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Luminescent ordered ultrathin films (UTFs) based on a sulfonated polythiophene
(SPT) and Mg–Al-layered double hydroxide (LDH) nanosheets have been fabricated by
the layer-by-layer assembly method. UV-visible absorption and fluorescence spectros-
copy showed that there was a stepwise and regular growth of the films with increasing
number of deposition cycles. XRD, AFM, and SEM showed that the films had a peri-
odic layered structure with a period of ca. 3.0 nm, and that the thickness can be finely
controlled within the range ca. 26–100 nm. The SPT/LDH UTFs show well-defined
polarized photoemission with an anisotropy of ca. 0.3, and they show a reversible lu-
minescence response to changes in pH. Periodic density functional theoretical calcula-
tions gave a band energy of 1.85 eV for the SPT/LDH system and showed that the va-
lence electrons of SPT can be confined in the energy wells formed by the LDH mono-
layers, which effectively inhibits both the nonradiative relaxation and the p–p stacking
interaction of the polymer chromophores. VVC 2010 American Institute of Chemical Engineers
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Introduction

Luminescent organic polymer materials have been exten-
sively studied for the past 20 years because of their excellent
optoelectronic characteristics and potential applications in
fields ranging from light-emitting diodes1 to biology and
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chemical sensors.2 Their low cost, facile processing, and flexi-
bility have also attracted great interest for use in large-scale
flat panel display applications. However, some problems must
be resolved before such luminescent materials can be commer-
cialized. For instance, the formation of aggregates in the solid
state results in emission quenching, or broadening and shifting
of the transitions; low thermal and optical stabilities all lead to
relatively short service lifetimes. In addition, compared with
their green and blue luminescent analogs, red luminescent
polymers show rather poor optical properties owing to their
low-band gap accompanied by strong nonradiative relaxation
and p–p stacking interactions. Recently, the incorporation of
guest luminescent molecules into host matrices has received
much attention, because the stability of luminescent molecules
can be significantly enhanced by virtue of the host–guest inter-
actions (e.g., electrostatic attraction and hydrogen bonding).
Moreover, such supramolecular composites also show novel
physical and chemical properties which differ from the simple
sum of those of their individual counterparts.

Layered double hydroxides (LDHs) are one type of layered
solid host matrix. They can be described by the general for-
mula [MII

1�xM
III
x (OH)2]

xþAn�
x=n�yH2O; M

II and MIII are divalent
and trivalent metals, respectively, and An� is a guest anion.
LDHs have a number of advantages over other common host
solids. Unlike typical zeolite materials, LDHs exhibit swelling
behavior and the interlayer spacing can be adjusted based on
the size, shape, and the number of the guest anions; unlike
most cationic clays, the layer charge density and elemental
composition of LDHs can be tuned during the synthesis pro-
cess, which facilitates fine control over the properties of the
host layer. Therefore, LDH materials have attracted consider-
able interest in both fundamental research and for their practi-
cal applications in the areas of functional additives,3 catalysis,4

separation processes,5 and drug delivery.6 Some photoactive
anions, such as perylene,7 pyrene,8 rhodamine B,9 coumarin,10

and a ruthenium complex11 have previously been incorporated
into LDH systems. The resulting two-dimensional hybrid nano-
composite materials exhibit high-quality photoluminescent
properties with improved luminescent efficiency as a result of
the host–guest interactions.

However, the incorporation of photofunctional polymers into
an LDH matrix is rather difficult and still remains a challenge,
owing to the long chain and large size of the polymer mole-
cules.12 Recently, much attention has focused on the delamina-
tion of LDHs to obtain positively charged individual nano-
sheets as a way of solving this problem. Based on the pioneer-
ing work of Sasaki et al.,13 assembly of such LDH nanosheets
and organic polyanions using a layer-by-layer technique has
been shown to be a useful way of fabricating a new type of
functional hybrid ultrathin films (UTFs) which combine the
properties of organic polymers with those of inorganic materi-
als. Therefore, it can be expected that a composite film formed
by alternate assembly of positively charged LDH nanosheets
and a negatively charged luminescent polymer would exhibit
the following advantages: first, the inorganic LDH can offer a
confined and stable microenvironment for immobilization of
the luminescent guest anions and enhancement of their thermal
and optical stability, which meets the needs of solid state
light-emission application; second, the introduction of the inert
LDH nanosheets can inhibit the p–p stacking interaction and
Förster energy transfer between the polymer species, leading

