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Neutral ethylene glycol (EG) molecules have been intercalated into zinc hydroxide layers to produce a new hybrid
material in which only one kind of metal ion is included. Initially, layered basic zinc acetate (LBZA, Zn5(OH)8(CH3-
COO)2‚2H2O) was prepared from a methanolic zinc acetate dihydrate solution. The immersion of LBZA in EG
resulted in its intercalation, which was accompanied by an interlayer expansion of 7.12 Å, as revealed by X-ray
diffractometry. A Fourier transform infrared spectroscopic study indicated that the new compound contained both
the acetate groups and the EG molecules. Together with thermogravimetry-differential thermal analysis, a composition
of the new compound was estimated to be Zn5(OH)8(CH3COO)2(HOC2H4OH)2‚2H2O. The EG intercalation was
found to increase the dehydration temperature of the zinc hydroxide layers from 130 to 180 °C. So the thermally
stable material is then promising as a new class of precursors in creating organic−inorganic nanocomposites.

Introduction

A family of compounds known as “layered double
hydroxides” (LDHs) consists of positively charged metal
hydroxide layers with anions and water molecules existing
between them.1 LDHs have a general formula of
[M2+

1-zM′3+
z(OH)2][A m-]z/m‚nH2O where M2+ and M′3+

represent different kinds of divalent and trivalent metal ions
in the octahedral sites of hydroxide layers and Am- represents
interlayered anions. Many works, so far, have reported to
employ these compounds as materials for anion-exchange,2

intercalation,3,4 delamination,5 catalysis,6 and a two-dimen-
sionally confined reaction space caused by the lamella

structure.4,7 LDHs are also promising for fabricating organic-
inorganic nanocomposite materials through the intercalation
of organic compounds or delamination in organic polymers.1

Inorganic components of nanocomposites should have
certain kinds of useful electronic or optical functions such
as electrical conduction, magnetization, and luminescence.
In this sense, binary 3d transition metal compounds such as
ZnO, CuO, NiO, Co3O4, and Fe3O4 are of fundamental
significance in designing and tailoring functional nanocom-
posites. However, because LDHs basically contain at least
two different metal ions, they cannot be used in fabricating
desirable nanocomposites of this kind.

Recently, we have succeeded in synthesizing “layered
single-metal hydroxides” (LSHs) and controlling their crystal
growth in chemical solutions.8 The LSHs have a general
formula of M(OH)x(CH3COO)y‚nH2O (M ) Co, Ni, or Zn);
they are also called layered basic metal acetates.9 In this
report, we have paid particular attention to layered basic zinc
acetate (LBZA, Zn5(OH)8(CH3COO)2‚2H2O) because its
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decomposed form, ZnO, is an-type wide-gap semiconductor.
The structure of a zinc hydroxide layer in LBZA is a
disordered lattice consisting of a main layer containing Zn2+

ions in octahedral coordination and disordered intermediate
layers of tetrahedrally coordinated Zn2+ (Figure 1). As a
result, the thickness and interspacing of the hydroxide layers
of LBZA are larger than those of LDHs, thereby providing
great potential for intercalating other organic compounds.
This interesting structure can also be found in layered mixed
metal hydroxyacetates containing Zn2+ in the tetrahedral sites
and Ni2+ in the octahedral holes.10

We describe herein the successful intercalation of ethylene
glycol (EG) molecules between the zinc hydroxide layers in
LBZA. The parent LBZA was prepared as a mosaic-
structured film on a glass substrate by chemical bath
deposition (CBD) in a simple methanol solution of zinc
acetate dihydrate, as reported previously.8 The LBZA films
were simply immersed in EG at room temperature. Experi-
mental results then provided the first example of the inclusion
of neutral EG molecules into the layered single-metal
hydroxide.

Experimental Section
Synthetic Procedures.A solution of LBZA for the CBD process

was prepared by dissolving zinc acetate dihydrate (Zn(CH3COO)2‚
2H2O, 99.9% metal purity) in anhydrous methanol by ultrasoni-
cating for 15 min. The concentration of zinc was fixed to 0.3 mol/
dm3. Quartz glass slides of 1 mm in thickness were used as
substrates for the deposition. The substrate was cleaned by
sonicating in a dilute NaOH aqueous solution and then in high-
purity acetone for 10 min each prior to use.

