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ARTICLE INFO ABSTRACT

Keywords: Helically-flexible bis(BODIPY)s based on chiral ethane-1,2-diamine or —1,2-diol bridges (named helicoBODIPYs)

BODIPYs are an interesting family of accessible and tunable small multichromophoric organic dyes enabling visible

]gze Cl}_‘em‘Stry electronic circular dichroism (ECD) and, even visible circularly polarized luminescence (CPL). However, their
irality

CPL brightness (Bcpy) is still limited (up to ca. 10 M *em ™), due to low fluorescence efficiency owing to a non-
optimal participation of intramolecular charge transfer (CT) emission. Herein, we analyze in depth the origin and
factors controlling this CT, demonstrating the key participation of a BODIPY-to-BODIPY symmetry-breaking
induced CT (SBCT), beyond the expected CT within each single BODIPY chromophore due to their push-pull
character. It is also demonstrated that increasing the overcrowding at the flexible helicoBODIPY ethane
bridges leads to BODIPY-BODIPY faced dispositions, promoting the SBCT and enabling the detection of both CT
absorption and CT emission bands under specific conditions. Interestingly, this SBCT enhances the visible ECD
(absolute g,p,s values), supporting the key role of the involved forbidden CT transitions in the chiroptical activity
of these dyes, as well as the possibility of modulating their valuable visible chiroptical signatures (e.g., visible

Charge transfer
Circular dichroism

CPL brightness) by easily playing with steric factors at the dye bridge.

1. Introduction

Chirality is a ubiquitous phenomenon that has witnessed a renewed
interest in the last years, being a hot topic in Life and Universe Sciences
nowadays. Most biomolecules are chiral, and the interaction between
drugs and molecules markedly depends on the involved enantiomers.
This pivotal role of chirality in many biochemical events has boosted the
synthesis of enantioenriched chiral compounds and materials, as well as
the design of novel approaches to induce and detect their associated
optical activity. In this context, photophysics [1,2] in combination with
dye chemistry [3-5] have succeeded in developing advanced molecular
systems able to efficiently absorb and/or emit circularly polarized (CP)
light. These CP-active molecules, and materials based on them, are of
great interest due to their huge potential in a plethora of light-triggered
applications. In this context, CP-active materials based on small organic
molecules (SOMs) are qualified as next-generation photonic materials
[6], owing to their low density (ultralight materials), easy processing,
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high biocompatibility and cell-membranes permeability, high light ab-
sorption and fluorescence response, and easy tunability by workable
organic chemistry. Accordingly, different approaches have been re-
ported to successfully design and synthesize SOMs displaying efficient
electronic circular dichroism (ECD) and, which is more important and
challenging, efficient circularly polarized luminescence (CPL), mainly
within the valuable visible spectral region [7-10]. These phenomena
involve different ways of interaction with CP light. Thus, ECS is the
differential absorption of left- and right-handed CP light, and it is
quantified by the corresponding absorption dissymmetry factor (gaps),
whereas circularly polarized luminescence (CPL) is the differential
emission of left- and right-handed CP light, being quantified by the
corresponding luminescence dissymmetry factor (gjum).

However, the development of improved CP-active SOMs, with large
absolute g,ps and gjym values (higher than 10*3), is still challenging. On
the one hand, their molecular size is much smaller than the helical pitch
of the visible circularly polarized light, which avoids dichroic
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amplification effects by birefringence effects [6]. On the other hand,
their absorption and emission involve allowed electronic transitions (i.
e., with large absolute electric-dipole transition moments, |u|, but with
small magnetic ones, |m|). This has the advantage of yielding high ab-
sorption and fluorescence efficiencies, but it is a serious limitation for
the improvement of the CP activity (note that g ~ 4cos0|m|/|u| [11],
where 6 is the angle formed by the involved moments), and mainly in
that concerning CPL that requires also high emission quantum yields (¢)
to reach profitable CPL brightness Bcpr, (Bcpr = € ¢ |glum|/2, Where ¢ is
the molar absorptivity) [12]. In this context, different strategies are
currently being used to design SOMs with improved g,ps and gym, and
Bcpy, values, as well as to understand the complex relationship between
the molecular structure and these dichroic values, including their signs
[13-17]. Among the approaches towards improving the g,ps and gum
values the exploitation of forbidden transitions, involving small
electric-dipole transition moments, but large magnetic-dipole ones must
be highlighted as useful, mainly in that concerning CPL emission [15].
However, such modulation can be significantly detrimental for the
emission capability and, therefore, for Bcpy, values. Hence, the partici-
pation of forbidden transitions needs to be finely adjusted for each
specific design [18], in order to get a large enough Bcpy, value.

BODIPYs are in the spotlight as useful small organic dyes. Despite
featuring an inherently achiral (planar) chromophore, they have been
intensively used to develop CP-active SOMs [19], mainly due to two
fundamental factors. From a photophysical point of view, they possess
strong light-absorption and -emission efficiencies, as measured by their
large € and ¢ values, respectively [20]. From a synthetic point of view,
they have outstanding chemical versatility [21], which allows imple-
menting visible chiroptical activity in the planar BODIPY chromophore
by easily linking a number of chiral moieties to it [22-25], or by
embedding it in helically-chiral architectures [26-28].

Related to the development of helically-chiral CP-active BODIPYs,
we have established a simple approach, consisting of the easy mutual

b
* o

Et3N in refluxing MeCN
or
K,COgs in refluxing dioxane
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covalent linkage of two identical BODIPY chromophores through a
short, flexible and chiral bridge based on ethane-1,2-diamine or —1,2-
diol, to obtain ECD- and CPL-active Cy-symmetric helically-flexible bis
(BODIPYs) (named helicoBODIPYs; e.g., 1a and 2a in Fig. 1) [29,30].
These helicoBODIPYs are easily constructed by aromatic nucleophilic
substitution of chlorine in accessible 3-chloroBODIPYs, using commer-
cially enantiopure C,-symmetric ethane-1,2-diamines or —1,2-diols, as
the nucleophilic reagents [29]. Although helicoBODIPYs involve two
chiral centers in their structure (see Fig. 1), theoretical simulation pin-
pointed to the helical chirality as the main chiral factor behind their
significant CP activity (noticeable visible ECD and CPL signals) [29,30].
Thus, in seminal helicoBODIPY 1a, with S,S configuration for their chiral
centers, the involved BODIPY chromophores are disposed anti-clockwise
in its preferred helical conformation (M), leading to a positive visible
couplet (bisignalized ECD signal with a positive Cotton effect), which is
in agreement with the prediction afforded by applying the ECD exciton
chirality method [29,31]. Accordingly, the corresponding R,R enan-
tiomer shows the opposite behavior, clockwise orientation of BODIPY
chromophores in the preferred P molecular helix, which results in a
negative ECD visible couplet.

