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ABSTRACT: Organic−inorganic hybrid pigments with en-
hanced thermo- and photostability have been prepared by co-
intercalating C.I. Acid Red 337 (AR337) and a UV absorbent
(BP-4) into the interlayer of ZnAl layered double hydroxides
through a coprecipitation method. The obtained compounds
were characterized by X-ray diffraction, Fourier transform
infrared spectroscopy, scanning electron microscopy, thermog-
ravimetric−differential thermogravimetric−differential thermal
analysis, UV−visible spectroscopy, and the International
Commission on Illumination (CIE) 1976 L*a*b* color scales.
The results show the successful co-intercalation of AR337 and
BP-4 into the interlayer region of layered double hydroxides
(LDHs) and reveal the presence of host−guest interactions
between LDH host layers and guest anions of AR337 and BP-4 and guest−guest interactions between AR337 and BP-4. The
intercalation can improve the thermostability of AR337 due to the protection of LDH layers. Moreover, the co-intercalation of
AR337 and BP-4 not only markedly enhances the photostability of AR337 but also significantly influences the color of the hybrid
pigment.

KEYWORDS: layered double hydroxides, hybrid pigment, intercalation, thermostability, photostability

1. INTRODUCTION

Organic pigments are widely used in the area of paints, printing
inks, coatings, and plastics because they have many advantages
such as light tones, various species, wide color gamut, high
color strength, brilliance, and so on.1,2 However, the poor
thermo- and photostability of the organic pigments seriously
limit their use in the fields of plastics and coatings, as they
would undergo thermal decomposition when the plastics are
processed at higher temperatures, and they would lose their
bright color when the coatings are used under sunlight for a
certain time.3 Therefore, it is necessary to find ways to improve
the performance of the organic pigments, especially their
thermo- and photostability. Recently, organic−inorganic hybrid
materials have received a great deal of interest because they
have merits of both organic and inorganic parts. The organic
parts can offer flexibility, versatility, and functionality, and the
inorganic parts can provide high thermal and mechanical
resistance.4 Thus, it is possible to improve the thermo- and
photostability of organic chromophores by making sandwich
structures with inorganic matrixes.
Layered double hydroxides (LDHs), a class of anionic

l a y e r e d c l a y s , h a v e a g e n e r a l f o r m u l a o f
[M1−x

2+Mx
3+(OH)2]

x+(An−)x/n·mH2O, where x usually ranges
from 0.2 to 0.33; M2+ and M3+ represent various di- and
trivalent metal cations in the LDH host sheets; and An− is the
interlayer guest anion.5,6 LDHs are composed of positively

charged host metal hydroxide layers and negatively charged
guest anions through weak interactions. They have received
much attention in the last 20 years due to their adjustable
chemical composition, tunable charge density, anion exchange
ability, and good thermal stability.7,8 Because of their multi−
functionalities, LDHs have been widely used in the areas of
catalysis,9−11 biochemistry,12,13 adsorption,14−16 anion ex-
change,17 sensors,18,19 polymer additives,7,20−22 and so on.
Recently, considerable attention has been focused on the

fabrication of organic chromophore anions intercalated LDHs,
which show novel functionalities that are not present in the
pristine organic chromophores.23−26 For example, Evans blue,27

Niagara blue 3B,28 N,N′-di(phenyl-3,5-disulfonic acid)perylene-
3,4,9,10-tetracarboxydiimide,25 and N,N′-bis(4-benzosulfonic
acid)-perylene-3,4,9,10-tetracarboxylbisimide26 have been suc-
cessfully intercalated into the interlayer room of the LDHs, and
it was found that the intercalation can improve the photo-
stability of the dyes. Lately, we have successfully intercalated
Mordant Yellow 3 (MY3) anions into the interlayer space of
ZnAl−LDHs by a coprecipitation method and found that the
thermo- and photostability of MY3 anions had been improved
due to the host−guest interactions.29 Though the photostability
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of the organic chromophore can be improved to a certain
degree by intercalation into the interlayer room of LDHs, the
organic chromophore still suffers from photo degradation. As a
result, the color of the hybrid pigments will fade after being
used several times. Hence, there is still a need to improve the
photostability of these hybrid pigments.
Herein, we report a strategy to improve the photostability of

