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Excited-state properties of chiral [4]helicene cations
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The photophysical properties of a series of helicene cations in various solvents have been investigated
using stationary and time-resolved spectroscopy. These compounds fluoresce in the near infrared region
with a quantum yield ranging between 2 and 20% and a lifetime between 1 and 12 ns, depending of the
solvent. No clear solvent dependence could be recognized except for a decrease of fluorescence quantum
yield and lifetime with increasing hydrogen-bond donating ability of the solvent. In water, the helicene
cations undergo aggregation. This effect manifests itself by the presence of a slow fluorescence decay
component, whose amplitude increases with dye concentration, and by a much slower decay of the
polarization anisotropy in water compared to an organic solvent of similar viscosity. However,
aggregation has essentially no effect on the stationary fluorescence spectrum, whereas relatively small
changes can be seen in the absorption spectrum. Analysis of the dependence of aggregation on the dye
concentration reveals that the aggregates are mostly dimers and that the aggregation constant is

substantially larger for hetero- than homochiral dimers.

Introduction

There is a growing need for near-infrared (NIR) fluorescent
probes for numerous applications in chemistry, biochemistry and
medicine.' > It is indeed well-known that the efficiency of single
molecule detection is significantly better with NIR than with
visible fluorophores, even though the former are normally
characterized by a smaller fluorescence quantum yield and life-
time.® This superior detection efficiency mainly arises from the
lower emission background upon excitation with NIR light,
which is not absorbed by fluorescent impurities. Another advan-
tage of a long excitation wavelength is that IR light is less ener-
getic than visible light and thus causes less damage to biological
tissues, a crucial factor for living cell imaging applications.

Here we report on our investigation of the photophysical prop-
erties of a series of new [4]helicene cation (HelR) derivatives
(Chart 1) that emit in the NIR region.” '* These compounds
belong to the class of intrinsically chiral aromatic molecules
called “helicenes”, which have been intensively studied over the
last decade owing to their promising photochromic,'>'® and non-
linear optical properties.'”>° HelR derivatives are, against con-
ventional wisdom, highly configurationally stable helicenes due
to strong steric repulsions between the methoxy substituents in
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positions 1 and 13, and the large degree of rigidity brought by
the two nitrogen atoms in conjugation.”?' In fact, a rather high
barrier of racemization has been measured previously for HelPr
derivatives (AG* = 41.3 kcal mol™! at 200 °C). Beside this, their
molecular shape and extended aromaticity give them the ability
to bind to biological macromolecules. It has been shown that the
(P)-enantiomer of a helicene bearing a protonated amino group
exhibits structural selectivity for binding to DNA and discrimi-
nates between right-handed B-DNA and left-handed Z-DNA.*
DNA-binding properties have also been demonstrated with 5,8-
bis(aminomethyl)-1,12-dimethylbenzo[c]-phenanthrene and N-
methyl-5-azahelicenium salts.”*>>* Since it is commonly estab-
lished that a positive charge on an aromatic molecule enhances
its binding ability to DNA,* the HelR dyes can be expected to
bind to DNA and to have thus some potential as NIR fluorescent
DNA probes.

In addition to the aforementioned properties, self-assembling
is a common feature of helicenes. Heterocyclic helicenes have
been shown to assemble into hexagonal phases consisting of
hollow-centred helical columns.***” A similar helical columnar
liquid—crystalline structure is typical for other materials such as
DNA,?® poly(y-benzyl-L-glutamate),”® and xanthan.*° Enantio-
pure helicenamidate was grafted on to silica nano-particles and

HelMe: R=CHj,, A=BF,", CI
HelPr: R=(CH,),CHa, A=CI
HelOH: R=(CH,),OH, A"=CF;COO"

Chart 1 (M)-HelR dyes.
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the resulting nanostructure showed the ability to aggregate and
de-aggregate in different aromatic solvents.’! The chirality of
stereoisomers of a cyclic alkyne containing three helicene units
was found to play an important role in their self-aggregations.*
Although the number of studies on this class of molecule is

increasing, photophysical investigations, apart from basic
absorption and emission spectroscopy,”**"*** are still very
scarce.>> 7

We present here a detailed photophysical investigation of the
HelR dyes using stationary, as well as time-resolved, absorption
and emission spectroscopy with femtosecond resolution. Special
attention has been devoted to the aggregation of these com-
pounds as well as to the photophysical properties of the
aggregates.