Although the helicoBODIPYs developed to-date exhibit a good
capability to absorb light (e values up to 10> M~'em™?), they are char-
acterized by a low fluorescence efficiency (¢ up to 30 %, but decreasing
in polar media) [29,30], probably due to the participation of CT emis-
sion induced by the push-pull character of the involved BODIPY chro-
mophores (e.g., note in Fig. 1 the presence of electron-donating nitrogen
and electron-withdrawing chlorine atoms respectively localized at
symmetrically-opposite a-pyrrolic BODIPY positions in 1a). A fact sup-
porting this hypothesis is the enhanced fluorescence efficiency of related
2a [30], bearing less electron-donating oxygens instead of nitrogens (1a
case) attached to the BODIPY chromophores (see Fig. 1). On the other
hand, whereas the signs of the maximum g,,s and gum values are
opposite for 1a [29], they are equal for 2a [30]. This fact and the

7a:Z=Cl
7b:Z=H
1a:Y=NH;Z=Cl;R=R’=Ph
1b: Y = NH; Z = Cl; R = R’= 2-chlorophenyl
1c: Y = NH; Z = CI; R = R'= mesityl
— 1d: Y = NH; Z = Cl; R = R" = 2-hydroxyphenyl
1f. Y = NH; Z = Cl, R = R’= naphth-1-yl
2a:Y=0;Z=Cl,R=R’=Ph
2b: Y = O; Z = Cl; R = R’= 2-chlorophenyl
a) NaH / THF 3a: Y =NH; Z=Cl; R=R" = ethyl
b) chloromethyl methyl ether 3b: Y =NH; Z = Cl, R=R" = isopropyl

4a:Y = NH; Z = Cl, R-R'= ~(CHy),-
4b: Y =NMe; Z = Cl; R-R’= -(CHy),-
5:Y=NH;Z=H;R=R'= Ph

—»1e: Y = NH; Z = Cl, R = R" = 2-(methoxymethoxy)phenyl

Scheme 1. Synthesis of helicoBODIPYs. See ESI for experimental details.



C. Diaz-Norambuena et al. Dyes and Pigments 222 (2024) 111907

Gaps = +1x1073
Jum = -1x1 03
¢ =0.14 (cyclohexane)
¢=0.17 (CHCI5)

Gabs = +1x107°

Gum = +1x1073

¢ =0.17 (cyclohexane)
¢=0.30 (CHCI3)

Fig. 1. Schematic view of the preferred M helical conformation (dotted line indicates the chiral axis) for helicoBODIPY 1a (S,S), as well as differential visible
fluorescence efficiencies and maximum visible g,ps and gjum values for 1a and related 2a.

differential dependence of the fluorescence efficiency of both dyes on
the solvent polarity (see Fig. 1) pinpoint to enhanced participation of CT
emission in the case of 1a, as it also occurs in chiroptical BINOL-based
monoBODIPYs with enhanced push-pull effects [32].

On the other hand, we have recently noticed that steric hindrance at
the flexible bridge has a striking impact on the chiroptical signatures
(ECD and CPL) of helicoBODIPYs 1a-c (Fig. 2) [33]. Thus, increasing the
steric overcrowding at the bridge, by increasing the volume of the aryl
moieties hanging from it, results in the elongation of the helicoBODIPY

1a: Ar = phenyl
|Gabs| = 1.6x107°

1b: Ar = 2-chlorophenyl
|gabs| = 5.5x107°

1c: Ar = mesityl
|Gabs| = 13.2x1073

Fig. 2. Influence of the increase of the helicoBODIPY helical pitch, by
increasing the overcrowding at the flexible ethylene bridge, on the visible gaps
values (absolute values in chloroform) [32].

molecular helix (helical pitch increase). This trend leads to a noticeable
increase in the measured absolute gans and gium values, as well as it en-
ables changes in their relative signs (e.g., from maximum visible g,p,s =
1.6 x 1073 for la,t013.2 x 1073 for 1c, negative g, for 1a vs. positive
for 1b or 1¢, in chloroform, see Fig. 2) [33].

Moreover, seminal computations conducted by us on 1a seemed to
support participation of BODIPY-to-BODIPY CT in its main visible ab-
sorption band [29]. All this collected information prompted us to hy-
pothesize that the underlying phenomenon behind the chiroptical
changes observed upon the molecular helix elongation could be due to
BODIPY-to-BODIPY CT. This CT could be promoted by an enhanced
symmetry-breaking induced CT (SBCT) mechanism in helicoBODIPYs
having a proper disposition of their BODIPY units, as it also occurs in a
number of BODIPY-BODIPY dimers [34]. Indeed, SBCT strongly depends
on the distance and mutual orientation of the acting chromophores [35,
36].

To investigate in depth the competitive or synergic participation of
these three effects, helix elongation, BODIPY CT and BODIPY-to-
BODIPY CT, on the valuable visible chiroptical activity of the readily-
accessible helicoBODIPYs, we have selected a battery of structurally
related dyes (Fig. 3). This set includes previously reported heli-
coBODIPYs (la-c [29,33] and 2a [30]), and unprecedented ones (1d-f,
2b, 3a,b, 4a,b and 5). All the molecular structures were chosen on the
basis of synthetic accessibility factors. Thus, the at-bridge phenyl rotors
of seminal 1a have been replaced by ortho-substituted phenyls (1b-e in
Fig. 3), benzo-fused phenyls (1f) and different alicyclic chains (3a,b)
and cyclic (4a,b) alkyl chains to study the influence of the bridge
overcrowding in the helicoBODIPY conformation and, therefore, in the
promotion of BODIPY-to-BODIPY CT. On the other hand, to study the
possible influence of electronic factors in the BODIPY push-pull and,
hence, in the BODIPY CT, different groups with dissimilar electronic
effects have been linked to the BODIPY chromophores (cf. 1a, 2a and 5).
Additional structural changes leading to other stereoelectronic effects
have been also included in the selected set of dyes, such as amino
methylation (cf. 3a and 3b, or 4a and 4b), or the change of the
highly-flexible 1,2-diphenylethene chiral bridge by less-flexible, related
ones (cf. 1a and 4a).

This set of dyes should allow revealing the competitive participation
of BODIPY CT vys. BODIPY-to-BODIPY CT, by experimentally and
computationally studying the influence of the BODIPY push-pull, and
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the BODIPY-BODIPY distance and disposition on the helicoBODIPY
photophysics and chiroptics (visible ECD).

2. Materials and methods

Detailed information about the used reagents, synthetic procedures
and structural characterization of all the compounds, as well as on the
spectroscopic techniques and computational calculations applied to re-
cord the photohysical and chiroptical signatures of the helicoBODIPYs, is
included in the electronic supporting information (ESI).

