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Cu,(OH);(CH3COO)-H,O0 can be prepared by slow titration
of 0.1 M copper acetate solution with NaOH 0.1 M to
a OH™/Cu** ratio of 1 or by heating at 50 < T < 75°C copper
acetate solutions with concentrations in the range 0.01 M <
[Cu**]; < 0.18 M. This species has been characterized by ab
initio XRPD structure determination, magnetic susceptibility
measurements, and spectroscopic (XPS—-XAES, FTIR) and ther-
mal analyses. Crystals of Cu,(OH);(CH;COO)-H,O are mono-
clinic, P2,/m, a=5.6025(5), b=6.1120(6), c=18.747(3)A and
p=91.012(9)°, Z=4. Cu,(OH);(CH;COO)-H,O0 is a structural
analogue of the layered mineral botallackite; however, hydrogen
bonded water molecules, which can be easily and reversibly
removed by moderate heating, are intercalated between
Cllz (OH)@(CHgCOO) sheets. © 1997 Academic Press

INTRODUCTION

Cu,(OH);(CH3COO)-H,O has been recently syn-
thesized and characterized by a number of groups (1-3); on
the basis of very preliminary diffraction data, it was sug-
gested to possess a layer structure of the botallackite type,
with easily exchangeable acetate ions, leading to topotactic
and, in a few cases, reversible reactions (2, 3) if exposed to
NO;3, ClO;,Cl7,Br~,17, MnO, or SOZ~ solutions. Like
many other intractable polymeric complexes, Cu,(OH);
(CH5COO)-H,0, which can only be obtained as a micro-
crystalline material, lacks, so far, a reliable structural char-
acterization. Since we have recently studied the polymeric
forms of [Ru(CO),] (4), [M X,(pyridazine)] (M = Mn, Fe,
Co, Ni, Cu; X = Cl, Br) (5), [M X, (4,4-bipyridyl)] (M = Ni,
Cu; X =Cl, Br) (6), Cu and Ag pyrazolates (7), and
imidazolates (8), the crystal structures of which were suc-
cessfully solved, and later refined, from standard laboratory
X-ray powder diffraction data, we decided to tackle a com-
plete structure determination, from powder diffraction data

!To whom correspondence should be addressed.

only, of the Cu,(OH);(CH3;COO)-H,O phase, the relevant
results being reported in the following.

Our interest in Cu,(OH);(CH;COO)-H,O was moti-
vated by the preparative procedures of Cu—ZSM-5 catalysts
for which a great number of papers have been published in
recent years. These catalysts (differing in the Si/Al atomic
ratios and copper loadings) are of interest as substitutes of
the three-way catalysts based on noble metals (Pt, Rh, Pd)
for removing NO,, CO and HC from lean automobile
exhaust (9, 10). In general, Cu—ZSM-5 catalysts are prepared
by ion exchange of the zeolite with Cu?* solutions (nitrate,
sulphate, acetate, etc.). The best catalysts are the so-called
over-exchanged Cu—ZSM-5 catalysts for which the copper
loading is greater than the value permitted by the amount of
aluminum in the ZSM-5 framework (1 mol Cu?* exchanged
per 2mol AI**); they are normally prepared by adding
NaOH or NHj; (9) to warm (20-80°C) 0.01-0.1 M copper
acetate solutions. During such a preparation, the precipita-
tion of Cu,(OH);(CH;COO)-H,O should be avoided be-
cause it easily transforms into CuO, with substantial loss of
surface area and micropore volume of the catalysts (10, 11).
Therefore, we have undertaken studies on the precipitation
of Cu,(OH);(CH;COO)-H,O0, under the influence of pH,
total copper concentration, and temperature, and, in this
paper, we report on its full physicochemical characteriza-
tion by XRPD, XPS—XAES, magnetic susceptibility, FTIR,
and TG-DTA analyses, thus extending previous work by
Jiménez—Lopez et al. (1) and by Yamanaka et al. [2].

EXPERIMENTAL
Preparation

The new preparation procedure of Cu,(OH);
(CH3COO)- H,O0 involves heating between 50 and 75°C of
aqueous copper acetate solutions with concentrations in the
range 0.01-0.18 M. A few samples were also prepared at
room temperature using the standard procedure (1,2) by
slow titration of 0.1 M copper acetate solution with NaOH
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0.1 M to an OH~/Cu?* ratio of 1. The precipitate in both
cases was bluish-green. The copper content was determined
by atomic absorption (Varian SpectrAA-30). C and H
were determined by microanalysis by the staff of the
Microanalytical Laboratory of the University of Milan.
(Found: Cu =48.8%, C =9.50%, H = 2.95%. Cu,(OH);
(CH3;COO)-H,O requires Cu=49.8%, C=941,
H =3.14%.)

