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ABSTRACT

We describe the synthesis and spectroscopic study of the bichromophoric molecule DA-meso
consisting of two boron difluoride curcuminoid (BF,-curcuminoid) units tethered by the rigid
diacetylenic bridge. This structural feature imparts the quadrupolar-like DA-meso with a
strong ability to self-assemble in solution, which induces a profound change in the optical
properties. The UV-vis absorption spectrum of the aggregate is characterized by the
appearance of a redshifted band at low energy and its fluorescence emission occurs in the near
infrared (Amax = 700 nm) with a low quantum yield (5 %). This is in contradiction with the
strong emission expected for J-aggregates considering the Frenkel exciton model. From
concentration-dependent UV-vis absorption spectroscopy we demonstrate the formation of a
dimer composed of four BF,-curcuminoid units. Single-crystal X-ray diffraction structure
analysis and in-depth quantum chemical calculations based on density functional theory
(DFT) and subsequent decomposition of the electronic excited states on a diabatic basis
enable to discuss the geometry of the DA-meso dimer, and to establish the presence of excited
states close in energy to that of the unperturbed monochromophore, which are not predicted
by the classical Frenkel exciton model. Different dimer structures characterized by n-stacks of

two and up to four chromophores are investigated, in which low-lying excited states with



vanishing oscillator strength are found to be redshifted with respect to the lowest-energy
allowed state of the aggregate. From these experimental and theoretical data, the spectral
features of the DA-meso dimer are rationalized by considering the formation of a “non-
fluorescent J-aggregate”, illustrating the trend in non-Kasha behavior observed for

quadrupolar-like dyes.



1. Introduction

The understanding of solid-state optical and electronic properties of dye molecules and
organic semiconductors is key to improving the performance of functional materials for
electronic, photonic, nonlinear optic, and photovoltaic applications [1-14]. Neutral electronic
excitations, known as Frenkel excitons, play a fundamental role in electronic absorption,
luminescence emission, and charge generation processes taking place in molecular
aggregates. This is especially the case for polycyclic (hetero)aromatic hydrocarbons such as
oligoacenes and perylene derivatives characterized by weak permanent ground-state and
excited-state dipole moments. In this case, the S; € Sy transition displays no significant
intramolecular charge transfer (intra-CT) contribution, making the associated transition dipole
moment poorly sensitive to the environment. As a result, a satisfactory description for the
change in optical properties when passing from the isolated to the aggregated molecules is
provided by the long-range Coulombic interaction coupling between transition dipoles, which
is itself determined by the spatial arrangement of interacting molecules in the aggregate [15].
Within the Kasha model, based on the Frenkel exciton theory, red and blue shifts of the
electronic absorption spectra are usually considered as characteristic spectral signatures of the
standard J- and H-aggregates, respectively.

Unlike apolar acenes, dipolar D-z-A and polarizable quadrupolar-like D-n-A-w-D (or
A-n-D-n-A) chromophores, where D and A denote electron donor and acceptor subunits,
respectively, bridged by a m-conjugated moiety, display an intriguing behavior. Indeed, large
deviations from the Frenkel exciton model have been noticed for a variety of such molecular
systems in the solid state, including multipolar V-shaped chromophores and squaraines [16-
22]. Dipolar and quadrupolar n-conjugated molecules constitute a topical class of chemical
structures on which to base delayed fluorescence (DF) emitters and donors or acceptors for

bulk heterojunction solar cells for example [23-31]. In view of their photonic and electronic



applications, it is therefore crucial to understand the properties of this class of molecules in
the solid state.

The non-Kasha behavior of dipolar D-n-A and polarizable D-n-A-n-D chromophores
largely stems from the intra-CT nature of the S; & Sy transition inducing significant changes
in electronic distribution and dipole moment in the excited state. In other terms, the transition
dipole moment of polar and polarizable dyes is much more sensitive to intermolecular
interactions than that of apolar chromophores, and acutely feels the electrostatic potential
generated by neighboring molecules [16,19,32,33]. The Frenkel exciton picture overlooks
these features and is therefore insufficient to explain the observed anomalous spectral shifts
and band shapes for the head-to-tail (J) and card-pack (H) arrangements for example.
Furthermore, D and A fragments of adjacent D-r-A and D-n-A-7-D dyes in the solid state can
exhibit dense aggregation modes with close contacts between D and A moieties of interacting
molecules. Such short-range interactions can promote the formation of low-energy
intermolecular charge transfer (inter-CT) states resulting from the dissociation of Frenkel
excitons into pairs of charge carriers localized at different molecules [34-36]. In this sense,
Spano has outlined the theoretical grounds to rationalize the effect of inter-CT interactions on
the optical properties of dye aggregates [37].

