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Abstract: Donor-acceptor dyads and triads comprising core-substituted naphthalene diimide (NDI)
chromophores and either phenothiazine or phenoxazine donors are described. Synthesis combined
with electrochemical and spectroelectrochemical investigations facilitates characterisation of the
various redox states of these molecules, confirming the ability to combine arrays of electron donating
and accepting moieties into single species that retain the redox properties of these individual moieties.

Keywords: naphthalene diimide; phenothiazine; phenoxazine; electrochemistry; spectroelectrochemistry

1. Introduction

To further develop electronically or photochemically active organic molecules, it is
important to enhance our understanding of synthetic methodologies and to pursue a
detailed appreciation of the properties of molecular targets. We have been exploring how it
is possible to combine both donor and acceptor groups within a single molecule, with the
aim of inferring the properties of both donor and acceptor on a single molecular species. In
particular, we are interested to investigate whether the properties of donor and acceptor
influence each other, or if the components act independently. With this aim in mind, we
have been studying the class of acceptor molecules based on naphthalenetetracarboxylic
diimides (NDIs) and their analogues [1-4].

NDiIs are a class of dye molecules that present many opportunities for incorporation
into more complex structures [5], leading to their use in various applications including
organic electronics [6-8] and photovoltaic devices [9-14]. In the context of supramolecular
chemistry, NDIs have been employed for anion recognition [15-17], the creation of metal-
organic supramolecular structures [18], metal-organic frameworks [19] and hydrogen-
bonded arrays [20,21]. The wide applicability of this class of molecules arises from the
combination of the robust NDI core and the potential for chemical modification, coupled
with interesting and yet tuneable electrochemical and photochemical properties.

NDIs can be modified in three main positions: through functionalisation of the imide
nitrogen [1], thionation of the carbonyl groups [1] or introduction of substituents directly
onto the naphthyl core (Scheme 1) [2,22,23]. Whereas imide functionalisation typically has
little effect on the properties of the NDI, due to a node in the molecular orbitals at the
imide nitrogen [1], both carbonyl thionation and direct naphthyl core functionalisation
can lead to significant modification of the electrochemical and optical properties of the
NDI species. Herein, we use naphthyl core substitution to combine NDIs, which can
behave as acceptor molecules, with the electron rich organic donor species phenothiazine
and phenoxazine. This is achieved through coupling of the donors through a phenylene
bridge onto the naphthyl core, by the use of secondary amine groups, which are known to
influence the properties of the NDI by conjugating to the aromatic core [2,22,23]. Although
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some NDI-phenothiazine dyads have been reported [1], little research has been described
employing the analogous donor species phenoxazine. Recent studies of the related species
naphthalimide—phenothiazine [24,25] or naphthalimide—phenoxazine [26] show promise
for creating donor—acceptor dyads with these and related components. Herein we report
the synthesis of a series of NDI-based electron donor-acceptor systems composed of an NDI
acceptor furnished with phenothiazine or phenoxazine donor appendages in combination
with other core-substituents. The electronic and optical properties of these species were
probed using cyclic voltammetry and spectroelectrochemistry, establishing the degree of
interaction between the NDI manifold and the redox active groups of the appendages. Our
approach illustrates the potential to tune the resulting electronic and optical properties
using a building-block approach.

core
carbonyl

S~
@) O

Scheme 1. Potential sites for functionalisation of NDI species allowing modification of electrochemical
and optical properties.

2. Results and Discussion
2.1. Synthesis of Dyads and Triads

The target molecules were synthesised as described below, characterised by a com-
bination of standard spectroscopic techniques and, in some instances, by single crystal
X-ray diffraction. All compounds were then probed by electrochemical and spectroelec-
trochemical techniques allowing the influence of individual components on the molecular
properties to be studied.

