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The local structures of the two-dimensional organic/inorganic hybrid nanocomposites, Cu2(OH)3(n-CmH2m+1-
COO) (m) 0, 1, 7, 8, 9), have been investigated, together with Cu2(OH)3NO3, by means of Cu K-edge EXAFS
spectroscopy at 20 K. The axial and equatorial Cu-O bond lengths, three kinds of Cu-Cu distances, and their
Debye-Waller factors have been determined. The structural parameters for Cu2(OH)3NO3 agree with those
determined by the previous X-ray crystal analyses. The Cu2(OH)3(n-CmH2m+1COO) materials are found to maintain
the basic framework of the inorganic layer, but from a microscopic viewpoint, there is a characteristic difference
in the local structures between the shorter (m) 0, 1) and the longer (m) 7-9) alkyl chain materials. While the
local structures of them) 0 and 1 materials are very similar to that of Cu2(OH)3NO3, those ofm) 7-9 exhibit
a significant shortening of the axial Cu-O bond length by∼0.1 Å, in contrast to little change in the equatorial
length. Since the interlayer alkanecarboxylate is always in the axial position, the change is ascribed to the shorter
Cu-carboxylate bond length in the longer chain materials. The structural modifications in the other parts of the
layer can be understood as a cooperative motion originating from the change. It is quite unusual that such a large
structural modification of an inorganic layer takes place, depending on the intercalated organic molecules. The
intralayer structural modification observed in this study is sufficiently large enough to explain the reported drastic
change in the magnetic properties between the shorter and longer chain materials.

Introduction

Intercalation of organic molecules into inorganic layered
materials is a recent matter of concern.1 The interlayer space
may allow the organic molecule to show new chemical and/or
physical properties far from those in the bulk crystal. Modifica-
tion of the physical properties of the inorganic layer caused by
the intercalation and cooperative phenomena between the
organic and the inorganic substances are also interesting.
Basic copper hydroxides, Cu2(OH)3X (X ) NO3, carboxylate,

and so on), attract much interest as heterogeneous catalysts2

and as two-dimensional magnetic materials3 because of their
lamellar structure. As schematically shown in Figure 1, the
material exhibits a botallackite-type structure, in which two
crystallographically distinct copper atoms (Cui and Cuii) lie in
4Oi + 2Oiii and 4Oi + 1Oii + 1Oiii environments, respectively,

with a Jahn-Teller distortion.4 The dark gray sticks in Figure
1 show the prolonged axial Cu-O bonds, and the light gray
ones are the bonds in the equatorial planes. The counteranion
X is located in the interlayer and coordinates the copper ion. It
is known that the anion is exchangeable with various organic
anions, and various intercalation compounds can easily be
produced.5

In the previous article,6 we described that the magnetic
properties of the copper hydroxyalkanecarboxylate series, Cu2-
(OH)3(n-CmH2m+1COO) (m) 0, 1, 7, 8, 9), drastically depend
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Figure 1. Schematic view of the copper hydroxide layer in Cu2(OH)3X.
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on the alkyl chain length: the shorter chain materials (m) 0,
1) exhibit a metamagnetic behavior, which consists of a stronger
ferromagnetic interaction and a weaker antiferromagnetic
interaction, while the longer chain materials (m ) 7-9) are
weak ferromagnets ofTN ) 22 K with an intense antiferro-
magnetic interaction. The primary magnetic interaction changes
from ferromagnetic to antiferromagnetic with the extension of
the chain.
X-ray absorption spectroscopy is a useful tool for determining

the structure of a powder sample. Extended X-ray absorption
fine structure (EXAFS) is sensitive to the local environment
around the specific atoms that absorb X-rays. EXAFS analysis
gives information on the type and number of nearest-neighboring
atoms around the X-ray-absorbing atoms and the average
interatomic distances with an accuracy of(0.02 Å. In the
present study, we investigated the local structures of the Cu2-
(OH)3(n-CmH2m+1COO) (m) 0, 1, 7, 8, 9) series, together with
Cu2(OH)3NO3 as a standard, using Cu K-edge EXAFS. The
structural difference in the series is discussed, based on the
obtained effective coordination numbers, interatomic distances,
and Debye-Waller factors.

