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ABSTRACT: The assembly of various azo dyes and pigments with
inorganic layered materials could develop new types of intercalation
materials. The electronic structures and photothermal properties of
composite materials (AbS−-LDH) constituted by azobenzene
sulfonate anions (AbS−) and Mg−Al layered double hydroxide
(LDH) lamella were theoretically studied at the M06-2X/def2-
TZVP//M06-2X/6-31G(d,p) level using density functional theory
and time-dependent density functional theory. Meanwhile, the
influences of LDH lamella on the AbS− in AbS−-LDH materials
were investigated. The calculated results showed that the addition of
LDH lamella could lower the isomerization energy barrier of CAbS−

anions (CAbS− stands for cis AbS−). The thermal isomerization
mechanisms of AbS−-LDH and AbS were related to the conforma-
tional change of the azo group, out-of-plane rotation and in-plane
inversion. The LDH lamella could reduce the energy gap of the n → π* and π → π* electronic transition and lead to a red-shift in
the absorption spectra. When a polar solvent DMSO was applied, the excitation energy of the AbS−-LDHs was increased, making its
photostability stronger than in nonpolar solvent and solvent-free.

1. INTRODUCTION
Azobenzene dyes are a class of functional materials that can be
modified by thermal and photochemical treatment, which
could have wide applications in molecular switches, molecular
machines, memory storage, and nanodevices.1−12 As known to
all, azobenzene dye could undergo a reversible isomerization
between cis and trans conformations at appropriate conditions.
There are two possible isomerization pathways: via rotation or
inversion. The former proceeds via an out-of-plane rotation of
a benzene ring around the N�N double bond, and the latter
proceeds via an in-plane inversion by increasing the NNC
angle to 180°. A thermally induced cis to trans isomerization of
azobenzene readily occurs in the ground state.13−17 The cis
structure of azobenzene dyes may be converted to the trans
one at room temperature and could be accelerated by visible
light irradiation, so their relatively poor thermal stability limit
azobenzene dyes’ practical application. It is very meaningful to
assemble azobenzene dyes into different carrier materials to
increase their stabilities and unveil the nature of the
isomerization mechanism. Takei et al. encapsulated methyl
orange (MO) in a cyclodextrin cavity to study its isomerization
and found that the isomerization can be hindered due to a
strong intermolecular interaction induced by nanospace
confinement.18 Kojima et al. showed that the electrostatic
interaction between azobenzene and the metal ions in the
zeolite nanocavity could modulate the cis−trans isomerization
process.19 Therefore, it is of great significance to find new

carrier materials to achieve stable host−guest composite
materials capable of isomerization of azobenzene dyes.

As an important class of host−guest materials, layered
double hydroxides (LDHs) is one of the promising host carrier
candidates, which could provide a good microenvironment for
the distribution of azobenzene guest molecules. LDH is a kind
of inorganic material with characteristics of interlayer anion
exchangeability, thermal stability, and tunability of the
composition and structure of the lamellas.20 Its special
structure owns advantages of both a guest and host, which
could be used in many fields such as catalysis, medicine,
photochemistry, etc.21−25 LDH lamellas are positively charged,
and the interlayer anions could be replaced by other anions, so
they can be used to prepare nanoscale organic/inorganic
layered composites.26 LDH films had been widely studied as
components of optical, electrical, and magnetic devices, which
made their preparations a rapidly growing research area in
recent years.27−29 One of the fascinating features of these LDH
composite materials is that the intercalated ions could adopt
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different arrangements and orientations in the interlayer space
of LDH. The inorganic LDH host materials could effectively
improve not only the optical stability but also the thermal
stability of the intercalated organic dye. To improve the
thermal stability of azo compounds and prepare the materials
with new functions, a variety of azo dyes and pigments such as
Naphthol Yellow S, Acid Orange II, Direct Yellow 50, etc. as
guest molecules have been successfully intercalated into
LDHs.30−37 These research studies showed that the perform-
ances of composite intercalated materials were better than that
of a single dye molecule and that many kinds of modified or
novel intercalated materials could be used to prepare molecular
devices. Svoboda et al. pointed out that the dye with a −SO3

−

substituent intercalated into Zn-Al-LDH could be vertically
arranged between layers and that the existence of inorganic
layers might improve their thermal and optical stabilities.32

However, the relationship between the physicochemical
properties and structures of these host−guest LDH materials
is still not clear.