An amine functionalised phenothiazine species, 10-(4-aminophenyl)-10H-phenothiazine
(PTZ-NH,;), was initially prepared by the literature methods using a Buchwald-Hartwig
type reaction to functionalise the phenothiazine with a nitrophenyl group [27]. A slight
variation to this approach involved reducing this corresponding nitro-functionalised species
to the desired amine using a Pd/C catalyst under an atmosphere of H; at room temperature,
rather than the elevated temperatures previously employed. These alternative conditions
were found to give a higher yield and allow a simpler, faster work-up procedure than the
previous reports. The phenoxazine analogue of 10-(4-aminophenyl)-10H-phenothiazine,
10-(4-aminophenyl)-10H-phenoxazine (POZ-NH;), was prepared in order to investigate the
effect of modifying the redox properties of the donor species. Although a robust synthesis
has recently been reported [28], we used a slightly different approach to prepare POZ-
NHp. Our initial attempts to replicate the Buchwald-Hartwig type synthesis of PTZ-NHj,
using a coupling between phenoxazine and 1-iodo-4-nitrobenzene led to decomposition of
the phenoxazine component, presumably as a result of the elevated temperatures of this
reaction (90 °C). By switching strategy to a copper catalysed Chan-Lam type coupling,
which typically progresses well with secondary amines at room temperature, we were
able to introduce a nitrophenyl group to the phenoxazine scaffold. This was achieved
by reacting the secondary amine of phenoxazine with 4-nitrophenylboronic acid in the
presence of copper (II) acetate and pyridine. Subsequent reduction of the nitrophenyl group
using a Pd/C catalyst under an atmosphere of H; afforded POZ-NH, in 70% yield. Both
PTZ-NH; and POZ-NH; were found to decompose at room temperature in light and were
therefore stored in the dark at —18 °C. Due to the success in synthesising POZ-NH; via the
Chan-Lam coupling pathway, this method was later applied to the synthesis of PTZ-NHo,
achieving an overall yield of 83%, an improvement on the literature reports [27].
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In order to prepare donor-acceptor dyads involving NDI and either phenothiazine or
phenoxazine, we reacted the donor phenothiazine or phenoxazine precursors with either
mono-brominated NDI (2-bromo-N,N’-bis(2,6-diisopropylphenyl)-1,4,5,8-naphthalenetetra
carboxylic diimide) or di-brominated NDI (2,6-dibromo-N,N"-bis(2,6-diisopropylpheny]l)-
1,4,5,8-naphthalenetetracarboxylic diimide) [2,29]. In the case of the mono-substituted
systems, reaction of mono-bromo NDI with either PTZ-NH, or POZ-NH, in DMF at
135 °C afforded dyads 1 and 2, respectively (Scheme 2). Formation of 1 or 2 was accompa-
nied by a colour change from beige to pink, indicating the coupling of the amino group with
the naphthyl core of the NDI. Triad 3 was initially prepared by reacting di-brominated NDI
with PTZ-NH; (Scheme 3) which gave a mixture of two products: 3 and 5, corresponding
to mono- and di-substitution by the amino-phenothiazine appendage, respectively (see
Figure 1 for corresponding colour changes). Indeed, the mono-substituted product 5 was
heavily favoured with 47% yield, versus 7% of the di-substituted 3, thus providing a path-
way to asymmetrically substituted NDI triad systems (see below). We reason that the first
amine substitution has a deactivating effect on the naphthyl core through increased electron
donation, that reduces the nucleophilicity of the second substitution site [2]. Despite this,
3 can be reasonably prepared by further reaction of 5 and PTZ-NH; in DMF at 135 °C. A
colour change of the reaction mixture from pink to blue indicated the successful addition
of the second amine group to the NDI (see Figure 1).

X

2, X=0;62%
@) N @) @) N 0]
H
Br NH, N
DMF, N
135 °C, 4h X

O0O” N O 0O N O

ot

Scheme 2. Synthesis of compounds 1 and 2.

An analogous reaction was attempted between di-brominated NDI and POZ-NH,
under the same reaction conditions as employed for the phenothiazine species that resulted
exclusively in the formation of mono-substituted 6, without any evidence for the formation
of di-substituted phenoxazine derivative 4. Subsequent reaction of 6 with a large excess
of POZ-NH; afforded the di-substituted NDI target 4 (Scheme 3). Even when using
several equivalents of POZ-NH,, the yield of 4 was low due to decomposition of the
aminophenoxazine precursor.

Single substitution of di-brominated NDI with either PTZ-NH; or POZ-NHj to give
5 and 6, respectively, gives rise to compounds with a residual bromo site which can be
subsequently replaced with other groups. The effectiveness of this pathway was demon-
strated by reacting 5 with POZ-NHj to give a hybrid phenothiazine-NDI-phenoxazine triad
7 (Scheme 3). Additionally, either 5 or 6 can react with morpholine to generate morpholine-
NDI-phenothiazine 8 or morpholine-NDI-phenoxazine 9 triads, respectively (Scheme 4).
Characterisation of 3, 4 and 7 by NMR spectroscopy proved to be a challenge due to their
poor solubility; suitably concentrated samples could only be achieved by using solvent
mixtures containing methylene chloride-d2 and benzene-d6. Toluene-d8 also proved to
be an adequate solvent, although unfortunately led to a significant overlap between the
aromatic environments of the sample and the solvent.
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Scheme 3. Synthesis of compounds 3-6.

POZ-NH, NDI-Br, 6 4

Figure 1. Photographs of CH,Cl, solutions of the various compounds. Note the pink colour associ-
ated with mono-amino substituted NDIs, 5 and 6, and di-amino substituted NDIs, 3 and 4.
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All target compounds were characterised by NMR spectroscopy and mass spectrom-
etry, and in the cases of 1, 2, 5 and 9 by single crystal X-ray diffraction (SCXRD). Single
crystals were grown by vapour diffusion of either MeOH (1, 2) or hexane (5, 9) into CHCl3
solutions of the respective compounds. The single crystal X-ray data confirmed the for-
mula of each compound and allowed for appreciation of the conformations adopted by
the dyads (1, 2, 5) and triad (9) (Figure 2). In the solid state, it is readily notable that
the conformations of the phenothiazine and phenoxazine groups are different, with the
latter being significantly more planar than the former. Thus, the phenoxazine groups in
compounds 2 and 9 adopt an angle of 7.79° and 1.94°, respectively, between the two planes
formed by the outer phenyl rings of the phenoxazine group. In contrast, angles of 21.7°
or 34.76° are observed for the corresponding interplanar geometry of the phenothiazine
groups of 1 and 5, respectively. These angles are consistent with other solid-state structures
of phenothiazine [3] or phenoxazine [30,31] derivatives.

