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Carbazole-Terpyridine Donor-Acceptor Dyads with Rigid

m-Conjugated Bridges

Elia Matteucci,” Andrea Baschieri,*® Letizia Sambri,*® Filippo Monti,*® Eleonora Pavoni,"

Elisa Bandini,!” and Nicola Armaroli*©

Abstract: A series of molecules (1-7) in which 9H-carbazole (electron
donor, D) and 2,2:6',2"-terpyridine (electron acceptor, A) are
connected through rigid T-conjugated bridges (D-11-A systems) have
been synthesized and their photophysical properties examined in
detail, with the support of DFT calculations. The bridges are made of
different sequences of ethynylene, phenylene and anthracene groups.
The synthetic strategies involve condensation of 2-acetylpyridine with
the aromatic aldehyde moiety on different functionalized n—
conjugated bridges and couplings with carbazole derivatives. The
system incorporating anthracene in the bridge (7) shows the typical
absorption and emission fingerprints of this m-extended system. 1-6
have HOMOs and LUMOs centered, respectively, over the carbazole
and the bridge and exhibit solvatochromic charge-transfer (CT)
luminescence with high photoluminescence yield up to 70%, except
when an ethynylene unit is directly attached to the carbazole ring (2,6),
due to a trans-bent non emissive T—c* excited state.

Introduction

Organic conjugated systems exhibit wide interest as functional
materials in several applications.'"” They are generally easy to
prepare at low cost and their electronic and optical properties can
be predicted to a good extent, therefore displaying remarkable
advantages over inorganic materials. Accordingly, they are
extensively used as active layers in a variety of organic devices,
such as light-emitting diodes (OLEDs),®! field-effect transistors
(OFETs)," photovoltaic cells (OPVC),51%11 dye-sensitized solar
cells (DSSC)', sensors!'®' as well as in bioimaging
applications.['%18]

Among many options for the design of organic m-conjugated
molecules, the combination of an electron donor (D) and a related
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acceptor (A) is particularly interesting, as it affords “push-pull”
systems, which are well suited for organic electronics,
semiconductors and photovoltaics.l'”! The A/D subunits can be
covalently connected through different rigid and conjugated
systems, so as to prepare D-1-A architectures!'®2% which may
show a characteristic photophysical behaviour, in particular
charge-transfer absorption (and possibly emission) bands,
typically red-shifted compared to spectral features arising from
local excited states centered on the individual subunits.?4

Electron-rich moieties containing fused aromatic rings can exhibit
high carrier mobilities, enhanced fluorescence and reduced band
gaps. Among them, 9H-carbazole (Cbz, Scheme 1) is a popular
molecular platform made of a fused tricyclic structure with good
planarity and high stability, thanks to its fully aromatic
configuration.?>?”] The presence of a nitrogen atom in the 9
position enables easy coupling with other functional groups,
without altering the electronic and photophysical properties of the
molecule. Moreover, 1-C to 8-C positions can be easily
functionalized with suitable groups, opening the route to the
synthesis of many carbazole-based derivatives.[282°]
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Scheme 1. Chemical structure and numbering of the donor (Cbz) and acceptor
(Tpy) units used for the synthesis of the investigated dyads.

9H-Carbazole and its derivatives have been extensively used as
electron donating (D) units in =—conjugated small molecules and
polymers.B%3" On the other hand, 2,2":6’,2"-terpyridine and its
derivatives are readily accessible molecules widely used in
organic and supramolecular chemistry, due to their electron
accepting (A) character and, most remarkably, to the ability of
serving as tridentate ligands,? also largely used in photoactive
polynuclear metal complexes.336 Moreover, they can be used
as proton responsive units in multicomponent arrays.®”!

Previous studies have shown that 4’-aryl-substituted 2,2":6’,2”-
terpyridine derivatives (Tpy, Scheme 1) exhibit excellent
luminescence properties.®®3° These compounds can be
synthesized in one-pot under environmentally benign conditions,
via condensation of 2-acetylpyridine with different aromatic
aldehydes 4! The 1,5-diones intermediates thus obtained are
then cyclized, without prior isolation, by adding concentrated
aqueous ammonia and affording the desired substituted
terpyridines.
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A vast number of derivatives containing carbazole or terpyridine
units can be found in the literature, but relatively few reports on
compounds carrying both units separated by a m—conjugated
system.“>47l Therefore, there is room for developing new
carbazole-terpyridine derivatives with enhanced optoelectronic
features, also to widen our knowledge on the relationship between
the structure and the electronic properties.*®! Our earlier work
carried out on this type of molecules showed that the absorption
and emission properties of carbazole-terpyridine dyads can be
finely tuned by changing the spacers between the two terminal
subunits.*¥!

With the aim of expanding the availability and scope of this
versatile class of D-11-A compounds, herein we report a new
series of carbazole-terpyridine systems where the two terminal
units are connected through aromatic and triple bonds spacers. In
this way, the conjugation degree is tuned in an effort to obtain
stable architectures with high photoluminescence quantum yields
(PLQYSs). In perspective, the presence of the free terpyridyl group
makes these systems suitable for chelation of transition metals,
opening the route to new photoactive coordination compounds.

Results and Discussion

Synthesis of the dyads

Expanding our previous approach to the preparation of Cbz-Tpy
dyads such as 1 and 2 (Scheme 2), we have designed and
synthesized five new carbazole-terpyridine derivatives (3-7), in
which the 1-conjugated bridge between the donor and acceptor
units is progressively elongated with acetylene, phenylene and
even anthracene units.

Scheme 2. Chemical structure of compounds 1-7.
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The synthetic approach is based on the preliminary preparation of
the properly functionalized n—conjugated bridge, on which the
carbazole unit is grafted and the terpyridine moiety is formed
through a one-pot condensation reaction.*%4! The detailed
synthetic procedures affording the new compounds 3-7 are
described herein.

Dyad 3 is obtained in two steps (Scheme 3). First the
condensation of the commercially available p-bromo-
benzaldehyde with 2-acetylpyridine in the presence of NaOH and
ammonia leads to the terpyridine intermediate 9 in 73% yield. The
latter is then reacted with 9H-carbazole-9-(4-phenyl) boronic acid
pinacol ester 10 through a Suzuki coupling, giving the target
product 3 in 25% yields.

Br
N O .
r 1) 2-acetylpyridine 1) /
NaOH, PEG 200 N B,
0°C, 2 h o
y ‘ 10
2) NH,40OH ) 3
o 100°C.24h ‘ NSy N K,COjg in H,0, THF, EtOH
8 _N N __~

9 2) Pd(PPhs),, 70°C, overnight

Scheme 3. Synthesis of dyad 3.

Compound 4 is prepared through a selective Uliman-type
condensation of p-iodo-bromobenzene 11 with 9H-carbazole
promoted by Cu(1),5% which gives 12 in 71% vyield (Scheme 4).
This intermediate is then reacted with p-ethynyl benzaldehyde 13
in a palladium-catalysed Sonogashira coupling, affording the
aldehyde 14 in 22% yield, which is finally condensed with 2-
acetylpyridine to form the terpyridine moiety and give compound
4 in 35% yield.

1) 2-acetylpyridine, NaOH
PEG 200, 0°C, 2 h 4
_ =

2) NHg, 100°C, 24 h

| carbazole /O O
CsCO5
Cul, LiCl N 13
—_——
DMF Pd(PPh;),Cl,, Cul Il

Br 150°C,48h TEA, Toluene

1 Br 50°C, overnight O
12
14

Scheme 4. Synthesis of dyad 4.

Similarly to 4, the first step of the synthesis of 5 started from p-
iodo-bromobenzene 11 with p-ethynyl benzaldehyde through a
Sonogashira coupling to give the intermediate 15 equipped with
both aldehyde and bromine functionalities in 94% yield (Scheme
5). Eventually, the terpyridine moiety is assembled by reaction of
15 with 2-acetylpyridine in the presence of KOH and ammonia in
15% yield to obtain 16. The target product 5 is obtained by Suzuki
coupling of 16 with 9H-carbazole-9-(4-phenyl) boronic acid
pinacol ester 10 in 30% yields.
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Scheme 5. Synthesis of dyad 5.

