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� A stilbene derivate inter calated layered double hydroxides have been prepared.
� The samples exhibited changeable fluorescent properties.
� The film showed polarized photoemission with one-photon and two-photon excitation.
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Two-photon solid-state fluorescence materials have received much attraction due to their wide optoelec- 
tronic applications. Herein, organic–inorganic hybrid two-photon fluorescence materials have been pre- 
pared by the introduction of a sulfonate d stilbene (BSB, 4,4 0-bis(2-sulfonatostyryl) biphenyl) assemble d
into layered double hydroxide (LDH) matrix. The structure and chemical composition of the composites 
were characterized by X-ray diffraction, elemental analysis, thermogravimetry and differential thermal 
analysis (TG–DTA). Fluorescence spectra demonstrate that the fluorescent properties (such as emission 
wavel ength and photoluminescence quantum yield (PLQY)) of the as-obtained samples can be tuned 
by changing the layered charge density and chemical composition, in which the BSB/Zn 3Al–LDH sample 
exhib ited the highest emission intensity and PLQY. Moreover, the BSB/Zn 3Al–LDH film was further fabri- 
cated by a solvent evaporation method, and the film exhib ited well-defined one-photon and two-photon 
excited polarized photoemission with the anisotropy of ca. 0.12. It can be expected that these BSB/LDH 
systems can serve as a good candidate for new type of solid-state up-conversion and polarized 
fluorescent materials.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction 

The organic chromophor es with two-photon fluorescence have 
recently received much attraction for optoelectr onic applicati ons 
such as optical sensor [1], nonlinear optics [2], photocon ductors 
[3], photovoltai cs [4], and up-conver sion emission [5]. Unlike 
many common one-photon fluorescent molecules (such as rhoda- 
mine and cyanine) with very small Stokes shifts [6,7], which can 
result in serious self-quen ching and fluorescence detection errors,
the two-photon fluorescent materials involving anti-Stokes shifts 
can overcome such disadvantag e and also reduce the excitation 
backscatteri ng effects effectively. These properties are beneficial
for the chromophores in the field of fluorescent image [8]. How- 
ever, luminescent dye molecules with conjugated structures are 
prone to the formation of aggregation in the solid state, resulting 
in red-shift of fluorescence, broadening and even quenching [9].
This is unfavorable for the construction of high-performance 
two-photon luminescen t materials. Moreove r, the relatively poor 
thermal or optical stability usually restrict these two-photon ex- 
cited materials into optoelectroni c applications. To overcome these 
disadvantag es, great efforts have been devoted to design and syn- 
thesize new types of two-photon fluorescence molecules; unfortu- 
nately, the time-consumi ng synthesis process and relative low 
yield often limit their development [10]. Therefore, it is of impor- 
tance to realize novel two-photon emissive materials with both 
high thermal/chem ical stability and enhanced optical propertie s.

Recently , great interest has been paid on the assembly of two- 
dimensio nal (2D) ordered inorganic–chromophore materials by 
incorporati ng chromophore molecules into solid host matrices,
since they may show alternated functiona lities (such as enhanced 
photo-, thermal- and mechanical-sta bilization) compared with 
their individual components alone [11]. In this regard, layered 
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double hydroxides (LDHs), whose structure can be generally ex- 
pressed as the formula MII

1�xMIII
x ðOHÞ2

h ixþ
An�

x=n � yH2O (MII and MIII

are divalent and trivalent metals respectively ; An� is the guest an- 
ion), are one type of anionic layered host matrices [12]. Several 
luminescen t molecules, such as organic small anions [13], p-conju-
gated polymers [14] and photoact ive complexes [15], have been 
intercalated into LDH layers to achieve luminescen t materials with 
superior luminous efficiency due to the host–guest interactions.
Furthermore, the regular arrangem ent of dye molecule s within 
the LDHs can exhibit specific anisotropic photoemission behaviors ,
owning to the intrinsic anisotropy of the LDHs with 2D lamellar 
structure [16]. However , to the best of our knowledge, the incorpo- 
ration of fluorescent dye anions into LDHs to obtain luminescen ce 
properties with two-photon emission has scarcely been reported.