The angle adopted between the plane formed by the NDI group and the phenothiazine
or phenoxazine appendage is similar for compounds 1, 2 and 5 with interplanar angles of
24.35°,23.11° or 21.54°, respectively. This is somewhat surprising considering the flexibility
of the amino linker. However, in the solid-state, compound 9 adopts a distinct arrangement
with a value of 71.46° for this analogous interplanar angle. It might be anticipated that
intermolecular 7 interactions have a significant effect on the conformational arrangement
of these molecules, but these are only observed in 5, with pairs of molecules interacting
between the phenyl group of a phenothiazine and the NDI of the adjacent molecule (see
Figure 523) and suggesting that 7—m interactions are not responsible for affecting the
conformation of the molecules. The presence of the morpholino group in 9 may account
for the distorted conformation since the morpholino group of one molecule sits in close
proximity to the phenoxazine of an adjacent molecule (closest separation of ca. 2.9 A)
and thus close-packing may contribute to the distinct conformation. In all structures,
the phenylene bridge that connects the acceptor NDI with the donor phenothiazine or
phenoxazine groups is rotated with respect to the planes of each moiety, breaking the
conjugation between the acceptor and donor units.

Ssells
@ @ &, oe " &
@ 0% o
/%i ijx 135 °C, 2h OJ/%* ijx

Scheme 4. Synthesis of asymmetrically substituted NDI systems. Combining both phenothiazine

non
ow

and phenoxazine appendages (7); and morpholine with either phenothiazine (8) or phenoxazine (9).



Molecules 2022, 27, 8671

6 of 12

(b) -

(d)

Figure 2. Views of the crystal structures of (a) 1, (b) 2, (c) 5 and (d) 9. Note the similarities in the
structures but also the variations in the arrangement of the phenothiazine or phenoxazine appendage
with respect to the NDI core, illustrating the flexibility of this arm even in the solid-state. In each case
the hydrogen atoms of the N-terminal diisopropylphenyl groups are omitted for clarity. C—grey;
H—white; O—red; N—blue; S—yellow; Br—brown.

2.2. Investigation of Optical and Electrochemical Properties

To investigate the optical and electronic properties of dyads and triads, cyclic voltam-
metry (CV) and spectroelectrochemical experiments were undertaken. CH,Cl, was used
as the solvent for these studies due it successfully dissolving all compounds studied at
a concentration suitable for cyclic voltammetry, and also providing direct comparison to
NDI studies in the literature [3]. Initially, CV measurements were used to establish the
redox properties of the various species, see Table 1 for details of redox potentials. For
comparison, the cyclic voltammogram of POZ-NH; was recorded, finding that it exhib-
ited a reversible single electron oxidation at 0.25 V (vs Fc*/Fc), a small shift from the
phenothiazine analogue PTZ-NH, of 0.21 V (vs Fc* /Fc) [1].

The donor-acceptor dyads 1 and 2 revealed two one-electron reductions associated
with the NDIs in their cyclic voltammograms, occurring at —1.06 V and -1.48 V for 1 and
-1.04 V and -1.48 V for 2. These potentials are similar to those observed for other amine
substituted NDIs [1,2,23] indicating that the NDI reduction potentials are primarily affected
by the electron donating aniline moiety, and the extended residues do not exert a significant
influence. Additionally, both 1 and 2 exhibit a one-electron reversible oxidation based on
the phenothiazine (0.33 V vs. Fc* /Fc) or phenoxazine (0.36 V vs. Fc* /Fc), respectively, and
each of these oxidations is shifted to a positive potential relative to PTZ-NH; or POZ-NH,.
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Table 1. Reduction and oxidation potentials of 1-4, 7-9 in CH,Cl, containing [NBuy][BF4] (0.4 M)
as the supporting electrolyte. Potentials reported relative to the internal standard E; /, Fc* /Fcata
scan rate of 0.1 Vs~1 at room temperature. Values in brackets are AE (=E,® — E,°). AE for the Fc* /Fc
couple was 0.07 V under these conditions.

Compound 1st Ox Eqpp/V 1st Red Eq/p/V 2nd Red E;;p/V
1 +0.33 (0.07) —1.06 (0.07) —1.48 (0.07)
2 +0.36 (0.07) —1.04 (0.07) —1.48 (0.07)
3 +0.31 (0.08) —1.14 (0.08) —1.52(0.08)
4 +0.33 (0.08) —1.12 (0.07) —1.51 (0.07)
7 +0.32 (0.08) —1.12 (0.07) —1.51 (0.07)
8 +0.31 (0.07) —1.15 (0.07) —1.56 (0.07)
9 +0.33 (0.07) —1.14 (0.07) —1.54 (0.07)
POZ-NH, +0.25 (0.08)
PTZ-NH, +0.21 (0.07)

The cyclic voltammograms of compounds 3-9 exhibit the same overall form as those
observed for 1 and 2, with two one-electron reduction steps observed for the NDI compo-
nent and an oxidation process for the phenothiazine or phenoxazine groups. In the case of
3 and 4 a single oxidation wave is observed, attributed to two overlapping one-electron
(non-communicating) oxidations, reflecting the presence of two phenothiazine (3) or phe-
noxazine (4) groups. Interestingly, 7, containing both phenothiazine and phenoxazine
groups, gives the same voltammetric profile as 3 and 4; the individual oxidations based
on the phenothiazine and phenoxazine residues are not resolved, and instead a single
oxidation process appears, with peak currents at potentials between those of 3 and 4.

