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This paper reports the preparation of a tunable photoluminescence film through incorporation of

fluorescein into a layered double hydroxide matrix, as well as its application in electrocatalysis for

dopamine. The fluorescein (FLU) and 1-heptanesulfonic acid sodium (HES) with different molar ratios

were co-intercalated into the galleries of Zn2Al LDH by the anion exchange method. Thin films

of FLU-HES/LDH (x%, x stands for the molar percentage of fluorescein), which possess good

c-orientation of LDH platelets confirmed by XRD and SEM, were obtained by the solvent evaporation

method on ITO substrates. It was found that the fluorescence wavelength, emission intensity and

lifetime correlate with the orientation and aggregation state of FLU in the LDH gallery, and can be

finely controlled by varying the fluorophore content through changing the molar ratio of FLU/HES.

In addition, the FLU-HES/LDH thin film modified electrode exhibits electrocatalytic performances for

dopamine with rather high sensitivity and selectivity. The optimal luminous intensity, the longest

fluorescence lifetime and the superior electrocatalytic behavior for dopamine of FLU-HES/LDH (x%)

can be obtained with x values ranging in 1.25 � 10�2–2.00 � 10�2%.
Introduction

Dyes encompassing classes of molecules absorbing in the

UV-visible part of the electromagnetic spectrum have a wider

range of applications, including coloring (textile, food, painting),

medical purposes (diagnosis, drugs) or energy production

(photovoltaic, OLED).1 In particular, fluorescent organic dyes

with p-conjugation are the central focus of numerous chemical,

analytical, biological and spectroscopic studies, since these

materials present the prominent advantages of high molar

extinction coefficients, convenience of customized molecular

design for desired photophysical and photochemical properties,

environment-friendliness, along with the availability of low-cost

sources of irradiation.2 Organic chromophores generally show

high fluorescence efficiency in solution, while it decreases rapidly

in the solid state. This is mainly attributed to the intermolecular

vibronic interactions which induce the nonradiative deactivation

process (i.e., fluorescence quenching), such as excitonic coupling,

excimer formation and excitation energy migration to the

impurity traps.3 Accordingly, great efforts have been devoted to

design and synthesize new types of p-conjugation derivatives to
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overcome or compensate these disadvantages;4 unfortunately,

the time-consuming synthesis process and relatively low yield

often restrict their application. Therefore, it is important to

search for novel fluorescence materials with high photostability,

which can maintain or even improve fluorescence efficiency in the

solid state.

Doping with dyes which show fluorescent, photochromic or

non-linear optical properties has been well investigated, because

the prospect of obtaining these optical properties in the solid

state matrix (bulk or thin film) is extremely attractive for device

applications. However, a key issue which strongly influences

these properties is instability of physical mixtures. Therefore, in

recent years, considerable interest has been focused on the fabri-

cation of 2-dimensional layered inorganic–chromophore host–

guest nanocomposite materials, for they may show novel

functionalities (ascendant photo-, thermal- and mechanical-stabi-

lization) which are not present in the individual components alone.5

In this sense, layered double hydroxides (LDHs), whose structure

can be generally expressed as [MII
1�xMIII

x(OH)2](An�)x/n$mH2O

(where MII and MIII are divalent and trivalent metals, respec-

tively, and An� is an n-valent anion), are one type of important

layered matrixes 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).6 The incor-

poration of dyes into LDH galleries has attracted attention, for

high-quality photoluminescence materials with improved lumi-

nous efficiency could be obtained owing to the host–guest

interactions. Furthermore, since LDH with a 2D lamellar

structure is intrinsically anisotropic, the dye molecule with

a single transition dipole moment preferentially oriented between

LDH sheets may exhibit specific anisotropic photoemission

characteristics.
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Scheme 1 Molecular dianion structure and orientation of the transition

dipole moment for FLU.
Fluorescein (2(3,6-dihydroxyxanthyl)-benzoic acid, repre-

sented as FLU, shown in Scheme 1), a xanthene dye, was first

developed in the 19th century.7 FLU and its derivatives are

commonly used as fluorescent indicators and tags, a pH probe of

intercellular fluids, fluorescent probes and a fluorescent sensor

for biogenic matter,8 due to their large extinction coefficients

(90 000 M�1 cm�1), high quantum yields (0.95) and biological

tolerance. Nevertheless, the aggregation of FLU in the solid state

leads to its partial or whole fluorescence quenching,9 which

greatly restricts its application in solid state dye devices. This

inspires us to challenge the goal of incorporation of FLU into the

LDH matrix, which would exhibit the following advantages:

firstly, the LDH can offer a confined and stable environment for

the immobilization of fluorescein molecules, which is a prereq-

uisite and important character of solid dye devices. Secondly, the

homogeneous distribution of fluorescein molecules in an LDH

matrix based on host–guest interactions (e.g. electrostatic

attraction, hydrogen bonding) can avoid fluorescein aggregation

and, thus, reduce fluorescence quenching effectively. Finally, the

LDH can enhance the optical and thermal stability of fluorescein

and reduce the environmental pollution and operational risk,

which meets the needs of solid state light-emission and sensors.

