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Complexes in Highly Concentrated Methanolic CuCl, Solution
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The structures of the solute complexes existing in methanolic CuCl, solutions with the concentrations of 1.055—

3.250 mol dm~3 were investigated by X-ray diffraction analysis.

The solute complexes which were predominantly

present could be formulated as [CuCl,(CH;OH),_,] (n=1—3); they have an axially elongated octahedral structure

including Cl- at the equatorial site.

The Cu-O bond distance was 2.230—2.238 A. Methanol molecules were

coordinated at the equatorial site with the Cu-O bond distance of 1.926—1.950 A and at the axial site with that
of 2.423—2.473 A. When the initial concentration of CuCl, was kept within the range examined here, almost

all of the Cu?* ions formed chloro complexes.

Solution X-ray diffraction investigations have estab-
lished that the stereo structure of the hexaaqua complex
existing in aqueous CuSO, and Cu(ClO,), solutions is
characteristic for the elongated octahedral geometry
having two axial bonds with the longer distance (2.34—
2.43 A) and four equatorial bonds with the shorter
distance (1.94—1.98 A).1:2 In concentrated aqueous
CuBr, solutions (1.016—4.364 mol dm~3), the coordina-
tion of Br~ ion was demonstrated to occur at the equa-
torial sites.? As for an aqueous CuCl, solution (2.952
mol dm-3), Magini proposed from the investigation by
X-ray diffraction analysis the presence of a monomeric
complex which included two Cl- ions at the equatorial
sites, similar to the above bromo complex. On the
other hand, Wertz et al. reported the. polymeric com-
plexes to be present in aqueous CuCl, solutions (3.18
and 4.35 mol dm=3);% in these complexes the Cl- ion
bridged between two Cu?t ions.

Since the coordination ability of methanol molecules
is generally expected to be lower than that of water, the
Cl- ion may have a higher coordination ability than
solvent molecules in methanol than in water. In fact,
it was shown by the X-ray diffraction analysis that in
methanolic FeCl; (6.0 and 11.0 mol kg~!) and CoCl,
(3.91 mol kg™') solutions, polymeric species bridged
through Cl- ions were present.® On the other hand,
in aqueous FeCl; (2.332 mol dm—3) and CoCl, (2.973
mol dm-3) solutions, only the monomeric octahedral
complex was known to be present in the form of either
amono- or a dichloro complex including H,O molecules
as another ligand.*?

These facts suggest the increased coordination ability
of Cl- ion in methanol than in water. Accordingly,
if a polynuclear chlorocopper(II) complex species
were present, it might be demonstrated more distinctly
with a methanolic CuCl, solution. In the present
investigation the X-ray diffraction analysis has been
carried out for concentrated methanolic CuCl, solutions.
Observed D(r) curves have been well explained by
assuming that the solutions predominantly include three
complexes, formulated as [CuCl,(CH,OH),_,] where
n=1, 2, and 3, in nearly equivalent amounts; the com-
plexes have a distorted octahedral structure and the
equatorial sites are occupied preferentially by Cl- ions.
The existence of a polymeric species was improbable.

Experimental and Data Treatment

Sample Solutions. Commercially available CuCl,.2H,O
crystals were recrystallized from distilled water. The hydrate
was dehydrated by keeping it at 100 °C, in vacuo, for 48 h. The
sample solutions were prepared by dissolving the anhydrous
CuCl, into anhydrous methanol. The copper ion concentra-
tion of the solutions was determined by EDTA titration method.
The chloride ion concentration was calculated from the copper
concentration. The amount of methanol in the solution was
calculated from the copper ion concentration and from the
density determined pycnometrically. The composition of the
sample solutions is given in Table 1.

X-Ray Diffraction Measurements and Data Treatments.

The measurements and the data treatments were carried out
as described elsewhere.?:® The time required for accumulat-
ing 80000 counts was recorded for solutions A and B, and that
for 40000 counts for solution C. The s-i(s) curves in Fig. 1
with circles were obtained by multiplying the observed reduced
intensities i(s) by the s value (s=4nsinf/A).

The radial distribution function was calculated from the
reduced intensities i(s) according to Eq. 1:

D(r) = 4zr2p, + %%Swsoi(s)-M(s)osin(r's)ds. (1)

In Eq. 1, po=[21n;f:(0)]3/V. It denotes the average scattering
i
power per unit volume V. M (s)=[¥ni S1(0)2)/[20n: f:(5)%] X

exp(—0.01s2); 7 is the distance in A. The theoretical
intensities, i(s)cq1c4, Of the interactions for the given pairs of the
atoms were calculated from Eq. 2:

i# 1 .

hwee = 3302010 L expl b5, (@)
where f;(s) and f;(s) are the scattering factors of atoms i and
Jsand nyy, 754, and by; are the frequency factor, the distance (A),
and the temperature factor (A%) of the interactions between
atoms i and j. Least-squares refinements of the above struc-
tural parameters n, r, and b were made by the use of the
NLPLSQ program? utilizing a selected s (A-1) range so as to

TaBLE 1. ComposiTION OF METHANOLIC CuCl, SOLUTIONS
Solution CuCL*» CH,OH® V/A® p/gcm=3 yjcm-!
A 1.0585 24.36 1574 0.9224 4.996

B 2.575 23.84 644.8 1.110 11.13

C 3.251 22.96 510.7 1.173 13.83

a) moldm=-3. V¥, Stoichiometric volume containing one
copper atom; p, density; u, linear absorption coefficient
of the solution for Mo K« radiation.



