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integrated n-conjugations: internal conversion
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Tetrazine-based fluorogenic labels have been extensively applied to the studies of living systems due to

their excellent selectivity, rapid reaction kinetics, and unique fluorogenicity. However, the fluorescence

quenching mechanism in many precursor dyes remains controversial, impeding rational molecular
engineering to optimize their fluorescence enhancement ratios. Herein, employing quantum chemical

calculations, we established a quenching mechanism — internal conversion to a dark state (ICDS), to
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rationalize the fluorogenicity in tetrazine-functionalized labels with integrated n-conjugations. We show
that the ICDS efficiency is negatively correlated with the energy gap between these labels’ first excited
state (the dark state) and the second excited state (the bright state). Based on this correlation, we further

proposed molecular design strategies for developing biocompatible long-wavelength fluorophores with

rsc.li/frontiers-materials improved fluorogenicity.

Introduction

In the past few decades, bioorthogonal reactions have been widely
deployed for tagging and monitoring various biomolecules and
organelles in living systems with excellent biocompatibility."”
Among the multitudinous bioorthogonal reactions, the inverse
electron-demand Diels-Alder (iEDDA) reaction based on the
tetrazine ligation stands out because of its favorable chemo-
selectivity, rapid reaction kinetics, and unique fluorogenicity.®*>
Tetrazine-derived fluorogenic labels are weak or non-emissive.
Enhanced fluorescence signals are released by removing tetrazine
groups upon the iEDDA reactions with dienophiles or the [4+1]
cycloaddition reactions with isocyanides.'>™® This fluorogenicity
associated with these reactions minimizes interference from
background emissions and is highly desirable in bioimaging
applications.”*® Accordingly, considerable research efforts have
been devoted to developing tetrazine-functionalized labels with
outstanding fluorescence enhancement (FE) ratios.”*>® To aid the
rational development of such fluorogenic dyes, it is critical to
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understand the molecular origins of fluorogenicity in tetrazine-
functionalized fluorescent labels.

The molecular structures of tetrazine-functionalized fluoro-
genic labels can be broadly classified into three types based on
the distance between the tetrazine fragment and the fluoro-
phore. In the first type, tetrazine is attached to the fluorophore
through a long linker, with a large distance between these
two fragments (Scheme 1(a)).>**° Such compounds typically
possess low to moderate FE ratios. In the second type, the
lengths of the linkers/spacers are significantly reduced, result-
ing in a short distance between the tetrazine moiety and the
fluorophore (Scheme 1(a)).**”** 1t is worth highlighting that
Wombacher and co-workers developed fluorogenic labels with
a stacking conformation between the fluorophore and tetra-
zine, thus significantly minimizing their distance to <1 nm.*?
Such labels usually exhibit moderate to high FE ratios. In the
last type, tetrazine is directly “fused” to the fluorophore,
resulting in an integrated m-conjugation (Scheme 1(a) and
Fig. 1).>*® In other words, the tetrazine fragment becomes a
part of the resulting fluorophore. In such cases, the distances
between the fluorophore and the tetrazine moiety become
approximately zero. Such fluorogenic labels afford moderate
to high fluorescence turn-on ratios across the visible-near-
infrared (NIR) spectrum.

In parallel with developing these tetrazine-functionalized
labels, several mechanisms have been proposed to rationalize
their unique fluorogenicity. Choi et al. summarized that the low
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Scheme 1 (a) Schematic illustrations of types 1, 2 and 3 of tetrazine-based fluorogenic labels with representative molecular structures.*°73%3° The insets
show the peak emission wavelengths (1em) and fluorescence enhancement (FE) ratios upon iEDDA reactions. (b) Illustrations of the energy transfer to a
dark state (ETDS; left) and internal conversion to a dark state (ICDS; right) working mechanisms for the tetrazine-based fluorogenic labels.

