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Dispersion of Organic Dyes in n-Hexadecylamine-
Intercalated Vanadium Xerogel Thin Films

Yoshiaki Matsuo
Naoya Yamada
Tomokazu Fukutsuka
Yosohiro Sugie
Department of Materials Science and Chemistry, Graduate School of
Engineering, University of Hyogo, Hyogo, Japan

Vanadium xerogels intercalated by n-hexadecylamine were prepared in the pres-
ence of hexane. The interlayer spacing of the vanadium xerogel was saturated by
n-hexadecylamine at a composition of (n-hexadecylamine)2.2V2O5�0.6 H2O. The
space between the n-hexadecylamine molecules in the layer was available for
adsorption of dye molecules. Large amounts of rhodamine 6G (2.9 wt%), pyrene
(1.8 wt%), and p-terphenyl (3.6 wt%) were monomerically intercalated. The I1=I3

ratios of the emission peak for pyrene in the intercalation compounds were
approximately 0.9, suggesting a nonpolar environment of the interlayer space.
The N,N-diethlaminoazobenzene molecules in intercalation compounds were
highly confined between n-hexadecylamine molecules.

Keywords: dispersion of dye; intercalation; n-hexadecylamine; vanadium xerogel

1. INTRODUCTION

Layered materials have been studied extensively as matrices for
photofunctional molecules [1–11]. Applications of these materials
include solid dye lasers and nonlinear optics. Clay minerals have been
used for photofunctional molecules, introduced via ionic bonding.
However, controlling the aggregation state of the introduced mole-
cules is difficult. Recently, two approaches have been proposed to con-
trol the aggregation state in clay minerals. One involves the
introduction of appropriate substituents to control the distance and
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orientation of the dye molecules in the interlayers of the anionic sheets
of the clay [2]. Cationic porphyrins were absorbed on the clay layer
surface at a very high density without aggregation; the ratio between
the charged sites on the clay and porphyrins reached almost unity.
This effect to avoid aggregation has been called the ‘‘matching effect.’’
The second approach is to incorporate a third component into the
interlayer spacing of clay as a ‘‘spacer,’’ together with dye molecules
[4–9]. The aggregation of dye molecules or ions can be suppressed in
pyrene=cationic surfactant=silica or rhodamine 6G=cationic surfac-
tant=clay hybrid by choosing the appropriate surfactant=dye ratio;
light emission from dye monomers was observed in film and powder
samples or in aqueous solution. We have reported that aggregation
of pyrene and rhodamine B molecules were prevented in graphite
oxide thin films containing intercalated n-alkyltrimethlyammonium
ions or n-alkylamines [10,11]. The suppression of aggregation was
due to the ‘‘spacer’’ effect of the alkyl chains of amphiphilic molecules
or ions. The high content of amphiphilic species in graphite oxide
enables greater hydrophobicity of the resulting hydrophobized graph-
ite oxide matrix for easy dispersion in organic solvents, such as chloro-
form, and for obtaining thin films by casting or spin-coating methods.
However, avoiding aggregation of the dye molecules at high loading
levels remained difficult. Eliminating aggregation requires reducing
the size of the space available between amphiphilic molecules
introduced into the layered materials by increasing their numbers
or developing new host solids that can accommodate a large number
of spacers.

Vanadium oxide xerogel was first synthesized by Lemerle et al. via
ion exchange of sodium vanadate [12]. The structure of vanadium
oxide xerogel has been determined using the atomic pair distribution
function technique [13]. The xerogel slab consists of pairs of single
V2O5 layers made of pyramidal VO5 units. Various organic sub-
stances, such as pyridine, alkyltrimethylammonium ion, alkylamine,
and ammonium ion, have been intercalated into vanadium xerogel at
a molecule=V2O5 unit ratio of as high as 0.4 [14–22]. These interca-
lated xerogels are usually prepared by ion exchange. However, the
reports on the reaction product between ammonia and vanadium
xerogel by spontaneous adsorption (V2O5(NH4)þ (OH)� �0.5H2O) indi-
cate that vacant space, allowing more guest molecules in the gallery
of xerogel, is still available [23]. Therefore, we synthesized n-hexadecyl-
amine-intercalated vanadium xerogels with higher amine contents
by solid–solid reaction methods and investigated whether these
amine molecules were effective as spacers by measuring emission
or absorption spectra of pyrene, p-terphenyl, rhodamine 6G, and
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N, N-diethylaminoazobenzene introduced into n-hexadecylamine-
intercalated vanadium xerogels.