Experimental
Samples

All racemic HelR dyes were synthesized according to literature
procedures.”®*® Enantiopure HelMe and HelPr have been
described previously.”'*'* For the preparation of (M)- and (P)-
HelOH, the following four-step procedure was utilized
(Scheme 1 and ESI¥). First, the two terminal hydroxyl groups of
rac-HelOH were capped with z-butyldimethylsilyl groups. The
resulting carbenium ion was reacted with the carbanion of (R)-p-
tolyl-methylsulfoxide.>**>-*%3% A facile chromatographic separ-
ation of the resulting diastereomers was followed by Pummerer
fragmentation and coupled desilylation reactions affording the
cations in enantiopure forms.

The organic solvents, methanol (MeOH), ethanol (EtOH),
pentanol (PeOH), acetonitrile (ACN), dimethyl sulfoxide
(DMSO), tetrahydrofuran (THF), dichloromethane (DCM) and
chloroform (CHCIl;) were of the highest commercially available
grade and were used as received. Phosphate buffered saline

rac-HelOH

R=(CH,),0H

isolated
enantiomers
ee >99.9%

(M)-HelOH (P)-HelOH

Scheme 1  Four-step resolution protocol of HelOH: (a) #-butylchlorodi-
methylsilane, imidazole, DMF, 25 °C, 24 h, 65%; (b) (+)-(R)-methyl-p-
tolylsulfoxide, LDA, THF, 0 °C; (c) diastereomer separation by chrom-
atography (SiO,, Et,0) 45 and 49% (two-steps); (d) TFAA, CH,Cl,,
25 °C, 85%.

(PBS) was purchased from Invitrogen and water was doubly dis-
tilled. The aqueous solutions were prepared by dissolving 1-2 ul
of a stock solution of the dye (2mM) in DMSO (stored in the
dark) in 1-2 ml of non-buffered or buffered aqueous solution.

Steady-state measurements

Absorption spectra were recorded with a Cary 50 spectropho-
tometer, whereas fluorescence and excitation spectra were
measured with a Cary Eclipse fluorimeter. All fluorescence
spectra were corrected for the wavelength-dependent sensitivity
of the detection. The fluorescence quantum yields of the HelR
dyes were determined relative to a solution of oxazine 1 per-
chlorate (from Exciton) in ethanol, @;=0.11.%'

Time-resolved fluorescence

Fluorescence lifetime measurements on the nanosecond time-
scale were performed with a time-correlated single photon count-
ing (TCSPC) setup described in detail elsewhere.*? Excitation
was carried out at 395 nm with a laser diode (Picoquant model
LDH-P-C-400B) generating ~60 ps pulses at 10 MHz. The
instrument response function (IRF) had a full-width at half-
maximum (FWHM) of about 200 ps.

The fluorescence dynamics of the HelR dyes on a shorter
timescale was measured by fluorescence up-conversion (FU). As
discussed previously,*>** excitation was achieved at 400 nm
with the frequency-doubled output of a Kerr lens mode-locked
Ti:sapphire laser (Mai Tai, Spectra-Physics). The polarization of
the pump pulses was at magic angle relative to that of the gate
pulses at 800 nm. The pump intensity on the sample was of the
order of 5 pJ cm™ and the FWHM of the IRF was ca. 210 fs.
The sample solutions were located in a 1.0 mm rotating cell and
had an absorbance of about 0.2 at 400 nm.

Transient absorption (TA)

The experimental setup was the same as that described in the lit-
erature.**® Excitation was performed either at 400 nm with the
frequency-doubled output of a standard 1 kHz amplified Ti:sap-
phire system (Spectra-Physics) or at 600 nm with a home-built
two-stage non-collinear optical parametric amplifier. The pump
intensity on the sample was about 1-2 mJ cm™2. The polariz-
ation of the probe pulses was at magic angle relative to that of
the pump pulses. All spectra were corrected for the chirp of the
white-light probe pulses. The FWHM of the IRF was ca. 200 fs.
The sample solutions were placed in a 1 mm thick quartz cell
and were continuously stirred by N, bubbling. Their absorbance
at the excitation wavelength was around 0.3.