background emissions of tetrazine-modified precursors are
attributed to electronic energy transfer (EET) from the fluoro-
phore to the tetrazine fragment.** EET could be further classi-
fied into (1) Forster resonance energy transfer-type (FRET-type)
EET,*® (2) Dexter energy transfer-type (DET-type) EET,"" and
(3) through-bond energy transfer-type (TBET-type) EET.** FRET
is typically applicable when the fluorophore-tetrazine distance
is greater than 1 nm, while DET dominates when this distance
becomes less than 1 nm.**™*> No effective way is available to
distinguish TBET from FRET/DET. In the so-called TBET dyes,
the employment of rigid and conjugated linkers probably
enhances the efficiency of energy transfer.*” To this end, Liu
and co-workers proposed a unified fluorescence quenching
mechanism: energy transfer to a dark state (ETDS; Scheme 1(b)
left) of tetrazine-based fluorogenic labels.** ETDS highlights a
dark state generated by the n-n* transition induced by the
tetrazine fragment (the energy acceptor), which leads to fluores-
cence quenching in tetrazine-functionalized labels. Liu et al.
further showed that the FE ratio is closely related to two major
factors: (1) the energy difference between the bright state
[the first excited state (S;) of the fluorophore fragment] and
the dark state (S; of the tetrazine moiety; AE = Epright — Edark),
which correlates with the spectral overlap between the fluor-
ophore and tetrazine fragments; and (2) the centroid distance
between the tetrazine group and the fluorophore fragment.
A large AE and a short centroid distance can improve

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

fluorescence turn-on ratios. In addition to energy transfer,
photon-induced electron transfer (PET) could also occur
between the fluorophore and the tetrazine fragment, resulting
in fluorescence quenching.?® During energy transfer (as well
as electron transfer), the fluorophore and the tetrazine moi-
eties act as two independent entities (i.e., as a donor or an
acceptor, respectively). ETDS (and PET) are thus only applic-
able to the first two types of tetrazine-functionalized labels, in
which tetrazine and fluorophores are separated by a linker/
spacer and possess two independent conjugated networks.
In the third type of tetrazine-derived fluorogenic labels, the
n-conjugation of tetrazine and the fluorophore becomes inte-
grated and collectively forms a new dye. For instance, Kele and
co-workers reported a series of coumarin-derived tetrazine-
integrated chromophores with enhanced fluorescence turn-on
ratios (>1000-fold).>® Their computational results showed
that tetrazine participated in the frontier molecular orbitals
of the resulting chromophores. These chromophores could
transit from the second excited state (S,) to S; (a dark state)
via internal conversion, subsequently returning to S, through
non-radiative decays. However, in several other tetrazine-
integrated fluorophores, the structure-property relationships
of these dyes remain incomplete.’>?” These results are
critical to expediting the rational development of tetrazine-
functionalized labels with improved fluorogenicity and wave-
lengths/colors.

Mater. Chem. Front., 2023, 7,1082-1092 | 1083
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Fig. 1 Molecular structures of five sets of tetrazine-based fluorogenic dyes. The numbers in the brackets stand for Ae, and FE ratios, respectively.

The experimental conditions are listed in Table S1 (ESIT).

In this work, we conducted detailed quantum chemical
calculations to investigate the fluorescence quenching mecha-
nism of tetrazine-functionalized fluorogenic labels with
integrated m-conjugations (the third type) and study factors
affecting the FE ratios of these labels (Fig. 1). Based on these
results, we formalized a fluorescence quenching mechanism,
namely, internal conversion to a dark state (ICDS) to rationalize
the fluorogenicity of these labels. Furthermore, the ICDS was
compared with the ETDS in detail (Scheme 1(b)). Guided by
ICDS mechanisms, we further proposed several strategies to
develop long-wavelength tetrazine-functionalized labels with
large FE ratios.

Results and discussion

Formalization of the fluorescence quenching
mechanism - internal conversion to a dark state

We started by comparing the electronic structures of two sets of
tetrazine-functionalized fluorogenic dyes reported by Park and
co-workers (Sets 1 and 2; Fig. 1).*® In Set 1 molecules, tetrazine
groups are linked to Seoul-Fluor (SF) via different linkers/
spacers. The FE ratios of these labels after reacting with trans-
cyclooctene (TCO) were moderate (14 to 67-fold). In contrast,
tetrazine is directly attached to SF in four Set 2 labels.

1084 | Mater. Chem. Front., 2023, 7,1082-1092

These dyes displayed significant FE ratios after the iEDDA
reactions (> 600-fold).