2. EXPERIMENTAL

Vanadium oxide xerogels (hereafter abbreviated as VXG) were prepared
by a sol-gel route as reported previously [12]. A 0.4 M solution of sodium
metavanadate was eluted through a column loaded with a proton
exchange resin (Rohm and Haas, Amberlite IR124 NA exchanged by
HCl). The pale yellow eluent was collected in a glass beaker and allowed
to stand at room temperature for evaporation of the water. The resulting
solid product was dried at 60�C. The X-ray diffraction pattern of the
sample was identical to that reported for VXG (d001 ¼ 1.17 nm). The
water content in VXG was determined from TG datum (Shimadzu
TG-50, temperature program: 10�C=min, room temperature to 550�C,
under air), and a composition of V2O5�1.87H2Owas obtained. This indi-
cates that this sample contains 1.37 and 0.6 equivalent of weakly and
strongly bonded water molecules, respectively.

Intercalation of n-hexadecylamine (C16H33NH2; hereafter abbrevi-
ated as C16) was performed in a manner similar to that for preparing
n-alkylamine-intercalated graphite oxides [10,24–26]. Various
amounts of C16 (C16=VXG ratio: 0.25–3.0) were mixed with the
vanadium xerogel (ca. 50 mg) in a pestle and the mixtures mechani-
cally ground in the presence of a small amount of hexane (ca.
0.5 ml). After evaporation of the hexane, the resulting products were
dried at 60�C overnight. The intercalation compounds (hereafter
C16-VXG) obtained were analyzed by infrared (IR) spectroscopy
(Nicolet Avatar-360, KBr method), X-ray diffraction (Rigaku Rint-
2100, CuKa radiation), X-ray photoelectron spectroscopy (XPS)
(Shimadzu ESCA-3400), and thermogravimetric (TG) analysis. The
composition of the product was determined by TG and elemental
analysis. XPS measurements were performed after drying the sample
under vacuum at room temperature overnight. The binding energies
observed were corrected based on Au

7=2
4f electron.

The angle of C16 against the VXG layer was determined by polar-
ized IR spectroscopy [27] and X-ray diffraction. The tilt angle, c, of
the transition moment of the �CH2� stretching vibration of alkyla-
mine against the VXG layer was calculated from the dichroic ratio,
Ry0x0 , using the following formula for trans alkyl chains:

Ry0x0 ¼ Ay

Ax
¼ 2� ð2=n2Þ sin2 a1 � ½ð3=n2Þ sin2 a1 � 1� sin2 c

2� sin2 c
ð1Þ
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where n indicates the refractive index, a1 is the incident angle of the
polarized light, and 90�was used for the angle of the optical transition
moment of the�CH2� stretching vibration against the VXG layer [27].

Intercalation of dye molecules [rhodamine 6G (R6G); pyrene;
p-terphenyl; and N, N-diethylaminoazobenzene] into C16-VXG was
performed as follows. A chloroform=ethanol solution (9:1 v=v) contain-
ing C16-VXG and dye with various dye=VXG ratios was cast on a
quartz substrate hydrophobized by octyltrichlorosilane, resulting in
the deposition of dye containing C16-VXG thin-film samples. Trans-
parent and homogeneous films with a thickness of less than 1mm were
obtained.

Thin films containing R6G, pyrene, p-terphenyl, or N, N-diethyla-
minoazobenzene were analyzed by X-ray diffraction, absorption spec-
troscopy (Hitachi U-3010), and fluorescence spectroscopy (Hitachi
F-2500 with excitation wavelengths of 500 nm for R6G, 330 nm for
pyrene, and 285 nm for p-terphenyl).

3. RESULTS AND DISCUSSION

3.1. Preparation of C16-VXG

Figure 1 shows the X-ray diffraction patterns of C16-VXG samples
with various C16 content. When the initial C16=VXG ratio was 0.25,

