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Harnessing the energy gap law for high NIR-II
quantum yield at the molecular and aggregate
levels

Yi Qin,® Dong Wang *b

*@ and Ben Zhong Tang
Fluorescence imaging in the second near-infrared window (NIR-1l, 1000-1700 nm) has emerged as a
powerful modality in biomedical research over the past decade, attracting broad scientific interest.
Among various NIR-II emissive materials, small organic molecules have garnered particular attention due
to their well-defined chemical structures, tunable photophysical properties and good biocompatibility.
Despite notable progress in this field, most reported NIR-II fluorophores still suffer from low quantum
yields (QYs), a fundamental limitation governed by the energy gap law, which significantly restricts their
performance in advanced bioimaging applications. Overcoming the constraints imposed by this law on
NIR-II QYs thus remains a critical and unresolved challenge. In this Focus Article, we first elucidate the
photophysical origin of low QYs observed in NIR-II small molecules. We then systematically outline
recent strategies aimed at enhancing their emission efficiency, both at the molecular and aggregate
levels. Finally, we provide a forward-looking perspective on promising research directions, with the aim
of stimulating further innovation and effort in this rapidly evolving frontier.

1. Introduction

Fluorescence imaging (FLI) technology has exhibited signifi-
cant value in biomedical and basic research due to its high
sensitivity, capacity for real-time feedback, broad applicability,
and cost-effectiveness.”™ In comparison to imaging in the
visible or first near-infrared (NIR-I) window, fluorescence ima-
ging conducted in the second near-infrared (NIR-II, 1000-
1700 nm) region offers several distinct advantages: (1) a higher
signal-to-background ratio, attributable to reduced tissue
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autofluorescence; (2) greater tissue penetration depth, resulting
from lower scattering and absorption of biological tissues
within the NIR-II region; and (3) minimal photodamage to
healthy tissues on account of the lower energy of long-
wavelength light.>® Furthermore, the relatively small energy
gap between the ground and excited states in NIR-II fluoro-
phores promotes non-radiative decay pathways, thereby
enabling concurrent applications in photoacoustic/photother-
mal imaging through localized heat generation.””® Capitalizing
on these advantages, NIR-II fluorescence imaging has recently
received enormous research interest and a variety of lumines-
cent materials in the NIR-II window, including inorganic
nano-materials and organic molecules, have been prepared
and exhibit widespread applications in theranostics of cancer,
infectious diseases, cardiovascular and cerebrovascular dis-
eases and so on.” !

Among diverse NIR-II emissive materials, small organic
fluorophores operating within this window have garnered con-
siderable scientific interest owing to their well-defined
chemical structures, tunable photophysical properties, favor-
able biocompatibility, low systemic toxicity and straightforward
structural modification."** Pioneering work in this field was
reported by Dai et al. in 2016,"> who demonstrated that a 970-Da
organic molecule CH1055 performed better than the FDA
approved dye ICG in lymphatic imaging, orthotopic glioblastoma
brain tumor imaging and image-guided tumor surgery. Subse-
quently, a variety of structurally distinct NIR-II small molecules,
including “donor-acceptor-donor (D-A-D)” adducts, cyanine-type
dyes, BODIPY/rthodamine derivatives and xanthonoid derivatives,
have been synthesized and applied in phototheranostics.*®° For
instance, Wang et al. developed a “D-A-D” type NIR-II molecule,
DPBTA-DPTQ, with maximum absorption/emission wavelengths
at 806/1120 nm, which exhibited excellent efficacy in multimodal
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imaging-guided tumor ablation.>* Additionally, Cheng and collea-
gues constructed a quinoxaline-based NIR-II molecule FT-TQT,
which combined high fluorescence quantum yield with good
chemical stability and enabled real-time monitoring of tumor-
associated angiogenesis in murine models.**

It should be noted that, despite extensive research on NIR-II
small molecules, the fluorescence quantum yields (QYs) of
currently reported molecules remain notably low (usually less
than 1%), and particularly below 0.01% in the region beyond
1200 nm. According to the energy gap law,>*>* QYs generally
decline as emission wavelength increases, presenting a signifi-
cant challenge for achieving high brightness in the NIR-II
window. Consequently, devising strategies to mitigate the
influence of the energy gap law on quantum efficiency repre-
sents a critical yet unresolved issue in this field. Herein, we will
start with the origin of low QYs of NIR-II small molecules,
followed by a systematic discussion of potential design strate-
gies and future research directions aimed at enhancing their
luminescent performance.

