseudo focal-conic and mosaic
texture in the POM image (Figure 3a), consistent with a
columnar mesophase.®*®' X-ray diffractograms show two

reflections in the small angle region corresponding to
distances of 32.9 and 23.5 A, that exclude a hexagonal
columnar mesophase, but compatible with a rectangular

45 columnar mesophase (Col,) (Figure 2). Compound B,3-BCy

shows a fan-shaped texture upon cooling (Figure 3b) without
homeotropic regions or Schlieren textures when shearing the
sample. This behavior has been reported for Bg-type

intercalated smectic phases, which are lamellar phases in

so which the molecules are interdigitated (Figure 2).82

However, in this case it could not be confirmed by X-ray
diffraction for B,3-BC, due to the metastable character of
this mesophase (abbreviated as M in Table 1), which
crystallizes during data collection, precluding its conclusive

ss identification.

m P
W
"

My

My

Be

i

SmCP,

Figure 2. Schematic representations of a bent-shaped molecule, and
organization of the molecules in the bent-core mesophases proposed for the

60 compounds studied in this work: Bg, Col, and SmCP, packings.

Figure 3. Photomicrographs between crossed polarizers of a) columnar phase
texture at 150 °C for compound B-BC,, and b) fan-shaped texture at 188 °C

65 for compound B,3-BC, consistent with a B mesophase.

It has been reported that, as a general trend, the ratio
between flexible and rigid structures, i.c. between terminal
chains and aromatic cores, affects the microsegregation of

2 these parts of the molecules and hence the supramolecular

arrangements achieved.®® Shorter terminal chains give rise to
intercalation of the molecules, generating Bg or nematic

This journal is © The Royal Society of Chemistry [year]
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phases. On increasing the number of carbons in the chain,
the balance between the two moieties of the molecule
precludes intercalation, giving rise to an organization in
ribbons, and thus leading to Col, phases, which usually do
s not show any response to an electric field. Results of these
two new n-butoxy bent-core compounds agree with these
expectations.
The bent-core mesophases are promoted by the neat bent-
shaped geometry of the compounds. According to density
10 functional theory (DFT) applied for methoxy-analogs,
both o—B and B-B molecules show significant twisting of the
backbone (Figure 4), in particular within the biphenyl unit
(torsional angle 6; = 40 °) and in the cyanovinylene unit
where the phenyl rings in direct proximity to the cyano
15 group are strongly tilted (6, = 29 ° for a-B and 6, = 31 ° for
B-B). However, substantial planarization of the backbones in
the mesophases might occur, promoted by the twist elasticity
of the cyanostilbene motif.'? Here, the local dipoles of the
cyano-groups are expected to drive the molecules into a
2 parallel arrangement with the cyano-groups in a slip-stack
fashion.®
On the other hand, taking into account the strong tendency
for  3,4’-biphenyl-compounds to promote lamellar
organization in mesophase (SmCP) for long terminal tails,
»s differences on the polar cyano-group orientation in the
o— and B-compounds, shown by the optimized geometries
(Figure 4), could be in the origin for the different liquid
crystal behavior found, tending to columnar-type
mesophases for the a-B, and a,a-B. In addition, as we
s mentioned above, all these bent-shaped cyanostilbenes
exhibit an outstanding solid polymorphism that can be
revealed by thermal treatments of pristine samples.
Furthermore, when two long terminal tails are present,
glassy mesophase-like organizations can be achieved on fast
35 cooling from the mesophase and detected by POM and XRD
at room temperature. Interestingly, many of these molecular

aggregations visually offer fluorescence differences.

Photophysics in solution.