Recently, we have reported the photophysical properties of a series of boron difluoride
(BF,) complexes of curcuminoid derivatives (BF2-curcuminoids) in solution- and solid-state
[38-43]. These molecules have a D-n-A-m-D structure comprising a dioxaborine (DOB) ring
as A motif and a variety of terminal D groups have been considered. The triphenylamine
(TPA) D unit has been shown to endow the BF2 compound (Chart 1) with DF emission in the
solid state as due to the participation of dark singlet and triplet inter-CT states interconverting
with the emitting intra-CT singlet state [44]. Despite significant intermolecular m-stacking

interactions in the crystal, the shape of the UV-vis absorption spectra of solid-state TPA-



containing BF,-curcuminoids did not exhibit the profound changes generally expected for
excitonically coupled chromophores [38,39,44]. In contrast, the solid-state absorption spectra
of related chromophores with two para-methoxyphenyl (PMP) D subunits as in R-Me (Chart
1) were found to be strongly affected, showing the appearance of a redshifted shoulder at low
energy that suggests the possible formation of J-aggregates [21]. However, R-Me showed a
considerably redshifted fluorescence with respect to the emission in solution, reaching a
maximum beyond 700 nm and having a low quantum yield @ of 5 %, in contradiction with
the strong emission expected for J-aggregates within the Frenkel exciton model. Moreover, no
DF emission could be detected in the case of PMP-containing BF,-curcuminoids.

In a previous attempt to rationalize the behavior of PMP-containing BF,-
curcuminoids, we investigated different covalently-tethered bichromophoric dyes in which
two BF,-curcuminoid units were linked by a flexible polymethylenic chain [22,45]. Although
these model compounds provided interesting experimental and theoretical insights into the
electronic and photophysical properties of loosely interacting BF,-curcuminoid units, the data
did not reproduce the spectral feature on the red side of the UV-vis absorption band and the
considerably redshifted and weak fluorescent emission, both characteristic of tightly
aggregated BF,-curcuminoid dyes in the solid state, e.g., in R-Me nanoparticles [21].
Therefore, there is a need for building aggregate models having a geometry and a size more
representative of the solid-state arrangements. In this context, we report the synthesis and
aggregation behavior of DA-meso in which a rigid diacetylene linker bridges two BF,-
curcuminoid units via the phenyloxy group on the central (meso) position of each
curcuminoid backbone (Chart 1). The choice of the diacetylene spacer has proven successful
in a number of studies, including the generation of receptors for organic molecules [46],
tweezer molecules [47] and reactive self-assembling building blocks in topochemical

photoreactions [48]. The Wirthner group used the diacetylene spacer to generate well-defined



dye aggregate structures and, as an example, described recently the spacer-encoded self-
assembly of merocyanine H-aggregates composed of z-stacks of up to eight chromophores
[49]. In this study, we have investigated the solution-phase self-assembly of DA-meso using
concentration-dependent UV-vis absorption spectroscopy, single-crystal X-ray diffraction
structure analysis and quantum chemical calculations based on density functional theory
(DFT). Decomposition of the electronic excited states on a diabatic basis allowed us to gain
deep insight into the nature of electronic excited states of the aggregates, in comparison to

those of the R-meso monochromophoric compound used as reference (Chart 1).
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2. Experimental section
2.1. Materials and general physical measurements

All solvents for synthesis and spectroscopic measurements were of analytic and
spectroscopy grades, respectively. NMR spectra were recorded at room temperature on a

JEOL JNM ECS 400 (400, 100 and 376 MHz for *H, *C and *°F respectively). Data are given



in parts per million (ppm) and are reported relative to tetramethylsilane (*H); residual solvent
peaks of the deuterated solvents were used as an internal standard. The multiplicity of signals
is designated by the following abbreviations: s, singlet; d, doublet; t, triplet. High-resolution
mass spectrometry (HR-MS) was performed on a SYNAPT G2 HDMS (Waters) with
electrospray ionization (ESI) in the positive mode and time-of-flight (TOF) mass analysis.
UV-vis absorption spectra were measured using a dual-beam JASCO V670
spectrophotometer and quartz cuvettes with a path length of 10 cm. Fluorescence and
phosphorescence emission spectra were recorded on a FluoroLog-3 (Jobin Yvon HORIBA
iIHR 320). Cyclic voltammetry was carried out using a BAS 100 Potentiostat (Bioanalytical
Systems). A Pt working electrode (diameter 1.6 mm), a Pt counter electrode and a leak-free
Ag/AgCI reference electrode of 5 mm diameter were used. Cyclic voltammograms were
recorded at a scan rate of 100 mV-s* for solutions of the compounds (5x10™* M) in
dichloromethane (DCM) containing n-BusNPFg (0.1 M) as supporting electrolyte. Ferrocene
(Fc) was used as an internal standard. The data were analyzed with BAS100W software
(v2.3).
2.2.  Synthesis of DA-meso

DA-meso was synthesized following the route shown in Scheme 1. Compound 1 was
synthesized according to a published procedure [40].
2.2.1. Compound 2

BBr; (4.85 mL, 1 M solution in DCM) was added dropwise to a solution of compound
1 (200 mg, 0.97 mmol) in DCM (10 mL) maintained at O °C. The reaction mixture was stirred
at room temperature overnight. The reaction was quenched with water (20 mL) and extracted
three times with ethyl acetate (3 x 30 mL). The combined organic layers were dried over
anhydrous MgSOQ,, filtered and the solvent was removed under vacuum. The crude product

was purified on a silica gel column with petroleum ether/ethyl acetate (8/2 v:v) as eluent,



giving 2 as a white powder (141 mg, 79 %). *H NMR (400 MHz, CDCls) 6 (ppm): 7.03 (d, J
= 8.6 Hz, 2H), 6.85 (d, J = 8.6 Hz, 2H), 1.89 (s, 6H). “*C{*H} NMR (100 MHz, CDCls) 5
(ppm): 191.4, 155.1, 132.5, 129.4, 115.9, 114.7, 24.3.
2.2.2. Compound 3