FIGURE 1 X-ray diffraction patterns: (A) vanadium xerogel; (B)–(I) n-hexa-
decylamine-intercalated vanadium xerogel with various nominal C16=V
ratios; (J) n-hexadecylamine. C16=VXG ¼ (B) 0.25, (C) 0.55, (D) 1.1, (E) 1.5,
(F) 1.65, (G) 2.2, (H) 2.5, (I) 2.8.
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a diffraction peak due to unreacted V2O5 was observed at 2h ¼ 7�,
together with a broad peak at 2h ¼ 3.7�. A series of (00 l) diffraction
peaks was observed for samples with higher amine contents, indicat-
ing intercalation of C16. As C16 content increased, the diffraction
peaks shifted slightly to a lower angle until the diffraction angle of
(001) peak reached 2h ¼ 2.64�. The calculated interlayer spacing was
3.35 nm, which is similar to that reported for C16-VXG with a
C16=VXG ratio of about 0.4 (3.37 nm) [14]. At the same time, the color
of the sample changed from reddish brown to green, to yellow, and
then to white for samples with nominal C16=VXG ratios larger than
2.2. When the nominal C16=VXG ratio was 3.0, the diffraction peak
shifted to a lower angle; however, a small diffraction peak at
2h ¼ 1.7� appeared, probably due to excess C16 crystals (Fig. 1, J)
deposited on the surface of the sample. Therefore, the interlayer spa-
cing of VXG was saturated by C16 for this sample.

Figure 2 shows TG data of various C16-VXG samples, together with
those of pristine VXG and C16. A weight decrease, due to the elimin-
ation of weakly bonded water, was observed between room tempera-
ture and 125�C for samples with nominal C16=VXG ratios smaller
than 1.4. This weight decrease was not observed for samples with
nominal C16=VXG ratios greater than 1.7, indicating that the 1.37
equivalent of water molecules weakly bonded to the layers did not
remain in these samples. Further decreases in weight were observed
at 150�C, 250–300�C, and 420–480�C, indicating decomposition of
C16. For the sample with a C16=VXG ratio of 3.0, the weight decrease
occurring near 70�C was similar to that observed for C16. These
results also suggest that excess C16 molecules exist in the sample.
After TG measurements, X-ray diffraction measurements confirmed
that all samples were converted to crystalline V2O5 �C16 contents in
the intercalation compounds determined from TG data (weight
decrease between 150 and 500�C) are summarized in Table 1,
assuming that a 0.6 equivalent of water molecules strongly bonded
to VXG remain in the sample [14]. However, it was difficult to deter-
mine the content of water molecules strongly bonded to VXG on the
basis of weight change. Elemental analysis results are shown in Table
1 and agree well with calculated results. The C16=VXG ratios were
slightly smaller than the initial ratios, indicating some loss of C16
during reaction.

Figure 3 shows IR spectra of intercalation compounds. As the nom-
inal C16=VXG ratio increases, the absorption peaks at 1016, 775, and
524 cm�1 due to terminal V¼O, terminal V�O, and bridging O�V�O
bondings, respectively [28], became smaller. In contrast, new absorp-
tion peaks at 650, 925, and 960 cm�1 appeared, together with those
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due to C16, and increased with C16 content. Peaks at 925 and
960 cm�1 could be due to V¼O hydrogen-bonded to C16 [29,30]. The
relatively sharp peak at 650 cm�1 results from the V�O vibration. This
peak is similar to that observed for electrochemically reduced VXG
cathode of lithium batteries, in which the Li=V ratio is 0.71 [30]. These
results suggest that the shift in absorption peaks is due to the elonga-
tion of V�O bonds due to reduction of vanadium. When the C16=VXG
ratio became 3.0, a small absorption peak at 1310 cm�1, which was
unique for C16, appeared, suggesting that excess C16 was deposited
on the surface of the C16-VXG. This agrees well with the X-ray diffrac-
tion and TG measurements and indicates that maximum C16 content
in the interlayer spacing of VXG sample is 2.2 per VXG (the sample
with a nominal C16=VXG ratio of 2.8). The peaks due to the asym-
metric vibration mode of methylene [�(CH2)n�] were observed at

FIGURE 2 TG data: (A) vanadium xerogel; (B)–(H) n-hexadecylamine-interca-
lated vanadium xerogel with various nominal C16=VXG ratios; (I) n-hexadecyl-
amine. C16=VXG ¼ (B) 0.25, (C) 0.55, (D) 1.1, (E) 1.5, (F) 1.65, (G) 2.2, (H) 2.5.
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2917 cm�1, indicating an all-trans conformation of the alkyl chain as in
the case of crystalline n-alkanes [31–33]. This conformation results
from the dense packing of the C16 molecules in the gallery of the
VXG layer.

