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The intercalation of an acidic blue dye, Brilliant Blue FCF, into poly(allylamine) (PAA)/synthetic
fluoromica (Na-TSM) was investigated as a function of the reaction pH (1.5-12.0) and the loading of
the polyelectrolyte and acidic dye. Surprisingly, the colored solids so obtained show a variety of colors
from the original blue to yellow through green with only a slight increase in the reaction pH. At low and
neutral pH (1.5-9.5), the acidic blue dye molecules were adsorbed/intercalated on/in PAA/Na-TSM mainly
through electrostatic interactions between protonated amine groups on the PAA chains and sulfonate
groups of the dye, resulting in the original blue color. UV-visible spectroscopic data hint that the adsorbed/
intercalated dye molecules were aggregated. The color shifted to blue-green at pH 10.0 and finally to
yellow at pH 12.0. At high pH, the PAA layers have lower charge density and the dye is well-dispersed
within the interlayer galleries. The fraction of neutral primary amine groups increases with increasing
reaction pH, and interaction of the neutral amine groups to the dye becomes the dominant driving force
for intercalation. On the basis of these intercalation results at different pH and some control experiments,
the pH-dependent color change of the intercalated dye appears to be caused by inhibition of the
intramolecular interaction between N+ in the dye conjugated system and a free sulfonate group.

Introduction

Many organic dyes are used in the food, cosmetics,
medical, ink, and textile industries, as well as in electronics
and optics, both for their color and for their other special
optical properties. Acidic dyes often show more vivid and
beautiful colors than traditional inorganic pigments such as
iron oxides, iron blue, ultramarine blue, and trivalent
chromium oxide and hydroxide. For food, medical, and
cosmetics applications, however, only certain acidic dyes and
their derivatives have been approved for use by the Food
and Drug Administration (FDA) because of safety concerns.1

Even for trivalent chromium compounds, which are the only
green pigments globally permitted for cosmetics, the use is
strictly restricted by the Pollutant Release and Transfer
Register (PRTR). There are also practical limitations on using
acidic dyes and their derivatives that arise from their low
photostability and bleeding into solvents. Because several
papers report improvements in the photostability of dyes

adsorbed in/on inorganic host solids,2,3 there is a practical
motivation to investigate the properties of acidic dyes
confined to the interlayer galleries of layered inorganic solids.
In addition, the hue and extinction coefficients of dyes are
generally controlled by the extent of their conjugated
systems, as well as by chromophore, auxochrome, and
intramolecular interactions. If it is possible to modulate these
factors, one might expect that the color and absorption
intensity of intercalated acidic dyes could be deliberately
controlled, effectively giving rise to a new series of dyes
and pigments. Despite the practical importance of these dyes,
as far as we know, there have been no reports of deliberately
using intercalation and adsorption as means of achieving
color tuning.

High surface area inorganic solids have been widely
investigated as host materials for organic molecules, and as
building blocks for functional inorganic-organic nanostruc-
tures.4-10 Among the available inorganic host materials,
layered metal oxide nanosheets have been especially useful
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because of their high surface-to-volume ratio and chemical
reactivity, especially intercalation and exfoliation reactions.5-8

Mesoporous materials in the FSM,11 KSW,12 M41S,13 HMS,14

and SBA15 families are also useful hosts for functional
molecules. However, almost all of these layered and meso-
porous solids have neutral or anionic frameworks, meaning
that they are not good hosts for anionic guests. Layered
double hydroxides (LDHs) are an exception because of their
positive layer charge, but they have some important limita-
tions as hosts for dyes. LDHs typically have a high charge
density and the insertion of wedgelike organic anions has
been needed to weaken the interlayer interaction for exfo-
liation,16 although very recently it has been shown LDHs
can be exfoliated in high dielectric organic solvents.17 LDHs
are also strongly basic and easily contaminated by atmo-
spheric carbon dioxide, which leads to intercalated CO3

2-

ions. In addition, LDHs are thermally decomposed below
250 °C and are unstable under acidic conditions.17f Very
recently, Sasaki and co-workers have reported a new class
of rare earth hydroxides that are also lamellar anion ex-
changers.18

For these reasons, we recently developed a new general
technique for inverting the layer charge of anionic host
materials.19,20 The process stems from the principle of layer-
by-layer polyelectrolyte adsorption, which involves over-
compensation of the layer charge.21 With anionic layered

hosts, charge inversion can be achieved by intercalating
polycations with lower charge density than the enclosing
sheets. The mismatch in charge density causes an excess of
the polymer to intercalate, thereby introducing anion binding
sites.19a,20 The resulting polymer/nanosheet composites act
as anion exchangers, as demonstrated by the intercalation
of anionic dyes. When an acidic blue dye, Brilliant Blue FCF
[disodium a-(4-N-ethyl-3-sulfonatobenzylamino phenyl)-a-(4-
N-ethyl-3-sulfonatobenzylamino) cyclohaxa-2,5-dienylidene)-
tolune-2-sulfonate] (Figure 1), was intercalated into fluoromica
composites with a quarternary ammonium polyelectrolyte, the
solid acquired the brilliant blue color of the dye, but minimal
shifts in the absorption spectrum were observed.19 Therefore,
we anticipated that stronger host-guest interactions would
be needed to modulate the absorption spectrum of the
intercalated dye. In this context, we report here the effect of
the protonation state of a preintercalated primary amine
polymer on the absorption spectrum of the intercalated dye.