Herein, we used an azobenzene sulfonate (AbS−) anion as a
guest molecule and Mg-Al-LDH lamella as a host. The
combination of AbS− anions with LDH lamella could form a
new type of dye material. The isomerization pathways of 4,4-
azobenzene disulfonate dye have been theoretically studied in
our previous work,38 which produced two sulfonic groups as
electron-withdrawing substituents in the para-positions of
azobenzene. Adopting an appropriate cluster model, the
structures and properties of the composite materials could be
investigated using high-level theoretical methods. This study
focuses on the use of cluster models to explore the photo- and
thermal properties of the composite (AbS−-LDH) constituted
by azobenzene sulfonate anions (AbS−) and Mg−Al hydroxide
(LDH) lamella. Our previous studies on LDHs with a Mg/Al
ratio of 2 or 3 have shown that their lowest unoccupied
molecular orbitals (LUMO) could attract anions in the center
of the lamella.39,40 In this work, molecular structures,
electronic spectra, and thermal cis−trans isomerization of
azobenzene sulfonate anions with different substituent
positions (p-azobenzene sulfonate: p-AbS; m-azobenzene
sulfonate: m-AbS) combined with LDH lamella were studied
by density functional theory (DFT) and time-dependent DFT
(TD-DFT) calculations. In addition, the influence of LDH
lamella on the AbS− anion was also discussed by comparing
the AbS’s isomerization pathways of AbS−-LDH and the AbS
molecule.

2. COMPUTATIONAL DETAILS
Using density functional theory (DFT), the thermal isomer-
ization mechanisms of AbS−-LDH and the AbS single molecule
were studied at the M06-2X/def2-TZVP//M06-2X/6-31G-
(d,p) level.41,42 The geometric optimization was carried out at
the M06-2X/6-31G(d,p) level, and the single point energies
and electronic property analysis were calculated at the M06-
2X/def2-TZVP level. In addition, functional testing is
presented in the Supporting Information. All structures of
reactants, transition states, and products along reaction
pathways were fully optimized, and the frequencies of all
stationary points were calculated. The transition states were
confirmed with one and only one imaginary frequency. The
vertical excitation properties were also calculated using the
TD-DFT method at the same level.43,44 By comparing the UV
spectra and difference in energy gaps of frontier orbitals of
AbS−-LDH and AbS molecules, the influence of the Mg-Al-

LDH lamella on the spectral properties of the AbS− anion was
discussed. The polar solvent DMSO and the non-polar solvent
CCl4 were used to calculate the solvent effect using the
solvation model based on density (SMD). The Gaussian 09
program was used for all computations.45

3. RESULTS AND DISCUSSION
To study the influence of LDH lamella on azobenzene
sulfonate dye, we carried out theoretical research with LDH1
and LDH2 as templates (see Figure 1, LDH1 and LDH2 refer

to LDH cluster models with Mg:Al = 2:1 and Mg:Al = 3:1,
respectively). For the LDH1 structure, since Mg:Al = 2:1, the
total charge is 2 and the spin multiplicity is 1. For the LDH2
structure, since Mg:Al = 3:1, the total charge is 4 and the spin
multiplicity is 1.
3.1. Geometrical Structures. The structures of LDH

lamella with different magnesium−aluminum ratios combined
with AbS− were optimized at the M06-2X/6-31G(d,p) level.
As shown in Figure 2, CAbS− and TAbS− (CAbS− and TAbS−

mean cis and trans azobenzene sulfonate) anions were arranged
vertically on the lamella, and three O atoms of the −SO3

