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Partial genetically encoded 4-hy-

droxybenzylidene-imidazolinone

(HBI)-type chromophores are new

promising fluorescent probes,

which are suitable for imaging

and detection of living cells. How-

ever, the lack of infrared chro-

mophores hinders the develop-

ment seriously. Here more than 30

HBI-type chromophores with reg-

ular structure modifications were employed and typical spectral redshift change laws and

mechanisms were investigated by quantum methods. Results show that both one-photon

spectrum (OPS, absorption/emission) and two-photon absorption (TPA) can achieve large

redshift via either extending conjugated lengths of frag-3 or enlarging conjugated areas of frag-

1 of HBI skeleton. Spectral redshifts of all chromophores are highly related to intramolecular

charge transfer (ICT), but neutral ones are closely related to the total ICT or electron-accept-

ing-numbers of frag-3, and the high correlative factor of anions is the aromaticity of frag-2

bridge. The frag-2 bridge with high aromaticity can open a reverse charge transfer channel in
anion relative to neutral, obtaining significant redshift. Based on analysis, a new 6-hydroxyl-

naphthalene-imidazolinone (HNI) series, which have larger conjugated area in frag-1, are pre-

dicted. The OPS and TPA of anionic HNI ones acquire about 76−96 nm and 119−146 nm red-

shift relative to traditional HBI series respectively as a whole. The longest emission of anionic

HNI-4 realizes more 244 nm redshift relative to HBI-1. Our work clarifies worthy spectral reg-

ularities and redshift mechanisms of HBI-type chromophores and provides valuable design

strategy for infrared chromophores synthesis in experiment.

Key words: Intramolecular charge transfer, Near-infrared fluorescent chromophore, 4-Hy-

droxybenzylidene-imidazolinone, One-photon spectrum, Two-photon absorption

 I.  INTRODUCTION

Near-infrared (NIR) fluorescence imaging is a power-

ful technology in the imaging of proteins, cells, and tu-

mors, because it has the advantages of deep tissue-pene-

tration, high signal-to-noise ratio and high spatial-tem-

poral resolution [1−4]. The key driving force of NIR flu-

orescence imaging technology is the development of

NIR fluorescent probes. The often-used NIR fluores-

cent probes, such as BODIPY, cyanine dyes, rho-
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damine, are exogenous fluorescent probes, and poor bio-

compatibility is their common weakness [5−10]. En-

dogenous probes, such as genetically encoded fluores-

cent protein (FP), are expected for their special build-in

advantages. However, the development of NIR FP

probes is still not satisfactory for various reasons

[11−13].
Recently, chromophores in the middle of FPs have

attracted world-wide attention. 4-Hydroxybenzylidene-

imidazolinone (HBI) (FIG. 1, HBI-1), the chromophore

of green fluorescent protein (GFP), has been commonly

shared as the central skeleton of chromophores in most

newly developed FPs [13−17]. Conventional wisdom

holds that HBI analogue chromophores cannot emit flu-

orescence independent of their protein cavity. The rea-

son is that the rapid nonradiative decay via the twist of

unsupported molecular skeleton will lead to the fluores-

cent quenching. However, recently a number of solu-

tions have emerged to isolate chromophores and turn on

their fluorescence. For instance, HBI analogues become

highly fluorescent after being chemically locked, substi-

tuted by various hosts or limited by scaffold rotation

[18−23]. Its fluorescence also can be turned on in high

viscosity environment via suppressing the twisting non-

radiative decay [24−30]. Thus, they could serve as good

fluorescent probes to monitor or report protein aggre-

gates because of the high viscosity of protein environ-

ment. Although some artificial HBI-type chromophores

were chemically synthesized in Zhang’s work for in-

stance [25], all of them retain the main skeleton of HBI.
Experiments also show that they seem more suitable for

detection in living cells than traditional chemical

probes. That is the reason why they are called partially

encoded chromophores. Compared with FPs, they can

better distinguish between misfolded oligomers and in-

soluble aggregates in complex cells [25]. However, up to
now, the design of HBI-type probes with NIR fluores-

cence is still in progress. Designing HBI-type chro-

mophores with longer wavelengths can be inspired by

their parent FPs. Large numbers of colorful FPs are ob-

tained by mutating the amino acids surrounding the

HBI chromophore in the center of the barrel-like pro-

tein. Another strategy that allows the excitation wave-

lengths of fluorophores to rapidly enter the IR region is
the two-photon absorption (TPA) [31, 32]. In the

present work, a series of HBI-type chromophores with

regular modifications are employed and their structure-

spectral properties, both one-photon spectrum (OPS)

and TPA, are investigated systematically. High correla-

tion factors between spectral redshifts and typical in-

tramolecular charge transfer (ICT) parameters of neu-

tral chromophores and anionic chromophores are ex-

plored. Based on those guidances, a new series of HBI-

type chromophores with large redshift relative to HBI

are predicted in the end.