We first studied the intercalation of B1 into poly(ally-
lamine) (PAA)/fluoromica composites at pH 11.0, where
PAA can adopt a thicker conformation because of the low
polymer charge density, as a function of the PAA loading.
We then investigated the effect of the reaction pH (1.5-12.0),
which affects the protonation of the primary amine groups
on PAA chains. Interestingly, the color of the intercalated
solids changed from the original blue to light yellow through
green with increasing reaction pH. At high pH (above 10.0),
where the obtained dyed solids show the color change, the
B1 aqueous solution shows no color change from the original
blue color. So, it was suggested that the unique color change
was induced by the intercalation into the polyamine/clay
composites. We also report a series of experiments that
suggest a possible mechanism for the color changes in the
dye induced by changes in the state of protonation of the
intercalated amine polymer.

Experimental Section

Materials. Sodium fluortetrasilicic mica (Na-TSM) with the
chemical formula Na0.66Mg2.68(Si3.98Al0.02)O10.02F1.96 and a cation
exchange capacity (CEC) of 120 mequiv/100 g (ME-100, CO-OP
Chemicals) was used as received. From the nitrogen adsorption,
the Brunauer-Emmet-Teller (BET) surface area of Na-TSM is
3.3 m2/g. The lateral size of the exfoliated Na-TSM nanosheets
was around a few micrometers from the AFM images.19a Na-TSM
is a synthetic 2:1 type layered silicate formed by the intercalation
reaction of talc and Na2SiF6.22 Poly(allylamine hydrochloride) (Mw
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Figure 1. Chemical structure of Brilliant Blue FCF (B1).
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) 15 000, abbreviated PAA) and poly(diallyldimethylammonium
chloride) (Mw < 100 000, abbreviated PDDA) were purchased from
Sigma-Aldrich. Brilliant Blue FCF (FD & C Blue No. 1, abbreviated
B1) was purchased from Kishi Kasei Co., Ltd. (Yokohama, Japan).
Light Green SF (denoted as G205) was purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). FD & C Yellow No. 5
(Tartrazin, denoted as Y5, 80% purity) was obtained from Sigma-
Aldrich. Water was deionized to a resistivity of 18 MΩ-cm using
a Nanopure water purification system. All other compounds were
used as received from commercial sources.

Intercalation of PAA into Na-TSM. PAA is a weak base
polyelectrolyte, so the degree of the protonation of the primary
amine groups depends on the reaction pH, which dominates the
conformation of the polyelectrolyte on anionic substrates.8,23 In our
previous report,20b we found that PAA intercalated into Na-TSM
at pH 12.0 adopts a thicker conformation that allows intercalation
of guest species. Therefore, we first studied the intercalation of the
dye B1 into nanocomposites formed by PAA intercalation at pH
12.0.

Na-TSM (0.75 g) was added to 74.25 g of water, and the
dispersion was stirred overnight at room temperature to ensure
adequate exfoliation of Na-TSM. PAA aqueous solutions (25 g) of
appropriate concentration were added to the Na-TSM dispersions,
and pH was adjusted to 12.0-12.1 using a 10 M aqueous NaOH,
followed by vigorous agitation for 1 day at 25 °C. The amount of
PAA added to the dispersion was 0.9 (1/1), 2.7 (3/1), or 4.5 (5/1)
mmol. The numbers in parentheses indicate the initial ratio of amine
groups in the PAA to the cation exchange capacity (CEC) of Na-
TSM. After the reaction, the solid product was separated by
centrifugation and washed twice with 75 g of dilute NaOH at pH
12.0-12.1 to remove excess polymer. Finally, the samples were
dried at 60 °C for 1-2 days and ground to powders. These
nanocomposites are designated PAA/Na-TSM (n), where n denotes
the initial ratio of amine groups in the PAA to the cation exchange
capacity (CEC) of Na-TSM.

We found in our previous study that intercalated PAA gradually
adopts a monolayer conformation as the pH is decreased, likely
driven by electrostatic attraction between protonated amine groups
and the enclosing anionic sheets. In the process, some PAA is
eliminated from the interlayer galleries.20b To accurately calculate
the dye content in B1/PAA/Na-TSMs made at different pH values,
one must know the PAA content at the relevant pH. Therefore,
PAA/Na-TSM (5/1) made at pH 12.0-12.1 was washed three times
in aqueous dispersions whose pH levels had been adjusted with
NaOH or HCl to 1.5-1.6, 3.0-3.1, 7.0-7.1, 8.0-8.1, 9.0-9.1,
9.5-9.6,10.0-10.1,10.5-10.6,11.0-11.1,11.5-11.6,or12.0-12.1.