the organic chromophore−LDH hybrid pigments. Acid red 337
(AR337) is a kind of azo dye which is widely used in dyeing
nylon fabric due to its bright color. Its structural formula is
shown in Figure 1a. Though the thermal stability of AR337 is

excellent, its photostability is poor, which severely limits its
application range. In this work, AR337 has been co-intercalated
into the interlayer spacing of ZnAl−LDHs with a UV
absorbent, 2-hydroxy-4-methoxy-5-sulfonic acid diphenylke-
tone (BP-4, Figure 1b, its sodium salt is denoted as NaBP-4),
to fabricate organic−inorganic hybrid pigments with high
photostability. The incorporation of BP-4 can not only tune the
color of the hybrid pigments but also significantly improve the
photostability of the pigments.

2. EXPERIMENTAL SECTION
2.1. Materials. NaOH, Zn(NO3)2·6H2O, Al(NO3)3·9H2O, sodium

dodecyl benzenesulfonate (SDBS), sodium dodecyl sulfonate (SDS),
anhydrous ethanol, and ethylene glycol were analytical-grade reagents
and used as received without any further purification. Deionized water
with an electrical conductivity of less than 10−6 S cm−1 was
decarbonated before use in all synthesis and washing processes. Acid
red 337 was a commercial product with a purity of 94% and
recrystallized three times in water before use. BP-4 was a commercial
product with a purity of 99% and used as received without any further
purification.
2.2. Preparation of ZnAl−NO3−LDH. ZnAl−NO3−LDH was

prepared by the coprecipitation method. Zn(NO3)2·6H2O (0.015
mol) and Al(NO3)3·9H2O (0.005 mol) were dissolved in 50 mL of
water to form a mixed salt solution. NaOH (0.04 mol) was dissolved
in water (50 mL) to form an alkali solution and then added dropwise
to the salt solution with vigorous stirring under N2 atmosphere. The
resulting slurry was then aged at 95 °C for 6 h under a N2 stream. The
product cake was collected after eight repetitive centrifugation and
dispersion cycles in deionized water, and part of the cake was dried at
100 °C for 12 h for characterization.
2.3. Preparation of ZnAl−AB−LDHs. AR337 and BP-4 anions

co-intercalated LDHs (ZnAl−AB−LDHs) were synthesized through
coprecipitation method. A mixture of BP-4, NaOH, and AR337 was
dissolved in ethylene glycol (40 mL) by vigorous stirring under N2
atmosphere at 50 °C in a water bath. The total molar amounts of
AR337 and BP-4 were fixed to be 3.0 mmol, where the molar
percentage of AR337 was set to be 0, 20, 40, 60, 80, 100%,
respectively, and the molar ratio of NaOH/BP-4 is 1. Zn(NO3)2·6H2O

(7.5 mmol) and Al(NO3)3·9H2O (2.5 mmol) were dissolved in water
(30 mL) and then added into the above ethylene glycol solution.
NaOH (17 mmol) was dissolved in water (30 mL) and then added
dropwise into the mixed solution with vigorous stirring under N2
atmosphere. The resulting slurry was then aged at 95 °C with violent
agitation under a N2 stream for 6 h. The product cake was collected
after eight repetitive centrifugation and dispersion cycles in hot
deionized water and three cycles in ethanol. Finally, the obtained
product was dried at 100 °C in an oven for 12 h. The obtained LDHs
were denoted as LDH-n, where n represents the molar percentage of
AR337.

AR337 and SDBS anions co-intercalated LDH (ZnAl−AS−LDH),
and AR337 and SDS co-intercalated LDH (ZnAl−ASS−LDH) with
20% molar percentage of AR337 were also synthesized through above
process for comparison.

The physical mixture of ZnAl−NO3−LDH and AR337 (PM) was
obtained by vigorous stirring the obtained ZnAl−NO3−LDH cake and
AR337 in water until a uniform mixture formed, centrifuged, washed
with ethanol three times, and dried at 100 °C for 12 h. The weight
percentage of AR337 in PM is equal to that of LDH-20.

