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This paper reports the fabrication of fluorescence indicator/layered double hydroxide (LDH) ultrathin
films (UTFs) by alternate assembly of 1,3,6,8-pyrenetetrasulfonat acid tetrasodium salt (PTS) and
Zn—Al LDH nanosheets on quartz substrates using the layer-by-layer (LBL) deposition technique, and
demonstrates their application as a fluorescence chemosensor for Cu?*. UV-vis absorption
spectroscopy indicates a stepwise and regular growth of the PTS/LDH UTFs upon increasing
deposition cycles. X-Ray diffraction, atomic force microscopy and scanning electron microscopy
demonstrate that the UTFs possess a periodical layered structure perpendicular to the substrates with
a thickness of 1.93-1.98 nm per bilayer. Furthermore, the fluorescence chemosensor with film thickness
of 48 nm (24 bilayers) exhibits a broad linear response range for Cu?* solution (0.6-50 pM), good
repeatability (RSD less than 5% in 20 consecutive measurements), high photostability and storage
stability (~93.2% of its initial fluorescence intensity remains after one month) as well as excellent
selectivity. In addition, the study on mechanism of measurement-regeneration cycle of the fluorescence
chemosensor shows that Cu?* enters/departs from the PTS/LDH UTF with reversible change in
chemical composition, surface morphology and fluorescence anisotropy. Therefore, this work provides
new opportunities for fabrication and application of chromophore/LDH UTFs which can be used as

fluorescence chemosensors.

1. Introduction

The development of sensors based on artificial receptors for the
detection of environmentally and biologically important species,
such as heavy-metal ions, has received considerable attention in
the past few years.! A chemosensor is defined as a molecule of
abiotic origin that reversibly cooperates with an analyte
accompanied by a signal transduction.? The fluorescence che-
mosensors are envisioned as one of the most promising candi-
dates for the development of innovative sensing systems in many
different kinds of sensors, due to their sensitivity, specificity and
real-time monitoring with fast response.?
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(Figure S6); SEM image (Figure S7) and fluorescence decay data
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Copper is a significant metal pollutant due to its widespread
usage, but it is also a micronutrient element in biological
systems.* Copper has multiple functions ranging from iron
absorption and reduction—oxidation to catalysis.®> However,
copper can cause oxidative stress and disorders associated with
neurodegenerative diseases if being unregulated, such as Menkes
disease, Wilson disease and Alzheimer’s disease.® Recently,
a great number of fluorescence chemosensors for copper ions
have been successfully designed due to their high selectivity and
sensitivity.” Especially, the organic-fluorescence film chemo-
sensors have realized repetitive utilization without consumption
or contamination to the analyte solution.® However, organic
films usually suffer from long-term sustainability as the result of
variation in illumination, temperature, pressure, environmental
pH, etc. Therefore, the incorporation of organic fluorophore
indicator with inorganic matrix can be an effective solution for
the purpose of obtaining durable solid chemosensors.

Layered double hydroxides (LDHs), whose structure can be
generally expressed as [M";_ . M"™ (OH),](A""),,-mH,O (M" and
M™" are divalent and trivalent metals respectively; A"~ a n-valent
anion), are one type of important layered materials which represent
a large versatility in terms of their chemical composition and the
ability to build up 2D-organized structures (stacking of the layers
giving rise to an accessible interlayer space in the nanometre scale).

6088 | J. Mater. Chem., 2011, 21, 6088-6094

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c1jm00073j
http://dx.doi.org/10.1039/c1jm00073j
http://dx.doi.org/10.1039/c1jm00073j
http://dx.doi.org/10.1039/c1jm00073j
http://dx.doi.org/10.1039/c1jm00073j