Intercalation of the Acidic Dye into Polyelectrolyte/Na-TSM
Nanocomposites at Different Loadings of PAA. Na-TSM (0.75
g) was added to 74.25 g of water, and the dispersion was stirred
for 1 day at room temperature. Twenty-five grams of an aqueous
solution containing 0.9, 2.7, or 4.5 mmol of PAA was then added.
The pH was adjusted to 12.0-12.1 using 10 M NaOH, followed
by vigorous stirring for 1 day at 25 °C. The dispersions were then
centrifuged, and the products were washed twice with 100 g of
dilute NaOH at pH 12.0-12.1. Water was added to the wet
nanocomposite to a total weight of 75.0 g, and 25.0 g of an aqueous
solution containing 0.9 mmol of B1 was added at pH 11.0-11.1.
The selection of this pH was based on our previous optimization
of the intercalation of gold nanoparticles into PAA/Na-TSM.20b The
dispersion was vigorously stirred for one day at room temperature,
followed by centrifugation and washing three times with water at
pH 11.0-11.1 to remove excess B1. Finally the sample was dried

at 60 °C for 1 or 2 days and ground to a powder. The products
obtained were designated B1/PAA/Na-TSM (n), where n again
indicates the initial molar ratio of the dye and the amine groups in
the polymer to the CEC of Na-TSM.

Intercalation of Acidic Dye into Polyelectrolyte/Na-TSM
Nanocomposites as a Function of pH. Wet PAA/Na-TSM (5/1),
prepared at pH 12.0-12.1 as described above, was redispersed in
water to a total weight of 75 g. A total of 25 g of 36 mM aqueous
B1 solution was then added to each dispersion; the pH was again
adjusted to pH 12.0-12.1, 11.5-11.6, 11.0-11.1, 10.5-10.6,
10.0-10.1, 9.5-9.6, 9.0-9.1, 8.0-8.1, 7.0-7.1, 3.0-3.1, and
1.5-1.6 with aqueous NaOH or HCl. The mixtures were vigorously
stirred for 1 day at room temperature. After the reaction, the
dispersions were centrifuged, and the solid products were washed
three times with water at the previously set pH values. Finally, the
dye-loaded samples were dried at 60 °C for 1-2 days and ground
to powders. Of course, one might expect the some side effects of
conducting the reaction at extremely high or low pH on the
crystallinity of Na-TSM nanosheets. From the XRD patterns (from
2θ ) 10-60 deg) of the original Na-TSM and B1/PAA/Na-TSMs
obtained at pH 1.5-1.6, 3.0-3.1, 7.0-7.1, 10.0-10.1, and
12.0-12.1 (see the Supporting Information, Figure S10), there is
no apparent difference in the profile of each sample; in addition,
the diffraction peak due to the (020) reflection,24 which indicates
the crystallinity of the nanosheet itself, was clearly observed at d
) 0.45 nm in each XRD pattern. Therefore, although the edge of
the clay nanosheets might be eroded at pH 1.5 or 12.0, the structure
of the clay nanosheet was basically maintained after the reaction.
For the intercalation of the G205 and Y5 dyes into PAA/Na-TSM
(5/1), the same experimental procedure was used at pH 3.0-3.1 or
11.0-11.1. Hereafter, we will simplify the designation of the
reaction pH range; for example, pH 7.0-7.1 is described as pH
7.0.

Instrumentation. X-ray powder diffraction (XRD) patterns were
obtained with a Mac Science M03X-HF22 diffractometer (Mn
filtered Fe KR (λ ) 0.1936 nm) radiation) and a JEOL JDX-3500
X-ray diffractometer system (monochromated Cu KR1 (λ ) 0.1541
nm) radiation). Infrared spectra were obtained by the KBr method
using a Thermo Electron Corporation Nicolet 6700 FT-IR spec-
trometer. UV-vis absorption spectra were obtained on a Hitachi
U-3500 spectrophotometer. Because we could not completely
redisperse PAA/Na-TSM or B1/PAA/Na-TSM after drying, wet gel
samples which were washed but not dried were used to obtain
UV-vis absorption spectra. CHN analysis was performed with a
Perkin-Elmar 2400 CHNS/O analyzer. The amount of B1 adsorbed
in B1/PAA/Na-TSM under each set of reaction conditions was
estimated from the difference in analytical carbon contents of B1/
PAA/Na-TSM and PAA/Na-TSM prepared under the same condi-
tions of pH and PAA concentration. Zeta-potential measurements
were conducted with a Brookhaven Instruments Zeta PALS at 25
°C. The pH dependence of the zeta-potential was obtained by
adjusting the pH with 0.01 M aqueous NaOH or HCl. Nitrogen
Brunauer-Emmet-Teller (BET) surface area measurements were
performed by using a Micromeritics ASAP 2010 instrument. The
hue in the Munsell color system and diffuse reflectance spectra of
the product powders were measured with a quartz-windowed vessel
for powders in a Konica-Minolta CM 2600d spectrophotometer.
Prior to measuring the color dimensions, the measurement system
was normalized with an attached standard white reflecting plate as
a reference.
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Results and Discussion