The UV-Vis spectra in dichloromethane (DCM) solution of
« these compounds exhibit two distinct absorption bands, one
around 353-358 nm (A, band) and one around 266 nm (A,
band) (Figure 5), with varying intensities within the family
of compounds, see Table 2. According to our time-
dependent (TD) DFT calculations (for details see the ESI),

s Ay of a-B and (-B essentially contains the first two singlet

&

electronic excitations. Sy—S; is mainly formed from the
MOs (HOMO—LUMO) the
cyanostilbene unit, whereas S,—S, exhibits strong charge-

frontier located on
transfer (CT) character arising mainly from a HOMO-
1—=LUMO excitation, where HOMO-1 is located on the

biphenyl core. In the o,a- and ,3-compounds, the A; band

3

5

exhibits roughly double intensity compared to the a-/f-
compounds due to the presence of two cyanostilbene units.
The A, band, on the other hand, is mainly formed by
biphenyl-centered and phenyl benzoate centered transitions.

5

by

All cyanostilbene compounds emit around 450 nm; however,
the quantum yields are low in general, in agreement with
those reported in literature.* This was described earlier to
the slow excited state planarization which opens an effective

e channel towards a conical intersection for internal

3

conversion to the ground state via torsional modes.* The
latter are effectively hindered in solid environments. To test
this we prepared highly diluted PMMA films, where the
molecules are still molecularly dissolved, however in a rigid

¢s environment; in fact, in PMMA the compounds showed

By

significant enhancement of fluorescence (Table 2).

70

Table 2. UV-Vis and fluorescence data in dichloromethane (DCM) solution and dissolved in PMMA: Absorption and emission maxima (Aabs, Aem),
fluorescence quantum yields (®r), and lifetimes (tr), radiative and non-radiative rates (k;, k).

DCM PMMA
Aabs €m Aem Dy ¢ Aem D b T ° krd Kor ¢
/ nm /10* L mol! cm™ / nm / nm / ns /s /s
B-BC, A2:267 5.6 450 0.09 423 0.55 1.66 3.3-10° 2.7-10°
Al: 354 3.2
B.B-BC4 A2:264 3.3 450 0.09 426 0.61 1.65 3.7-10° 2.4-10°
Al: 354 6.0
B-B A2:267 5.5 450 0.08 422 0.55 1.60 3.4-10° 2.8-10°
Al: 354 3.1
B.p-B A2:264 3.4 450 0.08 427 0.62 1.56 4.0-10° 2.4-10°
Al: 353 6.0
o-B A2:267 4.0 442 <0.001 422 0.01 0.70 1.4-107 1.4-10°
Al: 356 3.3
ao,0-B A2:267 3.0 442 <0.001 431 0.01 0.46 2.2:107 2.2:10°
Al:358 7.8

“ From relative measurements using 9,10-diphenylanthracene in cyclohexane as reference (= 0.9). ” From absolute measurements in an integrating
75 sphere. ¢ Intensity averages from bi-exponential fits (see EST). ¢ From te = 1 /(k; +ku), @ = K, T.

4 | Journal Name, [year], [vol], 00—00
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is higher in PMMA. We thus rather ascribe this effect to a

freezing out of non-planar excited state conformations in

PMMA,® whereas in DCM broad conformational
% distributions are expected.®

Photophysics in the Solid Phases.

The photophysics of all compounds were investigated in the

bulk, i.e. in the solid polymorphs and mesophases, in order
35 to understand aggregation effects in detail. It should be noted
that the liquid crystalline samples (high temperature) show
photoinstability during the laser irradiation through a
combination of laser intensity, temperature and fluidity,
preventing experiments at high temperatures. Thus, the
photophysical characterization was focused on room

IS
=3

temperature (RT) studies with different solid samples (Table
Figure 4. Optimized geometries of a-B and B-B bent-core molecules with 3): the as-obtained solid (identiﬁed as pristine), and
methoxy-terminal tails. processed solids, i.e. films cooled down from the mesophase
at 10 °C min™' and remaining at RT for one day (identified as
45 slow cooled film, scf). In addition, for the n-tetradecyloxy
compounds B-B, B,-B, a-B and a,0-B, films were also
prepared by fast cooling (0 °C quenching) from the

