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ABSTRACT: Polar and polarizable #-conjugated organic molecules
containing push—pull chromophores have been investigated extensively in
the past. Identifying unique backbones and building blocks for fluorescent
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dyes is a timely exercise. Here, we report the synthesis and characterization of o M
a series of fluorescent dyes containing quadrupolar A—D—A constitutions t
(where A = acceptor and D = donor), which exhibit fluorescence emission at

electron-withdrawing groups, located at both termini of a para-terphenylene s bl

backbone, by steady-state UV/vis and fluorescence spectroscopy. Pyridine ll

and substituted pyridinium units are also introduced during the construction

of the quadrupolar backbones. Depending on the quadrupolarity,

fluorescence emission wavelengths cover from 380 to 557 nm. Time-resolved

charge transfer. One of the dyes we have investigated is a symmetrical box-like tetracationic cyclophane. Its water-soluble
tetrachloride, which is non-cytotoxic to cells up to a loading concentration of 1 uM, has been employed in live-cell imaging. When
taken up by cells, the tetrachloride emits a green fluorescence emission without any hint of photobleaching or disruption of normal
cell behavior. We envision that our design strategy of modifying molecules through the functionalization of the quadrupolar building
blocks as chromophores will lead to future generations of fluorescent dyes in which these A—D—A constitutional fragments are

a variety of different wavelengths. We have investigated the effects of different
absorption and emission spectroscopy reveal that the photophysical properties of those quadrupolar dyes result from intramolecular
incorporated into more complex molecules and polymers for broader photophysical and biological applications.

B INTRODUCTION

Push—pull fluorescent dyes, which feature electron-donating
(D) substituents connected to electron-accepting (A) sub-
stituents, have been investigated'”” as environmentally
sensitive fluorophores. The design and synthesis of fluorescent
organic compounds containing push—pull chromophores have
emerged as an active area of research over the past two decades

ing groups (EWGs). In addition, heterocyclic units have been
introduced”***°~>" into m-conjugated systems to modulate
their photophysical and electrochemical properties. Extended
bipyridinium-based cy_clc)éphaness5_6U (Ex"Box**) and their 7-
conjugated analogues®'~** have been investigated extensively
by us in the past. We consider box-like fluorescent tetracationic
cyclophanes to be good candidates for biological imaging

as a result of their potential applications in the fields of
photovoltaics,""™"* non-linear optics,'”'* organic light emit-
i 15-18 19,20 S 30 gacey
ting diodes, fluorescent sensors, and bioimaging.
Although quadrupolar chromophores,25_42
symmetrical structures, have no permanent dipole moment,
experimental data™****7* point to the existence of polar
excited states. Time-resolved fluorescence (TRF) anisotropy
measurements suggest that the initially delocalized excitation
can be localized on the picosecond time-scale over one branch
of the chromophore, leading to the formation of a polar state.
These push—pull fluorescent dyes show unique electronic
and photonic features, which may be tuned and improved by
straightforward synthetic modifications. Aromatic rings in
those chromophores are 7-conjugated, rendering their photo-
physical properties sensitive to the relative electron densities of
each component. These electron densities can be modulated*’
by the introduction of a variety of substituents, that is,
electron-donating groups (EDGs) and/or electron-withdraw-

which contain
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because of the excellent water solubility of their chloride salts
and low cytotoxicity profiles based on our own previous
investigatic)r1363_70 carried out on tetra- and octacationic
fluorescent cyclophanes,m cages,65’66 il
Here, we report the rational design and synthesis of a series
of fluorescent dyes which contain quadrupolar backbones as
major building blocks. The acceptor—donor—acceptor (A—D—
A) backbones all contain alkoxy-substituted electron-rich
phenylene rings in their midriffs, with two electron-deficient
rings, that is, (i) para-substituted phenylene, (ii) pyridine, or
(iii) pyridinium units, connected symmetrically in a linear

and catenanes.
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Scheme 1. Synthesis of the Alkoxy-Substituted Quadrupolar Fluorescent Dyes, Namely, 1—-6, 7-2PF,, 8:2PF,, and 9:4PF,
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fashion by aryl—aryl single bonds. In dyes 1—3§, pairs of 2,5-
substituted n-octyloxy chains, which are attached to the
electron-rich donor rings (DRs), not only constitute a means
of providing solubility and hydrophobicity but also act as
EDGs. Five different para-substituted EWGs, from weaker to
stronger, namely, F/CF,;/CN/COOMe/NO,, were attached to
the electron-deficient acceptor rings (ARs), affording fluo-
rescent dyes 1, 2, 3, 4, and 5, respectively. In dyes 6, 7-2PF, 8-
2PF, 9-4PF, and 9-4Cl, 2,5-dimethyloxyphenylene units act
as the DRs located in their midriffs, whereas pyridine rings and
cationic pyridinium rings constitute the ARs located sym-
metrically at both ends. The dyes cover a wide range of both
UV/vis absorption and fluorescence emission wavelengths,
which are correlated to their quadrupolarity. Steady-state and
time-resolved absorption and emission experiments were
carried out to investigate the photophysical properties of
both (i) neutral dyes 1—6 and (ii) cationic dye 9% and its
subunit 7**. In 9*, in particular, two quadrupolar building
blocks are bridged by a pair of para-xylylene linkers, forming a
rigid, box-like tetracationic cyclophane. This constitutionally
symmetrical cyclophane is readily soluble both in polar organic

solvents, for example, MeCN, Me,CO, and DMF as its PF,~
salt and in H,O as its CI™ salt. Investigations of their excited-
state dynamics and mechanisms are indispensable for obtaining
feedback and guidance about new optimal design and synthetic
strategies. Cell experiments with the addition of the water-
soluble tetrachloride 9-4Cl were performed to probe its
cytotoxicity profile: given its low toxicity, it was employed in
confocal live-cell imaging experiments. Our investigations
demonstrate that the cyclophane is readily taken up by cells
at low treatment concentrations (as low as 1 4M) and can be
easily imaged under conditions that sustain living cells.

B EXPERIMENTAL SECTION

Synthesis. See Scheme 1. 1,4-Dioxane (5 mL) and H,O (5 mL)
were mixed and degassed using N,. A mixture of 1,4-dibromo-2,5-
dioctyloxybenzene (80 mg, 0.16 mmol), 4-fluorophenylboronic acid
(61 mg, 0.44 mmol), Pd(PPh;), (27 mg, 0.023 mmol), and Cs,CO,
(259 mg, 0.795 mmol) was degassed under vacuum, followed by a N,
flow cycle repeated three times. The degassed solvent was then
injected into this mixture using a cannula. After reacting at 100 °C
under a N, atmosphere in a microwave reactor for 4 h, the mixture
was cooled to room temperature and the solvent was removed under
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reduced pressure. The solid was re-dissolved in CH,Cl, and washed
with H,O. After drying (Na,SO,), the solution was mixed with
CeliteS45 and purified by column chromatography (SiO,, hexane/
EtOAc 49:1) to afford product 1 as a white solid (77 mg, 91%). 'H
NMR (500 MHz, CDCLy): 8 7.63—7.50 (m, 4H), 7.16—=7.06 (m,
4H), 6.94 (s, 2H), 3.90 (¢, ] = 6.4 Hz, 4H), 1.67 (p, ] = 14.3, 6.5 Hz,
4H), 1.39—1.31 (m, 4H), 1.30—1.19 (m, 16H), 0.88 (t, ] = 7.0 Hz,
6H). *C NMR (125 MHz, CDCL): §c 163.2, 161.2, 150.3, 134.4
(two overlapping peaks), 131.3, 131.2, 130.0, 116.3, 115.0, 114.9,
69.8, 31.9, 29.5, 29.4 (two overlapping peaks), 26.2, 22.8, 14.2. MS-
APCI(+) (m/z): [M]" caled for C;H,F,0, 522.3304; found,
522.3311.