3. Results and discussion
3.1. Synthesis

Following the optimized procedure reported recently by us for the
synthesis of 1b-c [33], unprecedented enantiopure helicoBODIPYs 1d-f,
3a,b, and 4a,b were successfully synthesized by reacting 3,5-dichlor-
0-8-(4-methylphenyl)BODIPY 7a [37] with the corresponding com-
mercial enantiopure (S,S)-diamine (1,2-bis(2-hydroxyphenyl)ethane-1,

Dyes and Pigments 222 (2024) 111907

2-diamine for 1d, 1,2-bis(napht-1-yl)ethane-1,2-diamine for 1f,
hexane-3,4-diamine for 3a, 2,5-dimethylhexane-3,4-diamine for 3b,
cyclohexane-1,2-diamine for 4a, and N,N-dimethylcyclohexan-1,
2-diamine for 4b) in refluxing acetonitrile, in the presence of triethyl-
amine as a base (see Scheme 1). The involved double aromatic nucleo-
philic substitution afforded the desired helicoBODIPYs in chemical yields
ranging from 48 % for 1f, to 76 % for 4b. Under the same reaction
conditions, known 1a [29] was obtained in an improved 64 % chemical
yield from 7a and commercial (S,S)-1,2-diphenylethane-1,2-diamine,
whereas chlorine-free enantiopure 5 was obtained in a lower chemical
yield (31 %) from 3-chloro-8-(4-methylphenyl)BODIPY 7b [38] and the
same diamine under the same conditions. The lower yield for 5 can be
explained by the lower reactivity of monochlorinated 7b when
compared to dichlorinated (electron-poorer) 7a towards nucleophilic
substitution.

On the other hand, helicoBODIPY 2b was prepared from 7a and
commercial (§,S)-1,2-bis(2-chlorophenyl)ethane-1,2-diol in 45 %
chemical yield, using the alternative conditions reported by us for the
preparation of related 2a, that is, refluxing 1,4-dioxane and K;COgs
instead of trimethylamine as the base [30]. These conditions avoid the

1a: Ar = phenyl

1b: Ar = 2-chlorophenyl
1c: Ar = mesityl

1d: Ar = 2-hydroxyphenyl

1f: Ar = naphth-1-yl

1e: Ar = 2-(methoxymethoxy)phenyl

2a: Ar = phenyl
2b: Ar = 2-chlorophenyl

Fig. 3. Selected battery of helicoBODIPYs.
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competitive attack of triethylamine (yielding the corresponding 3-dieth-
ylaminoBODIPY) that takes place when less nucleophilic reagents, such
as diols, are used. Finally, helicoBODIPY 1e was obtained from 1d in 17
% chemical yield by a double standard Williamson etherification with
chloromethyl methyl ether and sodium hydride.

3.2. Photophysical properties

All the selected new helicoBODIPYs were photophysically charac-
terized with the exception of 2-hydroxyphenyl-based 1d, which was
discarded to avoid artifacts due to the expected participation of different
hydrogen-bonded species in solution, as supported by H NMR analysis
(note the possibility of intra- and inter-molecular hydrogen-bonding
involving the hydroxyl groups).

In brief, the main photophysical signatures of seminal helicoBODIPY
1a (Fig. 1) are ruled by three key structural factors. On the one hand,
amination of the BODIPY a-pyrrolic position modifies the vibrational
resolution of the chromophore visible electronic transition, leading to
broader and flattened spectral profiles [39-42], especially in polar
media. On the other hand, the conformational freedom of the involved
meso-p-tolyls (BODIPY meso-aryl rotors) favors non-radiative deactiva-
tion channels limiting the dye fluorescence response [20]. Finally,
additional fluorescence quenching pathways are activated in polar
media, where the fluorescence response tends to zero owing to
solvent-induced stabilization of CT processes [36].

Firstly, to ascertain the main operative CT mechanism in heli-
coBODIPYs (push-pull-enabled BODIPY CT vs. SBCT-enabled BODIPY-
to-BODIPY CT), we selected dyes with expectedly different push-pull
strengths. In particular, we compared 1la with 5 and 2a,b, where 1a
(with electron-donating nitrogen and electron-withdrawing chlorine) is
expected to have a stronger push-pull than 5 (without chlorine) or 2a,b
(with less electron-donating oxygens) (see Fig. 3). Indeed, the replace-
ment of the bridge nitrogens by oxygens slightly ameliorated the fluo-
rescence response, mainly in apolar media (e.g., cf. 2a vs. 1a, in Table 1),
as it was expected due the lower push-pull character of the oxygenated
BODIPYs chromophores in 2a,b. However, the removal of the electron-
withdrawing chlorines in 5 did not induce the expected improvement in
its fluorescence response, which was even worse than the recorded for
1a (Table 1). Moreover, the fluorescence efficiency of 2a,b and 5 was

Table 1

Photophysical signatures (absorption, A.p, and fluorescence, g, wavelengths;
molar absorption, éna.y; fluorescence quantum yield, ¢; and fluorescence life-
time, 7) of the helicoBODIPYs depicted in Fig. 3 in diluted solution of cyclo-
hexane. Data in other solvents are collected in Tables S1-S3 in ESIL

Jab Emax-107% n @ 7 (ns)
(nm) M tem™h) (nm)
la 529.0 12.4 544.0 0.17 1.15 (97 %) - 4.70
[29] (3 %)
1b 525.0 5.7 540.5 0.28 1.00 (86 %) — 2.55
[32] 483.0 5.4 (14 %)
1c 533.0 5.3 547.0 0.25 0.71 (70 %) — 2.98
[32] 484.5 7.1 (30 %)
le 524.5 9.5 552.0 0.40 1.35 (75 %) — 5.95
470.0 8.0 578.0 (25 %)
1f 530.5 6.0 544.0 0.29 0.98 (86 %) — 3.40
487.0 6.2 (14 %)
2a 516.0 12.2 523.5 0.30 0.75 (63 %) - 1.75
[30] (37 %)
2b 516.0 10.1 525.5 0.25 1.93
3a 532.0 7.3 549.5 0.26 1.68 (97 %) — 5.63
(3 %)
3b 528.0 7.4 544.5 0.31 1.33 (86 %) — 5.56
475.0 4.7 582.5 (14 %)
4a 530.0 7.7 552.5 0.35 1.36 (56 %) — 4.09
473.5 4.4 580.5 (44 %)
4b 535.0 9.3 568.0 0.03 0.11
5 522.5 9.2 539.5 0.10 0.50
490.0 4.2
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still very sensitive to the solvent polarity, yielding very low fluorescence
quantum yields in polar media, as a result of the fluorescence quenching
induced by the solvent stabilization of the feasible CT state (see
Tables S1 and S2 in ESI). It has been reported that amino groups alone
are able to induce CT processes in BODIPY chromophores, but when
bonded to the chromophoric p-pyrrolic BODIPY position [43]. There-
fore, in spite of the strong push-pull character of the BODIPY units of 1a,
the observed CT must occur between the two BODIPY units by a
preferred SBCT mechanism, but not within a single one. Noteworthy, as
above mentioned, SBCT has been claimed as the main solvent-driven
non-radiative  de-excitation channel in covalently linked
BODIPY-BODIPY dyads [34-36].