mesophase (identified as fast cooled film, fcf in Table 3);
20 here, XRD confirmed that this method allows to freeze the
- 3 so organization of the liquid crystal phase at RT.
5 198
il 2
° —
()
13 10
- 2
o £
= -l
w 5 o 1 ,O 1 —scf
3‘ Pristine
‘w PMMA film
0 . . h . . . 0 s 081 —— fef (SMCPg)
250 300 350 400 450 500 550 600 650 b=
Wavelength (nm) i 0,64
5 o
Figure 5. Absorption and fluorescence spectra of bent-core compounds in °
dichloromethane solutions (A, see Table 2). The original fluorescence spectra g 0,4
have been divided by the absorbance at the excitation wavelength for better ©
comparison. For a-compounds, the fluorescence spectra were multiplied by E 0.2-
100. o
10 >
0,0

400 450 500 550 600 650

Remarkably, the quantum yield values are quite different Wavelength (nm)

depending on the position of the cyano-group, being below
0.001 for the oc-family and in the range of 0.07-0.09 for the 55 Figure 6. Fluorescence spectra of ‘B—B in differenF iolid samples. Pristine
K k 3 . powder (green), scf: slow cooled film at 10 °C min~ (dark blue), fcf; fast

is p—family in DCM, and also in PMMA the differences are cooled film (glassy SmCP) (red), solid solution in PMMA (light blue).

still significant (0.01 vs. 0.60). Extraction of the radiative

and non-radiative rates (k;, k., see Table 2) demonstrates

significantly lower radiative rates for the a-compared to the

B-family, and at the same time much higher non-radiative
w rates for the a-family, pointing to the fact that torsional

relaxation depends sensitively on structural factors and

influences both radiative and non-radiative decay channels.®

These findings will be discussed in more detail in a

forthcoming report.*> Interestingly, the fluorescence spectra 6
;s in PMMA all exhibit a significant blue shift against DCM.

This cannot be due to a polarizability effect, since the latter

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 5
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Table 3 Fluorescence data in the condensed phases: Emission maxima (Aem), fluorescence quantum yields (@), and lifetimes (tr), radiative and non-
s radiative rates (k;, ky,), relative rates against PMMA, assignment of H/J-aggregation, in/decrease of the free volume.
Compound sample Aem D¢ <> k. © Ko k/Kepmma  Kn/Korpmma  H/T Y Free
/ nm / ns /s /s vol.¢
p-BC4 pristine 495 0.72 12.9 5.6:107 2.2:107 0.17 0.08 H --
scf 478 0.27 5.9 4.5-107 1.2-10° 0.14 0.44 H -
B,B-BC, pristine 476 0.35 6.47 5.4:107 1.0-10° 0.15 0.42 H -
scf 475 0.63 3.97 1.6-10° 9.3-10’ 0.43 0.39 wH -
B-B pristine 468 0.03 1.43 2.1-107 6.8-10° 0.06 2.43 H +
scf 455 0.24 1.25 1.9-10° 6.1-10° 0.56 2.18 wH +
fef (SmCP,) 457 0.04 3.43 1.2:107 2.8-10° 0.04 1.00 H +/-
B,8-B pristine 493 0.04 3.71 1.1-107 2.6-10° 0.03 1.08 H +/-
scf 470 0.15 1.90 7.9-107 4.5-10° 0.20 1.88 H +
fef 478 0.12 3.33 3.6:107 2.6-10° 0.09 1.08 H +/-
(DC-SmCP,)
o-B pristine 497 0.03 2.80 1.1-107 3.5-10° 0.79 0.25 H -
scf 476 0.01 0.47 2.1-107 2.1-10° 1.50 1.50 H/ +
fef (SmCP,) 471 0.01 1.06 9.4-10° 9.3-10° 0.67 0.66 wH +/-
a,0-B pristine 495 0.01 0.68 1.5-107 1.5-10° 0.68 0.68 wH +/-
scf 494 0.02 1.84 1.1-107 5.3-10° 0.50 0.24 wH -
fef (Col,y) 494 0.01 1.30 7.7-10° 7.6:10° 0.35 0.35 H -

“ from absolute measurements in an integrating sphere. * intensity averages from tri-exponential fits (see SI).  from s = 1 /(k, +kyr), ®¢ = kyTe. ¢ H/J-
aggregation assignment from comparison of k, to PMMA. ¢ in-/decrease of free Volume from comparison of k,, to PMMA.” pristine: powder as-obtained
solid sample, scf": film from processed solid by slow cooling at 10 °C/min, fcf: film from processed solid by fast cooling from mesophase (0 °C
quenching); SmCP,: vitrified SmCP mesophase; Col,,: vitrified Col, mesophase.