3762

000 .o ce % & 800

Lo
wo w

ssi(s) / 102 el2X
& o

1
w o
0000000 0

o

0 4 8 12 16
s/A?

Fig. 1. Observed (oooo) and calculated (——) s-i(s)
curves for solutions A, B, and C.

minimize the U value in Eq. 3:

U = 252[i(3)_i(5)calcd]2' (3)

Results and Discussion

The D(r) curves for solutions A, B, and C are given in
Fig. 2. These show a common pattern exhibiting a
shoulder around 1.0 A, two distinct peaks with the
maxima at 1.5 and 2.3 A, and a shoulder between 3.0—
3.5 A.® The shoulder around 1.0 A and the peak at
1.5 A can be attributed to free and complexed CH,OH
molecules; the former is caused by the C—H and O—H
interactions and the latter by the C—O interaction.
In D(r) curves obtained for methanol or methanolic
solutions, the peak due to the C—O interaction has
ordinarily been seen around 1.5 A.1® The shoulder
located in the 3.0—3.5 A region, judging from the posi-
tion, may be ascribed to the mutual interactions among
the ligands which are bound in the first coordination
sphere and to the interactions between these ligands
and the solvent CH;OH molecules. The peak at 2.3 A
could be most informative for the interactions between
Cu?* and the ligands including CH,0OH and Cl-. This
peak appears to be quite symmetric, but, as will be
discussed below, it can not be ascribed to solely one
sort of interaction.

In order to analyze the D(r) curve quantitatively,
the area of the above peak has been taken into account.
By supposing tentatively the presence of only one species
of complex as [Cu(CH;OH)4]%+,1V the calculated peak
area due to the six Cu—O interactions amounts to only
6/8 of the observed one, as shown in Fig. 3. Similarly,
supposing only [Cu(CH;OH),]>t to be present, the
calculated peak area was not coincident with the observ-
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Fig. 3. Residual (—-—) D(r) curves obtained by subtract-
ing calculated D(r) curves (------ ) from observed D(r)
curve (——) for solution C.

(I); Calculated D(r) curve is obtained by assuming the
formation of ‘“CuCl,(CH;OH),”. (II); Calculated
D(r) curve is obtained by assuming the formation of
[Cu(CH3;O0H)¢]%+.

ed one. Therefore, it appears necessary to accept the
occurrence of the coordination of Cl- to Cu?t ion. In
fact, Doe and Kitagawa recently reported that the
stepwise formation constants of the chloro-copper com-
plex species in methanol are K; =1.2 X 105, K,=2.5 x 103,
and K;=1.7x 103 (mol-! dm?).1? On the basis of these
data, the amounts of the complex species that include
unitary bonding as CuCl+, CuCl,, and CuCl,;~ are cal-
culated to be 30.5, 37.6, and 31.59,, of the initial Cu?+
concentration in solutions A—C.*® In addition, a
survey of the bond distance data for the numerous chloro-
copper(II) complex crystals suggested the following:
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Assumed structural models.

Fig. 4.

If the Cu?t+ ion in methanolic solution had two sorts of
coordination distances, one shorter and the other longer,
and if it coordinated Cl- ion with the longer one, the
interaction due to such Cu—Cl bonding could be expect-
ed to appear at 2.6—3.0 A. But, actually, no such peak
appeared on the D(r) curves in Fig. 2, so occurrence
of the bonding in the above manner is unlikely. By
taking into account the stability data, we assumed that
the complexes including the unitary CuCl*, CuCl,, and
CuCl,;~ bonds are present in an elongated octahedral
form wherein the Cu?t ion coordinated the Cl-ion with
a bond distance shorter than 2.6 A. These complexes
are generally formulated as [CuCl,(CH,OH),_,] (n=
1—3), and on the basis of the stability data the mean
composition of the complexes with n=1—13 existing in
the solutions may be represented with a formula “CuCl,
(CH,0H),”. Therefore, the calculation of the peak
area was carried out on “CuCl,(CH,OH),”. Asshown
in Fig. 3, the calculated peak area agreed well with the
observed one.