In our previous work,10 the co-intercalation of a-naphthalene

acetate (a-NAA) and 1-heptanesulfonic acid sodium (HES) in the

galleries of Zn2Al LDH was performed, in order to study the

influences of HES both on the orientation of a-NAA and on

the polarized photoluminescence properties of the inorganic–

organic composite. In this work, we further report the tunable

photoluminescence film through co-intercalation of fluorescein

(FLU) and HES into an LDH matrix, and demonstrate its

application as a fluorescent sensor for dopamine. Moreover, the

relationship between the electrogenerated chemiluminescence

(ECL) and photoluminescence of this thin film was discussed. The

FLU-HES/LDH (x%, x stands for the molar percentage of fluo-

rescein) samples with different molar ratios of FLU/HES were

prepared by the ion-exchange method, and then their thin films on

ITO substrates were obtained by the solvent evaporation method.

It was found that the fluorescence wavelength, emission intensity

and lifetime correlate with the orientation of FLU in the LDH

gallery, and can be finely controlled by varying the fluorophore

content through changing the molar ratio of FLU/HES.

In addition, the FLU-HES/LDH (x ¼ 1.25 � 10�2%) thin film-

modified electrode exhibits electrocatalytic behavior for dopa-

mine with rather high sensitivity and selectivity. Therefore, the

novel strategy in this work not only provides a method for the

preparation of tunable luminescence materials through incorpo-

ration of an organic dye into a 2D inorganic matrix, but also

demonstrates its prospective application in the field of biosensors.
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Experimental section

Materials

Sodium FLU and HES (biochemistry grade), dopamine and

ascorbic acid were purchased from Sigma-Aldrich Company.

Analytical grade chemicals including Zn(NO3)2$6H2O,

Al(NO3)3$9H2O, NaOH, Na2HPO4 and NaH2PO4, were

purchased from the Beijing Chemical Co. Limited, and used

without further purification. The deionized and de-CO2 water

was used in all the experimental processes.
Synthesis of the FLU and HES co-intercalated Zn2Al LDH

The Zn2Al-NO3 LDH precursor was synthesized by the hydro-

thermal method reported previously.11 Subsequently, the FLU

and HES co-intercalated LDH composites were prepared

following the ion-exchange method. FLU (a mol) and HES

(b mol) were dissolved in 150 mL of water–ethanol mixture solvent

(1 : 1, v/v), in which a + b ¼ 0.005 mol; a/(a + b) ¼1.34 � 10�3,

8.00 � 10�3, 1.34 � 10�2, 2.35 � 10�2, 1.18 � 10�1, 1.16, 41.0 and

100%. This solution was adjusted to pH ¼ 7.0 with a NaOH

(0.2 mol L�1) solution. Then, freshly prepared Zn2Al-NO3 LDH

(0.5 g) was dispersed in the solution thoroughly. The suspension

was adjusted to pH ¼ 7.0 and stirred at room temperature under

N2 atmosphere for 48 h. The product FLU-HES/LDH

(x%, x ¼ a/(a + b)) was washed extensively with water.
Fabrication of FLU-HES/LDH (x%) thin films

Thin films of FLU-HES/LDH (x%) were fabricated by the

solvent evaporation method. Substrates of quartz and ITO wafer

were firstly cleaned by immersing in deionized water and ethanol

in an ultrasonic bath for 30 min. Pasty FLU-HES/LDH (x%)

(0.05 g) was suspended in 20 mL of water under N2 atmosphere

in an ultrasonic bath (99 W, 28 kHz) at room temperature for

5 min. Then, the resulting FLU-HES/LDH (x%) suspension was

dropped on quartz and ITO substrates and dried in vacuum at

ambient temperature for 5 h.
Techniques of characterization

The powder XRD measurements were performed on a Rigaku

XRD-6000 diffractometer, using Cu-Ka radiation (l¼ 0.15418 nm)

at 40 kV, 30 mA, with a scanning rate of 5� min�1, and a 2q

angle ranging from 2 to 70�. SEM images were obtained using

a Hitachi S-4700 scanning electron microscope operating at

20 kV. The UV-vis spectra were collected in a Shimadzu U-3000

spectrophotometer. Fluorescence emission spectra were recorded

on a RF-5301PC fluorophotometer (1.5 nm resolution) in the

range 500–650 nm with the excitation wavelength of 490 nm and

slit widths of 3 nm. Elemental analysis samples were prepared by

dissolving 30 mg of solid sample with a few drops of concentrated

HNO3 and diluted to 50 mL with water. Zn and Al elemental

analysis was performed by atomic emission spectroscopy with

a Shimadzu ICPS-7500 instrument. C, H, N content was deter-

mined using an Elementar vario elemental analysis instrument.