Quantum chemical calculations

Ground-state gas-phase geometry optimization was performed at
the density functional level of theory (DFT) using the B3LYP
functional,*’ and a [3s2p1d] basis set.*® Electronic vertical exci-
tation energies were computed with time-dependent density
functional theory (TD-DFT) using the same functional and basis
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Fig. 1 Absorption and fluorescence spectra of (rac)-HelMe in various
solvents.

set.*” The calculations were carried out using Turbomole version
50
6.0.

Results and discussion
HelR dyes in organic solvents

The photophysics of the HelR derivatives in aqueous solutions
differs substantially from that in organic solvents and will thus
be discussed separately. The UV-vis absorption spectra of the
dyes in organic solvents show two bands in the visible region
with maxima around 617 and 425 nm (Fig. 1), whereas the fluor-
escence spectra consist of a single band centred between 650 and
690 nm depending on the R-substituent and the solvent
(Table 1).

TD-DFT calculations of the HelR dyes in the gas phase
predict the first electronic transition to be at 530 nm and to be
due to a HOMO-LUMO one-electron transition (Table 2). Fig. 2
shows that this transition involves a decrease of electron density
at R and an increase at the methoxy-oxygen atom. Thus this first
transition has some charge transfer character. This could explain
why its energy calculated in the gas phase is substantially larger
than that measured in solutions. Unfortunately, because of their
ionic nature, the absorption spectrum of the HelR dyes cannot be
measured in weakly or non-polar solvents. According to the cal-
culations, the absorption band observed around 425 nm should
be due to two transitions of similar intensity but with a rotatory

Table 1 Absorption, A,, and fluorescence, A, maxima of the (rac)-
HelR dyes in various solvents
A, (nm) A (nm)

Solvent  HelMe HelPr HelOH HelMe HelPr  HelOH
H,O 614 617 615 678 677 680
MeOH 615 617 617 664 663 673
EtOH 617 618 618 663 662 672
PeOH 619 619 621 664 663 672
ACN 615 617 617 671 668 678
DMSO 625 625 627 683 677 690
THF 619 620 621 668 665 678
DCM 616 617 619 658 656 672
CHCl3 616 617 621 662 658 679

Table 2 Spectroscopic parameters obtained from the TD-DFT
calculations of the HelR dyes in the gas-phase
HelMe HelPr HelOH
S-Sy transition
E‘(eV) 235 2.35 2.34
HOMO-LUMO HOMO-LUMO HOMO-LUMO
w D) p,=-316 fy = —3.55 ty = —3.45
u, =—0.50 u, =—0.60 u, = —0.55
R°(auw) 39x107* 12x 107 1.8 x107*
S, S, transition
E (eV) 2.72 2.77 2.73
HOMO-1-LUMO HOMO-1-LUMO HOMO-1-LUMO
u (D) u ==2.30 Uy =—2.28 1 =-2.30
R(au) -12x107° -1.1x1073 —1.1x1073
S3«S, transition
E (eV) 2.88 2.88 2.84
HOMO-2-LUMO HOMO-2-LUMO HOMO-2-LUMO
u (D) uy =2.64 uy =2.50 Hy =2.69
u, =—-0.90 u, =—0.88 1, =-0.90
R(au) 54x107* 55%x 107" 5.0x 107

“Energy. ” Transition dipole moment. ¢Rotatory strength (P-form) in

atomic units.

strength of opposite sign. This prediction agrees very well with
the circular dichroism spectra of HelMe, that shows one band at
407 nm with the same sign as that of the 625 nm band, and one
band at 456 nm with opposite sign.’’

The fluorescence dynamics of the dyes in organic solvents

was recorded at 670 nm upon 395 nm excitation. In most cases,
the fluorescence time profiles, some of which being shown in
Fig. 3, could be reproduced well using an exponential function
convolved with the IRF and with the time constants, 7y, listed in
Table 3. However, the sum of two exponential functions was

HOMO-2

HOMO-1

Fig. 2 Frontier molecular orbitals of HelMe computed at the B3LYP/
[3s2pld] level of theory. Orbital contours are drawn at the 0.02 a.u.

level.
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Fig. 3 Intensity normalized fluorescence time profiles measured with

(rac)-HelPr in different solvents, instrument response function (IRF) and
best fits (black lines).

required for all three compounds in CHCI; and for HelOH in
DCM. Measurements at different wavelengths (670, 690 and
780 nm) revealed an increasing contribution of the short-lived
component at longer wavelengths (Figure S1, ESIT). Such decay
points to the existence of two emitting species with slightly
different spectra.

