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ABSTRACT: A highly oriented film was fabricated by layer-
by-layer self-assembly of DNA and MgAl-layered double
hydroxide nanosheets, and its application in chiroptical switch
was demonstrated via intercalation and deintercalation of an
achiral molecule into the DNA cavity. DNA molecules are
prone to forming an ordered and dispersive state in the
interlayer region of rigid layered double hydroxide (LDH)
nanosheets as confirmed by scanning electron microscopy and
atomic force microscopy. The induced chiroptical ultrathin
film (UTF) is achieved via the intercalation of an achiral
chromophore [5,10,15,20-tetrakis(4-N-methylpyridyl)-
porphine tetra(p-toluenesulfonate) (TMPyP)] into the spiral
cavity of DNA stabilized in the LDH matrix [denoted as TMPyP-(DNA/LDH)20]. Fluorescence and circular dichroism
spectroscopy are utilized to testify the intercalation of TMPyP into (DNA/LDH)20 UTF that involves two steps: the electrostatic
binding of TMPyP onto the surface of (DNA/LDH)20 followed by intercalation into base pairs of DNA. In addition, the
TMPyP-(DNA/LDH)20 UTF exhibits good reversibility and repeatability in induced optical chirality, based on the intercalation
and deintercalation of TMPyP by alternate exposure to HCl and NH3/H2O vapor, which can be potentially used as a chiroptical
switch in data storage.

1. INTRODUCTION

Chiroptical switches, which combine optical activity and
switchable properties of a system, are promising candidates
for application in chiral data storage and memory, chiral
molecular recognition, and chiral sensor systems.1−4 Generally,
an intrinsically chiral component (either a chiral trigger, a chiral
inducer, or a chiral matrix) is required for the operation of the
switch. DNA is one of the most fascinating matrices for
inducing chirality of achiral molecules because of the double
helix, the intrinsic chirality, and the ability to intercalate various
chromophore molecules.5−7 However, the long chain of DNA
generally suffers from coiling as a result of its semirigidity,
which greatly limits its application in optical devices. Therefore,
a significant challenge in using DNA as a chiral matrix is how to
align the individual DNA chain and how to pack a multitude of
DNA chains into an ordered structure.8 Many methods,
including hydrodynamic stretching,9,10 molecular combing,11

and electrophoretic stretching,12−15 have been employed to
immobilize and orient DNA on a solid matrix. These methods
are effective for stretching the individual chain;16−18 however,
they are not feasible for constructing densely packed DNA
arrays, which are of interest for the development of optical
materials and devices with an enlarged optical signal.
Inorganic nanosheets with a positive or negative charge,

which originate from the exfoliation of layered materials, have
attracted considerable interest because of their stability,
orientation, and restacking property with multifunctional

molecules through electrostatic interaction. Among the
inorganic nanosheets, the positively charged nanosheets of
layered double hydroxides (LDHs) whose structure can be
generally expressed as [MII

1−xM
III
x(OH)2](A

n−)x/n·mH2O (MII

and MIII represent divalent and trivalent metals, respectively,
and An− is an n-valent anion)19,20 have been used successfully as
building block to assemble and orient protein molecules
because of their low cost and excellent biocompatibility.21,22

This result shows the ordered arrangement and stability
enhancement of protein molecules, which are beneficial for
practical application in devices. This inspired us to challenge
the goal of aligning individual DNA molecules and constructing
a highly oriented and densely packed DNA array via alternate
assembly of positively charged LDH nanosheets and negatively
charged DNA. The LDH nanosheets provide DNA molecules
with a suitable charge match, rigid plane, and stable
microenvironment for the dense and ordered stacking, for the
purpose of achieving induced chirality of achiral molecules with
an enhanced chiral signal via intercalation into the DNA cavity.
In this study, the highly oriented, densely packed DNA was

