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ABSTRACT: The ability to modulate the rate of Z/E isomer- Acceleration of the Z-to-E Isomerization by Nanosheets of Black Phosphorous
ization of azobenzene (AB) derivatives is crucial to the practical

applications of biological and photofunctional systems. Four kinds 1

of AB—OC,Hg—R derivatives (AB-1, R = NMejI~; AB-2, R = @
NH,; AB-3, R = C¢H,3; AB-4, R = SH) were incorporated into  femperature
liquid-exfoliated black phosphorus (BP) nanosheets through s
noncovalent functionalization. Experiments indicated that the
switching process between the two states, trans (E) and cis (Z),
especially the Z-to-E thermal conversion of AB derivatives, was
accelerated 2—23 times by the presence of phosphorene at temperatures of 293—313 K. The acceleration phenomenon was
rationalized by density functional theory (DFT) calculations, which reveals that the interaction between phosphorene and AB
derivatives stabilized the Z isomer and transition state of azobenzene in a less degree than the E isomer, hence lowering the
activation energy (E,) of the Z-to-E isomerization. A close correlation is shown between the extent of charge transfer, the binding
energy, and the Z-to-E thermal activation energy. The reactive molecular dynamics simulations also demonstrated a threefold faster
isomerization process for AB@BP hybrids to accomplish the thermal relaxation relative to the free-standing AB. The predicted
energy difference between E and Z isomers of AB@BP hybrids are enhanced 2—3 times upon deposition on the BP substrate. The
photoresponsive AB@BP system suggests a new platform for energy conversion and potential applications in the biological field.

1. INTRODUCTION assembly can be fabricated by intermolecular noncovalent
interactions, which is simple and fast.

Among all types of photoresponsive molecules, azobenzene
(AB) has been regarded as a powerful molecular switch and

Explosive developments have provided new opportunities for
biomedical applications using two-dimensional (2D) nanoma-
terials,’ which also have numerous potential applications in

electronics, optoelectronics, and energy conversion and storage has been applied to a broad range Og applications such as liquid
devices.”™* Few-layer black phosphorus (BP) is a new member crystals and drug delivery vehicles.” Taking advantage of the
of 2D nanomaterials, which has attracted significant research facile E/Z isomerization of the N=N double bonds, the
interest because of its excellent broad UV—vis-to-near-infrared azobenzene derivatives could function as smart switches, which
light absorption.” The few-layer puckered structure of BP reversibly change between the global minimum of the trans (E)
provides ultralarge surface areas for various adsorbed isomer and the metastable cis (Z) one through the —-N=N-—
molecules for different purposes such as anticancer treatment rotation (¢p) or C—N=N inversion (#) pathways.” The
and drug delivery.” geometrical isomerization of the AB derivative is indeed

It is highly desirable that the properties of few-layer 2D accompanied by an energy conversion: upon the light-driven
materials could be altered on demand in different environ- E-to-Z isomerization, the energy is stored in the Z isomer with
ments. In other words, the system could respond to external the stored energy estimated by the relative energy AE, ;

stimuli, such as temperature, light, or acidity of the between the Z (E,) and E (Eg) isomers, which is further
environment. Among diverse stimuli, light is a fascinating

one because it is noninvasive, sustainable, and allows high
spatiotemporal precision controlling.” The simplest way to
introduce a photoresponsive property is to functionalize with a
light-responsive unit. There are two methods to hybridize the
photoresponsive units into the substrates. One way is to
introduce responsive units via covalent chemistry using a
multistep synthetic approach. Alternatively, the functionalized
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Figure 1. Schematic illustrations of (a) substituted AB derivatives (AB-1, AB-2, AB-3, AB-4) in Z and E forms and the energy difference, AE, g,
between two isomers and (b) phosphorene and its noncovalent interaction with AB derivatives, evaluated by the binding energy, E,.

released during the inverse Z-to-E transition. The incorpo-
ration of AB derivatives into some nonmetal low-dimensional
materials (e.g,, graphene and arsenene) has been demonstrated
experimentally or theoretically to bring new opportunities to
form novel hybrid materials."”~"* The AB derivatives were also
incorporated into DNA-based motifs to trigger the reversible
and cyclic configuration of constitutional dynamic networks."
However, the detailed understanding of the unique interaction
between photoresponsive molecules and phosphorene under
the external triggers remains to be explored. It is also of
importance to realize the Z/E isomerization of azobenzene
derivatives at room temperature, allowing future applications in
bioactive systems.