2. 1,4-Dioxane (5 mL) and H,O (5 mL) were mixed and degassed
using N,. A mixture of 1,4-dibromo-2,5-dioctyloxybenzene (63 mg,
0.13 mmol), 4-(trifluoromethyl)phenylboronic acid (76 mg, 0.40
mmol), Pd(PPh,), (18 mg, 0.016 mmol), and Cs,CO; (207 mg,
0.635 mmol) was degassed under vacuum, followed by a N, flow cycle
repeated three times. Employing the same procedure as that described
in the synthesis of compound 1, product 2 was obtained as a white
solid (72 mg, 90%). '"H NMR (500 MHz, CDCL,): 5 8.09 (d, ] = 8.4
Hz, 4H), 7.67 (d, ] = 8.4 Hz, 4H), 6.99 (s, 2H), 3.95 (s, 6H), 3.92 (t,
J =64 Hz, 4H), 1.68 (dt, ] = 14.3, 6.5 Hz, 4H), 1.34 (t, ] = 10.7 He,
4H), 125 (dq, J = 13.7, 8.4, 7.8 Hz, 16H), 0.87 (t, ] = 7.0 Hz, 6H).
BC NMR (125 MHz, CDCL): 6. 150.4, 130.2, 130.0, 125.0 (two
overlapping peaks), 116.1, 69.8, 31.9, 29.4, 29.3, 26.2, 22.8, 14.2. MS-
APCI(+) (m/z): [M]" caled for CyHyFO, 622.3240; found,
622.3244.

3. 1,4-Dioxane (5 mL) and H,O (5 mL) were mixed and degassed
using N,. A mixture of 1,4-dibromo-2,5-dioctyloxybenzene (73 mg,
0.15 mmol), 4-cyanophenylboronic acid (63 mg, 0.43 mmol),
Pd(PPh;), (22 mg, 0.019 mmol), and Cs,CO; (224 mg, 0.687
mmol) was degassed under vacuum, followed by a N, flow cycle
repeated three times. Employing the same procedure as that described
in the synthesis of compound 1, product 3 was obtained as a white
solid (74 mg, 92%). '"H NMR (500 MHz, CDCL,): 6;; 7.70 (d, ] = 1.1
Hz, 8H), 6.95 (s, 2H), 3.93 (t, ] = 6.4 Hz, 4H), 1.68 (p, ] = 6.5 Hz,
4H), 1.37-1.30 (m, 4H), 1.30—1.18 (m, 16H), 0.88 (t, ] = 7.1 Hz,
6H). ®C NMR (125 MHz, CDCL,): 8¢ 167.3, 150.5, 143.2, 130.5,
129.7, 129.4, 128.8, 116.1, 69.8, 52.2, 31.9, 29.4 (two overlapping
peaks), 29.3, 26.2, 22.8, 14.2. MS-APCI(+) (m/z): [M]" calcd for
CyeH N, 0,, 536.3397; found, 536.3394.

4. 1,4-Dioxane (5§ mL) and H,O (5 mL) were mixed and degassed
using N,. A mixture of 1,4-dibromo-2,5-dioctyloxybenzene (77 mg,
0.16 mmol), 4-(methoxycarbonyl)phenylboronic acid (79 mg, 0.44
mmol), Pd(PPh;), (25 mg, 0.022 mmol), and Cs,CO; (253 mg,
0.777 mmol) was degassed under vacuum, followed by a N, flow cycle
repeated three times. The degassed solvent was then injected into the
mixture. Employing the same procedure as that described in the
synthesis of compound 1, product 4 was obtained as a white solid (88
mg, 94%). "H NMR (500 MHz, CDCL,): 8, 7.69 (q, ] = 8.4 Hz, 8H),
6.97 (s, 2H), 3.93 (t, ] = 6.5 Hz, 4H), 1.68 (dt, ] = 14.3, 6.5 Hz, 4H),
1.38—1.30 (m, 4H), 1.31-1.20 (m, 16H), 0.87 (t, ] = 7.1 Hz, 6H).
3C NMR (125 MHz, CDCL,): 8. 150.4, 143.0, 131.9, 130.3, 130.0,
1192, 115.8, 110.9, 69.7, 31.9, 29.4, 29.3, 26.2, 22.8, 14.3. MS-ESI(+)
(m/z): [M + H]" caled for CyHg, 0y, 603.3680; found, 603.3680; [M
+ NH,]" caled for CygH NOg, 620.3946; found, 620.3926; [M +
Na]" caled for CygHgoOgNa, 625.3500; found, 625.3488.

5. 1,4-Dioxane (10 mL) and H,O (10 mL) were mixed and
degassed using N,. A mixture of 1,4-dibromo-2,5-dioctyloxybenzene
(1003 mg, 2.04 mmol), 4-nitrophenylboronic acid (1365 mg, 8.18
mmol), Pd(PPhy), (397 mg, 0.344 mmol), and Cs,CO; (3.83 g, 11.8
mmol) was degassed under vacuum, followed by a N, flow cycle
repeated three times and the degassed solvent was injected into this
mixture using a cannula. After reacting at 90 °C under a N,
atmosphere for 24 h, the mixture was cooled to room temperature
and the solvent was removed under reduced pressure. The remaining
solid was dissolved in CH,Cl, and mixed with Celite545 in
preparation for purification by column chromatography (SiO,,
hexane/CH,Cl, 9:1) to afford product § as a yellow solid (995 mg,
85%). '"H NMR (500 MHz, CDCL,): 8, 8.26 (d, ] = 4.4, 1.0 Hz, 4H),

7.74 (d, J = 4.4, 2.0 Hz, 4H), 6.99 (s, 2H), 3.95 (t, ] = 6.4 Hz, 4H),
1.69 (dt, ] = 7.2, 3.4 Hz, 4H), 1.39—1.31 (m, 4H), 1.30—1.19 (m,
16H), 0.87 (t, ] = 7.0 Hz, 6H). *C NMR (125 MHz, CDCL): §¢
150.3, 146.8, 144.8, 130.3, 129.7, 123.3, 115.6, 69.6, 31.8, 29.2 (two
overlapping peaks), 26.1, 22.6, 14.1. MS-ESI(+) (m/z): [M + NH,]*
caled for CyH,gN3Oy, 594.3538; found, 594.3547; [M + Na]* caled
for C3,H,,N,04Na, §99.3092; found, $99.3102.