2.4. Photostability Evaluation. To eliminate the influence of the
contents of the dyes on the evaluation of the photostability of the
samples, we utilized samples with the same AR337 content for testing.
The cakes of LDH-40, LDH-60, LDH-80, and LDH-100 after eight
repetitive centrifugation and dispersion cycles in hot deionized water
were uniformly mixed and diluted with ZnAl−NO3−LDH cake by
vigorous stirring, respectively, to obtain a mixture where the weight
percentage of AR337 is same as that of LDH-20. The mixtures were
collected and denoted as MLDH-40, MLDH-60, MLDH-80, and
MLDH-100, respectively, after being washed with ethanol three times
and dried at 100 °C for 12 h. The photostability of the samples were
tested in a UV-accelerated photoaging instrument (with a high-
pressure mercury−ultraviolet lamp as a UV light source, 1000 W
power, and λmax = 360 nm). The color difference (ΔE) value and the
absorption in the diffuse reflectance spectra was recorded after each
UV irradiation for 5 min, and each sample was irradiated for a total of
50 min.

2.5. Characterization. X-ray diffraction (XRD) patterns were
collected on a Shimadzu XRD−6000 diffractometer with mono-
chromatic Cu Kα radiation (λ = 0.154 nm) operating at 40 kV and 30
mA. FT−IR spectra were recorded on a Bruker Vector 22 infrared
spectrophotometer with 2 cm−1 resolution using the KBr disk method
with a mass ratio of sample/KBr of 1:100 for AR337 and BP-4, and
3:100 for LDHs. The morphology was investigated by means of a
scanning electron microscope (SEM, Hitachi S−3500N) operating at
20 kV. Thermogravimetric−differential thermogravimetric−differential
thermal analysis (TG−DTG−DTA) were performed on a PCT−IA
instrument in the temperature range of 25−800 °C with a heating rate
of 10 °C min−1 under air atmosphere. Elemental analyses for Zn and
Al of the ZnAl−AB−LDHs were performed on an ICPS-7500 type
inductively coupled plasma emission spectrometer (ICP−ES). Carbon
and nitrogen analyses were conducted on Elementar Vario EL Cube
elemental analyzer. The digital photos of the samples were taken with
a digital camera. The UV−vis absorption spectra were recorded on a
Shimadzu UV−2501PC spectrometer, and an integrating sphere was
equipped to the spectrometer to measure the diffuse reflectance
spectra of powdered samples. The L*a*b* values and color difference
(ΔE) values of samples aged under UV light were determined in terms
of the International Commission on Illumination (CIE) 1976 L*a*b*
color scales using a TC-P2A automatic colorimeter (Xinao Yike
Optic−Electronic Co., Beijing) after it was calibrated with a standard
black cylinder and a white BaSO4 plate.

3. RESULTS AND DISCUSSION

3.1. Structure and Morphology of the Prepared LDHs.
Figure 2 shows the powder XRD patterns of ZnAl−NO3−
LDH, ZnAl−AB−LDHs, and ZnAl−AS−LDH. It is clear that
all samples are defined by a series of typical (00l) (l = 3, 6, 9)
Bragg reflections. The typical (003) reflection of ZnAl−NO3−

Figure 1. Structural formulas of (a) AR337 and (b) BP-4.
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LDH (Figure 2a) appears at 2θ = 10.24°, corresponding to a
basal spacing of 0.86 nm, which is in agreement with the
literature.30 For AR337 and BP-4 co-intercalated LDHs, the
(003) reflections appear at about 2θ = 3.98°, and the
corresponding basal spacing values are about 2.22 nm,
suggesting that AR337 and BP-4 anions have been successfully
co-intercalated into the interlayer galleries of ZnAl−LDHs and
formed only one crystal phase. The (003) reflection of ZnAl−
AS−LDH (Figure 2g) appears at 2θ = 3.12°, which
corresponds to a basal spacing of 2.83 nm, indicating the
successful co-intercalation of AR337 and SDBS anions into the
interlayer galleries of LDHs and the formation of only one
crystal phase.
It has been revealed that the guest anions in the interlayer