The reduction processes for the hybrid morpholino/phenothiazine (8) and mor-
pholino/phenoxazine (9) triad systems are observed at more negative potentials relative to
1 and 2, respectively, as would be expected following the direct attachment to the NDI of
the more electron donating morpholino substituent (Table 1) [2]. The oxidation processes in
8 and 9 are shifted to lower potentials than those in 1 and 2, respectively, but the magnitude
of these shifts is small, specifically a shift of 20 mV when comparing 1 and 8 and a shift of
30 mV when comparing 2 and 9, indicating that further substitutions to the NDI have little
effect on the donor properties.

The changes in optical absorption behaviour of dyad and triad molecules following
oxidation or reduction were examined using spectroelectrochemical methods. Details of
UV /vis absorbance spectra are given in Table S1 and the Supporting Information. The
UV /vis spectrum of POZ-NH, following oxidation was also recorded to enable comparison
with the dyad/triad species (Figure 528). As the oxidation progresses, the high energy band
at 242 nm is seen to deplete and new lower energy bands form, with two bands within
the visible range at 412 nm and 532 nm and a weak band emerging above 700 nm. The
overall appearance is similar to that previously reported for electrochemically oxidised
PTZ-NH2 [1].

The oxidation of dyads 1 (Figure S8) and 2 (Figure 3) yielded similar spectra, with a
band at high energy depleting and the emergence of new bands at lower energy. Bands
within the visible region gain intensity and these are accompanied by the development
of a broad absorption above 700 nm and these changes are consistent with the oxida-
tion of the donor species. In reduction, the spectral profiles of dyads 1 (Figure 529) and
2 (Figure 3) are similar. The bands at around 350 nm associated with neutral NDI de-
plete and the absorption bands characteristic of the monoanionic species, 1~ or 27, at ca.
500 nm, emerge, accompanied by new bands at lower energies. The second reduction of
1 was also probed (Figure S29c) with the resulting dianion, 12—, sharing similar features
to previously reported NDI dianions [2]. The spectra of oxidised and reduced states of 1
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and 2 are similar, as might be expected, however, upon regeneration of the parent neutral
species, the absorbance bands associated with 2 are slightly less intense, indicating minor
chemical decomposition during the redox process. Greater resilience was shown by 1 and
the neutral form could be fully regenerated following electrochemical oxidation, indicating
that the phenoxazine species, 2, is less stable than the corresponding phenothiazine species,
1, under these conditions.

(a) (b)

104
15 A

T T

T T v Lj v T v T 4 T v T T T T
20 15 10 05 00 05 10 20 15 10 05 00 05 10
Potential / V (vs. Fc' / Fc)

(c) (d)

Potential / V (vs. Fc' / Fc)

70,000 '
70,000
60,000+
60,000+
50,000
—.E —,E 50,000
': 40,000 | ‘_: 40,0004 T
g 30,000 g
- Ll ~= 30,000 )
E £ ;
2 20,000 | < 20,000 /]
w 2 ‘
10,000- 10,000 \ L
0 T 7 T T 0 T > T e T
300 400 500 600 700 800 900 300 400 500 600 700 800 900
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80,000 |
70,000
60,000
§ 50,000
5 J
- 40,000
£ 30,000
°

300 400 500 600 700 800 900 300 400 500 600 700 800 900
Wavelength / nm Wavelength / nm

Figure 3. Cyclic voltammograms of (a) 1 and (b) 3 in CH,Cl, with 0.4 M [NBuy][BF4] as the supporting
electrolyte, at a scan rate of 100 mVs~!. UV /vis absorption spectra recorded in CH,Cl, containing
[NBuy][BF4] (0.4 M) using spectroelectrochemical methods for 2 and 3 at 243 K showing the inter-
conversion of (c) 2 (blue) to 2* (red) and (d) of 2 (blue) to 2~ (red) to the regenerated species of
2 (green); (e) the inter-conversion of 3 (blue) to 32+ (red) to the regenerated species of 3 (green);
(f) the inter-conversion of 3 (blue) to 3~ (red) to the regenerated species of 3 (green). Arrows show
the progress of (c,e) the oxidation or (d,f) the reduction.