1. Intercalation of B1 Molecules into PAA/Na-TSMs
at Different PAA Loadings under Basic and Acidic
Conditions. In the XRD pattern of PAA/Na-TSM (1/1)
(Figure 2a), the peak due to the basal spacing is observed at
1.5 nm alongside the peak due to the hydrated Na-TSM
starting material at 1.3 nm. Subtracting the thickness of the
silicate layer of Na-TSM (1.0 nm),25 the gallery height of
PAA/Na-TSM (1/1) is estimated to be 0.5 nm, which
corresponds to a monolayer of intercalated polymer chains.23

As the initial concentration of PAA is increased, the
d-spacing of the PAA/Na-TSMs increases to 1.7 nm (panels
b and c in Figure 2). Considering that the thickness of
stretched PAA chains estimated to be around 0.5 nm, the
expansion of the interlayer distance is so short that a bilayer
structure cannot be adopted by the intercalated PAA;
therefore, the accommodated PAA chains may coil but only
in the plane of the interlayer gallery. The observed loading
corresponds to intercalation of amine groups slightly in
excess of the CEC of the enclosing sheets, and the excess
amount increases as the PAA/Na-TSM ratio and gallery
height increase.20 CHN analytical data (Table 1) show that
the amount of PAA is 110 mmol/100 g of clay in PAA/Na-
TSM (1/1), which increases to 377 mmol/100 g of clay at n
) 5/1. The latter value is almost three times the CEC of
Na-TSM. In our previous report, we studied PDDA adsorp-
tion onto a nonexfoliative potassium fluoromica (K-FM)26

to quantify the effect of the external surface on polyelec-
trolyte adsorption; in that case, the amount of adsorbed
polycation was estimated to be only 2.3 mmol/100g clay.
This allows us to conclude that almost all of the PAA is

intercalated into the Na-TSM interlayer galleries. The FT-
IR spectra of PAA/Na-TSM (1/1 and 5/1) are shown in
Figure S1. At n ) 1/1, a shoulder due to the antisymmetric
stretching vibration of neutral amine groups was observed
at 3373 cm-1. Considering that PAA/Na-TSM made at pH
12.0 contains no Cl- regardless of PAA loading,20b most
amine groups in PAA/Na-TSM (1/1) are ionized and interact
with the anionic clay surface to compensate the anionic layer
charge. On the other hand, when n was increased to 5/1,
prominent bands due to neutral amine groups were observed
at 3377 (υas) cm-1. This is consistent with a higher density
of neutral amine groups at higher loading. Although the
observed d-spacing of PAA/Na-TSMs are slightly larger than
those in our previous report, the basic trends are the same
in terms of structure and degree of protonation.20b

After the intercalation reactions of B1 at pH 11.0,
surprisingly, all of the solid products (n ) 1/1/1, 1/3/1, and
1/5/1) showed a significant color change from the original
blue to light green. (see Figure S2 in the Supporting
Information) In the XRD pattern of B1/PAA/Na-TSM (1/
1/1) (Figure 2a), the peak attributed to the basal spacing
becomes broader after intercalation of B1, but there was no
discernible peak shift. In contrast, in the patterns of the (1/
3/1) and (1/5/1) samples, new peaks were observed at
d-spacings of 3.1 and 3.5 nm, corresponding to increases in
the gallery height of 1.5 and 1.8 nm, respectively. In addition,
the diffraction patterns show a new phase with smaller layer
spacing (1.5 nm) than that of the original PAA/Na-TSM. In
our previous study of Na-TSM intercalated with PDDA, the
same peak splitting was observed after the B1 intercalation.19

As noted before, this phase separation is likely driven not
by elimination of polyelectrolyte molecules from Na-TSM
but by the higher lattice energy of the more compact phase,
which contains no B1 molecules.19 The analytical B1 contents
of B1/PAA/Na-TSM (1/1/1, 1/3/1, and 1/5/1) were 2.40, 10.4,
and 11.4 mmol/100 g of clay, respectively (Table 1). The
B1/PAA molar ratios were 0.022 (1/1/1), 0.030 (1/3/1), and

(25) In the XRD pattern of the original Na-TSM, two different peaks were
observed at d-spacing of 1.2 and 1.0 nm, and these two peaks were
attributed to hydrated and dehydrated layers, respectively. Hence, the
basal spacing of the silicate layer was taken to be 1.0 nm.

(26) Synthetic unexpandable potassium fluoromica, KMg3AlSi3O10F2 (K-
FM), was purchased from Topy Ind. Co. The BET surface area of
K-FM was 5.5 m2/g from the nitrogen adsorption measurement.

Figure 2. XRD patterns of B1/PAA/Na-TSMs before and after the intercalation of B1 at pH 11.0; B1/PAA/Na-TSM ) (a) 1/1/1, (b) 1/3/1, and (c) 1/5/1.