To rationalize the different FE ratios, we carried out quan-
tum chemical calculations to optimize the geometries, and
thereby retrieve the energy levels of various states and electro-
nic structures with the corresponding oscillator strengths (f) of
these two sets of dyes. It is worth mentioning that we con-
ducted our calculation on two simplified molecules (1a’ and
2a’) and their products (1a’-BCN and 2a’-BCN) after the iEDDA
reaction with bicyclononyne (BCN; Fig. 2(a) and 3(a)). These
simplified molecules are obtained by removing side chains in
1a and 2a, and this treatment does not affect the calculated
optical properties of these molecules.>*

Our results revealed that the S; photoexcitation of the
tetrazine moiety is independent of the SF fragment in 1a’
(Fig. 2(a)). During the vertical excitation of 1a’, the tetrazine
moiety introduces a low-lying dark state (S;rz), due to the
forbidden n-rn* transition (Fig. 2(b) and (c)). Photoexcitation
to this dark state is accompanied by a negligible f value and a
small charge transfer distance (dcr) of 0.012 A (Fig. 2(c)). dcr
quantifies the distance between the centroids of the electron
and the hole involved during photoexcitation to a specific state,
and a large dcr indicates the substantial intramolecular charge
transfer (ICT). Above this dark state (S; 1), we observed a bright
state (f = 0.4269) generated by the SF fragment (S;gg).

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023


https://doi.org/10.1039/d2qm01264b

Published on 19 January 2023. Downloaded by Y unnan University on 8/24/2025 6:31:10 PM.

Research Article

View Article Online

Materials Chemistry Frontiers

a 1a’ el 4.042 eV
4 N 3.638 eV 2 7Y
N 5., 2853V s, 2830eVL - 3.400 eV
3143ev. T T E—
ETDS —— 3.150 eV ")
3 S Sy —*— 2097 eV 3 5 0 S
Q < v 1 =—71— IiEDDA g 8 S 2
< © N I o
3 g 2.254 eV - N ey ; g g ‘LI
1] o o
= - = e L = L -
1 I 0.953 eV
—— = w“~ ....... A
S, —l— 0.329eV So ——"0 158 oV S, ———d 0.337 eV
C Excitation De-excitation Excitation De-excitation
Sz ‘ 9[
N
*!br“% A
d . d
er 0.057 A iEDDA % 1.594 A
—_—
I
SLSF Sz y ”
) y )
dor 1.604 A 1720 A der 1214 A 1.292 A

Fig. 2

(@) Molecular structures and optimized geometries, (b) energy levels of key states during the excitation and de-excitation processes, and

(c) corresponding hole—electron distributions (mauve: hole; green: electron) with dct of 1a’ and 1a’-BCN.
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(a) Molecular structures and optimized geometries, (b) energy levels of key states during the excitation and de-excitation processes, and (c)

corresponding hole—electron distributions (mauve: hole; green: electron) with dct of 2a’ and 2a’-BCN.

This bright state corresponds to the n-n* transition in SF and
displays an ICT characteristic with a large dcr of 1.604 A. SisFis
1.384 eV higher than S; 1, during vertical excitation. Notably,
the distribution of the frontier molecular orbitals (or electron/
hole) of S; sr and S; 1> does not overlap but centralizes on the
SF and tetrazine fragments, respectively (Fig. Sla and b, ESI¥).

Hence, 1a’ can be viewed as a dual-entity molecule consist-
ing of two electronically independent fragments (tetrazine and

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

SF, respectively). The dark state (S;17) remains more stable
than the bright state (S;sr) during the de-excitation process
(Fig. 2(b)). These energy levels suggest that energy transfer
could take place from SF (the energy donor) to tetrazine (the
energy acceptor), and subsequently dissipates as heat via the
dark state and affords low background emissions. These results
are consistent with the previously proposed ETDS model
(Scheme 1(b), the left panel). After destroying the tetrazine

Mater. Chem. Front., 2023, 7,1082-1092 | 1085
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moiety via the iEDDA reaction, the low-lying dark state (S; 1) is
eliminated. S; sr becomes the most stable excited singlet state
in 1a’-BCN with a considerable f value during excitation and
de-excitation processes. Accordingly, 1a’-BCN is highly emis-
sive. The transformation from 1a’ to 1a’-BCN thus affords a
moderate FE ratio.

