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With a laboratory EXAFS apparatus consisting of a usual X-ray generater, an LiF crystal, and a posi-
tion sensitive X-ray detector with a self-scanning photodiode array, EXAFS spectra were obtained for aqueous

[Cu(NH,),]SO,, [Cu(en),]Cl, (en=-ethylenediamine), and CuSO, solutions.

By reference to similar spcctra

of the corresponding crystals, the solution spectra were analyzed by the curve-fitting method. The values
obtained for the distances between the metal and its first-shell atoms in the ammine and sulfate solutions
are 2.03 (4+0.02) and 1.98 (40.03) A, in accordance with those derived from the X-ray diffraction experi-
ments. The Cu-N distance of [Cu(en),]?* in solution is 2.02 or 2.04 (+0.02) A. These values obtained for
the solutions are very close to those of corresponding solid complexes.

The chemistry of electrolyte solutions has made a
great progress with the development of new methods
such as nmr and laser-Raman spectroscopies and X-
ray and neutron diffractions. Extended X-ray ab-
sorption fine structure (EXAFS) has also given sig-
nificant information about the species dissolved in
solution and become one of the most powerful tech-
niques to study the local environment of the concerned
atom.!-3) However, there are some experimental dif-
ficulties in an EXAFS measurement, in which the
total absorption coefficient, #(E), must be measured
with high accuracy. We have developed a laboratory
apparatus utilizing a position sensitive detector to
measure all the absorption coefficient at one time to
improve the data collection efficiency.#=® In our pre-
vious EXAFS study? of the hydrated Cu?t ion using
a laboratory system equipped with a position sensitive
photodiode array, the spectra was of low signal-to-noise
ratio and their Fourier functions were not sufficiently
reliable.®) Thus we improved the apparatus by chang-
ing the electronic circuit of the preamplifier, adjusting
the timing of the AD converter, cooling the SSPA,
and so on, and used it in an EXAFS study of the aque-
ous cyanocuprate(I) solutions.”? This paper is con-
cerned with the EXAFS study of some aqueous copper-
(II) solutions on the laboratory EXAFS apparatus
with position sensitive photodiode array. The purpose
of the present study is to check the accuracy of ob-
tained structual parameters as well as to compare the
bond lengths of the species in solution with the solid
complexes.

X-ray diffraction studies of aqueous solutions con-
taining a copper(II) compound have been made by
Ohtaki et al. (perchlolate,® the ammine complex,?®
and the ethylenediamine complex!®), Wertz!1) (some
chloride solutions), and Magini'? (perchlolate, sulfate,
and chloride). The EXAFS study for aqueous copper-
(I1) perchlorate solution reported by Sham et al.®
gave results in agreement with those from the X-ray
diffraction studies. Lagarde et al.V) studied CuBr, so-
lutions of various concentrations reported that the
local order of Cu?* and Br— ions at high concentration
and is close to that found in the solid.

Experimental

The laboratory EXAFS system consists of three parts:
a usual X-ray generater, an LiF crystal, and a position
sensitive detector with a self-scanning photodiode array
(SSPA). This is schematically shown in Fig. 1. We used
a tungsten sealed X-ray tube (Philips fine focus tube, 1.5
kW) as the X-ray source, which was operated with a
conventional X-ray power supply (Rigaku Co. Ltd., 1.5kW)
mostly with 25 mA at 17kV. The generated continuous
X-ray beam (uncollimated) is dispersed according to the
Bragg condition by the LiF(200) crystal mounted on a
goniometer. The SSPA (512 K MEL Matsushita Co. Ltd.)
for one-dimensional X-ray detection consists of 512 photo-
diodes and MOS switches without pyrex window and has
the total effective length of 14.4 mm (28 pm/channel); X-
rays of different wavelengths can be detected by different
channels of SSPA. The analog signal from SSPA is am-
plified, digitalized by an AD converter (Osaka Dempa Co.
Ltd.), and transferred to the memory of a micro-computer
(Sord M-100 ACE IV). The same type of the laboratory
EXAFS system was used in our previous study.” A per-
formance test has been carried out with Cu foil; Figure 2
shows the Cu K absorption spectrum for one-hour measure-
ment at the condition of 17kV and 25mA. Except that
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Fig. 1. The block diagram of the laboratory EXAFS
system with a position sensitive photodiode array.
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Fig. 2. X-Ray absorption spectrum of Cu-foil.

the spectrum shows a “glitch” at 9.52 keV from character-
istic X-rays of W Lg,, it is comparable to that from other
experiments.