Physical Measurements

X-ray photoelectron and X-ray excited Auger spectra
(XPS-XAES) were obtained using MgKa radiation
(hv = 1253.6 ¢V) with a Leybold—Heraecus LHS-10 spectro-
meter operating at constant transmission energy (Eq =
50eV) (1eV ~ 1.602 x 10~ 1°J). The spectra were recorded
at room temperature and with the X-ray generator operated
at 12kV and 20 mA. The vacuum in the analysis chamber
was better than 10~ 8 mbar. Acquisition times of 3, 30, and
110 min were employed to check the possible decomposi-
tion of the basic copper acetate under X-ray illumination.
The surface compositions of samples were obtained on the
basis of the peak area intensities using the sensitivity factor
method (12). The Fermi level of the sample was determined
using the binding energy values of C(1s) of adventitious
carbon (and of the methyl group of the acetate) fixed at
284.8 eV.

Magnetic susceptibility measurements were carried out
on a Gouy balance in the range 90-300 K using a magnetic
field of 0.8 T. The instrument was first calibrated with
Co[Hg(SCN),]. The magnetic susceptibility was corrected
only for the diamagnetism of the quartz tube. From the 1/y,,
vs T plot, the values of the Weiss temperature, 0, and of the
Curie constant, C = y,, (T + 0), were obtained.

The thermogravimetric curves were recorded with a
Perkin—Elmer TGA7 instrument coupled with System 2000
FTIR spectrometer under nitrogen flux, at the heating rate
of 20°C/min. This configuration allows the IR analysis of
the gas which evolved during the thermal decomposition of
the sample.

The IR spectra were recorded at room temperature from
4000 to 600 cm ! on a Perkin-Elmer Paragon 1000 Spec-
trometer on nujol mulls (64 scans with a resolution of
2cm™ ). KBr pellets proved to react with the title com-
pound, possibly leading to substitution of the acetate
groups by bromide ions.

The thermal behavior of the basic copper acetate in air
was followed with a Stanton Redcroft STA 781 simulta-
neous TG-DTA apparatus (Pt crucibles, Pt—Pt—Rh thermo-
couples, heating rate 2-10°C/min). Typically, sample
weights of 10-15 mg were employed during the runs. DSC
measurements (Perkin—Elmer DSC 7 instrument, heating
rate 10°C/min) of Cu,(OH);(CH3;COO)-H,O showed an
endothermic peak at about 133°C (onset at about 106°C),

253

while TG-DTA showed a weight loss of about 7.2% and an
endothermic peak at ca. 125°C.

X-Ray Powder Diffractometry

The bluish-green powders were gently ground in an
agate mortar and then cautiously deposited in the hollow
of an aluminium sample holder, with the side loading
technique (13), which is known to minimize preferred
orientation effects in the plane normal to the scattering
vector.

Initially, the diffraction data (run 1) were collected in the
5-105° (20) range, in 6-260 mode and step scanning tech-
nique, with A20 = 0.02° and counting time =12s on a
Rigaku D/MAX III horizontal scan diffractometer (40 kV;
40 mA; CuKa radiation). X-ray optics included parallel
(Soller) slits and a curved graphite monochromator in the
diffracted beam. Slits used were divergence 1.0°, antiscatter
1.0°, and receiving 0.3°.

Standard peak search methods were used to locate the
diffraction maxima. TREOR (14) succeeded in finding a unit
cell with approximate lattice constants of a = 5.595, b =
6.109, ¢ = 18.697 A, p = 91.75°, M(20) = 18 (15), F(20) = 34
(0.013, 49) (16). A small peak at d = 15.67, of irreproducible
intensity but observed also by the authors of Ref. (1), went
unindexed and can be tentatively attributed to stacking
faults, nonstoichiometric water spacers (vide infra), or par-
tially carbonated layers (1). Systematic absences (0kO
k = 2n, and dubious hOl h = 2n conditions) indicated P2;/a
or P2,/m as probable space groups; “structure solution” was
possible in both cases, leading to the same basic structural
motif of hexagonal Cu,O,, layers (but different acetate
orientations). However, the dubious nature of the h0l h = 2n
condition, crystal packing considerations, and existent
stereochemical knowledge of such systems indicated P2;/m
as the true space group. ALLHKL (17) was used to extract
220 integrated intensities in the 5-65° (26) range; direct
methods (SIRPOW (18)) succeeded in locating three inde-
pendent copper atoms, two of which lie on mirror planes;
completion of the structural model was only possible by
a tedious series of refinements and difference Fourier maps
(using GSAS (19)).

