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Abstract

Organic fluorophores with near-infrared (NIR) emissions and reduced molecular
weights are crucial for advancing bioimaging and biosensing technologies.
Traditional methods, such as conjugation expansion and heteroatom engineering,
often fail to reduce fluorophore size without sacrificing NIR emission properties.
Addressing this challenge, our study utilized computational screening and structure-
property relationship analysis to establish comprehensive design principles for
compact, single-benzene-based NIR fluorophores. These newly developed
fluorophores not only exhibit emissions above 700 nm but also maintain molecular
weights under 200 g/mol, approximately 25% of that of Cy7. Additionally, they
display unique environmental sensitivity—non-emissive in aqueous solutions but
highly emissive in lipid environments. This property significantly enhances their utility
in live cell imaging by enabling wash-free applications. Our findings mark a
substantial breakthrough in fluorophore engineering, paving the way for more
efficient and adaptable imaging methodologies.

1 Introduction

Organic fluorophores have garnered growing interest due to their expansive and
promising applications in life sciences and biomedical research (i.e., disease
diagnosis, protein quantifications, and the study of cellular/organism dynamics)." 2 In
these applications, the efficient diffusion of fluorophores and their tight binding to
target biomolecules are crucial. To this end, small molecular size is advantageous in
improving cell penetrability and minimizing interference with target biomolecules;? 4
smaller molecules also contribute to enhanced imaging resolution in advanced
super-resolution microscopy.® Besides small molecular sizes, the red and near-
infrared (NIR) emissions are highly favoured in bioimaging as they enhance
penetration depth, reduce auto-fluorescence, and mitigate phototoxicity to cells.5-°
Consequently, the development of small and red/NIR (SR) fluorophores is in urgent

demand but remains a significant challenge.®
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Current Approaches for Achieving NIR Fluorophores
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Scheme 1 (a-c) Popular strategies to develop red and NIR fluorophores, and the corresponding chemical
structures, emission wavelengths (A, nm) and Stokes shifts (Av; cm™) of the representative compounds; (d)
Chemical structures, molecular weights (MW), emission wavelengths (A) and Stokes shifts (Av) of the selected
single-benzene-based fluorophores. The units of MW, A and Av are g mol’, nm, and cm’’, respectively.

Significant efforts have been made to the development of red and near-infrared
(NIR) fluorophores (Scheme 1a-c).' One established approach for achieving red or
NIR emission involves expanding the tr-conjugation of a fluorophore. For example,
extending the polymethine chain of cyanine dyes can effectively shift their emission
wavelengths into the NIR region.? '2 13 Enhancing intramolecular charge transfer
(ICT) provides another alternative route to achieve red/NIR emission.'* By increasing

the donor/acceptor strengths, Suzuki and colleagues developed Keio-BODIPYs with
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emissions spanning the visible to NIR region.'® Heteroatom engineering presents
another promising avenue for realizing bathochromic shifts. For instance, replacing
the oxygen-bridging atom in the xanthene scaffold with different heteroatoms, such
as silicon (Si), sulfur (S), and phosphorus (P), has resulted in a diverse spectrum of
colorful rhodamines with emissions covering the visible to NIR range.'®?" Using the
same strategy, Vendrell et al. developed nitrobenzoxadiazole (NBD)-like SCOTfluor
emitting in the visible-NIR region.®> However, many of these classical fluorophores
are characterized by substantial molecular sizes, which may disrupt metabolite traffic
and impact protein and enzyme function.?? In fact, red/NIR emissions and small
molecular sizes usually contradict each other as a fluorophore with small conjugation
typically has a large electronic gap, resulting in short emission wavelengths.
Additionally, many of these fluorophores, including rhodamine and cyanine dyes,
carry a net charge, which can lead to potential issues such as nonspecific binding to
biomolecules.

