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’ INTRODUCTION

Due to the favorable properties of fluorescent probes, such as
excellent sensitivity, low cost, a large linear range of analysis, and ease
of handling,1 they have been used extensively as research tools in
biological science2 and clinical diagnosis and drug discovery.3 Fluore-
scent materials also have received considerable attention due to their
potential applications as organic light-emitting diodes (OLEDs).4

For expansion of fluorescence-based applications, particularly for
multiplexing capability in biological applications, the scientific com-
munity has focused on controlling the emission wavelength of
fluorescent probes.5 Despite the popularity of organic fluorophores,
the number of core skeletons possessing emission wavelength
tunability6 is quite limited, and a rational design of a fluorescent
probe with desirable photophysical properties is still far from being
achieved. BODIPY and cyanine dyes are the only known organic
fluorophores with correlation between structures and their photo-
physical properties.7 However, their tunability was discovered by
extensive trial-and-error-based research, and theirmolecular structure
must be significantly changed to tune the emission wavelength
without predictability.

A well-known group of fluorescent probes with tunable and
predictable emission wavelengths is made up of semiconductor
nanocrystals, known as quantum dots (QDs),8 which are gen-
erally composed of heavy metals such as CdSe and CdTe.9�11

The fascinating modulation characteristics of QDs, which can
emit any color from fundamentally equal starting material
through a simple adjustment in their radius and shape,12 have
brought them into the spotlight for potential application as
powerful fluorescent probes in the biological and medical

sciences in recent years.13,14 However, despite their recent
improvements, QDs are still not completely suitable for biolo-
gical applications due to their innate toxicity.15

Despite the high demand for the development of a new
tunable organic fluorophore with predictable photophysical
properties,16 the prediction of such photophysical properties is
currently impractical. The fluorescent emission wavelength and
quantum yield (QY) are nearly impossible to predict on the basis
of the structural modification of a fluorescent core skeleton with a
given functional group, due to the complexity of underlying
photophysical phenomena in organic molecules.17 Therefore,
the discovery of new fluorescence probes has been empirically
pursued with limited synthetic flexibility. Fortunately, the birth of
combinatorial chemistry in the early 1990s has ensured that these
previous limitations can be overcome, particularly those regard-
ing the difficulties in the rational design of organic fluorophores
with synthetic flexibility.5,18 Since an initial effort beginning in
2001,19 the low efficiency in the structural modifications of
existing fluorescent core skeletons has been somewhat addressed
through the application of combinatorial chemistry for the
development of new fluorescent compounds.20 Although many
researchers have recently utilized sophisticated combinatorial
techniques to reveal new fluorescent probes with various emis-
sion wavelengths, novel fluorescent skeletons with tunable and
predictable photophysical properties are still rare. Here, we
report the discovery and systematic study of a full-color-tunable
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ABSTRACT: In this paper we report on a novel fluorescent
core skeleton, 9-aryl-1,2-dihydropyrrolo[3,4-b]indolizin-3-one,
which we named Seoul-Fluor, having tunable and predictable
photophysical properties. Using a concise and practical one-pot
synthetic procedure, a 68-member library of new fluorescent
compounds was synthesized with diverse substituents. In Seoul-
Fluor, the electronic characteristics of the substituents, as well as
their positional changes, have a close correlation with their
photophysical properties. The systematic perturbation of elec-
tronic densities on the specific positions of Seoul-Fluor, guided
with the Hammett constant, allows emission wavelength tun-
ability covering the full color range. On the basis of these observations and a computational analysis, we extracted a simple first-order
correlation of photophysical properties with the theoretical calculation and accurately predicted the emission wavelength of Seoul-
Fluors through the rational design. In this study, we clearly demonstrate that Seoul-Fluor can provide a powerful gateway for the
generation of desired fluorescent probes without the need for a tiresome synthesis and trial-and-error process.
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fluorescent core skeleton, 9-aryl-1,2-dihydropyrrolo[3,4-b]indolizin-
3-one, with a predictable emission wavelength; we name it
Seoul-Fluor.21

