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Two subphthalocyanines (SubPcs) decorated at their peripheral (SubPc 1) or peripheral and axial (SubPc 2)
positions with tetracyanobuta-1,3-diene (TCBD)-aniline moieties have been prepared as novel electron
donor—acceptor (D-A) conjugates. In 1 and 2, the multiple functionalization of Cs-symmetric SubPcs by
TCBD moieties, each of them having a chiral axis, results in the formation of several stereocisomers.
Variable temperature 'H-NMR studies in chlorinated solvents suggest that these latter species, which are
detected at low temperatures, rapidly interconvert — on the NMR timescale — into each other at room
temperature. Beside their unique structural and stereochemical features, 1 and 2 present interesting
physicochemical properties. Steady-state absorption and fluorescence, as well as electrochemical
studies on 1 and 2 clearly point to an important degree of electronic communication between the
SubPc, the TCBD and the aniline subunits. Moreover, in both derivatives, photoexcitation of the SubPc
moiety yields charge transfer products involving the electron-rich SubPc moiety and the electron-
withdrawing TCBD fragment. Interestingly, such polarized excited state species evolve in 1 and 2 in
different ways. While in the former compound, it directly decays to the ground state, the fourth axial
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Introduction

Photoinduced electron transfer (PET) is a key step in the
conversion of solar energy into chemical energy in many bio-
logical systems and a process with great relevance in research
fields such as photocatalysis,* photoconductivity,> or molecular
photovoltaics.® In a general, yet simplistic scheme, it consists of
two main events, namely, light absorption by a chromophore
resulting in the formation of an excited state species, followed
by a charge transfer (CT) between an electron donor (D) and an
electron acceptor (A) leading to a charge separated (CS) D**-A"~
species.* The optimization of these two processes, as well as the
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understanding of their mutual interplay, is of paramount
importance for the development of efficient systems for solar-to-
energy conversion schemes.

Among the building blocks used for the construction of
light-responsive D-A systems, subphthalocyanines (SubPcs)
hold a privileged position. SubPcs are cone-shaped aromatic
macrocycles that show intense absorptions in the 550-650 nm
region, high fluorescence quantum yields, a rich redox chem-
istry, and a good photostability.> Moreover, the rigid and
nonplanar SubPc core affords small Stokes shifts and low
reorganization energies, which are both important prerequi-
sites for efficient intramolecular electron/energy transfer reac-
tions. These unique physicochemical characteristics, which
have prompted the use of SubPcs in diverse applications
including, but not limited to, solar cells® and photodynamic
therapy,” render these macrocycles promising light-harvesting
synthons for their integration into D-A architectures. To date,
several SubPc-based D-A arrays have been prepared, in which
the macrocycle has been connected, either covalently or
through supramolecular interactions, to electroactive moieties
such as fullerenes,® porphyrins,® or phthalocyanines.* In these
conjugates, the SubPc acts as either D or A unit depending on
the redox features of both the macrocycle — mainly dictated by
the SubPc peripheral substituents - and the electroactive
counterpart(s).
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Recently, 1,1,4,4-tetracyanobuta-1,3-diene (TCBD) has been
investigated as novel molecular partner for SubPcs.”*** Up to
now, few TCBD-based D-A arrays have been reported, in which
the TCBD moiety, a strong electron-withdrawing group, has
been linked to electroactive units such as anilines," porphy-
rins," corannulenes,'® or phthalocyanines.”” In most of these
systems, photoinduced energy and/or electron transfer has
been observed. Besides its excellent electronic properties, TCBD
also presents some peculiar structural features resulting from
the nonplanar arrangement of its two dicyanovinyl (DCV)
halves' and the restricted rotation around the C-C bond con-
necting them. As a consequence, atropisomers are formed and,
in some experimental conditions, even isolated.'"*®

Here, we report the synthesis and physicochemical proper-
ties of two novel electron D-A conjugates based on both SubPc
and TCBD. In these systems, which have been characterized by
a wide range of spectroscopic, spectrometric, and electro-
chemical techniques, the macrocycle has been decorated at its
peripheral, or peripheral and axial positions with three (i.e.,
SubPc 1) or four (i.e., SubPc 2) TCBD-aniline moieties, respec-
tively. In both arrays, the multiple functionalization of Cj;-
symmetric SubPcs by TCBD moieties, each of them having
a chiral axis, results in the formation of several stereoisomers.
These species are detected in low temperature NMR experi-
ments and rapidly interconvert — on the NMR timescale - into
each other at room temperature. From the photophysical point
of view, steady-state absorption, fluorescence, and electro-
chemical studies on 1 and 2 clearly point out to an important
degree of electronic communication between the SubPc, the
TCBD, and the aniline units. Moreover, in both derivatives,
photoexcitation of the SubPc moiety yields CT products
involving the electron-donating SubPc moiety and the electron-
withdrawing TCBD fragment. Interestingly, the evolution of
such polarized excited state species strongly depends on the
functionalization position of the TCBD-aniline moiety on the
SubPc (peripheral or peripheral/axial). While in 1, this state
directly decays to the ground state, in 2 the formation of an
intermediate fully CS product is observed prior to the ground
state deactivation.