to an improvement in their light-emission efficiency; third, ori-
ented self-emissive polymers in a host matrix often exhibit14

well polarized light-emission character, and because the LDH
with its 2D layered structure is intrinsically anisotropic, a uni-
axial 1D luminescent polymer with its transition dipole
moment parallel to its long axis15 should exhibit special aniso-
tropic emission characteristics when incorporated between the
layers of an LDH; finally, the film can be fabricated and film
thickness can be precisely controlled by simple manipulations,
which facilitates large-scale industrial manufacture.

In recent years, because of the rapid increase in computer
hardware and software capabilities, much attention has been
focused on theoretical calculations as a way of investigating
materials at the atomic/molecular scale in many areas of chem-
ical engineering.16 These theoretical methods provide a com-
plementary tool to experimental procedures for the study and
prediction of the structures and properties of new types of
functional materials. Unlike classical molecular simulation
methods, periodic density functional theoretical (DFT) calcula-
tions can be used to study the detailed electronic structures
and chemical reactions of atomic systems. DFT has been used
to investigate and probe many important properties of both the
confined guest molecules and the LDH layers, such as orienta-
tion of the guest and the frontier orbitals of the host–guest sys-
tem. The electronic densities of states for the anions within the
LDH galleries (including chloride and hydroxyl anions) have
also been studied.17 To the best of our knowledge, however,
most reported DFT studies involved small inorganic anions in
the LDH galleries, and very few reports focused on functional
anionic species intercalated LDH systems.18 The detailed
understanding of the structural features afforded by DFT calcu-
lations would be of great assistance in the design and prepara-
tion of materials based on photoactive anions intercalated in
LDHs with optimized luminescent properties.

Polythiophene (PT) is one of the most important red-light
emitting polymers. Unfortunately, the fluorescence red shifts,
broadening, and even luminescence quenching of PT are com-
monly observed,19 which restricts its practical applications.
Moreover, the sensitivity of PT film materials to pH remains
to be investigated. In this work, we report the fabrication of a
novel organic–inorganic hybrid UTF system with red lumines-
cence by alternate assembly of a sulfonated polythiophene
(SPT) and Mg–Al-LDH nanosheets via the layer-by-layer tech-
nique (the assembly process is shown in Scheme 1). The red-
light emission, polarization of luminescence, and optical stabil-
ity under UV irradiation of the hybrid UTF are compared with
the pristine SPT film. In addition, the effect of varying the pH
on the emission properties of the SPT/LDH UTFs was investi-
gated. Furthermore, the geometric and electronic structures of
the SPT/LDH system were investigated by periodic DFT cal-
culations. This work provides a facile method for the fabrica-
tion of UTFs with polarized luminescence by incorporation of
a photoactive polymer within a 2D inorganic matrix, which
can also be used as a pH sensor.

Experimental Section

Reagents and materials

Analytically pure Mg(NO3)2�6H2O, Al(NO3)3�9H2O and
urea were purchased from Beijing Chemical Co. Ltd. and
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used without further purification. Sodium poly[2-(3-thieny-
l)ethoxy-4-butylsulfonate] (SPT, Scheme 1a) was purchased
from American Dye Source, Inc.

Fabrication of (SPT/LDH)n UTFs

The processes of synthesis and exfoliation of Mg–Al-LDH
were similar to the procedure described in our previous
work.11 0.1 g of Mg–Al-LDH was shaken in 100 cm3 of form-
amide for 24 h to produce a colloidal suspension of exfoliated
Mg–Al-LDH nanosheets. A quartz glass substrate was first
cleaned in concentrated NH3/30% H2O2 (7:3) and then concen-
trated H2SO4 for 30 min in each case. After each step, the
quartz substrate was rinsed and washed thoroughly with deion-
ized water. The substrate was dipped in a colloidal suspension
(1 g/L) of LDH nanosheets for 10 min followed by thorough
washing, and then the substrate was immersed into 100 mL of
aqueous SPT solution (0.6 g/L, pH ¼ 7) for 10 min. Multi-
layer films of (SPT/LDH)n were fabricated by alternate deposi-
tion of the suspension of LDH nanosheets and the SPT solu-
tion for n cycles. The resulting films were dried under a nitro-
gen gas flow for 2 min at 25�C. For the purposes of
comparison, drop-cast SPT films were prepared by the solvent
evaporation method and were found to show comparable pho-
toluminescence intensity with the (SPT/LDH)32 UTF.