−

group were connected to the H atoms of the hydroxyl groups
of the Mg-Al-LDH lamella. When the Mg/Al ratio of LDH was
2:1, the distances between the O atoms of −SO3

− and H atoms
of the hydroxyl group of the hydrotalcite lamella were 1.460−
1.473 Å for p-TAbS−-LDH1 and 1.459−1.487 Å for m-TAbS−-
LDH1, respectively, which implied that there were hydrogen
bond interactions between −SO3

− and the lamella. When the
Mg/Al ratio became 3:1, the distances between the O atoms of
−SO3

− and H atoms of the hydroxyl group of the hydrotalcite
lamella were 1.533−1.557 Å for p-TAbS−-LDH2 and 1.539−
1.571 Å for m-TAbS−-LDH2, respectively. The distances
between LDH1 and AbS− were shorter than those of LDH2,

Figure 1. Optimized cluster models and corresponding chemdraw
structures of LDH1 and LDH2 at the M06-2X/6-31G(d,p) level.
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indicating that the hydrogen bond interaction between AbS−

and LDH1 was stronger and the structure was more stable.
The O−H bond lengths of the hydroxyl groups of LDH were
increased from 0.965 to 1.033−1.038 Å (p-TAbS−-LDH1) and
1.011 to 1.017 Å (p-TAbS−-LDH2), respectively. It can be
seen from Table 1 that the structural parameters of the main
groups of AbS− of AbS−-LDH and AbS single molecules were
very close before and after assembly with LDH1 or LDH2. The
dihedral angle ∠C(2)N(3)N(4)C(5) of p-TAbS−-LDH1 was
−179.79°, which indicated that the two benzene rings were
approximately in a plane. The dihedral angles of ∠C(1)C(2)-

N(3)N(4) and ∠C(6)C(5)N(4)N(3) were 3.62 and 0.99°,
respectively. Similarly, the two benzene rings of m-TAbS−-
LDH1 were also approximately coplanar, and the dihedral
angles of ∠C(2)N(3)N(4)C(5), ∠C(1)C(2)N(3)N(4), and
∠C(6)C(5)N(4)N(3) were −179.85, 0.75, and 0.46°,
respectively. The relative energies (ΔG) are energy differences
of trans structures of AbS− anions, AbS molecules, and AbS−-
LDH relative to cis. The ΔGp‑AbS and ΔGm‑TAbS were −12.7 and
−13.4 kcal/mol, while the ΔGp‑AbS

−
‑LDH1, ΔGm‑AbS

−
‑LDH1,

ΔGp‑AbS
−

‑LDH2, and ΔGm‑AbS
−

‑LDH2 were −15.6, −13.7, −19.3,
and −18.2 kcal/mol as the AbS− anion was assembled on the

Figure 2. Optimized AbS−-LDHs’ structures at the M06-2X/6-31G(d,p) level (-CAbS refers to cis-azobenzene sulfonic acid, -TAbS refers to trans-
azobenzene sulfonic acid).

Table 1. Key Structural Parameters of Optimized AbS−-LDHs at the M06-2X/6-31G(d,p) Level.

bond (Å) dihedral angle (°)

C(2)-N(3) N(3)-N(4) N(4)-C(5) ∠C(1)C(2)N(3)N(4) ∠C(2)N(3)N(4)C(5) ∠C(6)C(5)N(4)N(3)

p-CAbS−-LDH1 1.431 1.237 1.434 −57.02 −8.88 −47.30
p-TAbS−-LDH1 1.425 1.248 1.415 3.62 −179.79 0.99
m-CAbS−-LDH1 1.438 1.238 1.434 50.86 7.91 49.65
m-TAbS−-LDH1 1.426 1.247 1.417 0.75 −179.85 0.46
p-CAbS−-LDH2 1.416 1.236 1.427 134.65 −11.68 −39.08
p-TAbS−-LDH2 1.415 1.255 1.402 2.30 −179.91 0.33
m-CAbS−-LDH2 1.437 1.239 1.428 47.02 9.13 45.93
m-TAbS−-LDH2 1.423 1.251 1.407 1.19 −179.81 0.56
p-CAbS 1.436 1.239 1.437 −55.11 −7.55 −50.57
p-TAbS 1.427 1.246 1.422 −0.29 −179.97 0.23
m-CAbS 1.438 1.39 1.438 54.24 7.57 51.89
m-TAbS 1.425 1.245 1.423 1.54 −179.88 0.60
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LDH layer (see Figure 3). This indicated that the host Mg-Al-
LDH lamella could improve the thermal stability of the