Results and discussion

Synthesis and stereoisomerism of (TCBD-aniline)-
functionalized SubPcs 1 and 2

(TCBD-aniline)-functionalized SubPcs 1 * and 2 were prepared
in a few-step synthesis starting from a common precursor,
namely Cs;-symmetric triiodo-SubPc(Cl) 5 (Scheme 1).

For the synthesis of (TCBD-aniline);-SubPc(‘BuPhO) 1,
SubPc 5 was initially transformed into its axially-substituted
tert-butylphenoxy analog 6 and the latter was further reacted
with 4-ethynyl-N,N'-dimethylaniline in a three-fold metal-
catalyzed Sonogashira coupling reaction affording (ethynyl-
aniline);-SubPc(‘BuPhO) 3 in 79% yield. 3 was then subjected to
a three-fold cycloaddition-retroelectrocyclization (CA-REC)
reaction® with tetracyanoethylene obtaining conjugate 1 in
77% yield. For the synthesis of (TCBD-aniline);-SubPc(TCBD-
aniline) 2, the reaction between Cj triiodo-SubPc(Cl) 5 and the
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Schemel Synthesis of (TCBD-aniline)-functionalized SubPcs 1 and 2.
Conditions: (i) 4-tert-butylphenol, toluene, reflux, 16 h; (i) 4-ethynyl-
MgBr-N,N’-dimethylamine, anhydrous THF, 60 °C, 4 h; (iii) PdCl(-
PPhs),, Cul, anhydrous THF/NEtz (5 : 1), r.t., 16 h, and triiodo SubPcs 6
or 7 for the preparation of ethynyl-functionalized SubPcs 3 or 8,
respectively; (iv) tetracyanoethylene, anhydrous THF, r.t, 1 h, and
ethynyl-functionalized SubPcs 3 or 8 for the preparation of TCBD-
functionalized SubPcs 1 or 2, respectively.

Grignard of 4-ethynyl-N,N'-dimethylaniline afforded triiodo-
SubPc(ethynyl-aniline) 7 in 59% yield, a product which was
further reacted in a three-fold Sonogashira reaction with 4-
ethynyl-N,N'-dimethylaniline giving (ethynyl-aniline),-
SubPc(ethynyl-aniline) 8 in 87% yield. Finally, a fourfold CA-
REC reaction between 8 and tetracyanoethylene led to (TCBD-
aniline);-SubPc(TCBD-aniline) 2 in 40% yield. Conjugates 1 and
2, as well as all SubPc precursors, were fully characterized by
a wide range of spectroscopic, spectrometric, and electro-
chemical techniques (see ESII).

From the structural and stereochemical point of view,
(TCBD-aniline)-functionalized SubPcs 1 and 2 present several
interesting features.”® These latter SubPcs possess a Cs-
symmetric functionalization pattern resulting from the use of
Cs-symmetric triiodo-SubPc(Cl) 5 as common precursor for both
syntheses. Moreover, the cone-shaped SubPc structure
combined with the C;-symmetry of 5 gives rise to an additional
topological feature in this SubPc, namely its isolation as
a racemic mixture of two enantiomers, that is, M and P (Fig. 1a,
b and S3.1}).** The same occurs for SubPcs 3 and 8, direct
precursors of SubPcs 1 and 2, respectively. The chemical
transformation of the three peripheral (in the case of 1) and four

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Top (top) and lateral (bottom) view (with respect to the SubPc
B—Cl bond) of molecular modelling structures of (@) M and (b) P
enantiomers of triiodo-SubPc(Cl) 5. Molecular modelling structures of
the (c) S; and (d) R, atropisomers of TCBD—-aniline derivative 4 (here
chosen as example) visualized perpendicular to (top) and along the
(bottom) butadiene C,—Cjz chiral axis. Atoms' colour code: carbon in
grey, hydrogen in white, nitrogen in light blue, iodine in violet, boron in
light pink, and chlorine in green. For an easier visualization of the two
atropisomers of 4, (i) the phenyl ring attached at the C, butadiene
moiety has been fully coloured in light green, and (i) the butadiene C,
and Csz atoms as well as the bridging bond have been colored in red.

peripheral/axial (in the case of 2) ethynyl linkers into an
equivalent number of TCBDs introduces, in conjugates 1 and 2,
some new chiral elements. On one hand, TCBD possesses an
axis of chirality arising from the restricted rotation around the
TCBD C,-C; carbon bond. As a consequence, TCBD has two
atropisomers, which are also enantiomers, namely R, and S,
(Fig. 1c, d and S3.2}).** Both enantiomers are observed in the
crystal structures of TCBD-based derivatives, where the two DCV
halves adopt a quasi-orthogonal arrangement between them.**
On the other hand, each of the three peripheral TCBDs in 1 and
2, beside adopting a R, or S, configuration, may present an
additional conformational feature resulting from the nonplanar
geometry of the SubPc.”* Taking all the above-mentioned
structural and stereochemical features of (TCBD-aniline)-
functionalized SubPcs 1 and 2 into account, at least 24 pairs
of enantiomers are expected for (TCBD-aniline);-Sub-
Pc(‘BuPhO) 1 (Fig. S3.31).