They are available as both naturally occurring minerals and synthetic
inorganic materials,” which have been widely used in the fields of
catalysis, separation process, biology and medicine.'® Some sensors
based on LDH and fluorophore composites have also been
successfully developed normally via the dip-coating,'* electropho-
retic deposition'? and solvent evaporation method.'* Recently, the
delamination of LDH into nanosheets as building blocks and
preparation of inorganic/organic fluorophore ultrathin films (UTFs)
have been reported.™ This inspired us to challenge the goal of
fabricating fluorescent chemosensors via alternate assembly of
positively charged LDH nanosheets and negatively charged fluo-
rophore indicators with the layer-by-layer (LBL) technique, which
exhibit the following advantages: the LDH nanosheets provide
a confined and stable microenvironment for the immobilization of
fluorophore indicator; the nanometre scale control of the assembly
will result in a high dispersion of fluorophore with uniform orien-
tation, suppressing chromophore aggregation and reducing fluo-
rescence quenching. Moreover, the film component and thickness
can be precisely controlled with simple manipulation and versatility.
Pyrene and its derivatives have been widely used in the fields of
organic light-emitting devices,'® field-effect transistors,'® liquid
crystals,'” biological markers,'® ion sensors'® and conformational
probes due to their high detection sensibility.?* However, the
application of pyrene and its derivatives is greatly limited owing
to the relatively short service lifetime, unsatisfactory stability and
fluorescence quenching resulted from aggregation. Therefore,
how to improve their luminescence performances remains
a challenge. In this work, fluorescence indicator/LDH UTFs
were fabricated by alternate assembly of 1,3,6,8-pyrenetetrasul-
fonate acid tetrasodium salt (PTS) and Zn—Al LDH nanosheets
on quartz substrates using the LBL deposition technique, which
was successfully demonstrated as fluorescence chemosensor for
Cu?*. The fluorescence chemosensor with film thickness of 48 nm
(24 bilayers) exhibits a broad linear response range for Cu*
solution (0.6-50 uM), good repeatability (RSD less than 5% in 20
consecutive measurements), high photostability and storage
stability (~93.2% of its initial fluorescence intensity remains after
one month) as well as excellent selectivity. Therefore, the novel
strategy in this work provides a facile approach for the fabrica-
tion of luminescence film with nanoscale control of thickness,
which can be potentially applied in the field of optical sensors.

2. Experimental
2.1 Materials

1,3,6,8-Pyrenetetrasulfonic  acid tetrasodium salt (PTS,
biochemistry grade) was purchased from Sigma-Aldrich
Company. Analytical grade chemicals including Zn
(NO3),-6H,0, AI(NO;3);-9H,0, NaOH, C,HsOH, Cu(NO3),,
Co(NOs),, Ni(NO3),, Pb(NO3), and ethylenediamine tetraacetic
acid (EDTA) were used without further purification. The
deionized and decarbonated water was used in all the experi-
mental processes.

2.2 Fabrication of the (PTS/LDH), UTFs

The Zn,Al-NO; LDH precursor was synthesized by the hydro-
thermal method reported previously.?* A 0.1 gof Zn—-Al-LDH was
shaken in 100 mL of formamide solution for 24 h to obtain

a colloidal suspension of exfoliated Zn—Al-LDH nanosheets. The
quartz glass substrate was cleaned in concentrated NH3/30%
H,05 (7 : 3) and concentrated H,SO,4 for 30 min each. After each
procedure, the quartz substrate was rinsed and washed thor-
oughly with deionized water. The substrate was dipped in
a colloidal suspension (0.1 gmL~") of LDH nanosheets for 10 min
followed by washing thoroughly, and then the substrate was
treated with a 100 mL of PTS aqueous solution (0.025 wt%) for
another 10 min followed by washing. Multilayer films of (PTS/
LDH), were fabricated by alternate deposition of LDH nano-
sheets suspension and PTS solution for 7 cycles. The resulting
films were dried with a nitrogen gas flow for 2 min at 25 °C.

2.3 The response of Cu** measurement

The Cu?* solutions with different concentrations were prepared
by dissolving Cu(NOs), in a water—ethanol mixture solvent (1 : 1,
vlv, 295 K). The fluorescence chemosensor was immersed into
a quartz cell with Cu(NOs), solution, and its response was
recorded by a RF-5301PC fluorophotometer with a liquid
holder. Between two different concentration measurements the
chemosensor was washed thoroughly with deionized and decar-
bonated water.