 II.  MODELS, THEORY AND METHODOLOGY

 A.  HBI/HQI analogue structure models

FIG. 1 demonstrates two series of chromophores

from homologous proteins with regular spectral proper-

ties, these chromophores in each row have the same

molecular skeleton, except  the right terminal side

chains (blue, frag-3). The difference between the two se-
ries is the left conjugated ring, HBI series with phenol

ring and 8-hydroxyquinoline-imidazolinone (HQI) se-

ries with 8-hydroxyquinoline ring, and they are labeled

as HBI-X or HQI-X (X = 1−5) respectively. For HBI se-
ries, by replacing the NH2 group of sfGFP’s chro-

mophores (HBI-1) with dihydrooxazole ring (mOFP,

HBI-2) or C=O group (asFP, HBI-3), the origin pro-

tein’s one-photon spectra are significantly red-shifted

by adding one double-bond to the frag-3 [14−16]. The

substituents of HBI-4 and HBI-5 are N-ethylidenefor-

mamide group and oxazolone group, both of which pos-

sess two double bonds and achieve stronger spectral red
shifts in their original FPs, eqFP (HBI-4) and PSmOFP

(HBI-5) [13, 17]. The HQI series chromophores are ob-

tained by substituting the phenol ring of HBI-X with an

8-hydroxyquinoline group, and about 30 nm red-shift

occurs between their original FPs [33]. It is noted that

HQI-3 and HQI-5 are theoretical supplements here, and

have not been reported in experiment. Additionally, all

the reported HBI-type FPs have two forms in experi-

ment, neutral form and anionic form [34]. The latter is
obtained by deprotonating the hydroxyl group of phe-

nol ring or 8-hydroxyquinoline ring, and then the inte-

gral molecule is negatively charged. Since the experi-

mental spectra are mixtures of two forms, both neutral

and anionic forms of all the HBI and HQI chro-

mophores will be investigated here, with the total num-

ber of molecules up to 20. For convenience of descrip-

tion, each chromophore in FIG. 1 is divided into three

parts, fragment 1 (frag-1, red colored), fragment 2 (frag-

2, black colored) and fragment 3 (frag-3, blue colored).
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 B.  Quantum methods for OPS and TPA calculations

ω

Both one-photon spectra (OPS) and two-photon ab-

sorption (TPA) of all chromophores (neutral and anion-

ic) are calculated using quantum methods. Compared

with demanding high-precision methods, such as couple-

cluster (CC) and multi-reference methods, TDDFT

with proper functionals is a good choice to balance the

efficiency and accuracy in excited energy calculations

when the number of molecules is large. However, the in-

born defect of TDDFT determines its results depending

on functionals significantly. The traditional B3LYP

functional cannot successfully deal with the excited

states of molecules with long-range charge-transfer

(CT), Rydberg excitation, and high conjugated/delo-

calization [35−37]. Some meta-GGA functionals, such as

CAM-B3LYP, ω-B97XD with the long-range Hartree-

Fock (HF) correlation correction or/and dispersion ef-
fects, have been proven to perform well in many HBI

analogues’ spectra simulations [38−40]. Both the CAM-

B3LYP and -B97XD functionals were employed to

calculate the vertical absorption and emission spectra of

chromophores and results (FIG. S1 in Supplementary

materials (SM)) show that both of them can arrive at a
good consistency between theoretical spectral regulari-

ty and experiments.
Compared with OPS, calculation of TPA cross sec-

tion is more difficult and expensive. Studies have shown

CC2 method is a reliable methodology for TPA cross

section calculations for FPs’  chromophores, as well as

for other small- and medium-sized organic molecules

[41−44]. The disadvantage of CC2 is expensive and not

suitable for computations of a large number of systems.