Phenylenev inylene and stilbene-typ e compounds have at- 
tracted considerable interest because of their excellent optical 
and electronic properties [17–19]. In addition, they are at present 
the most commonly used organic two-photon-exci ted lumines- 
cence materials, and it is still highly desirable to achieve tunable 
and enhanced fluorescent performances for stilbene-based materi- 
als. The intercalatio n assembly principle inspires us to develop 
new types of inorganic–organic hybrid system by the introduction 
of stilbene derivatives into LDH layer, which would exhibit the fol- 
lowing advantag es: (1) the rigid and confined space imposed by 
LDH layers can inhibit the thermal vibration and rotation of stil- 
bene anions relating to the nonradiative relaxation process of their 
exciting states, and also achieve an ordered and regular microenv i- 
ronment for the interlayer anions [17]; (2) the presence of inor- 
ganic LDH monolayers can improve the thermal and optical 
stability of the interlayer anions, which can meet the need for 
the improvement of thermal and photostability of fluorescent mol- 
ecules for long-term applicati on [18].

In this work, a sulfonated derivate of stilbene (BSB, 4,4 0-bis(2-
sulfonatosty ryl) biphenyl, Scheme 1) assembled into the inter- 
layer of the LDHs with different layer charge density and chemical 
composition have been prepared by a co-precipita tion method.
The obtained BSB/LDH compositions show tunable optical proper- 
ties (such as emission wavelength, photolum inescence quantum 
yield and two-photon photoemissi on), in which the sample BSB/ 
Zn3Al–LDH exhibits the optimal luminescen t properties, higher 
than the pure BSB and other intercala tion products. Moreover,
the BSB/LDH system presents well defined two-photon -excited 
photoemissi on behavior upon excitation by near-infrar ed light,
demonstrat ing that the as-prepared BSB/LDH systems can be 
potentially applied as new types of two-photon-exci ted fluores-
cent materials .

2. Experimental details 

2.1. Reagents and materials 

Disodium 4,4 0-bis (2-sulfonatostyryl) biphenyl (BSB) was pur- 
chased from Sigma Chemical. Co. Ltd. Analytical grade Mg(NO3)2-

�6H2O, Zn(NO3)2�6H2O, Co(NO3)2�6H2O, Ni(NO3)2�6H2O, and 
Al(NO3)3�9H2O were purchased from Beijing Chemical Co. Ltd.
and used without further purification.
SO3

SO3

_

_

Scheme 1. Molecular structure of 4,4 0-bis(2-sulfonatostyryl) biphenyl (BSB) anion.
2.2. Preparatio n of the BSB/LDHs 

BSB/LDH composites were prepared by the coprecipitation 
method. The matched molar ratio of Mg 2+ (Zn2+, Co 2+, Ni 2+)/Al3+/
BSB were 2.0 (or 3.0): 1.0: 0.5 in these experime nts. Taking the 
BSB/Mg2Al–LDH sample as an example, 100 ml of solution contain- 
ing Mg(NO3)2�6H2O (0.02 mol) and Al(NO3)3�9H2O (0.01 mol) was 
slowly added dropwise to 100 ml of solution containing NaOH 
(0.06 mol) and BSB (0.005 mol) with vigorous agitation under a
nitrogen flow. The pH value at the end of addition was adjusted 
to 8.0 by further addition of 2.4 mol/L NaOH solution. The reaction 
mixture was subsequently heated at 70 �C for 24 h, filtered, and the 
resultant solid washed thoroughly with deionized water and final-
ly vacuum-dried at 50 �C for 15 h. The film of BSB/LDH was 
prepared by a solvent evaporation method: a suspensi on of the 
as-prepa red BSB/LDH powder in 20 mL of ethanol (1 mg/mL) was 
ultrasonicall y dispersed and then spread on a quartz (3 cm � 3 cm)
which was cleaned thoroughly by an ultrasonic anhydrous ethanol 
bath.
2.3. Characteri zation 

The samples of BSB/LDH were characteri zed on a Rigaku D/ 
MAX2500 VB2+/PC X-ray diffractome ter, using Cu Ka radiation
(0.154184 nm) at 40 kV, 30 mA with a scanning rate of 5�/min, a
step size of 0.02 �/s, and a 2h angle ranging from 3� to 70 �. The 
Fig. 1. (a) The XRD pattern of BSB/LDH powder samples and (b) structure model for 
BSB/Mg 2Al–LDH.