The water content of the sample was obtained by thermog-

ravimetry. The FLU content was determined by quantitative

analysis of fluorescence with an RF-5301PC fluorophotometer.
This journal is ª The Royal Society of Chemistry 2010



FLU-HES/LDH (x%) film fluorescence was observed using

a OLYMPUS-BX51 fluorescence microscope.
Fig. 1 (A) XRD patterns for powder samples: (a)–(h) FLU-HES/LDH

(x%), (i) Zn2Al–NO3 LDH; (B) XRD patterns for thin film samples:

(a)–(h) FLU-HES/LDH (x%). (a)–(h) x ¼ 1.00 � 10�3, 6.80 � 10�3,
Fluorescence decay

The curves were recorded by means of the time-correlated single-

photon counting technique employing a LifeSpec-red lifetime

spectrometer (Edinburgh Instruments Ltd., UK), which is

equipped with an emission double monochromator and a time

resolution of 25 ps after deconvolution of the excitation pulse.

For a fixed emission wavelength, the fluorescence decay curve

was collected. The lifetime of the samples was obtained from the

recorded decay curves after deconvolution of the instrument

response function (IRF) carried out by an iterative method of

nonlinear least-squares based on the Marquardt algorithm. The

fluorescence decay curves were analyzed at emission wavelength

of 510 nm for FLU-HES/LDH (x%).
1.25 � 10�2, 2.00 � 10�2, 1.00 � 10�1, 1.05, 38.0 and 100%, respectively.
Fluorescence polarization

The spectra were recorded on a Quanta Master-Spectrofluo-

rometers (model QM-4/2005), equipped with automated polar-

izers in both the excitation and the emission beams. The

three-dimensional perspective for the experimental setup has

been provided in the supporting information (Figure S1, ESI†).

The fluorescence spectra of the thin film were registered after

excitation at 490 nm for FLU-HES/LDH (x%), where the fluo-

rescence emission was collected along the Z0-axis at 90� with

respect to the excitation beam in the Z-axis. The fluorescence

polarization spectra were scanned in the range 500–600 nm every

1 nm, with an integration time of 2 s, and excitation and emission

slits of 8 nm.

The orientation of the thin film with respect to the excitation

beam was changed by rotating the solid-sample holder around its

vertical y-axis. Indeed, the angle between the normal to the thin

film and the excitation axis (defined as the d angle in the ESI,

Fig. S1†) was scanned from 0 to 60�. The instrumental response

to the linearly polarized light has been corrected by recording the

fluorescence signal of an isotropic system under identical exper-

imental conditions. In the present work, the FLU-HES/LDH

(x%) powder samples were used as the isotropic system.
Electrochemical measurement

The electrochemical measurements were performed using a CHI

660B electrochemical workstation (Shanghai Chenhua Instru-

ment Co., China). A conventional three-electrode system was

used, including a modified ITO glass as the working electrode,

a platinum foil as the auxiliary electrode, and a saturated

Ag/AgCl electrode as the reference electrode. All measurements

were carried out in 50 mM phosphate buffer solution with

a pH of 7.4.
Fig. 2 SEM images for FLU-HES/LDH (x%) powder samples from (a1)

to (h1); thin film samples from (a2) to (h2) (x ¼ 1.00 � 10�3, 6.80 � 10�3,

1.25 � 10�2, 2.00 � 10�2, 1.00 � 10�1, 1.05, 38.0 and 100%, respectively).
Results and discussion

Macroscopic orientation of the FLU-HES/LDH (x%) films

The XRD patterns of Zn2Al–NO3 LDH and FLU-HES/LDH

(x%) are shown in Fig. 1. All of the patterns of these samples can

be indexed to a hexagonal lattice. The interlayer spacing can be
This journal is ª The Royal Society of Chemistry 2010
calculated by averaging the positions of the three harmonics:

c ¼ 1/3 (d003 + 2d006 + 3d009). The (003) reflection of Zn2Al–NO3

LDH powder sample at 2q ¼ 9.9� (Fig. 1A curve i) shows an

interlayer distance of 0.88 nm. The basal spacing of FLU-HES/

LDH (x%) (Fig. 1A curve a–h) increases to �1.9 nm compared

with Zn2Al–NO3 LDH precursor, indicating that FLU and HES

were co-intercalated into the galleries of LDH. It can be seen that

the FLU-HES/LDH film (x%) (Fig. 1B) has only one series of

00l reflections, indicating a highly ordered stacking of the ab

plane of the LDH platelet parallel to the substrate. The half-peak

width (FWHM) of the 003 reflection (0.27–0.44�) for all the

FLU-HES/LDH (x%) samples (ESI, Fig. S2-B†) is less than that

of the precursor Zn2Al–NO3-LDH (0.75�) (ESI, Fig. S2-A†),

i.e., no broadening of the 003 reflection occurs after co-interca-

lation of FLU and HES. This indicates that FLU and HES

disperse uniformly in the galleries of LDH forming a homoge-

neous phase. The FT-IR spectra further confirmed the co-inter-

calation of the two anions (see the ESI, Fig. S3†). The chemical

compositions of the resulting products (ESI, Table S1†) show
J. Mater. Chem., 2010, 20, 3901–3909 | 3903