The structural model shown in Fig. 4-a was depicted.
The model has axially elongated octahedral geometry
and possesses two O atoms and two Cl- ions at the equa-
torial sites, with the bond distances of 1.95 and 2.25 A,
respectively, and the other two O atoms at the axial sites
with the bond distance of 2.45 A. In order to determine
the parameter values (n, 7, and b values), the s+7 (§)cajcq
curves were calculated from Eq. 2 by employing a set
of the parameter values selected tentatively for the
Fig. 4-a. The refinements of these values were carried
out by a least-squares method so that these gave an
51 (8)calca curve which agreed with the observed s+i (s)
curve in the region of s>5 A-1. It was found that
using the model, Fig. 4-a, the calculated D(r) curve
show a peak at 2.3 A with the peak area closely agreed
with the observed one. And, as shown in Fig. 1, a good
agreement between the calculated and observed s-i(s)
curves is seen in the region of s>>4 A-1. The final para-
meter values used in these calculations are given in
Table 2: it is noteworthy in Table 2 that the n values
for the interactions, Cu-Cl, Cu-O (equatorial), and
Cu-O (axial), are always nearly 2; this is consistent
with the assumed six-coordinate complex. In Fig. 5
the smoothing of the observed D(r) curves for solution
C is demonstrated. The subtraction of the peaks due
to the interactions expected for the model, Fig. 4-a,
from the observed D(r) curve gives finally a residual
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TABLE 2. STRUCTURAL PARAMETER VALUES OF THE
[CuCl,(CH,0H),_,](n=1—3) COMPLEXES

Solution Interaction
(mol dm™?) Parameter®’
Cu-0O,, Cu-0,, Cu-Cl,
A r 1.950 2.458 2.230
(1.055) b 0.0011 0.0084 0.0031
n 2.109 1.938 2.019
B r 1.947 2.423 2.236
(2.575) b 0.0016 0.0072 0.0025
n 1.982 2.089 2.085
C r 1.926 2.473 2.238
(3.251) b 0.0015 0.0074 0.0021
n 1.919 2.023 2.048

a) r: Bond distance, A; b: temperature factor, A%, n:
frequency factor; eq, equatorial; ax, axial.
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Fig. 5. Smoothing of D(r) curve.

(a); D(r) curve for solution C. (b); Obtained by
subtracting the calculated peak due to the interactions
within the methanol molecules from curve (a). (c);
Obtained by subtracting the calculated peak due to
the Cu-Cl,, interactions from curve (b) (the clear
peaks due to the Cu-O,, and Cu-O,, interactions are
left at about 1.9 and 2.5 A). (d); Final residual curve
obtained by subtracting from curve (c) the calculated
peaks due to the Cu-O,, and Cu-O,, interactions
along with those due to the other expected intramolec-
ular interactions (¢f. Fig. 4-a).

curve which is satisfactorily smooth.

A similar result of the D(r) curve analysis could be
deduced for the solution which was considered to include
nearly equivalent amounts of the three complexes of
n=1—3 in [CuCl,,(CH;OH),4_,,]. It may be said from
the formation data that almost all of the Cl- ions are
consumed for the above complexation; this makes the
presence of chloro-bridged polymeric complexes improb-
able, for such polymer formation results in the presence
of free Cl- ions in the solution. In the concentrated
methanolic 1.055—3.250 mol dm—2 CuCl, solutions,
therefore, three monomeric complexes of the formula,
[CuCl,,(CH;OH)4_,,] (n=1—3), were predominantly
present; these possessed the axially elongated octahedral
structure and coordinated the Cl- ion equatorially.
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The other structural models, b—g in Fig. 4, were also
examined. As long as one considered the peak area
and position of D(r) curve, these models gave rise a peak
with area and position similar to those of the observed
peak at 2.3 A. However, all of these models had to be
discarded for the following reason. The temperature
factors (b value) of the Cu-Cl bonding for the models
b, c, and d were 0.02, 0.03, and 0.01 A2; these are too
large, as compared with 0.0052 A2, a value known for
the equatorial Cu-Cl bonding.# In the models e, f|
and g, the b values, 0.0023—0.0032 A2, were not neces-
sarily unreasonable, but these models had to be rejected
for the following reasons. In model e, one of the Cl-
ions has to be at the apex apart from the Cu?+ ion with
a very short distance, 2.45 A, which is not plausible for
the axial Cu-Cl bond distance. In model f, the
Cu?* ion binds two O atoms, two Cl- ions, and
one Cl- ion with the distances of 1.95, 2.25, and 2.45 A,
respectively. This geometry resembles that in the
CuCl,-2DMSO crystal.l¥ And this model gave an
§+1 ($)calca curve which fit the observed one well. But,
the residual distribution curve obtained by using the
model was not satisfactorily smooth in the 3—4 A region.
Model g gave an s+1 (5).4)cq curve similar to that obtained
by using model a. However, this geometry forces the
the £Cu-O-C to be about 91°: This is not probable
for the methanol molecule coordinated to the metal ions.
The ~Hg-O-C is 117° in the HgCl,-2CH,OH cry-
stal,’® and the £Cu-O-Cis 119.5° in the [Cu,{(CHj),-
N(CH,);NH(CH,),0},(CH;0H),](ClO,), crystal.1®
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