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Photoinduced electron transfer endows
fluorogenicity in tetrazine-based near-infrared
labelsT

Tianruo Shen, @22 Xin Li{2® and Xiaogang Liu (2 *®

Tetrazine-functionalized fluorogenic labels are pivotal in various scientific domains, but their
fluorogenicity often diminishes when the emission wavelength extends into the near-infrared (NIR)
region. This investigation confirms that photoinduced electron transfer (PET) is the primary mechanism
causing fluorescence quenching in such NIR labels. Furthermore, we have discovered an unprecedented
photoinduced charge centralization (PCC) within the conjugated frameworks of tetrazine-integrated
fluorogenic dyes. These insights into the mechanisms of fluorescence quenching pave the way for
advancing tetrazine chemistry at the photophysical level. Subsequently, we introduce a rational
molecular design approach for crafting tetrazine-based NIR labels that leverages the PET mechanism to

rsc.li/frontiers-materials

Introduction

Tetrazine-functionalized fluorogenic labels excel in numerous
applications due to their exceptional chemo-selectivity, out-
standing biocompatibility, and rapid reaction kinetics.'”
These labels generally exhibit minimal fluorescence. However,
upon undergoing click reactions like inverse electron-demand
Diels-Alder (iEDDA) reactions with dienophiles or [4+1] cycload-
ditions with isonitriles, they produce a fluorescence turn-on
effect by disrupting tetrazine fragments.” This effect is further
characterized by diverse alterations in photophysical properties,
including changes in molar extinction coefficients, peak absorp-
tion/emission wavelengths, quantum yields, brightness, and
fluorescence turn-on ratios, due to different types of click reac-
tions interacting with various reactants.™® The most striking
feature of these labels is the unique fluorescence turn-on effect.
It effectively reduces background emissions, thereby enhancing
the signal-to-noise ratio. As a result, tetrazine-derived labels have
a broad utility in various life science fields, including bioimaging,
drug delivery, and photodynamic therapy.” ' However, although
these fluorogenic labels typically exhibit high turn-on ratios in
the visible region, these ratios significantly diminish when their
emissions transition into the near-infrared (NIR) region. More
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significantly boost their fluorogenic response.

critically, the underlying fluorescence modulation mechanism of
many long-wavelength tetrazine-based probes remains elusive,
hampering the rational design of NIR fluorogenic labels.
Currently, the advancement of tetrazine-based fluorogenic labels
predominantly concentrates on the visible region. Liu and co-
workers summarized energy transfer to a dark state (ETDS) and
internal conversion to a dark state (ICDS) to rationalize the fluores-
cence quenching mechanisms of tetrazine-based labels without and
with integrated m-conjugation systems, respectively.'>'* These two
mechanisms highlight the presence of an energy-stabilized dark
state resulting from the n-r* transition of the tetrazine fragment
(Fig. 1a left). Above the dark state, a high-hanging bright n-r* state
is observed, which is induced by the light absorbance of the main
fluorophore (or the entire label). The dark n-n* state dissipates the
energy from the high-hanging bright n-n* state through energy
transfer (EnT) or internal conversion (IC), thus leading to a weak
or non-emissive precursor. Noticeably, the vertical excitation
energy of the bright n—-n* state gradually decreases with the
bathochromic shift of the main fluorophore (or the entire label),
while the energy level of the dark state induced by the tetrazine
remains nearly constant. Specifically, when the bright state
approaches the dark state, the potential for state crossing makes
the bright state more stable after geometric relaxations (Fig. 1a
middle). This suppresses the EnT/IC efficiency between the two
states, consequently reducing the tetrazine-caused fluorescence
quenching effect. Moreover, a NIR fluorophore always produces
a lower bright state than the tetrazine’s dark state during the
vertical excitation (Fig. 1a right). Under this condition, the EnT/
IC from the bright state to the dark state is disabled, and the
fluorescence quenching is henceforward greatly inhibited.
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Fig. 1 (a) Schematic illustrations of wavelength-dependent photophysical
processes in tetrazine-based dyes. (b) Molecular structures of ten
tetrazine-derived deep-red/NIR fluorogenic labels. The numbers in each
bracket indicate the peak emission wavelength (Ze,) and fluorescence
turn-on ratio upon iEDDA reactions, respectively. The reaction conditions
are listed in Fig. S1, S2 and Table S1 (ESIt). EnT refers to energy transfer; IC
denotes internal conversion.