Whereas the shape of the absorption spectrum of the dyes in
CHCIl; is independent of concentration, a noticeable red shift of
the fluorescence band, that is not due to reabsorption, takes place
with increasing concentration (Figure S2, ESIT). Moreover, the
relative amplitude associated with the shortest lifetime increases
markedly with increasing concentration (Table S1, ESIY). This
concentration dependence suggests that an HelR excimer or an
excited aggregate is most probably responsible for the red-
shifted emission with the shortest lifetime. Unfortunately, the
spectra associated with the two decay components overlap too
much to allow the observation of precursor—successor kinetics,
as expected the case of excimer, and to permit an unambiguous
assignment. Excimers formation is typical of many aromatic
hydrocarbons,’>** but the excimer band is usually much more

Table 3 Photophysical properties of the HelR dyes in various solvents

red-shifted compared to that of the monomer and the lifetime is
also substantially longer. As it will be shown below, aggregation
of the HelR dyes plays a dominant role in aqueous solution,
where it is mainly driven by hydophobic effects. A limited solu-
bility of the HelR dyes in DCM and CHClI3, which are the least
polar solvents used here, could also result to the formation of
aggregates.

The non-radiative rate constants, k,,, calculated from the fluor-
escence lifetimes and quantum yields, @y, are listed in Table 3.
Whereas the radiative rate constant, 4, is essentially solvent inde-
pendent, around 1-1.5 % 107 s74, k,, varies substantially. Despite
this, no evident relationship between z¢ or &, and a solvent prop-
erty or a solvatochromic scale (Lippert-Mataga, Er(30),
Kamlet-Taft)>* can be recognized. However, if only alcohols are
considered, a substantial increase of the fluorescence lifetime of
all three HelR dyes with increasing alkyl chain length can be
observed. As the hydrogen-bond donating properties of the alco-
hols is also decreasing in the same order, this points to the
possible involvement of intermolecular hydrogen bond assisted
non-radiative deactivation. This point will be considered further
below when discussing the photophysics of the HelR dyes in
aqueous solutions. However, the shorter lifetime in DMSO and
ACN compared to EtOH clearly shows that other factors play a
role in the non-radiative transition of these compounds.
Additionally to this variation with the solvent, Table 3 also
reveals that the R-substituents have a clear influence on z; and
that this effect originates from £;,,, which increases in the order R
= Pr, Me, CH,CH,0H in all organic solvents. Whereas, the
shorter lifetime with HelOH could possibly arise from hydrogen-
bond interaction with the solvent, we do not have any reasonable
explanation for the difference between HelMe and HelPr.
However, it should be noted that the counter-ion was different
for all three compounds (Chart 1).

The TA spectra of all three HelR derivatives have been
measured in EtOH at different delays after 600 and 400 nm exci-
tation. The resulting spectra are essentially independent of the
excitation wavelength and of R, those measured with HelPr upon

(rac)-HelMe (rac)-HelPr (M)-HelOH
Solvent @, 107 7¢ (ns) k™ (ns™") @, 107 7¢ (ns) k™ (ns™") @, 10% ¢ (ns) ke (ns7h)
PBS 1.9 1.3 0.75 2.6 1.6 0.60 1.6 1.2 0.85
3.7 4.7 53
H,O 1.9 1.3 0.75 2.5 2.0 0.50 1.6 1.1 0.86
3.6 5.0 5.2
D,O 22 2.0 0.49 3.2 2.5 0.39 2.1 1.8 0.54
5.5 7.0 6.6
MeOH 5.2 43 0.22 7.4 5.6 0.17 3.5 2.8 0.34
EtOH 7.0 53 0.17 9.6 6.7 0.13 4.4 33 0.29
PeOH 8.9 6.2 0.15 11.8 7.7 0.12 5.9 4.1 0.23
ACN 5.0 4.2 0.23 7.6 5.5 0.17 3.5 2.9 0.33
DMSO 4.0 3.0 0.32 6.3 4.0 0.23 3.1 2.1 0.46
THF 7.3 53 0.18 10.5 7.0 0.13 43 32 0.30
DCM 17.2 11.3 0.07 20.5 12.0 0.06 5.5 3.1
6.6 0.14
CHCl3 11.3 5.8 14.4 4.7 4.0 2.7
14.0 0.06 14.8 0.06 6.2 0.15

“ Calculated with the shortest lifetime in aqueous solution and the longest lifetime in DCM and CHCl;.
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Fig. 4 TA spectra measured at various time delays after excitation of a
solution of (rac)-HelPr in EtOH at 400 nm (A) and in aqueous buffer
solution at 600 nm (B).