6. 1,4-Dioxane (80 mL) and H,O (80 mL) were mixed and
degassed using N,. A mixture of 1,4-dibromo-2,5-dimethoxybenzene
(2.16 g, 7.30 mmol), 4-pyridineboronic acid (1.91 g, 15.5 mmol),
Pd(PPh,), (856 mg, 0.741 mmol), and Cs,CO; (6.04 g, 18.5 mmol)
was degassed further using vacuum, followed by a N, flow cycle
repeated three times and the degassed solvent was injected into this
mixture using a cannula. Employing the same procedure as that
described in the synthesis of compound 5, product 6 was obtained as
a yellow solid (1988 mg, 93%). 'H NMR (500 MHz, CDCL,): ;4 8.67
(d, J = 5.1 Hz, 4H), 7.52 (d, ] = 5.2 Hz, 4H), 7.00 (s, 2H), 3.83 (s,
6H). ESI-HRMS (m/z): [M + H]' calculated for C,gH4N,0,,
293.1212; found, 293.1297.

7-2PF;. A solution of 6 (101 mg, 0.35 mmol) and benzyl bromide
(1.0 mL, 4.1 mmol) in a mixture of dry CH,Cl, (20 mL) and MeCN
(40 mL) was heated under reflux for 24 h. The precipitate was
collected by filtration and washed with CH,Cl, (3 X 20 mL). The
precipitate was dissolved in anhydrous MeOH (100 mL) and the
solution filtered, followed by the addition of NH,PF4. The resulting
precipitate was isolated, washed with H,0 (2 x 30 mL), and dried in
vacuo to obtain product 7-2PF, as a yellow solid (195 mg, 89%). 'H
NMR (500 MHz, CD,CN): 8 8.74 (d, J = 7.0 Hz, 4H), 8.34 (d, ] =
7.0 He, 4H), 7.52 (s, 10H), 7.47 (d, | = 8.3 Hz, 4H), 7.33 (s, 2H),
5.75 (s, 4H), 3.93 (s, 6H). ESI-HRMS (m/z): [M — PF]" caled for
CyyHy N, O,P, 619.1944; found, 619.1947.

8-2PF;. A solution of 6 (590 mg, 1.99 mmol) and p-xylylene
dibromide (5.31 g, 20.1 mmol) in a mixture of dry CH,Cl, (100 mL)
and MeCN (200 mL) was heated under reflux for 24 h. The
precipitate was collected by filtration and washed with CH,CL, (3 x
50 mL). The precipitate was then dissolved in anhydrous MeOH
(300 mL) and the solution filtered, followed by the addition of
NH,PF,. The resulting precipitate was isolated, washed with H,O (2
% 80 mL), and dried in vacuo to obtain product 8-2PF as a yellow
solid (1.55 g, 82%). '"H NMR (500 MHz, CD,CN): &;; 8.75 (d, ] =
7.0 Hz, 4H), 8.32 (d, ] = 7.0 Hz, 4H), 7.55 (d, ] = 8.3 Hz, 4H), 7.47
(d, J = 8.3 Hz, 4H), 7.31 (s, 2H), 5.72 (s, 4H), 4.61 (s, 4H), 3.91 (s,
6H). ESI-HRMS (m/z): [M — PE]* caled for CyyHy,Br;N,O,F ,P,,
805.0446; found, 805.0446.

9-4PF;. A solution of 6 (260 mg, 0.274 mmol), 8-2PF; (80 mg,
0.274 mmol), and tetrabutylammonium iodide (TBAI) (18 mg, 0.056
mmol) in dry MeCN (200 mL) was heated under reflux for 3 days.
After cooling to room temperature, excess of tetrabutylammonium
chloride (TBACI) was added to quench the reaction, and the crude
precipitate was subjected to reverse-phase C18 column chromatog-
raphy, starting with H,0/0.1% trifluoroacetic acid (TFA) as an
eluent, followed by continuous addition of MeCN up to an eluent
mixture of 99.9% MeCN/0.1% TFA. The fractions containing the
product were combined and followed by removal of MeCN by rotary
evaporation under vacuum. The resulting solid was dissolved in H,O
and treated with an excess of NH,PF;, affording a yellow precipitate,
which was separated by filtration and dried in vacuo to obtain product
9-4PF¢ as a yellow solid (124 mg, 33%). 'H NMR (500 MHz,
CD,CN): 6y, 8.78 (d, ] = 6.3 Hz, 8H), 8.19 (d, ] = 6.3 Hz, 8H), 7.64
(s, 8H), 7.12 (s, 4H), 5.70 (s, 8H), 3.76 (s, 12H). '3C NMR (125
MHz, CD;CN): §c 154.9, 152.2, 144.4, 135.4, 130.6, 129.1, 127.5,
115.6, 63.8, 57.0. ESLHRMS (m/z): [M — 2PF;]*" caled for
CyaHoF1,N,O,P,, 541.1474; found, 541.1473.

UV/vis Absorption and Fluorescence Emission Spectro-
scopic Analyses. Fluorescent dyes were dissolved in the appropriate
solvents to afford 1 mM solutions prior to spectroscopic analysis. A
portion of 30 L of a 1 mM solution was diluted by adding a selected
solvent to a sample with a total volume of 3000 uL, affording a 1 X
10~ M solution. UV/vis absorption spectra were recorded in glass
cuvettes on a UV-3600 Shimadzu spectrophotometer. Steady-state

https://doi.org/10.1021/jacs.2c04906
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emission spectra were acquired in quartz cuvettes with optical path-
lengths of 10 mm containing the solution being analyzed using a
HORIBA FluoroMax 4 spectrofluorometer, which was equipped with
an integrating sphere for determining the absolute photoluminescence
quantum yield.