These results strongly suggest the difficulty associated with the
development of tetrazine-based labels emitting in the NIR
range.'*°

Recently, a few studies have reported several tetrazine-
functionalized labels exhibiting deep-red or NIR fluorescence upon
the iEDDA reactions (Fig. 1b and Fig. S1, S2, and Tables S1, S2,
ESI¥)."*° Wu and O’Shea pioneered the creation of NIR fluoro-
genic dyes by incorporating tetrazine fragments into aza-BODIPY
dyes, achieving moderate turn-on ratios of up to ~48-fold."® Yang
and co-workers successfully produced a series of deep-red-
emission BODIPY-tetrazine derivatives, achieving outstanding
turn-on ratios of up to 647-fold.*® Additionally, Xu et al. developed
a hybrid BODIPY-Cyanine dye peaked at 733 nm, demonstrating a
remarkable turn-on ratio of 1071-fold."” However, when tetrazine
was attached to a cyanine with a longer peak emission wavelength
(Aem = 786 nm), the turn-on ratio was reduced to only 14-fold.*
Unfortunately, the structure-property relationship and operational
mechanism of these labels are either inadequately addressed or
remain subject to debate, posing challenges for the rational design
of NIR-emitting tetrazine-based labels.

Herein, employing the quantum chemical calculations
we showcased that photoinduced electron transfer (PET) can
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quench the fluorescence of red or NIR tetrazine-functionalized
labels. Additionally, we uncovered a previously unrecognized
variant of the photoinduced charge separation process known
as photoinduced charge centralization (PCC), which specifically
occurs in tetrazine-integrated fluorogenic labels with fused
n-conjugations. Building upon the insights gained from the
PET quenching pathway, we propose an efficient design method
for the development of tetrazine-functionalized NIR labels.

Results and discussion

Rationalizing the PET quenching channel among tetrazine-
derived fluorogenic labels with/toward NIR emissions

This work started by conducting detailed quantum chemical calcu-
lations to investigate the fluorescence quenching mechanism of 1
reported by Xu et al."” The tetrazine fragment is attached to a NIR-
emitting dye via a benzene ring installed at the meso-position in 1
(Fig. 1b). The computational results showed that 1 displayed distinct
quenching channels from other tetrazine-based/fused fluorogenic
labels in the visible region (Fig. 2a). The main fluorophore (BODIPY)
in 1 emits NIR fluorescence, thus resulting a lower energy level for
the bright state compared to the dark state induced by the tetrazine
moiety. Specifically, during the photoexcitation of 1, the tetrazine
fragment produced a locally excited (LE) state [LE (Tz), charge
transfer distance (dcy) = 0.038 A], which is a dark state with a small
oscillator strength (f = 0.007) induced by the forbidden n-m*
transition (Fig. 2). Below this dark state by 0.258 €V, a bright state
generated by the n—n* transition in the main fluorophore (BODIPY)
is observed (Fig. 2a). The large dcr (2.067 A) suggested that this state
features an intramolecular charge transfer (ICT) characteristic with a
high fvalue (1.148, Fig. 2b).

This bright state [ICT (FL)] is more stable than the dark state
by 0.187 eV during the deexcitation process. The traditional
EnT/IC process from BODIPY to tetrazine for quenching fluores-
cence is therefore disabled.

Nevertheless, we have uncovered an additional pathway for
fluorescence quenching in 1: PET. Beneath these two afore-
mentioned states, another dark state with f= 0 is present. In the
transition to this dark state, the electron primarily localized on
the tetrazine fragment becomes effectively separated from the
hole distributed across the BODIPY (dcr = 9.930 A), showcasing
a distinctive electron transfer (ET) phenomenon. In other
words, BODIPY serves as the electron-donor while tetrazine
acts as an electron-acceptor. As a result, the PET pathway from
BODIPY to tetrazine is activated upon the geometric relaxation
(Fig. 2a). The fluorescence of the BODIPY is suppressed by the
subsequent conical intersection (CI) occurring between this ET
state and the ground state (S,). Thus, 1 displayed almost no
background emissions. After the tetrazine fragment is disinte-
grated via the iEDDA reaction, the dark ET state is removed.
The bright n-n* state induced by the BODIPY emerges as the
most stable state in the resultant (1-Pz), exhibiting notable f
values in both excitation and emission processes (Fig. S2 and
S3, ESIT). Consequently, the transformation from 1 to its highly

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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Fig. 2 (a) Photoexcitation and deexcitation processes of 1 in dimethyl
sulfoxide (DMSO). (b) Hole—electron distributions of different states with
corresponding charge transfer distances (dct) and oscillator strength (f)
values of 1in DMSO. FL: fluorophore; Tz: tetrazine; LE: locally excited; ICT:
intramolecular charge transfer; ET: electron transfer; PET: photoinduced
electron transfer; electron: highlighted in green; hole: highlighted in pink.

emissive counterpart (1-Pz) yields a substantial increase in
fluorescence intensity, as evidenced by a marked turn-on ratio.