» reminded that the molecular exciton model only tells

2 1)&231\ something about energies and oscillator strengths (and thus

ZQ 8‘ } z X radiative rates) of exciton states, but not on efficiencies

(®r),* since the latter not only depend on k, but also non-

/) / radiative rates k,,. Finally, for samples with higher optical

35 densities (powders and thicker films), assignment of H/J-

aggregation cannot rely on spectral shifts,** but rather on
radiative rates.®

The emission spectra of the condensed phases are red-shifted

it i

L IR

Figure 7. Schematic representations of general packing models for
compounds with two cyanostilbene units (left) and one cyanostilbene unit
(right) in the condensed phases, where H-aggregation of the cyanostilbene-
containing lateral part (in orange color) is shown.

a

Upon aggregation, interactions between the chromophores
result in (partly) significant changes of the emission spectra
and dynamics compared to the diluted systems in DCM and
0 PMMA (Table 3). The main contribution arises from
molecular excitons formed by interaction of the molecular
Sp—S, transition dipoles moments (TDM), which in case of
'side-by-side' (‘head-to-tail') orientation lead to H- (J-)

aggregation®”#%%

with blue (red-) shifted absorption spectra,
s and smaller (larger) radiative rates compared to solution.
Since there is often confusion in literature, it should be noted
that since Kasha's original model based on point dipoles®’ is
not suitable for closely packed aggregates, quantum-

chemical models have to be used instead.® It should also be

against (solid) solution, see Figure 6 and Table 3. This is
« partly due to excitonic effects, but also due to the higher
(anisotropic) polarizability compared to solution.”® The
radiative rates are all smaller than in PMMA (with exception
of a-B scf), indicating H-aggregation, however with varying
degree (Table 3). In the scf phase of o-B, a 50%
ss enhancement of k, against PMMA is observed, which we
however mainly ascribe to the higher polarizability in the
condensed phase since k, scales with the square of the

91,92

refractive index so that excitonic effects are very small in

this sample. H-aggregation can be rationalized by the

3

so common 'bent-core bunch' packing features of these bent-
shaped structures, in which the TDM of neighboring
cyanostilbenes (being oriented along the conjugated core),
will be only slightly shifted against each other (Figure 7).
Anyway, packing these

can vary significantly for

5

by

compounds, and depending on the preparation method (as-
obtained solid vs. processed solids from heated samples),
different degrees of H-aggregation are obtained; fast cooling
might further freeze out different arrangements, e.g. keeping
a similar packing to the liquid crystal phase (SmCP, or

6 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]



Page 7 of 11

Physical Chemistry Chemical Physics

Col,), depending on the compound (Table 3). Specifically,
strong H-aggregation was observed for $-B and 3,3-B in the
SmCP and pristine phases, respectively. However, it's
difficult to make more far-reaching conclusions, due to the
s strong dependency on preparation history. In particular, for
many of the compounds the crystal phase obtained in the
first cooling is not stable and evolves with time to different
ones, which are not identical to the former.
The different solid-state arrangements give rise to varying
10 degrees of free volume as can be qualitative deduced from
the change of the non-radiative rates against (solid) solution,
since dense packing gives rise to small free volume, and thus
low internal conversion rates. Here, a significant smaller free
volume is observed for compounds with short terminal tails
1s compared to those with two long n-tetradecyloxy chais
(Table 3). Thus, highly luminescent bent-core cyanostilbene
materials should combine large molecular k, with weak H-
aggregation and low free volume, which in fact gives a
hierarchy of luminescence in the order a-/a,a-B = B-B <
2 B3,B-B << B-/B,B-BC,.