’RESULTS AND DISCUSSION

In Silico Analysis of Molecular Orbitals on the Fluorescent
Core Skeleton. During a recent attempt to develop a synthetic
pathway for a new core skeleton using diversity-oriented
synthesis,22 we reported the discovery of a novel fluorescent
molecular framework.21 This fluorescent core skeleton was
originally designed with an excellent substituent-pending poten-
tial. Hence, using a combinatorial approach, we envisioned to
extract the relationship of substituents with the photophysical
properties through a systematic analysis of a series of fluorescent
compounds with an identical core skeleton. Prior to the con-
struction of these fluorescent compounds, we pursued a rational
design through theoretical calculation to identify the ideal
position of the substituent to maximize the perturbation in their
electronic characters for the changes on photophysical proper-
ties. Using density functional theory (DFT) calculations with the
generalized gradient corrected Perdew�Burke�Ernzerhof
(GGA-PBE) functional and the double numerical polarized
(DNP) basis set,23 the atomic coefficients of the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) in the fluorescent core skeleton were
calculated (Figure 1). First, there is a significant size difference
between the HOMO and LUMO lobes at the C-9 position,
where the lobe size of the LUMO is considerably smaller than
that of the HOMO, leading to an expected destabilization of the
HOMO through the introduction of electron-rich substituents.
Hence, the energy gap between the HOMO and LUMO is
expected to decrease owing to the introduction of an electron-
donating group (EDG) at the C-9 position.24 However, the
relationship between the photophysical properties and the R2

group is less clear than the relationship between the photophy-
sical properties and the R0 group. Nevertheless, for the R2 group,
the LUMO lobe is larger than the HOMO lobe at the C-7 and
C-8 positions. Therefore, we hypothesize that the energy gap will
decrease with the introduction of an electron-withdrawing group
(EWG) in regioisomeric positions of the R2 group, owing to the
stabilization of the LUMO.

Preanalysis of Substituent Effects on the Photophysical
Properties of Seoul-Fluor Based on Our Original Collection
of Fluorescent Compounds. Using a combination of five R,β-
unsaturated aldehydes and five pyridines with various electronic
properties, we previously constructed 24 discrete fluorescent
compounds using a single-core skeleton, 1,2-dihydropyrrolo[3,4-b]-
indolizin-3-one.21 For simplicity and efficiency of the synthetic proce-
dure, in the beginning of this study, we focused on the relationship of
the photophysical properties with the R2 substituents at the C-7
position rather than at the other available positions. Hence, para-
substitued pyridines were used initially to introduce various substit-
uents as the R2 group at the C-7 position. The fluorescent emission
spectra listed in Table 1 demonstrate the novelty of this full-color-
tunable fluorescent core skeleton. Through the introduction of
various substituents at the R0 and R2 positions on a single-core
skeleton, we achieved a collection of novel fluorescent compounds
with a full coverage of emission wavelengths in the visible region. It is
remarkable that simple changes of substituents at only two variation
points of the fluorescent core skeleton result in dramatic changes of
their emission wavelengths. A direct comparison between the elec-
tronic properties of the R0 substituents and the photophysical

Figure 1. Structural and computational study of a fluorescent core
skeleton. (a) Structure of the fluorescent core skeleton. (b) Schematic
figure of the atomic coefficients of the HOMO and LUMO. The sizes
and colors of the circles indicate the π-electron density and phase
difference of the orbitals, respectively.

Table 1. Initial Analysis of the Relationship between Struc-
tural and Photophysical Properties Based on Our Original
Collection of Fluorescent Compounds