In the present work, the conformationally flexible alkoxy-
modified azobenzene derivatives were selected to combine
with the layered phosphorene. More specifically, only one end
of the aromatic benzene ring is substituted by an alkoxy group
with different terminal groups, which are electron-donating or
-withdrawing groups. The benzene ring with a substituted long
alkoxy chain could interact with the phosphorene, while the
unsubstituted benzene could either lying or tilting upon the
phosphorene surface. Hence, we fabricated four kinds of AB@
BP systems containing AB—OC, Hg—R derivatives: 1-butana-
minium,N,N,N-trimethyl-4-(4-(2-phenyldiazenyl)phenoxy)-,
iodine (1:1) (AB-1, R = NMejl"); 4-(4-(2-phenyldiazenyl)-
phenoxy)-1-butanamine (AB-2, R = NH,) with a proton-
accepting amino group; 1-(4-(decyloxy)-2-phenyldiazene)
(AB-3, R = C¢H,;) with a hydrophobic chain; and 4-(4-(2-
phenyldiazenyl)phenoxy)-1-butanethiol (AB-4, R = SH) with a

proton-donating thiol group (Figure la). Among them, the
trimethylammonium iodine-substituted azobenzene (AB-1)
shows the highest acceleration (23 times) of the Z-to-E
isomerization rate constant by deposition on the phosphorene
surface at 293 K. Density functional theory (DFT) calculations
revealed that the strongest interfacial charge transfer occurred
between a polar trimethylammonium iodine group (R =
NMeil") and a BP substrate (Figure 1b). The strong
interaction between BP and AB, which is evaluated by the
binding energy (E,), stabilizes the Z isomer and the transition-
state structure in a less degree than the E isomer and therefore
lowers the activation energy (E,) of the Z-to-E isomerization.
We also found that noncovalent functionalization with AB
derivatives led to considerable stabilization of the freshly
exfoliated BP. The easily adjustable thermal Z-to-E isomer-
ization through noncovalent functionalization on phosphorene
shows potential applications in energy conversion and
biomedical usage.

2. METHODS

2.1. Experimental Section. The isomerization process
was studied by UV-—vis absorption spectra, which were
obtained from UV-2600 (Shimadzu, Japan) using a quartz
glass cell with a path length of 10 mm at different
temperatures. The rate constants (k) of the Z-to-E isomer-
ization in the dark at different temperatures were determined
from the equation derived on the assumption of the first-order
kinetics of the isomerization reaction and the applicability of
the Lambert—Beer law

https://dx.doi.org/10.1021/acs.jpcc.0c03837
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Figure 2. Characterization of BP nanomaterials. (a) TEM and (b) SEM images of BP nanosheets; (c) Raman spectra of BP nanosheets; (d) XPS
spectra of BP nanosheets; (e) {-potential of the BP nanomaterials and the AB@BP complexes; and (f) UV—vis spectra of AB, BP, and AB@BP in

the DMSO solution.

(1)

where A, corresponds to the initial absorbance, A, is the
momentary absorbance, and the A, is the absorbance in the
equilibrium. The values of Ay, A, and A, were measured at a
wavelength of 352 nm. The temperature dependences of the
rate constants of thermal Z-to-E isomerization were expected
to follow the Arrhenius equation

Ink=-— E, +InA
RT (2)

where E, is the activation energy of the reaction, A is the pre-
exponential factor, R is the gas constant, and T is the
temperature in the absolute scale. The evaluated E, values were
obtained from Arrhenius plots.

2.2. Computational Details. For the isolated (AB-1, R =
NMeil"; AB-2, R = NH,; AB-3, R = C,H,5; AB-4, R = SH)
molecules, DFT calculations with the B3LYP functional and
the 6-311+G(d,p) basis set were performed with the Gaussian
09 package suite.'® Frequency calculations at the same level of
theory were carried out to characterize each stationary point
(minimum or transition state). Time-dependent density
functional theory (TD-DFT) was used to calculate the low-
lying excitation energies of the dipole-allowed transitions for
AB derivatives at the CAM-B3LYP/6-311+G(d,p) level.