2. The origin of low quantum yields of
NIR-1l small molecules

The fluorescence quantum yield (@p;) was defined as the ratio
of the number of fluorescent photons emitted by a fluorescent
substance to the number of absorbed excitation light photons,
which was used to determine the luminous efficiency of fluor-
ophores. Due to the inclusion of both radiative and non-
radiative transitions in the decay process of excited-state mole-
cules, ®p;, could be also expressed as

K:

Ppp =——1
UK+ Ko

K, is the radiative decay rate and K,, is the non-radiative
decay rate.

According to the wave functions reported by Siebrand and
Weng et al.,***” K, and K, could be simplified to

477
RV T

K, (AE)?

K, oc oexp(—pAE)

where J is the electronic transition dipole moment matrix
element under the Condon approximation; « is the parameter
which represents the electronic coupling part; and f is the
decay factor, which is relative to the molecular vibrational
coupling strength S (f oc InS™1).

As the emission wavelength (A) increases, the corresponding
energy gap (AE = hc/4) narrows. According to the above equa-
tions, K, decreases sharply with decreasing AE, whereas K,
rises exponentially as AE diminishes. Furthermore, organic
molecules typically exhibit larger vibrational coupling con-
stants (i.e., smaller f§ values) compared to the inorganic nano-
materials, primarily due to the high-frequency vibrations of
C-H bonds,?® which further elevate K,. Consequently, the

This journal is © The Royal Society of Chemistry 2026
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photoluminescence ®p; decreases markedly with increasing
emission wavelength, particularly in the NIR-II region, a trend
fundamentally explained by the energy gap law. Extending this
framework, Caram et al. developed the energy gap law quantum
yield master equation (EQME) to quantitatively describe these
effects and predicted a consistent upper limit for achievable
quantum yields in the NIR-II window, which indicated the
precipitous falloff of QY around 900 nm and the QY beyond
1200 nm is extremely low (Fig. 1).*°

It should be noted that K, and K,,, were not isolated, and they
have shown inherent interactions. In 1981, Siebrand et al
proposed the electronic transition propensity rule to illustrate
the inherent interactions between K, and K,,,.>® This rule states
that, for a series of structurally similar molecules or the same
molecule under comparable external conditions (the molecules
have weak electron-phonon coupling and larger f, especially
for structurally symmetrical and rigid dyes), when the radiative
decay rate increases, the competing non-radiative decay rate
increases correspondingly. In other words, for a given molecu-
lar electronic state, the contribution of the electronic coupling
matrix elements to the radiation and non-radiation rate con-
stants maintains a fixed proportion. Therefore, suppressing the
vibrational coupling contribution to non-radiative decay seems
to be the sole method to enhance the fluorescence quantum
yields. Notably, even though the electronic transition propen-
sity rule is not universally applicable to all NIR-II molecules
owing to their large electron-phonon coupling and strong
intramolecular D-A strength, it still provides indicative signifi-
cance, and thereby suppressing the intramolecular vibrational
coupling is crucial for improving NIR-II QY.

On the other hand, for common NIR-II small molecules in
the isolated state, suppressing the vibrational coupling is
actually an effective method to elevate the QYs at the molecular

Aem,max (nm)
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Fig. 1 The predicted consistent upper bounds for NIR-II QY by Caram
etal®
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level. Owing to the conjugated structures and the existence of
multiple aromatic rings, NIR-II small molecules generally dis-
play poor solubility in water or PBS, which leads to the
aggregation of NIR-II fluorophores in these media. Even some
water-soluble groups such as zwitterions and PEG could be
decorated into the fluorophores, the resulted NIR-II com-
pounds prefer to assemble into nanoparticles (such as micelles
and vesicles) in water,”® originating from the extremely hydro-
phobic properties of fluorophore cores. Therefore, the aggrega-
tion of the NIR-II fluorophores seems inevitable under current
circumstances. Compared to the fluorescence quantum yields
in the dispersed state, the aggregated fluorescence quantum
yields are more important parameters for biomedical applica-
tions. Thus, in addition to the intramolecular vibrational
coupling, the intermolecular excitonic coupling also plays a
vital part in the fluorescence quantum yields of NIR-II
aggregates.’*? Moreover, in the aggregated state, the electro-
nic coupling part is also nonnegligible, which directly deter-
mines K,.*>* In a word, aggregate science may offer a new
perspective for mitigating the energy gap law effect on the
quantum yield in the NIR-II window. The following are some
examples which attempt to boost NIR-II QYs at the molecular
and aggregate levels.