The oxidations of the triads 3 (Figure 3) and 4 (Figure S30) exhibited similar behaviour
and spectral profiles as their dyad analogues, 1 and 2. Upon regeneration of the neutral
form of 3 following oxidation, the intensity of the spectral profile was depleted, indicating
that the oxidized species is not chemically stable under these conditions and over the
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longer timeframe required for spectroelectrochemical study. Although reduction of both 3
(Figure 3f) and 4 (Figure S30b) gave rise to the expected absorption profile, surprisingly,
both species proved to be chemically unstable to reduction under these conditions and upon
regeneration of the neutral species the corresponding absorption bands showed reduced
intensity. This is unexpected behaviour as NDIs typically form very stable anions, indicating
that the addition of the second donor species leads to this instability. When examining the
hybrid triad system 7 (Figure 4), it was expected that similar changes in optical properties
to those in 3 and 4 would be observed upon oxidation and this was confirmed. Interestingly,
however, oxidised 7 appears to be more stable than its partner dyads, and the neutral parent
species fully regenerated upon reduction. The electrochemically reduced monoanion, 7,
(Figure 4c) displayed similar absorbance behaviour to 3 and 4, although, as with the
oxidation processes, 7 proved to be more chemically stable under these conditions and the
neutral species was able to be fully regenerated upon oxidation. Given the stability shown
by 7, its second reduction was also able to be probed spectroelectrochemically (Figure 4d)
and the spectrum of 72~ observed was consistent with a dianionic NDI chromophore [21].
This behaviour confirms that triad 7 was stable under the conditions of the electrochemical
experiment, showing superior stability to the single donor species triads, 3 or 4, in both
oxidation and reduction pathways.

(a) (b)

70,000
10 A 60,000
~_ 50,000
§
< 40,000
£
e 30,0004
o°
< 20,000
10,000 -
T T T T T T 0 r — : r - — Wt
24 s S0 05 0048 10 300 400 500 600 700 800 900
Potential / V (vs. Fc' / Fc) Wavelength / nm
(c) (d)
- 80,000
70,000 |
70,000
60,000
60,000
7 50,0001 - 50,000
o 2
.?8)40,000— Co 5 40,000
= 30,000+ § = 30,000-
o 5
= 20,000 4 | : | » 20,000
10,0004 by A I 10,000
0 \ - i <= W 0 - l
300 400 500 600 700 800 900 300 400 500 600 700 800 900
Wavelength / nm Wavelength / nm

Figure 4. (a) Cyclic voltammogram of 7 and (b—d) UV /vis absorption spectra of 7 recorded in
CH,Cl; containing [NBuy][BF4] (0.4 M) using spectroelectrochemical methods at 243 K showing (b)
the inter-conversion of 7 (blue) to 72* (red); (c) the inter-conversion of 7 (blue) to 7~ (red); (d) the
inter-conversion of 7~ (blue) to 72~ (red). Arrows show the progress of (b) the oxidation and (c/d)
the reduction.

For neutral molecules 8 and 9, their absorption bands are red-shifted relative to their
triad analogues, 3, 4 and 7 (Table S1), due to the more electron donating nature of the
morpholine substituent. Following oxidation of both 8 (Figure 5b) and 9 (Figure S31), the
higher energy bands are depleted and replaced by red-shifted absorptions related to the
oxidised species. Most notably a large additional peak is observed in the visible range at
around 515 nm, however both compounds display a very low-level absorbance across the
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entire visible range. Viewing the initial reductions of both 8 (Figure 5c) and 9 (Figure S31),
the band at ca. 600 nm is seen to deplete and new bands associated with the reduced
species develop. The spectral profile of the anion also extends across the entire visible
range, demonstrating the broad absorbing power of these hybrid amine-substituted NDI
chromophores.

(a) (b) 50,000
40,000
10 pA
§ 30,000
5
= 20,000
5
10,000
T T T T T . 0 . < ? : - ==
25 20 15 10 05 00 05 300 400 500 600 700 800 900
Potential / V (vs. F¢' / Fc) Wavelength / nm
o d
(c) () o0
40,000 |
40,000
-_ 30,000 _
§ § 30,0004
2 20,000 2
e = 20,0007
] 5
© 10,000 “ 10,0001
01— : : ; el ol— : ; , ‘ £
300 400 500 600 700 800 900 300 400 500 600 700 800 900

Wavelength / nm Wavelength / nm

Figure 5. (a) Cyclic voltammogram of 8 and (b—d) UV /vis absorption spectra of 8 recorded in CH,Cl,
containing [NBuy][BF4] (0.4 M) using spectroelectrochemical methods at 243 K showing (b) the
inter-conversion of 8 (blue) to 8* (red) to the regenerated species (green); (c) the inter-conversion of
8 (blue) to 8~ (red); (d) the inter-conversion of 8~ (blue) to 82~ (red). Arrows show the progress of
(b) the oxidation and (¢/d) the reduction.