Steady-state and time-resolved emission spectra for dyes 7-2PF;
and 9-4PF; were acquired using a HORIBA Fluorolog-3 spectro-
fluorometer, equipped with a time-correlated single photon counting
module (diode laser excitation at 4 = 375 nm) and an integrating
sphere, which was used for absolute photoluminescence quantum
yield determinations. Picosecond TRF measurements were recorded
using a commercial direct-diode-pumped 100 kHz amplifier (Spirit
1040-HE, Spectra-Physics), producing a fundamental beam of 1040
nm (350 fs, 12 W) which was used to pump a non-collinear optical
parametric amplifier (Spirit-NOPA, SpectraPhysics) capable of
delivering tunable, high-repetition rate pulses with pulse widths as
short as sub-20 fs. Samples 7-2PF, and 9-4PF, were excited with 340
nm, 2 nJ laser pulses. Fluorescence was detected using a Hamamatsu
(4780 Streakscope as previously described in the literature.”!
Samples were prepared in 2 mm quartz cuvettes. All data were
acquired in the single photon-counting mode using the Hamamatsu
HPD-TA software. The temporal resolution was approximately 2% of
the sweep window. Single wavelength kinetic analysis was performed
using a nonlinear least-squares fit to a sum of exponentials convoluted
with an instrument response function. Visible and near-infrared
femtosecond and nanosecond transient absorption (TA) (fsTA and
nsTA, respectively) spectroscopy were performed following descrip-
tions already recorded in the literature.* The 330 nm, ~100 fs pump
pulses were generated at 1 uJ per pulse using a commercial collinear
optical parametric amplifier (TOPAS-Prime, Light-Conversion, Ltd.);
414-nm pump pulses were obtained by second-harmonic generation
of the 828 nm fundamental. The pump polarization was randomized
using a commercial depolarizer (DPU-25-A, Thorlabs, Inc.) to
eliminate any orientational dynamics resulting from the experiment.
Spectra were collected on commercial spectrometers (customized
Ultrafast Systems Helios and EOS spectrometers, for fsSTA and nsTA,
respectively) for each time window. All samples were stirred to avoid
localized heating or degradation effects. The optical density was
maintained at 0.6 for all samples.

X-ray Crystallography. X-ray quality single crystals of dyes 1-5
were obtained by slow evaporation of CH,Cl, solutions left open to
the air at 298 K. The tetrakis(hexaflurophosphate) salt of tetracationic
cyclophane 9*" was dissolved in MeCN at 298 K and the mixture was
passed through a 0.45 pm filter separately into three 1-mL tubes. The
tubes were placed together in a 20 mL vial containing ‘Pr,0 (~3 mL)
and the vial was capped. Slow vapor diffusion of Pr,O into the
solution of 9-4PF in MeCN over the course of a week yielded yellow
single crystals. A suitable crystal was selected and it was mounted on a
MITIGEN holder with Paratone oil on (i) a XtaLAB Synergy R, DW
system, HyPix, or (ii) a Bruker and APEX-II CCD diffractometer. The
X-ray single-crystal parameters for dyes 1—5 are listed in Table 1.

Cell Culture, Treatment, and Imaging. MCF-7 Breast cancer
cells were grown in standard Dulbecco’s modified eagle medium
(DMEM), which was supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin—streptomycin (Corning). Cells were seeded
into an 8-well imaging coverglass chamber (manufacturer-CellVis) or
multiwell plate using phenol red free DMEM about 24 h prior to
treatment. Dye 9-4Cl was resuspended in deionized H,O before being
diluted to their final concentrations in the cell culture media. Cells
were treated with the dye for 24 h prior to imaging. Uptake assays
were carried out at concentrations from 1—50 pM, including a vehicle
control (untreated). For the cell growth assays, cells were treated with
the dye for 24 h at a range of concentrations from 0.1-50 pM.

Confocal imaging was performed on a Leica SP8 laser scanning
confocal microscope on a DMi8 upright stand with LAS X software in
the Biological Imaging Facility (BIF) at Northwestern University.
Uptake images were taken with a 63X/1.4 NA objective, scanning at a
zoom of two with a pinhole of one Airy unit at 600 Hz with a galvo
scanner and line averaging of two. Images were 92.35 X 92.35 um
(1024 % 1024) with 10 slices in the z direction with a step size of 0.3

Table 1. X-ray Single-Crystal (Super)Structures of Dyes 1—
5

dye 1 2 5 4 S
EWG E CF; CN COOMe NO,
1ength/A 14.1° 154 16.6 18.4° 154
width/A 239 239 23.1 23.1 25.1
height/A 160 154/196 162 170 296
dihedral angles/deg +42 +39/+451 +38 +38 +46
DR’s® C-to-C? 4.76 5.12 S5.12 6.18 3.99
distance/A
DR’s P-to-P© 3.64 3.50 3.96 3.62 3.76
distance/A
DR’s slip angle”*6/deg 50 43 51 36 70
AR’s? C-to-C 4.76 512 512 5545 399
distance/A
AR’s P-to-P distance/A  NA" NA 3.15 3.62 3.44
AR’s slip angle 6/deg NA NA 51 36 60

“DR denotes donor ring. "C-to-C denotes centroid-to-centroid. “P-to-
P denotes plane-to-plane. 9AR denotes acceptor ring. “Lengths of the
molecules when measured between two EWGs located at the termini
do not correspond to the maximum lengths of the molecules because
the two long n-octyloxy chains have non-perpendicular orientations
with the para-terphenylene backbone, resulting in the overall lengths
of the molecules extending beyond the two EWGs located at the
termini. fHeights of the molecule are not the same because of the
different dihedral angles between the adjacent aromatic rings. *C-to-C
distance of AR is different from DR on account of the staggered
[m-m] packing pattern, which results from the closest C-to-C
distances of adjacent ARs and DRs belonging to different molecules.
"NA denotes the planar distance is not available because of the non-
parallel orientation of the neighbor phenylene rings.

um (total stack volume 3.0 um). A single excitation wavelength (405
nm) was used at a power of approximately 14 yW. For the emission
collection, a Leica spectral hybrid (HyD) detector set to collect a
wavelength range of 500—650 nm (with a gain of 24%) was used. A
transmitted light image was also collected simultaneously using the
timeline photomultiplier (TL-PMT). Images were processed with
FIJ1/Image] (NIH) and settings were kept consistent throughout the
series of images. Images presented are maximum intensity projections.

For the cell cytotoxicity experiments, MCF-7 cells were plated in a
96-well culture plate at a density of 0.01 X 10° cells per well in
DMEM media with 10% FBS and 1% penicillin—streptomycin. Cells
were cultured for 24 h before being treated with the dye at a range of
concentrations from 0.1—50 pM. After treatment, cells were placed in
a BioTek LionheartFX system, where they were imaged at 4x
magpnification every 3 h for 72 h under standard (37 °C, 5% CO,)
culture conditions. Phase contrast images were processed and
analyzed with BioTek GenS analysis software to identify cell numbers
at each time point during the culture period.