compd R0 R2 λabs
a λem

b Δ(eV)c ΦF
d

A1 methyl hydrogen 326 434 3.83 0.41
A2 methyl methoxy
A3 methyl phenyl 342 433 3.29 0.19
A4 methyl nitrile 349 460 3.34 0.76
A5 methyl acetyl 396 471 3.14 0.82
B1 phenyl hydrogen 298 420 3.48 0.57
B2 phenyl methoxy 320 481 3.28 0.27
B3 phenyl phenyl 388 490 3.19 0.83
B4 phenyl nitrile 350 497 3.18 0.65
B5 phenyl acetyl 403 507 2.98 0.74
C1 2-methoxyphenyl hydrogen 320 461 3.50 0.37
C2 2-methoxyphenyl methoxy 323 465 3.29 0.26
C3 2-methoxyphenyl phenyl 391 489 3.18 0.69
C4 2-methoxyphenyl nitrile 381 493 3.15 0.55
C5 2-methoxyphenyl acetyl 404 508 2.95 0.71
D1 2-thiophenyl hydrogen 322 481 3.26 0.08
D2 2-thiophenyl methoxy 302 500 3.12 0.03
D3 2-thiophenyl phenyl 398 515 3.02 0.11
D4 2-thiophenyl nitrile 283 529 2.89 0.15
D5 2-thiophenyl acetyl 349 540 2.70 0.35
E1 4-(dimethylamino)phenyl hydrogen 298 495 3.23 0.10
E2 4-(dimethylamino)phenyl methoxy 311 480 3.11 0.03
E3 4-(dimethylamino)phenyl phenyl 428 530 2.88 0.21
E4 4-(dimethylamino)phenyl nitrile 403 509 2.78 0.13
E5 4-(dimethylamino)phenyl acetyl 440 613 2.56 0.15

aOnly the largest absorption maxima are shown. bExcited at the maxi-
mum absorption wavelength. cCalculated value of the energy gap between
the S0 and S1 states (see the Supporting Information).

dAbsolute fluores-
cence quantum yield. Absolute quantum yields of known fluorescent dyes at
various wavelengths were measured to confirm the reliability of the system
[anthracene,ΦF = 0.27 (reported 0.27);

25
fluorescein,ΦF = 0.76 (reported

0.79);26 cresyl violet,ΦF = 0.48 (reported 0.54)
27]. The A2 compound was

not feasible in this study.
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properties of Seoul-Fluor clarifies its tunable emission wavelength.
Consistent with our initial assumption, the calculated energy gap
between the S0 and S1 states decreased with intensifying EDG at the
R0 position or EWG at the R2 position. An enhanced electron rich-
ness at the R0 position results in a bathochromic shift of the emission
wavelength: Substituent changes of methyl (A5) to phenyl (B5),
2-methoxyphenyl (C5), 2-thiophenyl (D5), and 4-(dimethyl-
amino)phenyl (E5) result in red shifts (or bathochromic shifts)
from 471 to 507, 508, 540, and 613 nm, respectively, in the emission
wavelength. Likewise, at the R2 position, substituent changes of
hydrogen (B1) to methoxy (B2), phenyl (B3), nitrile (B4), and
acetyl (B5) cause bathochromic emission wavelength shifts from 420
to 481, 490, 497, and 507 nm, respectively.
General Synthetic Scheme for the Fluorescent Core Ske-

leton. After the analysis of our computational study and pre-
venient structure�photophysical property relationship studies
based on the original set of fluorophores, we finalized the fluore-
scent core skeleton as 9-aryl-1,2-dihydropyrrolo[3,4-b]indolizin-
3-one and named it Seoul-Fluor (SF). We also optimized the
synthetic pathway to construct a new fluorescent compound
library, with the potential for further diversification using com-
binatorial chemistry. As shown in Scheme 1, we first introduced
the R1 group via reductive amination of cinnamaldehyde deriva-
tives with primary amine. The resulting secondary amines 1were
acylated with bromoacetyl bromide, which was followed by
the nucleophilic substitution of alkyl bromide 2 with pyridine
analogues, where the R2 groups can be introduced. The crude
pyridinium salts 3 were then subjected to an intramolecular 1,3-
dipolar cycloaddition of olefin with azomethine ylide in situ
generated through DBU treatment of 3. The final DDQ-assisted
oxidative aromatization transformed the resulting nonfluores-
cent tricyclic adduct into the fluorescent core skeleton, 9-aryl-
1,2-dihydropyrrolo[3,4-b]indolizin-3-one, in a one-pot fashion.
Systematic Evaluation of Substituent Effects on the