Moreover, the diffraction peaks are fairly broad (FWHM
> 0.25° the nominal resolution for the present experimental
setup being 0.12° for the NIST standard LaBg) and some
possess asymmetric tails in the high-angle side, indicating
a probable faulted nature of the sample. In fact, as later
discussed, the layered structure of Cu,(OH);(CH;COO)-
H,O can afford stacking faults and polytypes (such as those
found in Mg(OH),, brucite, and brucite-related double-
layer structures, i.e., brucitites (20)), together with acetate
ligands disordered upon different lattice sites. Therefore, the
fuzzy nature of the “swinging” acetate groups can be inter-
preted on the basis of such a model; indeed, the perchlorate



254

and hydroxyl ions in Cu,(OH);,(ClO,), are reported to
be rather disordered (2,21), and difficulties in locating
the terminal oxygen atoms of the ordered nitrate in
Cu,(OH); (NO3) from XRPD data have also been encoun-
tered (22).

In order to remove the strong texture effects from our
data, we performed several measurements on differently
prepared samples, obtained by mixing the powders with
silicon grease, arabic gum, wheat flour, or a fast hardening
cyanoacrylate glue, later crushed into powders. All these
methods removed, at least in part, preferred orientation
effects but contained a high and partially structured back-
ground (fluorescence and/or amorphous halo of the matrix),
which resulted in artificially low profile agreement factors
(down to R, = 0.04 and R, = 0.06!).

A further measurement (run 2) was made on a sample
loaded in a spinning capillary glass tube and collected, in
the Debye—Scherrer mode, on a Stoe diffractometer, equip-
ped with CuKo radiation source and a linear position sensi-
tive detector (10° (20) wide) with step scans of 0.5° (20) in
about 12 h [2-85° (20) range]; this specific mounting and
the presence of a graphite monochromator in an incident
beam were found to limit preferred orientation and speci-
men fluorescence effects, respectively. The final refinement
was therefore completed on data set 2, by imposing chem-
ical restraints (i) on the acetate groups and (ii) on the

TABLE 1
Summary of Crystal Data and Structural Analysis for
Cu,(OH);(CH;COO)-H,0O

Formula C,HgCu,04
fw (gmol 1) 255.16
Crystal system Monoclinic
Space group P2,/m
a(A) 5.6025(5)
b (A) 6.1120(6)
¢ (A) 18.747(3)
B(°) 91.012(9)
v (A3 641.5(1)
Peate (gem ™) 2.642
Heale (Cm_ 1) 1523
F(000) 504
Nops 3850
Neent 1054
20 range (°) 8-85
Noar 51
Nres[rainls 29
R," 0.18
Ry 0.23
Rr 0.15
“R, = Z\}'i - yci|/z Vis Ry, = [Z wi(yi — ya)z/Z wiyi 1", Ry =
Y |F, — F.|/Y F,, where y; and y,; are the observed and calculated inten-

sities at the ith step, respectively, w; is a weighting factor (taken as
w; = 1/y;), and F, and F, are observed and calculated structure factors for
all the allowed reflections.
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TABLE 2
Fractional Atomic Coordinates for Cu,(OH);(CH;COO)-H,0
(e.s.d.’s in Parentheses)

Atom x/a y/b z/c
Cul 0.1635(27) 0.0065(25) 0.2473(6)
Cu2 0.6662(33) 0.25 0.2688(9)
Cu3 0.6609(38) —0.25 0.2328(9)
o1 0.2657(31) 0.25 0.3102(11)
02 0.2994(35) —0.25 0.2978(14)
03 —0.2132(23) —0.0355(14) 0.3029(9)
04 0.0076(31) 0.25 0.1950(12)
o5 0.0603(34) —0.25 0.1905(13)
06 0.5497(23) 0.0366(15) 0.1969(9)
C1 0.168(13) 0.25 0.3808(19)
C2¢ 0.117(8) 0.04459(12) 0.4159(13)
C3 — 0.040(10) — 025 0.1182(16)
C4¢ —0.098(9) —0.04459(12) 0.0829(16)
Owl 0.3032(107) 0.25 0.0509(27)
ow2 —0.4321(91) 0.25 0.4839(31)

“ Disordered methyl and oxo groups (see Experimental).