galleries of LDHs can interact with each other through π−π
interactions between the benzene rings and form H-type or J-
type aggregates.26,28,31 Therefore, the arrangement of anions in
the interlayer of LDH mainly depends on the gallery height, the
size and structure of anions, and π−π interactions between the
interlayer anions. When the gallery height and anions are given,
the π−π interactions will play a key role in the arrangement of
anions, and the neighboring anions would adopt an arrange-
ment with the benzene rings highly overlap with each other. By
subtraction of the layer thickness of 0.48 nm, the gallery height
is about 1.74 nm for each ZnAl−AB−LDH. The length of
AR337 and BP-4 anions estimated from the distance between
the sulfonate group and the hydrogen atom is 1.194 and 0.956
nm, respectively. Taking π−π interaction, gallery height, and
the length of AR337 anion into account, AR337 anions would
form a monolayer with interdigitated arrangement, and form J-
type aggregates in the channel of LDH-100 (Figure 3A), which
was confirmed by its UV−vis spectrum as discussed in the UV−
vis spectra section. Hence, the benzene ring in the tailor side of
one AR337 anion will highly overlap with the benzene ring in
the head side of the neighboring AR337 anion. Because the
distance between the sulfonate groups of the two neighboring
AR337 anions that form the J-type aggregate is about 1.92 nm,
the J-type aggregate would be tilted at an angle of about 25° to
the LDH layers, which also means that AR337 anions are tilted
at an angle of about 25° to the LDH layers in favor of the
highly overlap of the benzene rings. Because the size of BP-4 is
much smaller than that of AR337, the arrangement of AR337 in

the interbed of LDH-20 will be different from that of LDH-100.
Considering the gallery height and the length of the AR337 and
BP-4 anions, AR337 and BP-4 anions in the channel of LDH-20
(Figure 3B) would adopt an interdigitated arrangement
perpendicular to the LDHs layers in favor of the highly overlap
of the benzene rings of AR337 and BP-4 anions (each AR337
anion was surrounded by four BP-4 anions). Both oblique and
perpendicular arrangements may exist in the interlayer of LDH-
40, LDH-60, and LDH-80 for AR337 anions.
The FT−IR spectra of AR337, BP-4, SDBS, ZnAl−AB−

LDHs and ZnAl−AS−LDH are illustrated in Figure 4. In the
spectrum of AR337 (Figure 4a), the absorption bands at 1612
and 1587 cm−1 correspond to the skeletal vibration of phenyl
groups, and the bands at 1175 and 1054 cm−1 can be ascribed
to the antisymmetric and symmetric stretching vibrations of
−SO3

− groups, respectively.26 The FT−IR spectra of ZnAl−
AB−LDHs (Figure 4d−g) reveal both the characteristic
features of LDH-like materials and interlayer anions. The
broad absorption bands centered at about 3450 cm−1 can be
assigned to the stretching vibration of the hydroxyl groups of
LDH layers and interlayer water molecules,29,32 and the band at
425 cm−1 can be ascribed to O−M−O vibration in the LDH
layers.33 After intercalation, the symmetric stretching vibrations
of −SO3

− groups of AR337 shift from 1054 to 1050 cm−1,
suggesting that the host−guest interactions between the ZnAl−
LDHs layers and interlayer anions are different from those
between AR337 anions and sodium ions in the dye salts.27,34

The spectrum of ZnAl−AS−LDH shows the characteristic
absorption bands of the LDH layers and the AR337 and SDBS

Figure 2. XRD patterns of (a) ZnAl−NO3−LDH, (b) LDH-20, (c)
LDH-40, (d) LDH-60, (e) LDH-80, (f) LDH-100, and (g) ZnAl−
AS−LDH.