This number doubles (i.e., 48 pairs of enantiomers) for
(TCBD-aniline);-SubPc(TCBD-aniline) 2 due to the introduc-
tion of an additional TCBD at the SubPc axial position.*
Nevertheless, despite the large number of possible stereoiso-
mers of SubPcs 1 and 2, their 'H NMR spectra at room
temperature in chlorinated solvents are quite sharp and present

This journal is © The Royal Society of Chemistry 2019
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the multiplicity “theoretically” expected for achiral SubPcs with
Cs; symmetry (Fig. S2.5 and S2.17,} respectively). This result
suggests that under these conditions, (i) the R,/S, interconver-
sion of the TCBDs is fast on the NMR timescale, and/or (ii) the
conformational flexibility around the C-C single bond con-
necting the SubPc to the peripheral TCBD is high. As a result,
rapid interconversion occurs between the multiple stereoiso-
mers. Low-temperature "H-NMR experiments were also carried
out leading to a rather different scenario, in which an increase
in multiplicity, broadening, and shift of all the proton peaks
was observed (Fig. 2 and S2.61). Such results are rationalized on
the fact that the interconversion between the different stereo-
isomers of 1 and 2 is significantly slowed down upon lowering
the temperature resulting in the coexistence, on the NMR
timescale, of many magnetically distinct stereoisomers with C;
symmetry. A similar effect has been previously observed in
variable temperature "H-NMR experiments carried out on cor-
annulene derivatives peripherally functionalized with two or
five TCBDs."®

Photophysical and electrochemical studies

UV-vis absorption studies. The absorption features of
(TCBD-aniline)-functionalized SubPcs 1 and 2 were investi-
gated and compared to those of (i) a SubPc precursor periph-
erally decorated with ethynyl-aniline units but lacking the
TCBD-aniline moiety, namely (ethynyl-aniline);-SubPc(‘BuPhO)
3,%2 (ii) a SubPc lacking both the ethynyl-aniline and the TCBD-
aniline moieties, namely H;,SubPc(Cl), and (iii) a TCBD-aniline
derivative lacking the SubPc macrocycle, namely phenyl-TCBD-
aniline 4 (see ESI for their structuresy).

The absorption spectrum of (ethynyl-aniline)s;-Sub-
Pc(*BuPhO) 3 in toluene is dominated by a sharp Q-band along
with a less intense Soret-band maximizing at 601 and 329 nm,
respectively (Fig. S5.1 and Table S5.1%). In comparison to Hy,-
SubPc(Cl), which lacks the three peripheral ethynyl-aniline
moieties of 3, significant differences are discernible
(Fig. S5.1%). On one hand, the Soret-band absorption in 3 is
slightly broadened and more intense than in H;,SubPc(Cl),
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Fig. 2 Variable-temperature *H-NMR spectra (CD,Cl,) of (TCBD-
aniline)z-SubPc(TCBD-aniline) 2.
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probably due to the contribution of the aniline absorption in
the UV region of the solar spectrum. On the other hand, the Q-
band absorption in 3 is bathochromically shifted (i.e., 36 nm)
and broadened with respect to H;,SubPc(Cl), probably due to an
extension of the SubPc m-conjugation by the three peripheral
electron-donating ethynyl-aniline groups.>**** Additional tran-
sition bands are observed for 3 at 394 and 439 nm that are
attributable to n — 7* transitions stemming from the periph-
eral nitrogen lone pairs.>'°*** Interestingly, the 439 nm transi-
tion presents a bathochromic shift upon increasing the solvent
polarity (i.e.,, 16 nm moving from toluene to benzonitrile)
(Fig. S5.21). A likely rationale for such positive solvatochromism
is the stabilization of the “polar” excited state populated via the
n — 7* transition upon increasing the solvent polarity.