obtained by alternate assembly of DNA and MgAl-LDH
nanosheets using the LBL deposition technique (Figure S1 of
the Supporting Information). The structural and morphological
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studies show that the DNA molecules formed an ordered and
dispersive state in the interlayer region of rigid LDH
nanosheets. The diffraction feature of the UTFs testifies to
the formation of a so-called DNA/LDH superlattice structure
with long-range stacking order. In addition, an induced
chiroptical ultrathin film was achieved via the intercalation of
an achiral chromophore [5,10,15,20-tetrakis(4-N -
methylpyridyl)porphine tetra(p-toluenesulfonate) (TMPyP)]
into the spiral cavity of DNA stabilized in the LDH matrix. The
resulting TMPyP-(DNA/LDH)20 UTF exhibits reversible
colorimetric behavior and induced circular dichroism (ICD)
via alternate exposure of the film in HCl and NH3/H2O vapor,
which can serve as a chiroptical switch. This solid-state
chiroptical switch displays excellent reversibility and photo-
stability. Therefore, this work provides an efficient strategy for
the fabrication of DNA with a high level of orientation and
dense packing, which can be potentially used as a chiral matrix
in nanometer-scale machinery and nonlinear optical devices.

2. EXPERIMENTAL SECTION
2.1. Materials. The sodium salt of double-stranded DNA

(dsDNA) from salmon spermary (biochemistry grade) was purchased
from Sigma-Aldrich Chemical Co. Analytical grade chemicals,
including Mg(NO3)2·6H2O, Al(NO3)3·9H2O, formamide, NH3,
H2O2, HCl, H2SO4, TMPyP, and poly(allylamine hydrochloride)
(PAH), were used without further purification. The deionized and
decarbonated water was used in all the experimental processes.
2.2. Fabrication of the (DNA/LDH)n UTFs. The Mg2Al-NO3

LDH precursor was synthesized by the hydrothermal method reported
previously.23 A colloidal suspension of exfoliated Mg2Al-NO3 LDH
nanosheets was obtained by shaking 0.1 g of Mg2Al-NO3 LDH in 100
mL of a formamide solution for 24 h. The cleaned quartz glass
substrate was obtained by immersion in a concentrated NH3/30%
H2O2 mixture (7:3) and concentrated H2SO4 for 30 min each. After
each procedure, the quartz substrate was rinsed and washed
thoroughly with deionized water. The substrate was dipped in a
colloidal suspension (0.1 g mL−1) of LDH nanosheets for 10 min and
then thoroughly washed, and then the substrate was treated with a 100
mL of a DNA aqueous solution (0.05 wt %) for an additional 10 min
followed by washing. Multilayer films of (DNA/LDH)n were
fabricated by alternate deposition of an LDH nanosheet suspension
and DNA solution for n cycles. The resulting films were dried with a
nitrogen gas flow for 2 min at 25 °C.
2.3. Fabrication of the TMPyP-(DNA/LDH)n UTFs. The (DNA/

LDH)n UTFs were immersed in 2 mM aqueous solutions of TMPyP
for various periods of time (from 40 s to 24 h) at different temperature
(from 25 to 80 °C). After that, the films were withdrawn from the
aqueous solution and rinsed sufficiently with distilled water.
2.4. Characterization Techniques. A Shimadzu T-9201 spec-

trophotometer is used to record the UV−vis absorption spectra in the
range from 200 to 700 nm, with a slit width of 2 nm. The fluorescence
emission spectra are collected in range of 550−800 nm, with an
excitation wavelength of 500 nm and excitation and emission slits of 5
nm (RF-5301PC). X-ray diffraction (XRD) patterns of the (DNA/
LDH)n UTFs were measured using a Rigaku 2500 VB2+PC
diffractometer under the following conditions: 40 kV, 50 mA, Cu
Kα radiation (λ = 0.154 nm) step-scanned with a scanning rate of
0.5°/min, and a 2θ angle ranging from 2° to 10°. The morphology of
UTFs was investigated by using a scanning electron microscope (SEM
ZEISS) and atomic force microscopy (AFM) (Digital Instruments,
version 6.12). Circular dichroism (CD) spectra of the UTFs were
recorded with a JASCO 720 system. To obtain correct CD spectra, the
UTF samples after various treatments were installed perpendicular to
the light path and rotated within the film plane to avoid polarization-
dependent reflections and eliminate the possible angle dependence of
CD signals (Figure S2 of the Supporting Information).24,25 The
component of the UTFs is analyzed by X-ray photoelectron

spectroscopy (XPS) with monochromatized A1 Kα exciting X-
radiation (PHI Quantera SXM), and Raman spectra with a confocal
Raman microspectrometer and excitation at 514.5 nm (Renishaw
Instruments Co. Ltd., RM2000).