400 nm excitation being shown in Fig. 4A. These spectra are
dominated by positive bands between 600 and 540 nm and by a
broad negative band below 540 nm. The positive TA bands can
be assigned to absorption of the S; excited state overlapping
with the bleach of the 425 nm ground-state absorption band. On
the other hand, the broad negative band originates from both the
bleach of the S;«S, transition and the stimulated S;—S, emis-
sion, slight differences between the steady-state absorption spec-
trum and the bleach signal being due to overlapping excited-state
absorption. During the first 10 ps, some spectral dynamics takes
place, leading to a narrowing of the 500 nm TA band together
with the transformation of the shoulder at 520 nm into a
maximum, as well as to a blue-shift of the 380 nm band. The
time constants associated with this process, 0.5 and 12 ps,
suggests that the dynamics are probably connected with
vibrational and/or solvent relaxation. Once this process is over,
the whole TA signal decays on the nanosecond timescale in
agreement with the fluorescence lifetime discussed before. The
time evolution of the TA intensity over the whole measured spec-
tral range could be well reproduced using a sum of three expo-
nential functions decaying to zero with 0.5 ps, 12 ps and 6.7 ns,
the latter constant, taken from the TCSPC measurements, being
hold fixed. This extrapolated decay to zero of the whole TA
intensity indicates that intersystem-crossing (ISC) to the triplet
state is not a significant deactivation pathway of the S; popu-
lation. If it were the case, the decay of the S; state population
would result to only a partial recovery of the ground-state popu-
lation. Consequently, fluorescence and internal conversion seems
to be the main S; state deactivation pathways of the HelR dyes
in organic solvents.

HelR dyes in aqueous solutions

The absorption spectra of the HelR dyes in water, D,O and
aqueous buffer solutions differ from those in organic solvents by
the larger width of the S;«S, band, the more marked shoulder
around 580 nm, as well as by the blue shift of the 425 nm band

I I T
1.0 —

— 8uM ,

16 uM 4

0.8 f- —— 40pM / _

— 100 uM
0.6 -

<C /
0.4+ / —
0.2 —
0.0 | | |
400 500 600 700

Wavelength / nm

Fig. 5 Normalized absorption spectra of (rac)-HelMe at different con-
centrations in aqueous buffer solution.

(700 cm™" relative to ACN) (Fig. 1). As depicted in Fig. 5, the
relative intensity of the first two absorption bands varies with the
dye concentration. Moreover, the 580 nm shoulder becomes
more pronounced as the HelR concentration increases. These
effects point to the formation of HelR aggregates in aqueous
solutions.

The emission spectra of all three HelR dyes in aqueous sol-
ution are similar to those in organic solvents (Fig. 1) with the
band maximum located between 677 and 680 nm depending on
R. As expected, the enantiomers and racemic mixtures of each
compound have the same fluorescence quantum yield (Table 3),
but the latter are substantially smaller than in organic solvents.
The increase of @¢ by a factor of about 1.3 on going from water
to deuterated water points to the involvement of intermolecular
hydrogen bonds in the non-radiative relaxation of the excited
state.**>3® This agrees as well with the increase of the fluor-
escence quantum yield observed in alcohols on going from
MeOH to PeOH, i.e. on decreasing the hydrogen-bond donating
ability of the solvent.

Contrary to the absorption spectrum, the fluorescence band
shape is independent of the chromophore concentration. Simi-
larly, the fluorescence quantum yield measured at different HelR
concentrations is essentially constant within the limit of error
and is around 0.026, 0.019, and 0.016 for HelPr, HelMe and
HelOH, respectively. It can thus be concluded that the fluor-
escence quantum yield of aggregated and non-aggregated HelR
are very similar. This contrasts with many ionic dyes, such as
those of the xanthene family, for which aggregation leads to a
strong decrease of the fluorescence quantum yield.”*®' As dis-
cussed later, this probably stems for the structure of the
aggregates.