In Scheme 6 is depicted the synthesis of 6. The TMS-protected p-
ethynyl-bromobenzene 17 undergoes a palladium-catalysed
Sonogashira coupling with p-ethynylbenzaldehyde 13, giving the
intermediate 18 in 44% vyield, which reacts with N-
bromosuccinimide and AgF leading to the bromo-derivative 19 in
78% yield. The latter reacts with 9H-carbazole in an Ullmann-type
copper(ll) catalysed coupling, giving the carbazole derivative 20
(47% yield), which affords the desired product 6 upon
condensation with 2-acetylpyridine and ammonia in 15% yield.

Il ‘N‘
carbazole
CuS04*5H,0 1) 2-acetylpyridine
1,10-phenanthroline O NaOH, PEG 200
K3PO4 0°C,2h .
2) NH3 100°C, 24 h
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o O @
- O
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)

Scheme 6. Synthesis of dyad 6.

Dyad 7 includes an anthracene moiety as spacer, in order to
increase the m-delocalization with respect to the analogue 5. The
synthesis (Scheme 7) starts from 9,10-dibromoanthracene 21,
which undergoes a palladium-catalysed Sonogashira coupling
with  p-ethynylbenzaldehyde, giving the mono-substituted
intermediate 22 (35% yield). The latter is then reacted with 9H-
carbazole-9-(4-phenyl) boronic acid pinacol ester 10 through a
Suzuki coupling to afford the carbazole intermediate 23 in 38%
yield. The latter undergoes final condensation of the terminal
aldehyde with 2-acetylpyridine, giving 7 in 15% yield.
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Scheme 7. Synthesis of dyad 7.
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With the exception of the condensation step giving the terpyridine,
which occurs with moderate yields, the other synthetic steps are
generally efficient. However, the purification of the final products
turned out to be difficult. Separation of impurities (primarily
terpyridine derivatives with almost the same polarity) was difficult
and common purification procedures such as column
chromatography generally failed. Alternatively, we opted for
techniques that take advantage of the low solubility of the final
compounds in polar solvent (see Experimental Part). Due to these
problems, the overall yields of the final derivatives were
sometimes low, but the high purity achieved allowed extensive
structural and photophysical characterizations.

Ground-state theoretical calculations

All the investigated molecules display an ideal C2 symmetry in
their optimized ground-state geometries. This is because these
carbazole-terpyridine dyads have been designed with rigid linear
bridges of different lengths, so that the donor (carbazole) and the
acceptor (terpyridine) moieties are separated by m-conjugated
spacers of well-defined lengths, but always in the direction of the
main molecular axis. In Table 1 are listed key calculated structural
geometric parameters of the investigated dyads, including the
calculated distances between the centroids of the carbazole-
donor and terpyridine-acceptor moieties (dpa).

Table 1. Structural geometric parameters of the dyads, calculated at the
MO06-2X/6-31+G(d) level of theory in toluene (using PCM).

So optimized geometry So — S1 excitation 1
Conf.bl dpa oAl Energy Oscillator Dcr Dcr/doa
’ [A] [deg.] [eV] strength [A]
1 2 10.71 18.8 4.20 0.744 5.11 0.48
10.71 89.0 4.20 0.700 5.22 0.49
2 1 13.28 29.0 3.97 1.67 4.67 0.35
15.02 21.9 4.22 1.38 4.88 0.32
3 4 15.02 50.1 4.22 1.34 5.15 0.34
15.02 52.3 4.21 1.37 4.95 0.33
15.02 58.7 4.22 1.33 5.14 0.34
4 2 17.60 235 3.84 1.99 4.28 0.24
17.60 88.6 3.84 1.99 4.27 0.24
21.91 22.0 3.85 2.79 2.71 0.12
5 4 21.91 491 3.85 2.76 2.78 0.13
21.91 53.4 3.85 2.79 2.72 0.12
21.91 56.7 3.85 2.76 2.79 0.13
6 1 21.17 30.5 3.64 2.74 3.87 0.18
21.93 12.8 3.01 1.07 0.35 0.02
7 4 21.93 17.5 3.01 1.07 0.35 0.02
21.93 62.2 3.02 1.06 0.35 0.02
21.93 87.2 3.01 1.07 0.27 0.01

[a] Lowest-energy transition computed at the ground-state minimum-energy
geometry using TD-DFT methods and the PCM linear response formalism.
[b] Number of unique conformational minima. [c] Dihedral angle between the
plane of the carbazole and of the terpyridine moiety.
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Figure 1. Frontier molecular orbitals of 1-7, calculated in toluene at the M06-2X/6-31+G(d) level of theory.

The adopted spacers belong to the class of biphenyl and/or tolane
(i.e., diphenylacetylene) para-derivatives. Accordingly, the
corresponding dyads can adopt a large number of virtually
isoenergetic conformations, which are generated by the
reciprocal orientations of the optimal dihedral angles between the
different moieties of the dyads (Tables S1-S7). While the tolane
unit in known to be planar,®'%2 the biphenyl one is displays
torsional angles of about 40°, depending on the environment.!5354
As a consequence, the dihedral angle between the plane of the
carbazole and of the terpyridine moiety (i.e., apa in Table 1) can
vary substantially within the different minima of a specific dyad,
ranging from nearly coplanar to almost perpendicular
conformations (as in the simplest case of 1, see Table 1, Table
S1 and Figure S1). However, it is worth noting that such
conformers are in fast equilibration since rotations are virtually
free at room temperature (Figure S2 and S3), especially when
they occur around the ethynyl linker.®® The only notable
exception is when the carbazole moiety is linked directly to a
phenyl unit; in this case, a rather large barrier (i.e., 63.5 kJ/mol)

prevents the carbazole to easily swap above or below the plane
of the phenyl ring (as in the case of 1, see Figure S2, bottom).

In Figure 1 are reported the energy diagrams and the frontier
molecular orbitals of all the dyads. As we previously reported for
1 and 2,1°! the HOMO is predominantly centered on the carbazole
moiety in all cases, with the notable exception of 7 which is
equipped with an anthracene unit, providing a 1 orbital well above
that of carbazole. As a consequence, the HOMO energy is almost
constant in dyads 1-6 (i.e., approx. —6.8 eV), while it is
considerably higher for 7 (i.e., —6.54 eV, Figure 1). On the other
hand, the LUMO is mainly delocalized over the bridge and the
central pyridine ring of the terpyridine acceptor. Also in this case,
dyad 7 is an exception since its LUMO in centered only on the
ethynyl-anthracene moiety of the bridge and the terpyridine m*
orbitals start to play a role only in LUMO+1 and LUMO+2. Due to
the extended delocalization of the LUMO over the molecular
bridge, its energy changes much more markedly along the series;
generally, the longer the bridge, the higher the delocalization, the
lower the LUMO energy.

This article is protected by copyright. All rights reserved.



ChemPlusChem

Since the orbitals are rather localized on a specific part of the
dyads (i.e., the carbazole-donor, the terpyridine-acceptor or the
bridge), virtually no differences were observed in the energy and
topology of the frontier molecular orbitals within a set of analogous
conformers, regardless of the apa dihedral angle between the
carbazole and terpyridine moieties, as representatively shown in
Figure S4 for dyad 1. Moreover, the ground-state properties are
virtually not affected by the polarity of the solvent; in fact, both the
optimized geometries and the energy and topology of molecular
orbitals of all the dyads are almost identical, if calculated in
toluene or in dimethylformamide (as representatively shown in
Figure S5 for dyad 2). Only a stabilization of around 0.1 eV is
observed for all the frontier molecular orbitals in the more polar
solvent.

Absorption properties

In Figure 2 are reported the absorption spectra of 1-7 in two
solvents of different polarity, namely toluene and
dimethylformamide (DMF). The selection of these two solvents
allows to investigate the photophysical properties of all the donor-
acceptor dyads in media having different dielectric constant, in
which all the samples are completely soluble (i.e., no aggregation
phenomena) and where there is no risk of protonating the
terpyridine unit (i.e., protic solvents and/or solvents with potential
acid impurities were not considered).
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Figure 2. Absorption spectra of 1-7 in
dimethylformamide (dashed lines) at 298 K.

toluene (full lines) and
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All of the species exhibit absorption features above 340 nm, unlike
the individual moieties Cbz and 4’-p-tolyl-2,2":6’,2"—terpyridine
(Ttpy) (Figure S6). This may be tentatively attributed to low-
energy carbazole — terpyridine charge-transfer (CT)
transitions.“l However, the absorption profiles of all dyads do not
display a remarkable solvatochromism when spectra in toluene
and dimethylformamide are compared (Figure 2).