The spectrum (uX=In[(I,—1I;)/(I,—1,;)]) of each solution
was obtained by measuring, in sequence and repeatedly,
the beams transmitted by the sample (I;) and by water (1)
and the dark current without X-ray (;). Each step of the
measurement was controlled by a micro-computer, which
drives the cells at appropriate time intervals. A plastic
cell contained a small volume of the sample solution be-
tween mylar windows spaced 0.6—1.0 mm apart. The solid
sample was well grounded and deposited to scotch-tape.

Copper(II) sulfate and bis(ethylenediamine)copper (II)
solutions were prepared by dissolving the corresponding
copper salts in distilled water. The ammine solution was
prepared by dissolving [Cu(NH,),]SO,-H,0 in aqueous
ammonia (0.14 M).t The known stability constants show
that the main species contained in these solutions are
[Cu(H,0)4]2+ for the sulfate, [Cu(en),12+ for the ethylene-
diamine, and [Cu(NH,),]2* for the ammonia solutions.
The concentrations of copper ion were determined by titra-
tion with EDTA; 0.297 and 1.181 M for the sulfate, 0.321
M for the ammine, and 0.380 M for the ethylenediamine
solutions.

Results and Discussion

The EXAFS spectrum £2x(k), in the k space, of
crystalline bis(ethylenediamine)copper(II) salt ([Cu-
(en),]Cl,-2H,0) is shown in Fig. 3 which was derived
from the absorption spectrum. Fig. 4 shows the results
of Fourier transformation from the £ space to the r
space; the transformation is applied to the A2y (k)
values in the £ range of 3.4—9.0 (A-1). The radial
distribution curve shows two peaks, of which the
larger one should corresponds to the N atoms of the
coordinated ethylenediamine ligands and the smaller
one may be due to the C atoms of the ligands.

The curve-fitting analysis was performed according
to the method of Cramer ef al.'®) using the following
the formula for A2y (k):

K2y (k) = coN1=2 exp (— ;A%)k2 sin [ay+ (ay + 2r)k+ ak?],
(1)
where N and 7 represent the coordination number

and the interatomic distance, respectively, and ¢, ¢,
and ¢, are the parameters for amplitude functions and

t 1 M=1mol dm-3.
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Fig. 3. EXAFS spectrum of [Cu(en),]Cl,-2H,O.
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Fig. 4. Fourier transformation of the EXAFS spectrum
(Fig. 3).

TaBLE 1. CROSS-CHECK OF THE RESULTS OF LEAST-SQUARES
FIT TO EXAFS DATA FOR CRYSTALLINE
[CU(NH3)4]SO4~H20 AND

[Cu(en):]Cl:-2H.O
Coordination Cu-N distance
number ———_A

4.01£0.73 (4.0) 2.03+0.02(2.05) a)
3.9140.70 (4.0) 2.04£0.02(2.03) b)

[Cu( NH3)4]SO4' Hzo
[Cu(en);]CL-2H,0

a) Obtained with parameters derived from EXAFS
of the en complex. (The values in parentheses are
the results of an X-ray diffraction study.') b)
Obtained with parameters derived from EXAFS of
the ammine complex. (The values in parentheses
are the results of an X-ray diffraction study.')

ag, a;, and a,, the phase shift parameters. To deter-
mine the parameter values, we first examined the
spectra of crystalline [Cu(NH,),]SO,-H,0O and [Cu-
(en),]Cl,-2H,O of which the structures are known
(Tou-x=2.05 A1) for ammine-N and r,,_,=2.03 A1
for ethylenediamine-N and N=4 for both complexes).
With fixed N and 7, we obtained two sets of six param-
eters by curve-fitting the Fourier-filtered spectra for
the isolated Cu-N interaction. For checking the ac-
curacy of the analysis, the least-squares fit to the
EXAFS spectrum of [Cu(en),]Cl,-2H,O was carried
out in the range of £=3.8—8.6 (A-1) with the set
of parameters obtained above from the EXAFS spec-
trum of [Cu(NH,),]SO,-H,0; the determined coor-
dination number (V) and atomic distances (ry,_y)
are shown in Table 1. On the other hand, the N
and rg,_y values of the latter complex were obtained
from the analysis of its EXAFS spectrum with the
set of parameter values derived from the spectrum of
the former (Table 1). The obtained values are within
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Fig. 5. First-shell fit for structure determination of
an aqueous [Cu(en),]?*t solution by use of a set of
parameters obtained from the spectrum of solid
[Cu(NH,),]S0,-H,0O. The solid line is the filtered
EXAFS spectrum and dashed line is the least-
squares fit.