A solution of compound 2 (620 mg, 3.23 mmol), 3-bromo-1(trimethylsilyl)-1-propyne
(792 uL, 4.85 mmol) and potassium carbonate (536 mg, 3.88 mmol) in acetone (5 mL) was
refluxed for 4 h. After filtration and solvent evaporation, the residue was taken into ethyl
acetate (100 mL). The organic phase was washed with brine (30 mL), water (30 mL), and
dried over anhydrous MgSO,. After filtration, the solvent was removed under vacuum and the
crude product was purified on a silica gel column with cyclohexane/DCM (3/7 v:v) as eluent,
giving product 3 as a yellow oil (498 mg, 51 %). *H NMR (400 MHz, CDCls) 6 (ppm): 7.08
(d, J = 8.8 Hz, 2H), 6.98 (d, J = 8.7 Hz, 2H), 4.07 (s, 2H), 1.89 (s, 6H), 0.17 (s, 9H). *C{*H}
NMR (100 MHz, CDCI3) 6 (ppm): 191.4, 157.2, 132.2, 130.0, 115.3, 114.7, 100.0, 93.1, 57.0,
24.3, 0.17.
2.2.3. Compound 4

Compound 3 (500 mg, 1.70 mmol) and B,03; (260 mg, 3.74 mmol) were mixed into
ethyl acetate (10 mL) and stirred at 60 °C for 30 min. A solution of 4-methoxybenzaldehyde
(455 pL, 3.74 mmol) and tri-n-butyl borate (1.15 mL, 4.25 mmol) in ethyl acetate (10 mL)
was added, and the mixture was stirred at 60 °C for 30 min. Then, n-butylamine (84 uL, 0.85
mmol) was added to the solution. A second aliquot of n-butylamine (84 pL, 0.85 mmol) was
added after 2 h. The reaction mixture was heated overnight. After cooling to room
temperature, a solution of diluted hydrochloric acid (10 mL) and water (90 mL) was added
and the resulting mixture was stirred for an additional 30 min. The reaction mixture was
extracted with ethyl acetate (3 x 100 mL). The organic layer was dried over anhydrous

MgSO,, and the solvent was removed under vacuum to leave a brown residue. The crude



product was purified on a silica gel column with cyclohexane/DCM (1/1 v:v) as eluent.
Compound 4 was obtained as an orange solid (345 mg, 38 %). Mp: 119-120 °C. *H NMR
(400 MHz, CDCls) 6 (ppm): 7.65 (d, J = 15.7 Hz, 2H), 7.31 (d, J = 8.6 Hz, 4H), 7.21 (d, J =
8.4 Hz, 2H), 7.05 (d, J = 8.5 Hz, 2H), 6.83 (d, J = 8.5 Hz, 4H), 6.39 (d, J = 15.6 Hz, 2H), 4.78
(s, 2H), 3.81 (s, 6H), 0.21 (s, 9H). **C{*H} NMR (100 MHz, CDCls) 6 (ppm): 182.9, 161.3,
157.3, 140.7, 133.5, 130.0, 128.6, 128.2, 120.2, 115.4, 115.0, 114.4, 100.1, 93.2, 56.9, 55.5, -
0.10.
2.2.4. Compound 5

To a solution of compound 4 (105 mg, 0.18 mmol) in THF (4 mL) was added a
solution of TBAF in THF (1 M, 180 uL). The solution was stirred at room temperature for 1
hour. Brine (5 mL) was added to the solution and the content was extracted with DCM (4 x 30
mL). The organic layer was dried over anhydrous MgSQO,, filtered and the solvent was
removed under vacuum. The crude was filtrated on short column of silica gel with
cyclohexane/ethyl acetate (1/9 v:v) as solvent. The obtained orange solid was solubilized in
DCM (5 mL), and boron trifluoride etherate (26 pL, 0.21 mmol) was added dropwise to the
solution. The reaction mixture was stirred at 40 °C overnight. After cooling, the solvent was
removed under vacuum and the crude was purified on silica gel column with
cyclohexane/DCM (3/7 v:v) as eluent. Compound 5 was obtained as a red powder (70 mg, 75
%). Mp: 108-109 °C. *H NMR (400 MHz, CDCl3) & (ppm): 7.01 (d, J = 15.4 Hz, 2H), 7.37
(d, J = 8.8 Hz, 4H), 7.22 (d, J = 8.6 Hz, 2H), 7.10 (d, J = 8.7 Hz, 2H), 6.85 (d, J = 8.8 Hz,
4H), 6.38 (d, J = 15.4 Hz, 2H), 4.80 (d, J = 2.4 Hz, 2H), 3.82 (s, 6H), 2.60 (t, J = 2.3 Hz, 1H).
Bc{"H} NMR (100 MHz, CDCls) § (ppm): 178.0, 162.8, 157.9, 147.3, 133.4, 131.5, 127.5,
125.8,117.1, 115.5, 115.0, 114.8, 78.4, 76.1, 56.2, 55.7.

