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Indocyanine green is a great near-infrared fuorescence with good luminescent properties and important medical applications. In
this paper, the theoretical spectrum and orbital model of its molecular level are established.Te twomost probable conformations
were studied, and their energies, vibrational spectra, UV-Vis absorption spectra, frontier molecular orbitals (HOMO and LUMO),
and energy gaps were obtained by density functional theory (DFT) calculations, respectively. Tis provides a theoretical and
design basis for the development of novel dyes similar to indocyanine green dyes and a reference case for improved application
methods and synthetic predesign of novel fuorescent dyes.

1. Introduction

With the increasing incidence of end-stage liver disease and
liver cancer, the liver function evaluation is of great sig-
nifcance for clinical diagnosis and treatment [1]. Indoc-
yanine green (ICG) is a commonly used diagnostic drug,
mainly used as a safe and reliable approach to examine the
liver function and efective blood fow. Obana et al. reported
that 13 cases of adverse reactions were found in 3774 ICG
angiography [2]. Indocyanine green can be ingested and
excreted by the liver cells in a prototypical manner and can
be used to directly evaluate the liver metabolism and thus
liver function [3]. For patients preparing for hepatocellular
carcinoma resection, the evaluation and prediction of re-
sidual liver tissue function with indocyanine green is of great
clinical signifcance [4]. In the human body, light less than
700 nm is absorbed by tissues, light greater than 900 nm is
blocked by water and fat, and infrared light with wavelengths
between the two can efectively penetrate tissues, thereby
obtaining corresponding biological information [5]. In

fuorescence imaging, red light mainly has the advantages
of low tissue absorption, low scattering, low auto-
fuorescence background, and high signal ratio and can
objectively refect the metabolic state of living organisms
[6, 7]. Te optical properties of indocyanine green deter-
mine its good biological application prospects. In clinical
application, it can truly refect the metabolic status of the
liver [8], predict the compensatory ability of postoperative
residual liver tissue [9], and determine the number and
boundary of liver tumors [10]. Amore in-depth study of the
luminescent properties of indocyanine green at the atomic
level can make use of its advantages more efciently, assist
in the development of more efcient signal-receiving de-
vices, reduce the dosage, and even explore new uses. At
present, the luminescence mechanism at the molecular
level is still unclear. It is hoped that by establishing a
corresponding quantum mechanical calculation model, the
luminescence mechanism can be accurately analyzed
providing a theoretical basis for subsequent research and
application.
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Density functional theory [11] (DFT) is a quantum
chemical calculation method developed in recent decades. It
has the advantages of small computation, high relative
precision, and being able to deal with large molecular sys-
tems. Among them, in most cases, the feld changes of
excited states are time-related, so people add time-related
parameters into the density functional theory equation when
dealing with the time-dependent system and derive the time-
dependent density functional theory (TD-DFT). With the
development of electronic structure theory and computer
computing power, theoretical calculation can predict exci-
tation energy and the molecular energy gap more and more
accurately. Te calculation of molecular properties and
spectra of small organic systems has been in good agreement
with the experimental results, which provides sufcient
conditions for us to study the relevant information and
properties of interested fuorescent molecules [12–16].

Fluorescent dye molecules absorb light from the ground
state to the excited state; on the one hand, the electronic
structure and properties of the excited state are greatly
diferent from the ground state molecules, and the electronic
structure of the excited state, the mutual transformation of
diferent electronic structures, and attenuation process of the
excited state directly determine the photophysical process
and the fnal application performance. On the other hand,
relative to the ground state, the excited state is a transient
state, from which the experiment on the collection of in-
formation is limited by the instruments and equipment
directly, but in the design and synthesis of fuorescent dyes,
this information is very important, and quantum chemistry
calculations can, in theory, provide information on mo-
lecular excited states and provide the relevant data for the
researchers. Terefore, it is very important to study the
molecular properties and luminescence mechanism of
fuorescent dyes.