To investigate the generalizability of this PET quenching
pathway in other tetrazine-based deep-red/NIR labels, we car-
ried out similar calculations for nine additional molecules and
their respective iEDDA products (Fig. 1 and Fig. S2, S4-514,
ESIT). Among all these labels, the energy levels associated with
the dark LE states resulting from the n-mn* transitions in
tetrazine fragments are higher than those of the bright ICT/
LE states triggered by fluorophores (Fig. S4-510, ESIT). To our
delight, all the examined labels demonstrate a dark ET state,
characterized by the nearly complete separation of holes (dis-
tributed on the main fluorophores) and electrons (distributed
on the tetrazine segments). Hence, the subsequent transition
from the bright ICT/LE state to the dark ET state takes pre-
cedence in quenching the fluorescence of each precursor.
Conversely, the elimination of the dark ET state via the iEDDA
reactions leads to improved fluorescence emissions in the post-
reacted labels (Fig. S11-S14, ESIT).

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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Compared to its dominant role in deep-red and NIR fluoro-
genic dyes, PET plays a less significant role in quenching the
fluorescence of dual-entity tetrazine-based labels with visible
emissions (Fig. S15-523, ESIt).>'** In these visible fluorogenic
dyes, the tetrazine-induced dark LE states proceed as more
stable states than the bright states of the fluorophores during
the photoexcitation processes. In these systems, the rate of EnT
is faster than that of ET, as the ET process involves overcoming
energy barriers such as exciton interactions. Therefore, the
suppression of fluorescence in the tetrazine-derived labels that
emit at the visible region is mainly regulated by EnT from the
bright n-n* transition state to the dark n-n* transition state.
A similar secondary PET pathway is also observed in other dark
precursors induced by alternative quenchers (i.e., SNO and
COT; Fig. S24-S26, ESI1).>>?° This is in contrast to the domi-
nant role of PET in deep-red and NIR fluorogenic dyes, where
PET plays a central role in quenching fluorescence.

Discovering a unique PCC process in the tetrazine-fused labels
with integrated n-conjugations

Interestingly, we made an intriguing discovery by revealing a new
form of charge transfer (CT) - charge centralization (CC) within
tetrazine-fused labels featuring integrated m-conjugation (Fig. 3a, b
and Fig. S27, S28, ESIf). For instance, the tetrazine fragment in 7a is
incorporated as a part of the entire label, displaying excellent
planarity and integrated m-conjugation. During the light excitation,
the n-* transition (dcr = 0.083 A) of the tetrazine generated a low-
lying dark state (f = 0.007). The energy of this dark state is lower
than that of the bright state (f= 1.457) by 0.739 eV, which is induced
by the m-n* transition (dcr = 3.196 A) spanning throughout the
entire fluorophore (including the tetrazine fragment). The fluores-
cence quenching can be explained by the ICDS mechanism,
i.e., energy absorbed by the whole label flows to its inner tetrazine
fragment via IC, resulting in label 7a being nearly non-emissive.
Surprisingly, a new dark state with a low f value of 0.048 during
the deexcitation is also observed in 7a (Fig. 3a). In this dark state
within 7a, the hole is distributed within the entire label, while the
electron concentrates on the tetrazine moiety (Fig. 3b). Both the
electron and hole are part of the same n-conjugation network.
This large degree of charge separation in this state resembles that
during the PET process. However, the appearance of this state
diverges from that of the conventional ET state, where electrons
and holes are distinctly located in separate segments, isolating
the PET quencher from the fluorophore.

