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 Optical pH Sensor with Rapid Response Based on a 
Fluorescein-Intercalated Layered Double Hydroxide 
 By    Wenying   Shi  ,     Shan   He  ,     Min   Wei  ,   *      David G.   Evans  ,     and   Xue   Duan  
 The preparation of a highly oriented photoluminescent fi lm of fl uorescein 
(FLU) and 1-heptanesulfonic acid sodium (HES) co-intercalated in a lay-
ered double hydroxide (LDH) matrix by electrophoretic deposition (EPD) is 
reported, and its application as an optical pH sensor is demonstrated. The 
FLU-HES/LDH fi lms with thickness ranging from nanometer to micrometer 
on indium tin oxide substrates exhibite good  c -orientation of LDH platelets 
(the  ab -plane of the LDH platelets parallel to the substrate), as confi rmed by 
X-ray diffraction and scanning electron microscopy. Polarized luminescence of 
the fi lm is observed with anisotropy value  r   =  0.29, resulting from the highly 
oriented FLU in the LDH gallery. Furthermore, the optical pH sensor with 
fi lm thickness of 300 nm exhibits a broad linear dynamic range for solution 
pH (5.02–8.54), good repeatability (relative standard deviation (RSD) less 
than 1.5% in 20 consecutive cycles) and reversibility (RSD less than 1.5% in 
20 cycles), high photostability and storage stability (ca. 95.2% of its initial 
fl uorescence intensity remains after one month) as well as fast response time 
(2 s). Therefore, this work creates new opportunities for the preparation and 
application of LDH-based chromophores in the fi eld of optical sensors. 
  1. Introduction 

 Optical pH sensors have become very popular analytical tools in the 
last decade, [  1  ]  due to their broad application in marine research, [  2  ]  
blood measurement, [  3  ]  toxicological assay, [  4  ]  and biotechnology. [  5  ]  
Generally, the fl uorophore indicators are immobilized in a matrix 
for the purpose of obtaining optical pH sensors with stable life-
time and signal. Poor immobilization causes leaching of the indi-
cator and drifting of the signal, resulting in the breakdown of its 
sensing ability in the extreme case. [  6  ]  Most optical pH indicators 
are immobilized in a suitable, proton-permeable, sol-gel polymer 
matrix. [  7  ]  However, some inherent demerits of polymers, such as 
relatively poor thermal or optical stability as well as toxicity, have 
limited the practical application of pH sensors to date. Therefore, 
it is essential to search for novel materials to immobilize the 
fl uorophore indicator in order to achieve optical pH sensors with 
high stability and environmental compatibility. 
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 Recently, considerable interest has been 
focused on the fabrication of chromo-
phore–inorganic composite materials, 
since they may show novel functionalities 
(increased photo-, thermal, and mechan-
ical stability) that are not present in the 
individual components alone. [  8  ]  Among 
inorganic matrices, layered double hydrox-
ides (LDHs), whose structure can be gen-
erally expressed as [M II  1– x  M III   x  (OH) 2 ]
(A  n    −  )  x/n   ·  m H 2 O (where M II  and M III  are 
divalent and trivalent metals, respectively, 
and A  n    −   is an  n -valent anion), are one type 
of important layered materials that dis-
play 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 on the nanometer scale). [  9  ]  
The incorporation of chromophores into 
the LDH gallery exhibits the following 
advantages: fi rst, the LDH matrix provides 
chromophore molecules with a confi ned 
and stable environment, which reduces molecular thermal 
agitation (intermolecular collisions, vibrations, and rotations, 
etc.) and improves fl uorescence effi ciency; second, chromo-
phore aggregation in the LDH matrix is effectively inhibited by 
host–guest interactions (e.g., electrostatic attraction, hydrogen 
bonding), and fl uorescence quenching is therefore reduced; 
third, chromophore molecules immobilized in the LDH matrix 
exhibit optical and thermal stability, environmental compat-
ibility, and low operational risk. 