3. Possible strategies

3.1. Boosting QY at the molecular level (suppressing the
intramolecular vibrational coupling)

3.1.1. Deuteration. NIR-II organic molecules usually con-
tain a large amount of C-H/N-H bonds with the fundamental
frequency vibration energy of about 3000 cm '. When the
emission reaches the NIR-II region, the electronic energy gap
for 1000 nm and 1100 nm photons is 10000 cm ' and
9091 cm !, respectively, which is very close to the energy of
second overtone (n = 3) of high-frequency C-H/N-H vibrations.
The above situation endows the ease of consuming the excited
state energy by coupling multiple high-frequency vibrations,
which significantly accelerates non-radiative decay. Compared
to C-H/N-H bonds, C-D (deuterium) bonds show markedly
decreased vibration energy (2100 cm ™) resulting from the larger
atomic number of deuterium, thus leading to the decreased K,.
In 2024, Tang and Zhao et al. reported a deuterated NIR-II
molecule NDA-PDTPE with enhanced QY (Fig. 2a).>* Through
replacing the ten hydrogens in tetraphenylethylene (TPE) rotors
with deuterium, NDA-PDTPE with 20 deuterium atoms was
prepared and exhibited a lower Ky, (5.4 x 10® s') compared to
the non-deuterated molecule NDA-PTPE (5.8 x 10° s~ ') and the
QY of NDA-PDTPE was hence improved from 5.94% to 6.23% in
toluene. Notably, the fabricated NDA-PDTPE nanoparticles (NPs)
exhibited an emission maximum at 1000 nm and a higher QY
than NDA-PTPE NPs. The large emission redshift of NDA-PDTPE
NPs compared to NDA-PDTPE in toluene solution was probably
due to the strong m-m interactions between central naphthali-
mide acceptors.®®> Even though the QY increased only slightly,
probably due to the existence of a large number of
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Fig. 2 The chemical structures of typical NIR-II molecules with high QY at the molecular level, and the absorption/emission and QYs of these
molecules. (a) Relative QY in toluene using ICG (13%) as a reference; (b) relative QY in CH,Cl, using IR-1061 (0.59%) as a reference; (c) absolute QY in
CH,Cl,; (d) absolute QY in toluene.

non-deuterated atoms, this research affords us a general strategy
to improve QY in the NIR-II window.

3.1.2. Annulation. According to the Marcus theory,*® the
vibration-coupled mediated internal conversion process, gov-
erned from high-frequency C-H vibrations,?” was highly depen-
dent on reorganization energy. As reorganization energy
decreased, the internal conversion rates decrease rapidly.
Therefore, decreasing the reorganization energy may be a
feasible method to improve NIR-II QY. In 2025, Chan, Hsu
and Huang et al. synthesized a series of 34 n-electron annulated
porphyrinoids with pseudo-2D molecular frameworks.*® All the
molecules show emission maximum at >1200 nm with a very
small Stokes shift (<11 nm). Notably, the annulated structures
of the four molecules, including S2F-2H', increase the =n
electron delocalization and structural rigidity,*® leading to
minor structural changes in the transition, including the bond
length and bond angle change and conformation change of the
whole molecules. The smaller structural changes of the four
molecules were responsible for their smaller reorganization
energy, compared to the 1D linear analogues. Therefore, all
four molecules displayed high QY (>1%) in CH,Cl,, which was
much higher than that of the previously reported NIR-II mole-
cules with emission beyond 1200 nm. The molecule S2F-2H"
with the minimum reorganization energy (10.5 meV) exhibited
the highest QY of 6.14% (Fig. 2b), which showed bright imaging
of vasculature structures. This work provides a novel paradigm
for achieving ultrabright NIR-II fluorophores through annula-
tion, particularly in the wavelength region beyond 1200 nm.