It is of note that the bright states in 1a’ and 1a’-BCN are
almost identical in terms of excitation energy and electron/hole
distributions (Fig. 2(c) and Fig. S1b, ESIt). The reaction of
tetrazine with BCN does not affect S; sz much because SF and
tetrazine are two independent entities in 1a’. Hence, the
calculated peak ultraviolet-visible (UV-vis) absorption wave-
length (1,ps) remained almost unchanged in both 1a’ and 1a’-
BCN (Fig. S2, ESIt). Indeed, experimental measurements also
show that 1a and its product possess the same /,p, (375 nm),*
since the dark state from tetrazine (S;, 1) does not contribute to
UV-vis absorption.

We next performed similar calculations for 2a’ and 2a’-BCN
(Fig. 3). In 2a’, tetrazine is directly attached to SF. The opti-
mized geometry of 2a’ displayed excellent planarity, with a 0°
dihedral angle between the tetrazine group and the SF fragment
(Fig. 3(a)). Owing to the planar conformation and the unin-
terrupted m-conjugation between SF and tetrazine, we specu-
lated that tetrazine might become a part of this “fused”
fluorophore. Further quantum chemical calculations show that
the n-m* transition (dcr = 0.051 A) of the tetrazine fragment still
produced a low-lying dark state (S;, f = 0.0051) during the
vertical excitation of 2a’ (Fig. 3(b) and (c)). The energy level of
the bright state (S,, f=0.3770) is 0.138 eV higher than that of S,.
It is of note that the electron/hole distributions of this bright
state span across SF and tetrazine. The tetrazine fragment
contributed 4.12% and 40.24% to the hole and electron
distributions of 2a’, respectively (Fig. Sic, ESIf). These results
suggest that both SF and tetrazine participated in the n-m*
transition of the bright state (Fig. 3(c)). This contrasts with 1a’,
where only SF is involved in the n—-n* transition of the bright state.

These results suggested that tetrazine is both geometrically
and electronically coupled to SF and becomes a part of this
integrated fluorophore 2a’. In other words, 2a’ is a single-entity
molecule; the distance between tetrazine and the fluorophore
essentially decreased to zero in this “fused” fluorophore.
Indeed, due to this integrated n-conjugation system, the
bright state in 2a’ displayed a lower vertical excitation energy
(3.289 eV) in comparison to that of 1a’ (3.638 €V), corres-
ponding to the redshifted A,,s in the calculated spectra
(Fig. S2, ESIT). The experimental data further corroborate this
difference, showing that 2a (415 nm) possesses a longer A,ps in
comparison to that of 1a (375 nm).>® These changes in the
geometrical and electronic structures require revising the
energy transition mechanism from S, (bright) to S; (dark) in
2a’. The UV-vis absorption in 2a’ occurs mainly via the Sy-S,
transition. It is worth highlighting that the subsequent relaxa-
tion from S, to S; in 2a’ should be classified as internal
conversion, instead of energy transfer, in this single-entity
molecule. Finally, 2a’ returns to S, via non-radiative decays,
resulting in an extremely low fluorescence intensity (Fig. 3(a)).
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After reacting with BCN, we found that the S; of the product
2a’-BCN becomes a bright state with a large oscillator strength f
(with a m-m* transition characteristic; Fig. 3(b)). This n-n*
transition remains the most stable singlet excited state during
both excitation and de-excitation processes, indicating that
2a’-BCN is highly emissive. We also noted that this bright state
in 2a’-BCN (S,) exhibits a higher excitation energy than that in
2a’ (S,). This change is consistent with the blueshift in the
UV-vis absorption spectra observed in Kim’s experiments,**
i.e., Aaps is blue-shifted from 415 nm in 2a to 386 nm in its
product. This change also confirms that tetrazine indeed
becomes a part of the fluorophore in 2a’; the iEDDA reaction
with tetrazine would alter the conjugation of the fluorophore
and thereby causes the spectral shift.