 In recent years, LDH thin fi lms have attracted great attention 
for potential applications in catalysis, adsorption, chemical sen-
sors, and fl uorescent materials. Many preparation methods of 
LDH thin fi lms have been reported. Gardner et al. [  10  ]  found that 
colloidal LDH suspensions obtained by hydrolysis of alkoxide-
intercalated LDH derivatives were able to form transparent 
fi lms. Lee et al. [  11  ]  used ultrasonifi cation to prepare monolayers 
of LDH fi lms with a high packing density, whilst Liu, Li, and 
coworkers [  12  ]  reported that the exfoliation of LDH gives colloidal 
LDH particles, which can be used as building blocks in the 
preparation of ultrathin fi lms by the layer-by-layer technique. 
Our group [  13  ]  has recently reported fabrication of NiAl-LDH 
fi lm by an in situ growth technique on porous anodic alumina/
aluminum (PAO/Al) substrates. The electrophoretic deposi-
tion (EPD) method, achieved by the motion of charged parti-
cles towards an oppositely charged surface due to an external 
applied electric fi eld, shows a wide range of novel applications 
Adv. Funct. Mater. 2010, 20, 3856–3863
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      Figure  1 .     A) XRD patterns of powder samples for a) Mg 2 Al-NO 3  LDH and b) FLU-HES/LDH. 
B) XRD patterns for the FLU-HES/LDH thin-fi lm samples with different electrophoresis times: 
a–i)  t   =  1, 2, 3, 6, 7, 9, 10, 20, and 30 min, respectively. “ ♦ ” denotes refl ections from the ITO 
substrate.  
in fabricating biological sensors, energy con-
version, and optical coatings and devices. [  14  ]  
This technique has recently gained in interest 
due to its simplicity in equipment setup 
(shown in Figure S1 in the Supporting Infor-
mation), low cost, high deposition rate, ease 
of thickness control, and strong adherence to 
substrates. [  15  ]  Therefore, the EPD technique 
provides a new method for the assembly of 
LDH fi lms. 

 Fluorescein (FLU), [  16  ]  with large extinc-
tion coeffi cient, high quantum yield, and 
biological tolerance, is one of the most exten-
sively studied fl uorescence indicators in pH 
sensor applications. [  17  ]  Its absorption and 
fl uorescence properties strongly depend on 
pH value owing to the presence of cationic, 
neutral, and anionic forms in aqueous solu-
tion. [  18  ]  In our previous work, [  19  ]  the orienta-
tion of  α -naphthalene acetate and its fl uores-
cence properties in the galleries of a Zn 2  Al 
LDH were studied. In this paper, we further 
report a highly oriented photoluminescence 
fi lm through co-intercalation of FLU and a 
surfactant (1-heptanesulfonic acid sodium, 
HES) into a Mg 2 Al-LDH matrix by the EPD 

method, and demonstrate its application 
as an optical pH sensor. The highly oriented FLU-HES/LDH 
fi lms with thickness ranging from nanometer to micrometer 
on indium tin oxide (ITO) substrates were obtained by the 
EPD method. Polarized luminescence of the fi lm was observed 
with anisotropy value  r   =  0.29, resulting from the highly ori-
ented FLU in the LDH gallery. Furthermore, the optical pH 
sensor with a fi lm thickness of 300 nm exhibits a broad linear 
dynamic range for solution pH (5.02–8.54), good repeatability 
(relative standard deviation (RSD) less than 1.5% in 20 consec-
utive cycles) and reversibility (RSD less than 1.5% in 20 cycles), 
high photostability and storage stability (ca. 95.2% of its initial 
fl uorescence intensity remains after one month) as well as fast 
response time (2 s). Therefore, the novel strategy in this work 
not only provides a method for fabrication of highly oriented 
luminescence fi lms with precise control of thickness (ranging 
from nanometers to micrometers) by the EPD method, but also 
demonstrates its prospective application in the fi eld of optical 
pH sensors.   