Figure 4 shows the V
3=2
2p , N1s, and O1s XPS data for VXG and

various C16-VXG samples. The deconvoluted V
3=2
2p peaks of VXG and

C16-VXG with a nominal C16=VXG ratio of 0.55 are also shown. In
the V

3=2
2p region, a relatively broad peak around 517 eV, consisting of

two peaks at 517.2 eV and 516.2 eV, was observed for the pristine
VXG. These peaks can be attributed to V5þ and V4þ ions, respectively
[17,33–36]. The ratio of the two peaks indicated that nearly 90% of the
vanadium atoms of VXG were in the þ5 state. As C16 content
increased in VXG, the peak became somewhat broader and the inten-
sity of the peak at lower binding energy increased until the C16=VXG
ratio reached 1.1. The deconvoluted V

3=2
2p peaks of C16-VXG with a

nominal C16=VXG ratio of 0.55 suggest that most vanadium atoms
are reduced to the þ 4 state by the introduction of C16. The amount
of vanadium atoms in the þ 5 state decreased to 55% for samples with
C16=VXG ratios larger than 1.1, indicating almost half of the
vanadium atoms were reduced by introducing C16 molecules, and this
condition did not change for samples with higher C16 content. The

FIGURE 3 IR spectra: (A) vanadium xerogel; (B)–(H) n-hexadecylamine-
intercalated vanadium xerogel with various nominal C16=VXG ratios; (I)
n-hexadecylamine. C16=VXG ¼ (B) 0.25, (C) 0.55, (D) 1.1, (E) 1.5, (F) 1.65,
(G) 2.2, (H) 2.5.
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mechanism of VXG reduction to such a high extent is not well under-
stood; however, mechanical energy supplied during grinding of the
VXG-C16 mixture may enhance the reduction of VXG by C16. In con-
trast, in the N1s region, a broad peak that separated into two peaks at
401.7 eV and 399.9 eV was observed, probably due to hydrogen-bonded
amino and ammonium groups, respectively. These peaks appear in
3-aminopropylethoxysilane adsorbed from toluene onto the hydroxy-
lated surface of fused quartz by amino groups [37]. Therefore, the
401.7 eV peak is caused by formation of an ammonium ion
(C16H33NH2 þH2O!C16H33NHþ3 þ�OH�VAO) as reported for alkyl-
amine-intercalated mixed niobyl-vanadyl phosphate [38]. As C16 con-
tent increased, the peak at lower binding energy increased, suggesting
an increase in weakly bonded neutral C16 molecules. On the other
hand, the O1s region contains three peaks due to oxygen bonded to
vanadium, OH groups, and water molecules [17], as shown in the
deconvoluted peaks. In this study, these peaks were observed at
530.3, 531.8, and 532.7 eV, respectively. As C16 content increased,
the relative intensity of the peak at 531.8 eV increased whereas that

FIGURE 4 V
3=2
2p , N1s, and O1s XPS spectra of (A): VXG (vanadium xerogel)

and n-hexadecylamine-intercalated vanadium xerogel with nominal C16=VXG
VXG ratios of (B) 0.55, (C) 1.1, (D) 1.5, (E) 1.65, and (F) 2.2, along with the
deconvoluted V

3=2
2p spectra of VXG and (B), O1s spectra of VXG and (D), and

N1s spectrum of (F).
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at 532.7 eV decreased. When the nominal C16=VXG ratio became
greater than 1.1, the relative intensity became nearly constant.

Figure 5 shows the absorption spectra of VXG and C16=VXG films
with various nominal C16=VXG ratios. The C16=VXG film was nearly
colorless, whereas the VXG films prepared from a water suspension
were orange. Two absorption peaks at 373 and 247 nm appeared in
VXG, with the former peak due to the O!VV CT transition band at
V¼O bonding [39]. The peaks were broadened in the sample with a
nominal C16=VXG ratio of 0.55 and a new, small peak at 310 nm
appeared. It has been reported that the peak at 373 nm disappeared
upon electrochemical reduction [40–43]. When the nominal C16=VXG
ratio was greater than 1.1, a similar spectrum was obtained contain-
ing two peaks at 305 and 230 nm, suggesting perturbation in V¼O
by the introduction of C16 when the C16=VXG ratio was 0.4 to 1.
Further addition of C16 into VXG did not affect the chemical environ-
ment of the vanadium. Absorption below 600 nm decreased signi-
ficantly, as expected from the color change of the samples. This
characteristic is a benefit for application of these substances as a
matrix of dye molecules.