2.4 Characterization techniques

The UV-vis absorption spectra were collected in the range from
200 to 500 nm on a Shimadzu T-9201 spectrophotometer, with
the slit width of 1.0 nm. The fluorescence spectra were performed
on a RF-5301PC fluorospectrophotometer with the excitation
wavelength of 340 nm. The fluorescence emission spectra range
in 350-550 nm, and both the excitation and emission slits were set
to 3 nm. The fluorescence image was observed using an
OLYMPUS-BXS51 fluorescence microscope. The photobleaching
behavior was tested by the UV lighting with CHF-XQ 500 W.
Steady-state polarized photoluminescence measurements of the
PTS/LDH UTFs were recorded with an Edinburgh Instruments’
FLS 920 fluorospectrophotometer. X-Ray diffraction patterns
(XRD) of the PTS/LDH UTFs were recorded using a Rigaku
2500 VB2 + PC diffractometer under the conditions: 40 kV,
50 mA, Cu-Ka radiation (A = 0.154056 nm) step-scanned with
a scanning rate of 2°/min, and a 26 angle ranging from 2° to 65°.
The Fourier transform infrared (FTIR) spectra were recorded
using a Vector 22 (Bruker) spectrophotometer in the range 4000—
400 cm~! with 4 cm™! resolution. The morphology of thin films
was investigated by using a scanning electron microscope (SEM
ZEISS) equipped with an EDX attachment, and the accelerating
voltage applied was 20 kV. The surface roughness and thickness
data were obtained by using the atomic force microscopy (AFM)
software (Digital Instruments, version 6.12). X-Ray photoelec-
tron spectroscopy (XPS) measurement was performed with
monochromatized Al-Ka exciting X-radiation (PHI Quantera
SXM).

3. Results and discussion

3.1 Assembly of the PTS/LDH UTFs

Fig. 1A shows the UV-vis absorption spectra of the (PTS/LDH),,
UTFs with various bilayer numbers (1) deposited on quartz
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substrates. It was observed that the absorption bands of pyrene
at ~250, 290 and 380 nm (w—7* transition of PTS) correlate
linearly with n (Fig. 1B), indicating a stepwise and regular film
growth procedure, which was further confirmed by the gradual
color enhancement with the increase of bilayer number (inset in
Fig. 1A). The value of absorbance is above zero as n = 0 observed
from the linear regression curve (Fig. 1B), which can be attrib-
uted to the decrease in film uniformity and homogeneity during
the LBL deposition process. Compared with the absorption
spectrum of PTS solution sample (Fig. S1-At), the absorption
band of the (PTS/LDH), UTFs becomes broader and unre-
solved, which may be attributed to the electrostatic interaction
between PTS molecule and LDH nanosheets. The fluorescence
emission peaks at 375 and 394 nm of (PTS/LDH), UTFs also
display a consistent increase along with n, as shown in Fig. S1-
B+t. No obvious red or blue shift of the fluorescence spectra for
the as-prepared UTFs was observed compared with the pristine
PTS solution, indicating no formation of PTS aggregates
throughout the whole assembly process. The fluorescence life-
time of the (PTS/LDH), UTFs ranges from 113.5 to 128.6 ns
(Table S1 in the ESIT), much longer than that of the pristine PTS
solution (80.2 ns). The results above indicate that the rigid LDH
nanosheets isolate PTS molecule from each other and thus
eliminate the interlayer w—7 stacking interaction.

3.2 Structural and morphological characterization

The deposition process of the (PTS/LDH), UTFs was further
monitored by scanning electron microscopy (Fig. S2-At). The
thickness of the as-prepared UTFs (n = 10-40) are in the range of
25-83 nm. The approximately linear increase of the thickness
upon increasing the layer number confirms that the UTFs
present uniform and periodic layered structure (Fig. S2-Bt), in
agreement with the behavior revealed by the absorption and
fluorescence spectra above. The SEM images (Fig. 2A and
Fig. S31) show that the surface smoothness and uniformity of the
UTFs decrease with the increase of bilayer number. The thick-
ness of (PTS/LDH),o UTF is 39 nm observed from its side view
of the SEM image (Fig. 2B), from which it can be estimated that
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Fig. 1 (A) UV-vis absorption spectra of the (PTS/LDH), (n = 1-24)
UTFs (inset: the photographs of UTFs with different bilayer numbers
under daylight); (B) The linear relationship between absorbance at 250,
290, 380 nm and bilayer number 7.