Table 1
Chemical compositions of BSB/LDHs.

Theoretical formula Final M2+/M3+ Final chemical composition 

Mg 0.666Al0.333(OH)2(C28H18O6S2)0.165nH2O 2.17 Mg 0.68 5Al0.315(OH)2(C28H18O6S2)0.158 0.56H2O
Mg 0.75Al0.25(OH)2(C28H18O6S2)0.125nH2O 2.96 Mg 0.74 7Al0.253(OH)2(C28H18O6S2)0.127 0.78H2O
Zn 0.666Al0.33 3(OH)2(C28H18O6S2)0.165nH2O 1.92 Zn 0.658Al0.342(OH)2(C28H18O6S2)0.171 1.13H2O
Zn 0.75Al0.25(OH)2(C28H18O6S2)0.125nH2O 2.99 Zn 0.749Al0.251(OH)2(C28H18O6S2)0.125 0.82H2O
Co 0.666Al0.33 3(OH)2(C28H18O6S2)0.165nH2O 2.00 Co 0.667Al0.333(OH)2(C28H18O6S2)0.167 0.71H2O
Co 0.75Al0.25(OH)2(C28H18O6S2)0.125nH2O 2.90 Co 0.744Al0.256(OH)2(C28H18O6S2)0.128 0.69H2O
Ni 0.666Al0.333(OH)2(C28H18O6S2)0.165nH2O 2.12 Ni 0.679Al0.321(OH)2(C28H18O6S2)0.16 0 0.96H2O
Ni 0.75Al0.25(OH)2(C28H18O6S2)0.125nH2O 2.59 Ni 0.721Al0.279(OH)2(C28H18O6S2)0.14 0 1.24H2O
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Fig. 2. Thermogravimetry and differential thermal analysis (TG–DTA) curves for (a) BSB, (b) BSB/Mg 2Al–LDH powder sample.
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Fig. 3. Photoluminescent spectra of the BSB/LDH powder samples.
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solution and solid UV–vis absorption spectra were collected in the 
range 220–800 nm on a Shimadz u U-3000 spectrophotom eter,
with the slit width of 1.0 nm and BaSO 4 as the reference. The solu- 
tion and solid state fluorescence spectra were performed on 
RF-5301PC fluorospectrophotometer with the 360 nm excitation 
light. The width of both the excitation and emission slit is 3 nm.
The fluorescence decays were measure d using LifeSpec-ps spec- 
Table 2
PLQY and CIE 1931 color coordinate of BSB/LDHs systems.

Sample 2:1 3:1 2:1 3:1 
Zn:Al Zn:Al Co:Al Co:Al 

PLQY(%) 21.9 45.2 1.2 0.5 
Color coordinate (0.166, 0.335) (0.152, 0.182) (0.217, 0.068) (0.182, 0.119)
trometer by 372 nm laser exciting for BSB and BSB/LDH samples,
and the lifetimes were calculated with the F900 Edinburgh instru- 
ments software. Photolumines cence quantum yield (PLQY) and 
1931 CIE color coordinates were measure d using an HORIBA Jo- 
bin–Yvon FluoroMax-4 spectrofluorimeter, equipped with an F- 
3018 integrating sphere. Two-photon fluorescence of the samples 
was excited by 800 nm laser on a Tsunami–Spitfire-OPA-800C
ultrafast optical parameter amplifier (Spectra Physics); two-pho- 
ton absorption cross section for the pure BSB can be obtained by 
using the two-photon induced fluorescence measure ment method 
with Rhodamine B as a reference. TG–DTA was measured on a PCT- 
1A thermal analysis system under ambient atmosphere with a
heating rate of 10 �C/min. Elemental analysis was performed by 
ICP atomic emission spectroscopy on a Shimadzu ICPS-7500 instru- 
ment using the solutions prepared by dissolving the samples in di- 
lute nitric acid. Carbon, hydrogen, nitrogen, and sulfur analyses 
were carried out using a Perkin–Elmer Elementarvar io elemental 
analysis instrument.