3. RESULTS AND DISCUSSION
Figure 1A shows the small angle XRD patterns of the as-
prepared (DNA/LDH)n UTFs and exfoliated LDH nanosheets.

Compared with exfoliated LDH nanosheets, the (DNA/LDH)n
UTFs display a narrow, symmetric, and strong Bragg diffraction
reflection at a 2θ value of 3.98°, whose intensity is enhanced
linearly along with the increase in bilayer number (Figure S3 of
the Supporting Information). According to the theoretical
calculation equation of a system with N parallel nanosheets, the
linear correlation between the basal reflection intensity and
bilayer number indicates the formation of superlattice
structure.26 Therefore, the diffraction feature of the (DNA/
LDH)n UTFs can be attributed to a so-called inorganic/organic
superlattice structure with long-range stacking order in the
normal direction of substrate. The SEM image shows the
average repeating distance is ∼2.58 nm, which is approximately
consistent with the thickness augment per deposited cycle
[∼2.65 nm (inset of Figure 1B)]. Furthermore, according to
thicknesses of ∼0.80 nm for a LDH monolayer and 2.01 nm for
the diameter of DNA duplex, the DNA/LDH supramolecular
structure demonstrates the ideal single-layer arrangement
model (Figure S1 of the Supporting Information). The surface
morphology of the UTFs was observed by SEM and AFM. The
SEM image (Figure 1B) of the (DNA/LDH)20 UTF from a top
view shows that the film surface is continuous and uniform,
with a root-mean-square (rms) roughness of ∼10.7 nm
obtained by AFM (Figure 1C). A high-magnification SEM
image of the (DNA/LDH)20 UTF [DNA as the terminal layer
(Figure 1D)] demonstrates DNA is well-dispersed. In contrast,
an organic polymer PAH was used to assemble the (DNA/
PAH)20 UTF as a comparison sample (Figure S4 of the

Figure 1. (A) XRD patterns of the exfoliated LDH nanosheets and the
(DNA/LDH)n UTFs (n = 10, 15, and 20). (B) Top view of the SEM
image for the (DNA/LDH)20 UTF (inset, cross section of the SEM
image). (C) AFM image and (D) high-magnification SEM image of
the (DNA/LDH)20 UTF.
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Supporting Information), which displays serious aggregation of
DNA. The results show the DNA molecules are prone to
forming an ordered and dispersive state in the interlayer region
of rigid LDH nanosheets.
Figure 2A shows the UV−vis absorption spectra of the

(DNA/LDH)n UTFs with various bilayer numbers (n). It can
be found that the absorption bands of DNA at ∼262 nm (π−π*
transition) correlate linearly with n (inset in Figure 2A), which
indicates a stepwise and regular film growth procedure. The
absorption spectrum of the (DNA/LDH)n UTFs is similar to
that of the pristine DNA solution sample (Figure S5 of the
Supporting Information), excluding the change in the DNA
two-dimensional structure during the assembly process. SEM is
used to further monitor the deposition process of the (DNA/
LDH)n UTFs (Figure S6A of the Supporting Information). The
thicknesses of the as-prepared UTFs (n = 5−20) are in the
range of 12−53 nm. Figure S6B of the Supporting Information
shows the approximately linear increase in thickness with an
increase in the layer number, which confirms the uniform and
periodic layered structure of the UTFs present, in agreement

with the behavior revealed by the absorption spectra described
above. Subsequently, the (DNA/LDH)n UTFs were immersed
in a TMPyP aqueous solution to obtain the TMPyP-(DNA/
LDH)n UTFs. The UV−vis absorption spectra of the TMPyP-
(DNA/LDH)n UTFs display new peaks at 440, 527, 565, and
650 nm attributed to the TMPyP molecule (Figure 2B). This
implies the absorption or intercalation of TMPyP in these
UTFs.27,28 To further confirm this issue, we employed the
reference sample, (PSS/LDH)20 UTF, prepared by the LBL
method, to conduct the same test to obtain the TMPyP-(PSS/
LDH)20 UTF, whose UV−vis absorption and fluorescence
emission spectra are shown in Figure S7 of the Supporting
Information. The TMPyP-(PSS/LDH)20 UTF shows rather
weak absorption intensity at 440 nm and no fluorescence
emission peak of TMPyP, in comparison with the TMPyP-
(DNA/LDH)20 UTF, indicating only surface adsorption of
TMPyP occurs in the former system while TMPyP undergoes
both surface adsorption and intercalation into DNA in the
latter. This will be further verified by CD spectra in the next
section. The absorption band of the solid TMPyP crystal shows

Figure 2. UV−vis absorption spectra of (A) the (DNA/LDH)n UTFs (n = 5−25) and (B) TMPyP-(DNA/LDH)n UTFs (n = 5−25). The insets
show the absorbance at 262 and 440 nm vs n.