3.2.1. HelicoBODIPYs involving an arylated bridge

First, regarding the helicoBODIPYs with nitrogenated bridges (1), it is
found that the conformational restriction of the phenyls at the bridges,
induced by the phenyls ortho-substitution with bulky groups (chlorine in
1b, methyl in 1c¢, or methoxymethoxyl in 1e) or by their benzo-fusion
(1f), has a marked impact in the profile of the helicoBODIPY visible
absorption band, as shown in Fig. 4.

In order to understand this differential behavior, the ground-state
optimized geometries of all of the new helicoBODIPYs bearing steri-
cally constrained nitrogenated bridges (1b,c and 1e,f), as well as the
molecular orbitals involved in the absorption transition, were computed
(PCM/CAM-B3LYP-6-311G*; see ESI for details). The modelizations
show helical conformation for all dyes, analogous to that previously
demonstrated for 1a [29]. However, the distance between BODIPY
chromophores in the new dyes is longer than it was in 1a (distance
between the centers of masses of ca. 10 A; see Fig. 5, and Fig. S2 in ESI),
being the BODIPY units no longer coplanar (BODIPY-BODIPY dihedral
angle ranging from ca. 60° to ca. 75°% see Fig. 5 and Fig. S2 in ESI).

Moreover, in addition to the expected main absorption band (around
520-530 nm), resulting from the additive HOMO-1 - LUMO and HOMO
— LUMO-+1 transitions (TD PCM/CAM-B3LYP-6-311G*; see ESI for
details), both within a single BODIPY unit (see Fig. 5, and Fig. S3 in ESI),
a new one is recorded at shorter wavelengths (460-480 nm; see Fig. 4,
and Fig. S1 in ESI). This new short-wavelength band is especially
prominent for 1lc, featuring the most constrained bridge (involving
highly bulky pendant mesityls; see Fig. 3), being ever higher than the
said, and common long-wavelength BODIPY absorption. Note that this
new hypsochromic band is not so prominent in the corresponding
monoBODIPYs carrying the bridge, which exhibit absorption profiles
that are flattened and broadened by the electron coupling exerted by the
bridge’s amino group linked to the C3 BODIPY position (as represen-
tative examples, see the spectra of helicoBODIPYs 1b and 1c, and their
corresponding monoBODIPYs m-1b and m-1lc, in Fig. S4 in ESI).
Therefore, the growing of such short-wavelength absorption for the
helicoBODIPYs involving sterically-hindered bridges should be related to
a BODIPY-BODIPY intramolecular interaction within the covalently-
linked BODIPY subunits.

An increase of the solvent polarity favors the new short-wavelength
band in detriment of the common long-wavelength one (see Fig. 4). Such
a drastic change in the shape of the absorption spectrum cannot be
assigned solely to the amino-induced changes in the vibrational reso-
lution of the BODIPY visible absorption band, resulting from its elec-
tronic coupling through the BODIPY 3 position [39-41], but it pinpoints
to the participation of an additional chromophoric entity with its own
absorption profile. Indeed, the replacement of the strongly
electron-donating nitrogens of 1b (helicoBODIPY with bulky 2-chlor-
ophenyls at the bridge) by less electron-donating oxygens in 2b does not
enhance the short-wavelength band upon polarity increase (see Fig. S5
in ESI). Even more, the visible absorption pattern of 2b resembles those
of 1a or 2a, the latter bearing less overcrowded bridges (see Figs. S1A
and S5 in ESI). All these findings suggest that the bridge-induced
geometrical disposition of the BODIPY subunits in the helicoBODIPY
architecture plays a key role in the dye light-absorption signatures.
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Fig. 4. Normalized (by the long-wavelength band intensity) visible absorption spectra of helicoBODIPYs 1b-c and 1e-f, bearing bridges with bulky aryls, in non-polar
cyclohexane (A) and in polar methanol (B). The corresponding spectra of 1a, with unconstrained non-substituted phenyls, are included for comparison purposes.

Absorption spectra in other solvents are shown in Fig. S1 in ESL
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Fig. 5. Computed (PCM/CAM-B3LYP/6-311G*) ground-state geometries and electron-density contour maps of key molecular orbitals (H: HOMO and L: LUMO), as
well as theoretically-predicted ECD spectra in chloroform (TD PCM/CAM-B3LYP/6-311G*) of representative 1a and 1c¢ (R,R enantiomers were computed). Key
computed geometrical parameters (distance between the center of masses of the BODIPY chromophores, and dihedral angle between the BODIPY chromophore
planes) are included. Optimized geometries and orbital contour maps for the rest of the selected helicoBODIPYs with arylated bridges are depicted in Figs. S2 and S3

in ESI, respectively.

Regarding emission, the visible fluorescence spectra of this set of
helicoBODIPYs (based on arylated bridge, see Fig. 3) remind of that
recorded for seminal 1a (see Fig. S1 in ESI), with the exception of 1e
bearing methoxymethoxyl as pendant chain in its bridge phenyls. Thus,
a new bathochromically-shifted visible band (at ca. 570-580 nm) was
detected for 1e in non-polar media, together with the common heli-
coBODIPY emission centered at 540-550 nm (Fig. 6A). Considering, that
CT-states are further stabilized at the excited state, the new, long-
wavelength emission of 1le must be attributed to CT fluorescence.
Nonetheless, in all these cases increasing the solvent polarity implies a
significant reduction of the emission intensity, owing to the fluorescence
quenching afforded by the working CT, but the spectral profiles still
resemble that of parent 1a (see Fig. S1 in ESI).

To better support that the recorded visible new absorption and

fluorescence bands are owned to the same excited state, we recorded the
fluorescence and excitation spectra of le at different excitation and
emission wavelengths in apolar cyclohexane (see Fig. 6). We selected
this helicoBODIPY because it shows the clearest dual fluorescence
emission (i.e., common short-wavelength band together with the non-
common long-wavelength one). In the fluorescence spectra (Fig. 6A),
as the excitation wavelength becomes lower (down to 480 nm), and
hence approaching the region of the new absorption band (at 470 nm),
the long-wavelength emission (at ca. 580 nm) increases with respect to
the short-wavelength one (at 550 nm). Accordingly, in the excitation
spectra (Fig. 6B), as the monitoring emission wavelength becomes
higher (up to 630 nm), hence the region where the new emission band is
dominating, the non-common short-wavelength absorption band (at
470 nm) increases in the excitation spectra.
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Fig. 6. Fluorescence (A) and excitation (B) spectra of 1e in cyclohexane at different excitation and emission wavelengths, respectively.