Dyad 1 can be considered as the simplest donor-acceptor system
of the series, since the carbazole donor is directly linked to the 4’-
phenyl-terpyridine acceptor. In this archetypal array, the lowest-
energy CT band corresponding to the So — S+ electronic transition
displays a maximum at approx. 325 nm (i.e., 3.82 eV) both in
toluene and dimethylformamide.

The addition of an ethynyl spacer, as in dyad 2, causes a red shift
of the lowest-energy absorption band of about 0.15 eV (i.e., from
325 to 345 nm, approximately).

On the contrary, the absorption spectra of 1 and 3 are almost
superimposable, suggesting that the insertion of one phenyl ring
does not significantly affect the electronic properties of the
corresponding dyad.

However, if an ethynyl spacer is added between the two phenyl
moieties of 3 (i.e., dyad 4), a red shift of the So — S1 electronic
transition is again observed and the absorption profile of 4 turns
out to be comparable to that of 2, despite a different vibronic
progression, a slightly red-shifted onset of the absorption band
and higher molar absorption coefficients.

Notably, the absorption spectra of 4 and 5 are very similar,
confirming that the addition of a phenyl ring on the carbazole side
has negligible influence on both the energy and the profile of the
lowest-energy absorption band of these dyads.

On the other hand, the replacement of the phenyl ring directly
attached to the carbazole side with an ethynyl unit (5 vs. 6) is able
to induce a red-shift of around 0.15 eV, as also observed when
passing from 3 to 2. Accordingly, dyad 6 displays the most red-
shifted CT band of the whole series.

Differently from all the other dyads, the absorption spectrum of 7
extends well beyond 400 nm, due to the Tr-11* transition centered
on the 9,10-disubstituted anthracene moiety of its bridge.®® As a
consequence, this lowest-energy transition is vibronically
structured and display no solvatochromism. This scenario is well
predicted by TD-DFT calculations which estimate this excitation
to occur at (3.02 £ 0.01) eV, regardless the polarity of the solvent
(see below). On the other hand, for 7, the first CT transition is
calculated at (4.08 £ 0.01) eV above So (i.e., So — S3 excitation in
Table S14).

TD-DFT vertical excitations and analysis of the CT bands

In Table S8-S14 are reported the lowest singlet vertical
excitations calculated by the TD-DFT approach, both in toluene
and dimethylformamide. Due to the very high multiconfigurational
character of these transitions, in order to get a compact orbital
representation for the electronic transition density matrix, natural
transition orbitals (NTOs) are used.’”! The effect of the solvent
polarity on the computed transitions is negligible, as also
observed in the experimental absorption spectra (Figure 2). The

This article is protected by copyright. All rights reserved.
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results obtained by the adopted M06-2X level of theory were also
successfully compared to the ones calculated by the CAM-
B3LYP®8 and »B97XDP? functionals, which are known to
properly evaluate charge-transfer excitation energies’®! and do
not underestimate the energy of the transitions toward planar
quinoid-like states in biphenyl.

In general, for dyads 1-6, the first electronic transition always
displays a strong CT character with high oscillator strength, the
So — Sz excitation is localized on the carbazole moiety, and the
next excited state involves a - transition centred on the
terpyridine unit. In particular, this is perfectly fulfilled for dyads
equipped with a relatively short bridge (i.e., 1-4), while it becomes
more complicated for 5 and 6, due to the presence of low-lying 1r
and * orbitals centered on the highly conjugated bridge. As a
consequence, intruder CT states centered on the bridging unit are
found in 5 and 6 (Tables S12 and S13).

The situation is totally different for dyad 7, in which the two lowest-
energy excitations are localized on the ethynyl-anthracene unit
(see above), while the local excitations on the carbazole moiety
and on the terpyridine are associated to the So — Ss and So — Se
transitions, respectively (Table S14).

Notably, the CT vertical excitation (i.e., So — S+ in 1-6) is not a
through-space transition involving the 1 orbitals of the carbazole
donor and the 1™ orbitals of the terpyridine acceptor. As a
consequence, the mutual position of these two terminal moieties
has virtually no effect on the absorption properties of these dyads.
This is the reason why, also in this case, no substantial
differences were noticed when set of analogous conformers are
compared (i.e., differences in excitation energy well below 0.01
eV and associated oscillator strength within £5%).

By comparing the electron densities of the ground-state and of the
S+ CT state, according to the method described by Ciofini et
al. B2 jt is possible to quantitatively evaluate that the
barycenters of the spatial regions of positive and negative charge
are not centered on the carbazole and terpyridine units, but are
located along the two sides of the bridge (Figure S7). In Table 1
are reported the distance between such barycentres (Dcr) for all
the dyads and it can be clearly observed that the Dcr value is
always well below the actual distance of the carbazole-donor and
the terpyridine-acceptor groups (see Dct/dpa in Table 1).
Moreover, the degree of charge-separation of the S CT state
decreases with the bridge length, confirming that the higher the
mr-conjugation of the bridging moiety, the higher the localization of
the CT state on that unit, as already observed for other push-pull
dyads.®"

In agreement with experimental data, the So — S1 vertical
excitations of dyad 1 and 3 are the most blue-shifted of the series
and are estimated to be almost isoenergetic (Table 1 and Figure
2). The addition of one ethynyl spacer in the bridging unit induces
a red shift of about 0.36 eV in the CT transition, as observed when
passing from 1 (and 3) to 4 (and 5). This finding is also confirmed
by spectral data and is mainly due to LUMO stabilization (Figure
1). Finally, the So — S+ transition computed for dyad 6 is the most
red-shifted of the series and a further stabilization of the
corresponding CT state is observed with respect to 4 and 5. This
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stabilization is confirmed by experimental findings (i.e., 0.20 vs.
0.15 eV, respectively).

Emission properties

The fluorescence spectra of 1-7 are reported in Figure 3 both in
in toluene (full lines) and in dimethylformamide solutions (dashed
lines). In contrast to what observed for absorption spectra, the
emission properties of the dyads are strongly affected by the
polarity of the solvent and very pronounced red-shifts are
generally observed when moving from toluene to the more polar
dimethylformamide solvent (Figure 3). This finding underpins the
CT nature of the emitting states, as already anticipated in the
previous section and in our earlier work.[!
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Figure 3. Normalized fluorescence spectra of 1-7 in toluene (full lines) and
dimethylformamide (dashed lines) at 298 K.

In toluene, the emission properties of 3, 4 and 5 are very similar
to that of the simplest dyad 1, which has carbazole moiety directly
attached to the 4’-phenyl-terpyridine one. In fact, all of these
compounds exhibit a relatively unstructured emission band
centred at around 400 nm and display high photoluminescence
quantum yields (PLQYs, ranging between 50 and 70%) with
similar radiative and non-radiative decay constants (i.e., kr = knr =
4-108 s7"), as summarized in Table 2.

On the contrary, in polar dimethylformamide media, the emission
spectra of these dyads are strongly red-shifted compared to
toluene and are no longer superimposable to one another (Table

This article is protected by copyright. All rights reserved.



ChemPlusChem

2 and Figure 3). In fact, the bathochromic shift of the emission
maximum is more pronounced for the dyads having longer
bridges separating the carbazole and terpyridine units, as clearly
validated by the trend: 1 <3 <4 < 5, with emission maxima of 453,
475, 495 and 502 nm, respectively (Table 2).

Moreover, it is worth noting that the radiative and non-radiative
rate constant are lower in DMF (i.e., kr = knr = 1:108 s7") since the
singlet lifetimes are substantially longer compared to toluene,
while the PLQY's do not strongly change (Table 2).

Table 2. Luminescence properties and excited state lifetimes of the donor-
acceptor dyads.