Figure 3. Models of the possible arrangements of the anions in the
interlayer of (A) LDH-100 and (B) LDH-20.
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anions, suggesting that AR337 and SDBS have been co-
intercalated into the interlayer room of ZnAl−LDH. There is
no absorption band at about 1360 cm−1 ascribed to CO3

2−

anions, indicating that there are no CO3
2− anions in the

interlayer of ZnAl−AS−LDH. As the preparation procedures
for all the LDHs are the same, no CO3

2− anions would be
intercalated into the interlayer of ZnAl−AB−LDHs. Hence, the
absorption peaks at about 1350 cm−1 for ZnAl−AB−LDHs are
assigned to AR337 and BP-4 anions. These results, together

with the XRD analysis, confirm the formation of a new kind of
organic−inorganic hybrid pigment ZnAl−AB−LDHs.
Figure 5 displays the SEM images of ZnAl−AB−LDHs

obtained by a scanning electron microscope. The micrographs
show that the prepared samples present typical platelet-like,
irregularly shaped morphology.

3.2. Chemical Composition Analysis. The chemical
compositions of ZnAl−AB−LDHs are listed in Table 1. The
results confirm that AR337 and BP-4 anions have been co-
intercalated into the interlayer of the LDHs. The Zn/Al and N/
Al molar ratios are calculated according to their weight contents
in Table 1. The amounts of interlayer water are calculated
based on the mass loss from 100 to 200 °C in the TG curves of
ZnAl−AB−LDHs. The molar contents of AR337 and BP-4
anions are calculated based on the N/Al molar ratio and charge
balance. The molar percents of AR337 in the interlayer of
ZnAl−AB−LDHs are close to the feed ratios, indicating that
the contents of AR337 in the interlamellar room of LDHs can
be tuned according to the demand.

3.3. TG−DTG−DTA Analysis. The thermal stability of the
hybrid pigments were investigated by TG−DTG−DTA
analysis. Figure 6 displays the TG−DTG−DTA curves of
AR337, LDH-0, LDH-20, and LDH-100. Two mass loss steps
are observed in the TG curve of AR337 (Figure 6a) along with
three mass loss peaks in its DTG curve and three exothermic
peaks centered at 361, 494, and 567 °C in its DTA curve. The
first loss step with a mass loss of 14.3% from 330 to 377 °C can
be attributed to the oxidative thermal decomposition of AR337,
and the second mass loss region with a loss of 72.1% in the
temperature range of 377−800 °C can be assigned to the
further decomposition of the residue.
There are three mass loss steps in the TG curve of LDH-0

(Figure 6b). The first mass loss step from 50 to 210 °C with a
mass loss of 6.4% is assigned to the loss of adsorbed water and
the removal of interlayer water. The second mass loss step,
which shows a mass loss of 7.4% from 210 to 300 °C, is due to
the dehydroxylation of the LDH layers.35 The third mass loss
step is in the range of 300−800 °C, and the exothermic peak at
463 °C indicates the oxidative thermal decomposition of BP-4

Figure 4. FT−IR spectra of (a) AR337, (b) BP-4, (c) SDBS, (d)
LDH-20, (e) LDH-40, (f) LDH-60, (g) LDH-80, (h) LDH-100, and
(i) ZnAl−AS−LDH.

Figure 5. SEM images of (a) LDH-20, (b) LDH-40, (c) LDH-60, (d) LDH-80, and (e) LDH-100.
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anions. The mass loss of this stage is about 35.5%, which is less
than the value of 45.8% calculated from the structural formula
of LDH-0, suggesting that residue exists. As shown in Figure 6c,
the TG−DTG−DTA curves of LDH-100 are very different
from those of AR337. There are three mass loss steps in its TG
curve. The first mass loss stage from 50 to 200 °C with a mass
loss of 8.9% is attributed to the removal of adsorbed water and
interlayer water. The second mass loss step emerged at 200−
320 °C and is assigned to the dehydroxylation of the LDH
layers, showing a mass loss of 11.9%. The third mass loss step is
between 320 and 800 °C and is caused by the oxidative thermal
decomposition of AR337 anions in the interlayer galleries of
ZnAl−LDHs with an exothermic peak centered at 491 °C in
the DTA curve. The mass loss of this stage is about 50.2%,
which accords well with the value of 53.1% calculated from the
structural formula of LDH-100. The mass loss in the range of
320−380 °C is about 4.2%, which is considerably smaller than
that of AR337, suggesting that the thermal stability of AR337 is
improved by intercalating into the interlayer of LDH. In
comparison with LDH-0, the temperature of the exothermic
peak for LDH-100 is much higher, indicating that the
intercalated AR337 anion is more stable than the intercalated
BP-4 anion. The TG−DTG−DTA curves of LDH-20 (Figure
6d) are similar to those of LDH-0 and LDH-100. The first mass

