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A systematic spectral analysis is presented for Cy3, Cy5, Cy7 and Cy9 aminocyanine dyes. The amino group
in different positions of the polymethinic chain causes different background spectral properties.
Computational studies on these dyes reveal that the length of C—N bond of amino group in the even
position is close to that of the C=N double bond, which prevents the conjugation of the whole
polymethine chain. The amino group located in the even position acts as the electron acceptor at

excited state (a-ICT) of aminocyanine dyes. While, the amino group in the odd position is the electron
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1. Introduction

The polymethine carbocyanine dyes have been widely used as
biological labeling reagents, fluorescence probes, and the
imaging of biological targets in vivo, targeting in living cells and
discriminating the dead cells from the living ones, due to their
excellent photophysical properties.”™ However, the small
Stokes shift is a fatal fault for traditional cyanine dyes (<20 nm),
which inevitably causes an inner filter effect, resulting in low
fluorescence quantum yield and detection sensitivity.”* In
addition, in order to avoid the above problem, Peng et al.*®
developed a kind of aminocyanine with the amino substitution
at the central position of Cy7. Surprisingly, the Stokes shift was
enlarged from about 20 nm to more than 140 nm, which well
avoided the shortcoming from scattering light and excited light.
Furthermore, Peng et al.*® developed a trimethine cyanine dye
with amino substitution in the meso position of the poly-
methine chain (Stokes shift 74 nm). Nagano and coworkers"’
synthesized a series of IR-786 amine-substituted tricarbocya-
nines with a large Stokes' shift. They studied the photophysical
perperties of these dyes and found that the electron-donating
ability of the amine substituent affected the wavelength of the

“School of Chemical and Environmental Engineering, Liaoning University of
Technology, No. 169 Shiying Road, Guta District, Jinzhou 121001, China. E-mail:
caojf@Inut.edu.cn

*State Key Laboratory of Fine Chemicals, Dalian University of Technology, No. 2
Linggong Road, High-tech District, Dalian 116024, China
(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c7ra04556e

30740 | RSC Aadv., 2017, 7, 30740-30746

providing guidelines for future design of new aminocyanine fluorophores.

absorption maximum. Gallay et al.*® reported an N,N-dimethy-
lamino substituted at B-position of Cy5 with the Stokes shift as
70 nm. Symmetric cyanine dyes that employ a (substituted)
amino group along the polymethine chain show pronounced
Stokes shifts, which is expected to be advantageous for many
applications such as labels and probes.**** The mechanism for
a large Stokes shift of amino substitution at the central position
of Cy7 has been investigated by time-dependent density func-
tional theory (TDDFT) at B3LYP/6-31G(d,p) level using Gaussian
09 software suite.>>” However, the mechanism to enlarge the
Stokes shift through the amino substitution at different posi-
tions of such dyes are still unknown. It is important to note that
the recent literature on amino-substituted cyanine dyes neglects
to discuss the role of amino group located at different positions
along the polymethine chain in these compounds.

The aim of the present work is to elucidate the photo-
processes effects of amino group located at different positions
along the polymethine chain in indodicarbocyanine dyes.
Theoretical simulations are recognized as a powerful tool which
not only provide a complementary spectroscopic view on the
measured data but also can guide the synthesis of the prom-
ising derivatives.?®** We describe a series of aminocyanine dyes
(Scheme 1) and proceed the system research on the influence of
the amino group on the spectral properties, geometry optimi-
zations, orbital transition and the potential energy curves by
DFT and TDDFT method. Moreover, understanding these
features is not only understand the effects of amino group on
large Stokes shift and charge transfer process, but can even lead
to the development of future aminocyanine design.

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Geometric structures for a series of aminocyanine dyes
(see text for further details).