3.1.3. Rigidification. In addition to the high-frequency
C-H/N-H vibrations, the motion of the molecular backbone
in the excited state, particularly the fluorophores with flexible
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S2F-2H*
1234/1235 nm, 6.14%"

TSEH
698/1050 nm 5.27%°

backbones, could also consume plenty of excited energy for
generating heat, which remarkably contributes to non-radiative
decay. Thus, the fluorophores with large and rigid backbones
may weaken the excited state molecular motion and principally
improve NIR-II QY at the molecular level. However, the rigid
molecules with large m conjugation usually face the severe
drawbacks of aggregation-caused quenching (ACQ) effect,
which needs overall consideration. In 2025, Wu et al. reported
a series of CN-terminated dicyclopentadiene-fused rylenes.*
When three perylene units were embedded (Fig. 2¢), the mole-
cule was denoted as HR-CN, and its absorption/emission
maximum was centered at 975/982 nm. The rigid rylene back-
bone not only endows HR-CN, with large molar absorption
coefficient (8 x 10* M~ cm™'), but also decreases the excited
state molecular motion, causing the ultrahigh absolute QY of
9% in CH,Cl,. Notably, the bulky tert-butyl benzene groups
attached to the cyclopentadiene rings, formatted by sp® carbon
atom fusion at bay positions of perylene units, block the
intermolecular aggregation of large n rylenes and are beneficial
to the bright emission in solution. On the other hand, the
electron-withdrawing CN groups increase the molecular donor-
acceptor strength and improve its stability. In addition, dipole-
dipole interactions between CN groups and pericarbons facil-
itate the formation of one-dimensional linear assembly (most
like J aggregates), which was also accountable for its high QY.
In a word, this study inspires the employment of rigid back-
bones for NIR-II fluorophores with high brightness.

3.1.4. Noncovalent locking. Although employing fused ring
systems as the backbone is an effective method to enhance
molecular rigidity, it typically requires complex synthetic pro-
cedures. Intramolecular noncovalent interactions provide

This journal is © The Royal Society of Chemistry 2026
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another way to address the above issue. Through the introduc-
tion of intramolecular electrostatic locking by alkylthio side
chains, an improved QY of the TSEH molecule, compared to its
analogue TEH with alky side chains, was realized by Tang et al.
in 2024."" As shown in Fig. 2d, the carbon atoms on the alkyl
side chains of the thiophene bridge were replaced with sulfur
atoms in TSEH. Owing to the larger atom radius and low
electronegativity of sulfur (electronegativity: S, 2.58; C, 2.55;
O, 3.44), the sulphur atoms on the side chain of the thiophene
bridge unit show positive charge (+0.24¢) and the nitrogen
atoms on the benzobisthiadiazole (BBTD) unit show negative
charge (—0.66e). Thus, two electrostatic locks between the
thiophene bridge and BBTD units were formed. Combining
with the other two electrostatic locks from the sulphur atoms
on thiophene rings (+0.5¢) and nitrogen atoms on BBTD unit
(—0.66€), the molecular motion (including rotation of C-C bond
and intramolecular vibrations) of the conjugated backbone was
significantly suppressed, leading to reduced non-radiative
decay. Owing to the dominance of internal conversion rate
(ki) in non-radiative decay rate of NIR-II molecules, the k;. of
TEH and TSEH were also calculated. The results indicated that
TSEH (5.56 x 10% s7") displayed a value one order of magnitude
lower than that of TEH (4.67 x 10° s~ ') through inhibiting the
distortion of central BBTD units, which is consistent with the
higher QY of TSEH compared to TEH. Notably, the enhanced
backbone rigidity not only gives TSEH high QY, but also affords
increased molar absorption coefficient due to the smaller
skeleton distortion (1.67 x 10* and 1.30 x 10* M~ " em ™" for
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TSEH and TEH, respectively). Consequently, TSEH displays an
absolute QY of 5.27% in toluene and relative QY of 1.22% in
NPs, which was much higher than TEH in their counterparts.