2.2.6. DA-meso
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A mixture of compound 5 (145.0 mg, 0.28 mmol), 1,4-benzoquinone (27.2 mg, 0.25
mmol), Cul (0.5 mg, 0.003 mmol) and PdClI,(PPh3), (0.4 mg, 0.0006 mmol) were combined
in toluene (5 mL) in a 25 mL Schlenk tube maintained under argon atmosphere. Diisopropyl
amine (56 pL, 0.40 mmol) was added and the reaction was stirred at room temperature for 23
h. The mixture was passed through a short plug of silica, with DCM as eluent, to remove
inorganic catalysts. The solvent was removed under vacuum. The crude was purified on silica
gel with DCM as eluent, giving DA-meso as a red powder (87 mg, 60 %). Mp: 229-230 °C.
'H NMR (400 MHz, DMSO-d6) & (ppm): 7.99 (d, J = 15.5 Hz, 4H), 7.55 (d, J = 8.5 Hz, 8H),
7.32(d, J = 8.2 Hz, 4H), 7.17 (d, J = 8.2 Hz, 4H), 6.99 (d, J = 8.5 Hz, 8H), 6.39 (d, J = 15.5
Hz, 4H), 5.12 (s, 4H), 3.78 (d, 12H). ®*C{*H} NMR (100 MHz, DMSO-d6) 5 (ppm): 177.0,
162.7, 157.2, 146.6, 133.0, 131.5, 126.7, 124.8, 116.5, 115.3, 115.0, 114.9, 76.0, 70.2, 56.0,
55.5. 9F NMR (376 MHz, DMSO-d6) & (ppm): -137. 5 (**B-F, 0.2F), -137.6 (*'B-F, 0.8F).
(HR-MS (ESI") for (CeoHagO10F4B2Na") (m/z): Calcd. 1049.3281, found 1049.3273.

2.3.  Computational Details

Optimization of the ground state geometries of monomer and dimers d0, d1 and d2 were
performed using DFT with the ®B97X-D exchange—correlation functional [50] and the 6-
31+G(d) basis set, as implemented in the Gaussianl6 package [51]. Electronic vertical
excitations were computed using time-dependent (TD) DFT at the same level of
approximation. Diabatic states of d0-d2 were obtained from adiabatic excited states
calculated using the Tamm-Dancoff approximation (TDA) [52] at the ®B97X-D/6-31G(d)
level by means of the Boys localization scheme [53], as implemented in Q-Chem [54]. For the
diabatization process, 10, 18 and 24 adiabatic states were considered for dO, d1 and d2,
respectively.

2.4.  Crystallographic structure of DA-meso
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Dark red single crystals of DA-meso could be obtained by slow evaporation of a DA-meso
solution in DCM/cyclohexane (1/1 v:v) at room temperature. The intensity data for the single-
crystal X-ray diffraction analysis were collected on a Rigaku Oxford Diffraction SuperNova
diffractometer at room temperature by using Cu/Ka radiation (1 = 1.54184 A). Data
collection reduction and multiscan ABSPACK correction were performed with CrysAlisPro
(Rigaku Oxford Diffraction). Using Olex2 [55] the structures were solved by intrinsic phasing
methods with SHELXT [56] and SHELXL [57] was used for full matrix least squares
refinement. All H-atoms were found experimentally and refined as riding atoms with their
Uiso parameters constrained to 1.2Ueq(parent atom) for the CH and CH, groups and to
1.5Ueq(parent atom) for the CH;. CCDC 2169864 for DA-meso contains supplementary

crystallographic data.

2.5.  Mathematical models used for the description of DA-meso aggregation equilibria

According to the monomer-dimer model M + M 2 D (=M,) [58,59], the dimerization

constant Kp = Cp/Cum? can be expressed as Kp = Zlc_ ™

— where ay is the molar fraction of
TM

monomer species and Ct = Cy + 2Cp is the total DA-meso concentration. Hence, av can be

expressed as a function of Kp and Cr:

_ —1+/8KpCr + 1

Mu = 4K Cr

The apparent molar absorption coefficient &, = emam + eo(1-am) was plotted against Cr.
Curve fitting was performed using Igor Pro software from WaveMetrics, which provided
calculated values of Kp, amv, av and ep. We also used the isodesmic (equal K) model [59-61]

and followed the same procedure taking:

_ 2KCr+1—\J4KCr + 1

4K2CE

24V
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3. Results

3.1.  Synthesis of DA-meso

The synthesis of R-meso was described elsewhere [41]. The key precursor in the synthesis of
DA-meso is 3-(p-hydroxyphenyl)-2,4-pentanedione 2 (Scheme 1). According to literature
[62], this compound could be obtained directly from Cul/L-proline-catalyzed arylation of
acetylacetone. However, the yield of this reaction was found to be low (< 20%) when 4-
iodophenol was employed as a reactant. We therefore carried out the same reaction using
instead 4-iodoanisole to obtain the meso anisole intermediate 1 as described elsewhere
[41,62], which was subsequently demethylated with BBr3; in DCM to afford 2 in two steps
with an acceptable overall yield of 49 %. Alkylation of the deprotected phenol function in
compound 2 using conventional procedures afforded the propargyl-containing derivative 3.
Claisen-Schmidt condensation of compound 3 with para-anisaldehyde was performed using
boric acid producing a free curcuminoid intermediate 4, which was then reacted successively
with (n-Bu)4NF and BFseetherate to provide curcuminoid-BF, 5 [41]. Finally, DA-meso
molecule was assembled via a Glaser coupling of 5 under palladium catalysis in the presence
of copper iodide in toluene. DA-meso was obtained with an overall yield of 7.5 % from 3
[63]. DA-meso was found not soluble enough for recording NMR spectra in chlorinated
solvents. It was sparingly soluble in deuterated dimethyl sulfoxide (DMSO-d6), which
enabled recording its proton and heteronuclear NMR spectra. Compared to R-meso, the *H
spectrum of DA-meso in DMSO-d6 revealed no aggregation (Figure S7). The same
conclusion was drawn from electrochemical measurements. The cyclic voltammograms
recorded in DCM at 5x10® M were consistent with the electrochemical behavior of