Fig. 4 The photoemission spectra of FLU-HES/LDH (x%) for (a)–(h)

x ¼ 1.00 � 10�3, 6.80 � 10�3, 1.25 � 10�2, 2.00 � 10�2, 1.00 � 10�1, 1.05,

38.0 and 100%, respectively, and (i) pristine FLU in solution, with the

excitation wavelength of 490 nm. The inset plot shows the fluorescence

intensity at the maximum emission peak varying with the increase of

FLU content in the FLU-HES/LDH (x%).
that the experimental ratio of FLU/HES for the samples of FLU-

HES/LDH (x%) is close to the nominal ratio as expected.

SEM images of the FLU-HES/LDH (x%) samples are dis-

played in Fig. 2. The powder samples of FLU-HES/LDH (x%)

afford a rough surface, and high magnification SEM images

(Fig. 2a1–2h1) reveal that they are composed of randomly

oriented LDH particles with irregular morphology. In contrast,

the surface of FLU-HES/LDH (x%) thin films is relatively

smooth in the high magnification SEM images (Fig. 2a2–2h2),

indicating the individual FLU-HES/LDH (x%) platelets are

densely packed on the substrate plane. The SEM images confirm

that the thin films are fabricated with good c-orientation of FLU-

HES/LDH (x%) platelets, consistent with their XRD results

in Fig. 1.

Photoluminescent properties of the FLU-HES/LDH (x%) films

UV-vis absorption and fluorescence emission spectra of FLU in

solution and FLU-HES/LDH (x%) films. The UV-vis absorption

spectra of FLU in solution and FLU-HES/LDH (x%) samples

were measured and displayed in Fig. 3. The band of FLU-HES/

LDH (x%) (curves a–h) becomes broader than that of FLU

solution sample (curve i), as the result of homogeneous broadening

due to the existence of a continuous set of vibrational sublevels in

each electronic state.12 In addition, no obvious shift can be

observed for the spectra of FLU-HES/LDH (x # 1.25 � 10�2%)

samples (curves a–c in Fig. 3) compared with the FLU solution

sample, demonstrating that FLU molecules are accommodated

between the sheets of the LDH matrix mainly as a monomeric

form. Upon increasing FLU content (x $ 2.00 � 10�2%, curve

d–h in Fig. 3), however, the maximum absorption band shifts to

longer wavelengths (from 489 to 497 nm). The layer of LDH

provides a more rigid and constrained environment for FLU,

resulting in the more ordered and dense packing of FLU mole-

cules and an intramolecular charge-transfer character to the p–p

transition.12

The fluorescence emission spectra for FLU-HES/LDH (x%)

with different molar ratios of FLU to HES are shown in Fig. 4,

and the corresponding fluorescent microscopic photographs are

illustrated in the ESI, Fig. S4.† Both the fluorescence intensity
Fig. 3 UV-vis absorption spectra of the FLU-HES/LDH (x%) samples for

(a)–(h) x ¼ 1.00 � 10�3, 6.80 � 10�3, 1.25 � 10�2, 2.00 � 10�2, 1.00� 10�1,

1.05, 38.0 and 100%, respectively, and (i) pristine FLU in solution.
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and brightness increase at first to a maximum and then decrease

as the ratio of FLU to HES increases (shown in the inset of Fig. 4

and the ESI, Fig. S4,† respectively). The optimal luminous

intensity and fluorescence quantum yield (ESI, Fig. S5†) present in

the sample with x ¼ 1.25 � 10�2% and the emission peak appears

at 510 nm with the Full Width at Half Maximum (FWHM) of

ca. 21 nm owing to the S1–S0 transition, parallel to the long axis of

FLU.12 Compared with FLU solution (10�5 mol L�1), the fluo-

rescence intensity increases by one order of magnitude for the

sample of FLU-HES/LDH (x ¼ 1.25 � 10�2%). A red-shift from

510 to 531 nm was observed along with progressively decreasing

intensity as x increases from 1.25 � 10�2 to 100%. This behavior

can be attributed to the change in the state of the interlayer FLU

molecule. The dye exhibits a single molecular luminescence with

low FLU concentrations, accounting for the increase in the

luminous intensity firstly; while the J- or H-type dye aggregation

comes into formation with further increase of FLU concentra-

tion, resulting in the red shift of emission spectra and the fluo-

rescence quenching. This indicates that the fluorescence emission

and intensity can be tuned by simply changing the relative

loading of chromophore and dispersant anion in the LDH matrix

for the development of new solid optical materials.