 2. Results and Discussion  

 2.1. Macroscopic Orientation and Tunable Thickness of the 
FLU-HES/LDH Thin Films 

 The X-ray diffraction (XRD) patterns of Mg 2 Al-NO 3  LDH and 
FLU-HES/LDH are shown in  Figure    1  . All the patterns of these 
samples can be indexed to a hexagonal lattice. The interlayer 
spacing can be calculated by averaging the positions of the three 
harmonics:  c   =  (1/3)( d  003  +  2 d  006  +  3 d  009 ). The 003 refl ection of 
the Mg 2 Al-NO  3  LDH powder sample at 2  θ    =  9.9 °  (Figure  1 A, 
© 2010 WILEY-VCH Verlag GmAdv. Funct. Mater. 2010, 20, 3856–3863
curve a) shows an interlayer distance of 0.88 nm. The XRD 
patterns of Mg 2 Al-NO 3  LDH and FLU-HES/LDH ( x   =  
1.00  ×  10  − 3 %, 5.00  ×  10  − 3 %, 1.25  ×  10  − 2 %, 2.00  ×  10  − 2 %, and 
4.00  ×  10  − 2 %) are shown in Figure S2. The basal spacing of 
FLU-HES/LDH ( x ) (Figure S2B, curves a–f) increases from 
1.58 nm ( x   =  0) to 1.94 nm ( x   =  4.00  ×  10  − 2 %), indicating 
that FLU and HES were co-intercalated into the galleries of 
the LDH. The variation of the basal spacing can be attributed 
to the different arrangements of interlayer guest molecules 
resulting from different ratios of FLU/HES. Moreover, the half-
peak width (full width at half the maximum, FWHM) of the 
003 refl ection (0.28 ° –0.38 ° ) for all the FLU-HES/LDH ( x ) sam-
ples (Figure S2B) is less than that of the precursor Mg 2 Al-NO 3  
LDH (0.75 ° ) (Figure S2A), that is, no broadening of 003 refl ec-
tion occurs after co-intercalation of FLU and HES. In addition, 
a good linear relationship between  d  003  and  x  in the  x  range 
1.00  ×  10  − 3 % –4.00  ×  10  − 2 % (Figure S3) was observed with a 
low error ( ≤ 3%). The above results indicate that FLU is solu-
bilized in the HES phase and forms a homogeneous phase in 
the interlayer of LDH.  

 Compared with the FLU-HES/LDH powder sample (Figure  1 A, 
curve b), it can be seen that the FLU-HES/LDH thin fi lms 
(electrophoresis time  t   =  1, 2, 3, 6, 7, 9, 10, 20, and 30 min; 
Figure  1 B, curves a–i) show only one series of 00 l  refl ections, 
indicating a highly ordered stacking of the  ab  plane of LDH 
platelets parallel to the substrate. Figure S4 shows scanning 
electron microscopy (SEM) side-view images of the FLU-HES/
LDH fi lms, from which a linear correlation between fi lm 
thickness and electrophoretic time was obtained ( R   =  0.9998, 
shown in Figure S5). The Fourier transform infrared (FTIR) 
spectra further confi rmed the co-intercalation of the two anions 
(see Figure S6). Moreover, the FLU and HES co-intercalated 
bH & Co. KGaA, Weinheim 3857wileyonlinelibrary.com
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   Table  1.     Fluorescence decay data of FLU in solution and the FLU-HES/
LDH samples [a]. 

Samples  n   τ  i   [ns]  A i   [%]  <   τ   >  [ns]   χ   2 

Powder 1 2.02 100  1.30

2 0.78 59.6 2.21 1.25

4.31 40.4

Film 1 2.38 100  1.26

2 1.06 56.4 2.56 1.14

4.52 43.6

Solution [10  − 5  mol L  − 1 ] 1 1.80 100 1.80 1.22

   [a]  n  is the power of the exponential fi t;   τ    i   is the fl uorescence lifetime;  A   i   is the pre-
exponential factor related to the statistical weights of each exponential;  <   τ   >  is the 
intensity average lifetime. The goodness of fi t is indicated by the value of   χ   2 .   
LDH composites showed favorable luminescence properties 
with FLU/HES ratio in the range 10  − 4 –10  − 3  (Figure S7). As a 
result, the sample with ratio FLU/HES  =  2  ×  10  − 4  was chosen 
for further study in this work. The chemical composition is 
    [Mg0.67Al0.33(OH)2](FLU)6.60×10−5 (HES)0.329 · 0.51H2O  based on 
the elemental analysis results, indicating that the experimental 
ratio of FLU/HES in the FLU-HES/LDH composite is close to 
the nominal ratio, as expected. 