As for the AB@BP hybrids, the DFT computations were
performed using the projector augmented planewave (PAW)

15963

scheme as implemented in the Vienna ab initio simulation
package (VASP)'”'® using the slab model and periodic
boundary condition (PBC). We make use of the generalized
approximation (GGA) formulated by Perdew, Burke, and
Ernzerhof (PBE) as the exchange—correlation functional.'” A 6
X 4 unit cell of the black phosphorus monolayer (96
phosphorus atoms) and bilayer (192 phosphorus atoms) was
chosen as the supercell. The E/Z-AB derivatives were
physisorbed onto the monolayer or in a sandwich model,
respectively. A 30 A vacuum layer was used to avoid possible
interactions between periodic images. A 3 X 3 X 1
Monkhorst—Pack™® k-point mesh was used for the Brillouin
zone integration in geometry relaxations. The convergence
threshold of the geometry optimizations was set to be 107> eV
in energy and 0.01 eV-A™". A 500 eV cutoff was used for the
planewave basis set. A complete linear synchronous transit
(LST)/quadratic synchronous transit (QST)>' protocol was
employed for the TS searching of free-standing AB and AB@
BP composites using the Materials Studio CASTEP module*”
with an energy cutoff of 340 eV.

Adsorption energies E;, of adsorbate azobenzene derivatives
on phosphorene were calculated by subtracting the DFT-
calculated energies of adsorbate AB derivatives (E,p) and clean
phosphorene (Egp) from the energy of the composite
(Eap@sp), as shown in the formula

Ey, = Esg@er — Exp — Epp 3)

https://dx.doi.org/10.1021/acs.jpcc.0c03837
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To understand the physical nature of the interaction
between AB derivatives and phosphorene, the electron density
was examined. For a fully optimized geometry, the electron
density difference was calculated by subtracting the electron
densities of the individual species within the geometry of the
complex from the electron density of the whole complex as

AP = Paporp ~ Pan ~ Pap (4)

where p,p and ppp represent the electron densities of AB
derivatives and phosphorene with the geometry of the
complex, respectively. papapp represents the electron density
of complex AB@BP. The electron density difference maps
were generated using the VESTA package.”

The reactive molecular dynamics (RMD) simulations,
which were developed by our group, were successfully applied
to trace the dynamic process of isomerization of various
azobenzene-containing complex systems in the condensed
phase. Modifications on the C—N=N-C torsion potential
and C—N=N inversion potential were implemented on the
polymer consistent force filed (PCFF*’) in RMD simulations.
The corresponding torsion force function of the N=N bond
and the inversion force function of the C—N=N angle in the
simulations are given as

Eraon(#) = Ky(1 + cos(np — ) )

24-28

Ebend(g) = I<€(9 - 00)2 (6)

where K is set as the lowest vertical excitation energy, which
comes from the TD-DFT calculations or experimental UV—vis
absorption spectra. We used a canonical NVT ensemble at 298
K with a Nose thermostat and the velocity Verlet algorithm
with a time step of 1 fs. All of the systems employ the periodic
boundary condition (PBC) model with a time scale of S0 ps.
Twenty independent simulations were performed starting from
the Z form of AB derivatives.

3. RESULTS AND DISCUSSION

3.1. Characterization of AB@BP Nanosheets. The 'H
nuclear magnetic resonance (NMR) spectra of para-
substituted AB derivatives are shown in Figure SI1. BP
nanosheets were produced by the liquid-phase exfoliation
method through the sonication of bulk BP crystals in dimethyl
sulfoxide (DMSO) solvent, and the details are presented in
Figures S2 and S3. The transmission electron microscopy
(TEM), scanning electron microscopy (SEM), and atomic
force microscopy (AFM) images show that the BP nanosheets
have an average lateral size of 100—400 nm and a thickness of
10 nm (Figures 2ab and S4). With the assistance of AB
derivatives, the exfoliated BP nanosheets show a reduced
thickness and an increased lateral size (Figure SS). As shown in
Figure 2c, three Raman peaks with frequencies of 362, 439, and
466 cm™" correspond to Aé (out-of-plane phonon mode), B,,

(in-plane mode), and Aé (in-plane mode) of BP and are
consistent with the Raman features of crystalline BP nano-
sheets.’® The X-ray photoelectron spectra (XPS) showed that
the as-prepared BP flakes have 2p*? and 2p'/? doublets at
129.6 and 130.7 eV, respectively, which are characteristic of
crystalline BP (Figure 2d).”"

The {-potential of free-standing BP nanosheets was different
from that of the AB@BP hybrids (Figure 2e). Also, the UV—
vis spectra of AB@BP contain characteristic absorption peaks
of BP (283 nm) and AB derivatives (352 nm), which is shown

in Figure 2f. Both the {-potential and UV—vis spectra revealed
the complexation of AB derivatives with BP nanosheets.