Grabarek et  al. assessed one- and two-photon absorp-

tion properties of neutral and anionic fluorescent pro-

teins chromophores simulated by TDDFT with differ-

ent functionals, and suggested that TDDFT/CAM-

B3LYP with aug-cc-pVDZ, rather than other methods,

can well reproduce results of CC2 in the TPA cross sec-
tion simulations [39]. In order to unify the calculation

functionals, CAM-B3LYP/aug-cc-pVDZ method was

employed to calculate TPA of all chromophores with

Dalton2016 package [45]. Geometry optimizations, OPS

(vertical absorption and emission), Mulliken popula-

tion analysis for each chromophore was obtained with

CAM-B3LYP/6-311G(d,p) on Gaussian16 package [46].

 C.  Intramolecular charge transfer performance analysis

Interfragment charge transfer (IFCT) method is a

method to analyze net electron transfer between differ-

ent fragments of system during excitation based on ex-

cited state wavefunction, here Multiwfn package were

employed to analyze fragment−fragment charge trans-

fer of chromophores. In IFCT, the interfragment charge

transfer matrix (Q) from one fragment of molecule

(electron donor, labeled as R) to another fragment of

system (electron acceptor, labeled as S) during the exci-

tation is defined as, 

QR,S = ΘR,holeΘS,elec

ΘR,hole ΘS,elecWhere,  and  denote hole contribution of

fragment R and electron contribution of fragment S

during excitation, respectively. Then, the net electron

transferred from fragments S to fragment R is 

 

FIG.  1   Two series of HBI-type chromophores: 4-hydroxybenzylidene-imidazolinone (HBI) series (top row) and 8-hydrox-
yquinoline-imidazolinone (HQI) series (bottom row). The invariant parts of structure are colored in black (labeled as frag-
2),  variant  parts  are  colored  in  red  (labeled  as  frag-1)  and  blue  (labeled  as  frag-3,)  respectively. Experimental
absorption/emission wavelengths (nm) of their original fluorescent proteins are provided in parentheses. It is noted that the
HQI-3 and HQI-5 chromophores have no corresponding fluorescent proteins. Experimental references can be found in Sup-
plementary materials (SM).
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PS,R = QS,R −QR,S

In this work, IFCT analysis based on both S0→S1 ex-

citation (corresponding to absorption) and S1→S0 exci-

tation (corresponding to emission) were performed on

Multiwfn 3.8 package [47, 48].

 III.  RESULTS AND DISCUSSIONS

 A.  One-photon spectra and two-photon absorption

Sabs Sem STPA σTPA

Aiming to focus on the spectral red shifts, the verti-

cal absorption spectral wavelength of neutral HBI-1 is
used as references (set it to zero). The one-photon ab-

sorption, one-photon emission and two-photon absorp-

tion of all other chromophores, both their neutral and

anionic forms, are obtained by taking the red shift rela-

tive to absorption of neutral HBI-1. Here, the one-pho-

ton absorption, one-photon emission, two-photon ab-

sorption, and two-photon absorption cross section are

labeled as , , , and  respectively. The

experimental reference value is the absorption wave-

length of the superfolder green fluorescent protein

Sabs Sem STPA

Sem
Sabs

Sabs

(sfGFP), which is a mixture of neutral and anionic FPs.
All the spectral shift patterns, as well as their compar-

isons with experiments, are plotted in FIG. 2 (the de-

tailed data can be found in Tables S1−S3 in SM). As

seen, , , and  of both neutral and anionic

chromophores increase with the numbers of frag-3’s

double-bond in each series, which is consistent well with

experiment. Generally, chromophores with the two dou-

ble bonds in right terminal groups, such as HBI-4/HBI-

5 or HQI-4/HQI-5, present the largest red shifts, and

those with single double bond modifications, such as

HBI-2/HBI-3 or HQI-2/HQI-3, present a slightly small-

er red shift. The substitution of phenol ring (HBI series)
by 8-hydroxyquinoline group (HQI series) leads to red
shifts overall in both absorption and emission. All these

spectral regularities are in good agreement with the ex-

periment. Results further suggest that the red shift de-

gree of  from HBI-1 (HQI-1) to HBI-4/HBI-5 (HQI-

4/HQI-5) is bigger than that of  in the same series
of like charges. The red shift degree in series of negative

charges (anionic series) is bigger than that in neutral se-
ries. For instance,  of HBI-4/HBI-5 are 58/60 nm

 

