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Central Ring Puckering Enhances the Stokes Shift

of Xanthene Dyes

ixld

David Dunlop,®"® Peter Horvath, Petr Klan, ¥ Tomas Slanina,*™ and Peter Sebej*™?

Small-molecule dyes are generally designed based on well-
understood electronic effects. However, steric hindrance can
promote excited-state geometric relaxation, increasing the
difference between the positions of absorption and emission
bands (the Stokes shift). Accordingly, we hypothesized that
sterically induced central ring puckering in xanthene dyes could
be used to systematically increase their Stokes shift. Through a
combined experimental/quantum-chemical approach, we
screened a group of (9-acylimino)-pyronin dyes with a per-
turbed central ring geometry. Our results showed that an atom
with sp® hybridization in position 10 of (9-acylimino)-pyronins

Introduction

Fluorescent dyes are commonly used for imaging in molecular
biology, medicine, neuroscience, and materials science.l" Their
photophysical and chemical properties can be tuned by
targeted substitution to enhance their performance in specific
applications.”” In particular, functional dyes are designed to
respond to external physico-chemical stimuli through changes
in their absorption and emission spectra or even through
fluorogenesis and fluorescence quenching.®

The ability of functional dyes to meet specific criteria
determines the scope and limitations of their applications. For
example, a dye which undergoes reversible (de)protonation can
be used as a pH sensor, on the condition that its acid-base pair
can be spectroscopically resolved.™ To improve the resolution,
the dye should meet two general requirements, namely having
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induces central ring puckering and facilitates excited-state
geometric relaxation, thereby markedly enhancing their Stokes
shifts (by up to ~2000 cm™). Thus, we prepared fluorescent (9-
acylimino)-pyronin pH sensors, which showed a Stokes shift
disparity between acid and base forms of up to ~8700 cm™".
Moreover, the concept of ring puckering-enhanced Stokes shift
can be applied to a wide range of xanthene analogues found in
the literature. Therefore, central ring puckering may be reliably
used as a strategy for enhancing Stokes shifts in the rational

design of dyes.

(i) sharp absorption and emission bands and a (ii) large Stokes
shift.”! These two properties prevent self-quenching and enable
multi-channel imaging, i.e., excitation and detection in two or
more different regions of the visible spectrum, and thus, help to
spectroscopically resolve each functional form of the dye, or
even multiple concurrently applied dyes. Therefore, developing
bottom-up approaches to narrow the bandwidth of absorption
and emission bands and to tune the Stokes shifts is crucial for
applications requiring high resolution, most notably in multi-
color imaging techniques.['®%5-¢

The large Stokes shifts of many dyes have been attributed
to geometric relaxation in their excited states.” Their excited-
state geometric relaxation is facilitated by their vibrational and
rotational degrees of freedom.'® In turn, these degrees of
freedom are increased when introducing rotatable functional
groups or molecular fragments,”® and flexible vibronic
backbones.*®®? Yet, in our previous work,”® we have shown
that pyronin derivatives with an excocyclic double bond in
positon 9 also exhibit a considerably large Stokes shift despite
having none of the aforementioned features. Since then, these
compounds have been utilized in imaging techniques, most
notably by Hell and colleagues in transfection-free multicolor
nanoscopy.'® But while the authors demonstrated the utility of
these dyes in imaging applications, the understanding of the
origin of their large Stokes shift remains limited, thus prevent-
ing further improvements.

Most known dyes absorb light in the visible region due to
their extensive m-conjugation, allowing low-energy n-n*
transitions.'**? Yet, the strong spatial overlap between n- and
w*-orbitals results in strongly coupled ground and excited
states, leading to a small Stokes shift. Due to the strong
coupling, manipulating the n-system of these compounds
concurrently shifts both absorption and emission bands but
does not increase the Stokes shift (Figure 1)."" By contrast, the
large Stokes shift in our dyes is caused by the lack of extended

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Decoupling of absorption and emission bands in xanthene dyes
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Figure 1. Comparison between previously studied strategies for red-shifting absorption and emission bands in xanthene dyes and the molecular design used
in the current study for decoupling the ground and excited states to increase the Stokes shift (the colored fields match the colors of the absorption and

emission bands of each compound).""<"®

n-conjugation, which precludes n-n* transitions in the visible
region. Instead, the electronic transitions of these dyes have a
strong charge-transfer (CT) character, thereby allowing decou-
pling of their ground and excited states by excited-state
geometric relaxation.”? As such, these compounds provide us
with the opportunity to introduce a well-defined, new degree
of freedom towards systematically tuning the Stokes shift.