Photophysical Properties of Seoul-Fluor. As mentioned pre-
viously, the electronic character of the R1 and R2 groups may be
important in determining the photophysical properties of Seoul-
Fluor. On the basis of our original assumption, we hypothesized
that an evaluation of the relationship between their structures
and photophysical properties can be possible via the systematic
perturbation of electronic characters at the R1 and R2 positions.
To provide a guideline for an efficient selection of substituents

with various electronic characters, we introduced the Hammett
substituent constant (σ)28 as a numerical value for the quanti-
fication of the electronic effects of a substituent. We also
synthesized a series of Seoul-Fluors using various substituents
with a broad range of σ to confirm our original assumption that
the electronic effect on the photophysical properties can also be
extended to different substituents. On the basis of our in silico
analysis, we first focused on Seoul-Fluor with R1 substituents at
the para-position on the phenyl moiety and R2 substituents at the
C-7 position to clarify the relationship between the structural and
photophysical properties. As shown in Table 2, substituents with
a wide range of σp (Hammett constant for the para-position of
the phenyl group), from the highest (nitrile) to lowest (dipropyl-
amine) value, were selected at the R1 position. Compared to its
less pronounced correlation with the absorption wavelength, the
Hammett substituent constant σp of the R

1 group had a signifi-
cant inverse correlation with the emission wavelength of Seoul-
Fluor. For example, with a fixed R2 substituent such as acetyl, a

Scheme 1. Synthetic Scheme of 9-Aryl-1,2-dihydropyrrolo-
[3,4-b]indolizin-3-onea

aReagents and conditions: (a) R,β-unsaturated aldehydes, AcOH,
Na2SO4, DCM, rt; then NaBH4, MeOH, 0 �C; (b) bromoacetyl
bromide, TEA, DCM, �78 �C; (c) pyridines; (d) DBU, toluene and
DCM (1:1, v/v); then DDQ.

Table 2. Electronic Effect of Substituents on the Relationship
between the Structural and Photophysical Properties of
Seoul-Fluor

compd R1 σp
a R2 λabs

b Δ(eV)c λem
d ΦF

e

SF01 CN 0.66 CH3 344 3.29 445 0.67
SF02 CN 0.66 OCH3 344 3.23 460 0.58
SF03 CN 0.66 CO2CH3 394 3.07 487 0.99
SF04 CN 0.66 COCH3 407 2.96 494 0.99
SF05 Br 0.23 CH3 318 3.48 462 0.33
SF06 Br 0.23 OCH3 325 3.31 476 0.30
SF07 Br 0.23 CO2CH3 393 3.20 492 0.90
SF08 Br 0.23 COCH3 405 2.98 502 0.90
SF09 CH3 �0.17 CH3 344 3.47 471 0.63
SF10 CH3 �0.17 OCH3 337 3.25 485 0.24
SF11 CH3 �0.17 CO2CH3 396 3.16 498 0.88
SF12 CH3 �0.17 COCH3 408 2.93 509 0.80
SF13 OCH3 �0.27 CH3 345 3.42 482 0.41
SF14 OCH3 �0.27 OCH3 3.22
SF15 OCH3 �0.27 CO2CH3 400 2.99 512 0.68
SF16 OCH3 �0.27 COCH3 412 2.84 526 0.69
SF17 N(Ph)2 �0.22 CH3 332 3.25 497 0.22
SF18 N(Ph)2 �0.22 OCH3 3.08
SF19 N(Ph)2 �0.22 CO2CH3 412 2.70 554 0.42
SF20 N(Ph)2 �0.22 COCH3 428 2.49 579 0.40
SF21 N(Pr)2 �0.93 CH3 3.14
SF22 N(Pr)2 �0.93 OCH3 3.02
SF23 N(Pr)2 �0.93 CO2CH3 429 2.69 586 0.18
SF24 N(Pr)2 �0.93 COCH3 445 2.49 605 0.20

a σp is the parameter for theHammett constant of the para-position from
ref 28. bOnly the largest absorption maxima are shown. cCalculated
value of the energy gap between the S0 and S1 states (see the Supporting
Information). d Excited at the maximum absorption wavelength. eAbso-
lute fluorescence quantum yield. Absolute quantum yields of known
fluorescent dyes at various wavelengths were measured to confirm the
reliability of the system [anthracene, ΦF = 0.27 (reported 0.27);25

