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Self-assembly of triazatriangulenium dyes (TATA) bearing C3-C8 substituents and their interaction with
aromatic compounds were studied. The dyes with alkyl chains longer than C5 were strongly aggregated in
solution, while those with shorter alkyl chains formed hetero-stacks with aromatic compounds in chloro-
form. Anthracene, pyrene, coronene, and a haphthalene diimide dye formed heterostacks in solution with
association constants 10* M™%, Anthracene and pyrene-based water-soluble cyclophanes were designed
to investigate host—guest complexes with TATA dyes in an aqueous solution. Experimental and theoretical
investigations suggest that only pyrene-based cyclophane is able to encapsulate TATA dyes. These self-
assembled structures constitute new supramolecular motifs to construct multilayered organic structures.
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Introduction

Triangulenium salts are suitable platforms for constructing
fluorescent dyes,"* which are utilized as building blocks for
controlled self-assembly,” imaging,* and catalysis.” Owing to
their excellent stability and photophysical properties, these
dyes are promising platforms for the formation of self-
assembled monolayers and aggregates with aromatic com-
pounds.® By organizing several molecules into complex struc-
tures in a columnar stacking way,” we could generate pro-
perties that open the way for developing new organic electronic
materials like transistors, molecular wires, and solar cells.”®
Moreover, the heterostacks are highly attractive in terms of
stabilization of radical species.”*’

For example, the self-assembly of triangulenium dyes has
been observed in solution'*™** and in the solid state,* featur-
ing columnar or lamellar architectures. The overall self-
assembled structures and their fluorescent properties depend
on the alkyl chain length attached at different positions and
the nature of the couteranion.”®™® Moreover, these dyes can
form heterostacks with other fluorescent dyes showing bright
fluorescence emission.*”**>' However, there is still a gap in
understanding how TATA dyes interact with various z-systems
in solution and how strong the interactions are.

TATA dyes can potentially interact with other aromatic com-
pounds and form ordered architectures. Knowing how dyes
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interact in solution with each other is very important for
understanding and controlling the self-assembly processes of
formed aggregates. Toward this goal, we have prepared triaza-
triangulenium dyes bearing alkyl chains of different lengths
and studied their self-assembly behavior in organic and
aqueous solutions with selected aromatic compounds and
water-soluble cyclophanes. We show that TATA dyes with alkyl
chains shorter than C6 are prone to form heterostacks with
aromatic compounds in chloroform. In contrast, the dyes
bearing C6 and longer chains tend to show a substantial
degree of aggregation. We also found that the dyes can be
encapsulated into the pyrene-based cyclophane in an aqueous
solution, producing pyrene-TATA-pyrene heterostacks.

Results and discussion

Synthesis and self-aggregation properties

TATA dyes bearing alkyl chains C3, C4, C5, C6, and C8 were
synthesized as tetrafluoroborate salts using the procedure
reported by Laursen and coworkers.?>** The reported crystallo-
graphic data suggest several possible self-assembly modes for
the dyes in the solid state. TATA dyes form staggered cationic
dimers if the alkyl substituents are short. Lengthening the
alkyl chains breaks the symmetry of self-assembled architec-
tures. For example, propyl groups are on the plane of the
rings, while octyl groups are located perpendicular to the aro-
matic rings (Fig. 1). Such an organization can also be expected
in the solution. Our preliminary UV-Vis dilution experiments
evidenced the self-aggregation of all obtained compounds in
CHCl, at concentrations higher than 10™* M. We measured the
fluorescence intensity of the dyes dependent on their concen-
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Fig. 1 Structures of investigated compounds. Snapshot of 1-Oct self-assembly in the solid state according to the X-ray data®? and the proposed
mode of aggregation based on ROESY experiment for 1-Hex. Structures of 2—5 and proposed interaction mode in solution of 1-Bu with pyrene.
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Fig. 2 Normalized emission spectra of TATA salts after correction for inner-filter effect: (a) 1-Bu and (b) 1-Hex at different concentrations in CHCls.
(c) Fluorescence titration of 1-Bu with pyrene and the corresponding fitting curve.