In this paper, density functional theory (DFT) and time-
dependent density functional theory (TD-DFT) were used to
study the structure information, spectral properties, and
luminescence mechanism of indocyanine green (ICG) dye.
Te precise structure and spectral information of ICG were
obtained, the reliable luminescence model was established,
and the clear luminescence mechanism was clarifed. It
provides valuable experience and examples for its future
clinical application and theoretical design of new luciferin.

2. Results and Discussion

2.1.Determination of theOptimalGroundStateConfguration
of IGC. Two possible gas phase confgurations of IGC
molecules were optimized by DFT calculation, as shown in
Figure 1. At the same time, structural optimization and
frequency analysis were carried out to determine the min-
imum value near the potential energy surface. For confor-
mation A, the sodium ion binds to the sulfonate ion at site 1,
while the sulfonate at site 2 tends to be close to the positive
ammonium ion in the spatial structure. In the case of
conformation B, the sodium ion binds to two sulfonate ions
to form a “bridge conformation.” Te energy data of the two
conformations are listed in Table 1. By comparing the zero-

point energy, enthalpy, and free energy, it can be seen that
the energy of conformation B is about 50 kcal·mol−1 lower
than conformation A. Tis suggests that the possibility of
IGC molecules in conformation B is much greater than in
conformation A.

Ten, after analyzing the energy, we compared the bond
lengths of the two conformations as shown in Table 2. For
the two sulfonate groups in the A conformation, the length
of the S-O bond is about 1.48–1.51 Å, and the length of the
S-O bond in the B conformation is 1.49–1.51 Å, and there is
no signifcant diference between them. For the C-S bond,
the length is 1.81 Å and 1.82 Å, respectively, but for the
spatial structure, the sodium ion in the A conformation only
coordinates with one of the sulfonate groups, while the
sodium ion in the B conformation coordinates with both
sulfonate groups. Ten, the bond lengths of the conjugated
chains between the two aromatic rings were compared,
which was found that for C-C bonds, both single bonds (B1
and B3) and double bonds (B2, B4, and B5), the bond lengths
showed an average distribution of about 1.40. Te same is
true for the C-N bond (B6 and B7), both of which are about
1.5 Å. Although the structures of the two conformations are
quite diferent (one is a straight chainmolecule and the other
is a ring molecule), there is no signifcant diference in main
bond lengths between the π system and the sulfonic group.
Terefore, we can speculate that the energy diference may
come from the deformation energy.

2.2. Noncovalent Interaction (NCI) Analysis of IGCMolecule.
Many vibrational modes (infrared spectra) are greatly af-
fected by the presence of hydrogen bonds [17–19].Terefore,
a systematic noncovalent interaction analysis of the two
conformations should be performed before the theoretical
vibration spectra are analyzed. Figure 2 shows that in the
conformation of A, the main noncovalent interactions are
distributed between the conjugate chains and within the
aromatic ring, and their types are van derWaals interactions
and repulsive interactions, respectively. Te van der Waals
action is more distributed in B than in A, and there is re-
pulsion in the aromatic ring. Although the distribution of
noncovalent interactions between the two conformations is
slightly diferent, the types of noncovalent interactions are
van der Waals interactions and repulsive interactions, and
there is no obvious hydrogen bond interaction.Terefore, in
the following study, we did not consider the efect of hy-
drogen bonds on the vibration spectrum.