2. Computational details

To gain a good theoretical understanding of the photoprocesses
effects of amino group located at different positions along the
polymethine chain, optical properties, geometry optimization,
molecular orbital and potential energy curves with reactive
coordinates are necessary. The molecular geometries were
investigated using density functional theory (DFT) and time-
dependent density functional theory (TDDFT) calculations,
respectively.*> Becke's three-parameter hybrid exchange func-
tions with Lee-Yang-Parr gradient-corrected correlation func-
tional (B3LYP functional) is more suited to be in good
accordance with the experimental results, and used in both the
DFT and TD-DFT methods in the sequential work.*® The 6-
31G(d,p) basis set was chosen as the basis set throughout,
which is an appropriate basis set for such organic compounds.
Moreover, electronic excitation energies of low-lying electroni-
cally excited states were also computed by the TDDFT method.**
A continuum solvation model, PCM, was used for the consid-
eration of solvent effects in aqueous solution.* In addition, the
So potential energy curves were qualitatively scanned by con-
strained optimizations with keeping the dihedral angels fixed at
a series of values. The excited-state potential energy curves were
obtained by calculating the Franck-Condon transition energies
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for the ground-state optimized structures at fixed dihedral
angles using TDDFT method. All calculations on electronic
structures were carried out using the Gaussian 09 program
suite.*

3. Results and discussion

3.1. Optical properties

To study the amino effect at different positions along the pol-
ymethine chain in indodicarbocyanine dyes, we design some
new aminocyanine dyes including Cy3-NH,-1, Cy3-NH,-2, Cy5-
NH,-1, Cy5-NH,-2, Cy5-NH,-3, Cy7-NH,-1, Cy7-NH,-2, Cy7-NH,-
3, Cy7-NH,-4, Cy9-NH,-1, Cy9-NH,-2, Cy9-NH,-3, Cy9-NH,-4 and
Cy9-NH,-5 (Scheme 1). Firstly, we optimized ground state and
the first excited state geometric structures and calculated the
absorption and emission spectra of all the molecules using the
TD-DFT/B3LYP/6-31G(d,p) method with the PCM solvation
model (data in Table 1). The local minima only have real
frequencies. As shown in Table 1, all the molecules have large
Stokes shifts. Based on absorption maxima and emission
maxima, the effects of amino group located at different posi-
tions on spectral properties of the dyes were presented and
discussed. The introduction of the amino group in the odd
position of the polymethinic chain causes a redshift of the
absorption maximum by 60-90 nm with respect to of the amino
group in the even position of the polymethinic chain (Table 1).
The aminocyanine dyes with the amino group in the odd posi-
tion display larger Stokes shifts than the even position. For
instance, the absorption maximum, the emission maxima and
Stokes shifts of Cy7-NH,-1 and Cy7-NH,-3 are larger than Cy7-
NH,-2 and Cy7-NH,-4. Similar results have also been obtained
from other molecules including amino-substituted Cy3, Cy5,
and Cy9. Our attention was eventually attracted by the amino
group in different position with different background spectral
properties. This prompted additional calculations to better
understand the effects of the amino group on the geometry
optimizations, orbital transition and the potential energy curves
in the ground state and the first excited state.

Table 1 Absorption maxima, emission maxima and Stokes shift of
different aminocyanine dyes in water

abs (nm) em (nm) Stokes shift (nm)

Cy3-NH,-1 507 Dark state —

Cy3-NH,-2 446 543 97

Cy5-NH,-1 565 765 200
Cy5-NH,-2 503 603 100
Cy5-NH,-3 576 720 144
Cy7-NH,-1 625 833 208
Cy7-NH,-2 564 678 114
Cy7-NH,-3 639 817 178
Cy7-NH,-4 556 670 114
Cy9-NH,-1 684 906 222
Cy9-NH,-2 621 758 137
Cy9-NH,-3 699 908 209
Cy9-NH,-4 613 745 132
Cy9-NH,-5 705 917 212

RSC Aadv., 2017, 7, 30740-30746 | 30741
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3.2. Optimized structures in the ground state and the first
excited state