3. Results and discussion 

3.1. Structura l characterization of BSB intercalated LDHs 

Eight samples of BSB intercalated LDH composites, BSB/LDH 
(MII = Mg 2+, Zn 2+, Co 2+, Ni 2+, and MIII = Al 3+) were prepared by the 
coprecipi tation method. Their powder XRD patterns are shown in 
Fig. 1a. In each case, all the reflections can be indexed to a hexag- 
onal lattice with R-3m rhombohedr al symmetry, which is 
2:1 3:1 2:1 3:1 Pure 
Ni:Al Ni:Al Mg:Al Mg:Al BSB 

3.5 0.7 17.8 27.0 19.0 
(0.122, 0.289) (0.050, 0.388) (0.154, 0.321) (0.159, 0.260) (0.145, 0.257)
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commonly nominated as 3R-type LDH structure. Taking the BSB/ 
MgAl–LDH (Mg:Al = 2) as an example, the main characteristic 
reflections appear at 4.49 � (003), 9.07 � (006), 13.54 � (009) and 
61.13� (110); the d003 (1.958 nm), d006 (0.974 nm) and d009

(0.653 nm) present a good multiple relationship for the basal, sec- 
ond and third-order reflections. The lattice parameter c can be cal- 
culated from averaging the positions of the three harmonics: c = 1/ 
3 (d003 + 2d006 + 3d009). The basal spacing for BSB/Mg 2Al–LDH is 
1.95 nm, which is consistent well with a single-layer arrangem ent 
model of the BSB anions in the LDH gallery (Fig. 1b). Considering 
the height of the LDH layer (0.48 nm), the spacing of the gallery be- 
tween LDH layers is about 1.47 nm, which corresponds to the 
intercalated BSB anions being inclined at an angle of ca. 50 � relative
to the LDH layers. This arrangem ent fashion is close to that of the 
ultrathin film based on BSB and LDH nanosheets [19]. The lattice 
parameter a, which stands for the shortest distance of adjacent me- 
tal ions with identical chemical environment in the LDH layer, can 
be calculated by: a = 2d110. For the BSB/MgAl–LDH (Mg:Al = 2)
sample, the values of a is 0.304 nm, which is in accordance with 
other reported MgAl–LDH systems [13], further confirming its 
3R-type LDH structure. Elemental analysis results (Table 1) show 
that the M2+/M3+ molar ratios of the products are very close to 
the nominal ones, specially for the BSB/Mg 3Al–LDH, BSB/Zn 2Al–
LDH, BSB/Zn 3Al–LDH, BSB/Co 2Al–LDH systems, suggesting the or- 
dered LDH crystal structures for these samples.
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Fig. 4. Two-photon photoemission spectra of the BSB/LDH powder samples under 800 
Zn 2Al–LDH, (d) BSB/Zn 3Al–LDH, (e) BSB/Ni 2Al–LDH,(f) BSB/Ni 3Al–LDH. Insets show the c
Thermolysis behavior of BSB/LDH systems was further studied.
Taking the BSB/Mg 2Al–LDH as an example (Fig. 2b), the thermal 
decompo sition process can be characterized by three weight loss 
steps. The first one from room temperature to 190 �C is attributed 
to the removal of surface adsorbed and interlayer water molecules.
The second one with a gradual weight loss (190–400 �C) involves 
both the decomposition of the BSB anions and the dehydrox ylation 
of the brucite-li ke layers, accompanied by a board exothermic peak 
in the DTA curve. The third one correspond s to the collapse of the 
LDH layer and combusti on of BSB with a strong exotherm ic peak at 
ca. 600 �C. Based on the comparison on the thermolysis process of 
BSB/LDH and pure BSB (Fig. 2a), it was concluded that the decom- 
position or combustion temperature of the BSB/LDH is higher than 
that of pure BSB by ca. 60 �C, indicating that the thermostabi lity of 
BSB anions is enhanced upon intercala tion within LDH.