tration in CHCl;, and temperature-dependent spectra at
different concentrations covering the range from 10° to 107°
M (Fig. S9-S16, ESIt). The fluorescence spectra at higher con-
centrations were corrected for the inner-filter effect,®"?
according to the known procedure.”® As can be seen in Fig. 2a
and b, the emission maximum of 1-Bu does not change much
at different concentrations, while that for 1-Hex undergoes a
bathochromic shift upon increasing the concentration toward
107% M. The shift was not observed for the dyes with shorter
hydrocarbon chains than four carbon atoms. The UV-Vis temp-
erature-dependent investigations for 1-Hex and 1-Oct show a
characteristic increase in the band absorption at 525 nm,
while 1-Pr, 1-Bu, and 1-Pen absorption gradually increase
upon heating from 0 °C to 50 °C. These experiments suggest
the presence of 1-Hex and 1-Oct in chloroform solution in the
aggregated state (Fig. S237).

Additional evidence of efficient self-assembly of TATA dyes in
chloroform was obtained by analyzing the "H-"H ROESY spectra.
Several correlations were found for 1-Hex and 1-Oct between H*"
and protons H-HS® in the alkyl chain, while for 1-Bu, only corre-
lation with H® and H® were detected (Fig. $35). The correlations
with distant H*-H® are possible in the aggregate with a structure
similar to that found in the solid state (Fig. 1).**>*”

Interaction with aromatic compounds

The interaction of TATA dyes with polycyclic aromatic com-
pounds (anthracene (2), pyrene (3), coronene (4), and NDI (5))

This journal is © the Partner Organisations 2024

was investigated at 107°-10"° M concentration by fluorescence
and UV-Vis spectroscopy in CHCl; (Fig. 2¢, Fig. S21 and S227).
These polycyclic aromatic compounds were chosen because
their absorption does not overlap with the absorption of TATA
dyes (Fig. S207). Therefore, TATA dyes could be selectively
excited at 500 nm. The emission at 560 nm was recorded upon
increasing the concentration of the interacting partners 2-5.
The binding constants and stoichiometry were obtained by
fitting the whole spectrum with HypSpec and HypNMR
programs.*®?° As can be inferred from Table 1, the 1:1 com-
plexes are stable in solution with the highest binding con-
stants observed for the 1-Bu dye and reaching 10 M.
However, there is no considerable selectivity to one of the
investigated aromatic compounds. Coronene demonstrated

Table 1 Association constants (log K) of TATA dyes determined by using
fluorescence and UV-Vis titrations in CHCls. Standard deviations are
shown in parentheses

1-Pr 1-Bu
Dye

Fluorescence UV-Vis Fluorescence UV-Vis
Anthracene(2)  3.47(3) 3.69(2)  4.18(4) 4.12(2)
Pyrene(3) 3.65(2) 3.98(2)  4.18(4) 3.72(2)
Coronene(4) “ 3.00(2)  3.52(3) “
NDI(5) 3.26(1) 3.51(1)  4.15(5) 4.01(2)

“Small changes were observed.
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lowest binding affinities, likely because steric interactions with
alkyl substituents. All the aromatic compounds induced a fluo-
rescence increase.

Surprisingly, very small or no changes in fluorescence were
detected with TATA dyes bearing pentyl, hexyl and octyl substi-
tuents. Likely, the aggregation of these dyes in chloroform
occurs even at 107° M concentration and lower, which
hampers interaction with other dyes in solution. Electrospray
ionization mass studies revealed the presence of a 1:1
complex between 1-Bu and pyrene at m/z 650.35, corres-
ponding to adduct [1-Bu-Pyrene-2H] (Fig. S371). We suggested
that 1-Bu forms a radical species in the gas phase, which
reacts with pyrene, connecting the interacting species with a
covalent bond. Similar reactivity was observed previously for
TATA dyes during electrochemical studies.*