These spectroscopic data indicate that reaction of VXG with C16
occurs in two stages. During the first stage, water content decreased

FIGURE 4 Continued.
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accompanied by reduction of vanadium from þ5 to þ4 and formation
of ammonium; therefore, weakly bonded water molecules must be sub-
stituted by C16 molecules. XPS data suggested that nearly half of the
vanadium atoms were reduced in this stage of reaction. During the
second stage, little spectroscopic change was observed for samples
with actual C16=VXG ratios greater than 1; it is likely that the C16
molecules are accommodated in the gallery of VXG between C16 mole-
cules without affecting the chemical environment of vanadium. The
interlayer space was saturated by C16 molecules when the actual
C16=VXG ratio reached 2.2, a value greater than can be predicted
on the basis of the area requirement of C16 molecules (0.186 nm2)
and the available surface per vanadium calculated from the lattice
constant of VXG [12] (0.127 nm2), assuming perpendicular orientation
of C16 to the VXG layer. The co-intercalation of excess amine in the
layer has been observed for C16-intercalated birnessite-type manga-
nese oxide [43]. Two explanations can be provided for the excess
C16 molecules in the gallery of VXG. The C16 molecules may be

FIGURE 4 Continued.
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deposited on the C16-VXG phase without crystallization or, alterna-
tively, the orientation of VO5 pyramids may change to accommodate
a greater density of C16 molecules in the VXG layer gallery. The
change in the infrared absorption peaks, especially in the region of
V�O vibrations, for samples with actual C16=VXG ratios between
0.4 and 1 supports the latter possibility. Further structural analysis
is necessary to determine the correct explanation for the observed
phenomenon. The addition of C16 molecules greatly increased the
solubility of the resulting samples in organic solvents. Further
increase in C16 (nominal C16=V ratio greater than 2.8) resulted in
the deposition of C16 molecules on the surface of C16-VXG. The C16
content in VXG was much higher than in C16-intercalated VXG
prepared by reaction between ammonium salts of C16 and VXG
(C16=VXG ratio of 0.3–0.4) [14].

3.2. Orientation of Alkylamines in VXG Layers

Two orientations of alkyl chains in the gallery of VXG are possible
based on the X-ray diffraction pattern of C16-VXG with a nominal
C16=VXG ratio of 2.5. One is an interdigitated monolayer orientation

FIGURE 5 UV-vis spectra: (A) vanadium xerogel and C16-VXG films with
nominal C16=VXG ratios of (B) 0.55, (C) 1.1, (D) 1.65, (E) 2.2.
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and the other is a more inclined bilayer orientation. An all-trans
orientation of �CH2� was suggested by IR data. Assuming that the
thickness of VXG without water molecules in the interlayer is
0.87 nm (1.15–0.28 nm) [44], the thickness of intercalated species
was calculated to be 2.48 nm. Based on the size of C16 (1.27� 16þ
0.28 ¼ 2.31 nm), 90� and 33.1� of inclined angles of alkyl chains against
VXG layer were obtained for interdigitated monolayer and bilayer
orientations, respectively. Figure 6 shows the dichroic ratio of the
asymmetric vibration mode of methylene �(CH2)n� groups, which
decreased as incident angle increased. This indicates that the tilt
angle, c, is less than 54.7� because the dichroic ratio increases with
refractive index, n, if the tilt angle is higher than this value. There-
fore, a bilayer orientation of alkyl chain is excluded, although the
refractive index remains unknown. The experimental data agreed
well with Eq. (1), using a refractive index of n ¼ 1.5 and tilt angle
of c ¼ 0� (interdigitated monolayer) as shown Fig. 6 (solid line). The
refractive index was much smaller than that reported for crystalline
vanadium oxide (n ¼ 1.9–2.4) [45,46]; however, it was comparable to
that of organic materials. This is reasonable considering a large part
of the sample consisted of organic material. These results indicate
that the orientation of the alkyl chains in the gallery of VXG is an
interdigitated monolayer for samples with high amine content, as
proposed for C16-VXG with low C16 content [14]. Considering the
all-trans conformation of alkyl chains of C16-VXG with nominal
C16=VXG greater than 1.1, these also possess interdigitated mono-
layer orientation, and the smaller interlayer spacing observed in

FIGURE 6 Dichroic ratio of the absorption of methylene group of C16-VXG as
a function of incident angle. Solid line indicates data calculated using Eq. (1).
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Fig. 1 was ascribed to the smaller inclined angle of alkyl chains
against VXG layer.