monochromophoric BF,-curcuminoids (Figure S11), showing the oxidation and reduction
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half-wave potential values (E° = +1.13 V vs. Fc/Fc*, E°eq = -1.27 V vs. Fc/Fc*) very close

to those obtained for R-meso (E°o = +1.05 V vs. Fc/Fc*, E°eq = -1.23 V vs. Fc/Fc™) [40].

Scheme 1. a) BBr;, DCM; b) 3-bromo-1(trimethylsilyl)-1-propyne, K,COs, acetone; c) 4-
methoxybenzaldehyde, B,0s;, (n-BuO);B, n-BuNH,, AcOEt; d) (n-Bu)4NF, THF then

BF;-etherate, DCM; e) 1,4-benzoquinone, Cul, PdCly(PPhs),, (i-Pr),NH, toluene.

3.2. Spectroscopic properties in solution

The spectral and photophysical properties of the monochromophoric reference
molecule R-meso were reported previously [41]. The UV-vis absorption spectrum of DA-
meso (conc. 10° M) in DCM, di(n-butyl) ether and diethyl ether matched the absorption
profile of R-meso (Figure S12) indicating no aggregation in those solvents at this
concentration. This observation also confirmed the absence of significant intramolecular
interaction between BF,-curcuminoid subunits in DA-meso, because the stiffness of the
bridge forces the two chromophores to lie apart from each other. This is clearly evidenced by
the computationally optimized ground state geometry of DA-meso (Figure S17).

To monitor the self-assembly of DA-meso in solution, we recorded the UV-vis

absorption spectra in the apolar solvent cyclohexane (CH) at room temperature as a function
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of concentration. The experiments were performed in the concentration range 4.9x10® M -
2.5x107 M. Higher concentrations resulted in solute precipitation. Figure 1 shows the
concentration-dependent decrease of the DA-meso low-energy absorption band peaking at
497 nm and the concomitant appearance of a redshifted (> 520 nm) feature when
concentration increases. The presence of a clear isosbestic point at 516 nm indicates the
existence of a thermodynamic equilibrium between the bichromophoric monomer and an
aggregate. Note that the term monomer refers here to the isolated bichromophoric molecule in
equilibrium with aggregate species. Intermolecular aggregation of DA-meso is therefore
observed to take place at low concentration, the rigid diacetylene bridge imparting the
bichromophoric system with a poor solubility in CH and a strong self-association ability.
Interestingly, the redshifted spectral feature is similar to that described for R-Me and related
derivatives in the solid state [20]. It is important to note that the UV-vis absorption spectrum

of R-meso shows no significant change up to a concentration of 5x10° M in CH.
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Figure 1. UV-vis absorption spectra of DA-meso in CH recorded as a function of dye
concentration: 4.92x10™® M (black line), 9.82x10” M (red), 1.47x10” M (green), 1.73x10”7 M
(brown), 2.13x10” M (blue), 2.46x10”" M (purple); a) apparent molar absorption coefficient,

b) same spectra normalized to unity at the absorption maximum (450 nm).
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Considering the dimerization model [58,59], we performed a nonlinear regression
analysis of the apparent molar absorption coefficient &, as a function of the total DA-meso
concentration Cy (Figure 2). The absorbance data were monitored at two wavelengths, 497
nm (monomer) and 545 nm (aggregate). The numerical simulations provided good fits and
allowed determining the values of the dimerization constant Kp = (1.8 + 0.3)x10° M™ and
molar absorption coefficient of the dimer & = 102 000 + 3400 M™cm™ at 545 nm. The
calculated value of the monomer molar absorption coefficient was determined around 160 000
M™cm™ at 497 nm, which is consistent with about twice the value determined for R-meso (78
300 Mem™). To evaluate the possible formation of larger size aggregates, the isodesmic
model was also applied to the same set of spectral data [59-61]. Poor fits were obtained
(Figure S13) and the analysis performed at the same two wavelengths did not converge
toward a unique set of values of Kp, av and &p. Although the occurrence of small amounts of
large aggregates in the more concentrated solutions cannot be completely ruled out, we
conclude that the major species resulting from DA-meso self-assembly is a dimer featuring
two self-assembled bis(BF,-curcuminoid) monomers. As such, the dimer aggregate is a
tetrachromophoric system. From the parameters (Kp, &p) provided by the nonlinear regression

analysis, we could calculate the band shape of the UV/Vis absorption spectrum of the dimer

aggregate (Figure S14).
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Figure 2. Plot of the apparent molar absorption coefficient against concentration and non-
linear regression analysis of the data based on the dimerization model for DA-meso in CH at

a) 497 nm and b) 525 nm.