3.2. Electronic Structure of AB Derivatives. Upon UV
irradiation, azobenzene derivatives (AB-1—AB-4) with differ-
ent lengths of the alkyl chain and different terminal groups
exhibit big changes in molecular size and polarity, which makes
it possible to construct smart nanosystems with photo-
responsive properties. DFT calculations reveal that the cationic
azobenzene surfactant (AB-1, R = NMejI™) shows much large
dipole moment (Z, 13.3 D; E, 10.5 D) than the other AB
derivatives (AB-2—AB-4) due to the strong electrostatic
interaction between the trimethylammonium ion and anion
(Figure S6). This implies the significant interaction of AB
derivatives with the BP substrate, which will be demonstrated
later in experiments and calculations. The cetyl-trimethylam-
monium bromide was used as a charged surfactant to produce
monolayer phosphorene through an electrochemical molecular
intercalation approach.”> AB derivatives with quaternary
ammonium salt substitution are also useful for controlling
the opening and closing of the ion channel and the
construction of stimuli-responsive host—guest systems.”
The substituted tetra-alkoxy groups with R = NH, (AB-2) and
R = SH (AB-4) terminal groups are selected to represent two
typical substituents with electron-withdrawing and electron-
donating properties, respectively. AB derivatives with long
alkoxy groups (AB-3, R = CgH;;) are widely employed to
enhance the interactions with the incorporated materials.*
DFT geometrical optimization predicted that the Z-to-E
isomerization induced an increase of ca. S A in the end-to-
end distance (defined as the length between the two terminal
H atoms of the substitution R group and the para-phenyl on
the other side), slightly longer than that (4 A) in unsubstituted
AB.

The experimental UV—vis absorption spectra (Figure S7) of
AB derivatives (AB-1—AB-4) show nearly identical absorption
peaks (E, 352 nm; Z, 442 nm) at 293 K, which were ascribed
to the limited change in the geometry of the azobenzene
chromophore upon para substitution. The absorption peaks at
352 and 442 nm arise from the characteristic 7—z* and n—z*
transitions in the E and Z forms, respectively (Figure S8).

3.3. Kinetics of the Photochromic Z-to-E Isomer-
ization of AB Derivatives with and without Phosphor-
ene. The rate of Z-to-E thermal isomerization is an important
factor that determines the usage of AB derivatives. The AZO
with a slow thermal isomerization rate can be used in long-
term solar thermal storage.”” Azobenzene with fast Z-to-E
conversion can also be used in real-time information
transmission.>® It is also a big challenge to achieve Z/E
isomerization of azobenzene derivatives at room temperature.
The modulation of Z-to-E isomerization rates from tens to
thousands (or even in larger) degrees will pave the way toward
the development of light-responsive materials in different kinds
of fields and environments. The E, Z isomers of AB derivatives
show a distinct difference in UV—vis spectra (Figure 3a).
Hence, the slow thermal Z-to-E isomerization can be
monitored by UV—vis spectra. We can see in Figure 3b that
the hybrid AB@BP system shows much faster Z-to-E
conversion compared with the free-standing AB within the
same time period (24 h). Acceleration of the thermal
conversion was also observed for all AB@BP hybrids (Figures
S9—S12). The details of the calculated first-order rate
constants (k) and the activation energies (E,) of the thermal
Z-to-E reaction kinetics for AB with and without the BP

https://dx.doi.org/10.1021/acs.jpcc.0c03837
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Figure 3. (a) UV—vis absorption spectra of molecule AB-1, R =
NMej3I~, in DMSO (1 X 107> M); the insets are the contours of the
molecular orbitals involved in the first vertical excitations. (b)
Changes in the light absorbance due to the thermally driven Z-to-E
isomerization of the AB-1 and AB-1@BP composites in the DMSO
solution at 293 K in the experiment. (c) BP substrate could lower the
activation energy, E,, of the Z-to-E isomerization process and increase
AE,_; between the two isomers; the insets are AB-1(Z-down)@BP
and corresponding transition-state AB-1(TS)@BP. (d) Energy
difference (AE,_g) and binding energy (E,)/per atom of AB and
substituted AB with and without the presence of BP. (e) Calculated
(inverted triangle) and experimental (column) values of the Z-to-E
activation energy (E,) of the AB derivatives with and without BP. The
charge transfer, Scr, between AB and BP is also presented. (f)
Snapshots of the Z-to-E isomerization of AB-1 on the BP bilayer
model with the time evolution of the C—N=N-C torsion angle (¢)
and the interlayer distance, d, between two adjacent phosphorenes.