Sample characterization

UV-visible absorption spectra were collected in the range 190
to 800 nm on a Shimadzu U-3000 spectrophotometer, with a slit
width of 1.0 nm. The fluorescence spectra were recorded on a
RF-5301PC spectrofluorophotometer with an excitation wave-
length of 437 nm. The fluorescence emission spectra were
recorded in the range 450–700 nm, and both the excitation and
emission slit were set to 3 nm. The in situ fluorescence measure-
ments of the UV-resistant capability of the film were also per-

formed on the RF-5301PC spectrofluorophotometer. The excita-
tion light source was a 150 W xenon lamp (rated current: 7.5 A;
max. current: 8.0 A) with the irradiation wavelength of 360 nm;
both the excitation and emission slit were set to 10 nm. In this
case, exposure to irradiation of 360 nm can be used to indicate
the UV-light resistance ability of the SPT/LDH and drop-cast
SPT film, because both of them were detected under the same ex-
perimental conditions. Steady-state polarized photoluminescence
measurements of SPT/LDH UTFs were recorded with an Edin-
burgh Instruments FLS 920 spectrofluorimeter. X-ray diffraction
patterns (XRD) of SPT/LDH UTFs were recorded using a Rigaku
2500VB2þPC diffractometer under the following conditions: 40
kV, 50 mA, Cu Ka radiation (k ¼ 0.154056 nm) with step-scan-
ning in steps of 0.04� (2y) in the range 2 to 12� using a count
time of 10 s/step. The morphology of the thin films was investi-
gated by using a scanning electron microscope (SEM Hitachi S-
3500) equipped with an EDX attachment (EDX Oxford Instru-
ments Isis 300), with an acceleration voltage of 20 kV. The
surface roughness was obtained by using the atomic force micros-
copy (AFM) software (Digital Instruments, Version 6.12). Elec-
trochemical measurements were carried out with a model 1100A
electrochemical analyzer (CH Instruments), using indium tin ox-
ide (ITO) glass as the working electrode, platinum wire as the
auxiliary electrode and Ag/Agþ as the reference electrode. Cyclic
voltammetry (CV) studies of the (SPT/LDH)n (n ¼ 8–32) depos-
ited on ITO glass were carried out in N,N-dimethylformamide so-
lution containing 0.1 M Bu4NBF4 as supporting electrolyte.
Using the onset electric potentials in the CV curves, the energy
levels of the LUMO (lowest unoccupied molecular orbital) and
HOMO (highest occupied molecular orbital) can be determined.

DFT calculations

Detailed construction of the Mg–Al-LDH layer has been
fully described elsewhere.20,21 The lattice parameters were a

Scheme 1. (a) Chemical formula of SPT; (b) Representation of one monolayer of Mg–Al-layered double hydroxide
(Mg–Al-LDH) (dark pink: Al(OH)6 octahedra; green: Mg(OH)6 octahedra); (c) the process of assembly of
(SPT/LDH)n UTFs.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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¼ 18.30 Å, b ¼ 9.15 Å, and the initial basal spacing c ¼ 30
Å (based on the experimental result), a ¼ b ¼ 90�, c ¼
120� (equivalent to a 6 � 3 � 1 supercell). The supercell
was treated as P1 symmetry, and a three-dimensional peri-
odic boundary condition was applied. Then, a representative
oligomer of SPT (C60H80O24S12) with six repeat units and
six negative charges was introduced into the simulated
supercell with the sulfonatopropoxy groups perpendicular to
the layers of the LDH. The formula of the simulated struc-
ture can be expressed as Mg12Al6(OH)36(C60H80O24S12). All
calculations were performed with the periodic DFT method
using the DMol3 module22 in the Materials Studio software
package.23 The initial configuration was first fully optimized
with fixed positions for the atoms in the layer by the classi-
cal molecular mechanics method employing the CFF91 force
field,20,21 and further optimization was implemented by the
Perdew-Wang (PW91)24 generalized gradient approximation
method with double numerical basis sets plus polarization
function (DNP). The core electrons for metals were treated
as effective core potentials. The SCF convergence criterion

was within 1.0 � 10�5 hartree/atom and the convergence cri-
terion for structure optimization was 1.0 � 10�3 hartree/
bohr. The Brillouin zone (BZ) is sampled by 1 � 3 � 1 k-
points since test calculations revealed that an increase in the
number of k-points did not affect the results.