A unique approach to synthesizing small and red (SR) fluorophores involves
attaching single or multiple donors and acceptors to a single phenyl ring,?3¢ as
depicted in Scheme 1d. Shimizu and colleagues made a significant contribution to
this field by developing a series of single benzene-based fluorophores,?” achieving
peak emission wavelengths (Aem) up to 656 nm (in cyclohexane; molecular weight
(MW) = 465 g/mol). Katagiri and team later synthesized the first benzene-based
fluorophore with a molecular weight under 300 g/mol,?® while preserving green
fluorescence (Aem = 517 nm in water). This field was further advanced by Mandal,?®
Fang® and Zhang®' 3 et al., who extended the emission wavelengths of single-
benzene based fluorophores to >600 nm, while maintaining molecular weights below
350 g/mol. Additionally, Lee et al. serendipitously developed a red fluorophore p-
DAPA,33 characterized by its minimal size (Aem = 618 nm; MW = 192 g/mol).
However, the emission wavelengths of these compact fluorophores are
predominantly confined to the visible spectrum (< 700 nm), and their practical
applications have yet to be fully explored. More critically, precise molecular design
principles to steer the systematic engineering of SR fluorophores remain

undeveloped.

In this study, we leveraged quantum chemical calculations and molecular
screening, coupled with an in-depth structure-property relationship analysis, to
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rationally design near-infrared (NIR) dyes of exceptionally small size (Aem Of up to
759 nm in ethanol; MW of down to 192 g/mol). We systematically identified various
factors influencing the spectral properties of these dyes, including substituent
positional effects, push-pull dynamics, and the impact of steric hindrance,
illuminating pathways for further molecular engineering of small and red fluorophores.
Notably, the fluorophores developed through this method exhibit outstanding
environmental sensitivities and fluorogenicity, facilitating wash-free super-resolution
imaging of lipid droplets in live cells.

2 Results and Discussion

2.1 Molecular Screening of Single Benzene-Based Fluorophores

To establish comprehensive guidelines for designing single benzene-based small
and red (SR) fluorophores, our study commenced with the computational modeling
of representative single-benzene derivatives. Our objective is to assess the effects of
substituent positions, as well as the influence of differing numbers of donors and
acceptors, on the peak UV-vis absorption (Aabs) and emission wavelengths (Aem). In
these models, -NH2 (amine) and -CN (cyano) were selected as the donor (D) and
acceptor (A) groups, respectively, due to their small sizes which help minimize steric
repulsion and potential non-emissive bending of the fluorophore scaffold. We
explored various donor-acceptor ratios in three series: 1:1 (A series, Figure 1a), 2:2
(B series, Figure 1b), and 3:3 (C series, Figure 1c), attaching these groups at
different positions on the benzene scaffold. Our results indicated that compounds A2,
B9, and C2 exhibit the longest emission wavelengths in their respective series, with
calculated Aem at 338, 496, and 499 nm (Figure 1d), respectively.

The 1D-1A system (A series) showed less satisfactory emission wavelengths
due to small molecular sizes and limited Tr-conjugation. The 3D-3A system (C2)
demonstrated slightly longer emission wavelengths; however, substantial scaffold
distortion occurred with larger D/A fragments (e.g., azetidine and -CHO), leading to
non-emissive states in such heavily substituted benzene scaffolds (Figure S6). Thus,
the 2D-2A system (B9) emerged as an ideal candidate for further in silico molecular

engineering.

Further investigation into the frontier molecular orbitals elucidated the molecular
origin of the favourable D/A arrangement in B9 for extended Aabs/Aem. FoOr example, in
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Fig. 1 (a-c) Chemical structures of SR fluorophores with the ratio of the number of donor and acceptor fragments
fixed at 1:1, 2:2, and 3:3; (d) The calculated peak UV-vis absorption and emission wavelengths. All calculations
are performed at the wB97XD/Def2SVP level in DMSO; (e) The atomic contributions to HOMO and LUMO of
single benzene-based molecules, and the calculated HOMO/LUMO energy levels and corresponding electronic
gaps. The calculations are based on the optimized S1 structures in DMSO. Blue: atomic contributions to HOMO;
Red: atomic contributions to LUMO. The numbers in color highlight the substitution positions with significant
changes in atomic contributions.