To further elucidate this distinction, fragment contributions
(nr) attributed to the tetrazine moiety concerning hole, electron,
and their overlap of the ET state in 1 was calculated (Fig. 3c left).
The findings revealed that tetrazine has only 0.02% contribution to
the hole in both excitation and deexcitation. In contrast, more
than 97% of the electron is induced by tetrazine, underscoring its
potency as a strong electron-acceptor. Notably, the overlap of hole-
electron distributions on the tetrazine is minimal, accounting for
less than 1.50% during both processes. These outcomes strongly
support a conventional PET characteristic within 1, which neces-
sitates nearly complete charge separation occurring between two
independent conjugations upon photoexcitation.

Mater. Chem. Front., 2024, 8, 2135-2141 | 2137
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Fig. 3 (a) Photoexcitation and deexcitation processes of 7a in water. The
inset demonstrates the molecular structure of 7a. (b) Hole—electron
distributions of different states with corresponding dctr and f values
of 7a in water. (c) Fragment contributions (7)) induced by tetrazine
to the ET state in 1 and CC state in 7a, respectively. LE: locally
excited; ICT: intramolecular charge transfer; CC: charge centralization;
IC: internal conversion; PCC: photoinduced charge centralization; L: entire
label; Tz: tetrazine; electron: highlighted in green; hole: highlighted in
pink.

In comparison, during the vertical excitation phase of 7a,
tetrazine exhibits a distribution of 10.11% to holes and 54.04%
to electrons (Fig. 3c right and Table S3, ESIt), respectively.
The overlap percentage between hole and electron reaches
23.38%. Following geometric relaxation, charges predominantly
migrated to the tetrazine fragment (98.36%). Concurrently, this
tetrazine fragment also contributed to the hole, indicated by a
value of 10.38%. Although this contribution is relatively small, it
results in a non-negligible hole-electron overlap (31.95%). This
quasi-dark state is hence denominated as a charge centralization
(CC) state. Moreover, similar dark states have also been identified
in other tetrazine-integrated fluorogenic labels (Fig. S27-529 and
Table S3, ESIt). These findings stand in contrast to the PET
characteristics exhibited by 1.

Therefore, we introduced the term ‘‘photoinduced charge
centralization” (PCC) to describe this unique pathway, which
rationalizes the secondary fluorescence quenching channel in
tetrazine-integrated labels possessing fused m-conjugated sys-
tems. This stands in contrast to conventional PET, where the
quencher is separated from the m-conjugated system of the
fluorophore, resulting in inter-conjugation PET.
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Utilizing the PET pathway to develop tetrazine-based NIR labels
with improved performance by comprehending the structure-
property relationships

The PET quenching pathway inspired us to explore the factors
that can influence the PET efficiency in the tetrazine-based NIR
labels. The efficient PET requires a small energy difference
between the lowest unoccupied molecular orbitals (LUMO) of
electron-donor and electron-acceptor (AEg), given that the
tetrazine acts as an electron acceptor (Fig. 4a). The efficiency
of PET quenching is reflected by the fluorescence turn-on ratio
upon iEDDA reactions. Notably, labels in Sets 1 and 2 demon-
strated strong fluorescence turn-on effects (158-1071-fold)
upon click reactions (Fig. 1b). In contrast, the fluorescence
enhancement ratios of post-reacted labels in Sets 3 and 4 were
relatively weaker (7-48-fold).

Our analyses of the frontier orbitals unveiled labels within
Sets 1 and 2 demonstrated small AE;, (< 0.21 eV), indicating
the LUMO energy of the main fluorophore closely approached
to that of tetrazine (Fig. S30-S32, ESIT).”” Besides, the calcu-
lated distances (represented by dcr) between the electron-donor
(main fluorophore) and the electron-acceptor (tetrazine) is <
10 A, ensuring efficient PET (Fig. 2b and Fig. S4-S8, ESI{).?%?°
The fluorescence of 1 and 2a-e thereby experienced substantial
quenching of their fluorescence due to the rapid PET, resulting
in remarkable fluorescence turn-on ratios upon iEDDA reac-
tions (Fig. 1b).

Set 3 molecules contrastingly demonstrated large LUMO gaps,
averaging at 0.552 eV (Fig. 4b and Fig. S33, ESIt). In addition, 4
displayed a notable dcr (12.945 A; Fig. S10 and S34, ESI+). As a
consequence, these four labels exhibited reduced fluorescence
turn-on ratios after reacting with dienophiles (Fig. 1b).