Results and Discussion

Fabrication of the SPT/LDH UTFs

Multilayer UTFs were fabricated by alternately dipping a
quartz glass slide into a colloidal suspension of LDH nano-
sheets and an aqueous solution of SPT. The deposition pro-
cess of the UTFs was monitored by UV-visible absorption
spectra after each bilayer cycle as shown in Figure 1. The
intensity of the absorption band at ca. 437 nm (the p–p*
transition of SPT) correlates linearly with n (Figure 1, inset),
indicating a stepwise and regular film growth procedure, and
this can be further confirmed by the gradual increase in color
intensity with increasing number of bilayers (Figure 1). Fur-
thermore, the intensity of the sharp fluorescence peak at ca.

Figure 1. UV/visible absorption spectra of the (SPT/LDH)n (n 5 4–32) UTFs (the inset shows the absorbance at 437
nm as a function of the number of bilayers n), and photographs of UTFs with different numbers of
bilayers when exposed to daylight.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. Fluorescence spectra of the (SPT/LDH)n (n 5 4–32) UTFs and photographs of UTFs with different num-
bers of bilayers when exposed to UV light (365 nm).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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575 nm of the (SPT/LDH)n UTFs also displays a consistent
increase with n, as shown in Figure 2. Irradiating the thin films
with UV light (the inset of Figure 2) also reveals the well-
defined red luminescence of the UTFs. The fluorescence spec-
tra of the as-prepared UTFs with different numbers of bilayers
show no obvious red or blue shift relative to the spectrum of
the pristine SPT solution, demonstrating the absence of SPT
aggregates throughout the whole assembly process. This indi-
cates that the polymer chains can be effectively isolated from

each other by the rigid LDH nanosheets, which eliminates the
possibility of any interlayer p–p stacking interactions.

Characterization of the structure and morphology of the
SPT/LDH UTFs

The low-angle XRD patterns of SPT/LDH UTFs are
shown in Figure 3. The basal reflection of the as-prepared
UTFs appears at ca. 2.9–3.2�, and the peak intensity
increases with increasing number of bilayers, indicating that
the UTF has a periodic long-range ordered structure in the
direction normal to the layers with a period thickness of
2.8�3.0 nm. The surface morphology and thickness of SPT/
LDH UTFs were investigated by SEM measurements. Typi-
cal top-view SEM images of (SPT/LDH)n UTFs with n ¼ 8,
16, 24, and 32 bilayers are displayed in Figure 4, from
which it can be seen that the film surface is microscopically
smooth and uniform. In addition, by observing the side-view
SEM images (the insets in Figure 4), the thickness of films
with different numbers of bilayers can be estimated to range
from ca. 26–100 nm when n increases from 8 to 32. The
thickness of the (SPT/LDH)n UTFs increases linearly as
function of the number of deposition cycles, with an average
thickness increment of ca. 3.0 nm per deposition cycle. Tak-
ing into account the thickness of one LDH nanosheet (ca.
0.48 nm), the height of the interlayer gallery occupied by
the SPT anion along the direction normal to the film is ca.
2.5 nm. This value is reasonably consistent with the thick-
ness per bilayer indicated by the side-view SEM images. To
obtain quantitative information about the surface roughness
of the as-prepared UTFs the (SPT/LDH)n UTFs were investi-
gated by AFM. The (SPT/LDH)8 UTF had a smooth surface
with a root-mean square roughness of 3.03 nm (Figure 5a),
and the roughness increased only slightly when increasing n

Figure 3. The low angle XRD patterns for the (SPT/
LDH)n UTFs with 8, 16, 24, and 32 bilayers.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 4. SEM images of the (SPT/LDH)n UTFs in top and side (inset) views for a) n 5 8; b) n 5 16; c) n 5 24; d) n
5 32.
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from 16 (5.42 nm) to 32 bilayers (14.15 nm) as shown in Fig-
ures 5b–d; the results indicate that all the UTFs are continu-
ous and smooth. AFM image showed that the LDH monolayer
was nearly parallel to the UTF surface (Supporting Information
Figure S1). The thickness of the monolayer was estimated to
be ca. 0.57 nm, which is very close to the idealized LDH
monolayer (ca. 0.48 nm9). Under a fluorescence microscope,
all the UTFs show a homogeneous brightness of red color (Fig-
ure 6), demonstrating the uniform distribution of SPT chromo-
phores throughout the whole multilayer film.