fluorescein, ΦF = 0.76 (reported 0.79);26 cresyl violet, ΦF = 0.48
(reported 0.54)27]. SF14, SF18, SF21, and SF22 compounds were not
feasible in this study.
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decrease in theHammett substituent constant fromCN(SF04,σp =
0.66) to Br (SF08, 0.23), Me (SF12,�0.17), OMe (SF16,�0.27),
and NPr2 (SF24, �0.93) caused bathochromic emission wave-
length shifts from 494 to 502, 509, 523, and 605 nm, respectively.
In other words, the electron richness at the R1 position can
directly affect the emission wavelength. Therefore, an adjustment
of the electron density of a fluorophore through the introduction
of an electron-donating or electron-withdrawing group at the R1

position can tune the emission wavelength of Seoul-Fluor, which
is consistent with our original assumption.
This bathochromic shift in the emission wavelength along with

the electron richness of the para-positioned R1 substituents was
consistently observed throughout the four different R2 substituents,
which included electron-donating (methoxy, methyl) and electron-
withdrawing (ester, acetyl) groups.We also found that the electronic
character of the R2 substituents affects the emission wavelength: the
increase in electron-withdrawing ability at theR2 position fromamild
EDG to a strong EWG causes a bathochromic shift of the emission
wavelength. For instance, substituent changes from methyl (SF01)
to methoxy (SF02), ester (SF03), and acetyl (SF04) caused batho-
chromic emission wavelength shifts from 445 to 460, 487, and
494 nm, respectively, using a fixed R1 substituent such as CN.
Although the Hammett substituent constant of an indolizine ring
at the C-7 position is somewhat ambiguous and it is not clear whe-
ther methyl (σp = �0.17, σm = �0.07) in an indolizine ring is a
stronger electron-donating group than methoxy (σp =�0.27, σm =
0.12), it is generally observed that an electron deficiency at the R2

position triggers a bathochromic shift of the emission wavelength in
Seoul-Fluor.
It is noteworthy that a full-visible-color emission wavelength

was achieved in the Seoul-Fluor single fluorescent core skeleton
simply by fine-tuning the electronic characters at the R1 and R2

positions: substituent changes of nitrile (σp = 0.66) and methyl
(σp =�0.17) (SF01) to dipropylamino (σp =�0.93) and acetyl
(σp = 0.50) (SF24) at these positions can also result in a 160 nm
bathochromic shift in an identical fluorescent core skeleton.
Positional Effect of R1 Substituents on the Photophysical

Properties of Seoul-Fluor. So far, we have demonstrated that
the electron richness of substituents at the R1 position has a
direct correlation with the emission wavelength of Seoul-Fluor.
Hence, we focused on our next area of interest, i.e., whether
Seoul-Fluor might have a different emission wavelength depend-
ing on a substituent’s regioisomeric position. To study the
positional effect of substituents on the photophysical properties
of Seoul-Fluor, we synthesized a series of fluorescent compounds
using regioisomeric cinnamaldehyde derivatives for an introduc-
tion of various R1 groups on the ortho-,meta-, and para-positions
of Seoul-Fluor. As shown in Table 3, with an acetyl moiety as a
fixed R2 group at the C-7 position, we observed a slight batho-
chromic shift of the emission wavelength upon a positional shift
of the R1 substituents from ortho to meta and para when R1 is
nitrile, bromo, and methoxy. However, this observation was not
consistent in the case of the dimethylamino group at the R1

substitutent. This puzzling phenomenon revealed some mean-
ingful information once we converted those data into a scatter
plot of emission wavelength for individual positional regioi-
somers of Seoul-Fluor. As shown in Figure 2a, we observed
drastic changes in the emission wavelength at the ortho- and para-
positions upon changes in the electronic characters of the
substituents, but there were marginal changes at the meta-
position. That means the electron-donating character of the
substituents has a more pronounced effect at the ortho- and

para-positions than at the meta-position, which may imply a
more drastic perturbation of the dipole moment at the ortho- and
para-positions than that at the meta-position during an excited
state based on the electronic character of the R1 substituent.
As shown in Figure 2b, an increased Stokes shift was observed

with an enhancement of the electron-donating character of the
R1 substituents, and these trends are more drastic at the para-
position than at themeta-position. It is worthmentioning that the
identical series of substituents (CN, Br, OCH3, and N(CH3)2)
have a broader spectrum of electronic characters at the para-
position than at the meta-position, which is in accordance with a
larger change in σp than σm. In other words, more significant
alterations in the electronic character of each R1 substituent and