Figure 3. (A) Emission spectra of the TMPyP solution, TMPyP-(DNA/LDH)20 UTF, (DNA/LDH)20 UTF, and LDH nanosheet sample. (B) CD
spectra of the DNA solution, TMPyP solution, (DNA/LDH)20 UTF, and TMPyP-(DNA/LDH)20 UTF.
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a red shift of ∼33 nm compared with that of its aqueous
solution, whereas the absorption band of the intercalated
TMPyP is located between the solution and crystal (Figure S5
of the Supporting Information). Moreover, the maximal
absorption band of the intercalated TMPyP undergoes a red
shift (from 429 to 440 nm) with an increase in immersion time
(from 40 s to 24 h) at room temperature (inset in Figure S8A
of the Supporting Information). These results indicate that the
dense packing of TMPyP molecules in DNA/LDH UTFs leads
to some aggregation and the resulting red shift of the
absorption band. The nonlinear increase in the intensity of
the absorption band of TMPyP at 440 nm along with the
thickness of (DNA/LDH)n UTF shows that the optimal bilayer
number is 20 (Figure 2B, inset). Moreover, the change in
absorption intensity was also studied by tuning the treatment
time and temperature for the intercalation of TMPyP. The
absorption intensity at 440 nm displays a slow enhancement
with an increase in immersion time (from 40 s to 24 h) of the
UTF in the TMPyP solution at room temperature (Figure S8A
of the Supporting Information). In contrast, the absorption
intensity increases drastically with an increase in temperature
from 25 to 70 °C (Figure S8B of the Supporting Information),
indicating temperature has a significant influence on the
intercalation of TMPyP molecules into the (DNA/LDH)n
UTFs. Therefore, a temperature of 70 °C was chosen in the
following section except as specifically illustrated.
To clarify the exact position of TMPyP molecule in the

(DNA/LDH)20 UTF, the fluorescence emission spectra are
measured and shown in Figure 3. Both the LDH nanosheet
sample and the (DNA/LDH)20 UTF show no emission peak.
The TMPyP aqueous solution displays a strong emission at 667
nm, while the TMPyP-(DNA/LDH)20 UTF shows a new peak
at 718 nm besides that at 669 nm (Figure 3A). The vibrational
peak of TMPyP in aqueous solution is not obvious, which is
possibly due to the vibronic coupling between the excited
singlet state (S1) and a nearby charge-transfer (CT) state.

29 For
the TMPyP-(DNA/LDH)20 UTF, however, the emission

spectrum includes a vibronic resolution of TMPyP. This can
be attributed to the less polar microenvironment provided by
the DNA spiral cavity, which hinders the existence of the CT
state and the resulting electronic coupling between the S1 and
CT states of TMPyP. Therefore, the variation in TMPyP
emission indicates the change in its microenvironment. A
previous study of the intercalation of TMPyP into the DNA/
poly(allylamine hydrochloride) (DNA/PAH) film reported
emission occurs at 669 and 720 nm, indicating TMPyP is
intercalated in the G-C site of DNA.30 For the TMPyP-(DNA/
LDH)20 UTF studied in this work, it is proposed that TMPyP
molecules are not adsorbed on the film surface but intercalate
into the spiral cavity of DNA. This is further confirmed by CD
spectra (Figure 3B). The positive and negative Cotton effect of
the (DNA/LDH)20 UTF at 215 and 242 nm is assigned to
DNA, which is similar to that of a pristine DNA solution. This
indicates that the rigid and confined two-dimensional micro-
environment provided by LDH nanosheets facilitates a strong
dispersion of DNA molecules. The CD spectrum of the
TMPyP aqueous solution shows no peak, demonstrating the
absence of a Cotton effect. However, the CD spectrum of the
TMPyP-(DNA/LDH)20 UTF exhibits a negatively induced
Cotton effect at 449 nm, indicating that the TMPyP molecule is
intercalated into the spiral cavity of DNA in a manner other
than groove binding, because the latter geometry will show a
strong and positive ICD peak due to transitions polarized in the
direction of the groove.31−33 Generally, a pair of CD peaks
were found for the intercalation of TMPyP into DNA in
solution.34,35 However, only a single peak was observed for the
TMPyP-(DNA/LDH)20 UTF in this work, implying the
microenvironment has influence on the stacking of TMPyP
and the resulting CD spectrum. Furthermore, the CD spectrum
of the TMPyP-(DNA/LDH)20 UTF at room temperature
shows no negatively induced Cotton effect at 449 nm (Figure
S9 of the Supporting Information), although an absorption at
440 nm attributed to TMPyP is observed. This indicates that
TMPyP is only electrostatically adsorbed on the surface of the