loss step from 50 to 200 °C and the second mass loss step from
200 to 320 °C are attributed to the removal of adsorbed water
and interlayer water and the dehydroxylation of the LDH
layers, respectively. The third mass loss step from 320 to 800
°C and the exothermic peak centered at 481 °C indicate the
oxidative thermal decomposition of the AR337 and BP-4 anions
in the interlayer galleries of ZnAl−LDHs. This step shows a
mass loss of 48.9%, which is well in accordance with the
content of AR337 and BP-4 (47.8%) calculated from the
structural formula of LDH-20. The results above illustrate that
the oxidative thermal decomposition temperature for AR337
anions in the interlayer galleries of ZnAl−LDHs is much higher
than that of the pristine AR337. Therefore, the intercalation
into the interlayer room of LDH can enhance the thermal
stability of AR337.
The thermal stability of the AR337 and LDH-100 was further

investigated by FT−IR analysis. The samples were heated in an
oven at 300 and 360 °C for 15 min, respectively. The mass loss
percent of the samples after heating are listed in Table S1
(Supporting Information), and the FT−IR spectra of the
samples before and after heating are shown in Figure S1
(Supporting Information). Both spectra of AR337 and LDH-
100 show little change after heating at 300 °C, suggesting that
they can stand for the heating temperature of 300 °C. However,

Table 1. Chemical Compositions (wt%) and Structural Formulas of ZnAl−AB−LDHs

samples Zn Al N C Zn/Al molar ratio AR337 molar percent structural formulas

LDH-0 24.39 3.83 26.31 2.628 0 Zn0.724Al0.276(OH)2(BP-4)0.276·0.43H2O
LDH-20 26.06 4.15 1.356 26.13 2.592 21 Zn0.722Al0.278(OH)2(AR337)0.058(BP-4)0.22·0.64H2O
LDH-40 24.23 3.93 2.296 26.59 2.545 38 Zn0.718Al0.282(OH)2(AR337)0.106(BP-4)0.176·0.59H2O
LDH-60 25.01 4.04 3.359 27.08 2.556 54 Zn0.719Al0.281(OH)2(AR337)0.15(BP-4)0.131·0.63H2O
LDH-80 25.39 3.83 4.368 27.19 2.737 78 Zn0.732Al0.268(OH)2(AR337)0.197(BP-4)0.071·0.61H2O
LDH-100 21.27 3.01 5.192 26.84 2.553 100 Zn0.719Al0.281(OH)2(AR337)0.281·0.72H2O

Figure 6. TG−DTG−DTA curves of (a) AR337, (b) LDH-0, (c) LDH-100, and (d) LDH-20.
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both of them underwent considerable decomposition after
heating at 360 °C, as significant changes are observed in their
spectra. AR337 shows a mass loss of 20.99% after heating at
360 °C. As the mass loss of LDH-100 after heating at 300 °C is
mainly due to the removal of water and dehydroxylation of the
LDH layers, the mass loss percent for AR337 anions in LDH-
100 by heating at 360 °C is about 7%, which occupies about
14% of the AR337 anions in the interlayer of LDH-100. Hence,
the intercalation into the interlayer of LDH can improve the
stability of AR337 and slow down the thermal decomposition
speed of AR337.
3.4. UV−Vis Spectra of Hybrid Pigments. Figure 7