In the CBD procedure, the substrate was placed in bottles
slantwise, which were filled with the solution and sealed up. The
bottles were then kept still at 60°C in a drying oven for 24 h. The
LBZA films could be grown on both surfaces of the substrate and
even on the bottle wall. The film on the substrate surface facing
the bottom of the bottle grew only through the heterogeneous
nucleation.8 On the other hand, the film grown on the opposite
surface was composed not only of precipitates that were formed
on the substrate but also of fallen particles originating from the
homogeneous nucleation in the bulk of the solution.11 As a result,
the latter film was thicker and denser than the former. In any case,
the films covered the substrate surface uniformly. We used the latter
film in the present work to examine the EG intercalation described
hereafter.

After deposition, the resultant LBZA films were rinsed with
ethanol and dried at room temperature. The LBZA films were then

put into bottles filled with EG and kept for 24 or 48 h at room
temperature. Excessive EG was rinsed out of the films using ethanol
after completion of the intercalation procedure.

Characterization. The crystal structure of the films was identi-
fied by X-ray diffraction (XRD) analysis with a Rigaku RAD-C
diffractometer using Cu KR radiation. To examine the layered
structure of the films correctly, theθ-2θ scan was started from a
low diffraction angle of 2θ ) 2°, using silicon powder, which was
sprinkled on the films, as an internal standard in the measurement.
It should be noted that theθ-2θ scan of the films detects only
crystallographic planes of crystallites parallel to the glass substrate
surface. The organic species present in the films were examined
by Fourier transform infrared (FTIR) spectroscopy with a BIO-
RAD FTS-165 spectrometer using the KBr method. The thermal
behavior of the films with and without EG intercalation was
examined by thermogravimetry-differential thermal analysis (TG-
DTA) with a Mac Science 2020S analyzer using a heating rate of
5 °C/min in flowing air. For the FTIR and the TG-DTA measure-
ments, the films were removed from the substrate by scratching
and were treated as powdery samples.

Results
XRD. The crystal structure of LBZA has been reported

to be similar to that of layered basic zinc nitrate (Zn5(OH)8-
(NO3)2‚2H2O) and can be indexed in the hexagonal system
according to XRD data.12 Figure 2 shows XRD patterns of
the parent LBZA film and the films immersed in EG for 24
(denoted as LBZA-EG24) and 48 h (LBZA-EG48). All
the patterns are typical of the layered structure with strong
peaks appearing in the lower 2θ range. The LBZA film
exhibits three diffraction peaks at 2θ ) 6.01° (d ) 14.72
Å), 11.99° (7.37 Å), and 18.14° (4.87 Å), indexed as (001),
(002), and (003), respectively.8 A peak at 2θ ) 33.06° is
attributed to (100). In the LBZA-EG24 film, additional
peaks appear at 2θ ) 4.34° (20.34 Å) and 8.80° (10.04 Å),
indicative of the evolution of a new layered structure.
Furthermore, the LBZA (001), (002), and (003) peaks
increase in intensity and shift to a higher 2θ of 6.68° (13.22
Å), 13.43° (6.59 Å), and 20.29° (4.37 Å). In our previous
report, we noted that the composition ratio of zinc, the
hydroxyl group, the acetate group, and water could deviate
from the stoichiometric value in accordance with the prep-
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Figure 1. Structure of the zinc hydroxide layer present in LBZA.

Figure 2. XRD patterns of (a) the as-deposited LBZA, (b) the LBZA-
EG24, and (c) the LBZA-EG48 film. A peak labeled (*) represents silicon
(111) added as an internal standard in the measurement.
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ed as the content of water or the acetate group was reduced.
Therefore, a comparison of the (001) distance of the LBZA
phase between the parent LBZA and the LBZA-EG24 film
suggests the following. The parent LBZA film is composed
of LBZA phases with slightly different compositions in terms
of the intercalated species. After immersion in EG, the
stoichiometry of the LBZA phases is considerably enhanced,
thereby providing the increased (001) diffraction peak. We
have confirmed the reproducibility of this result in repetitive
experiments. The (001) distance of 13.22 Å observed for
the LBZA phase in the LBZA-EG24 film is close to that
of the stoichiometric LBZA prepared by a rapid titration
method.13 A coherent shift of the peaks without peak broad-
ening as a whole implies that the immersion of the LBZA
film in EG promotes deintercalation of water molecules,
taking account of the neutrality of the composition. This
deintercalation seems to precede the intercalation of EG.