All these results support the participation of the same excited state in
both new absorption and emission bands, as well as the participation of a
single chromophoric entity, the BODIPY-BODIPY dyad enabling CT by
the SBCT mechanism. Thus, depending on the steric hindrance at the
bridge, the dynamics and population availability of the SBCT state
change, and even its direct population from the ground state (short-
wavelength absorption band in Fig. 4), and its emissive de-excitation
(Iong-wavelength emission in Fig. 6A for 1e) can be detected in some
cases under specific conditions. This new hypsochromic absorption band
is also recorded in viscous media such as ethylene glycol (for example
see Fig. S6 in ESI, for representative helicoBODIPYs 1b and 1¢), being the
spectra registered in ethylene glycol similar to those in methanol
(Fig. 4). Indeed, the fluorescence signals in this viscous and polar solvent
are as low as in methanol (efficiency <1 %) and located in the same
spectral region (Fig. S6 in ESI). Therefore, the origin of such absorption
should be related to media polarity rather than to viscosity, discarding
the involvement of different conformers in solution, and once again
sustaining SBCT as the origin of the new transition and fluorescence
quenching channel. In this context, proper and fixed BODIPY-BODIPY
orientations, adopted in constrained conformations involving over-
crowded bridges, seems to be key in the dynamics and feasibility of the
BODIPY-BODIPY SBCT. In fact, the theoretically optimized geometries
of the studied helicoBODIPYs suggest that the higher the sterical hin-
drance at the bridge, the more orthogonal the disposition of the BODIPY
chromophores (e.g., BODIPY-BODIPY dihedral angle ranging from 60° in
less-hindered phenyl-based 1a, to 72° in more-hindered mesityl-based
1c; see Fig. 5). It must be remarked here that the SBCT mechanism is
especially favored in orthogonal BODIPY-BODIPY dyads [36]. To further
support SBCT occurrence, we have measured the electrochemical
properties of a series of representative helicoBODIPYs and corresponding
related monoBODIPYs carrying the bridge moiety by cyclic voltamme-
try. The registered oxidation and reduction helicoBODIPY potentials are
almost identical to those registered for the corresponding monoBODIPYs
carrying the same bridge, as well as to those previously reported for
other monoBODIPYs [44], and significant new potential waves were not
detected, especially in the case of the helicoBODIPYs (as a representative
example, see the voltammograms of helicoBODIPY 1b and its corre-
sponding monoBODIPY m-1b in Fig. S7 in ESI). This electrochemical
behavior suggests that the ongoing CT does not require a
strongly-coupled and electronically well-defined pair of electron donor
and electron acceptor, but it rather takes place between a
weakly-coupled pair of identical chromophores by a process which is not

driven by electrostatic forces, such as the SBCT one.

It must be also noted that the SBCT mechanism implies a significant
stabilization of the CT excited state by a strong charge separation within
it, driven by environmental and structural factors. This high CT stabi-
lization allows the detection of the above mentioned long-wavelength
CT emission in the case of 1e (Fig. 6). Further CT state stabilization by
increasing the solvent polarity favors both its population and the charges
separation within it, but also decreases the CT emission, since the larger
the charge separation, the lower the probability of charge recombina-
tion that is required for CT emission [45,46]. For the rest of these heli-
coBODIPYs, the corresponding CT state does not emit in any of the tested
solvents, or the long-wavelength CT emission is too weak and masked
under the LE fluorescence (see Figs. S1 and S8 in ESI). Thus, in these last
cases, the corresponding excitation and fluorescence spectra are inde-
pendent of the excitation and emission wavelengths, respectively (for
example, see the spectra of 1b in Fig. S5 in ESI).

Therefore, the recorded new visible absorption band would originate
from the direct population of a CT state in the BODIPY-BODIPY chro-
mophoric system by the SBCT mechanism. The theoretical simulation
(TD DFT) is not able to sustain such band splitting, and just a single main
visible absorption is predicted. However, the frontier molecular orbitals
(FMOs) involved in such absorption, and the contributions of the cor-
responding transitions, depend on the sterical hindrance at the bridge.
As aforementioned, the recorded absorption is the result of the additive
contributions of the HOMO-1 — LUMO and HOMO — LUMO+1 tran-
sitions, whose molecular orbitals are located in a single BODIPY subunit.
However, in the helicoBODIPYs with the most sterically-hindered
bridges (1b or 1c¢) an additional contribution of the HOMO — LUMO
transition is predicted (ca. 15 % contribution). The latter transition
implies a marked shift of electronic density from one BODIPY unit to the
other (see Fig. 5 and Fig. S3 in ESI). Besides, in these helicoBODIPYs the
HOMO and HOMO-1 are slightly extended throughout both BODIPY
units (albeit the electronic density is preferably and alternatively located
in one of them), whereas the LUMO and LUMO+1 are exclusively and
alternatively placed in a single BODIPY unit (see Fig. 5 and Fig. S3 in
ESI). Therefore, even the main visible transitions of these helicoBODIPYs
involve some shift of electronic density, from a BODIPY unit to the other
one, proving CT character to the absorption. This CT state would be
energetically located over the locally-excited (LE) state (Fig. 7), as
supported by the spectral position of these new absorption bands
(Fig. 4). However, upon excitation, the relative position of such a CT and
LE states would reverse, the CT becoming the low-lying one (Fig. 7) and
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Fig. 7. Cartoon explaining the origin (CT promoted by SBCT) and spectral position of the additional visible absorption and emission bands recorded from heli-
coBODIPYs. Upon direct population of the enabled CT, this state relaxes below the LE. The visible absorption and fluorescence spectra of 1e in cyclohexane (as
archetype of SBCT-enabling helicoBODIPY), deconvoluted in two Gaussians, are included to show the contribution and spectral position of each electronic transition.

leading to bathochromically shifted CT emissions, as supported by the
found spectral disposition of the new visible emission bands for 1e (see
Fig. 6A). It must be noted here that, in a number of molecular systems,
even those involving BODIPY chromophores, the direct population of CT
states from the Sp ground state was recorded in the corresponding ab-
sorption spectra as a hypsochromic shoulder overlapping with the band
corresponding to the direct population of the LE state [43,47].