3.2. Photophy sical properties of BSB/LDHs 

Fluorescent spectra of BSB/LDH samples were shown in Fig. 3. It 
can be observed that the emission intensity of BSB/Mg–Al–LDH and 
BSB/Zn–Al–LDH are systematically higher than those of BSB/Co–Al–
LDH and BSB/Ni–Al–LDH samples, which can also be further con- 
cluded by comparing the photolum inescence quantum yield (PLQY)
of the samples (Table 2). Such behaviors can be attributed to the 
emission is strongly reabsorbed by the Co- and Ni-containing LDH 
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Fig. 5. One-photon polarized fluorescence profiles in the VV, VH modes and anisotropic value (r) for the BSB/LDH with the glancing (a) and vertical (b) incidence geometry of 
the excitation light (360 nm).
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layers, which is confirmed by the UV–vis absorption spectra of the 
samples as shown in Fig. S1 in Supporting Information . As well,
the heavy metals (such as Ni and Co) in the LDH layer can also result 
in the fluorescence quench. Moreover, PLQY values of three interca- 
lation samples (BSB/Mg3Al–LDH, BSB/Zn 2Al–LDH, BSB/Zn 3Al–LDH)
are higher than the pristine BSB sample, suggesting the luminescen t
performanc e of the interlayer chromophor e can be enhanced and 
tuned by choosing the suitable LDH layer. The highest PLQY value 
present at the BSB/Zn 3Al–LDH sample (45.2%), which is ca. 2.4-fold 
greater than the pristine BSB sample. Such improvement of the 
PLQY can be assigned to the better organization of the interlayer 
BSB unities with high crystalline degree in the gallery of LDH layer,
which suppress the thermal vibration and rotation of stilbene an- 
ions effectively as demonstrated by XRD of BSB/Zn 3Al–LDH. In addi- 
tion, compare d with the pure BSB with the maximum emission 
wavelength kem 

max 

� �
located at 463 nm (Fig. S2 in Supporting Informa- 

tion), the BSB/LDH samples exhibit tunable kem 
max in the range from 

456 nm (BSB/Co2Al–LDH) to 484 nm (BSB/Mg2Al–LDH), demon- 
strating that the fluorescent wavelength can be continuo usly tuned 
by changing the layered charged density and chemical composition 
of LDH. The fluorescence lifetimes of both the BSB/Mg–Al–LDH and 
BSB/Zn–Al–LDH are close to the pure BSB powder sample (ca.
1.8 ns), and their fluorescent decay curves are shown in Fig. S3 in 
Supporting Information . In addition, based on the results of the 
CIE 1931 color coordinate (Table 2), it can be concluded that the 
emission of the intercalatio n products are mainly populated on 
the bluish green regions.
It was noted that the stilbene compound can be a two-photon 
absorption and emissive chromophore [2,18], and thus two-pho- 
ton-excit ed fluorescence measurements were further made. The 
two-photon absorption cross section of pristine BSB is estimate d
as 1162 GM (1 GM = 10 �5 cm4 s photon �1 molecule�1) at 800 nm,
which is comparable with that of other similar neutral stilbene- 
based compound [2]. In addition, for the BSB/Mg 2Al–LDH, a broad 
excitatio n band with the maximum peak at ca. 750 nm can be ob- 
served as shown in Fig. S4 in Supporting Information , suggesting 
that the samples can be solid-state two-photon fluorescence mate- 
rials. Upon excitation by a 800 nm laser light, The BSB/ZnAl–LDH,
BSB/MgA l–LDH, BSB/NiAl–LDH samples can exhibit strong fluores-
cence with the systematical ly red-shift emission of ca. 10–15 nm 
(Fig. 4) compared with those excited at 360 nm UV light. This phe- 
nomenon may be related to the fact that the high energy of laser 
can induce the reorganiz ation and rearrangement of the BSB anion 
within the LDH layer, since the emission of BSB molecule is sensi- 
tive to the external stimuli [19]. Taking BSB/Mg 2Al–LDH as an 
example, the emissive spectra feature a narrow emission peak at 
488 nm (Fig. 4a), and the emissive integrated intensity shows a
nearly quadratic increase as a function of the excitation energy,
further confirming the two-photon fluorescence from the samples.
As a result, the as-prepared solid-state samples can also serve as 
organic–inorganic hybrid two-photon fluorescent materials with 
tunable emission wavelength. The two-photon emission that 
transfer from near-infrared (NIR) light to visible light can be easily 
visualized by the naked eye as shown inset of Fig. 4, suggesting 
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geometry of the excitation light (800 nm).
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that the BSB/LDH systems may be potential ly served as NIR light 
detector. While for the BSB/CoAl–LDH, the two-photon fluores-
cence is relatively difficult to be detected due to the relative low 
PLQY value.