Thermochromism.

As discussed earlier, the bent-core cyanostilbenes give rise
to a variety of crystal polymorphs and liquid crystalline
phases, offering the unique chance to study the fluorescence
s properties as a function of temperature. In general all
compounds show thermochromism with a blue- shift of the
fluorescent wavelength on heating.
We were able to record visual changes of the fluorescence
color by taking pictures of films at different temperatures
3 using as excitation source a handheld 365 nm UV lamp
during short exposition times. Under these conditions the
compounds did not suffer from photoreactions at high
temperature. But, using the light source of the spectrometer
to excite the samples at high temperature was not reliable
;s due to the lack of stability of the compounds, which
prevented to obtain the real fluorescence spectra at variable
temperature.

140 °C
(Colr)
)

| 8
25°C
(Cr,)

150 °C
(Colr)

Pristine
(Cry)

150 °C
(Colr)

140 °C
(Colr)

25°C
(scf)

4

3

IS
&

@
3

"
ot

60

65

70

For the o-compounds, which have shown to be low
luminescent in the pristine powder at room temperature (vide
supra), the luminescence in the liquid crystal phases on
heating was barely visible. For the -compounds, as they
show higher luminescent quantum yields in the pristine solid
the
becomes more evident, as demonstrated for compound (-

compared to the oa-compounds, thermochromism

s BC,4 in Figure 8. For B-BCy, the pristine powder (Cr;) show a

yellow-green luminescence and undergoes a blue-shift on
heating to the liquid crystal phase (Col,), and a further blue-
shift on passing to the isotropic liquid (I). Upon cooling
the the
luminescence intensity increases while the spectra are red-

from isotropic liquid to room temperature,
shifted. The wavelength emission of the crystal phase
obtained from cooling (Cr,) is different from the pristine
solid (Cry). This crystalline phase (Cr,) however is not stable

and transforms, after one day, to another polymorph (sc¢f in

s Table 3) that is more luminescent and with a red-shifted

emission. This change does not bear any apparent clear
change at the DSC. The in the
fluorescence color demonstrate that it is very sensitive to

significant changes

small environmental changes.

100 150

Temperature (° C)

Figure 8. a) Thermochromism of 3-BC,; b) first cycle DSC thermogram (10 °C min™) of B-BC, with the photographs under UV light of the as-obtained solid (Cr; or

pristine) and the crystal phase (Cr,) obtained from cooling at RT.
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Experimental

Materials and methods.

Chemical reagents used in this study were purchased from
Aldrich and were used without further purification. '"H-NMR
spectra were recorded on spectrometers operating at 300.13
MHz (ARX-300 and AV-300) and 400.17 MHz (AV-400),
whereas *C-NMR spectra were recorded at 75.47 MHz and
100.62 MHz, respectively, on the same spectrometers. The
of the
determined by elemental analysis performed on a Perkin-
Elmer 240C CHNS elemental analyzer. FT-IR spectra were
performed in a ThermoNicolet Avatar 360 using KBr pellets.
Mass spectral data (MALDI+) were obtained using a
Microflex (MALDI-ToF).
identification was based on microscopic examination of the

compositions synthesized compounds were

The preliminary mesophase

textures formed by samples between two glass plates. Nikon
and Olympus BH-2 polarizing microscopes equipped with a
Linkam THMS600 hot stage were used. The temperatures
and enthalpies of the phase transitions were determined by
calorimetric measurements with DSC TA Instrument Q-20
system. Molecular dimensions were estimated by molecular
modeling (ChemSketch3D). The X-ray investigations on
non-oriented samples were carried out in Lindemann
capillary tubes (diameter 0.9 mm) using a Pinhole (Anton-
Paar) film camera. Synthetic procedures and characterization
data of the novel compounds are reported in the ESI.

Solid solutions of cyanostilbene molecules were prepared by
adding a solution of cyanostilbene bent core molecules to a
solution of PMMA in dichloromethane and stirred to have a
homogeneous mixture. The concentration of the molecules
were kept below 0.01 (w/w)%. The solution was then spin
coated on a fused silica substrate to form a solid solution of
these molecules in the PMMA matrix.