It is noteworthy that the key participation of a CT state in the visible
absorption and fluorescence of the helicoBODIPYs not only depends on
the environmental polarity, but also on the bridge-controlled heli-
coBODIPY helical conformation (proper disposition of the involved
BODIPY units to promote SBCT). As a matter of fact, CT absorption is
better visualized when bulky mesityls are involved in the helicoBODIPY
bridge (see 1c in Fig. 4), whereas CT fluorescence is better monitored
when less bulky 2-(methoxymethoxy)phenyls are in the bridge instead
of mesityls (see 1e in Fig. 6A). In other words, a critical balance of steric
and polar effects must be achieved to enhance BODIPY-to-BODIPY SBCT
in helicoBODIPYs, and to allow the recording of the corresponding CT-
state involved spectral bands.

With regard to fluorescence efficiency and excited-state dynamics,
all these helicoBODIPYs follow the expected trends (e.g., see Table 1 for
la-c, 1e,f and 2a,b). Thus, they display a moderately-bright visible
fluorescence in non-polar media (¢ around 15-30 %), with main life-
times (7) of ca. 1 ns (as found from the biexponential fit of the fluores-
cence decay curve), owing to the fluorescence quenching afforded by the
free motion of the BODIPY meso-p-tolyl rotors outlined previously [20].
Increasing the solvent polarity results in almost negligible emissions
with fast lifetimes (beyond the time-resolution of the disposable photon
counter), due to effective fluorescence quenching induced by the
polarity-driven increased stabilization and participation of the CT state
(see Table S1 and Table S2 in ESI). However, some remarkable differ-
ences are observed depending on the bridge steric overcrowding. Thus,
increasing the steric hindrance exerted by the bridge pendant moieties
results in a slight enhancement of the fluorescence quantum yields in
non-polar media (from 17 % for 1a, to ca. 30 % for 1e; see Table 1). This

could be easily explained by a more restricted conformational mobility
for 1e, due to the involvement of a more constrained bridge, which
would reduce the participation of non-radiative de-excitation pathways
associated to internal conversion. However, CT population must be the
main fluorescence quenching mechanism in helicoBODIPYs having
overcrowded bridges, where the SBCT mechanism is significantly pro-
moted, as it is shown experimentally (Table S1 in ESI). Thus, even in
solvents of medium polarity (e.g, chloroform), the fluorescence quan-
tum yield of these overcrowded helicoBODIPYs is lower than 5 %,
whereas in parent 1a, with unhindered bridge phenyls, it was around 15
% (e.g., cf. 1a vs. 1b,c and 1f in Table S1 in ESI). An exception to this
trend is the polarity-dependent behavior of overcrowded le (see
Table S1 in ESI). However, it must be noted that, in this case, significant
CT emission is recorded together with the LE fluorescence, making the
recorded fluorescence quantum yield of 1e non-comparable, and prob-
ably overestimated due to the joint recording of the dual (CT and LE)
emission. Further increase of the solvent polarity almost entirely sup-
presses the fluorescence response (¢ < 0.5 %; Table S1 in ESI), a com-
mon trend in helicoBODIPYs owing to the quenching by the “dark” CT in
polar enough environments, where the charges separation is roughly
favored.

3.2.2. HelicoBODIPYs involving an alkylated bridge

In view of the fundamental role played by the bridge pendant groups
(steric effect), the phenyls in ethane-1,2-diamine-based bridges were
replaced by alkyl chains (linear in 3a, branched in 3b and cyclic in 4a
and 4b; the latter involving methylated nitrogens). The spectral profiles
and photophysical signatures of 3a, the helicoBODIPY with the less-
hindered alkylated bridge, resemble those recorded for parent 1a (see
Fig. 8 and Table 1). However, in helicoBODIPYs 3b and 4a, bearing
bulkier alkyls, marked changes are detected in both the visible absorp-
tion and fluorescence spectra, mainly in polar media (see Fig. 8): On the
one hand, a growing absorbance at short wavelengths (once again
around 460-475 nm) in non-polar solvents. On the other hand, a dual
fluorescence emission, also in non-polar solvents, due to the appearance
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Fig. 8. Normalized absorption and fluorescence visible spectra of heli-
coBODIPYs 3a,b and 4a,b, bearing alkyl chains hanging from their flexible
bridges, in cyclohexane. The corresponding spectra of parent helicoBODIPY 1a
are also included for comparison (purple, dashed). The corresponding spectra in
other solvents are shown in Fig. SO in ESL

of a new, long-wavelength emission at ca. 580 nm (i.e., batochromically
flanking the LE emission at 540-550 nm).

These spectral trends for the bridge-overcrowded alkylated heli-
coBODIPYs fully remind those observed for bridge-overcrowded ary-
lated 1e (cf. Figs. 4 and 6). Therefore, once again, increasing the bridge
overcrowding seems to promote SBCT, enabling direct CT population by
light absorption from the ground state and CT emission, and allowing
the detection of CT-absorption and CT-emission bands in solvents of low
polarity. Moreover, once again, further increasing the solvent polarity
enhances the stabilization and charges separation of the CT state, con-
verting it to a dark (non-emissive) CT state, and hampering the detection
of CT fluorescence. Following the aforementioned trends, promotion of
CT participation by SBCT entirely quenches the emission of over-
crowded alkylated helicoBODIPYs 3b and 4a in polar media (Table S3 in
ESI). It must be remarked here that, once again, the fluorescence
response of these SBCT-enabling helicoBODIPYs shows a higher sensi-
tivity to the media polarity when compared to less-overcrowded related
3a, and their fluorescence quantum yields become very low even in
solvents of medium polarity (ca. 3 % in chloroform; see Table S3 in ESI).
Nonetheless, CT absorption is still detected, and even prevails in the
absorption spectra of 3b and 4a in polar media (see Fig. S9 in ESI).