 The FLU-HES/LDH ( t ) thin fi lms were fabricated to test 
their feasibility as a pH sensor. Figures S8 and S9 show the 
absorption spectra and response time, respectively, of the 
thin fi lms with different thicknesses from 100 to 600 nm 
(1 min  ≤   t   ≤  6 min). It was found that both absorption inten-
sity and response time increased when the thickness of the 
FLU-HES/LDH thin fi lm was increased. The enhancement 
in absorption intensity results from the increase of FLU 
amount, whereas the increase in response time is related 
to the reduced diffusion rate of OH  −   or H  +   in the fi lm with 
larger thickness. Taking into account both the absorption 
intensity and response time, the FLU-HES/LDH (300 nm, 
 t   =  3 min) thin fi lm sample was chosen in the following study. 
The SEM image of the FLU-HES/LDH ( t   =  3 min) thin fi lm 
exhibits an extraordinarily smooth and continuous surface 
in the top view ( Figure    2A  ). High magnifi cation of the fi lm 
(Figure  2B ) demonstrates that the FLU-HES/LDH nanoplate-
lets (100–200 nm) are densely packed on the substrate plane 
with good  c -orientation, consistent with the XRD results in 
Figure  1 . Furthermore, the fl uorescence microscopy image 
shows a homogeneous brightness of green light (Figure  2 C), 
demonstrating a uniform distribution of the FLU chromo-
phore throughout the fi lm.    

 2.2. Fluorescence Properties of the FLU-HES/LDH ( t   =  3 Min) 
Thin Film 

  2.2.1. Fluorescence Lifetime of FLU 

 The lifetime of the fl uorophore indicator is a crucial param-
eter in the evaluation of an optical pH sensor. A FLU solu-
tion in water/ethanol (1:1, v/v; FLU: 10  − 5  mol L  − 1 ; HES: 
0.05 mol L  − 1 ) and FLU-HES/LDH powder and fi lm samples 
were studied by detecting their fl uorescence decays with exci-
tation and emission wavelengths of 490 and 510 nm, respec-
tively. The fl uorescence lifetimes were obtained by fi tting the 
© 2010 WILEY-VCH Verlag Gwileyonlinelibrary.com

      Figure  2 .     SEM images of the FLU-HES/LDH ( t   =  3 min) thin fi lm at A) lo
image of the FLU-HES/LDH ( t   =  3 min) thin fi lm.  
decay profi les with one-exponential and double-exponential 
forms ( Table   1 ); the fi tting results obtained from the double-
exponential function is better (based on the   χ   2  value). Multiex-
ponential decay curves were usually observed in solid samples 
and can be attributed to highly heterogeneous environments 
for the molecules in the solid surfaces. [  20  ]  A similar conclusion 
has been reported by other researchers studying intercalation of 
Rhodamine 6G (R6G) into Laponite clay. [  21  ]  It can be observed 
from Table  1  that the emission lifetime of the FLU-HES/LDH 
powder sample (2.21 ns) is signifi cantly longer than that of FLU 
in solution (1.80 ns). This result indicates that the confi nement 
effect imposed by the LDH matrix decreases the radiationless 
decay rate constant and thus increases the fl uorescence lifetime 
of FLU. The lifetime of FLU in solution in this work is shorter 
than that of previous reports, [  21    a,    22  ]  which is related to the sol-
vent effect and media effects. In addition, a longer fl uorescence 
lifetime of the fi lm sample (2.56 ns) compared to the powder 
sample (2.21 ns) was obtained, indicating that the confi nement 
effect was further enhanced after the formation of the fi lm 
with a highly ordered stacking of the  ab -plane of LDH platelets 
parallel to the substrate.    