M RESULTS AND DISCUSSION

The syntheses of fluorescent dyes 16, 7-2PF, 8-2PF, and 9-
4PF, are shown in Scheme 1. For the syntheses of 1-5, the
precursor of the central para-phenylene rings—1,4-dibromo-
2,5-dioctyloxylbenzene—was obtained (Scheme S1) from 1,4-
dibromo-2,5-hydroquinone and 1-bromooctane. In order to
attach two electron-deficient-substituted phenylene rings to
both ends of a dioct;rloxyphenylene unit located in the midriff,
Suzuki couplings’” between 1,4-dibromo-2,5-dioctyloxy-
benzene and (i) 4-fluorophenylboronic acid, (ii) 4-
(trifluoromethyl)phenylboronic acid, (iii) 4-cyanophenyl-
boronic acid, and (iv) 4-(methoxycarbonyl)phenylboronic
acid, respectively, in H,0/dioxane (1:1) were carried out
(Scheme S2) at 100 °C under an N, atmosphere for 4 h in a

https://doi.org/10.1021/jacs.2c04906
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Figure 1. (a) Graphical representations of the solid-state structure of tetracationic cyclophane 9*". Plan view (left) of a stick representation with the
corresponding semitransparent space-filling image superimposed upon it, showing distances and bond angles associated with the cyclophane’s
geometry. Side-on views (middle and right) of stick representations of 9*, illustrating the distances and dihedral angles associated with the
cyclophane’s geometry. (b) Plan views (left) of the solid-state superstructures of 9%, showing the centroid-to-centroid distance and side-on views
(middle and right), illustrating the plane-to-plane distance between adjacent dimethoxyphenylene rings. Hydrogen atoms, solvents, and counterions

are omitted for the sake of clarity.

microwave reactor, affording 1—4, respectively. QZE S was
obtained (Scheme S2) from a Suzuki coupling’™™ of 14-
dibromo-2,5-dioctyloxybenzene with 4-nitrophenylboronic
acid at 90 °C under an N, atmosphere for 24 h after which
dye 6 was obtained (Scheme S$3) from the coupling of 1,4-
dibromo-2,5-dimethyloxybenzene and 4-pyridinylboronic acid
under the same conditions. Subsequently, Sy2 reactions in the
presence of an excess of (i) benzyl bromide (Scheme S4) and
(ii) a,o'-dibromo-p-xylene (Scheme S5) with 6 in CH,CL,/
MeCN (1:1) under refluxing conditions for 24 h, followed by
counterion exchange with NH,PF,, resulted in the formation
of dyes (i) 7-2PF; and (ii) 8-2PF,, respectively. In the reaction
(Scheme S6) involving the mixing of 6 and 8-2PF, in a ratio of
1:1 in dry MeCN and in the presence of ~20 mol % TBAI
heating under reflux was followed by the addition of solid
TBACI to precipitate the crude product. The crude product,
which was subjected to reverse-phase C18 column chromatog-
raphy, followed by counterion exchange with an excess of
NH,PF; in aqueous solution, produced a yellow precipitate.
The product was separated by filtration and dried in vacuo to
obtain the fluorescent cyclophane 9-4PF;. Water-soluble 9-4Cl
was obtained subsequently by counterion exchange in MeCN
with an excess of TBACI, followed by a centrifugal separation.
For more details of the synthesis, see Section B in the
Supporting Information. Characterization of these compounds,
which was carried out by 'H and C nuclear magnetic

resonance (NMR) spectroscopy (Figures S1—S15) and high-
resolution mass spectrometry (Figures S16—523) (HRMS) is
reported in Sections C and D, respectively, in the Supporting
Information.

Further evidence for dye formation comes from single-
crystal X-ray diffraction (XRD) analysis. X-ray quality single
crystals of dyes 1—5 were obtained by slow evaporation of
CH,Cl, solutions left open to the air at 298 K. All single
crystals had long needle-like shapes and exhibited a strong
fluorescence under a UV (365 nm) lamp. The solid-state
(super)structures of 1—5 are shown in Figures $65—574. Some
key structural data, such as molecular dimensions, dihedral
angles between the adjacent (red and blue) para-phenylene
rings, centroid-to-centroid (C-to-C), and ylane-to-plane (P-to-
P) distances as well as the slip angles ® between a set of
neighboring (i) electron-rich DRs (red) in their midriffs or (ii)
electron-deficient ARs (blue) at their termini are shown in
Table 1. The distance between two EWGs parallel to the long
axis of the para-terphenylene backbone is defined as the length
of the molecule. The width of the molecule is the projection
(on the plane which is perpendicular to the axle of the
backbone) distances between two terminal carbon atoms in the
long n-octyloxy chains (green). The height of the molecule is
the projection (on the plane of the DR) distances between two
aromatic carbon atoms in the ARs. The parallel/antiparallel
alignment of the long hydrophobic n-octyloxy chains reveals

https://doi.org/10.1021/jacs.2c04906
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that these interactions play a role in the alignment of the
molecules in the superstructures. The plane-to-plane distances
between sets of neighboring (i) electron-rich DRs (red) or (ii)
electron-deficient ARs (blue) lie in the range of 3—4 A,
revealing their intermolecular [7---x] stacking.

The density functional theory (DFT) calculated structural
parameters are in good agreement (Table S3) with the single-
crystal (super)structures in which dyes were optimized
structurally using the crystal (super)structures as the sources
of the molecular geometries. The calculated §, transition
energies for each of dyes exhibit a good correlation with the
electron-withdrawing strengths that influences the quadru-
polarity of the z-conjugated para-terphenylene backbone. For
both the monomers (Figure S75) and the dimers (Figure $76),
the wavelengths of the calculated absorption bands (from the
shortest to longest) are matched with the electron-withdrawing
propensities (from the weakest to the strongest) of the
terminal ARs. The CN-substituted and COOMe-substituted
dyes 3 and 4 have similar calculated absorption and emission
wavelengths, which correlate with the electron-withdrawing
propensities of their EWGs. In order to visualize the
interactions between the minimized structures of the dimers
of dyes 1-S5, the independent gradient model based on the
Hirshfeld partition of molecular density’* (IGMH) method
was used. This computational method plots (Figure $77) a
surface representing noncovalent interactions between weakly
interacting compounds. The IGMH plots confirm that the
spatial pattern of interactions between the substituted para-
terphenylene backbones depends on the relative orientations of
the aromatic rings. In the case of dyes 1 and 2 (EWG = F and
CF;, respectively), the edge-to-face interactions between the
terminal ARs of the dimers result in localized pockets of
[CH-x] interactions. Non-planar intermolecular co-confor-
mations in the case of 1 and 2 may result from the lack of -
conjugation between their EWGs and aromatic rings. In the
case of dyes 3 and 4 (EWG = CN and COOMe, respectively),
the face-to-face overlapping between the ARs of the dimers is
reflected in extensive [7---7] interactions. The NO,-substituted
dye 5, which exhibits the largest face-to-face overlap of all the
minimized dimer structures, results in the most extensive
surface representing [7---x] stacking. Both XRD data and DFT
calculations carried out on the solid-state superstructure of dye
5 reveal shorter C-to-C distances and greater slip angles73
between aromatic rings, raising the possibility of its having
significantly stronger [m--7] stacking interactions compared
with its analogues 1—4.