Table 1. Analytical Data for PAA/Na-TSM and B1/PAA/Na-TSM Nanocomposites Synthesized at pH 11.0

B1/PAA/Na-TSM
initial molar ratio

amount of PAA
adsorbed (mmol/100 g of clay)

amount of
B1 adsorbed (mmol/100 g of clay)

PAA/Na-TSM
molar ratio

B1/PAA
molar ratio

1/1/1 110 2.40 0.92 0.022
1/3/1 352 10.4 2.93 0.030
1/5/1 377 11.4 3.14 0.030
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0.030 (1/5/1), which are only about one tenth of the ratio of
B1/PAA/Na-TSM (1/5/1) made at pH 3.0, where most of
amine groups are fully protonated. From zeta potential
measurements of PAA/Na-TSM (5/1) as a function of pH
(see the Supporting Information, Figure S3), the isoelectric
point of the PAA/Na-TSM is about pH 11.0. This indicates
that most of the amine groups in the interlayer galleries are
neutral above pH 11.0, and hence PAA/Na-TSM made at
high pH is not expected to have high anion exchange
capacity.20

Figure 3 shows the UV-visible absorption spectra of 0.02
wt % aqueous dispersions of B1/PAA/Na-TSM (1/1/1, 1/3/
1, and 1/5/1) obtained at pH 11.0. In each spectrum, the
original absorption peak at 629 nm shifted to 640 nm. In
the case of B1/PDDA/Na-TSM, intercalated B1 molecules
showed a similar red-shift in the peak at 629-650 nm,
reflecting the hydrophobic environment of the interlayer
galleries of PAA/Na-TSMs. However, in B1/PAA/Na-TSM,
the intensity of the peak at 640 nm is substantially lower
than in the original spectrum of B1 in aqueous solution (see
the Supporting Information, Figure S6), and the absorbance
in blue region is significantly increased. This spectral change
corresponds to the color change from blue to green.
Considering the structural differences between the quarter-
nary ammonium polyelectrolyte (PDDA) and the basic
polyelectrolyte (PAA), it is likely that the neutral amine
groups on the intercalated PAA dominate this color change.
The mechanism of the color change will be discussed in the
following section.

2. Effect of pH on the Intercalation of B1 into PAA/
Na-TSM. To investigate the relationship between the pro-
tonation state of intercalated PAA and the electronic spectra
of the intercalation compounds, we varied the pH of solutions
from which B1 was intercalated into PAA/Na-TSM (5/1)
nanocomposites that had been prepared at pH 12.0. Surpris-
ingly, depending on the reaction pH, the resulting B1/PAA/
Na-TSM powders showed a wide range of colors (Figure
4). The intercalation compounds were purple-blue (PB) when
they were prepared at pH 1.5, blue (B) between pH 3.0 and
8.0, blue-green to light green at pH 9.0-10.5, and faint
yellow above pH 11. Almost the same color change was also
observed in the corresponding B1/PAA/Na-TSM dispersions
before being dried into the powders (see the Supporting

Information, Figure S11). Figure 5 shows XRD patterns of
B1/PAA/Na-TSM (1/5/1) obtained at pH 1.5-12.0. In the
XRD patterns of the solids intercalated at low pH, weak and
broad diffraction peaks were observed at approximately
1.5-1.7 nm in addition to some ambiguous broad shoulders
in the lower angle side, indicating a turbostratic restacking
of the sheets during the intercalation of B1. For nanocom-
posites intercalated at pH 10.0 and above, the basal spacing
is approximately constant at 1.5 nm, but an additional low
angle peak begins to appear at d ) 3.5 nm. This peak (also
evident in panels b and c in Figure 2) was attributed above
to an intercalation compound that contains both neutral PAA
chains and B1 molecules. Table 2 shows that the amount of
PAA retained is lowest at pH 1.5-3.0, where the polymer
is highly charged and intercalates as a monolayer between
the negatively charged silicate sheets. At higher pH, the PAA
loading gradually increases and above pH 10, the amount
of intercalated PAA is approximately twice that at low pH,
consistent with the larger gallery height observed. At the
same time, the amount of anionic B1 that is intercalated into
PAA/Na-TSM falls from 77-78 mmol/100 g at pH 1.5-3.1
to about 10 mmol/100 g above pH 10.5. In our previous
report, we determined the adsorption of B1 onto a PDDA/
K-FM composite, where only the external surface could be
used as the adsorption site. The amount of B1 adsorbed on
PDDA/K-FM was only 0.57 mmol/100 g,19a indicating that
the interlayer galleries are the predominant site for intercala-
tion of B1 into PAA/Na-TSM, even under high pH condi-
tions. The trend in B1 loading corresponds to the pH
dependence of the zeta-potential of PAA/Na-TSM (see the
Supporting Information, Figure S3), supporting the idea that
the amount of positive charge on the PAA/Na-TSM surface
controls the loading of B1 molecules below pH 10. Interest-
ingly, at pH 10.5 and above, where the zeta potential of the
composite is nearly neutral or negative, there is a relatively
constant loading of B1 molecules. The intercalation of
negatively charged B1 into the anionic host implies that some
other kind of interaction drives the intercalation of B1
molecules at high pH.