HOMO and LUMO energies of the SPT/LDH UTFs

CV measurements of the (SPT/LDH)n UTFs (n ¼ 4�32)
were carried out to analyze their electrochemical behavior. It
can be seen from Figure 7a that for all the SPT/LDH UTFs,
two peaks (Eonset,red and Eonset,ox) were located at ca. –0.49
and 1.31 V (vs. Ag/Agþ electrode), respectively, correspond-
ing to the reduction and oxidation of the electroactive centre

of the SPT immobilized between the LDH layers. The peak
potentials show no obvious change with varying number of
bilayers, suggesting that the oxidation and reduction of SPT
were not influenced by the thickness of the UTFs. However,
the peak current decreases monotonically with increasing
number of bilayers, indicating that the electron transfer was
inhibited by increasing film thickness. The effect of varying
the scan rate on the electrochemical response of the films is
shown in Figure 7b. The anodic and cathodic peak currents
were found to be linearly proportional to the square root of
the scan rate in the range 0.01 V�s�1 to 0.25 V�s�1 as shown
in the inset of Figure 7b, which is characteristic of a diffu-
sion-controlled process. Based on the empirical relationships
proposed by Leeuw et al.,25 the frontier orbital (HOMO and
LUMO) energies can be determined as follows:

EðHOMOÞ ¼ �ðEonset;ox þ 4:39Þ ðeVÞ
EðLUMOÞ ¼ �ðEonset;red þ 4:39Þ ðeVÞ

Therefore, the calculated HOMO and LUMO energies of
the SPT/LDH UTFs are ca. –5.70 and –3.90 eV,

Figure 5. AFM images of the (SPT/LDH)n UTFs for a) n
5 8; b) n 5 16; c) n 5 24; d) n 5 32.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 6. Fluorescence microscope images of the
(SPT/LDH)n UTFs for a) n 5 8; b) n 5 16; c) n
5 24; d) n 5 32.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 7. (a) Cyclic voltammograms of the (SPT/LDH)n UTFs with 8, 16, 24, and 32 bilayers (scan rate: 0.1 V�s21); (b)
Cyclic voltammograms of the (SPT/LDH)8 UTF with different scan rates in the range 0.01 V�s21 to 0.25 V�s21.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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respectively. The calculated band gap energy [DEg ¼
E(LUMO) � E(HOMO)] is therefore ca. 1.8 eV and is
essentially independent of the number of assembled bilayers.

Polarized fluorescence of the SPT/LDH UTFs

To further investigate the orientation of SPT polyanions
between the LDH nanosheets in the as-prepared UTFs, polar-
ized fluorescence26 measurements were used to determine
the fluorescence anisotropy value r. Two typical measure-
ments of polarized fluorescence (glancing and normal inci-
dence geometry) were used to determine the r value. The
(SPT/LDH)8 UTF shows a well-defined red fluorescence ani-
sotropy between the parallel and perpendicular directions to
the excitation polarization direction (IVV vs. IVH) with an an-
isotropy value (r) of 0.25–0.30 for the in-plane polarized ex-
citation light (Figure 8a); this value is slightly less than the
highest value of 0.4 for the system without macroscopic
alignment.22 The IVV/IVH ratio26 of the glancing incidence
measurement is 2.12 at 575 nm, which is larger than that of
the vertical excitation and horizontal emission mode by ca.
15% (Figure 8b). The uniformity of the r value in the range
550�650 nm indicates that polarization scrambling via För-
ster transfer is negligible in the UTFs, and also confirms the
rigid-rod and isolated conformation of the SPT chains within
the gallery. Furthermore, the r value is nearly independent
of the number of bilayers in both measurement modes as
shown in Supporting Information Figure S2. These results
show that the film thickness has no obvious influence on the
macroscopic polarized luminescence characteristics of SPT/
LDH UTFs, and is indicative of an ordered assembly of the
UTFs, which is consistent with the XRD results.