Next, the absorption features of (TCBD-aniline)-
functionalized SubPcs 1 and 2 were investigated. Both
compounds showed significant differences with respect to
(ethynyl-aniline)-functionalized SubPc 3 and H;,SubPc(Cl)
(Fig. 3 and S5.3, and Table S5.1%). For 1, characteristic Soret-
and Q-band absorptions are observable at 310 and 622 nm,
respectively (Fig. 3). The latter band is broadened and bath-
ochromically shifted with respect to the Q-band of 3 and Hj,-
SubPc(Cl) (i.e., 21 and 57 nm, respectively). Beside the
aforementioned Soret- and Q-band absorptions in 1 in toluene,
an additional feature is present at 462 nm. Valuable insights
into the nature of such transition came from the UV-vis
absorption analysis of phenyl-TCBD-aniline 4, which presents
a broad absorption maximum at 463 nm and a shoulder at
410 nm (Fig. 3). Such transitions in 4 are attributable to a push—
pull CT absorption resulting from ground state interactions
between the electron-rich aniline and the electron-withdrawing
TCBD units. Moreover, a positive solvatochromism of this
transition has been observed."”

Similar to 4, the absorption of 1 at 462 nm in toluene is
subject to a bathochromic shift upon increasing the solvent
polarity (i.e., up to 473 nm in benzonitrile) (Fig. S5.4 and Table
S5.1%). Interesting is the threefold increase in the extinction
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Fig. 3 Steady-state absorption spectra of (TCBD-aniline)s-

SubPc(TCBD-aniline) 2 (green) in anisole, (TCBD-aniline)s-Sub-
Pc('BuPhOQ) 1 (red) in anisole, phenyl-TCBD-aniline 4 (blue) in toluene,
and Hy,SubPc(Cl) (black) in toluene. Inset: zoom of the steady-state
absorption spectra in the region between 700 and 1000 nm.
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coefficient of the push-pull CT band of 1 with respect to 4,
reflecting the presence of three TCBD-aniline moieties in the
former conjugate as opposed to one in the latter. A closer look at
the absorption spectra of 1 reveals an additional broad
absorption around 860 nm, which is more prominent in the
more polar solvents, i.e. chlorobenzene, anisole, and benzoni-
trile (Fig. S5.41). Furthermore, a slight broadening of the Q-
band absorption is observable upon increasing the solvent
polarity. A possible rationale for these phenomena includes the
formation of a CT state between the electron-rich SubPc mac-
rocycle and the covalently linked electron-withdrawing TCBDs
(vide infra).

Turning to (TCBD-aniline);-SubPc(TCBD-aniline) 2, its
absorption spectrum in anisole exhibits Soret- and Q-band
transitions at 313 and 636 nm, respectively, and a TCBD-
aniline CT absorption band at 475 nm (Fig. 3).>* Moreover,
a low-energy band was also observed at 832 nm. In contrast to 1,
2 lacks any appreciable bathochromic shifts of the TCBD-
aniline CT absorption band as the solvent polarity is varied
(Fig. S5.5 and Table S5.1%). However, a noticeable broadening of
the low-energy band is observed together with its red-shift
moving from anisole and chlorobenzene (i.e., 832 and
838 nm, respectively) to benzonitrile (i.e., 860 nm). Considering
the positive solvatochromism of this latter transition and the
solvent-independent nature of the TCBD-aniline CT absorption
in 2, we postulate that the axial TCBD enhances the electron-
withdrawing effect, which is exerted onto the macrocycle, as
compared to 1. Therefore, the polarized CT state, which is
populated upon excitation in the low energy regime, is more
susceptible to external influences, such as solvent polarity, and,
hence, subject to polarizability and energy stabilization to
a larger extent with increasing solvent polarity.

Fluorescence studies. Next, fluorescence studies of 1-3 were
carried out, and their most relevant data are summarized in
Table S5.2.1 The fluorescence spectrum of (ethynyl-aniline)s-
SubPc(“BuPhO) 3 in toluene is a mirror image of the corre-
sponding absorption spectrum characterized by a maximum at
613 nm and a small Stokes shift (i.e., 12 nm) (Fig. S5.61). The
fluorescence spectrum is subject to a bathochromic shift and
a slight broadening upon increasing the solvent polarity
(Fig. S5.6 and Table S5.2}). Much more important is, however,
the fluorescence quantum yield (®g) of 3, which is significantly
affected by the solvent polarity and decreases moving from
toluene (0.27) to chlorobenzene and anisole (0.11 and 0.096,
respectively) reaching benzonitrile (0.001). In the latter solvent,
the overall fluorescence quenching is 99.6%. Considering that
a singlet excited state energy transfer process from the photo-
excited SubPc (2.04 eV)* to the aniline (4.30 eV)* is not feasible,
we attribute the observed fluorescence quenching of 3 upon
increasing the solvent polarity to an intramolecular charge
separation event (vide infra).

Turning to (TCBD-aniline);-SubPc(‘BuPhO) 1, its fluores-
cence spectrum in toluene is a mirror image of the corre-
sponding absorption, dominated by a maximum at 650 nm and
a Stokes shift of 28 nm (Fig. S5.7%). In comparison to precursor
3, the fluorescence of 1 is broader and further shifted to the red.
Upon testing more polar solvents, the broadening augments

This journal is © The Royal Society of Chemistry 2019
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and the Stokes shift increases from 28 nm in toluene to 33 nm
in benzonitrile. Moreover, @ of this conjugate is very low in all
investigated solvents, ranging between 1 x 10~ * (benzonitrile)
and 5 x 10~ * (anisole), which corresponds to a fluorescence
quenching of more than 99.9% (Table S5.21).