Interaction with cyclophanes

Supramolecular architectures formed via aggregation attract
considerable attention due to their potential application in
light-emitting diodes and solar cells.® The self-assembly of
different dyes in an aqueous solution is less explored.*"*
TATA dyes possess a large surface area, and thus, they are
prone to form strong dispersion interactions. These inter-
actions can be maximized in an aqueous solution.**** To
understand noncovalent interactions between TATA dyes and
polycyclic compounds in water, we developed water-soluble
macrocycles 6 and 7, bearing anthracene and pyrene subunits,
respectively (Fig. 3). We found that acetonitrile-water solvent
mixtures are suitable for solubilizing TATA dyes and macro-
cycles and thus allowed us to investigate their interaction.
Macrocycles 6 and 7 are water-soluble and negatively-charged
analogs of the receptors recently developed by us. They feature
a bellows-type sensing mechanism realized to detect ATP.*°

First, we studied the interaction of 6 and 7 with TATA dyes
in a 1% CH3CN in a 50 mM MOPSO buffer (pH 7.4). Only 1-Pr
and 1-Bu do not aggregate in this solution at a concentration
107® M, as confirmed by the dilution experiments (Fig. S111).
The spectra obtained at 350 nm excitation revealed that macro-
cycles were found in an equilibrium of the stacked and the
open forms in solution, which are responsible for the excimer
and monomer bands, respectively (Fig. 3). The strong excimer
band for 7 suggests that the stacked form is predominant in
the solution. The equilibrium between the stacked and open
forms depends on pH. The stacked form prevails at basic pH
(7.4), while the open is favorable at acidic pH (5.2). This behav-
ior was evidenced by the bathochromic shift in UV-Vis spectra
and the high intensity of the excimer band in the fluorescence
spectrum (Fig. S307). The UV-Vis data confirms that the equili-
brium between the open and the stacked forms occurred also
in the ground state (Fig. S337).

We suggested that TATA dyes can either interact with the
stacked form of the macrocycle (coordination on top) or be
located between the aromatic rings in the cyclophane (encap-
sulation, Fig. 3). Static quenching and the formation of the
supramolecular complexes between the macrocycles and TATA
dyes was evident from non-linear Sterm-Volmer plots. Due to
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Fig. 3 Structure of pyrene- and anthracene-containing macrocycles
and proposed binding modes of 7 with 1-Bu. Fluorescence spectra of (a)
6 and (b) 7 (ex. 350 nm) observed by the addition of 1-Bu to the solution
of macrocycles. Condition: 10~ M receptor, 1% CH3CN, 50 mM MOPSO
buffer, pH 7.4.

the complex dissociation at higher temperatures, the quench-
ing efficiency drops considerably (Fig. S31t). This fact
additionally proves the static nature of quenching.

To elucidate the interaction modes in the supramolecular
complex, we performed fluorescence titration of macrocycles
with 1-Bu (ex. 350 nm) and obtained binding constants log K =
5.1(3) for 6 and logK = 5.6(3) for 7, respectively (Fig. S26-
S297). The results of the reverse titrations of TATA dyes (1-Bu
and 1-Pr) excited at 500 nm with macrocycles 6 and 7 were in
agreement with the previous method: complex 6-1-Bu has log K
= 5.3(2); complex 7-1-Bu - log K = 5.4(2); complex 6-1-Pr — log K
= 4.9(1); complex 7-1-Pr - log K = 5.0(1). The fluorescence titra-
tion with excitation at 350 nm provided valuable information
on how excimer and monomer bands of pyrene were changed
in the presence of dyes. For instance, adding 1-Bu to the
anthracene macrocycle (6) did not substantially change the
excimer emission. However, upon titration of receptor 7 with
1-Bu (or 1-Pr), a considerable decrease in the excimer emission
band and an increase in the monomer emission band were
observed. Moreover, the emission of 1-Bu at 564 nm undergoes
a 10 nm bathochromic shift. This result suggests the possible
encapsulation of the TATA dye between two pyrene rings.
Time-resolved fluorescence measurements were conducted for
7 with increasing concentrations of 1-Bu (up to 20 equiv.). In

This journal is © the Partner Organisations 2024
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this case, the lifetimes of the excimer band decreased upon
the addition of the TATA dye (4.22 to 4.05 ns) (Fig. S327).
These results perfectly agree with the time-resolved studies for
the previously reported acyclic bis-pyrene receptor.>” Based on
our data, we proposed that the ‘encapsulation’ binding mode
for the pyrene-based cyclophane might be predominant, while
anthracene cyclophane might show both interaction modes.