Experimental Section

The intercalation compounds Cu2(OH)3(n-CmH2m+1COO) (m ) 0,
1, 7, 8, 9) were prepared according to ref 6. The standard sample
Cu2(OH)3NO3was obtained by means of the ion-exchange method given
in ref 5.
EXAFS measurements were performed using the hard X-ray XAFS

station BL-10B of the Photon Factory in National Laboratory for High
Energy Physics (2.5 GeV, 350-250 mA).7 The samples were diluted
with boron nitride to make pellets with a diameter of 20 mm. Cu
K-edge spectra were taken using a Si (311) channel-cut monochromator
with the transmission mode at 20 K. The intensities of the incident
and transmitted X-rays were measured with ionization chambers filled
with N2 and Ar, respectively.

Data analyses for experimental spectra were performed by standard
procedures8 using the program EXAFSH by Yokoyama et al.9 The
EXAFS oscillation functionø(k) was at first extracted by the back-
ground subtraction in the pre- and postedge regions and subsequent
normalization using the atomic absorption coefficient. The edge energy
E0 was tentatively given as 8993.51 eV, which was the inflection point
of the standard Cu2(OH)3NO3 spectrum. The resulting EXAFS spectra
were k3-weighted in order to compensate for the attenuation of the
EXAFS amplitude at highk regions and then Fourier-transformed into
r space in the range of∆k ) 3.35-12.51 Å-1 for the NO3, m) 0 and
1 materials, 2.35-13.60 Å-1 for them) 7 and 8 materials, and 2.35-
12.20 Å-1 for them) 9 material. Thek3ø(k) functions and their Fourier
transforms are depicted in Figures 2 and 3.
The structural parameters were determined for the shells of interest.

The Fourier peaks were filtered multiplying by a Hanning window
function and were then inverse Fourier-transformed ink space again
in the range of∆R) 1.20-3.30 Å. A resultantø(k) was curve-fitted
by using the following standard formula,

whereDi andφi(k) are the averaged interatomic distance and the total
phase shift of theith shell ands0 is the intrinsic loss factor. The
amplitudeAi(k) in eq 1 can be expressed as

where Ni is the effective coordination number,σi
2 is the EXAFS

Debye-Waller factor, andFi(k) is the backscattering amplitude. The
Fi(k) andφi(k) have been theoretically calculated by a curved wave ab
initio EXAFS code FEFF6,10 assuming the model of binuclear copper
compound bridged by two oxygen atoms.
In the course of EXAFS fitting between the experimental and the

theoretical spectra,Ni and∆E0i were fixed as shown in Tables 1 and
2, ands0 was assumed to be 1. The distances of Cu-O(1), Cu-O(2),
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Figure 2. Cu K-edge EXAFS oscillation functionsk3ø(k) of Cu2(OH)3-
NO3 (a) and the Cu2(OH)3(n-CmH2m+1COO) series measured at 20 K:
m ) 0 (b);m ) 1 (c);m ) 7 (d);m ) 8 (e);m ) 9 (f).

Figure 3. Fourier transforms ofk3ø(k) of Cu2(OH)3NO3 (a) and the
Cu2(OH)3(n-CmH2m+1COO) series:m) 0 (b);m) 1 (c);m) 7 (d);
m ) 8 (e);m ) 9 (f).

øtheor(k) ) s0ΣAi(k) sin[2kDi + φi(k)] (1)

Ai(k) ) (Ni/kDi
2)Fi(k) exp(-2k

2σi
2) (2)
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Cu-Cu(1), Cu-Cu(2), and Cu-Cu(3) pairs (see Figure 4) and the
corresponding Debye-Waller factors were optimized.