Table 3. Positional Effect of the R1 Substituents on Seoul-
Fluor

compd R1 σ position λabs
a Δ(eV)b λem

c ΦF
d

SF25 CN ortho 392 3.03 474 1.00
SF26 CN 0.56 meta 400 2.97 490 0.99
SF04 CN 0.66 para 407 2.96 494 0.99
SF27 Br ortho 391 3.12 472 0.98
SF28 Br 0.39 meta 403 3.00 496 0.96
SF08 Br 0.23 para 405 2.98 502 0.90
SF29 OCH3 ortho 405 3.01 503 0.82
SF30 OCH3 0.12 meta 405 2.93 505 0.89
SF16 OCH3 �0.27 para 412 2.84 526 0.69
SF31 N(CH3)2 ortho 410 2.86 548 0.51
SF32 N(CH3)2 �0.16 meta 408 2.74 529 0.30
E5 N(CH3)2 �0.83 para 440 2.56 613 0.15

aOnly the largest absorption maxima are shown. bCalculated value of
the energy gap between the S0 and S1 states (see the Supporting
Information). c Excited at the maximum absorption wavelength. dAbso-
lute fluorescence quantum yield.

Figure 2. Positional effect of the R1 substituent on the photophysical
properties: (a) scatter plot of the emission wavelength of individual
regioisomeric Seoul-Fluors with various R1 substituents, (b) schematic
representation of the Stokes shift (x axis) in wavenumbers (1E3 cm�1)
and Hammett constant σ (y axis) depending on the meta (σm, left side)
and para (σp, right side) positions of the R

1 substituents.
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corresponding changes of the Stokes shift were observed at the
para-position, as compared to the meta-position. On the basis of
the fact that the expansion of the Stokes shift in wavelength
reflects the increase in dipole moment at an excited state,29 the
ortho- and para-positions of the R1 substituents on the phenyl
ring are more suitable than the meta-position for an effective
perturbation of the dipole moment and electronic status at an
excited state, which can lead to dynamic changes in the emission
wavelength.
Positional Effect of R2 Substituents on the Photophysical

Properties of Seoul-Fluor. We next focused on the positional
effect of R2 substituents and designed a synthetic route for a
series of regioisomers at the R2 position. In fact, there are several
limitations for a robust introduction of R2 substituents at various
positions of Seoul-Fluor. First, the cycloaddition reaction, the
key chemical transformation, did not proceed with the ortho-
substituted pyridines. Therefore, variants of Seoul-Fluors with a
substituent at the C-5 position were not synthetically feasible in
this study. In contrast to the straightforward introduction of an
R2 group at the C-7 position using 4-substituted pyridine
analogues, C-6 and C-8 regioisomers can be achieved through
a synthesis with 3-substituted pyridine analogues and subsequent
purification by preparative high-performance liquid chromatog-
raphy. Variants of Seoul-Fluors with R2 substituents at the C-7
position are synthetically more accessible than when other
regioisomers are used, owing to their high yields and relatively
easy purification.
In addition to the synthetic feasibility, 7-substituted Seoul-

Fluor also demonstrated a noteworthy difference in its photo-
physical properties as compared to when 6- and 8-substituted
regioisomers were used. As shown in Table 4, the aforemen-
tioned electronic effects of the R1 groups on the photophysical
properties were irrelevant to the position of the R2 group;
changes in the R1 groups from EWG to EDG trigger a bath-
ochromic shift regardless of the electronic states and positions of

the R2 groups. For instance, a change in the R1 groups from bromo
(EWG) to methoxy (EDG) caused a 20 nm bathochromic shift
in the emission wavelength on average, regardless of the position
and electronic state of the R2 groups. In addition, the electronic
character of the R2 groups influences the photophysical proper-
ties of all regioisomeric positions; a change in the R2 groups from
methyl (EDG) to acetyl (EWG) caused a bathochromic emission
wavelength shift in all regioisomers. In other words, we did not
observe significant differences in the emission wavelength upon
positional changes of the R2 groups in Seoul-Fluor, but we did
observe a remarkable decrease in quantum yield by the introduc-
tion of an acetyl group at both the C-6 and C-8 positions. This
tendency was orthogonal to the electronic property of the R1