Fluorescence lifetime of FLU. FLU in solution and FLU-HES/

LDH (x%) samples were studied by detecting their fluorescence

decays, with excitation and emission wavelengths of 490 and

510 nm, respectively. The fluorescence lifetimes were obtained by

fitting the decay profiles with double-exponential form, and the

results were listed in the ESI, Table S2.† The multiexponential

decay curves were usually observed in solid samples and can be

attributed to highly heterogeneous environments for the mole-

cules in the solid surfaces.13 A similar conclusion has been

reported by other researchers in the study of intercalation of

Rhodamine 6G (R6G) into Laponite clay.14 Actually, several

host–guest interactions occur between the FLU molecule and

LDH: electrostatic interaction, and hydrogen bonding formed

among FLU, hydroxyl groups of LDH and interlayer water.

Therefore, these decay times are due to population of emitting
This journal is ª The Royal Society of Chemistry 2010



Fig. 5 The fluorescence average lifetime of FLU-HES/LDH (x%) as

a function of x%. The horizontal line represents the fluorescence lifetime

of FLU in solution (10�5 mol L�1).
states for one species. Owing to the difficulty in providing an

appropriate interpretation for the multiexponential decay curves,

an average lifetime15 was used in this work. As shown in the ESI,

Table S2,† the fluorescence lifetime of FLU-HES/LDH (x%)

increases significantly as x increases from 1.25 � 10�3 to

2.00 � 10�2%, while it turns to decrease with further increase of

x%, due to the formation of aggregates, as indicated by the

results of fluorescence and absorption spectra. As a result, the

longest fluorescence lifetime is presented for the sample of

FLU-HES/LDH (x ¼ 2.00 � 10�2%). Both the steady state

fluorescence emission and fluorescence lifetime indicate that the

formation of aggregates and fluorescence quenching occur in the

range 1.25 � 10�2–2.00 � 10�2%. Furthermore, Fig. 5 displays

the fluorescence lifetime of FLU-HES/LDH (x%) as a function

of x%. It was found that the fluorescence lifetime of FLU-HES/

LDH (x%) is much longer than that of FLU in aqueous solution

(1.80 ns) when x is lower than 1.05%, while it becomes shorter

than solution as x is above 1.05%. The long lifetime (x% #

1.05%) possibly originates from the decrease in internal mobility,

flexibility and the internal conversion processes of FLU due to

the hydrogen bonding and electrostatic interaction between FLU

and LDH layers. Meanwhile, the introduction of HES surfactant

in the galleries of LDH enhances the emission efficiency of FLU

to some extent. Ogawa and Kuroda16 reported that surfactants

or organic solvents can alter the aggregation of photoactive

species. In our opinion, the intercalated long-chain surfactant

achieved a nonpolar interlayer environment, which homoge-

neously diluted and effectively isolated the interlayer FLU

molecular anions. The shorter lifetime (x% $ 1.05%) than that of

the FLU solution is rooted in the formation of severe aggregates,

as indicated by the results of fluorescence and absorption spectra.
Orientation for FLU in LDH matrix by polarized fluorescence

In this work, the orientation for FLU in the matrix of LDH was

investigated by the fluorescence polarization method. The

responses of the fluorescence spectrum of the dye to the vertically

(V) and horizontally (H) polarized emission light were recorded

by varying the orientation angle d between the normal to the film

and the incident light. A linear relationship between the fluo-

rescence dichroic ratio (DVV defined as the ratio of V and H
This journal is ª The Royal Society of Chemistry 2010
polarized emission spectra, DVV h IVV/IVH) and twist angle

d was established by means of (a right-angle configuration

between the excitation and the emission beam):

ðDVVÞcor¼ IVV

IVH

� G ¼ 2cot2 jþ
�
1� 2cot2j

�
cos2 90þ dÞð (1)

where G is the instrumental G factor determined by the recorded

fluorescence anisotropy of an isotropic system (G h (IHV/IHH)iso).

In this work, the FLU-HES/LDH (x%) powder samples served

as the isotropic system (see the Experimental Section for further

details). From the corresponding slope and/or intercept, the

relative orientation of the interlayer FLU can be evaluated by the

j angle (defined as the angle between the transition moment of

FLU and the normal to the LDH host layer).

Fig. S6A–G in the ESI† displays the fluorescence spectra of

FLU-HES/LDH (x ¼ 1.00 � 10�3, 6.80 � 10�3, 1.25 � 10�2,

2.00 � 10�2, 1.00 � 10�1, 1.05 and 38.0%, respectively) thin films

recorded with the emission polarizer in the V (IVV) and H (IVH)

directions for different twist d angles. These fluorescence spectra

were corrected for the instrumental response to the emission

V and H polarizer, taking into account the evolution of the

fluorescence band of an isotropic system with the twist angle

d recorded under identical conditions. The fluorescence intensity

for the emission V polarizer decreases by decreasing the twist

angle d from 60 up to 0� (ESI, Fig. S6A1–G1†). These evolutions

were also observed for the H polarized emission light

(ESI, Fig. S6A2–G2†). These evolutions corroborate the fluo-

rescence anisotropy behavior of thin films, which is assigned to

the preferential orientation of the FLU molecule in LDH

galleries.