intercalated AbS− anions. The binding energy (EB) of
supramolecules were represented by the general formula: EB
= E(AbS

−
‑lamella) − E(AbS

−) − E(lamella). The calculated binding

energies of p-CAbS−-LDH1, p-TAbS−-LDH1, m-CAbS−-
LDH1, and m-TAbS−-LDH1 were −10.3, −10.4, −10.4, and
−10.4 eV, respectively; those of p-CAbS−-LDH2, p-TAbS−-
LDH2, m-CAbS−-LDH2, and m-TAbS−-LDH2 were −15.0,
−15.3, −15.1, and −15.2 eV, respectively. This also
demonstrated that host Mg-Al-LDH lamella could improve
the thermal stability of the intercalated AbS− anions.
3.2. Thermal Isomerization of AbS Molecules with/

without LDHs. The inversion and rotation isomerization
pathways of AbS−-LDH and AbS molecules were discussed in
the ground state in this study. The former can be achieved
through the vibration of the N3 or N4 atom in the N�N
double bond. The optimized geometric structures of stationary
points along the isomerization pathways of AbS−-LDH1 are
shown in Figure 4, and the key structural parameters are listed
in Table 2. It could be seen from the geometric structures of
transition states that two phenyl rings of p-AbS− and m-AbS−

anions were neither perpendicular nor coplanar. The angle
∠N(2)N(3)C(4) of p-TS1-LDH1 was 178.91°, which was
almost linear, and the dihedral angles ∠N(4)N(3)C(2)C(1)
and N(3)N(4)C(5)C(6) were 76.75 and −0.47°, respectively.
The angles ∠N(3)N(4)C(5) of p-TS2-LDH1 was 179.23°,
which was almost linear, and the dihedral angles ∠N(4)N(3)-
C(2)C(1) and N(3)N(4)C(5)C(6) were −4.76° and 26.07°,
respectively. The dihedral angle ∠C(2)N(3)N(4)C(5) of p-

Figure 3. Free energies of trans-structures (TAbS−, TAbS, TAbS−-
LDH1, and TAbS−-LDH2) relative to their corresponding cis-
structures (CAbS−, CAbS, CAbS−-LDH1, and CAbS−-LDH2).

Figure 4. Optimized structures of stationary points along the isomerization pathways for p-CAbS−-LDH1 and m-CAbS−-LDH1 at the M06-2X/6-
31G(d,p) level.
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TS3-LDH1 was −88.87°, which was almost perpendicular.
These angles and dihedral angles of the m-AbS− anion of m-
TS-AbS−-LDH1 were similar to those of the p-AbS− anion of
p-TS-AbS−-LDH1, which showed that the substituent
positions of the phenyl rings of AbS− anions had little effect
on the AbS− structure of AbS−-LDH1. In the isomerization
process of p-CAbS−-LDH1, the angle ∠C(2)N(3)N(4)
changed from 125.94 to 179.23° for p-TS1-LDH1 and then
to 116.31° for p-TAbS−-LDH1, and the angle ∠C(3)N(4)-
N(5) changed from 124.10 to 179.23° for p-TS2-LDH1 and
then to 115.66° for p-TAbS−-LDH1, which both adopted an
in-plane inversion pathway. The dihedral angle ∠C(2)N(3)-
N(4)C(5) was from −11.36 to −88.87° for p-TS3-LDH1 and
then to 179.82° for p-TAbS−-LDH1, in which the unsub-
stituted benzene ring had an out-of-plane rotation. Similarly,
the isomerization process of m-CAbS−-LDH1 was close to the
isomerization behaviors of p-CAbS−-LDH1. The C(2)N(3)-
N(4) and N(3)N(4)C(5) linear structures of transition states
of isomerizations of p-AbS− and m-AbS− anions of p-TS-LDH1
and m-TS-LDH1 were due to the weakened coupling of the
lone electron pairs of two N atoms, in which the hybrid orbital
states of the N atoms changed from sp2 to sp. Therefore, the