the meta-position of the 1D-substituted compound M1 (Figure 1e), we observed
minimal electron density in the highest occupied molecular orbital (HOMO) and a
high density in the lowest unoccupied molecular orbital (LUMO). Placing an acceptor
at this meta-position to the donor in M1 would significantly stabilize/lower the LUMO
with minimal impact on the HOMO, reducing the electronic gap and leading to large
bathochromic shifts. This was exemplified in the 1D-1A compound A2, where the
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acceptor is at the meta-position to the donor, yielding the longest Aem in the A Series
(1D-1A). Similarly, in M1 and A2, notable electron density at the para-position in the
HOMO, which significantly reduces in the LUMO, suggested that adding a donor at
the para-position would raise/destabilize the HOMO while minimally affecting the
LUMO, facilitating red shifts.34 3% This red shift is evidenced by the significant change
from A2 to M2. The most effective red shift was achieved by combining two pairs of
donors and acceptors: two D fragments are positioned para to each other (as were
the acceptors). Additionally, each A fragment is positioned meta to a D fragment.

This substitution pattern exactly matches that of B9.

2.2 In Silico Molecular Engineering of the Single Benzene-Based
NIR Fluorophores

Guided by the substitution pattern observed in B9, our subsequent investigations
focused on the impact of varying the electron-donating and -accepting strength of the
D/A fragments on the Aabs and Aem of benzene-based SR fluorophores (Figure 2). By
retaining -CN (exhibiting minimal steric hindrance) as the acceptor, an increase in
the electron-donating strength of the donor from -OH to azetidine resulted in a red
shift of calculated Aem from 370 to 541 nm (Figures 2a, 2c). Similarly, maintaining -
NHz (also with small steric hindrance) as the donor, a progressive increase in the
electron-withdrawing strength of the acceptor from -F to -CHO led to a bathochromic
shift from 367 to 609 nm (Figures 2b, 2c). These findings underscore that enhanced

charge transfer can significantly amplify the bathochromic shifts.

Steric hindrance also plays a pivotal role in influencing the red shifts of Aabs and
Aem by impacting the planarity (and the conjugation) of the fluorophore. When opting
for the aldehyde group (which poses a large steric hindrance) as the acceptor (F
series, Figure 2d), the methylamine donor (F1) induces the most significantly red-
shifted emission. However, stronger donors like dimethylamine (F2) and azetidine
(F3) result in blue shifts in comparison to F1. A detailed analysis of the optimized
ground state geometries reveals that the D fragments in F2 and F3 exhibit pre-
twisted or bent structures due to strong steric repulsion with the aldehyde acceptor.
This non-planarity hinders effective charge delocalization, contributing to the blue
shift in F2 and F3 compared to F1 (Figure 2d). In contrast, the methylamine-
substituted F1, due to lesser steric hindrance and the formation of an intramolecular

https://doi.org/10.26434/chemrxiv-2024-h6dvb ORCID: https://orcid.org/0000-0002-2553-2068 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-h6dvb
https://orcid.org/0000-0002-2553-2068
https://creativecommons.org/licenses/by-nc/4.0/

hydrogen bond, maintains excellent planarity, emerging as a promising candidate for
small and red fluorophores.
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Fig. 2 (a, b) Chemical structures of single benzene-based fluorophores with different donor and acceptor
fragments. (c) Calculated UV-vis absorption and emission wavelengths of different fluorophores including B9, D
series, and E series. (d) Chemical structures of F series with different donors and a -CHO acceptor, their
optimized ground-state (So) structures, as well as the calculated UV-vis absorption and emission wavelengths.
Note: the calculations were performed at the wB97XD/Def2SVP level in DMSO.

This thorough structure-property relationship study of single-benzene
fluorophores inspired the design of a series of SR fluorophores with two D-A pairs.
Notably, SR-1, SR-3, SR-5, and SR-7 exhibit longer calculated emission
wavelengths than popular NIR fluorophores like Cy5 and Si-Rhodamine (Figure S10).
It is important to acknowledge the systematic drift inherent in quantum chemical
calculations. However, the relative differences between these compounds suggest
that emissions of several single-benzene fluorophores reach the NIR region. The
sizes of the SR fluorophores, in terms of molecular weight, are significantly smaller
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(by approximately 50%) than those of Cy5 and Si-Rhodamine. Among these, SR-1
or SR-3 are potential candidates for the smallest NIR dyes reported to date.