 2.2.2. Steady-State Fluorescence Polarization 

 One of the most common methods of evaluating fl uorescence 
polarization is the measurement of the anisotropy  r  value, 
which was fully described by Valeur. [  23  ]   r  can be expressed by
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 3856–3863
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      Figure  3 .     Photoemission profi les in the a) HH, b) HV, c) VH, d) VV, and e) polarizations and anisotropy of a FLU-HES/LDH sample measured at room 
temperature (293 K): A) powder, B) thin fi lm ( t   =  3 min). The excitation wavelength is 490 nm.  
    
r =

I�
�

− I⊥

I + 2I⊥
or r =

IVV − GIVH

IVV + 2GIVH  
(1)

   

  where  I||    and  I  ⊥  are the photoluminescence intensity measured 
in the planes parallel and perpendicular to the excitation radia-
tion, respectively ( G   ≡   I  HV / I  HH );  I  VH  is the photoluminescence 
intensity obtained with vertical excitation polarization and hori-
zontal detection polarization;  I  VV ,  I  HV , and  I  HH  are defi ned in 
a similar way. Theoretically, the value of  r  is in the range from 
 − 0.2 (absorption and emission transition dipoles perpendicular) 
to 0.4 (two transition dipoles parallel), and deviation from these 
values means a reorientation of the emission dipole moment. 

 The polarized photoemission spectra of the FLU-HES/LDH 
powder and fi lm samples are displayed in  Figure    3  . It was found 
that the anisotropic value of the FLU-HES/LDH powder sample 
is 0.01, whereas it is ca. 0.29 for the fi lm sample. This result 
indicates that the highly ordered orientation of LDH platelets 
leads to enhanced anisotropy of the fi lm sample.     

 2.3. The FLU-HES/LDH ( t   =   3 Min) Thin Film as an Optical 
pH Sensor  

 2.3.1. The pH Response 

  Figure    4A   shows that the fl uorescence intensity of the FLU-
HES/LDH ( t   =  3 min) thin fi lm increases as the pH value 
increases from 4.01 up to 12.01. The titration plots of this 
fi lm as well as the FLU solution (10  − 5  mol L  − 1 ) obtained with 
excitation of 490 nm and emission of 516 nm are displayed in 
Figure  4 B. As the pH value increases, the emission intensity 
of the FLU solution increases gradually and reaches a constant 
© 2010 WILEY-VCH Verlag GmAdv. Funct. Mater. 2010, 20, 3856–3863
at pH 7.8 with an approximately linear response in the pH 
range 5.51–7.54. FLU displays a complex pH-dependent equi-
librium resulting from its various ionic forms (Figure S10), [  24  ]  
but only anionic forms (monoanion and dianion) are fl uores-
cent. Therefore the change in fl uorescence intensity is based on 
the equilibrium between the two fl uorescent forms of FLU. For 
the FLU-HES/LDH ( t   =  3 min) thin fi lm, the emission intensity 
and brightness (Figure S11) increase gradually along with the 
increase of pH value, similar to the FLU solution. However, a 
much broader linear response range (pH 5.02–8.54) as well as a 
higher sensitivity than FLU solution were obtained.  

 In order to obtain further insight into the pH response of 
the sensor, p K  a  of FLU solution and the FLU-HES/LDH ( t   =  
3 min) thin fi lm was calculated according to [  25  ] 

    
pKa = pH − log(Sx − Sa)

Sb − Sx  
(2)

   

  where  S   x  ,  S  a , and  S  b  are the fl uorescence intensity corresponding 
to a defi ned pH within the titration plot, the acid form, and the 
base form, respectively. 