We tentatively denominated this new fluorescence quench-
ing mechanism revealed in 2a’ (or 2a) as internal conversion to
a dark state (ICDS; Scheme 1(b) right). In an ICDS-based dye,
the tetrazine fragment that generates the low-lying dark state
resides within the fluorophore. This contrasts with ETDS, in
which the tetrazine quencher is independent of the fluoro-
phore. Due to different geometrical and electronic structures,
the ICDS dye 2a (>1000-fold) displays a much higher FE ratio
than the ETDS dye 1a (67-fold).>® The outstanding fluorogenicity
in 2a prompted us to investigate more tetrazine-functionalized
fluorogenic labels with integrated n-conjugations and understand
the newly formalized ICDS mechanism.

Generalizability of the ICDS mechanism

To understand the general applicability of the ICDS mecha-
nism, we modelled other 21 tetrazine-functionalized fluoro-
genic labels/photocages with integrated n-conjugations,
including Set 2 reported by Park et al.,*® Set 3 reported by Kele
et al.,>® Set 4 reported by the Wu group,®” and Set 5 reported by
Vrabel and co-workers (Fig. 1).® All these compounds were
applied in the fluorogenic labelling of living cells. We also
modelled their derivatives after the iEDDA reactions with BCN
(Fig. 4 and Fig. S3-S14, ESIt). We calculated the relative energy
levels (between the dark and bright states) during vertical
excitation. We did not model the de-excitation processes. Our
results in Fig. 2 and 3 and a previous study show that the
relative energy orders of the bright and dark states remain
unchanged during the excitation and de-excitation processes in
reported fluorogenic dyes.*® Ignoring the de-excitation process
significantly minimized the computational load, especially in
large-scale calculations, while the corresponding conclusions
on the quenching mechanism remained the same.

To our delight, all the results demonstrated the same trend
as established in 2a’ and 2a’-BCN (Fig. 3, 4, and Fig. S7-514,
ESIt). Before bioorthogonal reactions, these fluorophores are
co-planar with tetrazine with flat dihedral angles and expansive
n-conjugations (e.g., in 3a, 4c, 5a, and 5d; Fig. 4 top panels). The
tetrazine fragment participated in the m-n* transition of the
bright ICT state (S,). To this end, we have quantified the
contribution of the tetrazine fragment (as well as its residue
after iEDDA reactions) to the electron/hole of the bright state.
We noted that these fragments have a more considerable

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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contribution in electrons than that in holes, corroborating the
electron-withdrawing nature of the tetrazine fragment. Below
the bright S, state, a low-lying dark state induced by the n-rn*
transition of the tetrazine group (S;) exists in each precursor
(Fig. 4 and Fig. S7-S14, ESIt), enabling internal conversion
from S, to S; and thereby quench fluorescence via the
dark state.

Contrarily, the alteration of tetrazine via the iEDDA reac-
tions removes the low-lying n-n* dark state. In the resulting
fluorophores, the S, to S; photoexcitation is dominated by the
bright m-n* transition of the main fluorescent skeletons (with
large f values; Fig. 4 and Fig. S7-S14, ESI{). This low-lying
bright state turns on bright fluorescence and endows these
compounds with large FE ratios. Once again, we noted that the
bright states (S;) in the resulting fluorophores have higher
excitation energy than those of the precursor (S,). This change
corroborates that tetrazine becomes a part of the fluorophores.
As a result, the reactions with tetrazine affect the excitation
energy of dyes. These results demonstrate that ICDS applies to a
wide range of chemical families of fluorophores.

The AE dependence of the ICDS mechanism

The general applicability of ICDS encouraged us to investigate
its dependence on AE (AE = S; pright — S1,dark)- In ICDS-based
dyes, we do not expect any strong dependence on d (the
distance between the fluorophore and the tetrazine fragments)
because tetrazine becomes a part of the fluorophore, and d
reduces to ~ 0. Instead, the rapid internal conversion from S, to
S; should escalate as AE decreases (the energy gap law). This
enhanced ICDS from S, to Sy, in turn, affords low background
emissions and large FE ratios upon iEDDA reactions.

To verify this understanding, we compared two types of
tetrazine-functionalized fluorogenic labels. Group I includes
nine molecules reported by Wombacher et al. (Fig. S15, ESIT).*!