the thickness of one bilayer (PTS/LDH); is ~1.95 nm. The AFM
topographical images (Fig. 2C and Fig. S4t) show the value of
root-mean square roughness (RSM) increases from 2.75 nm (n =
5) to 11.7 nm (rn = 20), indicating the decrease in uniformity of
the UTFs along with the assembly of LBL film. XRD patterns
(Fig. 2D) exhibit a Bragg peak at 26 = 4.25° and its intensity
increases successively upon increasing 7, which can be attributed
to a superlattice structure in the normal direction of the film. The
average repeating distance is ~1.98 nm, approximately consis-
tent with the thickness augment per deposited cycle observed by
SEM (1.95 nm). Moreover, this is also in agreement with the
ideal single-layered arrangement model of the PTS/LDH
supramolecular structure with the thickness of ~0.48 nm for
a monolayer of LDH and 1.45 nm for the extended chain
configuration of PTS (Fig. S57).

3.3 The (PTS/LDH) , UTFs as fluorescence chemosensors for
Cu2+

The response of (PTS/LDH), UTFs for Cu**. The (PTS/LDH),,
(n=1 — 40) UTFs were fabricated to test its feasibility for Cu**
sensor. Fig. S1-BT and Fig. S61 show the fluorescence spectra
and response time of the UTFs with different n (6-36), respec-
tively. It was found that both fluorescence intensity and response
time increased upon increasing n. The enhancement in fluores-
cence intensity results from the increase of PTS content; while the
increase in response time is related to the reduced diffusion rate
of Cu?" in the film with larger thickness. Taking into account
both the fluorescence intensity and response time, the PTS/LDH
(48 nm, n = 24) UTF sample was chosen in the following study.
The response time was 10 s for the (PTS/LDH),, UTF (Fig. S6-
Bt), which is a key feature for its practical application. Longer
response time (from 2 min to 18 h) was generally reported for
fluorescence chemosensors based on organic matrices.®>% The
fast response in this work is possibly related to the nanoscale
architecture of the PTS/LDH UTF (Fig. 2A), which is preferable
for the mass transfer and diffusion.

Fig. 3A displays that the fluorescence intensity of the (PTS/
LDH),, UTF decreases with the increase of Cu** concentration
from 0.2 uM up to 1000 uM. The titration plots of this UTF
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Fig. 2 (A) Top-view of SEM image, (B) side-view of SEM image, (C)
tapping-mode AFM image of the (PTS/LDH),, UTF and (D) XRD
patterns for the (PTS/LDH),, UTFs with n = 3, 6 and 9 respectively.
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Fig. 3 (A) Emission spectra of the chemosensor with the presence of
different Cu** concentration (295 K, A.x = 340 nm); (B) Cu** titration
curves of the chemosensor for emissions at 375 and 394 nm respectively.

obtained with excitation of 340 nm and emissions of 375 and 394
nm are displayed in Fig. 3B. The results show that the fluores-
cence intensity was proportional to the Cu** concentration in the
range 0.6-50 uM, with the following linear regression equation:
I = 959.67-9.48¢ (uWM), r* = 0.998 (Fig. 3B). The absolute
detection limit was 0.2 uM, which is sufficient for the determi-
nation of Cu®" in the blood system of human (15.7-23.6 uM).
Moreover, it meets the requirement for Cu?** detection in
drinking water within U.S. EPA limit (~20 pM).? The reason for
fluorescence quenching of the UTF with the presence of Cu** is
probably due to the occurrence of either an electron transfer or
an electronic energy transfer involving the transition metal and
the excited fluorophore as observed in other Cu?*-recognition
sensors.?

The regeneration and reversibility. The regeneration of fluo-
rescence chemosensor was performed by immersing the
quenched (PTS/LDH),4 UTF into a solution of EDTA (a metal
ion chelator, 0.5 mM). Fig. 4A shows that the fluorescence
intensity at 375 and 394 nm of the UTF increased gradually and
recovered completely after 60 s (Fig. 4B), demonstrating the
binding between PTS and Cu?" is chemically reversible. This is
a key factor for the preparation of sensor devices in practical
application. The repeatability of the chemosensor was studied by
alternate immersion into two solutions with Cu** and EDTA
respectively, and the corresponding fluorescence intensity at 375
nm was measured every 2 min (Fig. 5). The RSD of 20 cycles was
4.53% (EDTA) and 1.54% (Cu?*). Additionally, the change of
luminescence color (between dark blue and white blue) for the
UTF is also reversible by observing its fluorescence microscope
image (Fig. 5, inset). Therefore, the regeneration and reversibility
of the UTF create new opportunities for the design and appli-
cation of PTS/LDH UTFs in optical chemosensors.