Considering the above, we aimed at developing a general
strategy for increasing the Stokes shifts of xanthene dyes by
exploiting a geometric feature they all share, that is, by
sterically inducing central ring puckering. For this purpose, we
studied the photophysical and acid-base properties of a
previously developed library of (9-oxo0)- and (9-acylimino)-
pyronin derivatives bearing —O—, —C(CH,),—, —Si(CH;),— and
—Ge(CH,),— bridging groups in position 10."*'? Introducing sp*-
hybridized bridging groups to position 10 of the pyronin
scaffold alleviated the planarity of its tricyclic core, thereby
systematically increasing the Stokes shift. Consequently, the
increase of Stokes shift can be directly related to the isomer-
ization energy between the planar and puckered conformations
of dyes.

Results and Discussion

We synthesized (9-acylimino)-pyronins 2a-d and 2a’ from
xanthenones 1a-d and 1a’, as previously described,”*'*'¥ in a
short, high-yielding reaction sequence (Figure 2A-B), consisting
of (1) triflation of the ketone moiety, (2) subsequent nucleo-
philic substitution of triflate for ammonia and (3) N-acylation
(see Materials and Methods and Supporting Information for
details). The nitrogen-linked group in position 9 of 2a-d and
2a’ was readily protonated in protic solvents, yielding a mixture
of acid-base forms, the cationic acid or form A (minor) and the
neutral base or form B (major) (Figure 2A). By UV-Vis absorp-
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Figure 2. A) Synthesis of (9-acylimino)-pyronins 2a-d and 2a’, R, = CH3; B)

Functional groups in 1a-d, 2a-d and 1a’, 2a‘; and C) Effect of the bridging
group X on the molecular geometry of the tricyclic core in form B

tion-emission spectroscopy, we found that the Stokes shift
increased in forms B of 1a-d and 2a-d when substituting the
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sp- for sp>-hybridized bridging groups X (see Table 1 for a
complete photophysical characterization of all compounds).

Central Ring Puckering Increases the Excited-State Geometric
Relaxation of Only Form B

Form B of 1a and 2a has a planar, 14n-e~ tricyclic hetero-
aromatic core. Nevertheless, their first excited singlet state (S;)
has a strong charge transfer (CT) character, as shown by the
calculated charge transfer (Do) indices (Table S8). This CT does
not significantly interfere with the aromaticity of the tricyclic
core in S;. For this reason, the relaxed S, geometry of 1a and
2a remains planar (see S, vs. S; geometry comparison in
Supporting information (Sl), Table S3), and thus the Stokes shifts
of these pyronins predominantly derive from the S, CT
character and relaxation of the bond length and from the bond
order of the position 9 substituent. These results corroborate
the findings of our previous study.”

To assess whether extending the geometric relaxation of
pyronins to their tricyclic core further enhanced their Stokes
shifts, the —O— bridging group in position 10 was substituted
for sp>-hybridized, group 14 element-containing —C(CH,),—,
—Si(CH,;),— and —Ge(CH,),— groups (2 b-d, Figure 2B). Upon this
substitution, the previously conjugated 14m-e tricyclic core in
1a and 2a collapsed into two bridged 6n-e~ rings in 1b-d and
2b-d (Figure 2C), as confirmed by our calculations of the
electron delocalized density in bonds (EDDB) (see Figure 3A for
illustration and SI, Chapter S10, for full EDDB results). This
substitution enabled some molecules to adopt a puckered
conformation (for an overview of all optimized geometries, see
Sl, Chapter S7).

We examined the impact of the bridging group on dye
geometry using a thorough computational protocol, which
involved: (i) conformational sampling (see SI, Chapter S5),

subsequent (i) ground state geometry optimization of the
lowest-energy conformers (see SI, Chapter S7 for an overview of
all optimized geometries) and (iii) screening of the pathways
between the optimized ground-state minimum-energy geo-
metries of model compounds (m2a-d, Figure S66) using the
nudged elastic band (NEB) method (see SI, Chapter S5 for
details on the method and Chapter S8 for the complete results).

Using this protocol, we confirmed that introducing sp?
hybridized bridging groups to 9-xanthenones 1b-d increasingly
distorted the ground state minimum-energy geometries of their
tricyclic cores, albeit preserving their planarity. However, the sp?
hybridized bridging groups in 9-iminopyronin 2b allowed
planar and puckered ground state minimum-energy geome-
tries. In  9-iminopyronins 2c-d, the sterically demanding
—Si(CH;),— and —Ge(CH,),— bridging groups exclusively enforced
the puckered, ground-state, minimum-energy geometries.
Moreover, 1b-d and 2b-d showed butterfly-like puckering in
relaxed S, geometries (Table S3).