3.3. One-photon and two-photon polarized fluorescence of the BSB/ 
LDH film

The BSB/Zn 3Al–LDH powder sample with highest PLQY was 
functionalized into thin film using a fabrication method of solvent 
evaporation. To further investiga te the fluorescence polarization 
property and the microenvironm ent of BSB in the as-prepared 
BSB/LDH film, polarized fluorescence measure ment was employed 
to probe the fluorescence anisotropic value r [20–22]. r can be ex- 
pressed as the formula:

r ¼ IVV � GIVH

IVV þ 2GIVH
ð1Þ

where G ¼ IHV
IHH

, determine d from the BSB aqueous solution ; IVH

stands for the PL intensity obtained with vertical polarized light 
excitation and horizontal polarization detection, and IVV, IHH, IHV

are defined in a similar way. Two typical measureme nt setups of 
polarized fluorescence (glancing and normal incidence geometry 
as shown in inset of Fig. 5) were employed to determine the fluores-
cence anisotro pic value r. It was observed that, for the in-pla ne 
polarized excitation, the BSB/LDH film shows well-defined blue 
fluorescence anisotro py between the parallel and perpendicula r to 
excitation polarized direction (IVV vs. IVH) with the anisotro pic value 
(r) of ca. 0.12, which is slightly higher than the correspondi ng polar- 
ized excitation spectra in the range of 290–400 nm as shown in 
Fig. S5a in Supporting Informat ion . In addition, the uniform r values
in both the polarized excitation and emission spectra indicate that 
polarizat ion scrambling via Förster transfer is minimal in the film,
and also confirms the rigid-rod and isolated conformat ion of the 
BSB anions within the gallery. For the vertical polarized excitation 
(Fig. 5b), the IVV/IVH ratio is 1.30, lower than that of the horizontal 
excitation and vertical emission mode by ca. 10.7%. Moreov er, based 
on the polarized fluorescence metho d [7], the orientation al angle of 
the BSB molecu le relative LDH layer can be estimated to be 30.4 �
(Fig. S6 in Supporting Informat ion ), which is consiste nt with the 
stacking fashions as indicate d by the XRD.

Moreover, up-conver sion polarized fluorescence was further 
detected by exciting the film at 800 nm. It can be shown that, in 
both the horizontal (Fig. 6a) and vertical (Fig. 6b) polarized excita- 
tion models, the film features well-defined up-conversion polar- 
ized photoemission. The fluorescence anisotropy in both the 
excitatio n (Fig. S5b in Supporting Information ) and emission spec- 
tra are close to those excited at 360 nm, further confirming that 
fluorescent emission are derived from the process with one-photon 
and two-photon excited states to the ground state. To the best of 
our knowledge, BSB anions intercalated LDH system reported here 
may involve the first example of organic–inorganic hybrid material 
with the property of up-conver sion polarized emission.
4. Conclusion 

In summary, a sulfonated stilbene derivate (BSB) intercala ted 
LDHs systems with different layer charge density and chemical 
compositi on have been prepared , and photolum inescent properties 
for both powder and film were investiga ted. The optimal fluores-
cent performance presents in the sample of BSB/Zn 3Al–LDH, in 
which the photolumin escence quantum yield of the BSB chromo- 
phore are largely enhanced upon intercalatio n, demonstrating that 
the immobilization of BSB anions between the rigid LDH galleries 
can suppress the nonradia tive relaxation process effectively. More- 
over, the BSB/LDH film was further fabricated, which present both 
one-photon and two-photon polarized photoemissi on. Therefore,
the as-prepared film based on a stilbene anions regularly arranged 
within an inorganic LDH matrix may potential ly serve as new types 
of up-conversion solid-state luminescen ce and polarized fluores-
cent materials .
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