Figure 4. (A) Absorption spectra (inset, photographs), (B) CD spectra, and (C) reversibility of the TMPyP-(DNA/LDH)20 UTF recorded after
alternate exposure to HCl and NH3/H2O vapor.
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(DNA/LDH)20 UTF at room temperature as it enters into the
spiral cavity of DNA at 70 °C. Therefore, the intercalation of
TMPyP into the (DNA/LDH)20 UTF may involve two steps:
the electrostatic binding of the TMPyP to the surface followed
by intercalation into base pairs of DNA.
Because the interaction between TMPyP and DNA plays a

key role in determining the ordered stacking of TMPyP and
induced chirality, the variation in the charge state of TMPyP
may cause a change in its packing mode and the resulting
chirality signal. In an effort to study the chiral switching
performance, the TMPyP-(DNA/LDH)20 UTF was treated
with HCl and NH3 vapor to trigger protonated and
deprotonated states, respectively. The UV−vis and CD spectra
of the TMPyP-(DNA/LDH)20 UTF under various vapor
conditions were recorded. The TMPyP-(DNA/LDH)20 UTF
exposed to HCl vapor shows a red shift of the maximal
absorption band [from 441 to 458 nm (Figure 4A)] as well as a
change in color [from orange to green (inset of Figure 4A)],
while the UTF recovers its original absorption wavelength and
color after being exposed to NH3 vapor. After alternate
exposure to HCl and NH3 vapor, both TMPyP and DNA
molecules are protonated and deprotonated, respectively.
Therefore, the reversible shift in the absorption band of
TMPyP can be attributed to the change in microenvironment
and aggregation state of TMPyP molecules. In addition,
denaturization and reorganization of DNA molecules during
the vapor-exposing process can be excluded, because the DNA
characteristic absorption at 265 nm shows no shift or change.
Figure 4B displays the CD spectra of the TMPyP-(DNA/
LDH)20 UTF in this process. Upon exposure to HCl vapor, the
negatively induced Cotton effect of the TMPyP-(DNA/
LDH)20 UTF at 449 nm disappeared completely, which is
similar to the results of previous studies of the deintercalation
of TMPyP from a DNA/PAH film.28,36 This result indicates
that a weak electrostatic interaction between TMPyP and DNA
occurs after the deintercalation of TMPyP from the DNA spiral
cavity, rather than the groove bond. However, the ICD does
not recover upon being exposed to NH3 vapor, although
deprotonation of TMPyP would occur. It is interesting to find
that the ICD at 449 nm can be recovered by subsequent

exposure of the UTF to H2O vapor, demonstrating H2O
molecules facilitate the reintercalation of TMPyP into the spiral
cavity of DNA. In addition, it can be found that a good
repeatability of the UTF was obtained with RSD values of
1.14% (HCl) and 3.64% (NH3/H2O) in 10 cycles by alternate
exposure to HCl and NH3/H2O vapor, respectively (Figure
4C).
The reversible process was further investigated by using XPS