3.2. Boosting QY at the aggregate level (tuning the
intermolecular excitonic coupling)

3.2.1. Long terminal alkyl chains. When two or more
chromophores are brought into close proximity in space, inter-
actions occur between their electron clouds. The exciton (elec-
tron-hole pair) generated upon excitation of one molecule is no
longer confined to that single molecule but can delocalize onto
adjacent molecules, which is called exciton coupling. For NIR-II
molecules with coplanar conformation and large © conjugation,
the fluorophores may aggregate severely in water or in the solid
state. The intensive intermolecular excitonic coupling in the
aggregated state, such as H aggregates, could promote non-
radiative decay and cause serious decline of QY.*! Therefore,
increasing the spatial isolation of fluorophores to decrease
their intermolecular interactions may be a feasible method to
reduce the detrimental intermolecular excitonic coupling.

In 2025, Tang, Wang and Zhang et al reported a high-
luminance NIR-II molecule AOTTIT with aggregation-induced
emission (AIE) properties (Fig. 3a)."> AOTTIT employs strong
electron-deficient s-indacene-1,3,5,7(2H,6H)-tetraone as elec-
tron acceptors and thiophene-substituted triphenylamine as
electron donors, and the peripheral triphenylamine units were
decorated with four long branched alkyl chains. Notably, the
long terminal alkyl chains were beneficial for the spatial

TPE-BBT NPs
~670/950 nm, 3.15%"

F127

THPP micelle (J aggregates)
970/990 nm, 0.6%°

TPA-TBT@PS

700/950 nm. 8.8%¢ Restricted rotation
~ , 0.0/

Fig. 3 A schematic representation of boosted QY at the aggregate level. (a) Absolute QY in NPs; (b) relative QY in NPs using IR26 (0.05%) as a reference;

(c) relative QY in NPs using IR26 (0.05%) as a reference; (d) absolute QY in
American Chemical Society, respectively.

This journal is © The Royal Society of Chemistry 2026

NPs. Reproduced from ref. 45 and 46 with permission from Wiley-VCH and
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isolation of the central coplanar fluorophores and weakening
the intermolecular excitonic coupling. Therefore, AOTTIT NPs
displayed a main absorption/emission peak at about 600/
900 nm with a high absolute QY of 4.8%, which was much
higher than that of its analogue TTIT without alkyl chains. It
should be noted that, even though TTIT shows a relatively high
QY (2.8%) in THF solution, its emission was seriously
quenched in the aggregated state (ACQ molecule), further
suggesting the importance of long alkyl chains in improving
the aggregated QY. This research affords us some new thoughts
for designing high-luminance NIR-II molecules by alkyl chain
engineering.

3.2.2. Introduction of TPE rotors. For “D-A-D” type NIR-II
molecules, the twisted intramolecular charge transfer (TICT)
effect was nonnegligible for their low QY in aqueous solution.
TICT is an electron transfer process in “D-A” molecules linked
by a single bond. Upon photoexcitation, the molecules undergo
intramolecular rotation, which twists their conformation and
diminishes orbital overlap. In nonpolar solvents, the molecules
adopt a coplanar conformation with a sharp emission spec-
trum. In polar solvents, particularly water, the TICT state forms
and the molecules show broad and shifted emission with
weakened intensity, originating from the varying twist angles
of individual luminogens, elevated HOMO levels and the
susceptibility of the TICT state to various nonradiative quench-
ing processes. Typically, in NIR-II molecules, BBTD was
employed as the electron acceptor and triphenylamine, thio-
phene and dioxy thiophene were used as the electron donors.
When excited in a polar solvent such as water, the electron
acceptor and donor of NIR-II molecules will rotate around the
single bond and a new TICT state with lower energy was formed
to stabilize its large dipole moment, leading to the decreased QY
and increased non-radiative decay. In general, the stronger D-A
interaction will contribute to an enhanced TICT effect. Therefore,
fine-tuning the molecular D-A interaction was important for
improving QY. In 2022, Tang and Zhang et al. reported an
ultrabright NIR-II AIEgen TPE-BBT by employing TPE groups as
electron donors (Fig. 3b).** The decoration of TPE on the fluor-
ophore skeleton shows some important roles: (1) TPE displayed
weaker electron donating ability compared to triphenylamine,
which was beneficial for mitigation of the TICT effect. (2) Stronger
intermolecular interactions were observed in the crystals of TPA-
BBT compared to its analogue TPA-BBT with triphenylamine as
electron donors, leading to the enhanced restriction of intra-
molecular motion (RIM) effect; (3) in addition, the noncovalent
interactions between TPE and aromatic rings could affect the
orientation of the fluorophore, thus reducing the detrimental
intermolecular excitonic coupling. Consequently, TPE-BBT crys-
tals exhibited the highest absolute QY of 10.4% so far, and a quite
high absolute QY of 1.8% in water was also observed for TPE-BBT
NPs. The ultrahigh QY of TPE-BBT enhances its performance in
NIR-II photoluminescence and chemiluminescence bioimaging,
which brings new possibilities for constructing bright NIR-II
molecules through introduction of TPE rotors.