The S, state of 1b had both planar and puckered minimum-
energy geometries, but 1c-d and 2b-d were exclusively
puckered (Table S3, and Sl, Chapter S7). The increased pucker-
ing in S; of 1c-d and 2b-d indicated by our calculations was
supported by their UV-Vis spectra (Figure 3B and Table 1). The
UV-Vis absorption band maxima varied within a narrower range
(~10 nm) in 1b-d and 2b-d than in 1a and 2a. However, their
emission bands were red-shifted by up to ~90 nm. In 2b-d, in
particular, both the UV-Vis emission band maxima and Stokes
shifts increased systematically with the atomic radius of the
central atom of the bridging group (Table 1). Therefore, we
analyzed this relationship in 2b-d in depth by performing
excited-state dynamics simulations of absorption and emission
spectra (Figure 3C; see Materials and Methods and SI, Chap-
ter S5, for more methodological details).

The experimentally determined Stokes shift increased with
the steric hindrance of the bridging groups in 2b-d. Rather

Table 1. Spectroscopic Properties of 1a-1d, 1a’ and 2a-2d, 2a’ in Methanol.’

Compd® Native Form® AR /nm log & AT /am Avfem™'¢ P, pK,
1a' B 3829 4,539 4489 38579 0.38+0.01 nal
1a B 379 4,63 442 3761 0.56+0.03' na.
1b B 391 459 488 5084 0.60-0.05 na.l
1c B 402 457 489’ 4426' 0.40 £0.03' na.l
1d B 399 4.42 490 4654 0.29+0.01 nal
2ak B 377 4.50 526 7514 0.1740.01 7.764+0.20
2 B 376' 432 513 7103 0.36+0.01' 7.61+0.08
2bk B 385 440 567 8337 0.44-+0.01 7.79+0.06
20k B 387 424 597' 9089’ 0.56 +£0.04' 6.77 +0.06'
2dk B 383 427 589 9132 0.23+0.01 7.14+0.06

7a)

ylidene-2-(2-(2-methoxyethoxy)ethoxy)acetamide.'

“ Solutions in methanol: c(dye) =8x107°-1x10~* moldm . A(4,..) ~ 1 was adjusted for absorption spectroscopy and A(4,,,) < 0.1 for emission spectroscopy
and fluorescence quantum yield measurements; all experiments were performed at 22°C. ® Structures shown in Figures 2A and 2B. © Acid-base forms
(Figure 2A). ? log [&/mol dm ™~ cm™']. © Stokes shifts. * All pK, values were spectrophotometrically determined in an aqueous solution (/=0.1 moldm3, KCl;
1% DMSO (v/v) as cosolvent) and averaged from 2 independent titrations. ¢ Data retrieved from Stacko, P. et al. (2012)
from Horvath, P. et al. (2015).7?/ Data retrieved from Horvéth, P. et al. (2019)."? ¥ An NaOH (2a’) or KOH (2a-d) solution was added to the mixture (Cy,se =
1x10 > moldm ) to convert form A to form B (Figure 2). ' Determined for analogous N-(3,7-bis(dimethylamino)-5,5-dimethyldibenzo[b,elsilin-10(5H)-

[13¥1 " Not applicable. ' Data retrieved
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Figure 3. (A) Calculated electron delocalized density in bonds (EDDB) plots for the tricyclic core fragments of 2a and 2 ¢; (B) Measured absorption (solid lines)
and emission (dot lines) spectra of 2a-d in methanol (2a, black; 2b, red; 2¢, blue; 2d, green); (C) Dot plot of the calculated 0-0 transitions of 2a-d before
(black square) and after (red circle) S, relaxation, using a vertical gradient approximation; (D) Dot plot of measured (black square) and calculated (red circle)
ring puckering-enhanced Stokes shift in 2a-d (AA is referenced to the Stokes shift/AE, ,** of planar 2a) as a function of the energy difference between planar

and puckered geometries.

than by stationary geometric parameters, we assessed the steric
hindrance by calculating the relative energies of planar vs.
puckered geometries of the tricyclic cores (Figure 3D) because
these relative energies provide a single-value descriptor of the
dynamic behavior of dyes in solution. Moreover, the changes in
the measured Stokes shift were virtually equal to the separation
of the 0-0 transitions calculated before and after S, geometric
relaxation (Figure 3C), showing excellent correlation between
the S, geometric relaxation and the Stokes shift.