Results and Discussion

Standard Sample. The EXAFS oscillation function and the
corresponding Fourier transform of the standard sample Cu2(OH)3-
NO3 are shown in Figures 2a and 3a, respectively. One can
see the distribution of the interatomic distances in the direct
space in the latter figure. The two principal peaks at∼2 and 3
Å in the Fourier transforms are assigned to the Cu-O and Cu-
Cu contributions, respectively. The intense peak at∼6 Å is
assignable to the next Cu-Cu shell in the copper-hydroxide
layers which is intensified by the linear Cu-Cu-Cu arrange-
ment.11 Table 1 shows the effective coordination numbers, the
interatomic distances, and the EXAFS Debye-Waller factors
obtained in the analyses. The distances Cu-O(1) and Cu-
O(2) are equatorial and axial bond lengths, respectively. The
distance Cu-Cu(1) is between two identical Cu ions, namely,
between Cui-Cui or between Cuii-Cuii, and Cu-Cu(2) and
Cu-Cu(3) are the two different Cui-Cuii distances. The table
also includes the results of the X-ray structure analyses on the
single crystal.12 There are eight and four crystallographically
independent distances, respectively, for the equatorial and axial
Cu-O bond lengths in the single crystal. However, the
difference among the equatorial lengths or between the axial
lengths seems to be out of the precision of usual EXAFS
analyses, and we adopted two different distances as the fitting
parameters for the equatorial and axial bond lengths, ignoring
the site-dependent difference. As shown in Table 1, the obtained
Cu-O distances are 1.98 Å withσ2 ) 0.0094 Å2 for the
equatorial bond length and 2.38 Å withσ2 ) 0.0230 Å2 for the
axial one, both of which agree with the corresponding single-
crystal data within experimental errors. Concerning the three
Cu-Cu distances, quite reasonable agreements are also obtained.
The EXAFS analyses in this work were thus justified by the
comparison with the single-crystal data on the standard sample.
Cu2(OH)3(n-CmH2m+1COO) Series. Panels b-f of Figure

3 show the EXAFS oscillation functions of the Cu2(OH)3(n-
CmH2m+1COO) (m) 0, 1, 7, 8, 9) series, respectively. Panels
b-f of Figure 4 give the corresponding Fourier transforms. The
spectra clearly indicate that the local environments of the copper
atom in the shorter alkyl chain materials (m) 0, 1) are similar
to that in the standard but are quite different from those in the
longer chain materials (m ) 7-9). The most characteristic
difference of the longer chain materials is the absence of the
∼6 Å peak in the Fourier transforms. Since moire´ image
interference was obsreved in the TEM photographs of the longer

chain materials,13 the absence is not caused by disorder effects
in the [Cu2(OH)3]+ layer upon intercalation of the longer
alkanecarboxylates. It would be due to a zigzag array of the
Cu atoms.
The EXAFS data were treated by the same method as the