 The p K  a  of the FLU-HES/LDH ( t   =  3 min) thin fi lm (6.92) 
is larger than that of FLU solution (6.65), which leads to a 
signifi cant broadening of the titration plot (a wider dynamic 
range; see Figure  4 B). [  26  ]  Actually, host–guest interactions 
between the LDH matrix and FLU (e.g., electrostatic attrac-
tion, hydrogen bonding) exert an effect on p K  a  and thus the 
dynamic range. This can be confi rmed by the results of atten-
uated total refl ection (ATR) FTIR spectroscopy for the FLU-
HES/LDH thin fi lm ( t   =  3 min) (Figure S12). It was found that 
both the C = O stretching of FLU [  27  ]  and the O–H stretching 
absorption belonging to water molecules adsorbed on the LDH 
layer shifted to higher frequency — from 1590 to 1607 cm  − 1  
bH & Co. KGaA, Weinheim 3859wileyonlinelibrary.com
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      Figure  4 .     A) Emission spectra of the FLU-HES/LDH ( t   =  3 min) thin fi lm at different pH values (295 K,  I   =  0.02  M  HNO 3  and NaOH,   λ   ex   =  490 nm). 
B) pH titration curves for the FLU-HES/LDH ( t   =  3 min) thin fi lm and FLU solution.  
and from 3295 to 3310 cm  − 1 , respectively — as pH value 
increased from 5.5 to 11.5, indicating that the increase of 
pH led to enhancement of the hydrogen bonding interac-
tion between FLU and LDH layer and consequently a wider 
dynamic response range. In addition, the absorption spectra 
of the FLU-HES/LDH ( t   =  3 min) thin fi lm at different pH 
values (Figure S13) agree with the results of fl uorescence 
spectra. Therefore, the FLU-HES/LDH ( t   =  3 min) thin fi lm 
can be used as a pH sensor in a broad linear response range 
(from 5.02 to 8.54), which is relevant for many biological, envi-
ronmental, and physiological applications.   

 2.3.2. Repeatability and Reversibility 

 It is widely known that the main drawback of pH sensors based 
on immobilized dye on a sol-gel is the leaching of the dye over 
prolonged periods, leading to unreproducible measurements. [  28  ]  
In this work, the pH sensor was measured in solution with pH 
5.02, 6.51, and 8.54, and the fl uorescence intensity at the max-
imum emission peak was recorded ( Figure    5A  ). The results show 
that no obvious signal drift was observed, and good repeatability 
over 20 consecutive cycles was obtained with RSD of 1.41% 
(pH 5.02), 0.65% (pH 6.51), and 0.84% (pH 8.54). The reversi-
bility of the pH sensor was studied by alternate immersion into 
two solutions with pH 5.02 and 8.54 (Figure  5 B). The RSD of 
20 cycles was 1.37% (pH 5.02) and 1.35% (pH 8.54). In addition, 
no trace of leached FLU was detected in the measured solution. 
The storage stability test of the sensor shows that ca. 95.2% 
of its initial fl uorescence intensity remains after one month 
(Figure S14). Therefore, the pH sensor modifi ed by the FLU-
HES/LDH ( t   =  3 min) thin fi lm possesses good repeatability, 
© 2010 WILEY-VCH Verlag Gwileyonlinelibrary.com
reversibility, and storage stability, owing to the confi nement 
effect of the LDH matrix on the intercalated FLU species.    

 2.3.3. Photostability 

 The photostability of a pH sensor is of major importance, since 
poor stability leads to the irreversible loss of fl uorescence, which 
limits the statistical accuracy of the detection in biological, envi-
ronmental, and physiological applications. [  29  ]  The fl uorescence 
intensity of FLU in solution and FLU-HES/LDH powder and 
fi lm were recorded by illuminating them with UV light in a 
comparative study.  Figure    6   displays the fl uorescence intensity 
of these samples as a function of bleaching time. It was found 
that the half-life of the FLU-HES/LDH powder sample (5.5 h) 
was more than twice that of the FLU solution (2.5 h). This indi-
cates that the confi ned environment in the rigid LDH matrix 
improves the photostability of the FLU molecule signifi cantly. 
FLU molecules were uniformly distributed in the LDH matrix 
by the surfactant molecules, and thus fl uorescence quenching 
was reduced effectively. In addition, the photostability of FLU-
HES/LDH was further enhanced through the formation of the 
fi lm (half-life of 6 h), due to the ordered and compact stacking 
of the LDH platelets. Furthermore, as shown in Figure S15, no 
delamination or peeling occurred on cross-cutting the surface, 
indicating strong adherence of the fi lm to the substrate. The 
above results show that the pH sensor prepared by EPD pos-
sesses high photostability and mechanical stability.    