The fluorescence emission spectrum of DA-meso was measured in CH at 2.46x10”
M. At this concentration, monomer and dimer aggregate coexist with molar fractions of ca.
0.4 and 0.6, respectively, as derived from the dimer model calculations. Two different spectral
signatures were obtained depending on the excitation wavelength (Figure 3a). A redshifted
unstructured emission was observed (Aem = 670 — 700 nm) upon excitation in the dimer
aggregate absorption band at Aex = 550 nm. At this wavelength, the absorption of the
monomer is negligible. The fluorescence emission quantum yield of the aggregate was found
to be low (@ = 0.02) compared to that of the reference compound R-meso (@; = 0.20).
Exciting the solution at Ae = 450 or 470 nm caused the photoexcitation of both monomer and
dimer because of the strong overlap of their absorption spectra in this spectral region (Figure
S14). A blue-shifted structured fluorescence spectrum (with respect to the dimer aggregate
emission) being fairly similar in shape to that of R-meso was recorded. However, the
fluorescent profile exhibits an emission tail at long wavelengths that can be associated to the
emission of the fraction of dimer photoexcited at 450 or 470 nm. As a result, the emission
intensity was lower (@& = 0.15) than that of R-meso at the same excitation wavelength.
Consistently, the fluorescence excitation spectra were found strongly dependent on the
observation wavelength (Figure 3b). An agueous suspension of organic nanoparticles of R-
meso, prepared according to the fast precipitation method, exhibited UV-vis absorption and
fluorescence spectra that resembled that of R-Me nanoparticles (Figure S15) [21]. Unlike the

case of DA-meso, emission and excitation spectra of the colloidal suspensions were not
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dependent on excitation and emission wavelengths, respectively, probably due to efficient

energy transfer in the condensed phase.
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Figure 3. Fluorescence properties of DA-meso in CH (2.46x107 M): a) Emission spectra
obtained at Aex = 450 nm (blue) and 550 nm (red). b) Excitation spectra obtained at Aem = 550

nm (red), 600 nm (green) and 700 nm (blue).

3.3.  Single crystal X-ray diffraction structure analysis

DA-meso compound crystallizes in the monoclinic C2/c space group with only one
half molecule in the asymmetric unit, the crystallographic two-fold axis passing through the
middle of the dialkyne linker. The molecules adopt a conformation in which the torsional
angle between the two propargylic C-O bonds along the dialkyne linker is close to 18° (Figure
4a), which is not the preferential orientation in solution according to DFT calculations (Figure
S17). The two curcuminoid-BF; units point outwards as they are located on the opposite sides
of the average plane formed by the 6-membered linear segment — two propargylic C and four

C belonging to the diacetylene linker — and the two phenolic oxygen atoms (Figure 4b).
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antiparallel
stacking

Figure 4. Single-crystal X-ray diffraction structure of DA-meso. (a) View perpendicular to
the diacetylene axis (b) ORTEP view along the diacetylene axis with ellipsoids drawn at 50%
probability level. (c) Three molecules interacting along a molecular thread in the crystal
structure of DA-meso. Antiparallel stacked fragments indicated with blue circles. Hydrogen

atoms are omitted for clarity.

As a consequence, in contrast to the case of other bichromophores connected by a
rigid linker [49], such as naphthalene [64], DA-meso does form neither a well-defined dimer
resulting in a stack of four chromophores nor any kind of discrete supramolecular species in
the crystal. Instead, infinite threads are present in the crystal, which can be described as
noncovalent polymeric structures. Consistent with previous X-ray structure analyses of BF,-
curcuminoid dyes, we observe that the main intermolecular interaction underpinning the
formation of the threads involves the antiparallel stacking of two chromophores (interplanar
distance: 3.81 A) belonging to adjacent DA-meso molecules (Figure 4c). We note that the

pairs of stacking chromophores interconnecting DA-meso molecules in a thread are isolated
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from one another (Figure S16). Therefore, unlike the case of monochromophoric BF,-
curcuminoid dyes [21,39,41], the crystal arrangement of DA-meso is not characterized by

tightly-packed extended stacks of chromophores.

3.4. Molecular aggregation

To gain insights into the molecular and electronic structure of the DA-meso dimer in
solution, we performed quantum chemical calculations at the ®B97X-D/6-31+G(d) level (see
details in the Supporting Information). We considered three possible dimer structures, d0-d2,
as potential candidates for the molecular dimers in solution. In these structures, the two
interacting DA-meso molecules are described each by a pair of BF,-curcuminoid
chromophores labelled as A/B and C/D (Figure 5). Dimer dx was also included in the study
for comparison purposes. It contains two stacked chromophores belonging to two adjacent

DA-meso molecules (Figure 4c).

E, = -102 kcal/mol

Figure 5. Views of the dO, d1 and d2 structures showing the chromophore units (A, B, C, D)
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In dimer dO (Figure 5a, Figure S18), two curcuminoid units A and C are interacting
with an antiparallel orientation, the two other ones, B and D, being free. As observed in the
crystal, the interacting A-C dimer features a short interplanar distance (< 3.5 A), evidencing
the significant role of w-stacking. However, due to the absence of steric constraints, the free
chromophore units adopt a perpendicular orientation as calculated for the isolated monomer
(Figure S17), which differs from the X-Ray structure dx. The electronic binding energy for
do, evaluated as E, = E(dimer)-2E(monomer), amounts to -36 kcal/mol.