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

In these dual-entity molecules (type 2), tetrazine groups are
electronically decoupled from the main fluorophores. Their
fluorogenicity mechanism can be described by the ETDS
model.*®> Group II covers nine compounds reported by Wu
et al. (Set 4 in Fig. 1).*” These single-entity dyes are of type 3,
in which the tetrazine fragment becomes a part of the fluoro-
phore. Their working mechanism is based on ICDS. We selected
data from the same group (for groups I and II, respectively) to
minimize variations in experimental conditions. Under this con-
sideration, only Wu’s work provided enough fluorophores with
varied UV-vis absorption and emission peaks to establish the
correlation. It is noted that the turn-on ratio is reported as a range
(e.g., >600-fold) instead of an exact value in several reports,**~°
and we thus did not select and analyze these data.

These two groups of dyes display opposite FE-AE correla-
tions. Group I exhibit a positive correlation (r = 0.9810) between
the calculated AE values and the natural logarithm of experi-
mental FE ratios (InFE; Fig. 5(a) left and Table S2, ESIt). Given
that the energy level of the dark state (S;) remains unchanged
and the Stokes shifts of Group I compounds are very small
(~20 nm), a small AE corresponds to a low energy level of the
bright state and thus a longer Z.,. Therefore, we also note that
InFE exhibited an excellent negative linear correlation with Aep,
(r = —0.9833; Fig. 5(a) right and Table S2, ESIf). We have
rationalized these correlations using the overlap between the
fluorophore’s emission spectrum and tetrazine’s UV-vis absorp-
tion spectrum. A high AE value (or a short Ze,) reflects a
sizeable spectral overlap (with the higher excited states of
tetrazine), thus enabling more efficient energy transfer to
tetrazine, weak background emission, and more excellent FE
ratios upon subsequent iEDDA reactions.

Conversely, in Group II compounds, we noted that experi-
mental InFE and calculated AE demonstrated a negative corre-
lation (r = —0.6210), while experimental InFE is positively
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Fig. 5 The relationships between the InFE and AE (left panels)//em (right
panels) of the products reported by (a) Wombacher et al.*! and (b) Wu
et al*” The insets show the best linear fitting equation with a correlation
coefficient (r). Note that the ETDS governs the working mechanisms of
dyes in (a) and in comparison to ICDS in (b).

correlated Aep, to (r = 0.6052; Fig. 5(b) and Table S3, ESIt). These
correlation coefficients are moderate and probably affected by
many factors other than ICDS (e.g., molecular aggregations of
NIR dyes). Yet, the contrast between Groups I (ETDS) and II
(ICDS) is evident. The increasing FE ratios with the reduction of
AE (or the increase of ) corroborate the enhanced internal
conversion rates (to the dark state) in long-wavelength ICDS
fluorophores. Indeed, the absolute value of r in Group II
compounds is much lower than that in Group I. This difference
could be due to several factors: (1) the AE values are retrieved
based on the S,-S; energy gap during vertical excitation. In
Group I compounds, the geometry relaxation and related
reorganization energy are small, as reflected by the small Stokes
shifts (~20 nm) in xanthene-based dyes or derivatives.*!
Hence, the vertical excitation approximation is “accurate” even
when describing energy transfer from adiabatic excited states
(of the energy donors). In Group II molecules, the push-pull
effect is strong, and geometry relaxation becomes intensified,
as shown by the large Stokes shifts (~200 nm).”” Internal
conversion could occur at any geometries between the
Franck-Condon (FC) and adiabatic excited states. The approxi-
mation using vertical excitation energy (based on the FC state)
to calculate AE becomes less ideal. (2) Compounds in Group I
generally possess high quantum yields (QYs; ~0.30 on average;
Table S2, ESIT),*" while the QYs of Group II compounds are
much lower (~0.18 on average; Table S3, ESIt).>” The low
quantum yield (after iEDDA reactions) suggests that the other
non-radiative decay process (i.e., twisting and rotations) could
also affect the fluorogenicity in addition to ICDS. (3) These
correlation coefficients could also be affected by other factors
(e.g., molecular aggregations of NIR dyes).