2.3 Chemical Synthesis, Structure, and Spectral Characterization

Building on the insights from our theoretical analysis, 11 single-benzene
fluorophores were designed and synthesized (Figure 3). In agreement with
theoretical modeling, the crystallography data revealed that the methylamino-
substituted SR-5 maintains excellent planarity, forming an intramolecular hydrogen
bond between the methylamino and acetyl groups. In contrast, significant pretwisting
was observed in the dimethylamino group of SR-2 and SR-6, with the dihedral
angles reaching approximately 69° and 59° for SR-2 and SR-6, respectively (Figure
S11). These findings underscore the importance of managing steric hindrance to
preserve the planarity of fluorophores, especially as the number of D/A substituents

increases.

Subsequent spectral measurements of these compounds in solvents of varying
polarity (Figures 3b, S15-17) revealed that SR-1, SR-2, SR-3, and SR-5 exhibit NIR
emissions, peaking at 724, 724, 759, and 708 nm in ethanol (Figure 3c), respectively.
We compared the Aem of these single-benzene fluorophores and their molecular
weights (Figure S18), with those of popular NIR fluorophores and previously reported
single benzene-based fluorophores (Figure S19). Our analysis suggests that SR-1 is

likely the smallest NIR dye reported to date.

These experimental spectral data align well with our theoretical predictions. For
instance, enhancing the donor strength from -NH2 to -NHCH?3 led to an increased red
shift, with Aem recorded at 676 (SR-4) and 708 (SR-5) nm in ethanol (Figure 3c),
respectively. Similarly, strengthening the acceptor from -COOCHs to -COCH3s and -
CHO resulted in a noticeable red shift from 592 (SR-11) to 681 (SR-7) and 759 (SR-
3) nm in ethanol (Figure 3c). Notably, the planar SR-1, SR-4, and SR-5 exhibited
longer Aabs and Aem wavelengths than the pretwisted SR-3 and SR-6 (Table S1,
Figure 3c) in their corresponding solvents, which aligns with the quantum chemical
calculations.

A significant solvatochromic effect was observed in these compounds (Figures
S15-17, Table S1) due to intense intramolecular charge transfer. For example, the
Aem of SR-3 shifted from 631 nm in n-hexane to 759 nm in ethanol (Figure 3b),
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illustrating the impact of the solvent environment on the spectral properties of these

fluorophores.
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Fig. 3 (a) Chemical structures of SR fluorophores. (b) Emission spectra of SR-1, SR-2 and SR-3 in different
solvents. (c) The photophysical properties of SR fluorophores. (d) Fluorescence quantum yields of SR-1, SR-2,
SR-3, SR-4, SR-5, SR-6 and SR-7 in different solvents. The concentrations of the samples are 50 uM.

2.4 Molecular Origins of the Environmental Sensitivity

We observed not only favorable red/NIR emissions, but also significant
environmental sensitivity in the quantum yields of the single benzene fluorophores
(i.e., SR-1, SR-2, SR-3, SR-4, SR-5, SR-6, SR-7). This environmental sensitivity is
attributable to several mechanisms, including hydrogen bond-induced quenching and

twisted intramolecular charge transfer (TICT).36 37
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Hydrogen bonding interactions with solvent molecules profoundly influence the
fluorescence of these single-benzene fluorophores. For instance, SR-3 exhibits
moderate fluorescence in aprotic solvents (quantum yield ¢ = 8% in DMSO) but
becomes non-emissive in protic solvents (¢ = 0 in ethanol and methanol, Figure 3d).
To predict the fluorophore’s quantum yield susceptibility to hydrogen bond-induced
quenching in protic solvents, we have developed a descriptor, A.3¢ A quantifies the
absolute changes in charge density during the HOMO-LUMO transition at the
hydrogen bond donating site of the fluorophore. A large A value indicates significant
perturbation to the hydrogen bond equilibrium in the ground state during
photoexcitation, leading to substantial vibrations between the dye and surrounding
solvents during the re-establishment of the hydrogen bond equilibrium in the excited
state. Hence, a large A suggests substantial vulnerability of quantum yields to
hydrogen bond-induced quenching, resulting in lower quantum vyields in protic
solvents. Our findings show that most of these fluorophores (except of SR-10 and
SR-11) display large A values (ranging from 0.17 to 0.21), indicating generally lower
quantum vyields in protic than in aprotic solvents.