The evolution of the fluorescence dichroic ratio with the

emission wavelength of FLU-HES/LDH (x%) thin films for

different twist d angles is shown in the ESI, Fig. S7A–G.† For

a given d angle, the (DH,V)cor value is practically independent of

the emission wavelength, confirming the presence of only one

type of FLU species. For a given emission wavelength, the

dichroic ratio of the FLU-HES/LDH film linearly correlates with

the cos2(90 + d) value with a good correlation coefficient r > 0.99,

as shown in the inset of Fig. S7 in the ESI,† at 520 nm. From the

slope and intercept of the (DVV)cor vs. cos2(90 + d) linear rela-

tionship, the orientation of the j angles of the FLU molecule

were calculated to be 76� (x ¼ 1.00 � 10�3%), 75� (x ¼ 6.80

� 10�3%), 74� (x ¼ 1.25 � 10�2%), 71� (x ¼ 2.00 � 10�2%), 67�

(x ¼ 1.00 � 10�1%), 64� (x ¼ 1.05%) and 61� (x ¼ 38.0%), (the

schematic models are shown in the ESI, Fig. S8†). It was found

that the orientation of FLU (j) decreases from 76 to 61� (FLU

molecule becomes more vertical with respect to the LDH layer)

as x increases, owing to the decrease in distance between adjacent

FLU molecules and increase in the intermolecular action. The

results above confirm that the fluorescence intensity (IVV, IVH) is

determined by the dye loading (ESI, Fig. S6†); as a result, the

orientation of FLU in the LDH matrix can be tuned by adjusting

the relative content of FLU and dispersant.
FLU-HES/LDH modified electrode as biosensor

Tremendous efforts have been made over the last 30 years to

detect biogenic amines, especially dopamine (DA),17 as abnormal

dopamine transmission has been linked to several neurological
J. Mater. Chem., 2010, 20, 3901–3909 | 3905



disorders, e.g., schizophrenia, Huntington’s disease and Parkin-

son’s disease. As Parkinson’s disease is characterized by a severe

depletion of the in vivo DA pool, the ability to sensitively and

selectively measure the concentration of the neurotransmitter

DA could potentially be used for molecular diagnosis of this

disease. The ability to physiologically determine the concentra-

tion of DA could also benefit the design of therapeutics and

evaluation of their therapeutic efficacy toward Parkinson’s

disease.18

DA can be easily oxidized electrochemically at conventional

electrodes, which has been used to detect the neurotransmitter

both in vitro and in vivo.19 However, a number of problems

remain unresolved for electrochemical methods due to the nature

of the oxidative reaction of DA. One of the key problems is that

the concentration of DA in the extracellular fluid of the caudate

nucleus is extremely low (0.01–1mM) for a healthy individual and

in the nanomolar range for patients with Parkinson’s disease,20

while the concentrations of the main detection interferents

(e.g., ascorbic acid) are several orders of magnitude higher and

the interferents undergo oxidation within the same potential

window as DA. Therefore, both sensitivity and selectivity of

biosensors are of equal importance for real applications.
Recognition of FLU-HES/LDH (x%) modified electrode for DA

The FLU-HES/LDH (x%) modified electrode was fabricated to

test its feasibility in biosensing. Fig. S9† shows the cyclic vol-

tammograms (CVs) of the FLU-HES/LDH modified electrode

with different x values in 10�4 mol L�1 DA + 0.1 mol L�1 PBS

(pH 7.0) at 0.1 V s�1, and Fig. S10† displays the influence of pH

value on its CV behavior. It can be found that the FLU-HES/

LDH (x ¼ 1.25 � 10�2%) modified electrode is the most sensitive

to the oxidation of DA at pH ¼ 7.4, as a result it was chosen as

the working electrode in this work. The oxidation of DA at

different electrodes was successfully carried out by cyclic vol-

tammetric measurements and the results obtained are presented

in Fig. 6. The FLU-HES/LDH (x ¼ 1.25 � 10�2%) modified

electrode moved the oxidation of DA to lower potential with

a shift of 350 mV, compared with bare ITO electrode,

ZnAl-NO3-LDH or HES-LDH-modified electrode. The lower

oxidation potential of DA can be attributed to the preferable

orientation of interlayer FLU anions, which facilitates the
Fig. 6 Cyclic voltammograms obtained with different electrodes in