Some of the most important structural parameters are shown in
Fig. 1. For Cy3-NH,-1, the length of C-N bond of amino group is
1.418 A which is close to the normal C-N single bond. However,
in the structure Cy3-NH,-2, the length of C-N bond of amino
group is 1.346 A and is shorter than normal C-N single bond
but similar to that of C=N double bond. For Cy5-NH,-1, the
length of C-N bond of amino group is 1.419 A, which is close to
the bond length of Cy3-NH,-1. For Cy5-NH,-2, the length of C-N
bond of amino group is 1.346 A and is similar to the bond
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Fig.1 The stable structures in the ground and calculated bond lengths
of C-N of the aminocyanine dyes based on DFT//B3LYP/6-31G(d.p)
basis set.
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length of Cy3-NH,-2. For Cy5-NH,-3, the length of C-N bond of
amino group is 1.402 A and is between the length of C-N bond
of Cy5-NH,-1 and Cy5-NH,-2. For Cy7-NH,-1, the length of C-N
bond of amino group is 1.418 A. For Cy7-NH,-2, the length of
C-N bond of amino group is 1.350 A. For Cy7-NH,-3, the length
of C-N bond of amino group is 1.401 A. For Cy7-NH,-4, the
length of C-N bond of amino group is 1.349 A. We found the
length of C-N bond of amino group in the odd position of the
polymethinic chain is longer than in the even position. Cy9
aminocyanine dyes have similar results. For Cy9-NH,-1, the
length of C-N bond of amino group is 1.418 A. For Cy9-NH,-2

the length of C-N bond of amino group is 1.349 A. For Cy9-NH,-
3, the length of C-N bond of amino group is 1.400 A. For Cy9-
NH,-4, the length of C-N bond of amino group is 1.350 A. For
Cy9-NH,-5, the length of C-N bond of amino group is 1.399 A.

Finally, based on optimized structures in the ground state,
we found that the length of C-N bond of amino group in the
even position is shorter than normal C-N single bond but close
to that of C=N double bond to prevent the conjugation of whole
polymethine chain. However, the length of C-N bond of amino
group in the odd position is close to than normal C-N single
bond. The shorten length of C-N bond of amino group reduces
the effective length of whole polymethine chain and further
affects the maximum absorption and emission peak.

We further optimized the structures of the first excited state.
The dyes transferred from ground state to the vertical excited
state by excitation. Normally, the vertical excited state does not
go back to ground state directly. The vertical excited state
changes their configuration to get a new configuration with low
energy as geometrical optimization of the first excited state S;,
and then returns to the ground state through emitting long
wavelength fluorescence. During this process, the configuration
of amino group located at different positions along the poly-
methine chain takes evidently changes involved bond lengths,
bond angles and dihedral angles of amino groups. So the
comparisons about the bond lengths, bond angles and dihedral
angles of amino groups between the ground state and the first
excited state have been given in Table 2. About the structure of
the first excited state Cy5-NH,-1, the bond length (C;-N; bond)
becomes obviously shorter and the bonding angles (C;-N;-Hj,
C;-N;-H, and H;-N;-H,) get a little larger (three angles are
increased by 5.78°, 5.31° and 5.50°, respectively) and the dihe-
dral angles (H;-N;-C,-C, and H,-N;-C,-C3) are decreased by
29.66° and 6.96°, respectively. And as respect to the structure of
the first excited state Cy5-NH,-2, the bond length (C;-N; bond)
becomes obviously longer and the bonding angles (C;-N;-C,,
H;-N;-C, and H;-N;-C,) get slightly smaller (three angles are
diminished by 5.22°, 5.69° and 5.16°, respectively) and the
dihedral angles (H;-N;-C;-C, and H,-N;-C;-C3;) are increased
by 29.27° and 21.50°, respectively. And for the structure of the
first excited state Cy5-NH,-3, the bond length (C;-N; bond)
becomes obviously shorter and the bonding angles (C;-N;-C,,
H;-N;-C, and H;-N;-C;) get a little larger and both dihedral
angles (C;-N;-C3-C, and C,-N;-C;3;-Cs) become shorter simul-
taneously (the two dihedral angles are decreased by 10.89° and
10.88°, respectively). The calculated bond lengths, bond angles
and dihedral angles of Cy3, Cy7 and Cy9 aminocyanine dyes

This journal is © The Royal Society of Chemistry 2017
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Table 2 The calculated bond lengths (A), bond angles (°) and dihedral angles (°) of Cy5 aminocyanine dyes calculated by Gaussian 09 software

based on DFT and TDDFT//B3LYP/6-31G(d,p) basis set

Dyes Atomic number S, state S, state
Cy5-NH,p-1 Bond length (&) N;-H, 1.016 1.011
N,-H, 1.012 1.009
N;-Cy 1.419 1.382