3. Conclusions

In this study, we report a strategy for the synthesis of donor-acceptor dyads and
donor-acceptor-donor triads. Our approach employs core-functionalisation of NDI groups
with amine groups that link the acceptor NDI with phenothiazine or phenoxazine donors.
The dyads are based simply on core-linkage of NDI and phenothiazine/phenoxazine, 1 and
2, but we are also able to functionalise the NDI with two such donor appendages leading to
triad systems, 3 and 4. Indeed, our strategy allowed sequential substitution with different
appendages, e.g., phenothiazine followed by phenoxazine donors, making a hybrid donor-
acceptor—donor triad, 7. A similar strategy allows the modification of the NDI core by
substitution with a different appendage, as in this case of an electron donating morpholino
group, 8 and 9. The electrochemical and spectroelectrochemical properties of these dyads
and triads were explored, establishing that the donor phenothiazine/phenoxazine and
acceptor NDI groups maintained characteristics of the parent functionality but could be
incorporated into a single molecule. Our approach does influence the NDI properties
due to amine substitution [2], but in each case, reversibility is observed for the reduction
processes. Similarly, the phenothiazine or phenoxazine groups display reversible oxidation
processes. In each case, the change in redox state is accompanied by the anticipated change
in the UV/visible spectra of each component. For triad 7, the oxidation processes of
the phenothiazine and phenoxazine cannot be separated and a two-electron oxidation
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is observed between the oxidation potentials anticipated for each separate component.
There is no evidence for direct coupling between the donors and acceptors in either dyad
or triad with each component acting independently within the same molecule. Indeed,
insight provided by elucidation of the solid-state structures of these compounds shows
that the phenylene bridge between donor and acceptor moieties is out of plane of either
unit, disrupting the conjugation of the molecule. As a result, these molecules provide
promise for the development of charge separated systems [4] and lay the foundation for
new avenues of research.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /molecules27248671/s1, Electronic supplementary information (ESI)
available: Synthetic Methods, details of electrochemical and spectroelectrochemical measurements.
Additional details of crystallographic studies. CCDC 2176091 (1), 2176092 (2), 2176093 (5), 2176094 (9)
contain the supplementary crystallographic data for this paper [32-34]. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif (accessed on 30 November 2022).

Author Contributions: Conceptualization, N.R.C.; methodology, S.Q., N.P. and E.S.D.; validation,
5.Q., N.P, C.R. and E.S.D.; investigation, S.Q., N.P,, C.R., C.R.P, GR.EO. and E.S.D.; supervision,
N.R.C,; funding acquisition, N.R.C. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the UK Engineering and Physical Sciences Research Council
(EP/S002995/2).

Acknowledgments: NRC and GRFO gratefully acknowledge the support of the UK Engineering and
Physical Sciences Research Council (EP/S002995/2).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

Pearce, N.; Davies, E.S.; Horvath, R.; Pfeiffer, C.R.; Sun, X.-Z.; Lewis, W.; McMaster, J.; George, M.W.; Champness, N.R. Thionated
naphthalene diimides: Tuneable chromophores for applications in photoactive dyads. Phys. Chem. Chem. Phys. 2018, 20, 752-764.
[CrossRef] [PubMed]

Quinn, S.; Davies, E.S.; Pfeiffer, C.R.; Lewis, W.; McMaster, J.; Champness, N.R. Core-Substituted Naphthalene Diimides: Influence
of Substituent Conformation on Strong Visible Absorption. ChemPlusChem 2017, 82, 489-492. [CrossRef] [PubMed]

Pearce, N.; Davies, E.S.; Lewis, W.; Champness, N.R. Thionated Perylene Diimide-Phenothiazine Dyad: Synthesis, Structure, and
Electrochemical Studies. ACS Omega 2018, 3, 14236-14244. [CrossRef] [PubMed]

Pearce, N.; Reynolds, K.E.A.; Kayal, S.; Sun, X.Z.; Davies, E.S.; Malagreca, F; Schiirmann, C.J.; Ito, S.; Yamano, A.; Argent,
S.P; et al. Selective photoinduced charge separation in perylenediimide-pillar[5]arene rotaxanes. Nat. Commun. 2022, 13, 415.
[CrossRef] [PubMed]

Bhosale, S.V.; al Kobaisi, M.; Jadhav, R.W.; Morajkar, PP; Jones, L.A.; George, S. Naphthalene diimides: Perspectives and promise.
Chem. Soc. Rev. 2021, 50, 9845-9998. [CrossRef]

Ha, YH,; Oh, ].G,; Park, S.; Kwon, S.-K.; An, TK,; Jang, J.; Kim, Y.-H. Novel naphthalene-diimide-based small molecule with a
bithiophene linker for use in organic field-effect transistors. Org. Electron. 2018, 63, 250-256. [CrossRef]

Sommer, M.]. Conjugated polymers based on naphthalene diimide for organic electronics. Mater. Chem. C 2014, 2, 3088-3098.
[CrossRef]

Zhao, Y,; Guo, Y,; Liu, Y. 25th Anniversary Article: Recent Advances in n-Type and Ambipolar Organic Field-Effect Transistors.
Adv. Mater. 2013, 25, 5372-5391. [CrossRef]

Zhou, N.; Facchetti, A. Naphthalenediimide (NDI) polymers for all-polymer photovoltaics. Mater. Today 2018, 21, 377-390.
[CrossRef]

Valero, S.; Cabrera-Espinoza, A.; Collavini, S.; Pascual, J.; Marinova, N.; Kosta, I.; Delgado, J.L. Naphthalene Diimide-Based
Molecules for Efficient and Stable Perovskite Solar Cells. Eur. J. Org. 2020, 33, 5329-5339. [CrossRef]

Liu, G.; Xiao, C.; Negri, E; Li, Y.; Wang, Z. Dodecatwistarene Imides with Zigzag-Twisted Conformation for Organic Electronics.
Angew. Chem. Int. Ed. 2020, 59, 2008-2012. [CrossRef] [PubMed]

Cui, X.; Zhang, G.; Zhang, L.; Wang, Z. Integrating pyracylene and naphthalenediimides into planar structures: Synthesis and
characterization. Dyes Pigments 2019, 168, 295-299. [CrossRef]