In the ground state optimized structure of d1 (Figure 5b, Figure S19), the two DA-
meso molecules were positioned in such a way that the dye moieties A and B of one molecule
interact with those C and D, respectively, of the other molecule. The d1 geometry thus
consists of two independent pairs A-C and B-D of interacting chromophores, in which the
constituting BF,-curcuminoid moieties interact with their dipole moment aligned in parallel.
The A/B molecule presents a syn conformation (dihedral angle between A and B
chromophores of 57°), whereas the interacting C/D partner adopts an anti conformation with a
dihedral angle of 127°. The binding energy between the two DA-meso molecules in dimer d1
is equal to -59 kcal/mol, which represents a rather substantial stabilization with respect to dO.
This is (somehow) unexpected considering that the chromophores in the two interacting pairs
A-C and B-D do not adopt the antiparallel stacking commonly found in single crystals of BF,-
curcuminoid dyes. Unlike dipolar merocyanine dyes [64], PMP-containing BF,-curcuminoids
display a small permanent dipole moment leading to weak electrostatic intermolecular
repulsion in d1. In this case, we believe that n-stacking relies for the most part on attractive
London dispersion forces. Moreover, this type of arrangement is found in crystals of

diacetylenes end-substituted with aromatic groups [48].
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Finally, dimer d2 corresponds to a quadruple stack of chromophores based on two
DA-meso molecules having a tweezer conformation (Figure 5c¢, Figure S20). Consistent with
the presence of three interacting molecular pairs, the binding energy (E, = -102 kcal/mol) is
about three times larger than that calculated for d0, which indicates the high stability of the
supramolecular structure.

It is worth mentioning that computed binding energies correspond to pristine
electronic energy differences, and do not include entropic contributions. The different
aggregation modes of dimers suggest that entropy penalty to the binding energy increases as
d0 < d1 < d2. Hence, we expect that thermodynamic stability of dimers (dictated by Gibbs
free energies) follow the order dictated by Ey, but with milder differences.

3.5.  Photophysical properties of aggregates

The DA-meso monomer exhibits two degenerate bright excited states at 3.43 eV,
corresponding to electronic transitions localized on the two non-interacting chromophore
units (Table 1). The lowest-energy excited state (S;) in dimer dO results from the strong
coupling between the two stacked monomers A and C. Detailed computational analysis of the
electronic transition to S; indicates a strong intra-CT character with a vanishing oscillator
strength (Tables 1 and S2-S4). At higher energy, the bright state Ss is localized on the
interacting A-C chromophores and displays an important inter-CT character. In between, S,-
S4 transitions result from the weak H-type interaction between the two edge chromophores B
and D and involve smaller contributions from the A-C sandwich. Accordingly, these three
states are degenerate at 3.43 eV, presenting a quasi-pure intra-CT character. A similar state

distribution is obtained for dimer dx.
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Table 1
Energies (in eV) of adiabatic singlet states (oscillator strength in parentheses) of the monomer
and dimers dx and d0-2. States are labelled intra-CT or inter-CT according to its main

electronic character.

state  charac. monomer dx do dl d2

S, intra-CT  3.43(2.35) 3.13(0.00) 3.03(0.00) 3.21(0.00) 2.89 (0.00)
S, intra-CT  3.43(2.43) 3.36(2.77) 3.43(0.26) 3.24(3.46) 3.06 (0.01)
Ss  intra-CT 3.40 (0.00) 3.43(2.52) 3.28(0.02) 3.23(0.02)
S, intra-CT 3.49 (5.40) 3.43(5.01) 3.54(4.28) 3.40(1.92)
S5 inter-CT 3.77(0.07) 3.62(1.08) 3.70(0.07) 3.45(0.12)*
Se inter-CT 3.78(0.00) 3.62(0.00) 3.72(0.35) 3.47(0.35)
S; inter-CT 3.72(0.05) 3.55(0.47)
Sg inter-CT 3.83(0.38) 3.58 (2.21)

* Mixed intra-CT/inter-CT character.

A splitting of about 0.3 eV is computed between the two lowest-energy states with
strong optical activity in dimer d1, where the bright S, at 3.24 eV corresponds to excitations
within the B and D units, while S, (3.54 eV) is associated with excitations on A and C units
(Tables 1 and S2, S3, S5). The diabatization of these low-lying excited states indicates their
intra-CT character; namely, they can be described in terms of local excitations from the PMP
moieties to the central DOB ring within each constituting curcuminoid. The system can thus
be seen as two independent non-equivalent curcuminoid dimers differing by their respective
degree of molecular overlap associated to the relative slipping of their constituting units (and,
to a lesser extent, their twist). The A-C pair exhibits H-aggregate like behavior, while the B-D

dimer shows J-aggregation features, which according the Kasha dipole-dipole model of

23



interacting chromophores is qualitatively in line with the larger molecular slip within the B-D
pair. Exciton couplings related with higher-order transition multipole interactions, e.g.,
dipole-quadrupole and quadrupole-quadrupole, between chromophoric units are expected to
be weaker than the dipole-dipole contribution (Figure S22).