10�5 mol L�1 DA + 0.1 mol L�1 PBS (pH 7.4) at 100 mV s�1.
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electron transfer of DA oxidation. Moreover, the oxidation peak

current (ipa) increased three times compared with bare ITO,

LDH/FLU mixture or FLU-modified electrode. These results

indicate that the material of FLU-HES/LDH (x¼ 1.25� 10�2%)

catalyzes the oxidation of DA significantly, i.e., the FUL in an

LDH matrix lowers the overpotential and accelerates electron

transfer of DA detection. In addition, the relative standard

deviation of 14 successive scans was 0.34% in 1.0 � 10�6 mol L�1

DA (ESI, Fig. S11-C†), indicating that the LDH matrix effec-

tively stabilizes the intercalated FLU species. In contrast, elec-

tron transfer of DA could also be obtained based on the electrode

modified with pristine FLU, FLU/LDH physical mixture and

FLU-HES/LDH (x ¼ 38.0%). However, these three electrodes

were not stable with further CV measurements (shown in the

ESI, Fig. S11-A, S11-B and S11-D,† respectively). The

FLU-HES/LDH-modified electrode with FLU aggregate

(e.g. x ¼ 38.0%) shows unstable electrocatalytic behavior in

determining DA, as a result of aggregate destruction.21 There-

fore, the effective and stable electron transfer of DA at the FLU-

HES/LDH (x ¼ 1.25 � 10�2%) modified electrode was suggested

to be the result of the synergic effect of both FLU and LDH.

The determination of DA concentration at the FLU-HES/

LDH (x ¼ 1.25 � 10�2%) modified electrode was performed with

CV measurements. The oxidation peak current of DA was

selected as the analytical signal (Fig. 7A). The results showed

that the anodic peak current was proportional to the DA

concentration in the range 5.20� 10�5–1.60� 10�3 mol L�1, with

linear regression equation of ipa (mA) ¼ 1.65 � 10�2 + 0.364c

(10�4 mol L�1), r ¼ 0.999 (Fig. 7B). The detection limit (S/N ¼ 3)

was 5.60 � 10�7 mol L�1. Moreover, the FLU-HES/LDH

(x ¼ 1.25 � 10�2%) modified electrode exhibits a good repro-

ducibility from the data of 10 different electrodes with less than

1% error. A repetition test of one electrode shows that�90.0% of

its initial current remains in 10 consecutive days’

measurement (ESI, Fig. S12†). Therefore, the FLU-HES/LDH

(x ¼ 1.25 � 10�2%) modified electrode possesses a wide linear

range, low detection limit, excellent reproducibility and stability

for the determination of DA.

The effect of scan rate on the anodic peak current (ipa) in

10�5 mol L�1 DA was investigated. As shown in the ESI,

Fig. S13,† the results revealed that the ipa was proportional to the
Fig. 7 (A) Cyclic voltammograms of FLU-HES/LDH (x¼ 1.25� 10�2%)

modified electrode in 0.1 mol L�1 PBS (pH 7.4) solution and the presence

of different concentrations of FLU, scan rate 100 mV s�1. (B) The linear

relationship between the anodic peak current and concentration of FLU.
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Fig. 8 Cyclic voltammograms recorded in 10�5 mol L�1 DA and

5 mmol L�1 AA at the FLU-HES/LDH (x ¼ 1.25 � 10�2%) modified

electrode (curve a) and bare ITO electrode (curve b), in 10�5 mol L�1 AA at

the modified electrode (curve c) and bare ITO electrode (curve e), in

10�5 mol L�1 DA at bare ITO electrode (curve d). pH: 7.4 PBS; scan rate:

100 mV s�1.

Fig. 9 The cyclic voltammograms of the FLU-HES/LDH (x ¼ 1.25 �
10�2%) modified electrode in 10�5 mol L�1 DA + 0.1 mol L�1 PBS solution

(pH 7.4) in N2 and air atmospheres.
square root of the scan rate over the range of 10–100 mV s�1

(ESI, Fig. S13-B†). The linear regression equation was

ipa (mA) ¼ 0.0195 + 0.0045v1/2 (mV s�1), with a correlation

coefficient of r ¼ 0.999, indicating that the diffuse process is the

rate-determining step.
Selective determination of DA in the presence of ascorbic acid

Ascorbic acid (AA) coexists with DA in the extracellular fluid of

the central nervous system, and its concentration is 102–104-fold

higher than that of DA.22 In order to examine the selectivity of

the FLU-HES/LDH modified electrode, the electrochemical

behavior of a mixture of 1.0 � 10�5 mol L�1 DA and 5 mmol L�1

AA at this electrode, as well as at various comparative electrodes,

was studied. The anodic peak potential of DA is close to that of

AA at a bare ITO electrode (Fig. 8e and 8d), resulting in an

overlapped signal for their mixture (Fig. 8b). In contrast, the

anodic peak potential of DA is much lower than that of AA at

the FLU-HES/LDH (x ¼ 1.25 � 10�2%) modified electrode

(Fig. 6a and 8c), indicating that the material of FLU-HES/LDH

(x ¼ 1.25 � 10�2%) only catalyzes the oxidation of DA without

an influence on AA. This can be explained by the reasoning that

DA with a positive charge (pH¼ 7.4) approaches the FLU anion

in the LDH matrix more readily than AA with negative charge23

due to the electrostatic interaction. Compared with bare ITO

electrode (Fig. 8b), the FLU-HES/LDH (x ¼ 1.25 � 10�2%)