In contrast to the fluorescence quantum yield, the fluorescence
dynamics in aqueous solution becomes longer with increasing
concentration (Fig. 6). The time profiles measured at different
HelR concentrations could be analyzed globally using the convo-
lution of the IRF and a biexponential function with the time con-
stants listed in Table 3. The biphasic nature of the decay
indicates the presence of two emitting species. As the slow
decay component increases with HelR concentration, its lifetime
can be attributed to the aggregates, whereas the short lifetime
can be ascribed to monomeric HelR dyes. The increase of the
monomer lifetime on going from H,O to D,O confirms the role
of hydrogen bonds in the non-radiative transition from the S,

This journal is © The Royal Society of Chemistry and Owner Societies 2012
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Fig. 6 Intensity-normalized fluorescence decays of (rac)-HelMe at

different concentrations in PBS solution. Inset: concentration depen-
dence of the amplitudes, a,, obtained from biexponential analysis.

state. Most probably, the hydrogen-bonding interaction occurs at
the methoxy-oxygen atoms. The coupling with the solvent
should become stronger in the S; state because of the increase of
the electron density at the oxygen atoms associated with the
charge transfer character of the S;«S, transition (Fig. 2). Such
an increase of the hydrogen-bonding interaction upon excitation
has been shown to strongly favour hydrogen bond assisted non-
radiative deactivation,*>>>>%

TA spectra of some of the HelR dyes in aqueous solutions
have also been measured (Fig. 4B). At this concentration
(<0.3 mM), the fraction of aggregates was higher than that of
free dyes. No significant difference in the shape of the TA
spectra compared with those measured in organic solvents could
be observed, apart from a higher relative intensity of the positive
TA bands. The TA spectra also exhibit some early dynamics that
can be ascribed to vibrational relaxation and then decay on the
nanosecond timescale in agreement with the fluorescence
lifetime.

Further evidence of aggregation in aqueous solution can be
obtained from the decay of the fluorescence anisotropy, (%),
which, as it occurs via the reorientational motion of the emitter,
depends on its size.® The anisotropy decays of (rac)-HelMe in
PBS and EtOH, two media of similar viscosity, i.e. n~1 cP at
20 °C, are depicted in Fig. 7B. The poor signal to noise (S/N)
ratio of the data arises from the very small anisotropy of the flu-
orescence upon 400 nm excitation as illustrated by the fluor-
escence excitation anisotropy spectrum of (rac)-HelPr in a
poly(methyl methacrylate-co-butyl methacrylate) film (Fig. 7A).

The small initial anisotropy in Fig. 7B arises from the angle
between the S;—S, transition dipole moment and that respon-
sible for absorption at 400 nm. This value points to an angle of
50°, whereas TD-DFT calculations predict angles of 90°
between the S;«S, and S,«S, dipoles and of 28° between the
S1<Sp and S3«S, dipoles. As vibronic coupling can lead to a
considerable mixing of the S, and S;3 electronic states,®>%* the
small anisotropy upon 400 nm excitation is not surprising. On
the other hand, Fig. 7A shows that the fluorescence anisotropy
upon excitation in the S;«< S, band is close to the maximum of
0.4 for parallel transition dipoles. The dye concentration in these
fluorescence  up-conversion measurements was  higher,
~0.2 mM, than for TCSPC and steady-state experiments, and
therefore the aggregate form predominates in aqueous solution.
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Fig. 7 (A) Excitation anisotropy and absorption spectra of (rac)-HelPr
in a polymer film, and (B) time profiles of the fluorescence anisotropy at
650 nm measured with (rac)-HelMe in aqueous buffer solution and
ethanol upon 400 nm excitation and best fits.

Despite the small S/N ratio, a slower decay of the anisotropy is
evident in aqueous solution. Both anisotropy time profiles can
be reproduced with an exponential function decaying to zero
with time constants of 200 + 50 ps and 50 + 10 ps in PBS sol-
ution and EtOH, respectively. Measurements with other HelR
dyes confirm the slower anisotropy in aqueous solution. The ani-
sotropy decay time in EtOH can be ascribed to the diffusional
reorientation of the monomeric dye, whereas the longer decay
time in aqueous buffer to that of the aggregate. The size of this
aggregate cannot be directly determined from this time constant
as the latter not only depends on the volume but also on the
shape of the rotator.®?