σTPA

FIG.  2   One-photon spectra (OPS) and two-photon absorption (TPA) spectral patterns of all chromophores in both neu-
tral and anionic forms. The reference wavelengths for theory and experiment are the absorption of neutral HBI-1 and ab-
sorption of sfGFP respectively. (A), (B), (C), (G) are one-photon absorption (Sabs), one-photon emission (Sem), two-pho-
ton absorption (STPA) and two-photon absorption cross section ( ) of neutral chromophores in HBI series and HQI se-
ries, respectively. (D), (E), (F), (H) show the  anionic ones. Numbers of horizontal ordinates represent the X of HBI-X and
HQI-X.
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Sabs

Sem

Sem

Sabs

Sabs

Sabs
Sem Sem

(neutral) and 94/116 nm (anionic), and the experimen-

tal data are 107/151 nm. The increases of  from

HQI-1 to HQI-4/HQI-5 are 59/60 nm (neutral) and

87/109 nm (anionic), close to 85 nm in experiment. The

 of HBI-4/HBI-5 are 72/125 nm (neutral) and

98/120 nm (anionic) and the experiment value is

140/152 nm. The  shifts from HQI-1 to HQI-4/HQI-

5 are 69/114 nm (neutral) and 93/115 nm (anionic),

matching well with experiment value of 136 nm. The

whole red shift of both  from HBI series to HQI se-
ries is 24−34 nm, which is consistent well with 30 nm in
experiment. The difference between anionic chro-

mophore and neutral one is further widened with the in-

crease of the number of double-bond in frag-3. For ex-

ample, the  of anionic HBI-1 about 64 nm red shifts

than that of neutral HBI-1, and those values are up to
180 nm and 159 nm for the absorption of HBI-4 and

HBI-5 respectively. It is noted that the theoretical spec-

tral orders between HBI-4 and HBI-5 or between HBI-2

and HBI-3 in some spectral cases, such as anionic ,

neutral  and anionic , are different from experi-

ment. These differences are more likely to be attributed

to the protein environments, because it has been widely

proven by previous studies that the protein environ-

ments of chromophores can result in either red shift or

blue shift of spectra in FPs [13, 49].
STPA σTPA

STPA

STPA

STPA
STPA

σTPA

σTPA

σTPA

σTPA

σTPA

The  and TPA cross sections ( ) of all chro-

mophores are also summarized in FIG. 2. The  val-

ues of all chromophores have significant red shifts rela-

tive to neutral HBI-1, and their change rules are similar

to those of their OPS. For example, with the increase in
the number of double bonds in frag-3, the  values

of both HBI and HQI series raise remarkably. The an-

ionic chromophore has larger  than its neutral one,

and the  values of HQI series are larger than that

of HBI series. As a whole, the  values of neutral

chromophores are larger than those of anionic ones. The

neutral  generally increases with the extension of

conjugated bonds of frag-3 in each row, but this is not

always true in anions. In anions, the  first increas-

es from HBI-1 to HBI-2 and then decreases, this varia-

tion regularity is in good agreement with experiment.
After the replacement of HBI by HQI, the difference of

 between two series is slight in both neutral or an-

ionic forms, and both of them share the similar change

rule in .

 B.  IFCT and correlations analysis

As well known, spectra changes of fluorophores usu-

ally have very close relationship with the changes of in-

tramolecular charge transfer (ICT) [50−54]. HBI-type

chromophores are typical ICT systems. Taking HBI-1

as an example, phenol ring acts as an electron-donating

role, and charge transfer occurs from phenol ring (frag-

1) to alkene-bridged imidazole ring (frag-2) and the

right-side chains (frag-3), both of which are electron ac-

ceptors. In this section, interfragment charge transfer

(IFCT) and correlations analysis are investigated, aim-

ing to clarify the relationship law between spectral be-

haviors and ICT features, which are caused by struc-

ture modifications. All compounds in FIG. 1 are divid-

ed into three fragments, frag-1 (red), frag-2 (black) and

frag-3 (blue). IFCT analysis of S0→S1 (absorption) and

S1→S0 (emission) excitations, and important correla-

tion analysis are summarized in FIG. 3 (neutral) and

FIG. 4 (anionic). Results show that the spectra changes

of neutral chromophores and anionic chromophores

with structure modifications are not the same. They

demonstrate different ICT features and their different

highly-correlated factors of spectral red shift, in OPS or

TPA, are given here. For clarity, neutral and anionic

forms would be discussed respectively.