standard. We also tried to analyze the data with fewer
parameters, two Cu-O and single Cu-Cu distances and their
Debye-Waller factors, but we could not optimize the fitting
parameters for all the samples. The obtained structural param-
eters are summarized in Table 2. The values of the Cu2(OH)3-
(n-CmH2m+1COO) series entirely resemble those of Cu2(OH)3-
NO3, indicating that the framework of the two-dimensional
structure shown in Figure 1 is maintained in the series.
Particularly, the coordination environments of the shorter chain
compounds are very similar to that of Cu2(OH)3NO3. However,
the longer chain materials show a characteristic modification.
The most significant change around the Cu ion is the shortening
of the axial Cu-O bond length, namely, Cu-O(2), by∼0.1 Å,
in contrast to little change of the equatorial bond length, Cu-
O(1). Because the carboxylate occupies half of the axial
positions in the layer (see Figure 1), the closer Cu-O(2) distance
implies the shorter Cu-carboxylate bond length in them )
7-9 materials. In the previous study,6 the shorter and longer
chain materials are indicated to provide monolayer and bilayer
structures in the organic layer, respectively. The difference in
the intermolecular arrangement of the alkyl groups in the
interlayer could result in the orientational difference of the
carboxylate group with respect to the octahedra and in the
difference in the Cu-O(2) distance. Concerning the Cu-Cu
distances, Cu-Cu(1), and Cu-Cu(3) show clear shortening,
while Cu-Cu(2) becomes slightly longer. This change can be
explained by a reasonable increase in the angle between Cu-
Cu(1) and Cu-Cu(3), denoted asR in Figure 4, by∼8°. Two
neighboring Cui ions are connected by the oxygen of the
alkanecarboxylate. The Cu-Cu(1) distance, the average of the
Cui-Cui and Cuii-Cuii ones, should be shortened, associated
with the contraction of the axial Cu-O(2) bond length, although
the distance between Cuii-Cuii is not bridged by the oxygen.
The contraction of the Cu-Cu(3) distance can also be under-
stood because of the alkanecarboxylate bridge, similar to that
of Cu-Cu(1). On the other hand, Cu-Cu(2) does not include
the carboxylate bridge but only hydroxo one as shown in Figure
4.
These changes indicate that the axial bonds rotate toward the

2-D plane and the dihedral angle between the 2-D plane and
the equatorial plane becomes larger, because of the shortening
of the axial Cu-O(2) bond, which includes the carboxylate
bridge. This fact is consistent with the contractions of the Cu-
Cu(1) and Cu-Cu(3) interatomic distances which are bridged
by the alkanecarboxylate. The structural modification between
the shorter and longer chain materials can be understood simply
by the contraction of the two axial bonds, which is caused by
a stronger “chemical pressure” from the longer alkyl chain.
It is quite unusual that such a large structural modification

of inorganic layers is observed upon intercalation of organic
molecules. For instance, the structural modifications upon
intercalation of organic molecules have been studied by means
of EXAFS on Rb0.28NbSe2,14 MnPS3CoCp2+,15 FeOClD (D)
TTF, TTN, TTT, TMTSF),16 and FeOCl1-x(OR)x (R ) CH3 or
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Table 1. Comparison between the EXAFS and Single-Crystal
Analyses on Cu2(OH)3NO3

EXAFS data

N ∆E0/eV DEXAFS/Åb σ2/Å2 b
diffraction
dataaDDif/Å

Cu-O(1) 4 1 1.98 0.0094 1.929-2.018
Cu-N(2) 2 10 2.38 0.0230 2.309-2.480
Cu-Cu(1) 2 -8 3.02 0.0029 3.044, 3.045
Cu-Cu(2) 2 -8 3.15 0.0026 3.144, 3.146
Cu-Cu(3) 2 -8 3.25 0.0078 3.217, 3.236

R) 0.044c

aReference 9b.b Fitting accuracy is∼0.02 Å for the distance and
25% for the Debye-Waller factor.c The residual factorR is defined
as [∑(k3øexp(k) - k3øtheor(k))2/∑(k3øexp(k))2]1/2.
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C2H5),17 but the concluded changes in the interatomic distances
are less than∼0.05 Å.
Magnetostructural Correlation. The magnetostructural

correlation in the double hydroxo-bridge Cu(II) dinuclei com-
plexes has been studied extensively. There is a linear relation
between the magnetic exchange coupling constantJ and the
Cu-O-Cu bridge angle∆: the ferromagnetic interaction ofJ
) 172 cm-1 at∆ ) 95.5° is weakened by increasing the angle
by 74 cm-1/deg and becomes to antiferromagnetic above∆ )
97.5°.18 The materials studied in this work involve similar local
structures: the neighboring Cuii ions are connected by two OH
bridges whose Cu-O-Cu angle is expressed by the angle∆
in Figure 4. The angle∆ in these materials can uniquely be
determined from the obtained distances in Tables 1 and 2 to be
∆ ) ∼100° for them) 0 and 1 materials and∆ ) ∼92° for
them ) 7-9 materials. By applying the relation between∆
andJ, the magnetic coupling between the Cuii ions would be
calculated to be-130 cm-1 for the shorter chain materials and
+462 cm-1 for the longer chain materials, although such a
straightforward application from the dinuclei system to the
polymeric system has not been confirmed to make sense. As
mentioned in the Introduction, the principal magnetic interaction