Cu-O distances of the CuOg octahedra (taken from Eby
and Hawthorne (23), i.e., 1.97 A for the short Cu-O distan-
ces and 2.40 A for the Jahn-Teller elongated Cu --- OH and
Cu --- OCOCHj; distances). In the final model, the acetate
residues possess 50:50 disordered methyl and oxo frag-
ments, related to each other by the mirror plane bisecting
the CH3;—C=0 angle. A summary of crystal data and final
fractional atomic coordinates are found in Tables 1 and 2,
respectively. Figure 1 contains the observed and calculated
powder patterns.

The structural complexity, together with the quality of
the powder patterns in our hands, which are definitely
affected by a rather poor crystallinity and unavoidable
texture, did not lead to a perfect match, the discrepancies
between the observed data and calculated ones could not be
fully eliminated. Therefore, in the following, we will rely
mostly on the heavy atom location and coordination topol-
ogy, rather than describing in detail the nature of the bond-
ing and the expected anisotropy (for Jahn—Teller distortion)
of the copper atoms environments. Despite the rather poor
agreement factors, when dealing with such complex, poorly
crystalline materials, more than ever, it is the visual inspec-
tion of the pattern matching and of the chemical soundness
of the presented model which guarantee the correctness of
the results.

RESULTS AND DISCUSSION

Preparation

In Fig. 2 we present the information useful to prepare
Cu,(OH);(CH;COO)-H,0 by heating copper acetate solu-
tions. It is there shown that the formation of Cu,(OH);
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(CH3;COO)-H,O occurs in the temperature range
50<T <75°C and in the concentration range
0.01 M < [Cu?*]; <0.18 M (with pH values always lying
in the 5 < pH < 6 range). For concentrations below 0.01 M
no precipitation occurs. At T = 80°C we note the formation
of a dark-brown precipitate, probably CuO, due to the

Precipitation of Cu2(OH)3AcO.H20

from Cu(AcO)2 solutions (5 <pH <6)

— u}
_ 0.35f
g [cu?*l; > 0.18 M
—_ ' [no precipitation up
- 0 T = 90 °C
~ 0.25F 0
3
3
o L
— n
0.15} [cu? ¥l <001 M
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o L] n T = 80 °C it occurs the
formation of a dark-brown
0.05F - precipitate  (Cu0Q)
L B mm A . .
45 55 65 75 85 95
T/ °C

FIG. 2. Conditions of concentration and temperature for the precipita-
tion of Cu,(OH);(CH;COO)-H,O from copper acetate solutions (solid

symbols: precipitate; open symbols: clear solution).

8.0
X10E 1

Plot of the final Rietveld refinement for Cu,(OH);(CH3;COO)-H,O0, in the 8 < 20 < 85° range. Peak markers and difference plot are at the

decomposition of amorphous Cu(OH),. This is in agree-
ment with the results of Candal et al. (24). These authors
reported the formation of CuO by decomposing at 70-80°C
amorphous Cu(OH), from dilute copper solutions
([Cu?*]7 < 0.01 M) at pH ~ 6.

Figure 3 shows the pH of a copper acetate solution,
initially 0.36 M, at 70°C as a function of the water added to
the solution. We see that for concentrations lower than
0.18 M the precipitation of Cu,(OH);(CH;COO)-H,O oc-
curs with pH between 5.6 and 5.8.

9 -
pH Cu(AcO)2 0.36 M+ H20
s | T=70°C
7 _
6 -
:;tm:ﬂﬂ{"'-_—
5 I precipitation of
2 4+
Cuz(OH)sAcO.HZOfor [Cu ]T <018 M
4 1 1 1 L J
0 0.2 0.4 0.6 0.8 1

mol H,0/ mol cu?*

FIG. 3. Dilution of a copper acetate solution 0.36 M with water at 70°C.
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The method normally employed in the preparation of
Cu,(OH);(CH;COO)-H,O0 requires the addition of NaOH
at room temperature up to a OH ™ /Cu?” ratio of 1 (1,2).
With copper acetate solutions 0.02 and 0.10 M the pH of the
solution in equilibrium with the solid, at OH ™ /Cu?* = 1, is
about 5.8, in agreement with our observation that copper
acetate solutions 0.01-0.18 M, heated in the range 50 <
T <75°C, lead to the formation of Cu,(OH);
(CH53COO)-H,0 with a pH always lying between 5 and 6.