Further support for binding events with 7 was obtained by
"H NMR measurements. Since the NMR method required
higher concentrations of the reagents, we used a 1:1 CH;CN-
buffer mixture as a solvent. According to the dilution experi-
ments, TATA dyes show evidence of weak aggregation at 107>
M concentration. Two proton signals of the triangulenium
core underwent upfield shift upon the addition of the macro-
cycle 7 to 1-Bu, while the signals of the macrocycle shift to the
low field (Fig. 4a). The shifts of both host and guest complexes
provide solid evidence that the interaction occurs even under
these conditions. The experimental data (proton shifts) were
successfully fitted to a mixed binding event - dimerization of
the TATA dyes and 1:1 complex formation with macrocycle 7
(Fig. 4b). The dimerization (logK4) and binding constants
(log k) for 1-Pr and 1-Bu have the following values: log Ky =
3.52(1) and logK, = 3.34(2), logKy = 3.32 and logKk, = 2.84,
respectively (Fig. 4a and Fig. S36, ESIY). Slightly lower binding
constants observed for 1-Bu can be explained by the higher
bulkiness of the butyl group.

Electrospray ionization of host-guest complexes dissolved
in acetonitrile-water solution revealed the formation of a 1:1
complex of the macrocycles with TATA dyes (Fig. 4c). The for-
mation of complexes was detected for both macrocycles 6 and
7 (Fig. 4c). The composition of complexes was the dianionic

---1-Bu fitting.
R + 1-Buexp
B = 1-Prexp.

1-Pr fitting
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Fig. 4 (a) H NMR titration of 1-Bu with 7 in a 1:1 CDsCN-buffer
mixture (1 mM of 1-Bu, addition of 7 to 1-Bu, 50 mM MOPSO in D,0O, pH
7.4). (b) Observed chemical shifts and fitting curves for the NMR titra-
tions with 1-Pr and 1-Bu. (c) ESI-MS of 7 with 1-Bu, calculated and
observed isotope distribution. (d) DFT optimized molecular structure of
the complex [7-1-Bu]®>~; hydrogen atoms were omitted for clarity.
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macrocycles complexed with the triazatriangulenium cation:
m/z 1292.64 for [6-2H + 1-Bu’]™ and m/z 1340.64 for [7-2H +
1-Bu']".

The structure of the host-guest complex [7-1-Bu]*~ was elu-
cidated with the help of DFT calculations. The calculations
were performed at the BP86-def2-TZVP level of theory with a
D3 model for dispersion corrections®® by using ORCA Software
package.’® The resulting structure is shown in Fig. 4d.
Triazatriangulenium cation is ideally located between two
pyrene rings with a distance of 3.21 A to pyrenes and is stabil-
ized through dispersion interactions. The butyl groups are too
large to allow the dye to achieve maximum surface overlap
with pyrenes.

Conclusions

In summary, we have investigated the self-assembly and reco-
gnition properties of TATA dyes bearing alkyl chains of
different lengths. We have found that starting from pentyl sub-
stituents and longer, the dyes undergo strong aggregation in
chloroform even at concentrations less than 10™> M. The dyes
with shorter chains are able to form hetero-stacks with aro-
matic guests showing association constants around 10* M™*
Water-soluble anthracene and pyrene-based cyclophanes have
been designed to investigate the interaction with TATA dyes in
an aqueous solution. The results show that 7 can strongly
interact with dyes, forming triple hetero-stacks with binding
constants reaching 10> M. These self-assembled structures
constitute new supramolecular motifs for constructing more
complex architectures, such as interlocked molecules or multi-
layered organic structures. TATA dyes are known to form rad-
icals under light excitation or reductive conditions.
Encapsulation of TATA dyes by cyclophanes is an attractive way
to investigate the supramolecular stabilization of radical
species. The work along this line is currently in progress.