Photostability of the SPT/LDH UTFs

It is interesting to compare the photophysical properties of
SPT/LDH UTFs with a pristine SPT film prepared by the
drop-casting method. Compared with the SPT/LDH UTFs,
the fluorescence peak of the drop-cast SPT film shows a red-
shift of ca. 25 nm (see Supporting Information Figure S3),
which may be induced by p–p interactions of SPT polymer

backbones in the latter. To compare the photostability of the
two SPT-based films, in situ photoluminescence measure-
ments under continuous UV irradiation were performed for
the (SPT/LDH)32 UTF and drop-cast SPT film, because these
had very similar initial fluorescence intensities. After irradia-
tion with UV light (360 nm) for 30 min, the fluorescence in-
tensity decreased by ca. 21% and 34% for the (SPT/LDH)32
UTF and drop-cast SPT film, respectively (Figure 9, Sup-
porting Information Figure S4). The normalized fluorescence
intensity of (SPT/LDH)32 is systematically larger than that
of the drop-cast SPT film throughout the whole process (Fig-
ure 10). Moreover, the fluorescence intensity of the (SPT/
LDH)32 UTF reached a steady value and did not decrease
any further after illumination for 20 min, whereas a continu-
ous gradual decrease in intensity with time was observed for
the drop-cast SPT film in the range 0�30 min. The results

Figure 8. Polarized fluorescence profiles in the VV and VH modes and the anisotropy value (r) for the (SPT/LDH)8 UTF.

a) and b) correspond to excitation light with glancing and normal incidence geometry relative to the UTF, respectively. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 9. Decay of the normalized maximal PL intensity
with irradiation time (360 nm UV light) dem-
onstrating the different UV-resistant capabil-
ities of the (SPT/LDH)32 UTF and the SPT
drop-cast film.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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demonstrate that the UV-resistance capability of SPT is
enhanced significantly by being incorporated with the inor-
ganic LDH nanosheets.

pH-Response behavior of the SPT/LDH UTFs

To investigate the photoemission behaviour of the UTFs
under different acid–base conditions, the luminescence spec-
tra of the SPT/LDH UTFs were measured after immersing
them in aqueous solutions with pH values varying from 4 to
14 for 10 s (it should be noted that 10 s is a sufficient
response time for the proton transfer [see Supporting Infor-
mation Figure S5]). Figure 10a shows the variation of the
maximum emission wavelength of the (SPT/LDH)32 UTF
with pH, and the photoluminescence spectra are displayed in
Supporting Information Figure S6. The dependence of the
maximum emission wavelength (kmax) on the pH value can
be divided into three main zones: the kmax decreases sharply
from 591 to 578 nm (i.e., a blue-shift) as the pH is decreased
from 14 to 12; it decreases very slightly from 578 to 574 nm
when the pH value decreases from 12 to 8; finally, when the
pH value is decreased from 8 to 4, the kmax shows a marked
decrease from 574 to 562 nm, which shows a nearly linear
relationship with the pH. This sensitivity of the fluorescence
performance of the SPT/LDH UTFs to pH can be attributed
to the varying extent of protonation and deprotonation of
SPT between the LDH nanosheets. The stability and repro-
ducibility of the variation of luminescence properties with
pH were explored by repeated alternate immersion of the
UTF in aqueous solutions with pH ¼ 4 and pH ¼ 13 (Figure
10b). Typical photographs of the luminescence of the UTF
under the two pH conditions are displayed in the inset of
Figure 10b, from which it can be observed that the UTF
exhibits bright red luminescence at pH ¼ 13 and a relatively
dark orange color at pH ¼ 4 under UV illumination. The
SPT/LDH UTF shows reversible photoemission response
under different pH conditions, indicating its potential appli-
cation as pH-sensitive luminescence sensor.