The equilibrium between the monomeric, M, and aggregated,
A, forms of an enantiopure HelR dye can be described as:

(A]

nM=A withK, = ik

(1)

where 7 is the number of molecules in the aggregate and K, is
the equilibrium constant for the aggregation of enantiopure dyes.

As the total HelR concentration is [HelR] = [M] + n[A], the
relationships between the concentration of each form and [HelR]
are:

[HelR| = [M] + nK .[M]" (2)

[HelR] = ([A]/K.)""" + n[A] (3)

Since the contributions of the short and long decay com-
ponents of the fluorescence dynamics, i.e. the amplitude multi-
plied by the lifetime, are proportional to [M] and [A],
respectively, their dependence on the total dye concentration can
be analyzed with eqn (2) to extract K. and n (Fig. 8, Table 4).
An aggregation number of 2 has been found for all HelR dyes
except for (M)- and (P)-HelPr. This indicates that, for all but
these two, a simple dimerization is taking place. However, the
fluorescence time profiles measured at different HelR concen-
trations cannot be perfectly reproduced using two global time
constants. Indeed, the analysis of each individual profile results
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Fig. 8 Concentration of the aggregated, [A], and non-aggregated, [M],
HelPr in aqueous buffer solution as a function of the total HelPr concen-
tration and best fits of equations (2) and (5).

to somewhat different lifetimes. Therefore, the presence of larger
aggregates cannot be excluded.

Heterochiral aggregates, A._, can additionally be formed in
racemic mixtures:

[A]

M M_=A,_ —
PNV +m + [MJJ”[M,}”

with K; = 4)

In this case, the total HelR concentration is:

[HelR] = [My] + [M_] + ny[Ay] +n_[A_]+ (p+m)[Ar_] (5)

This equation can be simplified since the homochiral aggre-
gates, A, and A_, have, as expected, the same aggregation con-
stant, K., and number, n (Table 4). Moreover, if we assume that
p =m, eqn (5) becomes:

[HelR] = 2[M] + 21K [M]" + 2mK [M]*" (6)

To determine K, and m, the concentration dependence of the
slow and fast contributions to the fluorescence decay measured
with the racemic HelR dyes was analyzed using eqn (5) and the
n and K. values obtained with the enantiopure compounds
(Table 4). This procedure worked well with HelMe and HelPr,
but did not yield physically realistic values with HelOH. Most
probably, the above model is too simplistic for this dye. For
example, interactions between homochiral aggregates of opposite
chirality, that have been neglected here, might be significant with
HelOH. For the other two HelR dyes, Table 4 reveals that the
heterochiral aggregates are dimers as well and that their aggrega-
tion constant K, is substantially larger that for homochiral

Table 4 Aggregation equilibrium constant, K., and aggregation
number, n and m for the HelR dyes in aqueous solution

Molecule n 2m K. K,
HelMe M)- 2 5.7 x 10°

(P)- 2 5.5x10°

rac- 2 1x10*
HelPr (M)- 1.6 230

(P)- 1.5 260

rac- 2 3.1 x 10*
HelOH M)- 2 43 % 10°

(P)- 2 4.7 % 10°

dimers, K.. This difference in the aggregation constant between
enantiopure and racemic aggregates reveals that heterochiral
complexes are more stable than homochiral ones. This is a
common property of chiral systems and has been reported for
other homochiral and heterochiral complexes.®> Two dyes of
opposite chirality can form a more compact dimer than two mol-
ecules of the same chirality, favouring stabilizing intermolecular
interactions. The bulky propyl groups probably minimize these
interactions between homochiral HelPr dyes. Because of this,
dimers without a well-defined geometry might be formed,
leading to an apparent n value of 1.5. With two HelPr of oppo-
site chirality, this problem might be just smaller enough to
enable the formation of a more stable dimer with a better-defined
geometry.