Bond angle (°) H;-N;-C; 113.15 118.94

H,-N,-C, 112.89 118.21

H,-N,-H, 109.19 114.68

Dihedral angle (torsional angle) (°) H;-N;-C;-C, 67.96 38.30

H,-N;-C,-C, 11.38 4.43
Cy5-NH,-2 Bond length (A) N,-H, 1.003 1.007
N;-H, 1.007 1.012
N;-C, 1.347 1.382

Bond angle (°) H;-N;-C4 122.50 117.28

H,-N,-C, 121.15 115.46

H,-N,-H, 116.34 111.18

Dihedral angle (torsional angle) (°) H;-N;-C;-C, —8.54 20.74

H,-N;-C;-C; —-7.76 —29.26
Cy5-NH,-3 Bond length (A) N,-H, 1.013 1.009
N,-H, 1.013 1.009
N;-C, 1.402 1.372

Bond angle (°) C;-N;-C, 113.49 118.59

H,-N,-C, 113.49 118.59

H,-N,-C, 108.42 113.13

Dihedral angle (torsional angle) (°) H;-N;-C;-C, 30.01 19.13

H,-N;-C;-C, —30.06 —19.18

have the same varying trend to the computed results of Cy5
aminocyanine dyes, as shown in ESI part.f

From the first excited-state structures of the three dyes, the
amino groups in the polymethine chains are twisted out of the
main plane owing to steric interaction, thus disturbing the
planarity of the backbones of the main skeleton and creating
a relatively distorted skeleton for the aminocyanine dyes. The
first excited-state conformations were different from the
ground-state structures, which would be significant in the study
of large Stokes' shift.

3.3. Molecular orbital analysis

On the basis of calculation on Cy5 aminocyanine dyes shown in
Fig. 2, for Cy5-NH,-2, the highest occupied molecular orbital
(HOMO) is localized on the entire pentamethine chromophore
including the end groups, but excluding the amino group
substituent. The lowest unoccupied molecular orbital (LUMO)
is localized predominantly on the actual pentamethine chain,
including the amino group substituent. Alternatively, when dye
molecule was excited, electron transfers from both side phenyl
groups of the dye molecule Cy5-NH,-2 to the conjugated chain
upon excitation, and the electron cloud density of LUMO on the
amino groups substituent was increased corresponding to that
of HOMO. It is demonstrated that the amino group acts as the
electron acceptor at excited state, which is inverse to that for
amino groups as electron donor in typical ICT process. This
process can be called acceptor-ICT (photo-induced a-ICT).
However, for Cy5-NH,-1 and Cy5-NH,-3, the highest occu-
pied molecular orbital (HOMO) is localized on the entire pen-
tamethine chromophore including the end groups and the

This journal is © The Royal Society of Chemistry 2017

amino group substituent. The lowest unoccupied molecular
orbital (LUMO) is localized predominantly on the actual pen-
tamethine chain, but excluding the amino group substituent.
When the dye molecule was excited, the S, — S, transition is
from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO). The electron
cloud density of LUMO on the amino groups substituent was
decreased corresponding to that of HOMO. It is demonstrated
that the amino group acts as the electron donor at excited state,
which is accordance with that for amino groups as electron
donor in typical ICT process.

Besides, geometrical optimization of the first excited state S;
was also performed. The S; — S, transition with the maximum
oscillator strength is from the lowest unoccupied molecular
orbital (LUMO) to the highest occupied molecular orbital
(HOMO), corresponding to the maximum emission (in Fig. 2).
For Cy5-NH,-2, the LUMO energy level is lowered 0.23 eV for the
molecule in the S; state compared with that in the S, state;
however the HOMO energy level is no change for the molecule
in the S; state compared with that in the S, state. The amino
group acted as the electron acceptor primarily destabilizes the
LUMO energy level, leading to decrease the energy of the LUMO
energy level. For Cy5-NH,-1, the LUMO energy level is lowered
0.15 eV for the molecules in the S; state compared with that in
the Sy state; however the HOMO energy level is raised 0.22 eV for
the molecules in the S, state compared with that in the S, state.
For Cy5-NH,-3, the LUMO energy level is lowered 0.08 eV for the
molecules in the S; state compared with that in the S, state;
however the HOMO energy level is raised 0.12 eV for the
molecules in the S; state compared with that in the S, state. The