Toluene, 298 K DMF, 298 K Bu-CN, 77 K
Amac  PLQY 1 Amax  PLQY Amax T
[nm] %] [ns] | [nm] %] Ins] [ [nm] [ns]

1 386 628 2.1 453 55.0 6.1 380 22
2 375,415 1.6 @[l 1365510 0.8 tal 383 1.2
3 392,400%" 66.0 1.2 475 709 3.9 384 1.8
4 390, 406" 50.1 1.0 495 443 4.0 403 1.1
5 390,407s" 685 0.8 502 456 3.8 390 0.8
6 380 6.3 bl [391,490%" 5.2 o] 400 0.7

7 462,483 60.1 24 475 57.3 2.6 | 458,485 27

[a] Bi-exponential lifetime, see ref.#? for further details. [b] Bi-exponential
lifetime with two components: 0.8 ns (predominant at shorter wavelengths)
and 0.5 ns (at longer wavelenghts).

A more complicated excited-state scenario is observed in the
case of 2 and 6 (i.e., the only dyads having an ethynyl spacer
directly linked to the carbazole donor moiety), since multiple
emission features are observed in both toluene and
dimethylformamide solutions (Figure 3). Such dual emissions are
attributed to the presence of two excited-state conformers, as we
already pointed out in our earlier work for dyad 2.4 The rather
structured emission band around 380 nm is attributed to the
fluorescence of a local-excited (LE) state, centered on the
carbazole unit (see below); on the contrary, the emission at longer
wavelengths arises from a CT state, which is particularly
stabilized in polar media (Figure 3). Notably, the fluorescence
quantum yields of 2 and 6 are over 50 times smaller than those of
the other dyads, suggesting the presence of effective non-
radiative deactivation pathways to the ground state, due to the
presence of accessible dark states leading to S1/So conical
intersections (see below).

The case of dyad 7 is completely different, as no CT bands are
detected in any solvent and only the fluorescence of the
anthracene unit is recorded in both solvents (Amax = 460 nm, Table
2 and Figure 3). Accordingly, such emission band resembles that
of other phenylethynyl-anthracene derivatives®® and it is virtually
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not affected by the solvent polarity. As a matter of fact, the
anthracene moiety incorporated in the bridge serves as the final
sink of the excitation energy.

The emission properties of all the dyads were also investigated in
butyronitrile glass at 77 K (Figure 4 and Table 2). Under these
conditions, the geometrical relaxation of the excited states is
highly prevented and solvent reorganization effects are drastically
reduced. Therefore, all the emission profiles are similar to those
recorded in the most apolar liquid medium (i.e., toluene), as it can
be inferred by comparing Figure 4 and 3.

NOORWN=

Emission intensity / a.u.

B e e o B I LI e e e T L |
350 400 450 500 550 600 650 700
Wavelength / nm

Figure 4. Normalized fluorescence spectra of 1-7 in butyronitrile glass at 77 K.

It is also worth mentioning that, at 77 K, the population of
thermally-accessible locally-excited states is nearly suppressed,
leading to the emission only from the lower-lying CT minimum. As
a consequence, the 77 K fluorescence spectra of 2 and 6 display
only the unstructured CT band of the “bright” planar S+ conformer
(see next section) and are largely superimposed with all the other
spectral profiles of 1-6. Not surprisingly, only the spectrum of 7
clearly differs from all the others, but this is simply because its
fluorescence is due to the anthracene unit, as already discussed
above.

The emission properties were also explored in room-temperature
PMMA matrix, at different concentration of the dyads. In Figure
S8, the solid-state emission spectra of dyad 3 are reported, as a
representative example of the whole series. No substantial
differences in the Iluminescence profiles are observed, if
compared to toluene solution, and only a minor red shift is found
when increasing the concentration of the dyad (Figure S8).

TD-DFT optimization of the excited states

The nature of the emitting states was further elucidated by the TD-
DFT optimization of the lowest excited state of all the investigated
molecules. Upon S1 relaxation, all the dyads displaying a CT
emission (i.e., 1-6) undergo a substantial planarization, which is
due to the population of a quinoid-like T* orbital mainly localized
on the bridging unit (Tables S15-S21). For the short-bridged
dyads (i.e., 1 and 2), this planarization mainly entails the dihedral
angle between the terpyridine unit and the nearby phenyl moiety
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of the bridge (i.e., angle 01 in Tables S1 and S2). On the contrary,
the flattening starts to mainly involve the bridge for dyads with
longer spacers (Tables S3—S6 and S17-20).

Such flattening relaxations are able to strongly stabilize the S1 CT
state, resulting in large Stoke shifts, as also found experimentally
(compare Figure 2 and 3). The CT emission of dyad 1, computed
using state-specific solvation, 8364 is estimated to occur at 384 nm
(in excellent agreement with experimental data, see Table 2), and
it is the most blue-shifted of the series. When the bridge length is
increased, a gradual red-shift of the CT emission is observed (up
to 0.45 eV). Finally, the anthracene-centred S1 minimum of dyad
7 is computed to be 2.45 eV above So (i.e., 506 nm).

TD-DFT S+ optimizations were also carried out in dimethyl-
formamide, but no substantial differences were detected with
respect to toluene, as far as the nature of the emitting state is
concerned. On the contrary, a red-shift of about (0.43 + 0.11) eV
is estimated for the emission of dyads 1-6, basically due to mere
solvation effects. This is in line with the experimentally observed
red-shift of (0.64 + 0.07) eV (Table 2).

To get a deeper insight of the far lower PLQYs of 2 and 6 with
respect to the other dyads of the series (Table 2), we considered
that the rotation of the carbazole moiety around the C=C bridging
spacer is practically barrierless (Figure S3), so that the
perpendicular conformers of 2 and 6 are also populated at 298 K
(e.g., the relative population of the perpendicular and co-planar
conformers of 2 is 0.4 vs. 0.6, respectively). When the ethynyl-
carbazole moiety is orthogonal to the rest of the bridge, a slight
increase in the energy of the So — S+ transition is observed, with
a substantial decrease in the associated oscillator strength
(compare Table S9 and S22 for dyad 2 in toluene).*¥ Such
transition preserves the same CT nature as in the co-planar
conformers and is basically a T—11* excitation, but the 1 and the
" molecular orbitals associated with such excitation are now
perpendicular to each other (Table S22). As a consequence, the
relaxation of such CT state leads to a TS with C2 symmetry and
an imaginary frequency of 278 cm™" (Figure 5, top), which evolves
toward a low-lying trans-bent T—c* state with broken symmetry
(Figure 5, bottom).

This excited-state scenario, in which both a linear “bright” m—1r*
state and a trans-bent “dark” T—c* state are located on the S«
potential energy surface, resembles those already investigated
for diphenylacetylene®28% and for other organic molecules with
C=X (X = C or N) groups.'®® However, in the present case, we did
not succeed in finding a minimum for the trans-bent m—c* state of
2 since TD-DFT optimizations failed. In fact, upon geometry
relaxation, this m—c* state rapidly approaches So (i.e., the
optimization failed with S4 being only 0.54 eV above So),
suggesting the presence of a peaked S1/So conical intersection,
which could be responsible for the strong luminescence
quenching in this type of dyads.

Indeed, also highly emitting dyads 4 and 5 are equipped with a
bridge having a tolane-like moiety, so that the presence of dark
T—c* states could be potentially feasible upon So — S1 excitation
and responsible for an emission quenching. However, TD-DFT
optimizations of the twisted S1 CT state of 4 (starting from
conformers having the diphenyl-acetylene moiety in the pseudo-
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D24 orthogonal conformation) lead to molecular planarization and
to the same highly-emissive T—1* S1 minima already described
for the “standard” conformers of 4 (Table S4 and S18).

These theoretical findings are able to rationalize why only dyads
having the ethynyl spacer directly linked to the carbazole moiety
(i.e., 2 and 6) display a significant emission quenching, while the
presence of the ethynyl group in other parts of the dyad bridge
does not cause any appreciable reduction in the PLQY's (Table 2).