and Raman spectra (Figure 5). Compared with the (DNA/
LDH)20 UTF [CO, 532.1 eV (Figure 5A-a)], the XPS peak
of O 1s for the TMPyP-(DNA/LDH)20 UTF [CO, 531.8 eV
(Figure 5A-b)] shifts to a lower binding energy, which can be
attributed to the increase in electron density due to the
interaction between TMPyP and DNA. The further decreased
binding energy of O 1s for the TMPyP-(DNA/LDH)20 UTF
exposed to HCl gas [CO, 531.6 eV (Figure 5A-c)] indicates
that H+ imposes an effect on the increase in electron density.
After exposure to NH3, the peak of O 1s shifts to a higher
binding energy [CO, 531.7 eV (Figure 5A-d)]. The XPS of
O 1s can be recovered [CO, 531.8 eV (Figure 5A-e)] by
subsequently exposing the UTF to H2O vapor. The reversible
process can be further verified by the results of Raman spectra
(Figure 5B). Compared with the (DNA/LDH)20 UTF (Figure
5B-a), the TMPyP-(DNA/LDH)20 UTF displays new peaks
[C−H, 1164 cm−1; C−C, 1403, 1637, and 1905 cm−1 (Figure
5B-b)] assigned to the TMPyP molecule,37,38 which indicates
TMPyP was intercalated into the (DNA/LDH)20 UTF.39,40

The peak position of the phosphodiester (O−P−O, 828−830
cm−1) confirms DNA in the TMPyP-(DNA/LDH)20 UTF
belongs to the B-form with GC-rich sequences.41 The absence
of any variation in this peak during the cycle indicates that the
DNA configuration remains unchanged. Moreover, the band at
900−1000 cm−1 shows no change, which can be attributed to
the retention of backbone and secondary structure of DNA
during the cycle.42 In contrast, the peak in the range of 610−
650 cm−1 disappeared for the TMPyP-(DNA/LDH)20 UTF
upon exposure to HCl vapor, demonstrating the disappearance
of interaction between dC (and dG) and TMPyP.43 After
exposure to NH3, no recovery can be observed (Figure 5, curve
d). However, a subsequent treatment with H2O vapor results in

Figure 5. (A) XPS and (B) Raman spectra of (a) the (DNA/LDH)20 UTF, (b) the TMPyP-(DNA/LDH)20 UTF, (c) the sample of part b exposed
to HCl vapor, (d) the sample of part c exposed to NH3 vapor, and (e) the sample of part d exposed to H2O vapor.
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the complete recovery of the Raman spectrum over the whole
wavelength range (Figure 5, curve e), indicating H2O molecules
contribute to the intercalation of TMPyP into the spiral cavity
of DNA. The results of XPS and Raman spectra further validate
the conclusion based on CD and UV spectra. The reversible
process is illustrated in Scheme 1.

The stability of the UTF is vitally important, which will lead
to unreliable and destructive readout and even the breakdown
of switch ability in the extreme case. The absorption intensities
of the TMPyP-(DNA/LDH)20 UTF and pristine TMPyP in
solution were collected by illumination under UV light for a
comparison study (Figure S10 of the Supporting Information).
A remarkable decrease in the absorption intensity of the
TMPyP solution was observed after UV irradiation for 1 h,
while the TMPyP-(DNA/LDH)20 UTF maintained ∼95% of its
initial absorption intensity. Figure S11 of the Supporting
Information shows ∼94.3% of its original absorption intensity
remained after measurement for 1 month, indicating the high
storage stability of the TMPyP-(DNA/LDH)20 UTF. The
results indicate that a significant enhancement of the photo-
stability and storage stability of the TMPyP molecule in the
(DNA/LDH)20 UTF matrix has been obtained, which would
guarantee its practical application in optical switches.

4. CONCLUSIONS
In summary, (DNA/LDH)n UTFs with a high orientation and
dense packing on quartz substrates were obtained via alternate
assembly of DNA and MgAl-LDH nanosheets using the LBL
deposition technique. TMPyP molecules enter into the spiral
cavity of DNA through electrostatic interaction between DNA
and TMPyP, which endows the compound with a new
negatively induced Cotton effect at 449 nm attributed to the
TMPyP molecule. In addition, the reversible chiroptical
performance was achieved on the basis of the intercalation
and deintercalation of TMPyP by alternate exposure of the
TMPyP-(DNA/LDH)20 UTF to HCl and NH3/H2O vapor.
This chiroptical switch exhibits high stability and chemical
reversibility. This strategy can be further extensed, which will
allow access to applications in chiral optical switches through
fine-tuning compositions for both inorganic LDH and organic
chromophores as well as their interactions.
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