The small changes in the absorption spectra observed with
increasing HelR concentration originate from the slightly differ-
ent absorption spectra of monomers and dimers. As the relative
concentration of these two forms is known from the fluorescence
decays, their respective absorption spectrum can be determined.
Fig. 9 shows the calculated spectra of the monomeric and homo-
and heterochiral dimeric forms of the HelR dyes. The validity of
the results is comforted by the fact that the calculated spectra of
the monomers are identical to those measured in organic sol-
vents, where aggregation does not take place, and are the same
for enantiopure and racemic HelR solutions. The absorption
spectra of the dimers are characterized by a band around 600 nm
with two maxima, and a substantial red shift of the second band
compared to that of the monomers. The absorption spectra of the
homo- and heterodimers of HelMe and HelOH are almost identi-
cal and the energy spacing between the two maxima of the
600 nm band is around 940 ¢cm~'. On the other hand, the
absorption spectra of the homo- and heterodimers of HelPr differ

0.0 = | | | | | [
350 400 450 500 550 600 650

Wavelength / nm

Fig. 9 Calculated absorption spectra of the aggregated, A, and non-
aggregated, M, forms of (P)-HelR, +, and (rac)-HelR, +—, in aqueous
buffer solution.
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by the relative intensity and energy splitting of the two maxima
of the 600 nm band. This difference agrees with the above
hypothesis of the homodimeric HelPr with a loose structure.

According to Kasha exciton theory,®® information on the rela-
tive orientation of the dyes in an aggregate can be deduced from
the effect of aggregation on the absorption spectrum. For
example, the formation of H-aggregates with face-to-face con-
stituents leads to a blue shift of the absorption band, whereas
that of J-aggregated with a parallel end-to-end arrangement
results to a red shift. On the other hand, a skew conformation
appears as a splitting of the band. The size of the band shift and
splitting reflects the interaction between the transition dipole
moments of the constituents and thus depends on their magni-
tude, distance and relative orientation. Information on the nature
of the aggregate can also be obtained from the fluorescence.
Indeed, H-aggregates are non-fluorescent because of a negligibly
small radiative rate constant, k., whereas J-aggregates fluoresce
and have a larger k. than the constituents. Furthermore, their
emission band is red shifted relative to that of the monomer.
Finally, skew aggregates are fluorescent with a k. that depends
on the skew angle. In the present case, the lowest excited state of
the dimer should be at approximately the same energy as that of
the monomer, as suggested by the location of the low energy
maximum of the 600 nm band that coincides well with the band
maximum of the monomer and by the very similar fluorescence
spectra of both monomer and dimer. However, the radiative rate
constant of the dimer is substantially smaller than that of the
monomer as reflected by the different fluorescence lifetimes
(Table 3), as both forms have the same fluorescence quantum
yield. The second absorption band around 425 nm is even more
affected by aggregation, as this effect leads to a red shift and a
higher intensity of the band. As mentioned above, this band
arises from both S,«S, and S;«S, transitions with the dipole
moments aligned along the x- and y-axis, respectively (Fig. 2).
Dimerization should thus lead to different magnitude of the exci-
tonic interaction between these transition dipoles. Clearly the
dimers are neither H nor J dimers, but could rather have a skew
conformation or a conformation between those of H and J
dimers, where the constituents have a displaced face-to-face
configuration. More insight into the structure of these dimers
would need quantum chemical calculations that are beyond the
scope of this investigation.

Conclusions

Here we have reported on the photophysical properties of new
chiral cationic dyes that emits in the near infrared region. The
results reveal that aggregation is an important feature of [4]heli-
cene dyes in aqueous solution. Whereas aggregation substan-
tially affects the fluorescence lifetimes and anisotropy decay, it
has little or no effect on the electronic absorption and emission
spectra and on the fluorescence quantum yield. Aggregation
does not take place in organic solvents, as testified by a single
exponential fluorescence decay.

Since their fluorescence quantum yield varies between 0.01
and 0.2, these compounds could be applicable as near infrared
probe dyes. Apart from their aggregation in aqueous solution,
the photophysical properties of these helicenes are relatively
insensitive to the solvent properties, the exception being a

shortening of the fluorescence quantum yield and lifetime in
with increasing hydrogen-bond donating properties of the
solvent. This property, together with their chirality and relative
hydrophobicity could make these dyes useful for probing bio-
logical molecules such as nucleic acids and proteins.
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