In the case of (TCBD-aniline);-SubPc(TCBD-aniline) 2,
a further fluorescence quenching with respect to the TCBD-
functionalized SubPc 1 was observed with @y lower than 1 x
10", which corresponds to a fluorescence quenching of more
than 99.99% (Fig. S5.8 and Table S5.2}). The Stokes shift ranges
from 26 nm in benzonitrile to 32 nm in anisole and resembles
that of 1. The strongly quenched fluorescence of 1 and 2 is
indicative of a deactivation pathway possibly involving an
intramolecular CT process from the photoexcited SubPc to the
electron-accepting TCBD moiety. Moreover, the stronger
quenching observed in the case of (TCBD-aniline)s-
SubPc(TCBD-aniline) 2 with respect to 1 could result from the
presence of an additional TCBD unit at its axial position.

Electrochemical studies. Next, the electrochemical features
of SubPcs 1-3 were probed by means of cyclic (CV) and square
wave voltammetry (SWV) (Table 1). (Ethynyl-aniline)s-Sub-
Pc(“BuPhO) 3 reveals three SubPc-centered one-electron reduc-
tions at —1.40, —1.85, and —2.22 V and two SubPc-centered one-
electron oxidations at +0.41 and +0.71 V (Fig. S4.1}). In addition,
a three-electron oxidation at +0.65 V is attributable to the
peripheral aniline units.”® Turning to (TCBD-aniline)s;-Sub-
Pc(‘BuPhO) 1, at first sight, three reductions are observable in
CV and SWV at —0.79, —1.11, and —1.81 V (Fig. S4.21). A closer
look at the SWV reductive peaks reveals that the integrals of the
first two processes are three times higher in intensity than that
of the latter one. Such results suggest that the former two
reductions involve the reduction of the three DCV halves of the
TCBD units, while the latter one is SubPc-centered. Such
hypothesis was substantiated by comparing the reduction
features of 1 with those of TCBD-aniline reference 4. This latter
derivative exhibits two TCBD-centered one-electron reductions
at —0.94 and —1.26 V, assigned to the reduction of the DCV half
connected to the phenyl and the aniline units, respectively."”

With these results in hand, for conjugate 1 the process at
—0.79 V is attributable to the reduction of the DCV adjacent to
the SubPc, whereas the one at —1.11 V is located at the DCV
connected to the aniline.">” With regard to SubPc, the SubPc-
centered reduction at —1.81 V is cathodically shifted by about

Table 1 Electrochemical oxidation and reduction (V vs. Fc*/Fc) for
SubPcs 1 and 2 and phenyl-TCBD-aniline reference 4 detected by
SWV at room temperature in 0.2 M (for SubPc 1-2) and 0.1 M (for 4)
solutions of n-Bu4NPFg in dichloromethane

b d b

ona on Ercdc Ercd ErcdﬂZ Ercdt Ered
1 +0.91 +0.85 -0.79 -1.11 —1.81
2 +0.93 +0.88 —-0.71 -0.81 —-1.14 —-1.31 —1.45
4 (ref. 17)  +0.92 —0.94 -1.26

¢ Aniline-centered process. b SubPc-centered process. © TCBDyjar-
centered process. d TCBDperiphml—centered process.
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0.41 V relative to SubPc precursor 3, most probably as a result of
the repulsive negative charges at the TCBD units in 1 covalently
linked to the macrocycle. As in the case of the reductive
processes, multiple GAUSS peak fittings were necessary in order
to clearly identify the oxidation potentials of 1. In this case, one
one-electron oxidation peak at +0.85 V and one three-electron
oxidation peak at +0.91 V were obtained. The latter potential,
which nicely matches that of the oxidation of the aniline moiety
in reference TCBD-aniline 4, is attributable to the three aniline
units in 1, whereas the oxidation at +0.85 is SubPc-centered
(Table 1).