modified electrode (Fig. 8a) shows that the peak potentials for

DA and AA were well-resolved. A separation of 650 mV for the

two peaks was obtained, indicating that the FLU-HES/LDH

(x ¼ 1.25 � 10�2%) modified electrode can sensitively detect DA

in the high presence of AA. Owing to the good selectivity and

sensitivity, the FLU-HES/LDH-modified electrode presents

great potential in electroanalytical and biosensing applications.
The possible electrocatalysis mechanism of the FLU-HES/LDH-

modified electrode for DA

Although much uncertainty concerning the mechanism does

exist, a general one for the redox between FLU and DA is given
This journal is ª The Royal Society of Chemistry 2010
based on the results obtained in this work and correlative

reports.24 Firstly, the dissolved oxygen oxidizes FLU at the

anode to its excited oxidized form due to the presence of the

hydroxyl group in the host layers of LDH; secondly, the oxidized

form of FLU* reacts with DA to produce dopaminequinone and

the reduced form of FLU*; finally, the reduced form of FLU*

returns to the ground state and emits fluorescence. To confirm

the role of O2 in the electrocatalysis reaction, the oxidation of

DA at the FLU-HES/LDH-modified electrode in N2 and air

atmospheres has been carried out (shown in Fig. 9). The results

clearly indicate that O2 accelerates the electron transfer of DA at

the modified electrode.

In this work, it was found that the material of FLU-HES/LDH

(x ¼ 1.25 � 10�2%) exhibits the optimal luminous intensity.

Moreover, the FLU-HES/LDH (x ¼ 1.25 � 10�2%) modified

electrode shows the best electrochemical catalysis behavior for

DA. Therefore, the result indicates that the electrogenerated

chemiluminescence (ECL) of the FLU accords with the photo-

luminescence of FLU itself. Guilbault et al.25 has reviewed the

applications of ECL in chemical analysis, confirming that the

ECL of organic species agrees with its photoluminescence. In this

work, the effective and stable electron transfer of DA at the

FLU-HES/LDH (x ¼ 1.25 � 10�2%) modified electrode can be

attributed to the synergic effect of both FLU and LDH: (1) the

LDH matrix plays an important role in immobilization and

dispersion of FLU, accounting for its high sensitivity and

stability for the electrocatalysis of DA; (2) the host–guest

and guest–guest interactions in the FLU-HES/LDH (x ¼ 1.25 �
10�2%) system lead to a favorable orientation of the interlayer

FLU, which may facilitate the electron transfer of DA. There-

fore, it is expected that both the FLU content in the LDH matrix

and its orientation are key factors in the electrocatalytic oxida-

tion of DA.
Conclusion

The FLU and HES were co-intercalated between sheets of Zn2Al

LDH by an anion exchange method, and thin films of FLU-HES/

LDH (x ¼ 1.00 � 10�3, 6.80 � 10�3, 1.25 � 10�2, 2.00 � 10�2,

1.00 � 10�1, 1.05, 38.0 and 100%) with good c-orientation veri-

fied by XRD and SEM, were obtained by the solvent evaporation
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method on ITO substrates. It was found that the fluorescence

wavelength, emission intensity and lifetime correlate with the

orientation of FLU in the LDH gallery, and can be finely

controlled by varying the fluorophore content in a rigid and

constrained environment of the host through changing the molar

ratio of FLU/HES. Furthermore, the FLU-HES/LDH thin film

modified electrode exhibits electrocatalytic behavior for DA with

rather high sensitivity and selectivity. The optimal luminous

intensity, fluorescence lifetime and electrocatalytic behavior of

FLU-HES/LDH (x%) can be obtained with an x value ranging in

1.25 � 10�2–2.00 � 10�2%. In addition, the FLU-HES/LDH

(x ¼ 1.25 � 10�2%) modified electrode with the strongest lumi-

nous intensity shows the best electrochemical catalysis behavior

for DA, indicating that the electrogenerated chemiluminescence

of the FLU accords with the photoluminescence of FLU itself.

Therefore, this work presents a successful paradigm for accu-

rately modulating photoluminescent and electrocatalytic prop-

erties of chromophore–LDH materials by simply changing the

relative loading of chromophore and dispersant in the LDH

matrix. It is anticipated that the profound understanding of the

interdependence of chemiluminescence and photoluminescence

creates new opportunities for the design and application of these

LDH-based chromophores in the field of sensors.
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