When the immersion time was increased to 48 h, the (00l)
peaks from the original LBZA could no longer be observed,
thereby indicating the completed intercalation of the EG
molecules. Instead, a new series of (00l) peaks are observed
at 2θ ) 4.34° (d ) 20.34 Å), 8.80° (10.04 Å), and 13.01°
(6.79 Å). It should be noted that the peak position for the
LBZA (100) diffraction remains unchanged after EG inter-
calation. As a result, a new layered compound, which has
the same structure of the zinc hydroxide layer as LBZA and
extended interlayer spacing of 20.34 Å, was successfully
obtained.

A difference in the interlayer spacing between the LBZA
phase (d ) 13.22 Å) in the LBZA-EG24 film and the EG-
intercalated film (d ) 20.34 Å) corresponds approximately
to the thickness of the intercalated EG layers. The observed
thickness (7.12 Å) is comparable with that of “zigzag” double
EG molecule layers intercalated in the clay mineral of
vermiculite (6.8 Å).14 The slightly larger thickness of the
present sample may be the result of additional species present
in the interlayer, as discussed later.

FTIR. The presence of the EG molecules in the new
compound was further examined by FTIR spectroscopy.
Figure 3 compares the IR spectra of EG, the LBZA film,
and the LBZA-EG48 film. At a higher wavenumber range,
between 3700 and 3100 cm-1, a broad absorption band is
observed resulting from the stretching vibration modes of
the hydroxyl group (-O-H) for all the samples. Vibrations
of EG further result in intense absorptions at 2946 (C-H
antisymmetric stretching) and 2879 cm-1 (C-H symmetric
stretching). At a lower wavenumber range, EG displays
absorption bands centered at 1085 and 1064 cm-1 (C-O
stretching and C-O-H bending) and 882 and 864 cm-1

(CH2 rocking vibration). The spectrum of LBZA has absorp-
tion bands from the-COO- group (1555 and 1440 cm-1)
and the-CH3 group (1410, 1327, 1054, and 1015 cm-1),
thereby indicating the presence of the acetate (CH3COO-).

On the basis of these assignments, the spectrum of the
LBZA-EG48 film can be interpreted as follows. The intense

absorption centered at 1555 and 1440 cm-1 indicates that
the acetate remains definitely in the film. The bands around
1100-1000 cm-1 consist of contributions of both the-CH3

group of the acetate (1054 and 1015 cm-1) and the C-O/
C-O-H groups of EG (1085 and 1064 cm-1). The CH2

rocking vibration of EG provides a better understanding of
the spectrum. It was reported that the bands caused by the
CH2 rocking vibration shift to higher wavenumbers when
EG is intercalated between inorganic layers. Actually, the
original bands at 882 and 864 cm-1 were displaced to 900
and 868 cm-1 in boehmite and 919, 911, and 903 cm-1 in
the Zn-Al-CO3 LDH compound.15,16This might be caused
by the increase in bond order between two carbon atoms in
the intercalated EG. In our LBZA-EG48 compound, the
bands are shifted to a higher wavenumber of 890 cm-1 with
a single broad absorption. Such an effect was reported for
the EG-substituted lepidocrocite (FeO(OCH2CH2O)0.5) where
the original two bands are overlapped as a result of the band
shift.17 Together with the XRD result, these data result in
the conclusion that EG was successfully intercalated between
the zinc hydroxide layers.

It is known that EG can be absorbed in the clay layers in
exchange for preexisting water molecules.18 In smectites
solvated with EG, a basal spacing is expanded to ap-
proximately 17 Å, suggesting that a homogeneous EG bilayer
is formed between the smectite layers.14,19 LDHs are also
reported to be swelled by refluxing with EG. In this case,
EG is bound to the host layers through the covalent
bonding.15,16,20However, the intercalation of EG into LSHs
has never been reported so far.

TG-DTA. The thermal decomposition behavior of the
LBZA and the LBZA-EG48 film was examined by the TG-
DTA analysis performed in air. As shown in Figure 4, a
gradual weight loss is observed at temperatures up to 130
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Figure 3. FT-IR spectra of (a) EG, (b) the as-deposited LBZA, and (c)
the LBZA-EG48 film. Spectra of the LBZA-EG48 films heat-treated at
(d) 100 and (e) 180°C for 0.5 h are also shown.
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°C for the LBZA film. This is attributed to the release of
water intercalated into or adsorbed onto LBZA. An endo-
thermic peak and a first-step large weight loss around 130
°C are the result of a dehydration decomposition reaction.
It is known that zinc hydroxide undergoes a decomposition
reaction to form ZnO in the temperature range 70-140°C.21