Finally, the redox features of (TCBD-aniline);-SubPc(TCBD-
aniline) 2 were investigated. Similar to TCBD-functionalized
SubPc 1, all redox processes in 2 are subject to a strong coa-
lescence, which had to be unraveled by means of multiple
GAUSS peak fits (Fig. S4.31). With regard to the reduction, five
processes were identified at —0.71, —0.81, —1.14, —1.31, and
—1.45 V (Tables 1 and S4.1f). On one hand, the second and
third reduction at —0.81 and —1.14 V, respectively, are three-
electron reduction processes with potentials very similar to the
first two reductions of 1 at —0.79 and —1.11 V. Therefore, we
assign these reductions to the three peripheral DCVs adjacent to
the SubPc and the three peripheral DCVs closer to aniline,
respectively. On the other hand, the one-electron reductions at
—0.71 and —1.31 V are attributable to processes involving the
axial DCVs adjacent to SubPc and aniline, respectively. The fifth
and final reduction at —1.45 V is SubPc-centered. In the oxida-
tive voltammograms of (TCBD-aniline);-SubPc(TCBD-aniline)
2, two oxidations, namely one one-electron oxidation at +0.88 V
and one three-electron oxidation at +0.93 V are observed, which
are SubPc- and aniline-centered, respectively. The SubPc-
centered oxidation is anodically shifted by 0.03 V relative to 1,
probably due to the slightly higher electron-deficiency exerted
by the additional axial TCBD unit.

Femtosecond transient absorption spectroscopy studies.
Photoexcitation of (ethynyl-aniline);-SubPc(‘BuPhO) 3 at
550 nm in argon-saturated toluene leads to the instantaneous
formation of differential absorption changes including maxima
at 501 and 690 nm, and a shoulder at 657 nm (Fig. S5.9a}). In
addition, a broad absorption reaching far into the near-infrared
(NIR) region as well as minima at 455 and 607 nm are
discernible. All these features are attributes of the SubPc singlet
excited state (2.04 eV),”® which undergoes a fast vibrational
relaxation within 16 ps and transforms via intersystem crossing
within 1709 ps into the corresponding triplet excited state.
Maxima at 496 and 695 nm as well as a minimum at 604 nm are
the spectroscopic markers of the triplet excited state.”” In
chlorobenzene and anisole, vibrational relaxation and inter-
system crossing were determined as 13/1341 and 20/1068 ps,
respectively (Fig. S5.9b and c}). In benzonitrile, a different
deactivation of the SubPc singlet excited state of 3 is observed
(Fig. $5.9d}): instead of the slow intersystem crossing, a fast
decay dominates the photoexcited state reactivity. The decay of
the SubPc singlet excited state, which is formed immediately
after the laser pulse, is accompanied, in this solvent, by the
formation of maxima at 516 and 673 nm, as well as a minimum
at 610 nm. These features suggest the formation of a radical

Chem. Sci,, 2019, 10, 10997-11005 | 11001


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9sc03970h

Open Access Article. Published on 19 September 2019. Downloaded on 10/21/2025 4:29:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

anion SubPc species'*® as a result of a CT event from the
aniline to the SubPc. The resulting metastable SubPc'™-
[(ethynyl-aniline);]"" CS state is formed within 12 ps and decays
to the ground state by charge recombination within 42 ps. The
substantial change in the SubPc deactivation pattern moving
from toluene, chlorobenzene, and anisole to a more polar
solvent such as benzonitrile can be rationalized taking into
account the electrochemical results (vide supra). These latter
studies show that in the former solvents, the SubPc’~-[(ethynyl-
aniline);]"" CS state is energetically higher (2.05 €V) than the
SubPc singlet excited state (2.04 eV). In benzonitrile, however,
the SubPc’~-[(ethynyl-aniline);]"" CS state is stabilized and,
thus, populated from the SubPc singlet excited state. This
hypothesis is also supported by the fluorescence studies on 3,
which showed a strong fluorescence quenching moving from
anisole to benzonitrile (i.e., 99%) (vide supra). In other words, an
additional deactivation pathway in the form of an intra-
molecular charge separation is operative in benzonitrile.
Interestingly, similar transient absorption studies carried out
on a previously reported H;,SubPc bearing an ethynyl-aniline
unit at its axial position suggested the formation of inter-
system crossing only in toluene, whereas it deactivates via a CS
state in chlorobenzene, anisole, and benzonitrile.** Such
different trend suggests that a CT from the electron-rich aniline
moiety to the covalently linked SubPc is more likely to occur
when the former is electronically decoupled from the macro-
cycle as in the case of placing it at the SubPc axial position. On
the contrary, when the aniline is peripherally bounded to the
macrocycle, as in the case of 3, it is fully integrated in the
extended m-system, which hampers a full charge separation.

Turning to (TCBD-aniline);-SubPc(‘BuPhO) 1, following
550 nm excitation in anisole, newly developing differential
absorption changes in the form of transient minima at 474 and
626 nm are a good reflection of the ground state absorption
(Fig. 4). These features are complemented by maxima at 520 and
687 nm, as well as a broad absorption reaching far into the NIR.
As time progresses, several features evolve. Firstly, the broad
NIR broad absorption and the ground state bleaching of the
SubPc Q-band decrease, whereas the ground state bleaching of
the TCBD-aniline CT band at 474 nm intensifies and experi-
ences a slight hypsochromic shift to 470 nm. Secondly, a new
signature maximizing at 674 nm grows-in with mono-
exponential kinetics. These findings point out to the formation
of the one-electron reduced form of TCBD similar to what was
observed in recent spectroelectrochemical investigations.™
Based on these results, we assume a CT process from the SubPc
to one of the adjacent TCBDs leading to the formation of
a highly polarized *(SubPc’*-[(TCBD-aniline);]’”) species
(Fig. 5a). The same transient absorption features were observed
in toluene, chlorobenzene, and benzonitrile (Fig. S5.10a-cf).
Multiwavelength and global analyses afforded ultrafast
formation/decay kinetics, namely, 3.3/13 ps in toluene, 4.2/15
ps in chlorobenzene, 3.6/14 ps in anisole, and 2.0/15 ps in
benzonitrile. However, the formation of a fully CS state is not
discernible for 1 in any of the investigated solvents.