The NIR fluorophores with bathochromically shifted peak
absorption/emission wavelengths (Aaps/Aem) Often correlate with
the reduced electronic gaps between the highest occupied
molecular orbital (HOMO) and LUMO (AEy_1).*° For enhancing

Large AE, inhibits PET

+O—— LUMO
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a Small AE, activates PET b

T
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Energy (eV)
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Fig. 4 Illustrations of (a) activated and (b) deactivated PET processes
utilizing the frontier molecular orbitals of tetrazine-based NIR labels.
(c) Molecular structures of 8a—d and (d) corresponding electronic energies
of HOMOs and LUMOs of main fluorophores in DMSO ((d) the dashed line
indicates the average LUMO energy of tetrazine).
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PET efficiency in a tetrazine-based NIR label, it is crucial that
the LUMO energy of the main fluorophore remains relatively
close to that of the tetrazine. Therefore, an ideal decrease in
AEy_;, should predominantly result from an elevation of the
HOMO energy level (Fig. 4a). To this end, we have affixed
tetrazine fragments to various rhodamine derivatives to inves-
tigate the differences in AE; and AEy ; among these labels
(Fig. 4c). Incorporating heteroatoms into the rhodamine frame-
work elicits a redshift in Aups/Zem,” " > evidencing through the
decreased AEy  (Fig. 4d). It is worth noting that the AEy
decrease in 8b and 8d comparing to 8a is mainly attributed to
the substantially decreased LUMO energies, while their HOMO
energies remain nearly unchanged (~5.931 eV). For instance,
the AEy_, of 8d is 0.576 eV lower than that of 8a. Yet, the sharp
drop in LUMO energy increases the AE; to 0.431 eV in 8d,
which is inconducive to efficient PET (Fig. S35, ESIf). In
contrast to 8a, the LUMO energy of 8c decreased by 0.333 eV,
accompanied by a noteworthy increment in the HOMO energy
(0.153 eV; Fig. S35a and S35c, ESIt). This strongly implies that
the introduction of a silicon atom (Si) into the rhodamine
skeleton can retain a small AEy; in the main fluorophore
while ensuring that the PET occurs from Si-rhodamine to
tetrazine (AEy, = 0.214 eV and Fig. S35c¢, ESI¥).

Expanding on our insights into the structure-property rela-
tionships, we crafted a NIR fluorogenic probe, designated as 8e,
to serve as a model for our design approach (Fig. 5a).>* Relative
to compound 8¢, the tetrazine moiety in 8e is positioned in
closer proximity to the primary fluorophore, resulting in a
reduced ET distance from 7.157 A to 5.692 A (Fig. 5b and c).
This shortened distance enhances the propensity for PET.
Moreover, the higher HOMO energy level of the fluorophore
in 8e, exceeding that of 8c by 0.178 eV, leads to a lower AEy;_;, of
4.048 eV (Fig. 5d and Fig. S35¢, ESIt). Additionally, a decrease
in AE;, to 0.079 eV further facilitates PET activation while
maintaining a narrow HOMO-LUMO gap, as evidenced in

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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Fig. 5d. Collectively, these structural adjustments suggest that
our design strategy is effective for developing high-performance
tetrazine-functionalized labels with red-shifted wavelengths
and enhanced fluorescence turn-on ratios posting click reac-
tions. It is important to note that alongside peak absorption/
emission wavelengths and fluorescence enhancement ratios,
other photophysical parameters like quantum yields and
brightness are also crucial for optimizing the fluorogenicity
and practical utilities of tetrazine-based NIR labels. These
factors should be considered during molecular design.

Conclusions

In conclusion, our research underscores the pivotal role of the
photoinduced electron transfer (PET) mechanism in the fluores-
cence attenuation of tetrazine-functionalized labels within the
deep-red-to-NIR spectrum. We observed this quenching pathway
even in labels that emit visible fluorescence, although PET plays a
secondary role in their fluorogenicity. Importantly, our study
unveils a distinct type of charge transfer, which we have termed
photoinduced charge centralization (PCC), in labels where tetra-
zine is fused within the conjugation framework. We have also
identified two critical factors for optimizing PET in these labels: a
minimal electron transfer distance and a reduced AE;. These
factors are essential for achieving marked fluorescence enhance-
ment posting click reactions. To demonstrate these guiding
principles, we have systematically engineered a tetrazine-based
Si-thodamine fluorogenic label. Our insights lay a foundational
framework for advancing the design of tetrazine-based NIR labels
with superior fluorogenic capabilities.
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