Overall, we noted that ICDS dyes (InFE > 5) offered
improved FE ratios than ETDS dyes (InFE < 5). The same trend

1088 | Mater. Chem. Front., 2023, 7, 1082-1092

View Article Online

Research Article

is also observed in Park’s experiments,®> as shown by the
different FE ratios between Set 1 (ETDS) and Set 2 (ICDS) dyes
(Fig. 1). This contrast in FE ratios is particularly stark in the
long wavelength region (e.g., Aem = 550 nm; Fig. 5(b)). The FE
ratio in these fluorogenic dyes largely depends on the back-
ground emission intensities.”®**%** A large rate of ICDS/ETDS
facilitates the quenching of fluorescence and results in low
background emissions, thus affording high FE ratios upon iEDDA
reactions. Considering that internal conversions between the
excited states of the same molecular entity are typically faster
than energy transfer between two molecular entities,**™*® ICDS-
based fluorogenic dyes usually afford higher turn-on ratios.

Potential design strategies for developing ICDS-based
fluorogenic labels with enhanced bathochromic shifts

Fluorophores of long wavelengths are essential in bioimaging
applications to reduce phototoxicity, minimize interference
from biological autofluorescence, and enhance penetration
depths.**™* Additionally, large FE ratios of fluorogenic dyes
improve signal-to-noise ratios during bioimaging. Given that
ICDS affords long-wavelength fluorogenic dyes with excellent
FE ratios, we next investigated potential molecular design
strategies that utilize IDCS and afford bathochromic shifts in
tetrazine-functionalized fluorogenic labels with integrated
n-conjugations. Two frequently employed strategies to batho-
chromically shift the A,ps/dem Of organic dyes were explored
including expanding the n-conjugation and incorporating
quinoidal structures.>*~*°

Strategy 1: expanding the m-conjugation. Based on 3a, we
introduced another coumarin fragment to form 3e (Fig. 6(a)
and Fig. S16, ESIt). The molecular structures of 3a and 3e are
planar with an integrated conjugation between coumarins and
tetrazine fragments (Fig. 4 and Fig. S16a, ESIt). In comparison
to 3a, compound 3e exhibits an expanded m-conjugation net-
work (Fig. 6(b)), resulting in bathochromic shifts in the Z,ps/Zem
of the bright state (Fig. 6(c)). Moreover, the tetrazine group in
3e showed enhanced contributions to the hole/electron distri-
butions than that in 3a (Fig. 6(b)). For instance, 8.70% of the
hole and 25.46% of electron distributions in the bright state of
3e are centralized in the tetrazine group (Fig. 6(b)). In 3a, the
tetrazine moiety only contributed 6.31% to the hole and 15.85%
to the electron distributions, respectively.

Notably, the dark state S; in 3e remains below the bright
state (S,) with a reduced AE of 0.549 eV compared to AE =
1.042 eV in 3a during vertical excitation (Fig. 6(d) and Fig. S16b,
ESIt). The alignment of these states ensures ICDS, effectively
turning off the fluorescence of 3e. Upon removing the tetrazine
group in 3e-BCN, the bright state becomes S; during excitation
(f = 2.5881) and emission (f = 2.6441), corroborating the
excellent fluorogenicity of 3e.

Strategy 2: exchanging the n-conjugation order to induce
quinoidization. Quinoidization caused by exchanging the con-
nection orders of different molecular fragments represents
another potential method to enhance bathochromic shifts.>®°
To this end, we changed the connection order in 4b by switching
the positions of the thiophene ring with the methane unit to

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 6 (a) Schematic illustration of the design strategy 1. (b) Fragment
contributions to the hole—electron distributions of 3a (left) and 3e (right).
(c) Calculated UV-vis-NIR absorption/emission spectra and (d) calculated
photophysical properties of 3a/3a-BCN and 3e/3e-BCN in ethanol.

generate its constitutional isomer 4b-Q (Fig. 7(a)). The bond
length alternation (BLA) analysis along the highlighted fragments
shows that 4b-Q/4b-Q-BCN (with larger BLA values) displays a
much stronger quinoidal characteristic than 4b/4b-BCN does
(with a smaller BLA value; Fig. 7(a) and Fig. S17, ESIT). Quinoidi-
zation could greatly enhance ICT in the ground state and reduce
the HOMO-LUMO gap, thus affording a large redshift (Fig. S18-
S21, ESIt).”” Indeed, our calculations show that 4b-Q/4b-Q-BCN
displays much improved bathochromic shifts than 4b/4b-BCN
(Fig. 7(b)). In addition to redshifts, our calculations indicated that
4b-Q possesses a reduced AE than 4b does by 0.480 eV (Fig. 7(c)
and Fig. S17, ESI7 right). This reduced energy gap is conducive to
expediting ICDS and increasing the FE ratio after the iEDDA
reactions.