Infrared and UV-visible spectra of the nanocomposites
are informative in understanding the state of protonation of
the intercalated polymer and the nature of the interaction
between PAA and B1. In the FT-IR spectra of PAA/Na-
TSMs (5/1) washed at pH 1.5-11.0 (see the Supporting
Information, Figure S4), bands attributed to neutral primary
amine groups at 1568 (υs) and 3377 (υas) cm-1 gradually
diminish with decreasing pH. At pH 7.0, no apparent band
due to the neutral primary amines can be observed, indicating
that PAA amine groups are mostly protonated when the
reaction pH is below 7.0. The FT-IR spectra of crystalline
B1 and B1/PAA/Na-TSM (1/5/1) obtained at pH 1.5-12.0
are compared in Figure 6. In the B1 crystal, the two
antisymmetric stretching bands of the S(dO)2 groups of B1
are observed at 1168 and 1190 cm-1; these can be attributed
to sulfonate groups associated with Na+ and free sulfonate,
respectively (see the B1 structure shown in Figure 1). In the
spectra of B1/PAA/Na-TSM (1/5/1) intercalated at pH
1.5-9.5, the spectra in the fingerprint region are quite similar
to that of the B1 crystal. The antisymmetric stretching bands

Figure 3. UV-vis absorption spectra of 0.02 wt % aqueous dispersions of
B1/PAA/Na-TSM ) (a) 1/1/1, (b) 1/3/1, and (c) 1/5/1.
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of the sulfonate groups appear at 1172-1174 and 1190 cm-1,
respectively. This implies the presence of some free sulfonate
groups and some that are associated with protonated amine
groups.

Figure 7 shows UV-visible absorption spectra of 0.02
wt% aqueous dispersions and diffuse reflectance spectra of
B1/PAA/Na-TSM (1/5/1) intercalated at pH 1.5-12.0. In the
absorption spectra of the aqueous dispersions (Figure 7A),
the blue B1/PAA/Na-TSM (1/5/1) nanocomposites obtained
at pH 1.5 to 9.5 show a broad absorption band with shoulder
peaks at 583, 630, and 678 nm. There are many reports on
absorption shifts due to dye aggregation. Cyanine dyes can
make both H and J, aggregates, giving bands that are
respectively blue- and red-shifted compared with the mono-
mer spectra.27 Therefore, immobilized B1 molecules appear
to form such aggregates in B1/PAA/Na-TSMs. On the other

hand, in the diffuse reflectance spectra of the corresponding
B1/PAA/Na-TSM (1/5/1) powders, the absorption maxima
were observed at 560 nm below pH 8.0, and gradually shifted
to 630 nm as the reaction pH was increased to 9.5.
Comparing the spectra of the dispersions and powders below
pH 9.5, it appears that the H type aggregation form is more
predominant in the dried powders, or that cointercalated
water inhibits dye aggregation. Under more basic conditions,
the color of obtained powders changes from blue (B) to blue-
green (BG), green (G), finally shifted yellow (Y) (Table 2
and Figure 4). In the FT-IR spectra of B1/PAA/Na-TSM (1/
5/1) obtained at pH 10.0-12.0 (Figure 6), the antisymmetric
stretching bands of S(dO)2 that were originally at 1168 and

(27) Mishra, A.; Behera, R. K.; Behera, P. K.; Mishra, B. K.; Behera, G. B.
Chem. ReV. 2000, 100, 1973.

Figure 4. Photograph of B1/PAA/Na-TSMs (1/5/1) obtained at pH 1.5-12.0.

Figure 5. XRD patterns of B1/PAA/Na-TSM (1/5/1) obtained at pH of (a) 1.5-9.5 and (b) 10.0 - 12.0.

Table 2. Analytical Data for PAA/Na-TSM (5/1) Washed at pH 1.5-12.0 and dye/PAA/Na-TSM Intercalated under Different pH Conditions

pH

amount of
PAA adsorbed

(mmol/100 g of clay)

amount of
B1 adsorbed

(mmol/100 g of clay)

PAA/Na-TSM
molar
ratio

B1/PAA
molar
ratio hue

hue
after

dehydration

B1/PAA/Na-TSM (1/5/1) 1.5-1.6 198 77.0 1.65 0.389 6.26 PB
3.0-3.1 194 78.4 1.61 0.405 5.18 PB 7.28 PB
7.0-7.1 242 68.5 2.01 0.283 4.83 PB 5.72 PB
8.0-8.1 309 57.3 2.58 0.185 3.34 PB
9.0-9.1 348 37.9 2.90 0.109 6.99 B
9.5-9.6 351 25.4 2.93 0.072 1.80 B

10.0-10.1 371 14.9 3.09 0.040 5.46 BG 3.52 BG
10.5-10.6 380 10.5 3.17 0.027 0.97 BG
11.0-11.1 377 10.2 3.14 0.027 1.26 G
11.5-11.6 379 10.2 3.16 0.027 0.41 Y
12.0-12.1 378 8.19 3.15 0.022 1.05 Y 3.81 Y

G 205/PAA/Na-TSM (1/5/1) 3.0-3.1 194 89.7 1.61 0.463 1.21 BG
11.0-11.1 377 9.59 3.14 0.025 0.68 Y

Y5/PAA/Na-TSM (1/5/1) 3.0-3.1 194 77.2 1.61 0.399 8.45 YR
11.0-11.1 377 1.88 3.14 0.005 3.82 Y
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1190 cm-1 merge into one broadband around 1184-1191
cm-1, indicating that all the sulfonate groups of B1 are in
the same kind of environment. At pH 10.0, the UV-visible
absorption maximum is 642 nm, and the shoulders at 583
and 678 nm that were observed pH 1.5-9.5 are not present.
At higher pH, the absorption peak at 642 nm decreases and
finally disappears at pH 12.0; at the same time, the peaks in
the blue to UV region increase and show a small red-shift.
The same tendency of the absorption in the red region was
observed in the corresponding diffuse reflectance spectra of
dyed powders. These observations are consistent with the
dispersion of B1 molecules in the intercalated polymer
without significant interactions with protonated amine groups.