shows the UV−visible absorption spectra of water solution of

AR337, NaBP-4, and ZnAl−AB−LDHs dispersed in ethanol. In
comparison with the spectrum of AR337, the absorption
spectrum of LDH-100 shows red shift in the visible region
between 400 and 600 nm (shift from 491 to 498 nm). It is
generally admitted that the absorption shifts of dye molecules
are caused by polarity effects arising from the interactions
between the dye molecules and their neighboring molecules.
Dye molecules usually form H-type or J-type aggregates, which
are characterized by a blue shift or red shift in the absorption
band with respect to the monomer.28,36−38 Hence, the red shift
of absorption band of AR337 indicates that the intercalated
AR337 anions formed J-type aggregates favored by the
confinement of AR337 anions within the restricted space of
the LDH interlayer region. The spectra of ZnAl−AB−LDHs in
the visible region gradually shift to longer wavelengths as the
amount of BP-4 anions increases. The maximum absorption
peaks of LDH-40 and LDH-20 appearing at about 572 nm in
the region of 550−650 nm are attributed to AR337 anions
because LDH-0 shows no absorption peak in the region of
400−800 nm. The maximum absorption peak of LDH-20 is
red-shifted about 74 nm in comparison with LDH-100,
indicating that there are guest−guest interactions between
AR337 anions and BP-4 anions favored by the restrict of LDH
sheets. ZnAl−AS−LDH shows a maximum absorption centered
at 530 nm (Figure S2, Supporting Information), which is red-
shifted about 32 nm in comparison with LDH-100. Compared
with AR337, the maximum absorption peak of ZnAl−ASS−
LDH shows a red shift of merely 3 nm (Figure S2, Supporting
Information), indicating that the interactions between AR337
anions and SDS anions are very weak. These results suggest
that the significant red shift for LDH-20 may arise from the
π−π interactions between the benzene rings of AR337 and BP-

4 anions. The interactions between AR337 anions and BP-4
anions were further confirmed by the UV−vis absorption
spectra of the mixture solution of AR337 and NaBP-4, which
were displayed in Figure S2 (Supporting Information). The
spectrum of AR337 shows a maximum absorption at 491 nm,
and NaBP-4 shows no absorption in the region of 400−800
nm. However, the mixture solution of AR337 and NaBP-4
exhibits a maximum absorption at 509 nm, which is red-shifted
for about 18 nm in comparison with AR337, suggesting that
interactions occur between AR337 and BP-4 anions that affect
the absorption wavelength of AR337. Therefore, the guest−
guest interactions between AR337 anions and BP-4 anions have
a tremendous influence on the optical property of ZnAl−AB−
LDHs.

3.5. Color Analysis. The digital photos of powdered ZnAl−
AB−LDHs are shown in Figure 8A, and the color standard for

each sample is displayed in Figure S3 (Supporting Informa-
tion). The color of the hybrid pigments gradually changes to
deep with the increase of AR337 content. The color of the
hybrid is pink when the molar percentage of AR337 is 20% and
then changes to bright red when the molar percentage of
AR337 increases to 40%. As the content of AR337 further
increases, the color of the hybrid pigment varies to deep red
and dark red. Figure 8B shows the diffuse reflectance spectra of
the powdered ZnAl−AB−LDHs. The absorption intensity of
ZnAl−AB−LDHs in the range of 400−650 nm increases as the
content of AR337 increases at first and then remains nearly
unchanged when the content of AR337 exceeds 60%. This
trend is in accordance with the color change trend of the
sample. The maximum absorption peak of ZnAl−AB−LDHs

Figure 7. UV−vis spectra of water solution of AR337, NaBP-4, and
ZnAl−AB−LDHs dispersed in ethanol.

Figure 8. (A) Digital photos and (B) diffuse reflectance spectra of
powdered ZnAl−AB−LDHs.
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gradually shifts from 525 to 460 nm when the molar percent of
AR337 increases from 20 to 100%, which may result from the
guest−guest interactions between guest anions in the interlayer.
As shown in Figure S4 (Supporting Information), the hybrid
pigment can be used as filler to prepare colored coating.
Figure 9 reveals the L*a*b* values of ZnAl−AB−LDHs

hybrid pigments. The L*, a*, and b* values stand for the level

of lightness or darkness, redness or greenness, and yellowness
or blueness, respectively. One sees that the L*a*b* values
change with the increase of molar percentage of AR337. The
L* value gradually decreases, indicating that the lightness of the
hybrid pigment gradually decreases as the content of AR337
increases. The a* value remains positive but slightly decreases
as the molar percentage of AR337 increases from 20 to 80%,
suggesting that the color hue of the pigment is red but the
redness decreases a little. However, the a* value varies from
positive to negative when the molar percentage of AR337
increases to 100%, which suggests that the color hue of the
pigments transfers from red to green. The b* value increases
with the increase of AR337 content until the molar percentage
of AR337 reaches 80%, and then it decreases, suggesting that

the yellowness of the pigment first increases and then
decreases.