We successfully designed several tetrazine-based fluoro-
genic labels with long wavelengths and reduced AE. Such dyes
are expected to possess enhanced FE ratios. More importantly,
we hope that demonstrating these design strategies could
inspire the development of highly creative ICDS molecules with
long wavelengths and excellent fluorogenicity.

Limitations of the ICDS mechanism

The ICDS mechanism is likely disabled in fluorophores with
Aabs/Zem moving beyond ~ 700 nm. ICDS requires the presence
of a low-lying dark state to quench fluorescence. As the spectra
of fluorophores progressively move into the NIR region, the
energy level of the bright state keeps dropping and could
eventually fall below that of the dark state produced by tetra-
zine (~2.279 eV on average; Table S4, ESIt). In this scenario,
ICDS becomes disabled and thus leads to strong background
fluorescence and, subsequently, low FE ratios after iEDDA
reactions. This limitation also applies to the ETDS mechanism.
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properties of 4b/4b-BCN and 4b-Q/4b-Q-BCN in ethanol.

To demonstrate this limitation of the ICDS mechanism, we
linked the tetrazine fragment to two NIR fluorophores — Keio
Fluors (KF) reported by Suzuki et al. and obtained two tetrazine-
fused labels - 7a and 7b (Fig. 8(a), (c), and Fig. S22, ESI).®* Our
computational results showed that 7a displayed a stable, bright
ICT state (S;; 2.176 eV) with a large f value of 1.9004 during
vertical excitation (Fig. 8(b)). The dark n-n* state generated by
the tetrazine moiety is higher than the bright state by 0.134 eV.
This low-lying bright state remains S, after geometric relaxation
and could thus emit strong fluorescence (f=2.0148). In another
example, 7b, the tetrazine-induced dark state is lower than the
fluorophore’s bright state by only 0.057 eV during vertical
excitation (Fig. 8(d)). However, upon geometry relaxation in
the excited state, the energy of the bright ICT becomes more
stable than that of the dark state. This state-crossing could
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Fig. 8 Molecular structures, optimized geometries (a) and (c) and energy
levels of key states during the excitation and de-excitation processes (b)
and (d) of 7a (left) and 7b (right).
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significantly compromise the quenching efficiency in 7b and
result in considerable background emissions. Although their
products (7a-BCN and 7b-BCN) upon the iEDDA reactions are
highly emissive (Fig. S23, ESIt), strong background emissions
in 7a and 7b would cause low FE ratios.

To circumvent this limitation of ICDS (and ETDS) in develop-
ing NIR fluorogenic dyes with excellent FE ratios, one may also
incorporate other mechanisms, such as PET,**%%% torsion-
induced disaggregation (TIDA),** and twisted intramolecular
charge transfer (TICT).®>%

Conclusions

In summary, we formalized an internal conversion to a dark state
(ICDS) model to rationalize the fluorescence quenching mecha-
nism in tetrazine-functionalized fluorogenic labels with integrated
n-conjugations. In these labels, a low-lying dark state (n-m*
transitions at the tetrazine moiety) resides below the bright state
(m-m* transitions across the entire fluorophore, including the
tetrazine fragment), activating the efficient internal conversion to
the dark state and thus quenching the fluorescence. The subse-
quent iEDDA reaction destroys the tetrazine moiety and eliminates
the corresponding dark state, turning on bright fluorescence. We
noted that ICDS and a previously reported ETDS model demon-
strated the opposite dependence on AE (the gap between the bright
and dark states). Long-wavelength ICDS fluorophores with small
AE tend to enhance internal conversions and thus afford much
improved FE ratios compared to the ETDS-based labels (the small
AE results in a low FE ratio). Inspired by the ICDS model, we
summarized two design strategies for reducing AE, bathochromi-
cally shifting the spectra, improving the quenching/ICDS efficiency,
and enhancing the fluorescence turn-on ratio via (1) expanding the
n-conjugation and (2) exchanging the -conjugation orders to induce
quinoidization. We hope that this work could inspire the develop-
ment of tetrazine-based fluorogenic labels with outstanding signal-
to-noise ratios for many applications.
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