 2.3.4. The Response Time 

 The response time of the pH sensor was defi ned as the so-
called  t  95  time in this work, which is the time taken for intensity 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 3856–3863
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      Figure  5 .     A) Fluorescence intensity of the pH sensor recorded after 1, 5, 10, 15, and 20 cycles at pH 5.02, 6.51, and 8.54. B) The reversibility recorded 
by alternate measurement in two solutions with pH 5.02 and 8.54.  
to reach 95% of the fi nal value when the pH value is changed. 
It was measured by exposing the pH sensor to solutions with 
different pH from low to high (pH 5.02, 6.51, and 8.54) with a 
holding time of 10 s and then reversing the manipulation. The 
response time was 2 s in both directions ( Figure    7  ), which is a 
key feature for the practical application of the pH sensor. The 
fast response time is possibly related to the nanometer scale of 
the FLU-HES/LDH particles (Figure  2 B), which is favorable for 
© 2010 WILEY-VCH Verlag GmAdv. Funct. Mater. 2010, 20, 3856–3863

      Figure  6 .     The photostability of the FLU-HES/LDH ( t   =  3 min) thin 
fi lm, powder and FLU solution as a function of bleaching time. Indi-
cated values are means of three experiments with standard error less 
than 3%.  

      Figure  7 .     Response time of the pH sensor recorded by fl uorescence 
intensity at the maximum emission peak. The interval between each 
measurement is 1 s and the excitation wavelength is 490 nm. Indicated 
values are means of three experiments with RSD less than 0.8%.  
mass transfer and diffusion. It has been reported that a non-
linear response of pH sensors is commonly observed in sys-
tems with a polymer as the matrix, owing to the pH-dependent 
swelling behavior. [  30  ]  In this work, however, the pH sensor con-
sisting of FLU-HES/LDH thin fi lm exhibits a wide linear range 
with high sensitivity and fast response, owing to the immo-
bilization of FLU in a confi ned 2D environment imposed by 
inorganic LDH.      
bH & Co. KGaA, Weinheim 3861wileyonlinelibrary.com
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 3. Conclusions 

 FLU and HES were co-intercalated between sheets of Mg 2 Al 
LDH by anion exchange, and thin fi lms of FLU-HES/LDH with 
good  c -orientation verifi ed by XRD and SEM were obtained 
by EPD on ITO substrates. It was found that the FLU-HES/
LDH thin fi lms show a longer lifetime than the corresponding 
powder sample. The anisotropy of the fi lm was observed by 
fl uorescence polarization, which can be attributed to the highly 
oriented FLU in the LDH gallery. An optical pH sensor with 
fi lm thickness of 300 nm was obtained, which shows a broad 
linear dynamic range for solution pH, good repeatability and 
reversibility, high photostability and storage stability as well as 
fast response time. Therefore, this work provides a method for 
fabrication of highly oriented luminescent fi lm with precise con-
trol of thickness (ranging from nanometer to micrometer). It is 
anticipated that this method for the assembly of LDH fi lms will 
create new opportunities for the preparation and application of 
LDH-based chromophores in the fi eld of optical sensors.   

 4. Experimental Section 
  Chemicals : Sodium FLU and HES (biochemistry grade) were 

purchased from Sigma-Aldrich Company. Analytical grade chemicals, 
including Mg(NO 3 ) 2  · 6H 2 O, Al(NO 3 ) 3  · 9H 2 O, NaOH, C 2 H 5 OH, and 
HNO 3 , were purchased from the Beijing Chemical Co. Limited and used 
without further purifi cation. Deionized and decarbonated water was 
used in all experimental processes. 