A single crystal of the fluorescent tetracationic cyclophane 9-
4PF, was obtained by vapor diffusion of 'Pr,O into a MeCN
solution over the course of a week. The solid-state structure
reveals (Figure la) a box-like tetracationic cyclophane,
measuring 14.4 A in length and 7.0 and 7.7 A in width at its
periphery and center, respectively. The two dihedral angles
between the adjacent electron-deficient pyridinium and
electron-rich dimethylphenylene rings are both 35°, resulting
in a shorter distance (7.2 A) as the P-to-P distance between
two central rings, which is greater than the average dihedral
angle” (~30°) in ExBox*. The extended solid-state super-
structure of 9** reveals (Figure 1b) that the dimethylphenylene
rings are facing each other, with a C-to-C distance of 3.8 A and
a P-to-P distance of 4.2 A. The overall superstructure of 9*
reveals a parallel arrangement of the tetracationic cyclophanes.
For more details of the XRD and the DFT calculation of the

(super)structures, see Section H and I as well as CIF and MOL
files in the Supporting Information.

Fluorescent dyes 1—6, 7-2PF,, 82PF; 9-4PF,, and 9-4Cl
were dissolved in tetrahydrofuran (THF) (1-5), MeCN (6, 7-
2PF,, 8:2PF; and 9-4PF;), and H,O (9-4Cl), respectively, to
afford 10 uM solutions prior to spectroscopic analysis. For
comparison, their normalized (i) UV/vis absorption (Figure 2)
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HyrCy
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Figure 2. Overlay of the UV/vis absorption spectra of the
quadrupolar fluorescent dyes. (a) Normalized peaks for 1 (red), 2
(orange), 3 (green), 4 (cyan), and § (blue) recorded in THF at 298
K. (b) Normalized peaks for 6 (orange) and 9-4PF; (blue) recorded
in MeCN at 298 K. Peaks have been normalized based on the
absorption band maxima.

and (ii) the fluorescence emission (Figure 3) spectra of
quadrupolar dyes are overlayed, displaying a large range of §,
absorbance and emission maxima, which rely highly on their
quadrupolarity that is correlated to the electron deficiency of
the ARs.

For EWG-substituted dyes 1—5, both their maximum §,
absorption and emission wavelengths are correlated with a
polar effect, an observation which depends on the electron-
withdrawing propensities of their EWGs. F-Substituted dye 1
displays a deep violet emission (Figure S34) at A,,, = 380 nm,
with a UV absorption band (Figure S24) centered on 316 nm.
With the attachment of relatively stronger EWGs, that is, CF;/
CN/COOMe, respectively, 2, 3, and 4 display violet/blue
emissions (Figures S35—S37) with bathochromic shifts in
absorption (Figures $25—527). All of dyes 1—4 exhibit weak
or moderate solvatochromic effects (Figures S44—S47) that
correlate with the strength of the EWGs as well. Moreover,
dyes 3 and 4 have similar spectroscopic features in both
absorption and emission spectra, resulting from their related
EWGs. NO,-Substituted dye 5 exhibits unique photophysical
properties: in addition to having significant red-shifted
absorption (Figure S28) and emission (Figure S38) bands, it
also displays (Figure S48) a wider solvatochromic range and

https://doi.org/10.1021/jacs.2c04906
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Figure 3. Overlay of the fluorescence emission spectra of the
quadrupolar fluorescent dyes. (a) Normalized peaks for 1 (red), 2
(orange), 3 (green), 4 (cyan), and 5 (blue) recorded in THF. (b)
Normalized peaks for 6 (orange) and 9-4PF; (blue) recorded in
MeCN. Peaks have been normalized based on the emission band
maxima.

no fluorescence in some of nonprotic solvents with low
polarities.

By comparing the absorbance and emission maxima of dyes
6, 7-2PF, 8-2PF, 9-4PF, and 9-4Cl—where the pyridine and
substituted pyridinium units act as the electron-deficient
ARs—the wavelength—quadrupolarity correlation is con-
firmed. Dye 6 has similar absorption (Figure $29) and
emission (Figure $39) properties to those of CF,-substituted
dye 2 as a result of similar electron deficiencies of their ARs.
When the pyridines are quaternized to afford cationic
pyridinium units, the polar effect is promoted dramatically,
resulting in obvious bathochromic shifts in both the absorption
(Figures S30—S33) and emission (Figures S40—S43) spectra.
All the pyridinium-substituted dyes—namely, 7-2PF, 8-2PF,,
9-4PF;, and 9-4Cl—share a similar feature in their spectra,
indicating that the quadrupolar extended-bipyridinium build-
ing block is the chromophore. The dramatic red shift in the
absorption and emission of the pyridinium-containing series of
dyes compared to pyridine-substituted dye 6 originates”® most
likely from substantial charge-transfer (CT) interactions
between the pyridinium AR and dimethoxyphenylene DR,
resulting in a CT absorption band (Figures S30—533) with a
maximum between 410 and 413 nm. They all emit in green
light (~545 nm, Figures S40—S43) from this CT state. CT-
interactions have been probed more deeply using time-resolved
spectroscopy. For more details of UV/vis and fluorescence
spectra, see Section E and F, respectively, in the Supporting
Information.

The excited-state properties of these quadrupolar dyes were
investigated using TA spectroscopy. The transient kinetics
were analyzed globally and all time constants are given in

Table S1. The TA data of dyes 1—4 and 6 in MeCN with 4, =
350 nm (Figures $49—S52 and $55) show similar spectra with
the same general electronic evolution, though with differing
kinetics. Following excitation, strong excited-state absorption
features appear between ~450 and 500 nm along with a strong
single peak in the near-infrared region, both of which are
associated with S, < S, absorptions. The visible band red-
shifts over the following ~100 ps, while the near-infrared band
peaks first blue-shift in the initial ~10 ps before stabilizing,
These near-infrared absorption bands are similar to those
observed®”®” in extended bipyridinium compounds. Following
these shifts, the excited-state decay via emission with lifetimes
between 3 and 4 ns as confirmed by TRF spectroscopy
(Figures S58—564). The spectral shape of the transient species
is generally maintained throughout their lifetimes, implying
that the dynamics in each dye all occur on a single electronic
excited state (S,) prior to emission. The spectral shifts at early
times may arise due to excited-state symmetry-breaking’”" in
the quadrupolar dyes, wherein fluctuations in the instanta-
neous electrostatic environment afforded by the solvent
transiently favor wavefunction localization on one side of the
symmetric molecule, creating an excited state with a large
dipole moment that is associated with the Stokes shift
observed”” in the fluorescence spectra. This localization can
lead to changes in the TA spectra as a result of the
breakdown”® of the Laporte rule. The shifts at longer
times may arise from the solvent or structural relaxation of the
dyes.

The fluorescence quantum yields () in solution generally
increase with the strength of the EWG in dyes 1—4. The total
(relaxed) excited-state decay rates are much less sensitive to
this effect, though a clear trend is observed when this rate is
decomposed into its radiative (k) and non-radiative (k)
contributions (Table $2). The radiative decay rate constants
increase from k = (26 ns)™' to (4.9 ns)™' from 1 to 4,
consistent with the increase in @, though no obvious trend is
seen in the non-radiative decay times. Dye 6 shows an
intermediate ky value, though one of the higher @y in the
series, despite the fact that the structural differences between 6
and the other dyes makes a comparison difficult.