Sabs Sem STPA

σTPA

π

As show in FIG. 3, the ICT is observed in both HBI

and HQI series in the neutral forms. With the increase

of double bond in frag-3, more electrons are transferred

from frag-1 to frag-2 and/or frag-3, and their ICT are

enhanced. For instance, the total charge transfer num-

bers (Ntotal) of HBI-2/HBI-3 and HBI-4/HBI-5 in-

crease by about 0.08−0.1 e and 0.12 e relative to HBI-1

respectively during the absorption excitations (S0→S1).
The electron-accepting numbers of frag-3 (Nfrag-3) rise
from −0.01 e (HBI-1) up to −0.27 e (HBI-4/HBI-5) in
HBI series. Similar Ntotal and Nfrag-3 regularities are

found during the emission processes (S1→S0), although

fluctuations exist. Correlation analysis show that the

spectral shift behaviors of , , and  do

demonstrate high correlations with Ntotal and Nfrag-3 in
both HBI and HQI series. All their correlation coeffi-

cients (R2) are above 0.909 and most R2 are in

0.98 − 1.0. Unlike the spectral wavelengths, the cross

sections  seem to demonstrate high correlation on-

ly to Ntotal, the R2 values of HBI and HQI series are

0.821 and 0.858, respectively. When the phenol ring

(HBI series) is replaced by hydroxyquinoline (HQI se-
ries), more electrons transfer from frag-1 (Nfrag-1) to

frag-2 isobserved. This could be attributed to the larger

 structure of hydroxyquinoline than phenol ring in frag-
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1. Highly and largely conjugated structure of hydrox-

yquinoline makes HQI-series chromophores have more

transferable or free electrons than chromophore in HBI

series, resulting in an overall red shift of HQI series

when compared with HBI series.
After deprotonation, the IFCT of those anionic chro-

mophores changes quite differently from that of the

neutral ones. Although frag-3 is still a good electron ac-

ceptor, the electron-donating abilities of frag-1 are grad-

ually weakened and the role of frag-2 shift from elec-

Sabs Sem

STPA

Sabs Sem STPA

tron acceptors to electron donors along with the conju-

gated extension of frag-3 in those anionic chro-

mophores. Taking HBI-4 as an example, the frag-1 to-

gether with frag-3 receives electrons from frag-2 and a
brand-new charge transfer channel, from middle to both

ends, is built. Correlation analysis show that , ,

and  behaviors of anionic chromophores seem more

related to charge transfer numbers of frag-2 (Nfrag-2),

instead of Ntotal or Nfrag-3. The correlative factors (R2)

of , , and  with Nfrag-2, are in the range of

 

σTPA
FIG.  3   Interfragment charge transfer (IFCT) of absorption (A, C) and emission (B, D) of neutral HBI and HQI series and
corresponding correlations analysis with Sabs (E), Sem (F), STPA (G), and  (H). The Nabs and Nem are the numbers of
losing (positive) or gaining (negative) electrons of different fragment in OPS absorption and emission, respectively. Ntotal

and Nfrag-3 are the total electron number of molecular ICT and the number of gaining electrons of frag-3, respectively.
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σTPA

σTPA

µif
∆µ

δ

0.917−0.988. Only the  still keeps in a good corre-

lation with Ntotal because  is related to both tran-

sition dipole moment ( ) and permanent dipole mo-

ment change ( ), which have close relationship with

ICT. To find out why Nfrag-2 has so high correlation

with spectral redshift, the bond length alternation

(BLA, labeled as ， the detailed description can be

found in Text S1 in SM), which is defined as the differ-

ence between the average values of long and short car-

bon-carbo; on bonds in conjugated molecules, is calcu-

lated for all chromophores in ground states. The small

π

π

Sabs Sem STPA

or zero BLA indicates a high aromaticity or -electron

delocalization, on the contrary, large BLA indicates -

electron localization or the absence of aromaticity [55].
Results in FIG. 5 show that the frag-2 changes from a
weak aromatic group in HBI-1 to a stronger aromatic

group in HBI-4/HBI-5 along with the double bonds in-

crease of frag-3. This is a good explanation for the role

transition of frag-2, from an electron-acceptor in HBI-1

to a strong electron-donating group in HBI-4/HBI-5.
The correlative factors (FIG. 4) between aromaticity of

frag-2 and spectral shifts (including , , )