Lin, Y.-C.; Chen, C.-H.; She, N.-Z.; Juan, C.-Y.; Chang, B.; Li, M.-H.; Wang, H.-C.; Cheng, H.-W.; Yabushita, A.; Yang, Y.;
et al. Twisted-graphene-like perylene diimide with dangling functional chromophores as tunable small-molecule acceptors in
binary-blend active layers of organic photovoltaics. . Mater. Chem. A 2021, 9, 20510-20517. [CrossRef]


https://www.mdpi.com/article/10.3390/molecules27248671/s1
https://www.mdpi.com/article/10.3390/molecules27248671/s1
www.ccdc.cam.ac.uk/data_request/cif
www.ccdc.cam.ac.uk/data_request/cif
http://doi.org/10.1039/C7CP06952A
http://www.ncbi.nlm.nih.gov/pubmed/29139504
http://doi.org/10.1002/cplu.201700059
http://www.ncbi.nlm.nih.gov/pubmed/31962014
http://doi.org/10.1021/acsomega.8b02457
http://www.ncbi.nlm.nih.gov/pubmed/31458114
http://doi.org/10.1038/s41467-022-28022-3
http://www.ncbi.nlm.nih.gov/pubmed/35058440
http://doi.org/10.1039/D0CS00239A
http://doi.org/10.1016/j.orgel.2018.09.037
http://doi.org/10.1039/C3TC31755B
http://doi.org/10.1002/adma.201302315
http://doi.org/10.1016/j.mattod.2018.02.003
http://doi.org/10.1002/ejoc.202000287
http://doi.org/10.1002/anie.201912356
http://www.ncbi.nlm.nih.gov/pubmed/31736203
http://doi.org/10.1016/j.dyepig.2019.04.070
http://doi.org/10.1039/D1TA05697B

Molecules 2022, 27, 8671 12 of 12

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Lin, Y.-C.; She, N.-Z.; Chen, C.-H.; Yabushita, A.; Lin, H,; Li, M.-H.; Chang, B.; Hsueh, T.-F; Tsai, B.-S.; Chen, P.-T,;
et al. Perylene Diimide-Fused Dithiophenepyrroles with Different End Groups as Acceptors for Organic Photovoltaics.
ACS Appl. Mater. Interfaces 2022, 14, 37990-38003. [CrossRef] [PubMed]

Macreadie, L.K.; Gilchrist, A.M.; McNaughton, D.A.; Ryder, W.G.; Fares, M.; Gale, P.A. Progress in anion receptor chemistry.
Chem 2022, 8, 46-118. [CrossRef]

Hein, R.; Beer, PD. Halogen bonding and chalcogen bonding mediated sensing. Chem. Sci. 2022, 13, 7098-7125. [CrossRef]

Luo, N.; Ao, Y.-F,; Wang, D.-X.; Wang, Q.-Q. Putting Anion-7 Interactions at Work for Catalysis. Chem. Eur. ]. 2022, 28, €2021033.
[CrossRef]

Ling, Q.-H.; Zhu, J.-L.; Qin, Y.; Xu, L. Naphthalene diimide- and perylene diimide-based supramolecular cages. Mater. Chem. Front.
2020, 4, 3176-3189. [CrossRef]

Zhou, Y.; Han, L. Recent advances in naphthalenediimide-based metal-organic frameworks: Structures and applications.
Coord. Chem. Rev. 2021, 430, 213665. [CrossRef]

Sweetman, A.M.; Jarvis, S.; Sang, H.; Lekkas, I.; Rahe, P.; Wang, Y.; Wang, J.; Champness, N.R.; Kantorovich, L.; Moriarty, PJ.
Mapping the force field of a hydrogen-bonded assembly. Nat. Commun. 2014, 5, 3931. [CrossRef]

Palma, C.-A.; Bjork, J.; Bonini, M.; Dyer, M.S.; Llanes-Pallas, A.; Bonifazi, D.; Persson, M.; Samori, P. Tailoring Bicomponent
Supramolecular Nanoporous Networks: Phase Segregation, Polymorphism, and Glasses at the Solid —Liquid Interface. J. Am.
Chem. Soc. 2009, 131, 13062-13071. [CrossRef] [PubMed]

Bhosale, R.; Perez-Velasco, A.; Ravikumar, V.; Kishore, R.S.K.; Kel, O.; Gomez-Casado, A.; Jonkheijm, P.; Huskens, ].; Maroni, P;
Borkovec, M.; et al. Topologically Matching Supramolecular n/p-Heterojunction Architectures. Angew. Chem. Int. Ed. 2009, 48,
6461-6464. [CrossRef] [PubMed]

Kishore, R.S.K,; Kel, O.; Banerji, N.; Emery, D.; Bollot, G.; Mareda, J.; Gomez-Casado, A.; Jonkheijm, P.; Huskens, J.; Maroni,
P; et al. Ordered and Oriented Supramolecular n/p-Heterojunction Surface Architectures: Completion of the Primary Color
Collection. J. Am. Chem. Soc. 2009, 131, 11106-11116. [CrossRef] [PubMed]