isomerization processes of p-CAbS−-LDH1 and m-CAbS−-
LDH1 were one-step concerted processes with the inversion of
C(2)N(3)N(4) and the rotation of the unsubstituted benzene
ring around the C(2)-N(3) bond. The isomerizations of AbS−

in p-CAbS−-LDH2 and m-CAbS−-LDH2 were the same as
those in p-CAbS−-LDH1 and m-CAbS−-LDH1 (see the
optimized structures of stationary points along the isomer-
ization pathways and key structural parameters for p-CAbS−-
LDH2 and m-CAbS−-LDH2 in Figure S1 and Table S1 of the
SI).

The free energy profiles of different isomerization pathways
for p- and m-AbS−-LDHs at the M06-2X/def2-TZVP//M06-
2X/6-31G(d,p) level are shown in Figure 5. It can be seen that
the inversion pathway through the N3 movement was more
favorable than that through N4 movement and rotation in both
para- and meta-positions for the AbS−-LDHs. The energy
barriers of the optimal thermal isomerization of p-AbS−-LDH1,
m-AbS−-LDH1, p-AbS−-LDH2, and m-AbS−-LDH2 were 15.7,
22.0, 7.5, and 16.9 kcal/mol, respectively. It is obvious that the
isomerization of p-CAbS-LDH2 is easier than others.

To explain the effect of lamellas on the isomerization of
AbS− anions in AbS−-LDH, the differences in the isomer-
ization pathways between AbS and AbS−-LDH were compared.
The free energy profiles of isomerization pathways for p- and
m-AbS at the M06-2X/def2-TZVP level are shown in Figure 6.
For the isomerization of single-molecule p-AbS and m-AbS, the
pathway through TS1 was also advantageous. The energy
barrier of TS1 was lower by 5.1 kcal/mol than TS2. This may
be due to the smaller steric hindrance when passing through
the vibration mode of TS1, so isomerism was more likely to
occur. The optimized structures for AbS along the isomer-
ization pathway are shown in Figure 7. It can be seen that in
the isomerization process of AbS, the change of AbS structure
was almost the same as that of AbS− in the composites. The
isomerization processes of p-CAbS and m-CAbS were also one-
step concerted processes with the inversion of C(2)N(3)N(4)
and the rotation of the unsubstituted benzene ring around the
C(2)-N(3) bond.

By comparing the free energy profiles of the isomerization
pathways of AbS−-LDHs and AbSs, it was obvious that the
LDH host molecule affected the isomerization for AbS− guest

Table 2. Key Structural Parameters of Stationary Points
along the Isomerization Pathways for p-CAbS−-LDH1 and
m-CAbS−-LDH1 at the M06-2X/6-31G(d,p) Level.

angle (°) dihedral angle (°)

∠C(2)
N(3)
N(4)

∠N(3)
N(4)
C(5)

∠C(1)
C(2)
N(3)
N(4)

∠C(2)
N(3)

N(4)C(5)

∠C(6)
C(5)
N(4)
N(3)

p-CAbS−-LDH1 125.94 124.10 −59.40 −11.36 −39.64
p-TS1-LDH1 178.91 117.75 76.75 13.41 −0.47
p-TS2-LDH1 116.31 179.23 −4.76 −80.43 26.07
p-TS3-LDH1 119.89 123.89 1.08 −88.87 0.73
p-TAbS−-LDH1 113.65 115.66 1.19 179.82 −0.05
m-CAbS−-LDH1 123.78 124.00 52.15 9.86 48.98
m-TS1-LDH1 120.40 117.17 0.84 86.47 −2.26
m-TS2-LDH1 116.81 179.22 −0.36 −123.77 31.88
m-TS3-LDH1 119.08 123.32 4.51 −88.26 1.40
m-TAbS−-LDH1 114.54 114.70 0.82 −179.92 0.07