group, irrespective of it being an EWG (SF35, SF36) or an EDG
(SF39, SF40). However, a decrease in quantum yield was not
observed for the mild electron-donating methyl group intro-
duced at the C-6 and C-8 positions; in fact, there was a slight
increase in quantum yield in these cases. These observations are
indicative of the positional effect of R2 substituents on the
photophysical properties of Seoul-Fluor via the resonance effect,
not the inductive effect, which is an issue that remains to be
addressed. Combining various observations, we concluded that
the C-7 position of Seoul-Fluor is optimum for the introduction
of various R2 groups both synthetically and photophysically.
Predictability. After a systematic evaluation of the positional

effects on the R1 and R2 substituents, we finalized the core
structure of Seoul-Fluor using the R1 substituents with phenyl
group derivatives and the R2 substituents at the C-7 position of
the indolizine ring. On the basis of our previous observation of
the significant correlation between the photophysical properties
of Seoul-Fluor and the electronic characters of the substituents,
we envisioned to extract the relationship between them. It is
generally accepted that the absorption wavelength has high
correlations with the calculated energy gap between the HOMO
and LUMO,30 but the emission wavelength has very little
correlation with that due to the complex nature of the fluores-
cence process. Thus, the prediction of the emission wavelength,
compared to absorption wavelength,31 in an organic fluorophore
is extremely difficult and has not yet been achieved. However,
this complexity in the prediction of the emission wavelength can
be overcome through a systematic analysis of the emission
wavelength of a single molecular framework, i.e., Seoul-Fluors,
with various substituents. Therefore, we pursued a time-depen-
dent density function theory (TD-DFT) calculation of the
energy gaps between the ground state (S0) and the first excited
state (S1) of the Seoul-Fluor variants synthesized in this study
and compared this calculation with the emission wavelength of
each variant. The calculations were executed with the optimized
Cartesian coordinates using the Gaussian 03 program (B3LYP,
6-31G*; see the Supporting Information). As shown in Figure 3,
we clearly observed an inverse linearity between the emission
wavelength and the calculated energy gap of the Seoul-Fluor
variants in a scatter plot. It is worth mentioning that emission
wavelengths of 92% of the Seoul-Fluor variants were predicted
with high accuracy (less than (30 nm error range) using a
simple first-order equation without a sophisticated algorithm.
We are confident that the emission wavelength can be predicted
through a systematic analysis of a series of fluorophores in a
single-core skeleton, because of a similar mechanism of non-
radiative relaxation from an S1 state as energy loss to the
environment through vibration and/or rotation, a phenomen-
on found within an identical core skeleton.

Table 4. Positional Effect of the R2 Substituents on Seoul-
Fluor

compd R1 R2 position λabs
a Δ(eV)b λem

c ΦF
d

SF33 Br CH3 6 312 3.51 457 0.50
SF05 Br CH3 7 318 3.48 462 0.33
SF34 Br CH3 8 338 3.51 443 0.37
SF35 Br COCH3 6 347 3.04 510 0.04
SF08 Br COCH3 7 405 2.98 502 0.90
SF36 Br COCH3 8 387 2.97 500 0.01
SF37 OCH3 CH3 6 344 3.41 472 0.47
SF13 OCH3 CH3 7 345 3.42 482 0.41
SF38 OCH3 CH3 8 339 3.60 459 0.73
SF39 OCH3 COCH3 6 354 2.93 537 0.03
SF16 OCH3 COCH3 7 412 2.84 526 0.69
SF40 OCH3 COCH3 8 340 2.89 526 0.01

aOnly the largest absorption maxima are shown. bCalculated value of
the energy gap between the S0 and S1 states (see the Supporting
Information). c Excited at the maximum absorption wavelength. dAbso-
lute fluorescence quantum yield.
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To confirm the usefulness of such predictability in our Seoul-
Fluor system, covering the full color range, four different
compounds were designed. For instance, to prepare blue emis-
sive fluorescent compounds, CF3 and a methyl group were
selected as the R1 and R2 substituents, respectively, on the basis
of theoretical calculation: the Hammett constant of the CF3
substituent (σp = 0.54) is higher than that of Br (0.23) and lower
than that of CN (0.66); therefore, the emission wavelength of
SF41 was expected to be lower than 462 nm (SF05) and higher
than 445 nm (SF01), indicating that a blue color emission should
be expected. Using the same CF3 substituent as in the R