RSC Adv., 2017, 7, 30740-30746 | 30743
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Fig. 2 Frontier molecular orbitals corresponding to the ground-state
So geometry (left), the first excited state S; geometry (right) of the Cy5
aminocyanine dyes. The HOMO-LUMO gaps, absorption maxima,
emission maxima and oscillator strengths for molecular orbitals are
given.

amino group acted as the electron donor thus destabilizes the
HOMO energy level, resulting in the increase of the HOMO
energy level is greater than the decrease of the LUMO energy
level. The HOMO is raised and the LUMO is lowered for the
molecules in the S; state compared with those in the S, state,
which leads to a clear decrease in the HOMO-LUMO gaps in the
S, state than in the S, state, in agreement with the large Stokes
shift.

We also get the same or similar results for Cy3, Cy7 and Cy9
aminocyanine dyes (see ESI partf). An important conclusion
from this research is that the amino group acted as the electron
acceptor at excited state (a-ICT) for aminocyanine dyes with

30744 | RSC Adv., 2017, 7, 30740-30746

View Article Online

Paper

amino group in the even position. While, on the contrary, the
amino group is the electron donnor at excited state (ICT) for
aminocyanine dyes with amino group in the odd position. The
phenomena have not previously reported in the literature.

3.4. Nature of the different large Stokes shift

As above analysis demonstrated that, the difference between the
first excited state structures and ground state structures and the
electron transfers for the aminocyanine dyes both contribute to
an enhanced Stokes shift, which is expected to exert a direct
effect on the photophysical performance.

It is noted that the aminocyanine dyes have different struc-
tures and the electron transfers of amino group located at
different positions along the polymethine chain in indodi-
carbocyanine dyes. These features will produce different spec-
tral characteristics; especially with different large Stokes shifts.
Until recently, no reference has been published for the different
large Stokes shifts of aminocyanine dyes, and the in-depth
mechanism of the nature of the difference large Stokes shifts
for these aminocyanine dyes are still unknown. Our previous
research measured that the geometric distortion due to the
rotation of the amino group and the skeleton of the poly-
methine chain produced large Stokes shift.’” To get a better
understanding the nature of the different large Stokes shifts for
the these dyes, we present a detailed study of the potential
energy curves as a function of the amino group twisting angles
of the these dyes.

Fig. 3 presents the calculated potential energy curves for
rotation about amino group in the ground states and low-lying
electronic excited states of Cy5-NH,-1, Cy5-NH,-2 and Cy5-NH,-
3. For Cy5-NH,-1, the smallest energy gap (48.79 keal mol™" in
Table 3) between ground state and the first excited state is ca.
0° twisted about the dihedral angle rotation, which provides the
major nonradiative transition from an excited state to a ground
state. The potential energy curves suggest that the rotation
about the amino group is very easy, since there is lower energy
barrier to rotation in the S, state, especially from the angle of
70-0° with a very small energy barrier about 0.05 keal mol ™. For
Cy5-NH,-2, the smallest energy gap (53.16 kcal mol ") between
ground state and the first excited state is ca. 90° twisted about
the dihedral angle rotation, which provides the major non-
radiative transition from the first excited state to the ground
state. The potential energy curves suggest that rotation about
the central double bond is more difficult than Cy5-NH,-1, since
there are higher energy barriers to rotation in the S, state about
6.25 kcal mol ™. The barrier to rotation and the smallest energy
gap between the first excited state and ground state for amino
group of Cy5-NH,-3 is similar to these of the Cy5-NH,-1. Thus,
for Cy5-NH,-1 and Cy5-NH,-3, the rotations of amino group are
very easy by 0-70° with small energy barriers, which plays
a major role in retuning the conforms of the first excited state
and providing lager Stokes shift for aminocyanine dyes. For
Cy5-NH,-2, the rotation of amino group is relatively difficult and
is not conducive to the change of the conforms of the first
excited state, resulting relatively smaller stokes shift than Cy5-
NH,-1 and Cy5-NH,-3.