At high pH, the electrostatic interactions between PAA and
B1 are negligible, and the interactions between the neutral
amine groups of PAA and B1 appear to control both the
intercalation and the color change.

It is well-known that the color of dyes in heterogeneous
media is strongly dependent on the water content. In addition,
we have already reported that B1 molecules are site-
selectively accommodated into the hydrated layers of PDDA/
Na-TSM composites, and the interlayer water can be
removed by heating at 120 °C for 1 day.19a Therefore, the
effect of coadsorbed water content within the interlayer space
of B1/PAA/Na-TSMs on the color was also investigated by
dehydration. From the XRD patterns of B1/PAA/Na-TSMs

Figure 6. FT-IR spectra of B1 and B1/PAA/Na-TSM (1/5/1) obtained at pH 1.5-12.0.

Figure 7. UV-vis absorption spectra of (A) 0.02 wt % aqueous dispersions and (B) diffused reflectance spectra of B1/PAA/Na-TSM (1/5/1) at pH (a) 1.5,
(b) 3.0, (c) 7.0, (d) 8.0, (e) 9.0, (f) 9.5, (g) 10.0, (h) 10.5, (i) 11.0, (j) 11.5, and (k) 12.0.
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(1/5/1) at pH 1.5 and 12.0 heated at 120 °C for 1 day, a
decrease in interlayer spacing was observed, indicating the
removal of water from the interlayer. As for the color of
dyed solids after heating, very little change of the hue is
observed (Table 2). In the diffuse reflectance spectra of B1/
PAA/Na-TSM (1/5/1) prepared at pH 1.5 and 10.0 (see the
Supporting Information, Figure S12a and b), the absorption
maxima (λmax) in the red region shift slightly to the lower
wavelength side, and the absorption peaks become broad,
especially in B1/PAA/Na-TSM (1/5/1) at pH 10.0, implying
the aggregation of B1 molecules. At pH 12.0 (see the
Supporting Information, Figure S12c), no apparent peak shift
was observed, although the absorption intensity in the blue
region increased, which corresponds to the hue of the powder
becoming more yellowish after heating. From these results,
one can conclude that coadsorbed water affects the absorption
behavior of the dye molecules, but it cannot cause the huge
color change from blue to yellow through green observed
in this study.

3. Mechanism of the Color Change of the Blue Dye
in PAA/Na-TSM. In the previous section, we showed that
the interaction between the neutral primary amine groups of
PAA and the dye molecules causes an unexpected color
change. Here, we discuss the mechanism of this color change
by comparing with B1 in aqueous solutions, and with the
results of intercalation reactions of structurally related dyes.

Aqueous solutions of B1 show color changes from blue
to yellow through green as the pH is decreased from 10.7 to
0.0 by adding HCl (see the Supporting Information, Figure
S5). UV-visible spectra of these solutions (0.025 mM) are
shown in the Supporting Information, Figure S6. Between
pH 12.0 and 3.0, the dye retains its original blue color. Below
pH 2.0, the intensity of the peak in red region (629 nm)
gradually decreases. At pH 0.25, the band centered at 629
nm becomes weak, and a broad absorption peak at 424 nm
is observed, corresponding to a green solution. In a concen-
trated HCl solution, B1 is yellow, and only a broad
absorption peak at 438 nm is observed. These color changes
can be reversed by increasing the pH. In the B1 molecule
(Figure 1), there is an intramolecular electrostatic interaction
between N+ in the aromatic π-system and the deprotonated
SO3

- groups. Protonation of the sulfonate (SO3H) group at
pH 0.25-0.0 results in the color change from blue to yellow
through green. In the closely related green acidic dye, Light
Green SF (G205) (Figure 8), the central SO3

- group is

located at the para position of one of the phenyl rings, and
this is the only structural difference between G205 and B1,
which has the SO3

- group in the ortho position. In the
UV-visible spectra of aqueous B1 and G205 solutions,
absorption maxima are observed at 629 nm, but the intensity
is lower for G205 than it is for B1. In the G205 structure,
there is a greater distance between the N+ and the central
SO3

- group, resulting in a weaker intramolecular electrostatic
interaction. Hence, we hypothesize that the intramolecular
electrostatic interaction enhances the absorption intensity in
red region of B1, resulting in its strong blue color across a
wide range of pH values.