Crystal Chemistry

The Cu(Il) hydroxo-salt Cu,(OH);(CH;COO)-H,0 is
structurally related to the mineral botallackite Cu,(OH);Cl
(25) and its congeners, such as Cu,(OH);Br (26), Cu,(OH);I
(27), and Cu,(OH)3(NO3) (22, 28); these known species, how-
ever, do not contain water molecules hosted in the crystal
lattice. The structural relation among these phases, is read-
ily evidenced by the synoptic collection of Table 3, where
lattice constants and space group symmetries are compared.

All compounds listed in Table 3 are based on Cu,(OH); X
layers, each containing hexagonally packed copper atoms
bridges in a regular fashion by p3;-OH or uz;-X anions,
stacked along the ¢ axis. The similarity of lattice constants
in the ab plane reveals the absence of “crystallochemical
shifts” induced by the different nature of the anions. How-
ever, the different sizes of the X ™ ligands are clearly reflected
by the continuous increase of the ¢ axis on passing from
chloride to bromide, iodide, and nitrate. On the basis of
rough volume estimates for the acetate group, a ¢ value for
a crystal isomorphous to the corresponding halides could be
guessed to lie in the 7.2-7.5 A range; the measured value of
18.67 (i.e., 2 x9.33) A, therefore, must be a manifestation of
(i) a new structural pattern based on the stacking of a couple
of layers and (ii) the presence of water molecules hosted in
the crystal lattice (see Experimental). Consistently, when
Cu,(OH);(CH;COO)-H,O0 is heated for a few minutes at
140°C, water is lost and the new crystalline phase
[Cu,(OH);(CH3COO)] is generated. The XRPD pattern of
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the latter, collected under nitrogen atmosphere, shows in-
tense peaks at 20 12.23 and 24.46°, corresponding to an
interlayer spacing of 722 A (the overall spectrum being
indexed by a monoclinic cell with a =5.59, b = 13.00,
¢ =14.44 A, and p =91.8°). On exposing the sample to
aerial humidity, the starting Cu,(OH);(CH;COO)-H,0
phase is rapidly restored. The kinetics of such a transforma-
tion have been followed by XRPD (fast scans in the 8§ to 14°
(20) range of a freshly prepared dehydrated sample left in
air). For a temperature of 20°C and a relative humidity of
45% (p(H,O) = 7.9 Torr), the original hydrated phase is
completely restored after 3 h (Fig. 4); on analyzing this
time dependence by the 13 kinetic models reported by
Byrn (29), only the Avrami-Erofeev equation (30) (with
n = 0.25) leads to a satisfactory fitting of our kinetic data
(correlation coefficient >0.997), thus suggesting that the
rehydration process is governed by three-dimensional ran-
dom nucleation.

The final refined structure (see Fig. 5) shows that the
Cu,(OH);(CH;COO) layers stack above each other by
inversion centers; within each layer, the acetato groups lie
alternatively on both sides. Note that in the initially guessed
(see Experimental) P2,/a space group they were bound to
lie on the very same side of each layer (with very short,
unplausible, packing contacts); this would have been rather
surprising, since in all other compounds reported in Table 3,
the X ions are orderedly arranged on both sides of each
layer. Given the rather large size of the CH;COO ™ ligand (if
compared to halides or nitrate), water molecules, hydrogen
bonded to hydroxyl, and/or carbonyl groups are necessary
both to fill the incipient cavities and to avoid short inter-
layer C-H --- H-C contacts.

In the crystal structure of pristine Cu,(OH);(CH3;COO)-
H,0, the copper atoms of neighboring layers are not super-
imposable when projected down [001]; therefore, the ob-
served doubling of the ¢ axis is a mere consequence of the
structural relation among these layers, which are related to
each other by inversion centers, rather than by simple lattice
translations.

TABLE 3
Synoptic Collection of Lattice Metrics and Symmetries for Cu,(OH);(CH;COO)-H,0 and Its Congeners
Compound a b ¢ o p y Space group Ref.
Cu,(OH),Cl 5.63 6.12 5.73 90 93.4 90 P2,/m 25)
Cu,(OH);Br 5.64 6.14 6.06 90 93.3 90 P2,/m (26)
Cu,(OH),I 5.65 6.16 6.56 90 952 90 P2,/m 7
Cu,(OH);(NO5)* R.T. 5.60 6.08 6.93 90 94.6 90 P2, 28)
Cu,(OH);(NO,), High T. 5.61 6.10 6.98 90 924 90 P2, 22)
Cu,(OH);3(CH;COO)-H,0 5.60 6.10 18.70 90 92.0 90 P2y/m This work
Cu,(OH),(CH,COO) 5.59 13.00 14.44 90 91.8 90 Monoclinic P This work

¢ A slightly different structure, differing in the —NOj orientation, was originally formulated (Ref. (28a)) in space group P2,/m.
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FIG.4. Time evolution of a XRPD spectrum for open air rehydration of the Cu,(OH);(CH3COO) phase: (a) raw data in the 8 < 20 < 14° range;
(b) evolution of the (normalized) peak heights vs time (note that a partial hysteresis is present at the beginning of the transformation, as evidenced by the

marked “hook” effect at low reaction times).