3.2.3. J-aggregates. J-aggregation is another important
aggregation mode with intensive intermolecular excitonic
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coupling. The dyes in J aggregates were aligned in head to tail
with a decreased excited energy. The above feature endows J-
aggregates with an enlarged molar extinction coefficient,
extended absorption and emission wavelength and improved
QY. Thus, the induction of formation of ] aggregates is a
credible method to mitigate the energy gap law effect on NIR-
II QY, and many dyes such as BODIPY, naphthalene diimide
and cyanine derivatives were employed to fabricate NIR-II
aggregates.*” In 2021, Zhang and Fan developed a dibodipy-
based NIR-II molecule THPP with typical J-aggregation char-
acteristic (Fig. 3c).*> The absorption/emission of THPP in THF
was located at 900/932nm with a molar extinction coefficient (&)
of 2.0 x 10° M~' em™" and a QY of 0.07%. Notably, the whole
planar conformation of THPP was favorable for ordered pack-
ing in the aggregated state. When dispersed in a mixture of
THF/H,0 = 1:9, the absorption/emission of THPP redshifted to
980/1006 nm, the molar extinction coefficient increased to
2.2 x 10° M em™', and the QY dramatically raised to
>3.5%, strongly supporting the formation of ] aggregates.
The absolute brightness (¢ x @®p;) was determined to be
>7700 in THF/H,O = 1:9, which was extremely high for NIR-
II fluorophores. Furthermore, THPP was encapsulated in
amphiphilic carriers F127 (PEO;0p-PPOg5-PEO;¢o) to form
micelles. The absorption/emission of the THPP micelle was
centered at 970/990 nm with ¢ of 2.4 x 10° M~ em™ " and QY of
0.6%, further demonstrating J aggregate formation in micelles.
The absolute brightness of the THPP micelle was 1440, which
was still a rather high value. In brief, this research inspires us
to design the NIR-II probe with both a large molar extinction
coefficient and a high QY by J-aggregates.

3.2.4. Rigid polymer carriers. Owing to the large hydro-
phobicity, NIR-II molecules were generally entrapped in car-
riers to improve their water solubility and stability. Hence, the
carriers, such as amphiphilic polymers, have a significant
influence on QY of the resulted nanoprobes. In 2024, an
ultrabright nanoprobe TPA-TBT@PS was reported by Hu and
Tian et al. by using the rigid polystyrene (PS) as carriers
(Fig. 3d).*® The rigid polymer backbone of PS almost completely
suppressed the molecular motion of TPA-TBT, thus reducing
the non-radiative decay. In addition, the existence of many
aromatic rings in PS may also induce partial spatial isolation of
fluorophores, causing the decreased intermolecular excitonic
coupling. On the other hand, a powerful hydrophobic core
could be formed due to the highly hydrophobicity of PS, which
was beneficial for shielding water molecules and thereby miti-
gating the TICT effect, particularly for TPA-TBT with a typical
twisted D-A-D structure. The above features give rise to the
high absolute QY of 8.82% for TPA-TBT@PS in water, which
was two times that of its counterpart with DSPE as carrier
(4.25%). Apart from PS, the polymer with a similar rigid back-
bone, such as poly(a-methyl styrene), and some water-soluble
supramolecular macrocycles with typical cavities and rigid
structures (such as pillararene and cucurbituril) might also be
used as carriers for elevating the QY of NIR-II molecules. In a
word, this work presents a novel avenue to maximize the QY of
the nanoprobe by optimizing the polymer carriers.