Next, (TCBD-aniline);-SubPc(TCBD-aniline) conjugate 2 in
chlorobenzene, anisole, and benzonitrile was probed (Fig. 4 and
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Fig. 4 (Top) Differential absorption spectra obtained by femtosecond
transient absorption pump—probe experiments (550 nm, 400 nJ) of
(TCBD-aniline)s-SubPc('BUPhO) 1 (2 x 107> M) in argon-saturated
anisole with several time delays between 1 to 7500 ps. (Middle)
Deconvoluted evolution associated spectra and (bottom) associated
time-dependent amplitudes obtained via global analysis in GloTarAn
monitoring formation and decay kinetics.

S5.11%). Laser excitation of 2 at 550 nm in argon-saturated
anisole results in the instantaneous formation of sharp
maxima at 441 and 534 nm, a broad maximum at 805 nm, as
well as minima at 484 and 641 nm (Fig. 6). All these fingerprints
are assigned to the SubPc singlet excited state formation.
Notably, the NIR absorption is more prominent than in 1, which
reflects a stronger electronic coupling between the SubPc and
the TCBD units. As time progresses, a slight hypsochromic shift
and an increase of the CT ground state bleaching at 484 to
482 nm, as well as a significant decay of the SubPc ground state
bleaching are seen. In parallel, a maximum at 701 nm raises
with monoexponential kinetics. All these features resemble
those of the highly polarized excited CT state seen for 1. From
this, we conclude that the SubPc singlet excited state transforms
into *(SubPc®*-[(TCBD-aniline),]’ ") (Fig. 5b). This happens with
3.6 ps in chlorobenzene and 4.2 ps in anisole. Global analysis

This journal is © The Royal Society of Chemistry 2019
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Fig.5 Energy level diagram of (a) (TCBD-aniline)s-SubPc(‘BuPhO) 1in
toluene, chlorobenzene, anisole, and benzonitrile (blue arrows) and (b)
(TCBD-aniline)s-SubPc(TCBD-aniline) 2 in chlorobenzene and ani-
sole (green arrows), and benzonitrile (red arrows) reflecting the
energetic pathways after excitation of SubPc (Aex = 550 nm, black
arrow). Blue, green, and red arrows refer to nonradiative processes.

reveals the presence of yet another component, whose charac-
teristics, that is, minima at 484 and 642 nm, are fingerprints of
the TCBD-aniline CT and the SubPc Q-band transition,
respectively. These features are complemented by transient
maxima at 539 and 703 nm, as well as a broad absorption with
a maximum at 836 nm. We assign the latter to a significant
electronic interaction between the SubPc and the TCBD units as
already indicated in the context of steady-state absorption and
fluorescence spectroscopy (vide supra). Together with the
703 nm maximum and the 484 nm minimum as markers of the
one-electron reduced form of TCBD as well as the 642 nm
minimum of the one-electron oxidized form of SubPc, we
postulate the formation of a SubPc''-[(TCBD-aniline),]'~ CS
state (Fig. 5b)."* Global analysis yielded charge separation and
charge recombination kinetics of 20/120 ps in chlorobenzene
and 17/89 ps in anisole, respectively. Interestingly, in benzoni-
trile, global analysis was based on a two-species kinetic model
(Fig. S5.11bf). The first species is assigned to the SubPc singlet
excited state, which transforms ultrafast within 1.8 ps into
a second species, whose differential absorption spectra are
dominated by a distinct maximum at 700 nm and a broad
maximum around 825 nm. These latter spectral features
resemble those attributed to the radical cation and anion
species formed in chlorobenzene and anisole. Basically, in
a polar solvent such as benzonitrile, the singlet excited state
transforms directly into the highly stabilized SubPc™*-[(TCBD-
aniline),]'” CS state species, which finally deactivates to the
ground state within 29 ps. The observed PET process in 2 is in
line with the dramatic decrease of @ and the higher intensity of
the CT absorption band in the NIR region in comparison to 1.