S, Transition State
[perpendicular conformer of 2]

trans-bent —o0* state

95 %

Figure 5. (Top) Transition state (TS) on the S1 potential-energy surface of the
perpendicular conformer of dyad 2; the displacement vectors associated to its
imaginary frequency are also reported. (Bottom) Last point of the failed
optimization of the T—c* state, obtained by following the imaginary frequency of
the above-mentioned TS (at this geometry, S1 is only 0.54 eV above So); the
orbitals contributing to such So — S+ excitation are also reported. Calculations
are carried out in toluene at the TD-M06-2X/6-31+G(d) level of theory.

Conclusions

New luminescent organic systems to be used for optoelectronic
applications require careful synthetic design and a thorough
rationalization of structure-property relationships by means of
advanced theoretical tools. In this work, we have designed,
synthesized and examined in detail D-1m-A systems where
carbazole (D) and terpyridine (A) moieties are connected through
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organic T-conjugated bridges of different length, connectivity and
structure, the latter including ethynyl, phenylene, and anthracenyl
groups (1-7). Effect of solvent polarity have been also examined.
All of the individual subunits in 1-7 are virtually free to rotate along
the molecular backbone at room temperature, except when the
carbazole moiety is linked directly to a phenyl unit. The absorption
spectra of 1-7 exhibit fairly negligible solvatochromic effects and
very minor changes on the addition of phenylene groups directly
attached to the carbazole donor (see e.g., 2 vs. 4). On the
contrary, when the carbazole donor is connected to an ethynyl
group, some red spectral shift is observed (see e.g., 1 vs. 2).

7 is a substantially different case with the characteristic absorption
and emission features of the anthracene moiety, which turns out
to be the lowest energy subunit within the molecular architecture.
1-6 are characterized by charge-transfer solvatochromic
emissions with high PLQY (= 45-70%), except when an ethynyl
group is attached directly to the carbazole unit. In this case, the
emission bands are broadened and much weaker (PLQY = 1-6%),
due to the presence of thermally-accessible trans-bent non
emissive TT-c* excited states. DFT calculations have enabled a
full rationalization of the photophysical properties, in relation to
structural and electronic peculiarities of each investigated dyad.
The results presented here provide a deeper insight of structure-
activity relationships of these D-1-A systems, widening the
possibility to rationally design and prepare carbazole-terpyridine
chromophores and luminophores with tailored photophysical
properties, to be potentially used for optoelectronic applications.

Experimental Section

Materials. Analytical grade solvents and commercially available reagents
were used as received, unless otherwise stated. 4-Bromobenzaldehyde
(8), 9H-Carbazole-9-(4-phenyl) boronic acid pinacol ester (10), 1-Bromo-
4-iodobenzene (11), 4-Ethynylbenzaldehyde (13), (4-Bromo-
phenylethynyl)trimethylsilane (17), 9,10-Dibromoanthracene (21), 2-acetyl
pyridine, carbazole were commercially available (Sigma Aldrich).
Chromatographic purifications were performed using 70-230 mesh silica
or aluminum oxide. Solvents were dried and distilled according to standard
procedure and stored under nitrogen. Compounds 4’-[p-(Carbazole-9-
yl)phenyl]-2,2":6",2"-terpyridine*3! (1) and  4'-[4-(9H-Carbazol-9-
ylethynyl)phenyl]-2,2":6",2"-terpyridinel*®!  (2), used in the present
investigation, were prepared according to reported methods.

General information. 'H, '3C, NMR spectra were recorded on a Varian
Inova (300 and 600 MHz for 'H) or on a Varian Mercury (400 MHz for 'H)
spectrometer. Chemical shifts (3) are reported in ppm relative to residual
solvent signals for 'H and *C NMR ('H NMR: 7.26 ppm for CDCl3; 3C
NMR: 77.0 ppm for CDClI3). '3C NMR spectra were acquired with 'H broad
band decoupled mode. Coupling constants are given in Hz. The high-
resolution mass spectra (HRMS) were obtained with an ESI-QTOF (Agilent
Technologies, model G6520A) instrument and the m/z values are referred
to the monoisotopic mass. ESI-MS analyses were performed by direct
injection of methanol or water-acetonitrile solutions of the compounds
using a WATERS ZQ 4000 mass spectrometer.

Synthesis of 9-(4’-([2,2’:6°,2”-terpyridin]-4’-yl)-[1,1’-biphenyl]-4-yl)-
9H-carbazole (3).
4'-(4-bromophenyl)-2,2":6',2"-terpyridine (9) was prepared according to a
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modification of a reported method.®% 2-Acetylpyridine (1.3 mL, 12 mmol)
was added to a stirred suspension of crushed NaOH (480.0 mg, 12 mmol)
in PEG 200 (10 mL) at 0° C. After 30 minutes 4-bromobenzaldehyde (8)
(925.1 mg, 5 mmol) was added and stirring was continued at 0°C for 2 h.
Then a concentrated aqueous NH3 solution (15.0 mL) was added and the
suspension stirred at 100°C for 24 h. The precipitate was isolated by
vacuum filtration and washed with water (50 mL) and ethanol (10 mL) to
give product (9) as a white solid in 73% yield (1.42 g). Spectral data were
consistent with the literature. 40
9-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-9H-carbazole
(10) (184.6 mg, 0.5 mmol), ethanol (63 pL) and K2COs (2M in water, 250
pL, 0.5 mmol) were added to a solution of 4'-(4-bromophenyl)-2,2":6',2"-
terpyridine (9) (194.5 mg, 0.5 mmol) in anhydrous THF (1.5 mL) under
nitrogen atmosphere. The solution was degassed with nitrogen and after
10 minutes Pd(PPhs)4 (17.3 mg, 0.015 mmol) was added and the solution
stirred at 70°C overnight. When the reaction was terminated, the solvent
was evaporated, distilled water was added and the resultant solution was
extracted with dichloromethane (3 x 15 mL). The collected organic layer
was dried over anhydrous MgSOs4 and then evaporated. The residue was
purified by alumina column chromatography using a mixture of
CH2Cl2/MeOH (98:2) to give product (3) as a white solid in 25% yield (69.3
mg). '"H NMR (CDsCl, 400 MHz) & 8.86 (s, 2H), 8.78 (d, J = 4.8 Hz, 2H),
8.72 (d, J = 8.0 Hz, 2H), 8.09 (d, J = 8.8 Hz, 2H), 7.96-7.89 (m, 4H), 7.86
(d, J=8.8 Hz, 2H), 7.69 (d, J = 8.0 Hz, 2H), 7.51 (d, J = 8.0 Hz, 2H), 7.47-
7.37 (m, 4H), 7.32 (dt, J: = 8.0 Hz, Js = 1.1 Hz, 2H); '3C NMR (CDsCl, 100
MHz) 5 156.0 (C), 149.7 (C), 149.0 (CH), 141.4 (C), 140.9 (C), 140.8 (C),
139.4 (C), 137.6 (C), 137.2 (CH), 137.2 (C), 128.5 (CH), 127.9 (CH), 127.6
(CH), 127.4 (CH), 126.0 (CH), 124.0 (CH), 123.5 (C), 121.5 (CH), 120.3
(CH), 120.0 (CH), 118.9 (CH), 109.8 (CH); HRMS (ESI-QTOF) m/z: calcd.
for CsgH27N4*: 551.2230; found 551,2224 (M+H)*; ESI-MS: 551 [M* + 1].

Synthesis  of  9-(4-((4-([2,2":6',2"-terpyridin]-4'-yl)phenyl)ethynyl)
phenyl)-9H-carbazole (4).