Figure 5. Free energy profiles of the isomerization for p- and m-CAbS−-LDH at the M06-2X/def2-TZVP//M06-2X/6-31G(d,p) level.
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anions. The addition of LDH lamella could lower the
isomerization energy barrier of CAbS− anions. It was worth
noting that the physicochemical properties of LDH could be
tuned through the assembly of AbS− anions into LDH layers,
which provide insights into the development of new functional
intercalation materials.

3.3. Spectroscopic Properties of AbS−-LDH. trans-
Azobenzene could be easily converted into a cis structure
under visible light irradiation. The TD-DFT method could be
used to calculate reliable low-excited state properties, but the
results of higher excited states have larger errors. Therefore,
the first 50 singlet excited states of each isomer are
calculated.46 The properties of singlet vertical excited states

Figure 6. Free energy profiles of isomerization for p-CAbS and m-CAbS at the M06-2X/def2-TZVP//M06-2X/6-31G(d,p) level.

Figure 7. Optimized stable structures along the isomerization pathway of p-AbS and m-AbS at the M06-2X/6-31G(d,p) level.
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for single-molecule p-TAbS, m-TAbS, supramolecules p-
TAbS−-LDH1, m-TAbS−-LDH1, p-TAbS−-LDH2, and m-
TAbS−-LDH2 were calculated at the M06-2X/6-31G(d,p)
level. The calculated frontier molecular orbitals indicated that
the HOMO-1 orbital was the π orbital on the benzene ring, the
HOMO orbital was the n orbital formed by the lone pair of
electrons on the N atoms, and the LUMO orbital was the π*
orbital on the benzene ring. The HOMO → LUMO
corresponds to n → π* transition, and HOMO-1 → LUMO
corresponds to π → π* transition. The n → π* transitions
were due to a lone pair of electrons on the central N atoms,
and the π → π* transitions were delocalized in the two
benzene rings (see Figure 8). The electronic excitation
energies of these transitions are listed in Table 3.

The transition energy (Eex(S1 ← S0)) for p-TAbS was 2.46
eV, which correspond to the maximum of the S1 ← S0
absorption wavelength at 504 nm. The transition energy of
S2 ← S0 was 4.21 eV, and the corresponding absorption
wavelength was 295 nm. For the p-TAbS−-LDH1 supra-
molecule, the transition energy of S1 ← S0 was 2.40 eV, and its
maximum absorption wavelength showed a 13 nm red-shift

compared with that of the p-TAbS molecule. The transition
energy of S2 ← S0 was 3.94 eV, and its maximum absorption
wavelength showed a 20 nm red-shift. However, the energy gap
of S1 ← S0 transition for m-TAbS−-LDH1 was larger than that
of the m-TAbS molecule, corresponding to the maximum
absorption wavelength with a blue-shift of 10 nm, while the
energy gap of S2 ← S0 transition for m-TAbS−-LDH1 was
smaller than that of m-TAbS, corresponding to the maximum
absorption wavelength with a red-shift of 15 nm. When the
Mg-Al-LDH lamella and AbS− were combined by hydrogen
bond interaction, if the energy of the n or π orbital decreased, a
blue-shift would occur; otherwise, a red-shift would occur.