1 group,
changing the R2 substituent from methyl (SF41) to acetyl
(SF42) was expected to cause a 40�50 nm bathochromic shift,
resulting in a green color emission, as shown in other cases in our
system [for instance, changes in the substituent from SF01
(445 nm) to SF04 (494 nm) and SF09 (471 nm) to SF12
(509 nm), etc.]. Likewise, having changes in the R1 substituent
from SF42 to SF43 and to SF44, with lower Hammett constants
following the sequence, three fluorophores with different colors
were designed as a series of model compounds to confirm the
predictability and the full-color coverage in the emission wave-
lengths of Seoul-Fluor (Figure 4).
After a careful but straightforward design, the emission

wavelengths of model compounds were predicted using a first-
order equation of the trend line, which we simply deduced from
the fluorescent compound library. In agreement with our em-
pirical expectation, energy gaps between the S0 and S1 states were
predicted as 3.44, 3.03, 2.85, and 2.54 eV for SF41, SF42, SF43,
and SF44, and the emission wavelengths were predicted as 451,
507, 531, and 573 nm for each compound, respectively. In the
case of SF44, which contained a diethylamine group at the R1

position, the emission wavelength was empirically expected to be
20�30 nm higher than the predicted value, as shown when other
amine-containing compounds were used (for instance, SF20 and
SF24). Therefore, we designed four different compounds that we
predicted to cover the full color range with a 50 nm emission
wavelength gap between each compound. Interestingly, the
resulting experimental emission wavelengths of the designed
compounds matched considerably well with the calculated value.
For instance, the SF41, SF42, SF43, and SF44 compounds emit
blue (450 nm), green (496 nm), yellow (530 nm), and red
(611 nm) color emissions, respectively, and the average difference
between their calculated emission values and experimental values

was 14 nm. Therefore, from these observations, we confirmed that
because the Seoul-Fluor system has a highly practical predictability,
any of the desired fluorescent compoundswithin the full color range
can be easily designed, and their photophysical properties can be
predicted very simply.

’CONCLUSION

A comparison of known fluorescent dyes extensively used in
biological applications with Seoul-Fluors mirrored the unique
features of our core skeleton. As shown in Figure 5, we used
completely different structures of organic fluorophores to obtain
a desired emission wavelength in biological experiments without
considering that these structural differences might induce poten-
tial undesired interactions with various biopolymers. However,
we can achieve the corresponding emission wavelengths of the
known fluorescent dyes with Seoul-Fluors simply by changing
the R1 and R2 substituents, which means that the desired

Figure 3. Scatter plot of Seoul-Fluor variants.
Figure 4. Practical predictability of Seoul-Fluor: (a) schematic illustra-
tion of the structure and color of each compound, (b) photographic
image of the emission color of each compound, irradiated at 365 nm, and
table of their photophysical properties.

Figure 5. Comparison of common fluorescent dyes with Seoul-Fluor
variants for their chemical structures and emission wavelengths.
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fluorescent compounds can be accessed using the Seoul-Fluor
core skeleton with minimal structural perturbation.

Seoul-Fluor is a novel organic fluorophore with tunable
emission wavelength covering the full range of visible color,
which is particularly important from the perspective of multi-
plexing capability. In addition, a rational design, guided by
systematic analysis, theoretical computation, and known numer-
ical values, is possible with accurate and practical predictability;
fluorescent compounds with desired photophysical properties
can be acquired without the need for a tiresome synthesis and
trial-and-error process. Therefore, this study revealed that we
discovered a new fluorescent core skeleton, Seoul-Fluor, with
full-color tunability and accurate predictability. Considering that
the prediction of the emission wavelength of given fluorescent
compounds is still rare and highly difficult, this remarkable result
clearly shows how a combinatorial approach and systematic
analysis can help us address these unsolved problems using a
rational design-based approach and was exemplified with the
development of novel organic fluorophores. With its unique
properties, we hope that Seoul-Fluor can function as a versatile
palette for developing desired fluorescent probes.
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bS Supporting Information. Detailed synthetic procedures,
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