2.3. Establishment of Teoretical Model of Vibrational Ab-
sorption Spectrum. Te vibrational absorption spectrum,
also known as the infrared spectrum, is an important means
to identify organic molecules, and its peak value depends on
the structure and conformation of molecules. It is important
to establish the vibrational absorption spectrum of the ICG
molecule to determine its fne structure. After fully opti-
mizing two conformations of ICG by DFT method, the
vibration form of the spectral peak of the infrared spectrum
was pointed out as marked in Figure 3.
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By comparing the theoretical infrared spectra of the two
conformations of IGC, it is not difcult to fnd that the two
conformations obtained after optimization have weak vibra-
tions near 682 cm−1 to 744 cm−1. However, there is a signifcant
diference between the peaks near 948.8 cm−1. Conformation A
has a “double peak,” while conformation B has a “single peak”
with a narrow top andwide bottom. Both of themhave a strong
absorption peak at 1118.9 cm−1, and there is a combined low
peak on the left side of A instead of B. In addition, there is no
signifcant diference between the vibration spectra of the two
conformations, indicating that there are two distant weak peaks
at 1243.1 cm−1, 1335.1 cm−1 for A, and 1247.1 cm−1,
1331.1 cm−1 for B, and a shoulder peak at 1391.1 cm−1 and
1450.1 cm−1, then a strong narrow peak and a weak wide peak
at 1450.1 cm−1 and 1562.0 cm−1. Terefore, it can be seen from
the above that for ICG molecule, diferent conformations
(although the structures of the two conformations are quite
diferent) do not have a great infuence on the main vibration
peak of the corresponding vibration spectrum, no matter the
position of the peak or the intensity of the peak.

2.4. Establishment ofTeoretical Model of UV-Vis Absorption
Spectrum. When the light wave acts on the material, the
electrons inside the material will absorb the photon energy
and produce the electron energy level transition from the
ground state to the excited state. In the process of the
electron energy level transition, there are vibrational and
rotational energy level transitions. Terefore, the UV-Vis
absorption spectrum is “band spectrum.” Te electron en-
ergy level transition requires a large amount of energy,
generally falling in the ultraviolet-visible region
(200∼800 nm). UV-Vis spectrum can not only identify the
species of compounds, but also refect their photophysical
properties. Terefore, it is very necessary and important to
establish UV-Vis spectral model for organic molecules,
especially for organic dyes.

Based on the IGC molecular structure obtained above,
we calculated the excited state of the IGCmolecule at a single
point using TD-DFT method and obtained the prediction
results of the UV-Vis spectra of the two conformations of the
IGCmolecule, as shown in Figure 4. Although the structures
of the two conformations are very diferent, they all have
similar peak types for the ultraviolet spectrum, with a strong
narrow peak at about 200 nm, a low peak at about 290 nm,
and a wide strong peak at about 570 nm. On the whole,
conformation B has a weak redshift (about 5 nm) relative to
conformation A, and the strength of conformation B is
signifcantly greater than that of conformation A at the main
peak (about 570 nm). In addition, some subtle diferences
also appear in the UV-Vis spectra of the two conformations.
For example, the peak of conformation A at about 290 nm is
obviously narrower and stronger, while the peak of con-
formation B is shorter and wider. Moreover, conformation A
also has a low wide peak at about 360 nm, but this does not
appear in the spectrum of conformation B.

2.5. Distribution of Frontier Molecular Orbital (HOMO and
LUMO) and Energy Gap. Te frontier molecular orbital
theory was proposed in the 1950s. It was based on the idea
that HOMO has the most energetic and least bound elec-
trons, and so the liveliest and most volatile electrons. LUMO
has the lowest energy among all unoccupied orbitals and is
the easiest to accept electrons. Terefore, these two orbitals
determine the gain and loss of molecules’ electrons and their
transfer ability, determine the spatial orientation of inter-
molecular reactions and other important chemical proper-
ties, and are also important data for studying the
photophysical properties of dyes. After discussing the the-
oretical UV-Vis spectra of the two conformations of IGC
molecules, we also plotted the distribution of the frontier
molecular orbitals and the HOMO/LUMO energy gaps of
the two conformations of IGCmolecules, in order to explore

Conformation A Conformation B

Figure 1: Te two conformations of the IGC molecule.

Table 1: Te absolute and relative energies of the two conformations of the IGC molecule1.