3.3. Dispersion of Dye Molecules in C16-VXGs

In sections 3.3 and 3.4, dispersion and confinement of dye molecules in
C16-VXG with various C16 contents was investigated. To know the
effect of C16 content in VXG in detail, samples with different C16 con-
tents from those listed in Table 1 were also synthesized by changing
nominal C16=VXG ratios. Hereafter, the host materials are abbrevi-
ated as (C16)xVXG using x value as the actual C16 content in VXG.
The samples with the x values of 1.2, 1.35, 1.5, 1.65, 1.8, 1.9, and
2.1 were used here. Figure 7 shows emission spectra of R6G interca-
lated (C16)1.65VXG samples with various R6G=VXG ratios. At low
R6G=VXG ratios, an emission peak was observed at 538 nm as in
dilute ethanol solution (535 nm). The peak position was constant
regardless of the dye content; therefore, R6G molecules must be
dispersed in (C16)1.65VXG in a monomeric form. The emission peak
shifted to longer wavelengths when the R6G=VXG ratio reached
0.065, indicating aggregation of the R6G molecules. Thus, the
maximum monomeric R6G content in the interlayer spacing of
(C16)1.65VXG is between R6G=VXG ¼ 0.05 and 0.065. The emission
peak due to the R6G monomer gradually shifted from 544 nm
for (C16)1.2VXG to 536 nm for (C16)1.8VXG as C16 content increased.
These peaks appeared at shorter wavelengths than those observed
for R6G adsorbed on silica (555 nm) [47], R6G intercalated in laponite

FIGURE 7 Emission spectra of R6G in (C16)1.65VXG with R6G=VXG ratios of
(A) 0.01, (B) 0.04, (C) 0.05, (D) 0.065, (E) 0.08.
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clay (546 nm) [48], and R6G intercalated in sodium montmorillonite
(555 nm) [49]. This blue shift in the emission peak also was obse-
rved for rhodamine B molecules introduced in graphite oxide
hydrophobized with perfluoroalkyltrichlorosilane and n-hexadecyl-
amine, when the n-hexadecylamine content increased [50]. We pro-
pose that this blue shift is due to the less-polar environment
surrounding rhodamine B molecules in the intercalation compounds.
Here, R6G molecules also are located in a less-polar environment sur-
rounded by alkyl chains, and the p� excited state was not stabilized as
well as in polar media. !Therefore, the energy difference between the p
and p� states increased beyond that found in more polar media and,
accordingly, the emission peak shifted to shorter wavelengths. The
R6G=VXG ratio that did not result in Rh6G aggregation corresponds
to 2.9 wt% of dye molecules in VXG, which is comparable to that
observed for rhodamine B in graphite oxide hydrophobized by C16
[10]. In X-ray diffraction patterns of (C16)1.8VXGs containing R6G with
R6G=V ratio of 0.05 and 0.065, a series of diffraction peaks was
observed at 2h ¼ 2.64, 5.1, and 8.1�, with an interlayer spacing of
3.35 nm. This indicates that R6G molecules were intercalated into the
space between alkylamines oriented perpendicular to the VXG layer.

Figure 8 shows the emission spectra of pyrene-(C16)1.8VXG at pyr-
ene=VXG ratio of 0.02 and 0.03. A series of peaks was observed near
380 nm, attributed to pyrene monomer. As pyrene content increased,
a broad peak at 450 nm due to pyrene excimer was observed. There-
fore, pyrene molecules also were introduced monomerically at low

FIGURE 8 Emission spectra of pyrene in (C16)1.65VXG with pyrene=VXG
ratios of (A) 0.02 and (B) 0.03.
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pyrene concentration, whereas aggregation occurred at higher pyrene
content. The intensity ratio (I1=I3) of the peak at 373 nm to that at
384 nm was approximately 0.9, increasing slightly from 0.82 to 0.92
as the C16 content of C16-VXG increased. The I1=I3 ratio is a good
indication of the environment surrounding pyrene and was similar
to that observed for pyrene dissolved in alcohol with a long alkyl chain
[51]. The I1=I3 ratio was much smaller than that observed for pyrene
introduced into layered silica hydrophobized by alkyltrimethylammo-
nium ion with long alkyl chain lengths (1.25–1.47) [6], which are quite
high and normally observed in polar media. This difference may be
due to co-adsorbed water molecules, indicating that polar water mole-
cules are excluded from area surrounding the pyrene molecules in the
C16-VXG samples as was suggested from the peak position of R6G
shown previously. The interlayer spacing determined from X-ray dif-
fraction data was unchanged from that of pristine (C16)1.8VXG at
lower pyrene content. The maximum monomeric pyrene content intro-
duced in the interlayer spacing was between 0.05 and 0.06.