9-(4-bromophenyl)-9H-carbazole (12) was prepared according to a
modification of a reported method.5% Carbazole (200 mg, 1.2 mmol),
Cs2C03 (325.8 mg, 1.2 mmol), Cul (22.8 mg, 0.12 mmol) and LiCl (50.7
mg, 1.2 mmol) were added to a solution of 1-bromo-4-iodobenzene (11)
(372 mg, 1.32 mmol) in DMF (7 mL), and the resulting mixture was stirred
at 150°C for 48 hours. Eventually, water was added and the mixture was
extracted with ethyl acetate (5 x 10 mL). The organic phase was then
washed with brine, dried over Na2SO4 and the solvent evaporated. The
residue was purified by silica gel column chromatography using hexane as
eluent, to give product 12 as a pale-yellow solid in 71% yield (272.9 mg).
Spectral data were consistent with the literature.[50]

In a Schlenk flask, 13 (132.2 mg, 1.02 mmol), Pd(PPh3)2Cl2 (59.4 mg, 0.08
mmol) and Cul (16.2 mg, 0.08 mmol) were added to a solution of 12 (272.9
mg, 0.85 mmol) in TEA (7 mL) and toluene (1 mL); the solution was then
stirred under nitrogen atmosphere for 24 hours at 50°C. The progress of
the reaction was monitored using TLC analysis on silica gel petroleum
ether / dichloromethane (2:1). Upon completion, water was added and the
resulting mixture was extracted with dichloromethane (3 x 10 mL). The
combined organic phase was then washed with HCI 1M (1 x 10 mL), brine
and dried over Na2S0O4. Solvent was evaporated and the residue was
purified by silica gel column chromatography using a mixture of
dichloromethane / petroleum ether (2:8) to give 4-((4-(9H-carbazol-9-
yl)phenyl)ethynyl)benzaldehyde (14) as a pale white solid in 22% yield
(67.6 mg). Spectral data were consistent with the literature.[67]
2-Acetylpyridine (50 pL, 0.42 mmol) was added to a stirred suspension of
crushed NaOH (16.7 mg, 0.42 mmol) in PEG 200 (0.5 mL) at 0° C. After
30 minutes 4-((4-(9H-carbazol-9-yl)phenyl)ethynyl)benzaldehyde (14)
(67.6 mg, 0.21 mmol) was added and stirring was continued at 0°C for 2
h. Then concentrated aqueous NHs solution (0.7 mL) was added and the
suspension stirred at 100°C for 24 h. Eventually, water was added and the
mixture was extracted with dichloromethane (3 x 10 mL). The organic
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phase was then washed with brine, dried over Na:SOs. Solvent was
evaporated and methanol was added. The precipitate solid was collected
by vacuum filtration and washed with water (50 mL) and ethanol (10 mL)
to give product (4) as a white solid in 35% yield (41.2 mg). "H NMR (CDsCl,
400 MHz) & 8.82 (s, 2H), 8.77 (d, J = 4.4 Hz, 2H), 8.72 (d, J = 8.0 Hz, 2H),
8.16 (d, J = 8.0 Hz, 2H), 7.98 (d, J = 8.0 Hz, 2H), 7.93 (t, J = 8.0 Hz, 2H),
7.81(d, J=8.0 Hz, 4H), 7.74 (d, J = 8.0 Hz, 2H), 7.61 (d, J = 8.0 Hz, 2H),
7.50-7.38 (m, 6H) 7.31 (t, J = 7.6 Hz, 2H); '3C NMR (CDsCl, 100 MHz) &
156.0 (C), 155.9 (C), 149.4 (C), 149.0 (CH), 140.6 (C), 138.4 (C), 137.7
(C), 137.1 (CH), 133.2 (CH), 132.3 (CH), 127.4 (CH), 126.9 (CH), 126.1
(CH), 124.0 (CH), 123.8 (C), 123.6 (C), 122.1 (C), 121.5 (CH), 120.4 (CH),
120.2 (CH), 118.8 (CH), 109.8 (CH), 90.2 (Cax), 90.1 (Cak); HRMS (ESI-
QTOF) m/z: calcd. for Ca1H27N4*: 575.2231; found 575,2227 (M+H)*; ESI-
MS: 575 [M* + 1], 597 [M* + Na], 607 [M* + MeOH].

Synthesis of 9-(4'-((4-([2,2":6",2"-terpyridin]-4'-yl)phenyl)ethynyl)-
[1,1'-biphenyl]-4-yl)-9H-carbazole (5).
4-((4-bromophenyl)ethynyl)benzaldehyde (15) was prepared according to
the modification of a reported method.[®8! In a Schlenk flask, 13 (106.5 mg,
0.82 mmol), Pd(PPhs)2Cl2 (10.9 mg, 0.02 mmol) and Cul (15.7 mg, 0.03
mmol) were added to a solution of 1-bromo-4-iodobenzene (11) (276.1 mg,
0.98 mmol) in TEA (8 mL); the solution was then stirred under nitrogen
atmosphere for 24 hours at room temperature. The progress of the
reaction was monitored using TLC analysis on silica gel petroleum ether /
ethyl acetate (9:1). Upon completion, water was added and pH was
adjusted to 5 using HCI 1M. The resulting mixture was extracted with
dichloromethane (3 x 10 mL). The combined organic phase was then
washed with brine and dried over Na2SQO4. Solvent was evaporated and
the residue was purified by silica gel column chromatography using a
mixture of ethyl acetate / petroleum ether (2:98) to give product 15 as a
pale-yellow solid in 94% yield (265.2 mg). Spectral data were consistent
with the literature.[68]

2-Acetylpyridine (222 pL, 1.98 mmol) was added to a stirred suspension
of crushed KOH (110.9 mg, 1.98 mmol) in ethanol (5 mL). After 30 minutes
4-((4-bromophenyl)ethynyl)benzaldehyde (15) (281.2 mg, 0.99 mmol) was
added and stirring was continued for 2 h. Then concentrated aqueous NH3
solution (1 mL) was added and the suspension stirred at 100°C for 24 h.
Eventually, water was added and the mixture was extracted with
dichloromethane (3 x 10 mL). The organic phase was then washed with
brine and dried over Na2S0Oa. Solvent was evaporated and methanol was
added. The precipitate solid was collected by vacuum filtration and washed
with water (10 mL) and methanol (10 mL) to give 4'-(4-((4-
bromophenyl)ethynyl)phenyl)-2,2":6',2"-terpyridine (16) as a brown solid in
15% yield (71.0 mg). "H NMR (CDsCl, 300 MHz) & 8,76 (s, 2H), 8.74 (dq,
Jq=4.8 Hz, Jo = 0.9 Hz, 2H), 8,68 (dt, J: = 8.1 Hz, Js = 1.1 Hz, 2H), 7,94-
7,86 (m, 4H), 7,67 (d, J = 8.4 Hz, 2H), 7,51 (d, J = 8.4 Hz, 2H), 7,43 (d, J
=8.4 Hz, 2H), 7,40 (ddd, J = 7.5 Hz, J = 4.8 Hz, J = 1.2 Hz, 2H); '3C NMR
(CDCls, 100 MHz) 5 156.1 (C), 156.0 (C), 149.3 (C), 149.1 (CH), 138.4 (C),
136.9 (CH), 133.1 (CH), 132.1 (CH), 131.7 (CH), 127.3 (CH), 123.9 (CH),
123.6 (C), 122.7 (C), 122.1 (C), 121.4 (CH), 118.6 (CH), 90.2 (Cax), 89.7
(Caik).
9-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-9H-carbazole
(10) (30.3 mg, 0.08 mmol), ethanol (0.1 ml) and K2COz (2M in water, 41
puL, 0.08 mmol) were added to a solution of 4'-(4-((4-
bromophenyl)ethynyl)phenyl)-2,2":6',2"-terpyridine (16) (40.0 mg, 0.08
mmol) in THF (0.5 mL) under nitrogen atmosphere,. The solution was
degassed with nitrogen and after 10 minutes Pd(PPhs)s (2.8 mg, 0.002
mmol) was added and the solution stirred at 70°C overnight. When the
reaction was terminated the solvent was evaporated, distilled water was
added, and the resultant solution was extracted with dichloromethane (3 x
15 mL). The collected organic layer was dried over anhydrous Na2SO4 and
then evaporated. The residue was purified by silica gel column
chromatography using a mixture of dichloromethane / methanol (99:1),
and the resulting fractions were concentrated and the residue dissolved in
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dichloromethane and washed with methanol. Product (5) was collected by
filtration of the solution as a white solid in 30% yield (16.2 mg). '"H NMR
(CDCls, 400 MHz) & 8.78 (s, 2H), 8.76 (d, J = 4.0 Hz, 2H), 8.70 (d, J=8.0
Hz, 2H), 8.17 (d, J= 8.0 Hz, 2H), 7.95 (d, J = 8.4 Hz, 2H), 7.90 (dt, J1= 1.6
Hz, Jo= 7.6 Hz, 2H), 7.86 (d, J = 8.4 Hz, 2H), 7.74-7.70 (m, 4H), 7.67 (d, J
= 8.4 Hz, 2H), 7.51-7.41 (m, 4H), 7.38 (dd, Ji1= 4.8 Hz, J>= 7.0 Hz, 2H),
7.31(t, J=7.0 Hz, 2H); '3C NMR (CDCls, 100 MHz) & 156.1 (C), 156.0 (C),
149.4 (C), 149.1 (CH), 140.8 (C), 140.1 (C), 139.3 (C), 138.2 (C), 137.2
(C), 137.0 (CH), 132.3 (CH), 132.2 (CH), 128.4 (CH), 127.4 (CH), 127.3
(CH), 127.0 (CH), 126.0 (CH), 124.0 (C), 123.9 (CH), 123.5 (C), 122.4 (C),
121.4 (CH), 120.3 (CH), 120.0 (CH), 118.7 (CH), 109.8 (CH), 90.7 (Cax),
90.1 (Cak); HRMS (ESI-QTOF) m/z: calcd. for C47H31N4*: 651.2543; found
651,2540 (M+H)*; ESI-MS: 651 [M* + 1].