This journal is © The Royal Society of Chemistry 2026
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3.3. Synergistic effect

Notably, the QY at the molecular and aggregate level could be
simultaneously improved by a single strategy, leading to a syner-
gistic effect. In 2025, Zhao et al. reported a high-brightness NIR-II
nanoprobe via hierarchical confinements.*” Through methyl sub-
stitution at the ortho-position of benzene rings in triphenylamine,
B-ToMeT was obtained (Fig. 4). Notably, methyl substitution not
only restricts the free rotation of triphenylamine, leading to
suppressed intramolecular vibrational coupling, but also could
regulate the packing mode to form a mortise-and-tenon joint in
aggregates, which results in further enhanced rigidity of the
molecular surroundings (RIM effect) and reduced detrimental
intermolecular excitonic coupling. In addition, B-ToMeT nano-
crystals were readily formulated using microfluidics technology
due to their distinctive packing arrangement. The above features
afford B-ToMeT both higher QY in THF solution (0.393%),
nanocrystals (2.82%) and crystals (9.7%) than its counterpart
B-DpMeT without methyl substitution (0.066%, 1.02% and 4.3%
in THF, NPs and crystals, respectively), which inspires us to design
high-luminescence efficiency NIR-II materials through synergistic
intramolecular and intermolecular effects.

4. Conclusions

Significant progress has been made in the development of NIR-
II-emissive small molecules, which continue to attract consid-
erable research interest in chemistry and materials science. The
successful preparation and application of these molecules have
substantially advanced in vivo bioimaging and demonstrate
promising potential for clinical translation. However, the
intrinsically low fluorescence QYs of NIR-II molecules, gov-
erned by the energy gap law, can compromise imaging perfor-
mance and ultimately hamper their practical applications.

This journal is © The Royal Society of Chemistry 2026

Therefore, circumventing the limitations imposed by the
energy gap law to construct ultrabright NIR-II nanoprobes
(typically with QY >5%) remains a crucial and persistent
challenge.

In recent years, several innovative strategies have been
proposed to enhance NIR-II QY at both the molecular and
aggregate levels. On the molecular level, where vibrational
coupling dominates non-radiative decay, approaches such as
deuteration, annulation, rigidification and noncovalent locking
have been employed to suppress intramolecular vibrational
coupling and thereby improve the intrinsic molecular QY. On
the aggregate level, modulation of intermolecular excitonic
coupling, through suppression of detrimental interactions
(e.g., via long alkyl chain engineering) or promotion of favor-
able packing (e.g., J-aggregation), can effectively enhance emis-
sion in the solid or aggregated state. Notably, integrated
molecular design strategies that simultaneously boost molecu-
lar and aggregate QYs offer a promising direction for future
material development. Despite the considerable achievements,
NIR-II molecules exhibiting QYs exceeding 5% remain scarce,
particularly in aggregated forms.

Moving forward, several key considerations should guide the
design of high-brightness NIR-II materials. First, suppressing
high-frequency C-H/N-H vibrations remains essential. Strate-
gies such as deuteration and fluorination can enhance QY
without significantly altering absorption/emission. Fluorina-
tion is particularly noteworthy, as it not only reduces vibra-
tional energy loss (C-F vibration ~ 1100 cm™") but also
diminishes aqueous quenching by weakening interactions with
water molecules.

Second, molecular packing should be tailored through
rational molecular design and aggregation state regulation.
Ordered arrangements such as J-aggregates and interlocked
“mortise-and-tenon” architectures can restrict molecular
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motion and reduce detrimental exciton coupling. What’s more,
a holistic design approach is necessary to concurrently opti-
mize both molecular and aggregated QYs. For example, under
some circumstances, the planar backbones for higher QYs at
the molecular level may lead to detrimental intermolecular
stacking, thus reducing the aggregated QYs. Therefore, the
molecular structure design and aggregation state regulation
are complementary and the antagonistic effects should be
avoided.*® Furthermore, since the brightness of fluorophores
are defined as the product of molar absorption coefficient and
quantum yield, improving the molar absorption coefficients of
NIR-II molecules are also crucial for higher brightness.*™"
Such efforts will require meticulous molecular engineering and
systematic optimization. In summary, continued innovation in
molecular design and aggregation control is crucial to over-
coming the low QY bottleneck in NIR-II small molecules.
Advances in this direction will accelerate the translation of
NIR-II fluorescence imaging into broader biomedical and clin-
ical practice.
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