Figure 9 shows emission spectra of p-terphenyl-(C16)1.8VXG at
various p-terphenyl=VXG ratios. As observed for the other two dyes,
at lower p-terphenyl concentrations, two emission peaks at 323 and
337 nm indicating p-terphenyl monomer were observed. Two new
peaks at 352 and 372 nm, due to low-dimensional crystals or aggre-
gates of p-terphenyl [52], appeared at higher p-terphenyl concentra-
tions. No change in interlayer spacing was observed by X-ray
diffraction analysis. The maximum monomeric p-terphenyl content
in the interlayer spacing was between 0.10 and 0.13, somewhat higher
than those observed for the other two dyes.

FIGURE 9 Emission spectra of p-terphenyl in (C16)1.65VXG with p-terphenyl
ratios of (A) 0.08, (B) 0.10, (C) 0.13.
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Figure 10 shows the maximum monomeric dye content in C16-VXG
samples as a function of C16 content in VXG. In general, maximum
dye content increased with C16 content of VXG. As the number of
C16 molecules in the VXG layer increased, it is reasonable to assume
that the size of the adsorption site for the dye molecules decreases.
Therefore, an increase in maximum monomeric dye content in the
intercalation compounds is counterintuitive. One possible explanation
is that the additional C16 molecules prevent aggregation of R6G due to
the ‘‘spacer’’ effect, although at lower C16 contents, the size of most
adsorption sites for a single dye molecule were too large to allow
dispersion in a monomeric state. The abrupt decrease of maximum
monomeric dye content observed only for (C16)1.8VXG with bulky
R6G molecules could be due to a decrease in the number of sites
between C16 molecules suitable for R6G because of C16 occupation.
The maximum monomeric content increased for the smaller pyrene
and p-terphenyl molecules because the spacer effect was operational
for these molecules.

The maximum content of the long and narrow p-terphenyl was
greater than those for the other dyes. Several factors can determine
how many dye molecules can be introduced as monomers, including
size of the adsorption site and strength of dye–dye and dye–alkyl-
amine attractive interactions. As discussed previously, the size of
the adsorption site is larger than the molecular size of the dyes; thus,
the size effect does not explain why the maximum monomeric p-ter-
phenyl content was larger than that of the others. In contrast, the
interaction between the dye molecules and alkylamines in VXG is

FIGURE 10 Maximum dye content in (C16)xVXG as a function of C16 con-
tent. .: rhodamine 6G, &: pyrene, and ~: p-terphenyl.
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hydrophobic and depends on the contact area of the dye molecules
with alkylamine. The difference in the strength of the attractive
interactions between dye–dye and dye–amine is small for long and
narrow p-terphenyl molecules because of the greater contact area of
the dye with the amine when compared with that for pyrene or R6G.
Therefore, p-terphenyl molecules were more easily dispersed between
amines than pyrene and R6G. It is very interesting that the dispersion
behavior of dye molecules changed significantly with the alkylamine
content in VXG and the sizes of them.

3.4. Confinement of N,N-Diethylaminoazobenzene
in C16/VXGs

Figure 11 shows UV-vis spectra of N, N-diethylaminoazobenzene-
intercalated (C16)1.9VXG with various N, N-diethylaminoazobenzene
content. A broad peak, consisting of two peaks at 430 nm and
466 nm, occurred in spectra of samples with low dye content. The
interlayer spacing for these samples calculated from X-ray diffraction
data was similar to that for (C16)1.9VXG without dye molecules, sug-
gesting that the dye molecules were introduced into empty space
between C16 molecules. As dye content increased (dye=V ratio>0.13),
the peak at 466 nm became dominant and shifted to higher wave-
lengths, indicating aggregation of dye molecules.