Synthesis of 9-((4-((4-([2,2':6',2"-terpyridin]-4'-yl)phenyl)ethynyl)
phenyl)ethynyl)-9H-carbazole (6).

In a Schlenk flask, Pd(PPhs)2Cl2 (40.3 mg, 0.06 mmol) and Cul (11.0 mg,
0.06 mmol) were added to a solution of ((4-
bromophenyl)ethynyl)trimethylsilane (17) (291.1 mg, 1.15 mmol) in TEA (3
mL) and toluene (1 mL), 13 (164.4 mg, 1.26 mmol); the solution was then
stirred under nitrogen atmosphere for 3 hours at 50°C. The progress of the
reaction was monitored using TLC analysis on silica gel petroleum ether /
ethyl acetate (2:1). Upon completion, water was added and the resulting
mixture was extracted with dichloromethane (3 x 10 mL). The combined
organic phase was then washed with HCI 1M (1 x 10 mL), brine and dried
over Na2SQO4. Solvent was evaporated and the residue was purified by
silica gel column chromatography using a mixture of ethyl acetate /
petroleum ether (2:98) to give 4-((4-((trimethylsilyl)ethynyl)phenyl)
ethynyl)benzaldehyde (18) as a pale-yellow solid in 44% vyield (150.2 mg).
Spectral data were consistent with the literature. 6%

Compound 18 (117.5 mg, 0.39 mmol) and AgF (49.3 mg, 0.39 mmol) were
dissolved in acetonitrile (10 mL). The reaction flask was wrapped in
aluminium foil and NBS (69.2 mg, 0.39 mmol) was added. The mixture was
stirred overnight at room temperature. Then the solid was filtered off and
washed with acetonitrile (10 mL). The solution was evaporated and the
resulting residue was dissolved in ethylic ether and washed with water (3
x 25 mL). The organic part was dried on anhydrous Na2SOs and then
evaporated to give product 4-((4-(bromoethynyl)phenyl)ethynyl)
benzaldehyde (19) as a white solid in 78% yield (93.2 mg). '"H NMR (CDsCl,
300 MHz) & 10.02 (s, 1H), 8.87 (d, J = 8.4 Hz, 2H), 7.67 (d, J = 8.4 Hz,
2H), 7.49 (d, J = 8.4 Hz, 2H), 7.44 (d, J = 8.4 Hz, 2H).

Carbazole (45.9 mg, 0.27 mmol), KsPOs4 (116.5 mg, 0.55 mmol),
CuS04*5H20 (13.7 mg, 0.06 mmol) and 1,10-phenanthroline (19.8 mg,
0.11 mmol) were added to a solution of 4-((4-(bromoethynyl)phenyl)
ethynyl)benzaldehyde (19) (93.2 mg, 0.30 mmol)in anhydrous THF (7 mL).
The reaction mixture was purged with nitrogen and heated at 70°C for 5
days. The progress of the reaction was monitored using TLC analysis.
Upon completion, the reaction mixture was dried in vacuo and the residue
was dissolved in water and extracted with dichloromethane (3 x 15 mL).
The combined organic phases were dried with anhydrous Na>SO4 and
then evaporated. The crude residue was purified on silica gel flash
chromatography using a mixture of hexane / ethyl acetate (95:5) to give 4-
((4-((9H-carbazol-9-yl)ethynyl)phenyl)ethynyl)benzaldehyde (20) as a
pale-yellow solid in 47% vyield (55.8 mg). '"H NMR (CDsCl, 400 MHz) &
10.04 (s, 1H), 8.06 (d, J = 8.4 Hz, 2H), 7.89 (d, J = 8.4 Hz, 2H), 7.74 (d, J
= 8.4 Hz, 2H), 7.70 (d, J = 8.4 Hz, 2H),7.59-7.50 (m, 2H), 7.45-7.35 (m,
2H), 7.28-7.21 (m, 4H).

2-Acetylpyridine (50 pL, 0.42 mmol) was added to a stirred suspension of
crushed NaOH (17.2 mg, 0.42 mmol) in PEG 200 (1.5 mL) at 0° C. After
30 minutes, 20 (55.8 mg, 0.14 mmol) was added and stirring was
continued at 0°C for 2 h. Then a concentrated aqueous NHs solution (1.5
mL) was added and the suspension stirred at 100°C for 24 h. After this
time water was added and the mixture was extracted with dichloromethane
(3 x 10 mL). The organic phase was then washed with brine and dried over
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NazSO4. Solvent was evaporated and methanol was added. The
precipitate solid was collected by vacuum filtration and washed with water
(50 mL) and ethanol (10 mL) to give product (6) as a pale-yellow solid in
15% vyield (12.6 mg). "H NMR (CDsCl, 400 MHz) & 8.77 (s, 2H), 8.75 (dq,
Jqg = 4.8 Hz, Js = 1.0 Hz, 2H), 8.69 (dt, J: = 8.0 Hz, Jo = 1.0 Hz, 2H), 8.05
(d, J=8.0 Hz, 2H), 7.94 (d, J = 8.4 Hz, 2H), 7.74 (d, J = 8.0 Hz, 2H), 7.70
(d, J=8.0 Hz, 4H), 7.61 (d, J = 1.6 Hz, 4H), 7.55 (dt, J:= 7.6 Hz, Jo= 1.1
Hz, 2H), 7.37 (t, J = 6.8 Hz, 4H); '3C NMR (CD3Cl, 100 MHz) & 156.2 (C),
156.1 (C), 149.4 (C), 149.2 (CH), 140.3 (C), 138.4 (C), 136.9 (CH), 132.2
(CH), 131.7 (CH), 131.1 (CH), 127.3 (CH), 126.8 (CH), 123.9 (C), 123.8
(CH), 123.7 (C), 123.0 (C), 122.4 (C), 122.2 (CH), 121.4 (CH), 120.4 (CH),
118.7 (CH), 111.3 (CH), 90.8 (Cak), 90.6 (Cak), 80.9 (Cak), 74.7 (Cak);
HRMS (ESI-QTOF) m/z: calcd. for CasH27N4*: 599.2231; found 599,2229
(M+H)*.

Synthesis of 9-(4-(10-((4-([2,2":6",2"-terpyridin]-4'-yl)phenyl)ethynyl)
anthracen-9-yl)phenyl)-9H-carbazole (7).