Electronic structure calculations

Periodic DFT calculations were carried out for an ideal-
ized model of the SPT/LDH structure to further explore its
electronic structure. Supporting Information Figure S7 dis-
plays the energy band structures of the SPT/LDH system,
which exhibits a band gap of ca. 1.85 eV at the C point
(0,0,0) in the first BZ, very close to that of the experimental
value (1.80 eV) measured by an electrochemical method.
The energy bands around the Fermi level are almost com-
pletely independent of the electron wavevector (k) along the
CZ line (the [001] direction perpendicular to the LDH layer),
indicating the strong valence electron confinement effect of
the host layer in the normal direction. The greatest valence
electron dispersion occurs along the CN line (the main chain
direction of SPT), suggesting the existence of electron
delocalization in the main chain of SPT. In addition, the
weak dependence of k on band energy along the ZM line
(the direction perpendicular to the main chain of SPT),

Figure 10. (a) Variation of the maximum photoemission wavelength (kmax) of the (SPT/LDH)32 UTF with different pH
values; (b) the reversible photoemission response upon alternation between pH 5 4 and pH 5 13 (the
inset show the luminescence photographs of the UTFs at the two pH conditions).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 11. Total and partial electronic densities of state
(TDOS and PDOS) for the SPT/LDH system.

The Fermi energy level (EF) was set as zero. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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indicates that the SPT polymers have no significant inter-
chain interactions and are dispersed homogeneously in the
gallery formed by two LDH monolayers. Figures 11 and 12
present the total electronic densities of states (TDOS) and
the frontier orbital profiles of the SPT/LDH system, from
which it can be found that the HOMO–1 and HOMO mainly
consist of the 2p orbitals of p-conjugated C atoms in the thi-
ophene ring, whereas the LUMO and LUMOþ1 are mainly
distributed in the 3p orbitals of the S atom and the 2p orbi-
tals of the C atom between the neighboring thiophene rings.
Moreover, based on analysis of their partial electronic den-
sities of states (PDOS, Supporting Information Figures S8
and S9), it was found that the O 2p and Mg/Al 3s orbitals in
the LDH monolayers contribute to the TDOS below the
HOMO, whilst the H 1s orbitals in the LDH monolayers
contribute to the TDOS above the LUMO, with a HOMO–
LUMO gap of ca. 5.7 eV. Around the Fermi level, the
TDOS mainly consists of the 2p orbitals of C atoms in SPT.
Therefore, the photoexcitation/emission process of the SPT/
LDH system mainly occurs in the main chain of the SPT
anions, whereas the Mg–Al-LDH monolayers remain inert.
This further indicates that the valence electrons localized in
the SPT main chains are confined because of the energy
blocking effect of the LDH nanosheets. Furthermore, it can
be speculated that the SPT/LDH UTF can serve as a multi-
ple quantum well (MQW) structure, which favors stabiliza-
tion of the valence electronic orbital energies for photoactive
polymers, as described in the photostability section.

Conclusion

(SPT/LDH)n UTFs have been fabricated by a layer-by-layer
method and show long-range ordered structures and well-
defined red photoluminescence. The assembly of the UTFs can
be monitored in detail by UV-visible and fluorescence spec-
troscopy and XRD. SEM, AFM, and fluorescence microscopy
demonstrate that the film surface is microscopically smooth
and uniform, and the film thickness correlates linearly with the
number of bilayers in the thickness range ca. 20 to 100 nm.
The presence of LDH monolayers results in an increase in the
UV photostability of SPT and the LDH monolayers improve
the luminescent properties of SPT by suppressing p–p stacking
of the polymer backbones. In addition, the UTFs show well-

defined red polarized fluorescence with an anisotropy value of
0.25–0.30. Moreover, the luminescence of the UTFs was
shown to be responsive to changes in pH. DFT calculations
demonstrated that the SPT/LDH UTF has a relatively low
band gap of 1.85 eV. No electron delocalization occurs
between SPT and LDH monolayers at the top of valence band,
indicating that the LDH monolayer serves as an effective
blocking layer and restricts the interlayer interaction of SPT
chains, which is consistent with the experimental observations.
As a result, the UTF can be regarded as a MQW structure, in
which the nonradiative relaxation of the guest is effectively
inhibited. Therefore, by virtue of its combination of experi-
mental measurements and theoretical calculations, this work
not only gives a detailed description of the luminescent proper-
ties, optical stability, and the reversible pH sensitivity of pho-
toactive polymer molecules confined in the LDH host but also
provides further understanding of the geometric and electronic
structures of MQW host–guest systems. The (SPT/LDH)n
UTFs are prepared by a simple scaleable process and have
potential practical applications as a polarized luminescent ma-
terial and pH-sensitive luminescent sensor.
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