Figure 12 shows UV-vis spectra of N, N-diethylaminoazobenzene-
intercalated (C16)1.9VXG with a dye=V ratio of 0.1, together with those

FIGURE 11 Absorption spectra of N,N-diethylaminoazobenzene intercalated
into C16-VXG with various dye vanadium ratios.
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in poly(ethylene oxide) (PEO), dimethylformamide (DMF), and cyclo-
hexane (as examples of polymeric, polar, and nonpolar solvents,
respectively). Three peaks were observed at 430, 405, and 391 nm,
due to 0!0; 0!1; and 0!2p1 � p�1 transitions, respectively [53].
Similar spectra were observed for PEO and DMF, in which the relative
intensity of the peak due to the 0!2 transition diminished, whereas
that of 0!0 became larger. Simultaneously, peak positions shifted
to higher wavelengths. In contrast, the 0!2 transition scarcely
occurred for the C16-VXG sample [as shown in Fig. 12, D] and absorp-
tion peaks occurred at considerably higher wavelengths. The 0!0
transition is due to a vibronic transition from the ground state to
the planar excited state; the 0!1 transition represents the N ¼ N
stretching vibronic transition between the ground state and a planar
vibrational excited state and the 0! 2 transition is attributed to the
torsional vibronic transition around C6H5�N(¼) bonds in the excited
state. In polar solvents such as DMF, the torsional motion of the ben-
zene ring is highly restricted because the dye molecules are confined in
a solvent cage. The greater intensity of the 0!0 transition in C16-
VXG samples than in polar DMF or PEO suggests that the N,N-
diethylaminoazobenzene molecules in C16-VXG samples are highly
confined. The trans-to-cis photoisomerization of azobenzene molecules
has been reported in organophilic tetrasilicic mica [54,55]. However, in
the intercalation compounds presented here, photoisomerization did
not occur. This lack of azobenzene photoresponse is due to confined

FIGURE 12 Absorption spectra of N, N-diethylaminoazobenzene in various
media: (A) cyclohexane, (B) dimethylformamide, (C) poly(ethylene oxide) (2
wt%), (C16)1.9VXG (dye=V ratio of 0.13).

Dispersion of Organic Dyes in Thin Films 155

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

11
 2

2 
A

ug
us

t 2
01

2 



nature of the molecules. The spectra of N, N-diethylaminoazobenzene
molecules in C16-VXG with various C16=VXG ratios are comparable,
indicating that the N,N-diethylaminoazobenzene molecules are simi-
larly confined, although the density of C16 molecules was higher for
samples with higher C16 content because the interlayer spacing of
these samples did not differ. The number of C16 molecules surround-
ing the rod-shaped N,N-diethylaminoazobenzene molecules did not
increase with C16 content, thereby confining the N, N-diethylaminoa-
zobenzene molecules.

The photophysical properties of dye molecules introduced into C16-
VXG samples shown in sections 3.3 and 3.4 indicate that the size of the
space available between C16 molecules in C16=VXG can be controlled
by adjusting the C16 content and that the introduced molecules are
highly confined as in polar solvents.

4. CONCLUSIONS

The reaction between n-hexadecylamine and vanadium xerogel in the
presence of a small amount of hexane provides new vanadium xerogels
intercalated by n-hexadecylamines. X-ray diffraction, FT-IR, TG, and
UV-vis data indicate that saturated intercalation compounds without
bulk hexadecylamine have a formula of (C16)2.2V2O5�0.6H2O. The
intercalation of n-hexadecylamine into VXG occurred in two steps:
substitution of weakly bonded water molecules by C16 molecules,
accompanied by the coordination of C16 molecules to V¼O, and
introduction of n-hexadecylamine between existing C16 molecules
via hydrophobic interactions. Addition of more C16 molecules resulted
in the deposition of C16 crystals on the surface of C16-VXG. C16 alkyl
chains possess an all-trans configuration and are located in the VXG
gallery as interdigitated monolayers when C16 content was high.
Maximum monomeric dye content in C16-VXG could be controlled
by adjusting the C16 content in VXG, due to the spacer effect of C16
molecules and large numbers of dye molecules dispersed as monomers
in the gallery of VXG. The maximum monomeric content of long and
narrow p-terphenyl was larger than those of pyrene and R6G.
The I1=I3 ratio of pyrene in the intercalation compounds indicated
that the interlayer spacing was highly hydrophobic. The absorption
peak ratios due to 0!0 and 0!1 transitions of N, N-diethlamino-
azobenzene molecules intercalated into C16-VXG samples were
larger than those in dimethylformamide, indicating that N,N-diethl-
aminoazobenzene molecules are highly confined in the nanospace of
C16-VXG.
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