Tang, G.; Sukhanov, A.A.; Zhao, J.; Yang, W.; Wang, Z.; Liu, Q.; Voronkova, V.K.; di Donato, M.; Escudero, D.; Jacquemin, D. Red
Thermally Activated Delayed Fluorescence and the Intersystem Crossing Mechanisms in Compact Naphthalimide-Phenothiazine
Electron Donor/Acceptor Dyads. . Phys. Chem. C 2019, 123, 30171-30186. [CrossRef]

Ye, K.; Cao, L.; van Raamsdonk, D.M.E.; Wang, Z.; Zhao, ].; Escudero, D.; Jacquemin, D. Naphthalimide-phenothiazine dyads:
Effect of conformational flexibility and matching of the energy of the charge-transfer state and the localized triplet excited state
on the thermally activated delayed fluorescence. Beilstein . Org. Chem. 2022, 18, 1435-1453. [CrossRef] [PubMed]

Zhang, X,; Liu, X.; Taddei, M.; Bussotti, L.; Kurganskii, I.; Li, M.; Jiang, X; Xing, L.; Ji, S.; Huo, Y.; et al. Red Light-Emitting
Thermally-Activated Delayed Fluorescence of Naphthalimide-Phenoxazine Electron Donor-Acceptor Dyad: Time-Resolved
Optical and Magnetic Spectroscopic Studies. Chem. Eur. J. 2022, 28, €202200510. [CrossRef] [PubMed]

Weiss, E.A.; Ahrens, M.].; Sinks, L.E.; Gusev, A.V.; Ratner, M.A.; Wasielewski, M.R. Making a Molecular Wire: Charge and Spin
Transport through para-Phenylene Oligomers. J. Am. Chem. Soc. 2004, 126, 5577-5584. [CrossRef]

Damaceanu, M.-D.; Constantin, C.-P,; Bejan, A.-E.; Mihaila, M.; Kusko, M.; Diaconuc, C.; Mihalache, I.; Pascu, R. Heteroatom-
mediated performance of dye-sensitized solar cells based on T-shaped molecules. Dyes Pigm. 2019, 166, 15-31. [CrossRef]
Suseela, Y.V,; Sasikumar, M.; Govindaraju, T. An effective and regioselective bromination of 1,4,5,8-naphthalenetetracarboxylic
dianhydride using tribromoisocyanuric acid. Tetrahedron Lett. 2013, 54, 6314—6318. [CrossRef]

Sridhar, M.A.; Ramegowda, M.; Lokanath, N.K,; Prasad, J.S.; Gowda, G.B.E.; Thimmaiah, K.N. Structural Studies of Some
Phenoxazine Derivatives. Mol. Cryst. Liq. Cryst. 1999, 326, 189-214. [CrossRef]

Yang, Z.; Hou, M.Z. The crystal structure of 10-(3,5-di(pyridin-4-yl)phenyl)-10H-phenoxazine dihydrate, CogHp3N3O3. Z.
Krist.—New Cryst. St. 2021, 236, 605-607. [CrossRef]

Dolomanov, O.V.; Bourhis, L.J.; Gildea, R.].; Howard, J.A K. and Puschmann, H. OLEX2: A complete structure solution, refinement
and analysis program. J. Appl. Cryst. 2009, 42, 339-341. [CrossRef]

Sheldrick, G.M. SHELXT-Integrated space-group and crystal-structure determination. Acta Crystallogr. Sect. A Found. Adv. 2015,
71, 3-8. [CrossRef]

Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Crystallogr. Sect. C Struct. Chem. 2015, 71, 3-8. [CrossRef]
[PubMed]


http://doi.org/10.1021/acsami.2c06135
http://www.ncbi.nlm.nih.gov/pubmed/35904802
http://doi.org/10.1016/j.chempr.2021.10.029
http://doi.org/10.1039/D2SC01800D
http://doi.org/10.1002/chem.202103303
http://doi.org/10.1039/D0QM00540A
http://doi.org/10.1016/j.ccr.2020.213665
http://doi.org/10.1038/ncomms4931
http://doi.org/10.1021/ja9032428
http://www.ncbi.nlm.nih.gov/pubmed/19702301
http://doi.org/10.1002/anie.200902551
http://www.ncbi.nlm.nih.gov/pubmed/19637178
http://doi.org/10.1021/ja9030648
http://www.ncbi.nlm.nih.gov/pubmed/19610644
http://doi.org/10.1021/acs.jpcc.9b09335
http://doi.org/10.3762/bjoc.18.149
http://www.ncbi.nlm.nih.gov/pubmed/36300011
http://doi.org/10.1002/chem.202200510
http://www.ncbi.nlm.nih.gov/pubmed/35438811
http://doi.org/10.1021/ja0398215
http://doi.org/10.1016/j.dyepig.2019.02.055
http://doi.org/10.1016/j.tetlet.2013.09.029
http://doi.org/10.1080/10587259908025415
http://doi.org/10.1515/ncrs-2021-0001
http://doi.org/10.1107/S0021889808042726
http://doi.org/10.1107/S2053273314026370
http://doi.org/10.1107/S2053229614024218
http://www.ncbi.nlm.nih.gov/pubmed/25567568

	Introduction 
	Results and Discussion 
	Synthesis of Dyads and Triads 
	Investigation of Optical and Electrochemical Properties 

	Conclusions 
	References