Stability. The photostability of chemosensor is of major
importance, since it leads to irreversible loss of fluorescence,
which limits the statistical accuracy of the detection in biological,
environmental and physiological applications.?* The fluorescence
intensity of PTS in solution and the (PTS/LDH),4 UTF was
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Fig. 4 (A) Emission spectra of the quenched chemosensor in EDTA
(0.5 mM, 295 K) as a function of time; (B) The fluorescence intensity at
375 and 394 nm vs. ¢.

recorded by illuminating with UV light for comparison study.
Fig. 6A displays the fluorescence intensity of these samples as
a function of bleaching time. It was found that the half-live of the
(PTS/LDH),4 UTF sample (6 h) is two times longer than that of
the PTS solution (2.5 h), indicating that the rigid LDH nano-
sheets improve the photostability of PTS molecule significantly.
PTS molecules were distributed uniformly and orderly, sup-
pressing the fluorescence quenching effectively. Furthermore, the
storage stability test of the sensor shows that ~93.2% of its initial
fluorescence intensity remained after one month measurement
(Fig. 6B). In addition, as shown in Fig. S7f, no delamination or
peeling occurred on cross-cutting the surface, indicating strong
adhesion of the film to the substrate. Chemosensors of organic
polymer film generally suffer from repeatability, owing to rela-
tively poor thermal or optical stability as well as swelling solu-
tion-dependent behavior.®% In contrast, the chemosensor of
PTS/LDH possesses strong photostability, storage and
mechanical stability due to the presence of inorganic component.

Selectivity. An important feature of the chemosensor is its high
selectivity toward analyte over other competitive species. In
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Fig. 5 The reversibility of the chemosensor recorded by alternate
measurement in the two solutions of Cu** and EDTA respectively. The
fluorescence microscope images of the chemosensor (inset) show the
change of film color.
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Fig. 6 (A) The photostability of the chemosensor and PTS solution as
a function of bleaching time. Indicated values are means of three
experiments with the standard error less than 4%. (B) The fluorescence
emission spectra of the (PTS/LDH),4 UTF (stored at 4 °C) recorded
weekly in 1 month.

order to evaluate the selectivity of the (PTS/LDH),, UTF
towards Cu**, the fluorescence intensity at 375 nm for the UTF in
solutions containing Co?*, Ni**, Cu**, Pb** and Zn** was recor-
ded, respectively (Fig. 7A). It was found that the response of the
UTF to other cations was very low compared with Cu®*, and less
change in the fluorescence intensity of UTF for these interfer-
ential species (~10%) than Cu®* (~90%) with the concentration
of 1 mM was observed. Moreover, no significant effect on
the response of the UTF to Cu®* was found with the presence of
Co**, Ni**, Pb** and Zn** (1 mM each). The fluorescence inten-
sity was still proportional to the Cu** concentration in the range
0.6-50 uM with 2 = 0.991 (Fig. 7B). The results above show that
the UTF exhibits a high selectivity for Cu**.

3.4 Studies on the mechanism of measurement-regeneration
cycle

The change of chemical composition. The process of fluores-
cence quenching and regeneration for the fluorescence
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Fig. 7 The spectrofluorimetric titrations of the chemosensor with (A)

different metal cations and (B) Cu?" with the presence of interferential

species Ni**, Zn**, Pb**, Co?* (1 mM each). Indicated values are means of

three measurements with the standard error less than 3%.