Photophysical Measurements.

Absorption and fluorescence measurements in solution were
carried out using ATI-Unicam UV4-200 and PERKIN-
ELMER LS50B
emission in solid state was measured in Horiba FluoroLog 3

instrument, respectively. Fluorescence
Spectrophotometer, equipped with double monochromators
at the emission and excitation sides. Fluorescence lifetime
experiments were performed by the time-correlated single
photon counting (TCSPC) technique. The excitation source
was a 405 nm picosecond pulsed diode laser (LDH-D-C-
405, PicoQuant) driven by a PDL828 driver (PicoQuant)
with FWHM < 70ps. The emission was dispersed in
wavelength using an Acton SP2500 spectrometer (as
mentioned above) and detected by a blue sensitive, low dark
current photomultiplier (PMA 06, PicoQuant), which covers
a spectral range from 220 to 650 nm (transit time spread <
50 ps, FWHM). A HydraHarp-400 TCSPC event timer with
1 ps time resolution was used to measure the fluorescence
decays. The PL quantum efficiencies of solutions and in

5

6

7

7

8

8;

El

10

by

3

By

=)

o

=3

&

3

b3

3

condensed phases were measured in an absolute quantum
yield measurement system (Hamamatsu C9920) with a
detection range from 300 nm to 950 nm and bandwidth from
2 nm to 5 nm (FWHM).

Quantum-chemical Calculations.

The geometries were optimized without symmetry restriction
at the density functional theory (DFT) level, employing the
B3LYP functional and the 6-311G* basis set as implemented
in the Gaussian09 program package.”® Vertical excited states
of anti and syn rotamers were calculated using time-
dependent (TD)DFT (B3LYP/6-311G*).

Summary and Conclusions

Novel fluorescent bent-core molecules containing the high
current interest cyanostilbene structure have been prepared
and characterized. It is shown that molecular packing of
these bent-shaped cyanostilbenes can be modulated by the
number of chromophores (one or two cyanostilbene units),
the position of the cyano-group (o— or f—families) and the
length of the terminal alkoxy chains. Indeed, rich crystal
polymorphism and bent-core liquid crystal phases (SmCP,
Col, and B¢ mesophases) have been obtained.

Fluorescent properties are different in diluted liquid solution
(DCM), diluted solid solution (PMMA) and condensed
phases. The increase in quantum yield and the blue shift of
the emission maxima in PMMA (around 420 nm) with
respect to DCM (around 450 nm) is ascribed to a freezing
out of non-planar excited state conformations in PMMA,
whereas in DCM broad conformational distributions are
expected. Remarkably, the quantum yield values are also
different depending on the position of the cyano-group,
being below 0.001 for the a-family and in the range of 0.07-
0.09 for the B-family in DCM, and also in PMMA the
differences are still significant (0.01 vs. 0.60). Studies in
solid samples at RT show that upon aggregation, interactions
between the chromophores result in changes of the emission
spectra and dynamics compared to the diluted systems in
DCM and PMMA. The radiative rates are all smaller than in
PMMA, indicating H-aggregation for almost all compounds
with varying degree depending on the packing, which is
rationalized by the common “bent-core bunch” packing
Short-chain
compounds, 3-BC,4 and B,f-BC,, are specially interesting as

features of these bent-shaped structures.
crystal phases with very high quantum yields (up to 0.7)
have been obtained, and combine large molecular radiative
rates, weak H-aggregation and low free volume.

Finally, thermochromic properties have been described with
to Dblue)

fluorescence measured in the different phases on heating or

significant changes (from yellow-green in

cooling.
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In conclusion, these compounds show that the incorporation
of the cyanostilbene unit in a bent-core liquid crystal-type
structure gives rise to a rich phenomenology in terms of
which
translates in changes in the fluorescent properties, giving rise

molecular structure and packing arrangements,
to systems that are very sensitive to small environmental
changes.
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