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra04556e

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 14 June 2017. Downloaded on 12/4/2025 5:11:23 PM.

(cc)

Paper

-]
a
1
&
L

[}
t=]
n

-
=)
!

o
1

)

Relative Energy / kcal mol1
»
o

=
!

0 20 40 60 80 100 120 140 160 180 200
Dihidral Angle ¢ /-

-
a
J
(2]
(=}

}

o
a
1

a
E=]
I

-
=)
!

Relative Energy / kcal mor 'l
»
o (&3

o
L

3
0 20 40 60 80 100 120 140 160 180 200
Dihidral Angle ¢, /-

-]
a
|

c) -5

@

[=]
I

2

olfcaul| mol'1

Energy /

G
I

S

Relative Ener

T T
0 20 40 60 80 100 120 140 160 180 200
Dihidral Angle ¢, /*

Fig. 3 Energy levels of the Sq (black) and S; (red) states of the amino
group rotation around chemical bond C;—N; (dihedral angle ¢;) for
Cy5-NH>-1 (a), Cy5-NH;,-2 (b) and Cy5-NH,-3 (c) calculated at the
TD-DFT/B3LYP/6-31G(d,p) level with PCM solvation model.

Table 3 Energy barrier E, and energy gap Eg,p between the Sg and S
states of the amino group rotation around chemical bond C;—N;
(dihedral angle ¢,) for Cy5-NH,-1, Cy5-NH,-2 and Cy5-NH,-3

Cy5-NHy-1¢;  Cy5-NH,2¢;  Cy5-NH,3 ¢,
E, (kcal mol™) 0.05 6.20 0.01
Egap (kcal mol™")  48.79 53.16 49.52

We calculated potential energy curves for different dihedral
angles in the ground state and the first electronic excited states
for Cy3, Cy7 and Cy9 aminocyanine dyes (see ESI partf). The
energy barrier is 2.95 kcal mol™" for Cy3-NH,-1 and 7.30 kcal

This journal is © The Royal Society of Chemistry 2017
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mol* for Cy3-NH,-2. The energy barrier is 0.06 kcal mol~* for
Cy7-NH,-1, 7.30 kcal mol ™" for Cy7-NH,-2, 0.10 kcal mol " for
Cy7-NH,-3 and 7.09 kcal mol™' for Cy7-NH,-4. The energy
barrier is 0.95 kcal mol " for Cy9-NH,-1, 7.65 kcal mol ™" for
Cy9-NH,-2, 0.07 kcal mol " for Cy9-NH,-3, 6.56 kcal mol~* for
Cy9-NH,-4 and 0.01 kcal mol™* for Cy3-NH,-5. Those calcula-
tions demonstrate that the rotations of amino group are very
easy with small energy barriers for aminocyanine dyes with
amino group in the odd position; nevertheless, the rotations of
amino group are relatively difficult with higher energy barriers
for aminocyanine dyes with amino group in the even position.

The excited-state barriers calculated in this work are slightly
overestimated, due to the fact that the molecule was kept rigid
except for rotation about a particular bond. But this strategy
allows us to separate the effect of a single rotation from other
rotations. It was found that allowing the molecule to relax along
the remaining internal coordinates made little difference to the

qualitative conclusions.***

4. Conclusions

In the framework of optimising the properties of aminocyanine
dyes, the results showed that aminocyanine dyes with amino
group in the odd position has commonality regarding the
spectral properties, geometry optimizations, orbital transition
and the potential energy curves. Similar results were found in
the even position of such dyes. It was concluded that the
spectral properties, geometry optimizations, orbital transition
and the potential energy curves of aminocyanine dyes were
highly depended on the amino group location along the poly-
methine chain. Such molecules being challenging targets for
synthetic chemists, it is indeed of prime importance to guide
the experimental efforts towards the most promising targets.
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