The excitation of the cis-isomer of p-AbS−-LDH1 and p-AbS
was different from those of corresponding trans-isomers, and
the S1 ← S0 transition of the cis-isomer was slightly intensive
due to its twisted configuration, while the intensities of S2 ← S0
transitions for cis-isomers were low. When p-TAbS−-LDH1
and p-TAbS were converted into p-CAbS−-LDH1 and p-CAbS,
respectively, the n → π* transitions were changed from a
forbidden state to an allowable state due to the transformation
from the planar configuration to the non-planar one. m-TAbS,
m-TAbS−-LDH1, and m-TAbS−-LDH2 showed similar spec-
troscopic properties compared with para-substituted ones.
Also, the spectral properties of AbS− molecules with LDH2
were similar to those with LDH1. The maximum absorption
wavelength of S1 ← S0 and S2 ← S0 of p-TAbS−-LDH2 showed
a red-shift compared with that of the p-TAbS molecule; S1 ←
S0 and S2 ← S0 of m-TAbS−-LDH2 showed a blue-shift and a
red-shift compared with those of the m-TAbS molecule,
respectively. When p-TAbS−-LDH2 was converted into p-
CAbS−-LDH2, the n → π* transitions were changed from a
forbidden state to an allowable state.

The frontier molecular orbital energy gaps (Δε) could
reflect the transition ability of electrons from occupied
molecular orbitals to unoccupied molecular orbitals, and it
could show the difficulty of a molecule to be excited. It could
be seen that the LDH lamella could reduce the energy gap of
the n → π* and π → π* electronic transition and lead to a red-
shift in the absorption spectra (see Table 4).

The UV spectrum shows that azobenzene sulfonic acid was
mainly concentrated in the K band around the period of 125−
225 nm and the R band around the period of 225−400 nm in
the UV−visible absorption region (see Figure 9). When the

Figure 8. Frontier molecular orbitals of TAbS−-LDH1 and TAbS at the M06-2X/6-31G(d,p) level.

Table 3. Electronic Absorption Spectra of cis and trans-
Isomers for AbS and AbS−-LDH at the M06-2X/6-31G(d,p)
Level.

S1 ← S0(n →
π*)

S2 ← S0(π →
π*)

Eex/
eV

λ/
nm

Eex/
eV

λ/
nm

energy difference/eV
(Eex (S2 ← S0) − Eex

(S1 ← S0))

p-CAbS−-LDH1 2.44 508 3.77 329 1.33
p-TAbS−-LDH1 2.40 517 3.94 315 1.54
p-CAbS−-LDH2 2.35 528 2.80 443 0.45
p-TAbS−-LDH2 2.28 545 2.68 462 0.40
p-CAbS 2.34 529 4.66 266 2.32
p-TAbS 2.46 504 4.21 295 1.75
m-CAbS−-LDH1 2.45 506 3.72 333 1.27
m-TAbS−-LDH1 2.49 498 3.95 314 1.46
m-CAbS−-LDH2 2.35 528 2.72 455 0.37
m-TAbS−-LDH2 2.46 505 2.79 445 0.39
m-CAbS 2.44 508 4.69 264 2.25
m-TAbS 2.44 508 4.15 299 1.71
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AbS− combined with LDHs, a significant red-shift was
observed, which was consistent with the result of the frontier
molecular orbital energy gaps, and the K band changed from
125−220 nm to 175−250 nm. This may be in that the
hydrogen bond formed by the hydrogen atom of the hydroxyl
group of the LDH and the oxygen atom of the sulfonate

enhanced the degree of conjugation. As a result, the energy gap
was reduced, leading to the red-shift, and the absorption
spectrum was broadened. However, for the CAbS−-LDH1
structure, only the K band had a red-shift about 50 nm, while
the R band changed insignificantly, which may be due to the
saddle shape of the cis-structure causing the overall structure to
be non-planar, and the degree of planar conjugation was
weakened.