Finally, N-methylation in 4b should lead to a more constrained
bridge when compared to 4a (see Fig. 3). However, no splitting of the
absorption bands, owing to CT absorption, is detected for 4b in apolar
ciclohexane, and its visible absorption profile is sharp and matches that
of parent 1a (see Fig. 8, and Fig. S9 in ESI). Indeed, the molar absorption
of 4b approaches the value found for 1a in this solvent, being the highest
absorption among the helicoBODIPY set bearing alkylated bridges (see
Table 1). Moreover, the visible fluorescence spectrum of 4b features a
single band, which is slightly red-shifted with regard to the LE emission
of related 3a,b and 4a (e.g, see Fig. 8). Even more, the fluorescence
efficiency of 4b is very poor, even in non-polar media (¢ < 2.5 %; see
Table 1, and Table S3 in ESI). Such behavior is intriguing and, appar-
ently, 4b does not follow the trends observed for the rest of the studied
helicoBODIPYs, where the involvement of overcrowded bridges induces
prominent changes in the spectral profiles (especially in absorption).
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Thus, it seems that the conformation of 4b does not allow direct CT
population from the ground state. In contrast, CT population appears to
be highly favored upon excitation, giving place to a highly stabilized CT
state (i.e., with a significant charge separation), which assures a drastic
quenching of the fluorescence emission (note that the CT state becomes
an almost dark excited state, and its emission is so weak that it cannot be
recorded). In fact, the computed preferred conformations of the heli-
coBODIPYs bearing cyclohexane-based bridges (4a,b) differ from those
computed for the helicoBODIPYs bearing acyclic dialkylethane-based
bridges (3a,b) (Figs. S10 and S11 in ESI). Thus, whereas 3a,b prefer-
ably adopt the extended helical conformation previously observed for
helicoBODIPYs bearing arylated spacers (1 and 2), the cyclization of the
bridge in 4a,b induces a pleated conformation with the BODIPY units
getting closer to each other (intramolecular distance between center of
masses falls down to 5-6 10\). Moreover, the electronic density in FMOs is
spread over both BODIPY units, suggesting the viability of intra-
molecular excitonic interactions, whereas for the unoccupied FMOs the
electronic density is localized preferably in just one BODIPY (Fig. S11 in
ESI). Therefore, we cannot exclude the formation of intramolecular J
aggregates in 4a and 4b, where the cyclic bridge brings both BODIPY
close enough and with the required geometrical arrangement (Fig. S10
in ESI) to undergo a head-to-tail intramolecular excitonic interaction, as
it is pointed out by the spread occupied FMOs along both chromophores
(Fig. S11 in ESI). Usually, the excitonic coupling in J aggregates usually
leads to allowed long-wavelength absorptions, which have not been
observed in any of the registered absorption spectra (Fig. 8 and Fig. S9 in
ESI). However, J aggregation can be induced upon excitation, and sta-
bilized by the BODIPY-BODIPY CT. In this context, the formation of
emissive J aggregates could explain the unexpected red-shifted narrow
fluorescence band recorded for 4b in non-polar media (Fig. 8). Further
increasing the media polarity stabilizes the SBCT and the J aggregate
becomes non-fluorescent. All these photophysical and computational
findings reinforce the dramatic role of the flexible bridge as controller of
the helicoBODIPY helical conformation (BODIPY-BODIPY disposition),
and its impact in CT population and dye photophysics.

3.3. Visible electronic circular dichroism

Regarding visible ECD, all the new helicoBODIPYs involving arylated
ethane-1,2-diamine-based bridges (1e,f and 5; see structures in Fig. 3)
follow the trends previously recorded for 1a-c [29,33]. Thus, all of the
synthesized S,S enantiomers display a clear visible positive couplet, with
maximum molar ellipticities (6) ranging from ca. 2.9 x 10%*deg cm?
dmol ! for 1e, up to ca. 182.0 x 10* deg cm? dmol* for 1c¢ in diluted
chloroform solution (Fig. 9A). The same trend is found for the heli-
coBODIPYs 3a,b bearing alkylated ethane-1,2-diamine-based bridges
(see structures in Fig. 3, and the corresponding ECD spectra in Fig. S12
in ESI). As mentioned in the introduction, these visible couplets are due
to an efficient chiral exciton coupling between the involved BODIPY
chromophores, which are closely disposed in the corresponding,
M-preferred helical conformation. However, in the case of heli-
coBODIPYs 4a,b, bearing cyclohexane-1,2-diamine-based bridges,
different behavior was observed. Thus, whereas S,S-helicoBODIPY 4a
follows the expected trend and exhibits the common positive couplet, S,
S-N,N'-dimethylated 4b (cf. 4a and 4b in Fig. 3) shows a sign reversal for
the couplet (see Fig. 9B).

Strikingly, the visible ECD spectra of all the S,S-helicoBODIPYs
bearing nitrogenated BODIPYs (1, 3, 4 and 5) exhibit an small positive
band (negative in the case of ECD-reversal 4b) located at around 500
nm, between the two branches of the recorded visible couplet (see
Fig. 9). The same band is detected in the S,S-helicoBODIPYs bearing
oxygenated BODIPYs (2; cf. Figs. 9 and 10), but with higher relative
intensity in the latter. This band is ascribed to the above-mentioned
short-wavelength CT absorption, which is better detected in the ECD
spectra than in the absorption spectra due to its more forbidden char-
acter when compared to the LE absorption. It must be taken into account
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Fig. 9. Visible ECD spectra of ethane-1,2-diamine-based helicoBODIPYs la-c, 1e,f and 5 (A) and cyclohexane-1,2-diamine-based 4a,b (B), all them with S,S
configuration and bearing arylated bridges, in chloroform. Inset: zoom of the ECD spectrum of 1e. See ESI for experimental details.
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Fig. 10. Visible ECD spectra of ethane-1,2-diol-based helicoBODIPYs 2a,b, both
with S,S configuration and bearing arylated bridges, in chloroform. See ESI for
experimental details.

that the differential detection of this band (a single branch of the ex-
pected CT absorption couplet) within the LE couplet does not only
depend on the differential probability of CT (higher for the dyes based
on nitrogenated BODIPY), but also on the differential relative position of
the CT couplet within the LE one. Thus, only one of the branches of the
CT couplet is clearly recorded in all cases, its intensity depending on its
probability and differential interference with the LE couplet, whereas
the other branch (positive or negative) is totally masked under one of the
LE couplet branches.

To better assess the influence of the bridge overcrowding on the
visible ECD signatures, avoiding artifacts due to differential molar ab-
sorption, the corresponding maximum gups values (ggps(1) = 2(e1—€r)/
(eL+€r), where ¢, and eg are the molar absorptivity of left- and right-
handed circularly polarized light) were compared instead of maximum
6 values (Table 2). As it has been recently shown for helicoBODIPYs 1a-c
[33], the at-bridge arylated helicoBODIPYs, 1a-c and new 1le,f exhibit
the expected trend: the stronger the bridge overcrowding (increased
steric volume and restricted mobility of the bridge pendant moieties),
the higher the maximum g,ps value (see Table 2). Thus, the found ab-
solute gaps values range from ca. 0.2 x 1073 for le up to 13.2 x 10~° for

10

Table 2

Maximum visible g,,s values for the selected heli-
coBODIPYs (see structures in Fig. 3) in diluted
chloroform solution (spectral position dated within

parentheses).
&abs X 10% (1 in nm)
la +1.6 (530)"
1b +5.5 (531)°
1c +13.2 (532)"
le +0.2 (535)
1f +5.6 (531)
2a +4.0 (525)
2b +6.6 (517)
3a +3.8 (525)
3b +7.9 (524)
4a +5.5 (527)
4b —0.7 (527)
5 +1.7 (524)

2 Data collected from Ref. [33].

1c, with the most overcrowded phenyls at the bridge (see Table 2). This |
Zabs| trend can be now better understood by the demonstrated enhanced
CT absorption as the bridge overcrowding increases, and considering
that the electronically forbidden character of such a transition should
induce a higher dichroism.