NO,-Substituted dye §, however, shows markedly different
dynamics from the others in both MeCN (Figure S53) and
PhMe (Figure $54) solutions, when excited at 350 nm. In the
polar solvent MeCN, the initially excited state appearing near
380 nm is replaced by a strong peak at 505 nm in 4.3 & 0.3 ps,
which we attribute to CT involving the NO, group. This
ultrafast S| decay is consistent with the measured near-zero @y
(Table S2). Following some relaxation, this CT state decays
back to the ground state in 102 ns. In contrast, when excited in
low-polarity solvent PhMe, dye § shows a more structured S,
state that decays in 7.9 + 0.3 ps to a different state with
excited-state absorption peaks at 509 and ~700 nm. This state
decays in 18 ns to a triplet state with a diffusional quenching-
limited lifetime of 1 us in a deaerated solution. The dramatic
dependence on the solvent polarity and the modulation of
lifetimes corroborates the assignment of this nanosecond-lived
species is a CT state. The appearance of a triplet
recombination product in PhMe also supports this claim, as
the destabilization of the CT state in a lower-polarity solvent
makes recombination to this state energetically feasible, unlike
for the highly stabilized CT state in MeCN.

The @, of 9-4PF; and 9-4Cl in the solid-state (powder)
following 414 nm excitation were found to be 0.030 % 0.005

https://doi.org/10.1021/jacs.2c04906
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Figure 4. TA spectra of the tetracationic cyclophane. (a) Combined fs- and nsTA spectra of 9-4PF4 in MeCN at 298 K following a ~100 fs, 414 nm
(1 pJ/pulse) excitation. (b) Multiple-wavelength fits and time constants from the fsTA for 9-4PF; excited at 414 nm. (c) Evolution-associated
spectra for an A = B — C — D — ground state sequential decay model. (d) Population model kinetic profiles.

and 0.016 + 0.005, respectively. A similar decrease in @ with
the counterion was observed in the solution (0.28 for 9-4PF; in
MeCN compared to 0.15 for of 9:4Cl in H,Q), suggesting that
interactions with the chloride is abbreviating the excited-state
lifetime. The order-of-magnitude decrease moving from
solution to the solid state is most likely a result of the
increased interactions between closely packed chromophores
quenching the emission, as is commonly observed®' ™ in
molecular solids.

The excited-state dynamics of the tetracationic cyclophane
9:4PF, and its subunit 7-2PF,, which both contain extended
bipyridinium units, are quite different from those of dyes 1-6
in MeCN. The TA spectra of 7-2PF (Figure S56) and 9-4PF;
(Figure 4), following excitation of their CT absorption bands
at 414 nm, reveal the rapid appearance of strong excited-state
absorption features at 506 and 1356 nm, as well as stimulated
emission with an apparent minimum at 618 nm. The excited-
state absorption features are similar to those™ of ExBox*,
though with the addition of a strong stimulated emission from
radiative recombination (RR) of the CT state. This CT state is
likely between the electron-donating dimethoxyphenylene unit
and an adjacent electron-deficient pyridinium, as the same
absorption and transient features are observed in both
tetracationic cyclophane 9-4PF; and its subunit 7-2PF; there
is no evidence of involvement™ from the para-xylylene linker.
The formation of a CT state from a symmetric A—D—A system
also relies on excited-state symmetry breaking as discussed
above, where the same fluctuations that induce wavefunction
localization in the neutral dyes also favor charge separation
along one side of the molecule. In the TA spectra, the

16848

minimum of the bleach is consistent with the red-shifted
steady-state emission of both 7-2PF; and 9-4PF; in MeCN,
distorted by the addition of a strong, positive excited-state
absorption near 508 nm. These signals shift subtly and decay
over the next several hundred picoseconds as the rigid
tetracationic cyclophane 9-4PF,; (Figure S64) undergoes
modest structural changes to accommodate the CT excited
state, prior to decaying radiatively with a lifetime of 3.45 +
0.01 ns. The lifetime of the dicationic 7-2PF; (Figure S63)
excited state is 8.78 + 0.03 ns. Both lifetimes were again
corroborated by TRF spectroscopy. The shorter lifetime
exhibited by 9-4PF, is most likely a consequence of the
distortions forced upon the para-xylylene linkers by the box-
like geometry of the tetracationic cyclophane. Indeed, while
the radiative decay rate is quite similar between 7-2PF, and 9-
4PF4 in MeCN, the non-radiative rate in 9-4PF; is more than
seven times faster, resulting in the reduced ®. Excitation of
the dimethoxyphenylene-substituted extended bipyridinium
units at 330 nm in both 7-2PF¢ and 9-4PF yields very similar
data to that from the direct excitation of the CT band,
indicating that intramolecular CT occurs within the ~300 fs
instrument response. Following decay of the CT state, a small
amount of the triplet state forms, showing a weakly absorbing
feature near 458 nm: more triplet is generated in 7-2PF, than
in 9-4PF4 for the simple reason that the longer CT state
lifetime enables competition from intersystem crossing. In
H,0, tetracationic cyclophane 9-4Cl (Figure S57) shows
similar spectral features but with a shorter CT state lifetime
(2.69 + 0.02 ns), consistent with the reduced @ (0.15) and
no triplet formation in contrast to 9-4PF, in MeCN, most

https://doi.org/10.1021/jacs.2c04906
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Figure 5. State diagrams for dyes (a) 1—4 and 6 in MeCN, (b) § in MeCN and PhMe, and (c) 7-2PF4 and 9-4PF, in MeCN on the same energy
scale showing competitive decay pathways: solvation and structural/vibrational relaxation (relax), non-radiative internal conversion (IC), radiative
decay (fluorescence, R), intramolecular CT (ICT), radiative recombination (RR), charge recombination to singlet ground and triplet excited states

(CR-S and CR-T, respectively), and intersystem crossing (ISC).

likely because of the short lifetime inhibiting spin mixing.
While the decreased lifetime may be a result of the higher
polarity aqueous environment,” a similar reduction in @, was
observed in the solid state discussed above, implying that the
counterions may be playing an important role. Because the
emission in 7*° and 9% originates from a CT state, the
electrostatic interactions of the different counterions with this
state can alter recombination kinetics: indeed, in solution the
non-radiative rate in 9-4Cl decreases more than the
concomitant increase in the radiative rate, while still yielding
a faster overall decay than 9-4PF4 (Table S1). The dynamics of
all dyes are summarized in Figure 5. For more details relating
to the TA and TRF spectra, see Section G in the Supporting
Information.

Small-molecule dyes are known® to intercalate with the
DNA on account of electrostatic and base—pair interactions.
The presence of these interactions inhibits enzyme function,
elevating the cytotoxicity in living cells. To test the cytotoxicity
of dye 9-4Cl, we performed (Figure 6) a series of cell-uptake
and viability experiments using MCF-7 breast cancer cells.
When the cells were treated with 9-4Cl at concentrations from
1—-50 uM, we observed that the dye was readily taken up by
cells. Moreover, the cells were viable and treatments of up to
10 uM concentration are non-cytotoxic for up to 64 h post-
treatment. At low concentrations (up to 1 uM, Figure S78),
the growth of the cells is comparable with that of non-treated
control cells. Cell growth decreases gradually at concentrations
of 5 uM and above. While cell growth appears impaired at
higher concentrations, minimal cell death is observed.