When G205 was intercalated into PAA/Na-TSM (5/1) at
pH 3.0, the resulting intercalation compound G205/PAA/
Na-TSM (1/5/1) retained the deep green color of the dye
(see the Supporting Information, Figure S9). XRD patterns
and UV-visible spectra (see the Supporting Information,
Figures S7 and S8) indicate that the intercalation behavior
of G205 is very similar to that of B1.28 At pH 3.0, the
absorption peak of intercalated G205 at 629 nm was
broadened because of aggregation of the dye molecules. On
the other hand, at pH 11.0, the G205 was intercalated into
the basic interlayer galleries and the color changed from
green to yellow (see the Supporting Information, Figure S9).
The amount of G205 intercalated and the molar ratio of dye
to PAA at pH 3.0 and 11.0 followed the same trends B1/
PAA/Na-TSMs (Table 2). This implies that acidic dyes
having intramolecular electrostatic interactions in the π-sys-
tem show significant color changes when they are intercalated
into PAA/Na-TSM under basic conditions where PAA is
deprotonated.

We also examined the intercalation of a yellow acidic dye
(Y5), which has no intramolecular interaction between
charged groups, into PAA/Na-TSM (5/1) at pH 3.0 and 11.0.
In contrast to the B1 and G205 systems, Y5/PAA/Na-TSMs
were yellow at both high and low pH (see Table 2 and the
Supporting Information, Figure S9). In the XRD patterns of
the products, a broad shoulder peak attributed to the Y5
intercalated phase was observed at pH 3.0. The amounts of
intercalated Y5 in Y5/PAA/Na-TSM at pH 3.0 (77.2 mmol/
100 g clay) and the molar ratio of Y5 to PAA (0.399) were
very close to those of B1 and G205 in the analogous
intercalation compounds. In contrast, at pH of 11.0, there
was no evident low angle XRD peak corresponding to a Y5/
PAA/Na-TSM intercalated phase. The Y5 content and Y5/
PAA molar ratio at pH 11.0 were 1.88 mmol/100 g clay and
0.005, which are much lower than of the values obtained
with B1 and G205 systems. This indicates that Y5, which
has higher anionic charge density than B1 or G205 under

(28) In the XRD pattern of G205/PAA/Na-TSM (1/5/1) obtained at pH
3.0, some ambiguous broad shoulder diffraction peaks were observed,
indicating the turbostatic restacking of the solids during the G205
intercalation. In the UV-vis absorption spectrum of the solids at pH
3.0, a broad absorption band was observed in the red region. This
suggests the aggregation of G205 molecules on/in the host (PAA/Na-
TSM (5/1)). On the other hand, in the system of the intercalation of
G205 into PAA/Na-TSM (5/1) at pH 12.0, a prominent broad
diffraction peak was observed in the lower angle side of the original
PAA/Na-TSM (5/1) in the XRD patterns. In the UV-vis absorption
spectrum, the absorption intensity of the peak in the red region was
substantially decreased, and the peak in blue to UV region increased,
which corresponds to the hue change.

Figure 8. Structures of Light Green SF (G205) and Tartrazin (Y5).
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basic conditions, is not well-accommodated by the largely
neutral PAA polymer in the interlayer galleries.

On the basis of these results, we can hypothesize that the
unexpected color change of B1 in B1/PAA/Na-TSMs under
basic conditions arises from interactions between neutral
PAA and the π-system of the dye. The role of the polymer
may be to screen the intramolecular electrostatic interaction,
possibly by interaction of the PAA nonbonding electron pairs
with the π-conjugated system of the dye. In aqueous solutions
under strongly acidic conditions, B1 is protonated and this
also disrupts the intramolecular electrostatic interaction
between N+ and SO3

-, resulting in a similar color change.
In the intercalation compounds under acidic conditions, most
of the amine groups on the intercalated PAA chains are
protonated and can interact electrostatically with the SO3

-

groups of B1, in a manner similar to the interaction of Na+

in the B1 crystal. Under these conditions, B1 retains its blue
color.

Conclusions

With the view of creating new color pigments, we
investigated the intercalation of an acidic blue dye, B1, into
PAA/Na-TSM nanocomposites as a function of the loadings
of both polyelectrolyte and dye and the reaction pH. An
unexpected color change was observed under basic condi-
tions, where the intercalated PAA is predominantly neutral.
In contrast, the intercalation compounds made at lower pH,
where some of the amine groups of PAA are protonated,
are deep blue and the color resembles that of B1 in neutral
or basic aqueous solutions. Similar trends are followed for
the acidic G205 dye and the anomalous color changes can
be interpreted in terms of the interaction between neutral
PAA and the intercalated dye molecules, possibly through
screening of intramolecular electrostatic interactions.

Because there has been a need for a new green pigment
with high chroma saturation and no restrictions on its use,

this green B1/PAA/Na-TSM compounds are a possible
replacement for conventional trivalent chromium pigments
whose hue is around 1.0-2.0 blue green. It is also possible
that cointercalation with neutral amine polymers might be
effective for color tuning of other acidic dyes with intramo-
lecular electrostatic interactions, such as Sulpho Rhodamine
B (Acid Red); if so, this method could lead to an interesting
new family of pigments. In addition, anionic dye molecules
are of interest for applications in artificial photosynthesis,
photodynamic therapy, and biomedical imaging. However,
there are few reports so far of the intercalation of anionic
dyes into negatively charged inorganic nanosheets.29 The
availability of basic nanocomposite hosts thus potentially
opens a new class of materials for these applications.
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