The visible ECD spectra of helicoBODIPYs 1a, 1c, 1e, 4a and 4b (R,R,
enantiomers were computed) were theoretically simulated (TD PCM/
CAM-B3LYP/6-311G*) in chloroform. These dyes were selected for
comparison purposes (e.g., note in Table 2 the higher absolute g, value
of 1c when compared to related, seminal 1a, or the g, sign reversal of
4b when compared to related 4a). The simulation supports both the
observed visible couplets, including their Cotton effects, and the dif-
ferences found in the reached absolute visible maximum g,ps values.
Thus, these simulations predict visible ECD couplets with negative
Cotton effect for all the computed R,R enantiomers at their corre-
sponding more stable conformation, with the exception of 4b, for which
a positive visible ECD couplet is predicted, in agreement with the found
ECD reversal for this dye (see Fig. S13 in ESI). Moreover, the theoretical
absolute visible maximum gups values, |gcal|, calculated from the corre-
sponding computed |y|, |m| and 6 values (see Fig. S14 and Table S4 in
ESI) correlate well with the experimental ones (|gaps|), being of similar
order of magnitude. Noteworthy, the conducted computation reveals
that, for these helicoBODIPYs, high |g.ns| values are not always associ-
ated with high |m| values, nor with low |u| ones (note in Table S4 in ESI
that the computed || values are similar), but to a proper combination of
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|m| and 6 values, which are tuned by selecting the involved bridge. In
this context, the possibility of tuning 6 values to modulate the dichroic
factors is an interesting capability of the flexible helicoBODIPYs. Note
that most of the optically active SOMs are conformationally rigid.
Therefore, the modulation and optimization of their chiroptical effi-
ciency (g values) can be only done by acting on the transition probability
(i.e., by changing the relative magnitudes of the transition dipole mo-
ments, |¢| and |m|), with the consequent decrease of the transition
probability. However, in the herein reported flexible helicoBODIPYs the
computational simulation reveals that the mutual orientation of the
dipole moments (0) has a pivotal role in the g5 value. Such disposition
can be easily modulated by accessible structural modifications at the
involved flexible bridge directed towards optimizing the gups value
without significantly decreasing the transition probability.

The computation of the g,ps and the ECD signatures of helicoBODIPYs
4a and 4b, bearing cyclic bridges, is more challenging, since their mo-
lecular geometries evolve from an extended helix to a pleated arrange-
ment (see Fig. S10 in ESI), where the BODIPY units can adopt different
dispositions during the geometry optimization. To shed light on the
influence of such BODIPY dispositions on the ECD signatures, we carried
out a study of the preferred conformations of R,R 4a and 4b, in terms of
their relative energy, the mutual orientation of their BODIPY units, and
the visible ECD spectrum predicted from each of them. Thus, for both
dyes the more stable conformations correspond to a typical chair-like
conformation for the cyclohexane-based bridge with two equatorial
substituents, but differing in the mutual orientation of the pendant
BODIPY units. Thus, in both dyes, 4a and 4b, the two most stable con-
formers (I and IT; separated by just 2 keal mol~1; see Fig. S15 in ESI) have
the fluorine atoms of a one of the BODIPY units facing the closest N-
hydrogen (or N-methyl) group of the bridge. However, whereas in I the
second BODIPY unit holds this arrangement, in II the second BODIPY
rotates 180°, its fluorine atoms facing now the closest cyclohexane
methyne hydrogen (see Fig. S12 in ESI). The stability of these
energetically-close conformers reverses depending on the substitution of
the involved bridge nitrogens. Thus, for 4a, bearing protic amino groups
(NH), conformer I is the most stable, likely due to hydrogen bonding
interactions between the BODIPY fluorines and the hydrogen at the
bridge amino groups (see I Fig. S15 in ESI). The predicted visible
negative Cotton effect from this conformer agrees with the experimental
one (positive for S,S-helicoBODIPY 4a; it must be remarked here that
computations were done with the R,R enantiomer). However, N-
methylation of the bridge amino groups (4b) preferably stabilizes
conformer II, likely owing to steric reasons (see Il in Fig. S15 in ESI). The
predicted ECD spectrum displays the opposite Cotton effect (see Fig. S13
in ESI), in agreement with the couplet reversal experimentally detected
for 4b when compared to 4a (see Fig. 9B). Therefore, properly selecting
the bridge of the helicoBODIPY not only allows a fine modulation of the
strength of its ECD visible signal (magnitude of the maximum visible gps
value), but also the control of its sign (sign of maximum visible gps
value).

4. Conclusions

It is demonstrated, by computationally-aided spectroscopic charac-
terization, that the photophysical and chiroptical (ECD) visible signa-
tures of the highly-accessible and -variable helicoBODIPY dyes are ruled
by a characteristic BODIPY-to-BODIPY CT enabled by the SBCT mech-
anism. This CT can be finely modulated by adjusting the sterical over-
crowding at the bridge, which is easily done by workable chemistry.
Thus, increasing this overcrowding, by using bridge building blocks
involving bulky substituents, elongates the helicoBODIPY molecular
helix, and places the BODIPY units in a more orthogonal disposition to
each other, which promotes SBCT. In fact, in specific overcrowded cases
and experimental conditions, it is possible to detect a dual visible ab-
sorption (non-common short-wavelength CT absorption plus the LE one)
and/or a dual visible emission (non-common long-wavelength CT
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emission plus the LE one). Interestingly, enhanced participation of the
forbidden CT transition enables a marked enhancement of the observed
visible ECD couplet, as measured by the corresponding maximum visible
Zabs values. Thus, there is a reliable correlation between the participa-
tion of CT absorption and the capability of the molecular dye to differ-
entially absorb circularly polarized light. Thus, the higher the short-
wavelength visible CT absorption, the higher the intensity of the ECD
visible signal. In this context, the reported results support that properly
increasing the probability of forbidden CT transitions, by easily modi-
fying the molecular structure, arises as a suitable tool to ameliorate and
modulate the ECD response of CP-active SOMs with helically-flexible
chirality, as the helicoBODIPYs are. Interestingly, the Cotton effect of a
given helicoBODIPY enantiomer based on cyclohexane-1,2-diamine
bridge can be easily reversed by workable N-methylation, the latter
triggering the rotation of one of the involved BODIPY units, as supported
computationally. Further work is in progress to ascertain whether this
approach to modulate the ECD signatures can also be extended to
modulate the CPL ones, in particular valuable CPL brightness, and
thereby to establish an easy guide to develop efficient and sign-tunable
CPL-SOMs on the basis of using accessible and conformational flexible
multichromophoric organic dyes with helical chirality.
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