Experimental section
General methods

All the starting materials and compounds 2, 3 and 4 were pur-
chased from commercial sources such as Sigma Aldrich,
Fischer Sci, and TCI; they are used as received without further
purification. All solvents were purified by distillation using a
rotary evaporator. The triangulenium salts (1-Pr, 1-Bu, 1-Pen,
1-Hex and 1-Oct) were synthesized following literature known
procedures.?” All reaction mixtures were stirred magnetically.
For dryness of the products, a vacuum system consisting of a
cold trap linked to an oil pump (OERLIKON LEYBOLD
VACUUM Trivac) was used. An ultimate vacuum of 10> mbar
could be achieved. Electrospray ionization mass spectroscopy
(ESI-MS) experiments were carried out on SHIMADZU
BIOTECH AXIMA Confidence in positive and negative ion ESI
mode. Absorption spectra were recorded in 1 cm quartz cuv-
ettes (Hellma) on a VARIAN Cary 6000 and Cary 50 spec-
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trometers. Emission spectra were recorded in 1 cm quartz cuv-
ettes (Hellma) on a FluoroMax PLUS (Horiba) with temperature
control. Fluorescence binding constants were calculated using
hypspec software. All the NMR experiments were obtained on
300, 400, and 600 MHz Bruker Avance.

Synthesis of 7

The pyrene-based cyclophane synthesized by us previously®®
(84 mg, 0.127 mmol), KI (84 mg, 0.504 mmol), potassium car-
bonate (141 mg, 1 mmol, 8 equiv.) and ethylchloroacetate
(93 mg, 0.763 mmol, 6 equiv.) were placed in a flask contain-
ing 50 mg of THF. The reaction mixture was heated to 60 °C
under nitrogen atmosphere for 40 h, until the starting macro-
cycle disappears on TLC. The solvent was removed, water
added, and the mixture was extracted with chloroform. The
product was purified by column chromatography in
DCM-EtOAc 3 :1 mixture. The product was dissolved in 10 ml
THF and 5 ml of EtOH. To this solution, NaOH (39.8 mg,
0.995 mmol, 10 equiv.) was added and stirred for 1 h. The
formed precipitated was filtered off. Yellow solid (Yield 80%).
'H NMR (600 MHz, DMSO-ds) 6 8.27 (brs, 4H), 7.74 (s, 4H),
7.59 (d, J = 7.6 Hz, 4H), 7.49 (d, J = 7.6 Hz, 4H), 7.17 (s, 4H),
3.90 (s, 8H), 3.56 (t, J = 5.2 Hz, 8H), 2.94-2.71 (m, 16H). *C
(*H) NMR (DMSO-dg) 6 177.3, 133.6, 130.0, 128.9, 127.3, 126.7,
124.8, 124.5, 122.6, 55.1, 52.0, 49.3, 48.8 HRMS (ESI-TOF) m/z
caled for Cs5,H51N4040 891.3605. Found: [M — H]™ 891.3627.

Synthesis of 6

The synthesis was performed according to the method
described for bis-pyrene macrocycle 7. The starting anthracene
cyclophane was prepared as described earlier.*® The product
also precipitated from the solution as a pure compound.
Yellow solid (Yield 81%). "H NMR (400 MHz, DMSO-d¢-D,0
5:1) & 8.44-8.34 (m, 8H), 7.14 (dd, J = 7.1, 3.2 Hz, 8H), 4.23 (s,
8H), 3.12 (brs, 8H), 2.90 (s, 8H), 2.55 (t, J = 6.0 Hz, 8H). °C
(*H) NMR (DMSO-dg-D,0 5:1) § 177.0, 131.7, 131.5, 126.5,
125.7, 68.1, 59.0, 52.6, 51.0. HRMS (ESI-TOF) m/z calcd for
C4sH51N,040” 843.3611. Found: [M — H]™ 843.3626.
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