The absorption wavelength of solute can also be shifted due
to the influence of the formation of hydrogen bonds between
the solvent and the solute molecules and the dipolar
polarization. Therefore, the influence of solvents on spectral
properties was also studied. As shown in Figure 10a, for the n
→ π* transition, in the polar solvent DMSO, the n orbital
energy of the ground state molecules was reduced, and the
energy absorbed during the n → π* transition was larger,
which made the absorption shift to the short-wave direction
and caused a blue-shift phenomenon (see Table S1). In the
non-polar solvent CCl4, the energy of the n → π* transition
was also increased, which changed a little compared to that in
DMSO solvent. This implied that polar solvents had a greater
influence on the absorption wavelength than non-polar
solvents. For the π → π* transition, the energy difference
between the ground state and the excited state was reduced for

Table 4. εHOMO and εLUMO and Energy Gaps (Δε) of AbS−-
LDH and AbS at the M06-2X/6-31G(d,p) Level (Unit: eV)

εHOMO‑1 εHOMO εLUMO Δε1
a Δε2

b

p-CAbS−-LDH1 −11.5 −10.6 −5.6 5.1 5.9
p-TAbS−-LDH1 −11.1 −10.7 −6.1 4.7 5.0
p-CAbS−-LDH2 −14.2 −13.6 −10.2 3.4 4.1
p-TAbS−-LDH2 −13.7 −13.4 −10.1 3.3 3.6
p-CAbS −8.8 −7.7 −0.3 7.5 8.5
p-TAbS −8.5 −8.0 −0.2 7.9 8.3
m-CAbS−-LDH1 −11.4 −10.6 −6.1 4.5 5.3
m-TAbS−-LDH1 −11.2 −10.7 −6.1 4.6 5.1
m-CAbS−-LDH2 −14.2 −13.6 −10.2 3.4 4.1
m-TAbS−-LDH2 −13.9 −13.6 −10.1 3.5 3.8
m-CAbS −8.7 −7.7 −1.3 6.4 7.4
m-TAbS −8.4 −7.9 −1.8 3.9 6.2

aΔε1 = εLUMO − εHOMO
bΔε2 = εLUMO − εHOMO‑1.

Figure 9. Absorption spectra of (a) p-CAbS and p-CAbS−-LDHs; (b) p-TAbS and p-TAbS−-LDHs; (c) m-CAbS and m-CAbS−-LDHs; and (d) m-
TAbS and m-TAbS−-LDHs.
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AbS in the polar solvent DMSO, and the absorption was
shifted to the long-wave region, that is, the red-shift
phenomenon occurred. As for the composite AbS−-LDH1,
the energy absorbed during the π → π* transition was larger,
causing the absorption shift to the short-wave direction (see
Figure 10b). Similarly, when in the polar solvent DMSO and
the non-polar solvent CCl4, energy gaps (Δε) of AbS−-LDH1
and AbS showed the same pattern (see Table S2).

4. CONCLUSIONS
The photothermal properties of supramolecular structures of
AbS−-LDHs were studied at the M06-2X/def2-TZVP//M06-
2X/6-31G(d,p) level as well as those of single AbS molecules.
The calculated results showed that the hydrogen bond
interaction between AbS− and LDH1 was stronger and the
structure was more stable. The addition of LDH lamella could
lower the isomerization energy barrier of CAbS− anions
compared to the single molecule. The LDH lamella made the
AbS spectrum red-shift, and the optical properties were better
in the polar solvent DMSO than in the non-polar solvent CCl4.
For the isomerization reaction of AbS−-LDH and AbS, the
pathway through the transition state TS1 was favorable. The
energy barrier of p-TS1-LDH1 was lower by 12.9 kcal/mol
than p-TS2-LDH1, and the energy barrier of p-TS1-LDH2 was
lower by 16.1 kcal/mol than p-TS3-LDH2. The energy barrier
of p-TS1 was lower by 5.1 kcal/mol than p-TS2. Meanwhile,
on their spectroscopic properties, the S1 ← S0 and S2 ← S0
transitions for both TAbS−-LDHs and TAbS molecules
appeared exceedingly similar: the S1 ← S0 transition was
forbidden, and the S2 ← S0 transition was allowed. It was
found that there is a red-shift in S1 ← S0 and S2 ← S0
transition, and energy gaps were decreased with the addition of
LDH lamella. In summary, AbS−-LDHs are potential
composite materials owning better stability than single AbSs.
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