A B ΔE
Zero-point energies −3186.265605 −3186.367501 −63.94
Enthalpies −3186.212858 −3186.315900 −64.66
Free energies −3186.357505 −3186.452279 −59.47
1Absolute energy and relative energy are given in units of Hartree and kcal·mol−1, respectively.
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Figure 2: Distribution and types of noncovalent interactions in ICG molecule.

Table 2: Te bond lengths of the main bonds belong to the two conformations of the IGC molecule1.

A Length B Length
S-O1 1.48 S-O1 1.49
S-O2 1.51 S-O2 1.51
S-O3 1.51 S-O3 1.51
S-O4 1.49 S-O4 1.51
S-O5 1.49 S-O5 1.49
S-O6 1.49 S-O6 1.49
C-S 1.81 C-S 1.82
B1 1.39 B1 1.39
B2 1.39 B2 1.39
B3 1.39 B3 1.40
B4 1.39 B4 1.40
B5 1.39 B5 1.35
B6 1.36 B6 1.35
B7 1.35 B7 1.36
1Bond lengths are given in units Å.
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Figure 3: Teoretical vibration spectra of two diferent conformations of ICG molecule.
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the information of ICG molecules’ orbitals and excited
states.Te frst is the distribution of HOMO and LUMO. For
conformation B (with an annular conformation), the dis-
tribution of HOMO and LUMO on the whole molecule is
relatively uniform. A few of the highest occupied molecular
orbitals (HOMO) are distributed in the aromatic ring region,
mainly focusing on the double bond between the two ar-
omatic rings. For the lowest unoccupied molecular orbital
(LUMO) of the B conformation, the distribution is also
concentrated on the double bond between the two aromatic
rings, but unlike the HOMO, the LUMO is more concen-
trated on the aromatic ring. (See Figure 5)

For the chain conformation A, its frontier molecular
orbital distribution is very diferent from that of the ring
conformation B, and its LUMO distribution is similar to that
of conformation B, almost all of which are distributed on the
double bonds in the two aromatic rings. But the HOMO
distribution of conformation A is very diferent from that of
conformation B, all of which are distributed on the sulfonic
acid group that is not bound to the sodium ion. Although the
HOMO and LUMO distributions of conformation A and
conformation B are quite diferent, the energy gap of them is
4.14 eV and 4.19 eV, respectively, there is not a lot of dif-
ference. In addition, we also compared the energy gap be-
tween HOMO and LUMO of ICG molecules with N-ethyl-
N-nitrosourea (ENU, a potential anticancer agent) [20],
cepharanthine (a natural alkaloid) [21], edotecarin (indo-
locarbazole anticancer agent) [22], gemcitabine (GEM,
against a variety of solid tumors) [23], and bis-chlor-
oethylnitrosourea (BCNU, anticancer drug) [24], the results
are shown in Table 3.

3. Models and Method

All the calculations in this paper were carried out in
Gaussian 09 D01 software [25]. B3LYP [26, 27] functional
was used as the method, and 6–311 g (d, p) basis set was used
as the basis group to fully optimize the ICG molecule in the

ground state. Frequency analysis was used to determine the
minimum point of the optimized conformation and obtain
its energy at 298K. Te 3D structure of molecules is drawn
by CYL-View [28] and VMD [29]. Te obtained molecular
structure is directly used for single point time-dependent
density functional (TD-DFT) calculation at the level of
CAM-B3LYP [30] /6–311++G (d, p). It should be noted that
B3LYP is widely used in the structural optimization of small
molecules [13, 15, 16, 31–33], and for the basis set, we chose
6-311G (d, p), which is higher than the common standard.
CAM-B3LYP is widely used to study the excited state of
small organic molecules [34–39], based on the structure
optimization base set, we add the dispersion function to
ensure more accurate excited state information. Te solvent
efect is represented by the implicit solvent model using the
SMD-H2O model (developed by Truhlar’s group) [40]. Te
IGC model is derived from the PubChem database. In order
to better ft the actual situation, we adopted its sodium salt
molecule as the research model. NCI analyses [41, 42] were
performed using Multiwfn (version 3.8) software [43].
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Figure 4: Teoretical UV-vis spectra of two diferent conformations of ICG molecule.
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4. Conclusions