substrate are shown in the Supporting Information (Figure S13
and Table S1). Generally, the temperature has no effect on the
spectroscopic behavior of azobenzene derivatives, but it
strongly enhances the isomerization rate. The thermal
isomerization of all four AB derivatives was accelerated by
increasing temperature or in the presence of phosphorene. In
particular, the rate constant of AB-1@BP (R = NMejl™)
increases by about 23 times compared with that of the free-
standing AB-1 at 293 K. The obtained E, values of the Z-to-E
conversion of all AB derivatives and AB@BP hybrids also show
the highest reduction of the Z-to-E activation energy (0.7 eV)
for AB-1 (R = NMejI").

As we all know that the freshly prepared phosphorene was
not stable under ambient conditions, we also compared the
stability of the newly prepared phosphorene with and without
AB derivatives. The phosphorene surface adsorbed with AB
derivatives lead to significant enhancement (ca. 2.8 times) of
the ambient stability compared with free BP (Figure S14).

3.4. Substrate Effect on the Z-to-E Isomerization Rate
and Energy Difference Revealed by DFT and RMD
Calculations. To gain further insight, DFT calculations with
van der Waals correction (vdW-DF2 functional)*”*’ were
performed for the AB@BP monolayer and bilayer models. The
optimized geometries for different AB derivatives (AB-1—AB-
4) are shown in Figure S15. We consider two situations for the
Z isomer on phosphorene, with the long alkyl chain lying on
the phosphorene surface (called Z-down) and with the
unsubstituted benzene ring lying on phosphorene, while the
substituted long alkyl chain tilted up (Z-up). E-AB@BP was
0.6—3.0 eV more stable than Z-AB@BP. Z-AB@BP (down) is
more stable than Z-AB@BP (up) due to the much larger
contact surface. Consequently, the molecule is more energeti-
cally favorable to Z-down than Z-up on the phosphorene
surface after UV irradiation. The value of the adsorption
height, h, was in the range of 3—4 A, which revealed the
physisorption between AB and BP. The absorption height of
AB on BP is similar to those predicted for AB adsorbed on
other 2D materials, such as arsenene and graphene.”’41 All of
the physisorptions of AB derivatives on BP was energetically
favorable with sufficient binding energies, E,. The negative E,
suggested that both Z/E isomers could stably attached onto
phosphorene. In addition, the Z isomer had a shorter
absorption height, (h = 3.3 A) than that (3.5 A) of the E
isomer, implying the stronger interactions between Z-AB and
the BP substrate than that in the E-AB. We use the LST—QST
method to locate the transition-state structure and to evaluate
the Z-to-E isomerization activation energy (E,) between the
trans (E) isomer and the cis (Z)-(down) isomer on the AB@
BP monolayer. The located transition state has a C—-N=N-C
dihedral at around 90°, suggesting an energetically favorable
rotation mechanism. For the studied AB derivatives, the
difference in absorption geometry between the Z isomer and
the corresponding TS geometry is depicted in Figure S16. The
absorption height, h, is defined as the distance between the
nitrogen connected to the unsubstituted benzene ring and the
upmost atom of the BP surface. As shown in Figure 3c, the
adsorption height, h, of AB derivatives (3.3 A) in the TS
structure is much shorter than that (4.1 A) in the Z-down
geometry, indicating that the lone pair in the N=N double
bond will interact more strongly with the lone pair of the BP
surface. The stronger interaction between the TS geometry
and the BP substrate will decrease the energy difference
between AB(Z)@BP and AB(TS)@BP, which is the activation
energy (E,) of the Z-to-E isomerization. Hence, the strong
interactions between the AB derivatives and the BP substrate
could stabilize the Z isomer and transition-state structure less
than the E isomer, which decreased the energy barrier of the Z-
to-E thermal isomerization and enhanced the energy difference
between the Z and E isomers. DFT calculations also predicted
that the phosphorene—AB—phosphorene sandwich structure
shows a significant increase of energy difference (AE;_g)
between the Z/E isomers, ranging from 2.14 to 3.03 eV, which
increased by 2—3 times compared with free-standing AB
(Figure 3d). Because the AB derivatives differ from each other
in the length that contacts the BP substrate, the calculated E,
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was divided by the number of atoms, n, of the different AB
derivatives to allow a direct comparison of the binding strength
between different AB derivatives (Figure 3d).