TaBLE 2. RESULTS OF CURVE-FITTING ANALYSES OF AQUEOUS
[Cu(NH3)s)** (0.82 M) anp [Cu(en)]*
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Fig. 6. Fourier transformation of the EXAFS spectrum
of solid CuSO,-5H,0.

TaBLE 3. RESULTS OF CURVE-FITTING ANALYSIS
or AQUEOUs CuSQOs SOLUTIONS

(0.38 M) soLuTIONS Goordination  Cu-O distance
; b
Set of Coorgination Cu-N distance number A
parameters  number A 0.30 M CuSO4 4.25+0.57 1.9830.08
[CU(NH3)4]2+ A 4.1940.70 2.0340.02 1.18 M CuSOq 4.1310.57 1.98+0.03
B 4.2440.71 2.0210.02
[Cu(en)]** A 4.59+0.72 2.04+0.02 tions in which the copper atom (or any other atom
B 4.73+0.73 9.0240.02 concerned) is involved, whereas the X-ray diffraction

A: Parameters obtained from the spectrum of solid
[Cu(NH3)4]SO4-H:0. B: Parameters obtained from
the spectrum of solid [Cu(en):]Cl2-2H,0.

the cxperimental error of those of X-ray diffraction
analyses. This demonstrates that the analysis adopted
here gives a rcliable structural information.

Then we determined the structure parameters of
the ammine and ethylenediamine complexes of copper-
(II) in aqueous solutions with both sets of parameters.
The Fourier-filtered and least-squares fit curves are
shown in Fig. 5 for a solution of ethylenediamine
copper(Il) chloride; a set of parameters obtained from
the spectrum of solid [Cu(NH,),]SO,-H,O was used
in the analysis. The numerical results are summarized
in Table 2. Analyses with two different sets of pa-
rameters gave results in good agreement with each
other. Obtained coordination numbers are about four
and Cu-N distances are about 2.03 A for both solu-
tions;1%) these values are close to those for solid com-
plexes. The values of ammine solution are also in
good agreement with the results of Ohtaki et al.® for
the concentrated aqueous solutions of ammine copper-
(II) salt by X-ray diffraction technique (coordination
numbers of 4 and the Cu-N distances of 2.03 A for
the [Cu(NH,),]?* solution). However, our r,,_y value
(2.03 A) for [Cu(en),]%+ solutions is significantly larger
than Ohtaki’s (1.93 A).19 This inconsistency need to
be further investigated by measurements of higher
accuracy and precision. Generally speaking, however,
the EXAFS method as applied to solutions has the
advantage that it detects only the interatomic interac-

method gives a diffraction pattern which is the super-
posion of various diffractions by different pairs of
atoms at different distances. One of the disadvantage
of the EXAFS method is that the determination of
interatomic distances include the estimation of the
phase-shift parameter which cannot be predicted by
the theory with satisfactory precision and was ob-
tained here by an empirical method.

Figure 6 shows the radial distribution from Fourier
transformation of EXAFS for solid GuSO,-5H,0,
giving only one peak which corresponds to the Cu-—
O,, interaction. Satelite at a distant position (2.3
A) is doubtful to be a peak corresponding to Cu-O,,
because Fourier transformation may ripple beside the
peak. Absence of the evidence for the second-nearest
neighbour (O,, at 2.4 A) in the EXAFS spectrum
has also been reported by Joyner.!” To determine
the Cu-O distances in solution, curve-fitting analysis
was carried out using a set of parameters from solid
CuS0,-5H,0 (Cu—O=1.97 A).1% Table 3 shows the
results for the structure parameters of two aqueous
CuSO, solutions. The distance obtained is about 1.98
A for both solutions, which generally agrees with the
value from X-ray diffraction studies®!? within experi-
mental error.

Concluding Remarks

An EXAFS study was carried out for aqueous solu-
tions of some copper compounds with a position sen-
sitive photodiode array, with which good spectra were
easily obtained. The bond distance and coordination
number obtained by curve-fitting method are 2.03 A
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and 4—5 for aqueous [Cu(NH,),]?t and [Cu(en),]?*
solutions. For CuSO, solutions, Cu-O,, is 1.98 A
and the first coordination sphere contains 4 O atoms.
These results are very close to those of corresponding
solid complexes.

This work was supported in part by a Grant-in-
Aid from the Mitsubishi Fundation.
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