XPS-XAES

The binding energies of the C(1s), O(1s), Cu(2p;,,) photo-
emission peaks, as well as the Cu(L3;M,sMys, 1G) Auger
kinetic energy, are reported in Table 4. The full widths at
half maximum of O(1s) and Cu(2p3,,) transitions increase as

a function of the acquisition time pointing to a partial
reduction of Cu?* species (31) and loss of interlayer water
molecules.

The —COO~/Cu?* atomic ratio, obtained from the
intensity ratios using the sensitivity factor approach (12), is
in good agreement (within the 20% error, intrinsic in the
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FIG.5. Schematic plot of the crystal structure (a) of Cu,(OH);
(CH;3COO)-H,0 viewed approximately down [010], showing the stack-
ing, along ¢, of the Cu,(OH);(CH;COO) layers (b) and intercalated water
molecules (empty circles). Relevant distances: Cul --- Cul’ 3.13(3),
Cul --- Cul” 298(3), Cul---Cu2 320(3), Cul---Cu2* 3.20(3),
Cul --- Cu3 3.22(3), Cul --- Cu3* 323(3), Cu2 --- Cu3 3.129(4) A. Sym-
metry operators: ‘x, 1/2 —y, z; "x, — 12—y, zz*1l —x, y, z.

method) with the value calculated from the formula
(Table 4). The O/Cu atomic ratio is also in agreement con-
sidering the loss of interlayer water molecules. Figure 6
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TABLE 4
XPS-XAES Data for Cu,(OH);(CH;COQO)-H,0 Obtained
with 110 min of X-Ray Irradiation

Transition Ey(eV) E (eV)
Cu (2p32) 934.5

(4.5-110 min)

(4.0-30 min)

(3.8-3 min)

O(ls) 531.3

(2.7-110 min)

(2.4-30 min)
C(1s) 284.8 (—CH; “C”)

(2.3-110 min)

288.2 (—COO")

(2.3-110 min)
Cu(LsM,sMys, 'G) 916.7
Atomic ratios Calculated Measured

for Cu,(OH)3(CH3;COO) (surface)

C(—COO)/Cu 0.50 0.42
O/Cu 2.5 1.92

Note. Using the contamination carbon as a reference (aliphatic carbon
with the binding energy of C(1s) fixed at 284.8 V) the charging of the
sample was +6.7¢V. In parentheses, the full width at half maximum
(FWHM) of the XPS peaks. FWHM are also reported for Cu(2p;,) and
O(1s) for shorter acquisition times. Sensitivity factors were taken from Ref.
(12).

shows the Cu(2p;,,) transitions peaks for Cu,(OH),
(CH3COO)-H,0 (3 min under X rays), CuO, Cu,(OH),
CO3;, and CuAl,O, (31,32). One can see that the general
aspect of the spectrum is similar for all these compounds.
The Cu(2ps),) peak is characterized by a main peak, at
lower binding energy, which originates from the well-
screened final state 2p>3d!°L, where L denotes a hole on an
oxygen atom. At higher binding energies, a satellite peak,
related to a poorly screened state, is present, the character of
which is 2p°3d°. The energy separation and the relative
intensity of the satellite peak depend on the hybridization
between the copper 3d and the oxygen 2p states (33). On
increasing the covalency of the Cu—O chemical bond, the
separation between the satellite and the main peaks (A) is
raised and the relative intensity of the satellite peak (I /I,)
lowered (34). From Fig. 6, it can be seen that the energy
separation decreases in the order CuO > Cu,(OH);
(CH3COO)-H,0 > CuAl,O,4 > Cu,(OH),CO;. The in-
tensity ratio between the satellite and the main peak (after
smoothing of the data and subtraction of a linear back-
ground) follows the inverse order, ie., Cu,(OH),CO;
> CuAl,O4 > Cu,(OH);(CH3CO0O)-H,0 > CuO. Note
that this order gives the relative scale of ionicity of the Cu—O
chemical bond. It appears, therefore, that the ionicity of the
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FIG.6. Cu(2p;3),) transition in Cu,(OH);(CH;COO)-H,O and for
comparison in CuO, CuAl,O,4 and Cu,(OH),COj;. The separation be-
tween the satellite peak and the main peak (A) and the relative intensity
ratio (I;/I,,) are also reported.