 

σTPA

δ

FIG.  4   Interfragment charge transfer (IFCT) of absorption (A, C) and emission (B, D) of anionic HBI and HQI series and
corresponding correlations analysis with Sabs (E), Sem (F), STPA (G), and  (H). The Nabs and Nem are the numbers of
losing (positive) or gaining (negative) electrons of different fragment in OPS absorption and emission respectively.  is the
bond length alternation of frag-2, Ntotal and Nfrag-2 are the total electron number of molecular ICT and the number of gain-
ing electrons of frag-2 respectively.
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π

Sabs Sem STPA

Sabs Sem STPA

π

δ

Sabs Sem STPA

δ ≤ 0.1 Å

are 0.945−0.968, indicating a high correlation between

them. It seems that the two-double-bond structures in
frag-3 of HBI-4/HBI-5 induce a high -conjugated fea-

ture of frag-2, endowing frag-2 with strong electron-do-

nating ability. The frag-2 section of HBI-4, which has

the highest aromaticity in all compounds, acts as an

electron donor independently and two CT channels,

from frag-2 to frag-1 and from frag-2 to frag-3, are built.
The direction of the former channel from frag-2 to frag-

1 is totally opposite to that of ICT in neutral HBI-4.
Correspondingly, the anionic HBI-4 presents the largest

spectral red shift ( , , ) of the whole HBI se-
ries. With the replacement of phenol ring by hydrox-

yquinoline, the aromaticity of frag-2 is further en-

hanced and the related coefficients between aromatici-

ty of frag-2 and spectral shifts ( , , ) are

still very high (0.944−0.960). It is suggested that larger

conjugation of frag-1 can offer more -electrons, which

further improve the aromaticity of frag-2 and reduce

the roughness of charge transfer road. The neutral HQI-

4 provides the largest ICT from frag-1 and frag-2 to frag-

3 in emission process, in contrast, the anionic HQI-4

demonstrates the strongest two-direction CT channel,

from frag-2 to frag-1 and from frag-2 to frag-3. In addi-

tion, the lower  of frag-2 anionic chromophore may ex-

plain the longer spectral shifts ( , , ) of an-

ionic chromophore when compared to its neutral one.
From the BLA of frag-2 in FIG. 5, it is also found that

when , the reverse charge transfer channel

from frag-2 to frag-1 is opened and two-direct CT chan-

nel is set up, resulting in large spectral shifts.

 C.  Predicted chromophore with large redshift

The most common design strategies of chro-

mophores with large spectral red shift include introduc-

ing or enhancing ICT of molecules by different electron-

π

donating/withdrawing substitution, extending conju-

gated length or area of system etc. [52, 56−58]. From the

above studies, it can be seen that increasing the double

bonds of frag-3 can effectively strengthen the ICT of

chromophores, resulting in regular spectral red shifts in
the same series. Meanwhile, the substitution of the phe-

nol ring by the polycyclic hydroxyquinoline raises the

spectral red shifts of chromophore series as a whole.
IFCT and correlation analysis prompts that spectral

shifts of neutral and anionic HBI-type chromophores

possess different high correlation factors. The former is
highly associated with total numbers of ICT and elec-
tron-accepting numbers of frag-3, and the related fac-

tors of the latter is the aromaticity of frag-2. It is note-

worthy that both of them can be effectively improved

by increasing the conjugated degree of frag-1, such as

hydroxyquinoline substitution. Here, we keep the frag-2

and frag-3 unchanged and replace the hydroxyquino-

line of HQI series by hydroxyl-naphthalene ring. The

purpose is to eliminate the possible electronic localiza-

tion induced by the nitrogen atom in quinoline, releas-

ing more transferable -electrons in ICT. All the pre-

dicted chromophores are shown in FIG. 6 and they are

named as 6-hydroxyl-naphthalene-imidazolinone (HNI)

series.
Sabs Sem

STPA σTPA

Sabs Sem
STPA

Sem

STPA

As seen in FIG. 6, the spectral patterns of , ,

 and  in HNI series have similar behaviors to
HBI series or HQI series as expected. The , ,

 of neutral HNI series do not show much advan-

tage over those of neutral HQI series, or even smaller in
some cases. However, spectra shift of anionic HNI series
overtake those of all anions. The  of anionic HNI se-
ries have a  red shift of about 76 − 96 nm red shift rela-

tive to those of HBI series, which is well above the

 ~ 30 nm red shift of HQI series. The anionic  of

HNI series achieve a red shif of about 119 − 146 nm rela-

tive to HBI series (the values of HQI series are only

 