changes from ferromagnetic to antiferromagnetic with the
extension of the alkyl chain. The calculated change of the Cuii-
Cuii magnetic interaction is completely opposite to the observa-
tion. Since there is no clue to estimate the interactions between
Cui-Cui and Cui-Cuii at this stage, it is hard to evaluate the
application and, of course, to make a one-to-one relation between
magnetism and structure. However, it is easily speculated that
the concluded structural modification is large enough to explain
the turnaround of the magnetic interaction, taking account of
the empirical relation in the dinuclei system. In other words,
the present EXAFS study strongly suggests that the observed
magnetic change is not due to the change in the interlayer
interaction but due to the intralayer structural modification.

Summary

We have measured the Cu K-edge EXAFS spectra of
Cu2(OH)3NO3 and Cu2(OH)3(n-CmH2m+1COO) (m) 0, 1, 7, 8,
9) at 20 K. Comparison of the observed spectra clearly indicates
that the local structures in the Cu2(OH)3NO3 and the shorter
chain materials (m) 0, 1) are quite similar to each other, while
they are significantly different from those in the longer chain
materials (m ) 7-9). From the EXAFS analyses, the most
significant change in the longer chain materials is concluded to
be the contraction of the axial Cu-O bond. The change seems
to result from the “chemical force” from the longer alkanecar-
boxylate to the bond, which also causes the cooperative
structural modifications in the other parts. Such a large
structural modification in the Cu2(OH)3+ layer may induce the
drastic magnetic change found in the previous study.6 In the
Cu2(OH)3(n-CmH2m+1COO) system, the interlayer organic mol-
ecule would affect the intralayer structure and magnetic proper-
ties through the coordination. This is regarded as a new type
of organic/inorganic cooperation and may open the possibility
of controllable magnetic materials in future.
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Table 2. Local Structure Parameters of Cu2(OH)3(n-CmH2m+1COO) (m ) 0, 1, 7, 8, 9)

m) 0 m) 1 m) 7 m) 8 m) 9

N ∆E0/eV D/Åa σ2/Å2 a D/Å σ2/Å2 D/Å σ2/Å2 D/Å σ2/Å2 D/Å σ2/Å2

Cu-O(1) 4 1 1.98 0.0093 1.99 0.0097 1.97 0.0101 1.98 0.0115 1.98 0.0112
Cu-O(2) 2 10 2.43 0.0286 2.38 0.0282 2.28 0.0170 2.29 0.0131 2.29 0.0156
Cu-Cu(1) 2 -8 3.03 0.0018 3.03 0.0025 2.84 0.0117 2.84 0.0082 2.85 0.0098
Cu-Cu(2) 2 -8 3.16 0.0003 3.16 0.0005 3.28 0.0117 3.29 0.0143 3.28 0.0142
Cu-Cu(3) 2 -8 3.27 0.0060 3.26 0.0054 3.00 0.0079 3.01 0.0048 3.01 0.0059

R) 0.056b R) 0.036 R) 0.079 R) 0.082 R) 0.072

a Fitting accuracy is∼0.02 Å for the distance and 25% for the Debye-Waller factor.b R is defined as [∑(k3øexp(k) - k3øtheor(k))2/∑(k3øexp(k))2]1/2.

Figure 4. Local structural parameters of the Cu2(OH)3+ layer.
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