Intramolecular hydrogen bonds also contribute to lower quantum yields, as
evidenced by comparing analog compounds SR-1 and SR-3, as well as SR-5 and
SR-7 (Figure S25). SR-1, with an intramolecular hydrogen bond, exhibits significantly
lower quantum yields than SR-3 which lacks such a bond, across all solvents. We
studied the geometrical changes of SR-1 upon photoexcitation in n-hexane. our
calculations reveal a significant strengthening of the intramolecular hydrogen bond in
SR-1, evidenced by a reduction in the O---H distance from 1.94 A to 1.78 A (Figures
S26a, b). We also analysed the Huang-Rhys factors and reorganization energy
contributions as a function of vibrational modes in SR-1. The major Huang-Rhys
factor and significant reorganization energy contribution in the low-frequency region
(A < 250 cm-1) are related to vibrations along the intramolecular hydrogen bond
(Figures S26¢, d). The intramolecular charge transfer from the donor to the acceptor
alters the charge density around the amino and oxygen atoms, causing the hydrogen
atom in the bond to move closer to the oxygen atom. This considerable movement

accelerates non-radiative decay, thereby lowering quantum yields.

Significant TICT formation was observed in these single-benzene derivatives.

For example, the pre-twisted SR-2 displays a lower energy barrier and a strong
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driving force towards TICT (Figure 4b), wherein the -N(CHs)2 rotates to become
perpendicular to the fluorophore scaffold, resulting in complete charge separation
and a zero oscillator strength (f) (Figure S32). Similar TICT formations were
observed in SR-3, SR-6, SR-7, SR-10 and SR-11 (Figure S31). By substituting the
dimethylamino group with an azetidine group, the TICT tendency was notably
reduced, reflected in higher energy barriers and lower driving energy.3® 40
Consequently, the quantum yield (@) of SR-3 is generally higher than that of SR-2.

We also explored the possibility of excited-state intramolecular proton transfer
(ESIPT) in fluorophores with an intramolecular hydrogen bond. However, our
calculations do not support the energetic feasibility of ESIPT (Figure S27).

2.5 Transient Absorption Studies

To validate our computational findings on the fluorescence quenching channels, we
further collected transient absorption (TA) spectra of SR-1 and SR-2 in three distinct
solvents (n-hexane, DMSO, and ethanol).

TA spectra corroborate hydrogen bond-induced quenching in SR-1 (Figures 4d,
4e). In non-protic solvents, such as n-hexane (Figure 4d) and DMSO (Figure S33b),
we did not observe significant peak shifts in the TA spectra of SR-1. The excited
state has a long lifetime, and notable decay starts to appear after >100 picoseconds.
In contrast, the TA spectra of SR-1 in ethanol (polar and protic solvent) exhibit two
excited state absorption (ESA) bands that mainly peaked at ~650 and ~660 nm,
respectively. About 45 ps after the photoexcitation, the first band starts to decay, and
the second band emerges, along with the formation of an isosbestic point at ~703
nm (Figure S33b). This new band exhibits a decay time of ~1.0 ns, which is very
close to the fluorescent lifetime (Table S1). We inferred that the intermolecular
hydrogen bonding interactions between SR-1 and surrounding ethanol molecules
may induce further stabilization of the ICT state to yield a relaxed ICT state (Figures
4e, S34c), leading to the slight shift of the TA spectral peaks. In this relaxed state,