It is important to notice that in case of 2, CS is seemingly
possible as opposed to 1 due to the presence of an electron-
accepting TCBD unit in the SubPc's axial position. In the
former conjugate, the axial TCBD-aniline is decoupled from the
SubPc through the nodal plane at the boron atom, which allows
for a significant stabilization of the electron transfer product. In
contrast, the peripheral TCBDs are part of the SubPc's -
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Fig. 6 (Top) Differential absorption spectra obtained by femtosecond
transient absorption pump—probe experiments (550 nm, 400 nJ) of
(TCBD-aniline)s-SubPc(TCBD-aniline) 2 (3 x 10> M) in argon-satu-
rated anisole with several time delays between 1 to 7500 ps. (Middle)
Deconvoluted evolution associated spectra and (bottom) associated
time-dependent amplitudes obtained via global analysis in GloTarAn
monitoring formation and decay kinetics.

conjugated system. This, in turn, enhances the electronic
communication, but, at the same time, destabilizes the electron
transfer product. Therefore, the peripheral TCBDs and the
SubPc in 1 are subject to CT interactions rather than under-
going electron transfer.

Conclusions

In this work, we have reported two novel D-A conjugates
comprising a SubPc functionalized at its peripheral, or
peripheral and axial positions with three (1) or four (2) TCBD-
aniline moieties, respectively. In 1 and 2, the combination of
multiple axially chiral TCBD units, the C; symmetry of the
SubPcs' peripheral functionalization pattern, and the cone-
shaped structure of the macrocycle result in the formation of

several stereoisomers. Variable temperature ‘H-NMR

Chem. Sci,, 2019, 10, 10997-11005 | 11003
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experiments in chlorinated solvents suggest that manifold
stereoisomers are observed at low temperatures, whereas at
room temperature a rapid interconversion - on the NMR
timescale - takes place. In depth electrochemical and photo-
physical characterization of 1 and 2 was also carried out. These
studies suggest that the covalent functionalization of the mac-
rocycle by several TCBD-aniline moieties has dramatic conse-
quences on the physicochemical properties. In detail,
conjugates 1 and 2 present a red-shift of the SubPc Q-band
absorption (~20-30 nm) and a strong fluorescence quenching
(>99.9%) with respect to their (ethynyl-aniline)-functionalized
SubPc precursors 3 and 8, respectively. On the same line, the
electrochemical analysis of both 1 and 2 revealed that the
chemical transformation of the multiple ethynyl linkers in 3
and 8 into an equivalent number of TCBD units significantly
perturbs the redox features of the SubPc and aniline moieties in
1 and 2. These studies point to a significant degree of electronic
communication between SubPc, TCBD, and aniline units in 1
and 2. Corroboration came from steady-state absorption
studies, which revealed the occurrence of new transitions in the
NIR regime, which are based on ground state CT interactions
between the SubPc and the electron-withdrawing TCBD units.
In this connection, the introduction of an axial TCBD unit in 2
as compared to 1 remarkably enhances this transition. As
a matter of fact, this NIR absorption is, to the best of our
knowledge, unprecedented in the context of SubPc based
chemistry. Additional proofs of electronic communication in
these conjugates come from transient absorption studies. In 1,
a CT from the photoexcited SubPc to one of the three peripheral
TCBD moieties occurs in toluene, chlorobenzene, anisole, and
benzonitrile. As a result, a polarized transient species *(SubPc’*-
[(TCBD-aniline);]°") is formed, which directly deactivates to the
ground state. In turn, the introduction of an additional TCBD-
aniline group at the axial position of the SubPc in conjugate 2
significantly changes the conjugate's photophysics relative to 1.
For the former derivative, similarly to 1, the deactivation of the
photoexcited SubPc yields a polarized transient species
*(SubPc’*-[(TCBD-aniline),]’") in solvents of low or medium
polarity (i.e., chlorobenzene and anisole). However, in 2, this
latter polarized transient species further transforms into a fully
CS species (SubPc'*-[(TCBD-aniline),] ~) before deactivating to
the ground state. Moving to a solvent with a higher dielectric
constant such as benzonitrile, the “intermediate” polarized
excited state was not detected and the direct conversion of the
photoexcited SubPc into a fully CS state was observed. The
different behavior of 1 and 2 in their excited-state deactivation
suggests that the introduction of an axial TCBD unit has
a dramatic impact on the excited state interactions between
SubPc and TCBD.

In summary, we have prepared two novel SubPc-based D-A
conjugates, which present fluxional stereoisomerism and
strongly coupled electron D (i.e., SubPc and aniline) and A (i.e.,
TCBD) units. Physicochemical studies revealed (i) a broad and
panchromatic absorption in the UV-vis region of the solar
spectrum, (ii) intense ground state CT interactions between
SubPc and TCBD, and (iii) photoinduced charge and/or electron
transfer, which strongly depends on the SubPc's
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functionalization pattern (i.e., peripheral or peripheral/axial).
All these phenomena render these systems promising mate-
rials for applications in the field of molecular photovoltaics.
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