The correlation between our calculated and measured data
demonstrate a direct, proportional relationship between the
increase in Stokes shift and the increase in S; geometric
relaxation with central ring puckering induced by substitution.
As such, central ring puckering is a reliable method for
controlling Stokes shifts in (9-imino)-pyronin dyes, in their base
form (B).

Electronic Structure of Acid Form Alleviates All Stokes Shifts
Because the acid-base equilibrium of 2a-d can be reversibly

changed by adding strong mineral acids or bases (e.g., HCl or
NaOH) to their methanol solutions (Figure 2A), we were able to

Chem. Eur. J. 2024, 30, 202400024 (4 of 7)

characterize each form separately (Figure 4B, Table S1). The
forms A of 2a-d showed significantly smaller Stokes shifts
(Figure 4B and Table S1) than their neutral counterparts, forms
B, due to two, easily rationalized, concurrent effects.

First, protonation of 2a-d results in the loss of the double
bond character of the exocyclic bond in position 9 (Figures 2A
and 4A), preventing its geometric relaxation required for a large
Stokes shift (as shown by comparing the calculated D¢ values
of A and B forms of 2a-d, Table S8). Second, the tricyclic core
of cationic 2a-d forms A adopted a twisted plane geometry
owing to the recovery of the extended z-system along the
tricyclic backbone (Figure 4; for a full overview of the optimized
form A ground-state geometries, see Chapter 57.3). In the first
excited state, the dyes retained this twisted plane geometry
(based on S, optimized geometries; see Table S3 or Chap-
ter S7.4), so the vibrational overlap between ground- and
excited-state vibrational modes of form A compounds in-
creased, and the propensity for S; relaxation decreased. In
summary, the ground and first excited state were strongly
coupled in the acid forms of these compounds. These effects
account for the loss of almost all Stokes shifts in all form A
compounds, e.g., from 9132 cm™" in form B to 440 cm ™' in form
A of 2d (Table S1). These contrasting photophysical properties

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 4. A) Overview of the properties of form A; (B) characteristic UV-Vis spectra of forms A and B (here 2d) with a color-coded, schematic band assignment
(absorption, solid line; emission, dot line; form A red, form B black; sideview along C*—X° axis)

of acid and base forms experimentally support our proposed
structure-property relationship beyond their potential applica-
tions in pH-resolved imaging.

Ring puckering-enhanced Stokes shift is a general feature of
all xanthene analogues

Stokes shifts result from the separation between ground- and
excited-state potential energy surface minima. Accordingly,
large Stokes shifts can be induced by S, charge transfer
character and/or considerable geometric relaxation in the
excited state, in any unperturbed single molecule. Moreover,
ring puckering-enhanced Stokes shift will, most likely, not be
limited to the scaffolds prepared in this study. In fact, this
enhancement should also be observed in any puckered
xanthene analogue without other inhibiting factors. Below, we
briefly overview the literature, which supports this hypothesis.

Only a few examples of puckered xanthene-type dyes, such
as those covered herein, have been described so far. The most
studied xanthene analogues adopt planar or twisted-plane
geometries, enforced by a (9-adjacent bridgehead double
bond (analogous to our form A compounds).**¢? This double
bond limits their degrees of freedom in both ground and
excited states, resulting in strong S, and S, coupling and,
consequently, in a very small Stokes shift. Large Stokes shifts
were nevertheless spectroscopically observed in 9-xanthenones
and in various position 9-substituted pyronins,”>'*' as well as
in structurally related dyes, such as various puckered 9,10-
anthraquinone-"" phenazine-"® and phenothiazine-"" deriva-
tives.

We also identified a correlation between the Stokes shift
and steric hinderance in a series of previously published meso-
substituted BODIPY dyes, whose tricyclic scaffold is isoelectronic
to xanthene’s (Figure S2 and Table 52)."® Attaching methyl
groups to different positions of the BODIPY dyes'® and
substituting fluorine atoms of their BF, bridge-group for bulkier
alkyl or aryl substituents increasingly facilitated a puckered
geometry™ and, in turn, increased their Stokes shifts. Although
the large number of stable conformers of these compounds
hindered our evaluation of their isomerization energies, we

Chem. Eur. J. 2024, 30, 202400024 (5 of 7)

calculated the magnitude of central ring puckering in Sy, which
correlated well with their relative Stokes shifts (Table S4). These
examples indicate that, even in fully conjugated compounds, a
similar strategy based on steric hindrance alone can trigger
central ring puckering and, hence, increase their Stokes shift.