the stimulated emission (SE) band becomes very weak, indicating that the hydrogen
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Fig. 4 (a) Atomic contributions to the HOMO and LUMO of SR-1 and SR-2 calculated based on the optimized So
structure in DMSO. Blue: atomic contribution to HOMO; red: atomic contribution to LUMO. A represents the sum
of the absolute change of atomic contributions of HOMO and LUMO at each hydrogen bond accepting site
(highlighted in blue and red). (b) The relative electronic energy of the S1 potential energy surfaces of SR-1 (left)
and SR-2 (right) as a function of dihedral angle 6. Insets show the chemical structures, the dihedral angle (6), the
energy barrier (AEb) and driving energy (AEq) to enter their corresponding TICT states. All calculations were
performed at the wB97XD/Def2SVP level of theory in DMSO. (c) Proposed mechanism scheme of the SR
fluorophores illustrating the energy barrier to enter the TICT state, as well as the radiative and non-radiative
decay pathway in polar protic solvents; major fluorescence quenching channels include hydrogen bond induced
quenching (HBIQ) and TICT. (d, e) Transition absorption data of SR-1 pumped at 535 nm in n-hexane (d) and
ethanol (e). (f, g) Transition absorption data of SR-2 pumped at 450 nm in n-hexane (f) and ethanol (g). The top
panel: TA contour; the middle panel: species-associated spectra plots; the bottom panel: relative population
profiles of the excited state species.

bond interactions induced vibrations greatly quench the fluorescence. Similar
phenomena were observed in SR-5, which also demonstrates hydrogen bonding
sensitivity (Figures S39, S40). Finally, our analysis shows that SR-1 is not
susceptible to TICT, while the TICT-active SR-2 exhibits distinct TA spectral features.

In n-hexane (apolar solvent, Figure 4f), SR-2 exhibits the locally excited (LE)
emission which is transformed from the Franck-Condon (FC) state via minor
structural relaxation. Within the early time window (< 25 ps), the intensity of the ESA
peak (~530 nm) shows little shifts, and the ESA peak at ~710 nm increases along
with the narrowing of the edge at 725-800 nm. This phenomenon may be caused by

the “cooling” of different vibration states in the excited state. The process from the
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FC state to the LE state is ultrafast, which is beyond the detection limit of our
system.' 4! However, the isosbestic points at ~670 and ~565 nm indicate the
presence and deactivation of the LE state. The fitted decay time of the LE state is
~15 ns, which is consistent with the fluorescence lifetime. In ethanol (Figure 4g), SR-
2 displays two distinct ESA bands at ~560 and 730 nm, accompanied by a minimal
SE signal. This observation aligns with the trend of SR-2 exhibiting low fluorescence
quantum yield in polar solvents. Moreover, the two ESA peaks in ethanol exhibit
noticeable shifts as time extends, strongly indicating the formation of a new excited
state (i.e., from the ICT state to the TICT state, Figures 4c, S36¢). The population
profiles also indicate that the decrease in the ICT species is accompanied by the
increase of the TICT population. Further fitting analysis of the TA spectra suggests
the transformation rate from the ICT state to the TICT state is about 18 ps™'. The ICT
state decays to the ground state with a time constant of ~1.4 ns, while the non-
emissive TICT state decays to the ground state with a time constant of ~500 ps.
Similar patterns were also observed in compounds SR-3 (Figures S37, S38), SR-6
(Figures S41, S42) and SR-7 (Figures S43, S44), further substantiating our
computational predictions of the TICT quenching channels.

3 Conclusion

In this study, we have successfully established detailed molecular design guidelines
for the development of near-infrared (NIR) fluorophores characterized by their
notably compact structure. This was achieved through the strategic attachment of
two electron-donating and two electron-accepting groups to a single benzene ring.
Our approach emphasized the critical role of the positioning of these substituents,
the augmentation of push-pull electronic effects, and the meticulous control of steric
hindrance. These concerted design strategies yielded fluorophores with an emission
spectrum that effectively extends into the NIR region with minimal molecule weight (<
200 g/mol). Notably, these fluorophores demonstrated remarkable environmental
sensitivity, exhibiting intense luminescence in aprotic solvents while undergoing
pronounced quenching in aqueous environments. This unique property was
leveraged to achieve wash-free bioimaging of lipid droplets in live cells. The design
methodology of this research not only provides a blueprint for the molecular
engineering of compact NIR fluorophores but also opens avenues for exploring their

applications in diverse scientific and technological domains.
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