3.6. Photostability Analysis. The photostability of the
hybrid pigment was tested in a UV accelerating photoaging
instrument, and the obtained results are shown in Figure 10A.
The ΔE values of the samples become larger as the photoaging
time increases, suggesting that the photooxidation degree of the
samples increases. The ΔE value of PM increases from 5 to 15
when the photoaging time increases from 5 to 50 min,
indicating that the physical mixture underwent considerable
photooxidation. The ΔE values of MLDH-100 are smaller than
those of PM after irradiation for the same time, suggesting that
the photostability of MLDH-100 is superior to PM. The XRD
patterns of PM in Figure S5 (Supporting Information) confirm
that only a little of AR337 was intercalated into ZnAl−LDH.
Therefore, the intercalation into the interlayer galleries of
ZnAl−LDH can improve the photostability of AR337 due to
the protection effects of LDHs host layers. The ΔE values of
LDH-20, MLDH-40, MLDH-60, and MLDH-80 are much
smaller than those of MLDH-100 after irradiation for the same
times, and they are in the sequence of LDH-20 < MLDH-40 <
MLDH-60 < MLDH-80, indicating that the photostability of
the samples is in the sequence of LDH-20 > MLDH-40 >
MLDH-60 > MLDH-80 > MLDH-100. It can be concluded
that the co-intercalation of AR337 and BP-4 into the interlayer
of ZnAl−LDHs can improve the photostability of AR337, and a
higher degree of the improvement is obtained as the content of
BP-4 increases.
The UV−vis spectra and the changes in the absorption of the

tested samples after irradiation are illustrated in Figure S6
(Supporting Information) and Figure 10B, respectively. These
results are in accordance with the photostability of samples
revealed by the ΔE values. The photostability of PM could be
considered to be the lowest, and only 76.7% of absorption was
maintained after 50 min of irradiation. MLDH-100, MLDH-80,
MLDH-60, MLDH-40, and LDH-20 maintain 80.3, 83.8, 86.9,
90.3, and 94.3% of absorption, respectively. Hence, the co-
intercalation of AR337 with BP-4 can bring about a stabilization
effect for AR337 because the BP-4 UV absorbent can absorb
ultraviolet rays, which could result in the photo degradation of

Figure 9. L*a*b* values of LDHs prepared with different molar
percentages of AR337.

Figure 10. (A) ΔE values and (B) changes in absorption of the (a) LDH-20, (b) MLDH-40, (c) MLDH-60, (d) MLDH-80, (e) MLDH-100, and (f)
PM after UV aging for different times.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am506696k | ACS Appl. Mater. Interfaces 2014, 6, 20603−2061120609



AR337. Therefore, the co-intercalation of AR337 and BP-4 into
the interlayer of ZnAl−LDH can effectively enhance the
photostability of AR337.

4. CONCLUSIONS
A series of AR337 and BP-4 anions co-intercalated ZnAl−
LDHs have been successfully prepared by coprecipitation
method. The characterization results suggest that there are
host−guest interactions between the LDH host layers and
interlayer guest anions in ZnAl−AB−LDHs. The intercalation
of the AR337 anions into the interlayer space of ZnAl−LDHs
can enhance its thermo- and photostability as a result of the
protections offered by the LDHs layers. The co-intercalation of
AR337 with BP-4 into the interlayer room of LDH can further
enhance the photostability of AR337 due to the excellent UV
absorption ability of BP-4 and the incorporation of BP-4 can
also tune the color of the hybrid pigment. This kind of hybrid
pigment with excellent thermo- and photostability would have
potential applications in the fields of plastics and coatings. This
strategy can be easily extended to prepare other colored
organic−inorganic hybrid pigments with improved thermo- and
photostability.
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