  Synthesis of the FLU-HES/LDH Colloid Suspension:  The Mg 2 Al-
NO 3 LDH precursor was synthesized by the hydrothermal method. [  31  ]  
Subsequently, the FLU and HES co-intercalated LDH colloid composite 
was prepared following the ion-exchange method. FLU (2  ×  10  − 6  mol) 
and HES (10  − 2  mol) were dissolved in 150 mL of water/ethanol mixture 
solvent (1:1, v/v). Freshly prepared Mg 2 Al-NO  3 LDH colloid (40 mL) 
was dispersed in the mixture solution thoroughly. The suspension 
was agitated at room temperature under N 2  atmosphere for 48 h. The 
FLU-HES/LDH colloid suspension was obtained by washing it extensively 
with water and then dispersing in ethanol (Figure S16). 

  Fabrication of the FLU-HES/LDH Thin Films:  Substrates of ITO 
were fi rst cleaned by immersing them in deionized water and ethanol 
in an ultrasonic bath for 30 min. The thin fi lm of FLU-HES/LDH was 
fabricated by EPD (a schematic illustration of the setup is shown in 
Figure S1). [  32  ]  Ethanol was used as a dispersion medium to prepare the 
colloidal nanoparticle suspension of FLU-HES/LDH (10  − 3  mol L  − 1 ). Two 
ITO substrates were used as the working and counter electrodes, which 
were placed parallel to each other with a separation of 1 cm. The voltage 
between the two electrodes was set at 9 V and the thickness of the fi lm 
can be precisely controlled by changing the electrophoretic time. 

  Measurement   of pH Response:  Solutions with different pH values 
were prepared by adding 0.02  M  NaOH or 0.02  M  HNO 3  to 0.1  M  NaNO 3  
(295 K) solution and measured using a pH meter (Mettler Toledo Co., 
Switzerland). The response of the pH sensor was recorded by RF-5301PC 
fl uorophotometer with a liquid holder. The pH sensor was immersed in 
a quartz cell with pH solution. Between two different pH measurements 
the pH sensor was washed thoroughly with deionized and decarbonated 
water. 

  Techniques of Characterization:  The powder XRD measurements were 
performed on a Rigaku XRD-6000 diffractometer, using Cu K α  radiation 
(  λ    =  0.15418 nm) at 40 kV, 30 mA, with a scanning rate of 2 °  min  − 1 , and 
a 2  θ   angle ranging from 2 °  to 70 ° . SEM images were obtained using a 
Zeiss scanning electron microscope. The UV-vis spectra were collected in 
a Shimadzu U-3000 spectrophotometer. Fluorescence emission spectra 
were recorded on a RF-5301PC fl uorophotometer (1.5 nm resolution) 
in the range 500–650 nm with an excitation wavelength of 490 nm 
© 2010 WILEY-VCH Verlag Gwileyonlinelibrary.com
and slit widths of 3 nm. Elemental analysis samples were prepared by 
dissolving 30 mg of solid sample in a few drops of concentrated HNO 3  
and diluting this to 50 mL with water. Mg and Al elemental analysis was 
performed by atomic emission spectroscopy with a Shimadzu ICPS-
7500 instrument. C, H, N content was determined using an Elementar 
vario elemental analysis instrument. The water content of the sample 
was obtained by thermogravimetry. The FLU content was determined by 
quantitative analysis of fl uorescence with a RF-5301PC fl uorophotometer. 
Fluorescence was observed using an Olympus BX51 fl uorescence 
microscope. The photobleaching was tested under UV illumination 
with CHF-XQ 500W. Steady-state polarized photoluminescence 
measurements were recorded with an Edinburgh Instruments’ FLS 920 
fl uorimeter. The lifetime was measured by exciting the samples at 490 nm 
with a nanosecond fl ashlamp. The response time was recorded at 
intervals of 1 s by the RF-5301PC fl uorophotometer with the time course 
model.     
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