The electron density difference maps for interactions of AB
derivatives and the BP substrate are also shown in Figure S15.
In these plots, the isosurface in yellow (cyan) indicates the
region of electron gain (loss) due to the interaction. In the
AB@BP model, as expected, the long alkyl chain causes charge
transfer with the BP substrate. Because nitrogen atoms (both
in N=N double bond and in the terminal group, R = NH,)
have higher electronegativity than phosphorus, they pull
electrons toward the BP surface, As seen in Figure S1S, the
presence of the cyan region (electron loss) around the BP
surface and a yellow region (electron gain) around the N atom
indicated that electrons migrate from BP toward the AB
derivatives. Although the bridge oxygen atom (connecting
azobenzene and alkyl chain) has a higher electronegativity than
phosphorus, we can see the electrons migrate from oxygen
(covered by the cyan region) to phosphorus (covered by the
yellow region). The highly polar quaternary ammonium salt
group (AB-1, R = NMejl") induced a much stronger
electrostatic interaction with the BP substrate than the others,
as reflected by the highest value of E,/n in AB-1@BP. Bader
charge analysis was employed to give a qualitative description
of the charge transfer between AB derivatives and the BP
substrate. The charge transfer between AB-1, R = NMejI™ and
the BP substrate was approximately 0.le, which was 10 times
larger than for the other AB derivatives (Table S2). There was
a correlation between the interfacial charge transfer (CT) and
E, of the AB@BP hybrids. The trend in the calculated
activation barriers (inverted triangle) was consistent with the
experimental observations (column). For AB without the
presence of BP, the terminal groups had a negligible effect on
E, and the free-standing AB derivatives had similar activation
energies of about 1.0 eV, but the different binding strengths
between the differently substituted ABs and BP caused evident
changes of activation barriers in AB@BP with substitutions.
Both the predicted and experimental activation energies (E,)
for the Z-to-E isomerization of AB derivatives showed a
reduction in E, in the AB@BP hybrids (Figure 3e).

The RMD simulation scheme, which was developed by our
group (with details given in the Supporting Information), was
also employed to obtain microscopic pictures of the Z-to-E
isomerization process of AB derivatives with and without the
BP substrate, respectively. The Z-to-E isomerization process of
the AB@BP hybrids finished in a shorter time and more
completely than the free-standing AB derivatives.

The Z-to-E isomerization process of AB-1@BP hybrids
finished in a shorter time (¢ = 0.6 ps) and more completely (¢
= 177°) than those of the other species (¢t = 2.0 ps, ¢ = 150°)
(Figure S17). The snapshots showed that four kinds of AB
derivatives were flexible with significant changes in the
geometry during the Z-to-E isomerization (Figure S18). The
tail of molecule AB-1 seemed to stick on the phosphorene
surface due to the strong electrostatic interaction. The Z-to-E
isomerization process also increased the interlayer distance of
BP to 10 A (Figure 3f). The RMD simulation also reveals the
flexibility of the AB derivatives compared with the DFT
calculation.

4. CONCLUSIONS

We used four types of azobenzene derivatives for the
noncovalent functionalization of BP nanosheets. As a result,
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the ambient stability of the newly exfoliated BP nanosheets was
enhanced. Moreover, the complexation of AB derivatives with
the BP nanosheet could accelerate the Z-to-E isomerization of
azobenzene at room temperature. DFT calculations reveal that
the strong interactions between AB derivatives and the BP
substrate could stabilize the Z isomer and transition-state
structure less than the E isomer, which decreased the energy
barrier of Z-to-E thermal isomerization and increased the
energy difference between Z and E isomers. A close correlation
is shown between the extent of charge transfer, binding energy,
and the Z-to-E thermal activation energy. Especially, AB with R
= NMe;3I™ terminal group showed the largest decrease in E,,
probably due to the largest extent of charge transfer with the
BP substrate. The predicted energy difference (AE,_g) for the
BP—AB—BP sandwich structure was 2—3 times higher than
that for free-standing AB. The microscopic picture of the
interaction between photoresponsive units and biocompatible
2D nanosheets is useful for the future room-temperature
biomedical and energy conversion applications.
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