Because of its low cytotoxicity and emission (Figure S43) in
the green region (548 nm) at micromolar concentrations (@p
= 0.15), water-soluble 9-4Cl was subjected to live-cell imaging
with MCF-7 breast cancer cells. Living cells treated with the
tetracationic cyclophane at 50 and 20 uM (Figure 7) and as
low as 1 uM (Figure S78) concentrations, were imaged by
laser scanning confocal microscopy. The dye fluoresces
brightly in cells when excited with blue light (405 nm laser)
and emits strongly in the green region (500—650 nm). As a
result of the significantly low cytotoxicity profile of the
cyclophane and the tolerance of cells for live-cell imaging at
low concentrations, as well as its nanoconfined nature, 9-4Cl
holds out promise of applications such as (i) photoprotection
and generation of singlet oxygen to kill cancer cells during
photodynamic therapy and (ii) supramolecular drug encapsu-
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Figure 6. (a) Cell growth curves resulting from imaging every 4 h for
64 h under standard (37 °C, 5% CO,) culture conditions. (b)
Percentage growth after 64 h of incubations. Cells were seeded onto
multiwell plates for 24 h and then treated with the dye at a range of
concentrations from 0.1-50 #M and imaged for 64 h.

lation and subsequent release under the triggers of chemical
stimuli or light. For more details of cell experiments, see
Section J in the Supporting Information.

B CONCLUSIONS

A series of fluorescent dyes, containing EWG-substituted para-
terphenylene and extended-bipyridine/bipyridinium building
blocks, has been designed and synthesized. By keeping the
same alkoxy-substituted electron-rich phenylene rings in their
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Figure 7. Cells treated with 9-4Cl at 50 #M (a—c) and 10 M (d—f) concentrations, respectively, for 24 h and imaged using laser scanning confocal
microscopy. (a,d) Images of cells exhibiting green emission at 500—650 nm (4, = 405 nm). (b,e) Transmitted light images. (c,f) Merged images
showing the composite of emission and transmitted light images. Arrows pointed at dye 9-4Cl were taken up by living cells and concentrated in

intracellular compartments.

midriffs, the differences in the electron-deficient rings at their
termini of the backbone influence their acceptor—donor—
acceptor (A—D—A) quadrupolar arrays with modular molec-
ular polarizabilities. Dyes 1 and 2, which contain relatively
weaker EWGs (ie, F and CF,, respectively) without -
conjugation, as well as the extended bipyridine-substituted 6,
result in their (i) higher S, transition energies, (ii} shorter
wavelengths of fluorescence emission (4,,) and UV/vis
absorption (A,,,), and (iii) less pronounced solvatochromism.
The ARs at the termini of 3 and 4 (EWG = CN and COOMe,
respectively) have moderate electron deficiency, resulting in
the dyes exhibiting relatively (i) lower S, transition energies,
(ii) longer A., and A,., and (iii) more pronounced
solvatochromism compared with 1 and 2. Neutral dyes 1—4
and 6 in MeCN show similar TA spectra with the same general
electronic evolution. The values of fluorescence quantum
yields in solution generally increase with the strength of the
EWG in dyes 1—4, an observation which is consistent with
radiative decay rate constants kp. Dye §, which contains
significantly stronger electron-withdrawing NO, groups on
each of its ARs, displays dynamic photophysical behavior that
is highly dependent on the nature of the solvent. It emits green
light by absorbing blue light, eliciting red-shifted absorption
and emission bands, as well as exhibiting a significant strong
solvent effect: its A, has a relatively wide range in addition to
the lack of fluorescence in low-polarity solvents. Its different
dynamics when compared with the other neutral dyes have
been revealed by TA spectroscopy in both MeCN and PhMe
solutions.

Extended bipyridinium-substituted dyes 7, 8**, and 9*" all
have cationic quadrupolar backbones in contrast to the original
neutral extended bipyridine dye 6. As a result of the electron-
rich dimethoxyphenylene rings located in the midriffs of these
cationic dyes, a more significant push—pull effect is produced,
leading to a larger quadrupole. It follows that cationic dyes
exhibit more pronounced red-shifted absorbance and emission
maxima, rendering them similar to NO,-substituted dye S.

Single-crystal X-ray analysis of the tetracationic cyclophane 9*
reveals a symmetrical rigid box-like structure with a cavity, in
addition to strong intermolecular [7---z] stacking interactions
at the supramolecular level. Time-resolved femtosecond and
nanosecond TA (fsTA and nsTA) and fluorescent emission
(TRF) spectroscopy reveal intramolecular electron transfer
between the dimethoxyphenylene and pyridinium rings in both
linear 7** and box-like 9% following excitation of the CT
absorption band at 414 nm. Spectra of the extended
bipyridinium units, obtained on direct excitation at 330 nm
of the CT bands in both 7** and 9*, display similar
spectroscopic features, indicating that intramolecular CT
occurs within the ~300 fs instrument response. We have
demonstrated the non-cytotoxicity profile of water-soluble 9-
4Cl and obtained in vitro live-cell confocal microscopic images
that demonstrate cell uptake at relatively low concentrations.

We hope this systematic investigation of A-D-A
quadrupolar chromophores will inspire readers to design and
synthesize new generations of organic fluorescent materials.
The functionalized para-terphenylene and extended bipyridi-
nium units constitute simple backbones that are easy to
modify, making them excellent platforms to modulate and fine-
tune their photophysical properties. Excited-state symmetry-
breaking in centrosymmetric A—D—A dyes has been shown to
correlate with large changes in the quadrupole moment in non-
polar media and can be tuned’’ by modulating the electron
acceptor, such as by using EWGs. The push—pull interactions
between the electron-rich alkoxyphenylene midriff and the
flanking EWG-substituted phenylene termini are also similar to
the effects seen in non-fullerene acceptors in organic
photovoltaic devices, such as those using indacenodithio-
phenes like ITIC,””* where the magnitude of the quadrupole
moment has been shown to correlate®” with the charge-
separation yield in organic photovoltaic devices. The push—
pull effect can be further modulated™ by the solvent, which
has significant implications for its use in devices where the
organic thin film produces a low-polarity environment that can
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be altered””” by the quadrupole moment of the surrounding
chromophores. Thus, the quadrupole moment can play a
determining role in the excited-state and charge-separation
dynamics of these dyes. Furthermore, rigid box-like fluorescent
cyclophanes® could incorporate appropriate photosensitizers
to form host—guest complexes, which could lead to the
development of stimuli-responsive photosensors capable of
being used in photodynamic therapy in the treatment of
cancer.
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