In a Schlenk flask, 13 (249.6 mg, 1.92 mmol), TEA (0.5 mL), Pd(PPhs)2Cl2
(28.0 mg, 0.04 mmol) and Cul (19.1 mg, 0.10 mmol) were added to a
solution of 9,10-dibromoanthracene (21) (645.2 mg, 1.92 mmol) in DMF
(10 mL) and 1,4-dioxane (4 mL); the solution was then stirred under
nitrogen atmosphere for 24 hours at 80°C. The progress of the reaction
was monitored using TLC analysis on silica gel petroleum ether / ethyl
acetate (9:1). Upon completion, water was added and the resulting mixture
was extracted with dichloromethane (3 x 10 mL). The combined organic
phase was then washed with HCI 1M (1 x 10 mL), brine and dried over
Naz2S0s4. Solvent was evaporated and the residue was purified by silica gel
column chromatography using a mixture of petroleum ether / ethyl acetate
(95:5) to give product 4-((10-bromoanthracen-9-yl)ethynyl)benzaldehyde
(22) as a yellow solid in 35% yield (253.2 mg). Spectral data were
consistent with the literature.[70

Compound 10 (242.7 mg, 0.66 mmol), ethanol (65 pL) and K2COs (2M in
water, 330 pL, 0.66 mmol) were added to a solution of 4-((10-
bromoanthracen-9-yl)ethynyl)benzaldehyde (22) (253.2 mg, 0.66 mmol) in
THF (1.5 mL) under nitrogen atmosphere. The solution was degassed with
nitrogen and after 10 minutes Pd(PPhs)4 (19.0 mg, 0.02 mmol) was added
and the solution stirred at 70°C overnight. After the reaction was
terminated the solvent was evaporated, distilled water was added, and the
resultant solution was extracted with dichloromethane (3 x 15 mL). The
collected organic layer was dried over anhydrous Na:SOs4 and then
evaporated. The residue was purified by silica gel column chromatography
using a mixture of dichloromethane / petroleum ether (1:9) to give product
4-((10-(4-(9H-carbazol-9-yl)phenyl)anthracen-9-yl)ethynyl)benzaldehyde
(23) as a yellow solid in 38% yield (106.9 mg). '"H NMR (CDsCl, 300 MHz)
5 10.10 (s, 1H), 8.77 (d, J = 9 Hz, 2H), 8.22 (d, J = 7.8 Hz, 2H), 7.98 (dd,
J=8.7 Hz, J = 12.3 Hz, 4H), 7.88-7.81 (m, 4H), 7.72-7.65 (m, 6H), 7.57-
7.48 (m, 4H), 7.36 (dt, J: = 7.5 Hz, Js = 1.0 Hz, 2H); '3C NMR (CD3Cl, 100
MHz) 5 191.4 (CHO), 140.8 (C), 138.3 (C), 137.4 (C), 137.3 (C), 135.6 (C),
132.6 (CH), 132.5(C), 132.1 (CH), 130.0 (C), 129.9 (C), 129.8 (CH), 127.3
(CH), 126.9 (CH), 126.9 (CH), 126.8 (CH), 126.1 (CH), 126.0 (CH), 123.6
(C), 120.5 (CH), 120.2 (CH), 116.9 (C), 109.9 (CH), 100.2 (Calk), 90.6 (Cal).

2-Acetylpyridine (66 pL, 0.59 mmol) was added to a stirred suspension of
crushed NaOH (24.0 mg, 0.59 mmol) in PEG 200 (1.0 mL) at 0° C. After
30 minutes, compound 23 (106.9 mg, 0.20 mmol) was added and stirring
was continued at 0°C for 2 h. Then concentrated aqueous NH3 solution (3
mL) was added and the suspension stirred at 100°C for 24 h. After this
time water was added and the mixture was extracted with dichloromethane
(3 x 10 mL). The organic phase was then washed with brine, dried over
Na2SO4. Solvent was evaporated and methanol was added. The
precipitate solid was collected by vacuum filtration and washed with water
(50 mL) and ethanol (10 mL). Then it was purified by silica gel column
chromatography using a mixture of dichloromethane / methanol (95:5) to
give product (7) as a yellow solid in 15% yield (22.3 mg). '"H NMR (CDsCl,
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400 MHz) 5 8.83 (d , J= 10.8 Hz, 4H), 8.79 (d, J = 4.8 Hz, 2H), 8.72 (d, J
= 8.0 Hz, 2H), 8.22 (d, J = 8.0 Hz, 2H), 8.05 (d, J = 8.0 Hz, 2H), 7.96 (d, J
= 8.0 Hz, 2H), 7.92 (d, J = 8.0 Hz, 4H), 7.84 (t, J = 8.0 Hz, 4H), 7.69 (t, J =
8.4 Hz, 6H), 7.55-7.49 (m, 4H) 7.42-7.34 (m, 4H); '3C NMR (CDCl, 100
MHz) & 156.0 (C), 149.5 (C), 149.1 (CH), 140.8 (C), 138.4 (C), 137.6 (C),
137.5 (C), 137.4 (C), 137.3 (C), 137.1 (CH), 132.7 (CH), 132.4 (C), 132.2
(CH), 130.1 (C), 127.5 (CH), 127.2 (CH), 127.1 (CH), 126.9 (CH), 126.6
(CH), 126.1 (CH), 126.0 (CH), 124.4 (C), 124.0 (CH), 123.6 (C), 121.5
(CH), 120.5 (CH), 120.2 (CH), 118.8 (CH), 117.7 (C), 109.9 (CH), 88.1
(Cak), 77.2 (Ca); HRMS (ESI-QTOF) m/z: calcd. for CssHasN4*: 751.2856;
found 751,2860 (M+H)*.

Computational Details. Density functional theory (DFT) calculations!”"]
were carried out using the B.01 revision of the Gaussian 16 program
package,’? in combination with the M06-2X hybrid meta exchange—
correlation functional,l”® which has been specifically designed to work well
with charge transfer excitations having intermediate spatial overlap.l’4 The
Pople 6-31+G(d) basis set was used for all atoms.l"5781 The polarizable
continuum model (PCM) was employed to take in to account solvation
effects (i.e., toluene and dimethylformamide).’7-791 TD-DFT calculations, 8%
82] at the same level of theory used for ground-state optimizations, were
used to compute Franck-Condon excitations and to fully optimize the
lowest-energy excited state (S+) of the dyads. Natural transition orbitals
(NTOs) were used to get a compact orbital representation for the
computed excitations, both at the Franck-Condon regions and for relaxed
excited states.[5”] The Ciofini’s charge-transfer diagnostic was adopted to
get a deeper insight on the photophysics of these donor-acceptor
dyads.[6":621 All the molecules were investigated within the C2-symmetry
point group. Analytical frequency calculations were always carried out to
confirm the nature of the stationary points found on the potential energy
surfaces of both So and S4. All the pictures of molecular orbitals and
density surfaces were created using GaussView 6.183

Spectroscopic Measurements. Spectrophotometric-grade toluene and
dimethylformamide were used as solvent without further purification.
Absorption spectra were recorded with a PerkinElmer Lambda 950
spectrophotometer. For the photoluminescence experiments, the sample
solutions were placed in fluorimetric Suprasil quartz cuvettes (10.00-mm
path length) at concentrations in the range 1-10 yM. The uncorrected
emission spectra were obtained with an Edinburgh Instruments FLS920
spectrometer equipped with a Peltier-cooled Hamamatsu R928
photomultiplier tube (PMT) (spectral window: 185-850 nm). An Osram
XBO Xenon arc lamp (450 W) was used as the excitation light source. The
corrected spectra were obtained via a calibration curve, determined using
an Ocean Optics deuterium-halogen calibrated lamp (DH-3plus-CAL-
EXT). The photoluminescence quantum yields (PLQY) in solution were
obtained from the corrected spectra on a wavelength scale (nm) and
measured according to the approach described by Demas and Crosby, 84
using an air-equilibrated water solution of quinine sulfate in 1 N H2SO4 as
reference (PLQY = 0.546).181 The emission lifetimes (1) were measured
through the time-correlated single photon counting (TCSPC) technique
using an HORIBA Jobin Yvon IBH FluoroHub controlling a spectrometer
equipped with a pulsed NanoLED (Aexc = 331 nm; 200 ps time resolution
after reconvolution) as the excitation source and a red-sensitive
Hamamatsu R-3237-01 PMT as the detector (spectral window: 185-850
nm). The analysis of the luminescence decay profiles was accomplished
with the DAS6 Decay Analysis Software provided by the manufacturer, and
the quality of the fit was assessed with the x? value close to 1 and with the
residuals regularly distributed along the time axis. To record the 77 K
luminescence spectra, samples were put in quartz tubes (2 mm inner
diameter) and inserted into a special quartz Dewar flask filled with liquid
nitrogen. Experimental uncertainties are estimated to be = 8% for lifetime
determinations, = 20% for PLQYs, + 2 and + 5nm for absorption and
emission peaks.
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