In summary, the geometric structure, relative stability, vi-
bration spectrum, UV-Vis spectrum, and frontier orbital
information of the two conformations of ICG dye molecules
are systematically and deeply studied by using density
functional theory (DFT). Te results show that the con-
formation B with annular conformation is signifcantly more
stable than the conformation A with chain conformation
from the point of view of energy, and the diference of zero
energy, enthalpy, and free energy between them is
63.94 kcal·mol−1, 64.66 kcal·mol−1, and 59.47 kcal·mol−1,
respectively, which can fully explain that the conformation B
is more stable than the conformation A. Ten, we analyzed
the theoretical vibration spectra of the two conformations
and found that although the spatial structure of the con-
formations was very diferent, the peak position of the
spectra did not change signifcantly, only slightly diferent in
some places. With this conclusion, we used TD-DFT theory
to calculate the single point excited state of the above two
conformations and plotted their theoretical UV-Vis spectra.
However, the very diferent structures of the two

conformations did not bring about signifcant diferences in
UV-Vis spectra, except that the peak of A conformation at
290 nm is sharper than that of B conformation. Confor-
mation A has an extra wide peak at 360 nm and the spectrum
of conformation B has a weak redshift (less than 5 nm)
compared with A. In addition, the distribution of the
frontier molecular orbital of two diferent conformations of
IGC molecules was plotted to further investigate the orbital
information and the source of the molecular photophysical
properties. We learned that although the obvious diferences
in the spatial structure of the two conformations do not
make a signifcant diference in the spectrum or distribution
of LUMO, there is a signifcant diference in the distribution
of HOMO, the distribution of B conformation on both sides
of the aromatic ring and the double bond between the ar-
omatic rings, and the distribution of A conformation on the
sulfonic acid group without the sodium ion. However, unlike
the frontier orbital distribution, the energy gap of the two
conformations is not much diferent, only 0.05 eV.

Terefore, we believe that although the diferent
conformations of the ICG molecule have great diferences
in spatial structure and energy, they do not have great

LUMO, -1.96 eV

Gap = 4.14 eV

HOMO, -6.10 eV

Conformation A

LUMO, -2.07 eV

HOMO, -6.26 eV

Gap = 4.19 eV

Conformation B

Figure 5: Distribution of frontier molecular orbital and energy gap of two diferent conformations of ICG molecule.

Table 3: Te HOMO, LUMO, and energy gap of ICG versus other molecules1.

ICG-A ICG-B ENU Cepharanthine Edotecarin GEM BCNU
ELUMO −1.96 −2.07 −2.31 −0.54 −2.69 −1.82 −7.46
EHOMO −6.10 −6.26 −7.17 −5.54 −5.88 −7.24 −2.60
ΔEHOMO-LUMO 4.14 4.19 4.86 5.00 3.19 5.42 4.86
1Energies are given in units eV.
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diferences in spectrum, LUMO distribution or energy
gap. When we study the theoretical spectrum and orbital
information of dye molecules, we may be able to reduce
the attention to diferent conformations. Moreover, the
theoretical study of common medical fuorescent dyes can
not only satisfy our curiosity about luminescence
mechanism and infuencing factors but also provide an
efective idea and solution for the adjustment of ab-
sorption bands of fuorescent dyes and the development of
new fuorescent dyes. Based on this work, more theoretical
and experimental studies on small molecular fuorescent
dyes for medical diagnosis are being carried out in our
laboratory.
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IR spectral density of H-bond in liquid phase: combined
efects of anharmonicities, fermi resonances, direct and in-
direct relaxations,” Journal of Molecular Liquids, vol. 141,
no. 3, pp. 104–109, 2008.

[18] N. Rekik, H. Ghalla, N. Issaoui, B. Oujia, and M. J. Wójcik,
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