FIG.  5   Comparison of BLA values of frag-2 of different series. (A) Structures of HBI, HQI, 6-hydroxyl-naphthalene-imida-
zolinone  (HNI). Red  bonds  in  frag-2  are  carbon-carbon  bonds  for  BLA calculation. (B)  BLA values  (δ)  of  neutral  HBI,
HQI,  and HNI series. (C) BLA values  (δ)  of  anionic  HBI,  HQI,  and HNI series. HNI:  6-hydroxyl-naphthalene-imidazoli-
none, BLA: the bond length alternation.
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Sem

Sem
σTPA

22 − 38 nm). Particularly, the  of anionic HNI-4 is
up to 292 nm relative to neutral HBI-1 absorption and

nearly 72 nm higher than the previous  of anionic

HQI-4. The  of HNI series are also enlarged in both

neutral and anion forms. The IFCT results show that

the number of charge transfer, both total ICT numbers

or partial electron losing or gaining numbers, has been

comprehensively increased in HNI series (FIG. S5 in

SM). The reason is that the large conjugated area of

frag-1 (naphthalene ring) in HNI series can offer the

most conjugated electrons of three series. As seen in

FIG. 5 and FIG. 6, the aromaticity order of three series
is not consistent with the order of their spectral red-

shift. Specifically, in neutral forms, the aromaticity or-

der is HQI series > HBI series ≈ HNI series (FIG. 5).
However, the general order of their spectral redshifts is
HNI series ≈ HQI series > HBI series (FIG. 6). In anion-

ic chromphores, the aromaticity order is HQI series ≈
HBI series > HNI series (FIG. 5), but the order of spec-

tral redshift is HNI series > > HQI series > HBI series

Å

Å

Å

(FIG. 6). On a whole, the predicted HNI series, which is
not dominant in aromaticity, still obtain large spectral

redshifts, especially in anionic forms. There are two as-

pects on the reasons to discuss, which are the maxi-

mum number of conjugated area offered in HNI series
and the BLA values. We speculate that BLA=0.1  is
probably a critical threshold value. When the BLA val-

ue is less than 0.1 , the aromaticity of system is high

enough that it dose not hinder the movement of conju-

gated electrons, and it can even act as an electron donor

role. Although the aromaticity of anionic HNI series de-

crease, its BLA value is still less than 0.1 , which indi-

cates that the aromaticity of anionic HNI series is very

high. Combined with the richest conjugated electrons,

it is easy for HNI series to achieve the largest spectral

redshift.

 IV.  CONCLUSION

In this work, the spectral redshift properties and

 

σTPA

σTPA

FIG.  6   The predicted HNI series and the comparison with other series in OPS and TPA. (A) Structures of HNI series.
(B), (C), (D), (H) are Sabs, Sem, STPA, and  of neutral series respectively. (E), (F), (G), (I) are Sabs, Sem, STPA, and

 of anionic series respectively.
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mechanisms in both OPS and TPA of up to 30 HBI-

type chromophores are investigated. Results demon-

strate totally different underlying redshift mechanisms

between neutral and anionic chromophores. Besides tra-

ditional conjugate extension or substitution with elec-
tron withdrawing/donating abilities at the end group,

the aromaticity of intermediate bridge (frag-2) should

also be concerned. Our results indicate the frag-2 bridge

with high aromaticity can pave a smooth way for ICT,

achieving significant spectral redshift in both absorp-

tion and emission. New series, which have larger conju-

gated area in frag-1, are predicted and large spectral

redshifts relative to reported series are obtained in their

anionic forms. Although the stability of the new chro-

mophore series needs to be further tested in the labora-

tory, it is believed that our work provides valuable de-

sign strategy and candidates for the development of

NIR HBI-type chromophores.

Supplementary materials：Detailed introduction about

bond length abenchmark of OPS computational proto-

col and IFCT analysis of all chromophores are avail-

able. Table S1, Table S2−S4 and Table S5−S6 present

experimental references of original protein chro-

mophores, spectral data of chromophores and IFCT

analysis of all chromophores mentioned in this work.
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