Cu-0O bonds in Cu,(OH);(CH;COO)-H,O is intermediate
between that of copper aluminate and copper oxide.

FTIR

The IR spectrum of Cu,(OH);(CH;COO)-H,0, similar
to what has been reported by Jiménez-Lopez et al. [1],
shows two intense bands at 1550 and 1410 cm ™!, assigned
to v,s(—COO ™) and v,(—COO ™), respectively (see Fig. 7a).
The difference between these two frequencies is character-
istic of a bridging acetate ligand (u;-OCOCH; fragments
are rare (35) and uncharacterized from a vibrational point of
view). The proposed structural model contains the acetate
fragment bound to the copper atoms via a single oxygen
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FIG.7. Infrared spectra (nujol mulls; transmittance vs wavenumbers

[em™1']) of Cu,(OH);(CH;COO)-H,O (a) and Cu,(OH);(CH;COO)
(b); arrowheads indicate v(—COO ™) stretching modes.

atom and should therefore afford v(—COO ™) absorption
frequencies separated by at least 200 cm~! (36); however,
the presence of a neighboring hydroxyl, capable of binding,
via hydrogen bonding, the “free” >C=O0 moiety, lowers the
difference between the two modes by generating a “p,—1,-
bridging” acetate group as in Scheme 1a.

Interestingly, in the pseudoisomorphous anhydrous
phase, the b axis (beside being doubled) slightly expands,
raising the (probable) C=0O --- H value to 3.25 A or more
(see Table 3); consistently, although in the absence of a suit-
able structural model, the two bands differ by more than
200 cm ! in the IR spectrum of Cu,(OH);(CH;COO), sug-
gesting a loss of hydrogen bonds between the “bridging”
acetate and the neighboring hydroxyls [v,(—COO™) =
1618 and v,(—COO~) 1400cm~!; see Scheme 1b and
Fig. 7b].

Five discernible maxima are present in the OH stretching
vibrations of Cu,(OH);(CH3;COO)-H,0 (3613, 3563, 3529,
3410, and 3275cm™!). The sharp bands at 3613 and
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3563 cm ™! are assigned to stretching vibration of OH
groups not involved in hydrogen bonding, whereas the
medium intensity broader bands are assigned to weakly
interacting hydroxyls and/or interlayer water. Upon
dehydration, only one (very) sharp OH stretching vibration
(3647 cm ™~ ) and two broad bands (3531 and 3427 cm ~!) are
observed.

TG-DTA-DSC and FTIR-TG

Figure 8 shows the TG-DTA traces obtained in air with
a heating rate of 2°C/min. We found that it is very impor-
tant to employ very low heating rates because the last step
in the decomposition is fast and very esothermic. At
10°C/min the total loss is larger than expected, probably
due to mechanical ablation of the sample caused by the
tumultuous evolution of the gas(es).

The first peaks in the DTA and DSC curves (onset at
106°C) correspond to the loss of the water molecules of
the interlayer region, with a measured AH value of
52.3 KJmol ™! (for comparison, the heat of vaporization
of pure water at 100°C is 40.7 KJmol ™ 1)

Cu,(OH);(CH;COO)-H,0 — Cu,(OH);(CH;COO0) + H,04,
(endothermic, up to ca. 125°C).

Further peaks, above 170°C, are poorly resolved and
correspond to the complete thermal decomposition, which
can be best represented by the following reactions:

Cu,(OH);(CH;COO) - Cu,O(0OH), + CH;COOH
(endothermic, up to ca. 180°C)

CuZO(OH)Z - 2Cu0O + Hzo(g)
(esothermic, up to ca. 220°C).
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FIG.8. TG (left ordinate) and DTA (right ordinate) of Cu,(OH),
(CH3COO)-H,0 obtained in air with a heating rate of 2°C/min.
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It should be noted, however, that the second and third steps
partially overlap.

The IR spectra of the gas evolved during thermal analysis
in N, (heating rate = 20°C/min) show that the loss of the
acetic acid starts at about 160°C and continues up to 250°C.
The endotherm in the DTA up to about 180°C confirms the
departure of CH;COOH rather than its decomposition,
which should be recorded as an esotherm. Summarizing, the
thermal analysis points out the low thermal stability of
Cu,(OH);(CH;COO)-H,O0.