chemosensor is schematically shown in Scheme 1. The fluores-
cence quenching results from the complexation of Cu** and PTS
in the UTF due to a high thermodynamic affinity of Cu®** for
typical O-chelate ligands and fast metal-to-ligand binding
kinetics; while the regeneration of the quenched UTF was rooted
in the complexation of Cu®** and EDTA due to the much larger
complex constant between EDTA and Cu** (log K = 9)* than
pyrene and Cu** (log K = 5).2° The explanation was further
supported by the results from XPS measurement shown in Fig. 8.
Compared with the original UTF (Fig. 8A), the XPS spectrum
after measurement of Cu?* (Fig. 8B) displays signals of Cu 2p1/2
(953.5 €V) and Cu 2p3/2 (932.1 V), indicating that Cu** was
bonded in the UTF via the complexation with PTS. The disap-
pearance of Cu signals for the regenerated UTF by EDTA
confirms the removal of Cu** from the UTF (Fig. 8C). In addi-
tion, it is known that static quenching is characterized by
a constant fluorescence lifetime (7) of the fluorescence indicator,
which is independent of the quencher concentration.?” In this
work, the fluorescence lifetime measurements demonstrated that
introduction of Cu?* imposed little effect on the fluorescence
lifetime of PTS (Tyeated = 127.3 18, Tunwreatea = 128.6 ns, Table
S17). Therefore, the fluorescence quenching of the UTF by Cu®*
should be static in nature.

The changes in morphology and fluorescence anisotropy. Fig. 9
shows the AFM images of the (PTS/LDH),, UTF during
a complete measurement-regeneration process. The original
UTF surface (Fig. 9A) is smooth with a large number of round
protuberances and a root-mean square roughness of 11.7 nm;
while sharp peaks were observed after measurement of Cu**
(Fig. 9B) accompanied with a marked increase in RMS rough-
ness (18.6 nm). After regeneration by EDTA, a relatively smooth
surface was recovered with a RMS roughness of 13.3 nm
(Fig. 9C). In order to give a further insight for the mechanism of
measurement-regeneration cycle, the polarized photoemission
spectra of the original (PTS/LDH),, UTF, the quenched and
recovered UTF samples were measured and displayed in
Fig. 10A-10C, respectively. The original (PTS/LDH),, UTF
shows well-defined fluorescence anisotropy between the parallel
and perpendicular to excitation polarized direction with the
anisotropy value (r) of 0.26 (Fig. 10A) due to well-oriented and
ordered arrangement of PTS. However, the anisotropy value
decreased dramatically to 0.12 after measurement of Cu*
(Fig. 10B), indicating the decrease in the conjugacy of PTS. After
regeneration by EDTA, the fluorescence anisotropy value
increased to 0.23 (Fig. 10C) owing to the removal of Cu** from

L 1. PTS
i
+
LDH n cycles

i
% LBL

Substrate

Scheme 1 The schematic representation for the measurement-regener-
ation cycle of the UTF.
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Fig. 8 XPS spectra of (A) the original UTF, (B) the UTF after
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Fig. 9 AFM images of (A) the original (PTS/LDH),4 UTF, (B) the UTF
after measurement of Cu?*, (C) the regenerated UTF by EDTA.
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Fig. 10 Photoemission profiles in the (a) VV, (b) VH, (c) HV, (d) HH, (e)
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ture (293 K): (A) the original (PTS/LDH),4 UTF, (B) the UTF after
measurement of Cu?*, (C) the regenerated UTF by EDTA and (D) the
fluorescence anisotropy over 20 cycles. The excitation wavelength is 340
nm.

the UTF. The reversible change in anisotropy can also be recy-
cled (Fig. 10D) and the RSD of 20 cycles was 1.71% (EDTA) and
0.52% (Cu?"), indicating that the embedment/removal of Cu**
gives rise to regular changes in orientation of PTS.

4. Conclusions

The ordered (PTS/LDH), UTFs were fabricated by the LBL
deposition technique in this work, which exhibit application as
a fluorescence chemosensor for Cu?*. The UV-vis absorption and
the fluorescence emission spectra show a stepwise and regular
film growth procedure. The rigid LDH nanosheets isolate PTS
molecules from each other and thus eliminate the interlayer w—m
stacking interaction. Furthermore, the (PTS/LDH),4 UTF as
fluorescence chemosensor for Cu** was obtained, which shows
a broad linear response range, good regeneration and revers-
ibility, high photostability, storage and mechanical stability as
well as selectivity. The mechanism study of the measurement-
regeneration cycle reveals that the embedment/removal of Cu*
gives rise to regular changes in chemical composition, surface
morphology and fluorescence anisotropy of the UTF. Therefore,
this work provides a facile and feasible methodology for the
fabrication of novel fluorescence chemosensors. By virtue of the
highly tunable compositions both for inorganic and for organic
parts, these multilayer films can be potentially applied in the
fields of optical coatings, photosensors and photovoltaic devices.
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