This is also the case with LBZA, according to our previous
study on the LBZA/ZnO transformation.8 In that study, we
measured the enthalpy change,∆H, to be+4.0 kJ/mol for
the LBZA/ZnO transformation reaction. The endothermic
nature of the reaction did not lead to the release of the acetate
groups. Actually, higher temperatures were necessary to
detach the acetate groups, as observed with a second-step
weight loss at temperatures elevated to 230°C. The absence
of an exothermic peak is explained by the slow decomposi-
tion of the acetate groups or the direct departure of the acetate
moiety.12 From the TG curve, the approximate composition
of LBZA was calculated as Zn5(OH)8(CH3COO)2‚2H2O. As
for the LBZA-EG48 film, the gradient of the TG curve in
the low-temperature region is relatively steep, as compared
to that for the LBZA, indicative of the presence of a larger
amount of adsorbed water. An endothermic peak is then
observed at a higher temperature of 180°C with an abrupt
weight loss. This indicates the simultaneous occurrence of
dehydration and the departure of the acetate groups and EG.
A plateau of the TG curve at temperatures higher than 180
°C is the final step of the transformation into zinc oxide by
releasing EG. FTIR spectra of the LBZA-EG48 film heat
treated at 100 or 180°C for 0.5 h (Figure 3d and e) also
shows evidence of the release of EG with or without the
absorption at 1085 and 1064 cm-1 (C-O stretching and
C-O-H bending).

Discussion

Our results strongly suggest that the final layered product
(LBZA-EG48) has a structure where neutral EG is inter-
calated without replacing the other negatively charged
components (CH3COO- and OH-) of the parent LBZA. This
is different from other structures often found in the EG-
substituted layered compounds. For example, EG is co-
valently bonded to the metal hydroxide layers in boehmite,
brucite, and LDHs.15,16,20Because a certain amount of heat
is usually necessary to form a covalent bonding, the works

previously reported were carried out by heating the com-
pounds during the intercalation process. In contrast, the EG
intercalation was achieved at room temperature in our
method. Another important fact is that grafting of the
inorganic layers with EG gives relatively small interlayer
expansions, for example, 5.5 Å for boehmite and 3.52 Å for
brucite.20 In the present case, however, the observed expan-
sion by the EG intercalation is as large as 7.12 Å. The
“zigzag” double EG molecule layers intercalated in ver-
miculite (6.8 Å)14 are then conceivable structural units in
our new layered compound, taking account of the presence
of additional water layers.

As for the intercalation process at room temperature, the
immersion of the parent LBZA film in EG once promotes
deintercalation of water molecules, which precedes the
intercalation of EG. If the acetate ions were deintercalated
before the EG intercalation, the layered structure would be
destroyed in the absence of the alternative negative OH- in
EG. This assumption is supported by the fact that zinc oxide
is readily formed from zinc hydroxide in nonaqueous solvents
such as methanol having relatively high dielectric constants
(methanol: 32.6. EG: 37).22

We have suggested, from the TG curve, that the LBZA-
EG48 film contains the larger amount of adsorbed water.
The weight loss from this excess amount of adsorbed water
is estimated to be approximately 6% from a comparison
between the parent LBZA and the LBZA-EG48 in the
temperature range to 130°C. A tentative composition of the
new EG-intercalated compound can then be derived as
Zn5(OH)8(CH3COO)2(HOC2H4OH)2‚2H2O, assuming that the
zinc hydroxide layers sustain their structure and taking into
account of the molecular weight of each component and the
weight loss (54%) observed in the thermal analysis. EG is
known to be a relatively stable organic compound with a
boiling point of 197.6°C and an ignition point of 398°C.
The intercalation of EG therefore stabilizes the zinc hydrox-
ide layers at temperatures up to 180°C, as observed in the
TG-DTA curve in Figure 4. The enhanced thermal stability
of the layered structure is expected to be beneficial in
fabricating functional nanocomposites including two-dimen-
sional nanosheets.

Conclusions

The new EG-intercalated material was successfully derived
from the layered basic zinc acetate. The XRD and FTIR
analysis suggested the presence of the “zigzag” double EG
molecule layers between the zinc hydroxide layers. The
composition of the new compound was estimated to be
Zn5(OH)8(CH3COO)2(HOC2H4OH)2‚2H2O according to the
TG data. The EG intercalation increased the dehydration
temperature of the zinc hydroxide layers from 130 to 180
°C. Such a thermally stable zinc hydroxide has not been
reported so far. Our compound is promising as a precursor
for new organic-inorganic nanocomposites.
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Figure 4. TG-DTA curves for the as-deposited LBZA and the LBZA-
EG48 film.
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