If the DSC and TG-DTA analyses are performed on the
samples of lower crystallinity (i.e., those possessing the
high-d spacing in their XRPD patterns), a more complex
picture is found, with a partial overlap of all aforementioned
steps, and a more complex pattern of the first transition,
where water is lost. Again, this could be related to the
different nature of the sample, where a nonstoichiometric
ratio of water is present.

Magnetic Susceptibility

The magnetic data are a sensitive probe of the interac-
tions between the paramagnetic Cu?* ions. On analyzing
the susceptibility data by the Curie—Weiss law, in the
100-300 K range, a magnetic moment of ca. 1.9 ug and
a Weiss constant § = — 7(1) K are obtained. Very recently,
a number of magnetic studies of the title compound (37)
and of structural analogues have been performed on
oriented single crystals (38) or powders (39). The mag-
netic results for Cu,(OH);(CH3;COO)-H,O reported
by Rabu et al. (37) indicate that at high temperatures
(20-300 K) an antiferromagnetic interaction between the
Cu?* spins (uc, ca. 1.9 up) takes place; at 10 K, however,
there is a slight increase in the atomic magnetic suscepti-
bility (yc.), suggesting a weak ferromagnetic intralayer in-
teraction. Finally, at lower temperatures, a drop in yc,
indicates that interlayer interactions result in a three-dimen-
sional ordered state. Our results in the range 100-300 K are
also in good agreement with the data reported for
Cu,(OH);(NO3) [ey 1.75(1) pg and 0 = — 8(1)] (38), indic-
ating that the copper atoms are antiferromagnetically
coupled. Unfortunately, the extensive magnetic study per-
formed on the Cu,(OH);(n-C,,H,,,+ ; COO) species (m = 0,
1,7, 8, and 9) lacks a detailed characterization of the m = 1
member (39).

CONCLUSIONS

Previously, it was reported that the precipitation of
Cu,(OH);(CH;COO)-H,0 at room temperature is me-
diated by OH™ groups added to the solution of copper
acetate [see Refs. (1,2) and references therein]. A basic
copper acetate containing 2 acetate and 2 OH™ groups was
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also prepared adding urea to a 0.1 M copper acetate solu-
tion at 70°C (6 mol of urea per mol of Cu) (40). We have
here demonstrated that spontaneous precipitation of
Cu,(OH); (CH;COO)-H,O also occurs on heating the
acetate solutions in the temperature range 50 < T < 75°C
for copper concentrations in the 0.01-0.18 M range.
This effect is utmost importance in the preparation of
over-exchanged Cu-ZSM-5 catalysts, where the copper
loadings exceed the maximum amount permitted by the
aluminium present in the framework of the ZSM-5
zeolite. The best over-exchanged catalysts are those where
low-nuclearity copper species are exchanged before
Cu,(OH);(CH;COO)-H,O0 is formed; indeed, the precipi-
tation of the basic copper acetate on the external surface
and possibly at the intersection of the ZSM-5 zeolite chan-
nels leads, after its decomposition at high temperature, to
CuO with consequent loss of surface area and porosity of
the catalysts (10).

The presented work also reports on the crystal struc-
ture determination from powder diffraction data of a
microcrystalline phase which could not be grown as single
crystals of suitable quality. The efforts put into the ex-
perimental and structural analysis procedures are wit-
nessed by the quality of the final XRPD pattern (raw data
of data set 2) if compared to those collected on the ex-
tremely highly textured sample reported in Ref. (1)
Although the structural characterization of anhydrous
basic copper acetate is still incomplete and the refinement
of the structural features of the hydrated phase is of
poorer quality than those of several analogues charac-
terized either on single-crystal or on powder diffraction
data (see Table 3), the present study shows that it is pos-
sible to obtain useful structural data even from such
complex patterns, where poor crystallinity, nonnegligible
texture, and high fluorescence effects hide the theoretical
(aberration-free) powder spectrum of an ideal sample.
Note that, in the present case, profile agreement factors
alone did not allow us to discriminate between the P2,/a
and P2;/m models; it was only the fruitful combination of
the previous knowledge of the structure of similar layered
compounds and of the reversible topotactical behavior
of anion exchange reactions, together with the above-
mentioned stereochemical considerations, which event-
ually led to the final model presented in Tables 1 and 2 and
in Fig. 5.
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