Moreover, we questioned whether puckered tricyclic com-
pounds analogous to xanthene, but with expanded central
rings, would also show a large Stokes shift. For example,
dibenzo[b,floxepin with a seven-membered central ring and
puckered ground-state geometry have a large Stokes shift."”
Moreover, puckered, tricyclic molecules with 8r-central rings
aromatize in the excited state, which leads to large Stokes shifts
in other heterocyclic analogues of dibenzo[b,floxepin as well, as
shown in previous computational studies.”™ These scaffolds
were also used to develop complex molecular architectures,
such as  donor-acceptor dyads®” and “flapping”
perylenediimides.”?

Based on this brief literature review, the increase in Stokes
shift resulting from central ring puckering does not significantly
perturb the electronic effects mediated by substituents, as
shown by negligible changes in UV-Vis absorption band
maxima compared with planar counterparts, where available.
However, perturbing dye geometry may increase the rate of
non-radiative decay of the excited states, decreasing the
fluorescence quantum vyield by facilitating low-lying S,/S,
conical intersections.”® Nevertheless, our pyronin-based 1a-d
and 2a-d are highly tolerant to steric perturbation of their
scaffolds (Figure 2C), as confirmed by their high fluorescence
quantum yields (Table 1), and by a rudimentary S,/S, conical
intersection optimization of planar and puckered model
compounds (m2a and m2d; Figure S71 and S72). No such low-
lying conical intersections were computationally observed
(conical intersection optimization yielded only isomerization
products, which were not experimentally observed either, see
Sl, Chapter S9). Thus, in xanthene dyes, central ring puckering
promotes a significant structural relaxation of the excited-state
molecular geometry, thereby increasing the Stokes shift without
significantly lowering the high fluorescence quantum yield. This
result is exemplified by 2b, for which we measured
fluorescence emission quantum yield of 0.444+0.01 in methanol

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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(only native form B is present) and 0.59+0.01 in methanol with
1x107* moldm™ HCl (see Table S1 for more details).

Conclusions

Central ring puckering of (9-acylimino)-pyronin dyes can be
induced by substituting one of the members of the central ring
for an sp*-hybridized —C(CH,),~, —Si(CH;),— and —Ge(CH;),—
bridging group, triggering a large structural relaxation of their
excited state molecular geometry. Geometric relaxation enhan-
ces the dyes’ Stokes shifts without significantly lowering their
fluorescence quantum yields, except when the induced excited-
state butterfly modes of the dye facilitate a low-lying S,/S,
conical intersection. This strategy is applicable to a wide range
of xanthene-type dyes. Overall, our findings demonstrate that
central ring puckering of xanthene-type dyes should be
considered an essential component of the rational dye design
toolkit.

Methods and Materials

Details on preparation, properties and spectral data of dyes

1a’ [13b] 1a [7a] 1 b [13a] 1c [13a] 1 d N2 2a’ N2 2a [7a] 2b [12] 2C[7a] and
I r I ' ’ ’ ’ !

2d"? are available in SI.

Computational Methods

All quantum chemical calculations were performed using the ORCA
5.0.3 software package.”” Only Do indices®™ were calculated by
Gaussian 16 rev. C software package.”® Conformers of each
compound were screened in CREST.?”

Electronic transitions of all compounds were calculated by time-
dependent density functional theory (TD-DFT)*® and STEOM-
DPLNO-CCSD™ calculations (under various constraints), using
ground state geometries optimized by density functional theory
(DFT)BY calculations and first singlet excited-state geometries (S)
optimized by TD-DFT calculations, at B3LYP/def2-TZVP level of
theory.®" Solvent effects were accounted for by C-PCM.P? Excited
state dynamics simulations using the path integral approach®
were calculated under the vertical gradient approximation. Isomer-
ization trajectories of the conformers were screened by climbing-
image nudged elastic band®” calculations, with subsequent tran-
sition state optimization (NEB-TS), disregarding the acyl substituent
in 2a-d to avoid contributions of its rotamers (m2a-d; Figure S66).
Energies of all minima and saddle points were refined by a single-
point DLPNO-CCSD(T) calculation.® S—S, conical intersections®®
were optimized using a TD-DFT protocol implemented in ORCA
5.0.3, starting from S; minimum energy geometries of the m2a and
m2d models, applying first-order non-adiabatic coupling matrix
elements®” and electron translation factors.®® EDDB plots®” were
calculated using NBO 7.0.”

Full technical details on functionals, approximations, and con-
straints are provided in SI, Chapter S5. All computational results are
addressed in SI, Chapters S7-S17.
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