Regarding the nature and energy of the singlet states, a very different picture is
obtained for dimer d2, in which all four units interact in a quadruple stack and where different
effects are expected for central and peripheral components. Three low-lying dark states are
found, all exhibiting a local intra-CT character (PMPs and meso-phenyl (mPh) to DOB). The
first optically allowed state, with computed energy slightly lower than in the monomer (3.40
vs. 3.43 eV), is dominated by inter-CT contributions involving electron density transfer from
PMPs and mPh moieties to DOB between pairs of neighboring curcuminoid units (Tables 1

and S2, S3, S6).

4. Discussion

This study shows that linking two BF,-curcuminoid units through the rigid diacetylene
bridge imparts bichromophoric DA-meso with a strong ability to self-assemble into a
tetrachromophoric dimer in dilute solution. Intermolecular dimerization of DA-meso results
in UV-vis absorption and fluorescence emission properties similar to those of solid-state BF,-
curcuminoid dyes, which raises the question of the structure of the tetrachromophoric
assembly. Because DA-meso self-association occurs in a narrow range of very low
concentrations (< 10° M) in CH, solution structure elucidation using NMR experiments was
not possible. Single-crystal X-ray diffraction showed the occurrence of extended threads,
which are not representative of a solution-phase discrete dimer since the isodesmic model

fails to reproduce the concentration-dependent UV-vis absorption data.
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Quantum chemical calculations performed on the three possible dimer structures d0-
d2 reveal the presence of a series of excited states close in energy to that of the unperturbed
monochromophore, which are not predicted by the classical Frenkel exciton model. This is in
agreement with reported theoretical data on quadrupolar-like molecules [16,17,19,31-34].
Especially, low-lying excited states with vanishing oscillator strength are redshifted with
respect to the lowest-energy allowed state of the aggregate. Excited-state deactivation toward
those dark states could account for the considerably redshifted and low-intensity fluorescence
emission of DA-meso dimer and, in the more general case, of solid-state aggregates of PMP-
containing BF,-curcuminoid derivatives. Considering the energies of adiabatic excited states,
we can see that the energy ordering of singlet states in d1 exhibits a reasonably good match
with the experimental UV-vis absorption spectrum. Especially, the electronic transition to the
bright S, state in d1 is found at low energy with a calculated bathochromic shift of 0.19 eV
relative to the nonperturbed chromophore in DA-meso, consistent with the experimental value
found for the position of the long-wavelength shoulder. It is interesting to note that states S;
to S, in d1 show a quasi-pure intra-CT character. The same remark applies to the low-lying
dark states S; to Sz in d2, but the first bright excited state, S4, has here a significant inter-CT
parentage and is slightly redshifted relative to the free DA-meso compound.

At this stage, it interesting to compare the results describing the nature of the lowest-
energy intra and intermolecular electronic excitations in DA-meso with those obtained in a
previous study for the dimeric and tetrameric n-stacks of te TPA-containing BF,-curcuminoid
derivative BF2 [44]. Unlike DA-meso dimer, BF2 aggregates led to low-lying excited states
with significant inter-CT parentage and strong inter/intra coupling. The dark inter-CT states in
BF2 were computed at a lower energy than the intra-CT exciton and were demonstrated to be
involved in the observed solid-state DF emission. The results obtained with DA-meso

therefore show a different behavior for PMP-containing BF,-curcuminoid dyes. Aggregation
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results here in redshifted absorption and emission spectra, but DF is not observed because of
the absence of such inter-CT states at low energy. The spectral features can be best
rationalized by considering the formation of a “non-fluorescent J-aggregate” in DA-meso
dimer, which is in line with previous conclusions drawn for other quadrupolar-like
chromophores [19,20].

Because the computed values of the stabilization enthalpy for d1 and d2 are rather
large in the gas phase, it is difficult to assign either d1 or d2 geometry to the structure of DA-
meso dimer in solution. We cannot rule out that the increase in concentration of DA-meso in
CH leads to an interconverting mixture of the three dimers dO, d1, d2. Above a certain
concentration threshold, precipitation/crystallization could stir the equilibria toward the
formation of dO that has a geometry prefiguring the crystalline arrangement dx. Single-crystal
structures of monochromophoric BF,-curcuminoids were previously observed to consist of
extended columnar m-stacks of cofacially interacting m-conjugated systems with antiparallel
dipole moments [21,39,41]. In that respect, the spatial organization of BF,-curcuminoid units

in d2 would be typical of such arrangement.

5. Conclusion

In summary, this work has shown that DA-meso represents a valuable bichromophoric
model system to gain insights into the nature of excited states of PMP-containing BF,-
curcuminoid dyes in the solid state. The intermolecular aggregation of DA-meso in solution
leads to spectral features that are characteristic of the extended arrays found in the crystal,
which complements the set of information brought by the flexible bichromophoric
counterparts [22,45]. This study also points out the importance of the nature of the electron
donor D group on the intra- and inter-CT character of the low-lying excited states of BF,-

curcuminoid dyes in the solid state and, in turn, on thin-film device properties. In that respect,
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we believe that the results of this study shed new light on the complex influence of
aggregation on the spectral and photophysical properties of curcuminoid-BF, dyes, and more

generally quadrupolar polarizable dyes.
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