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IDENTIFICATION OF VARIOUS INTERMEDIATES IN THE REACTION
OF CUPRIC IONS WITH CYANIDE IONS BY ESR SPECTROSCOPY.
APPLICATION OF A NEW RAPID-FREEZING APPARATUS
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Various intermediates of mononuclear copper (II) cyanide complexes
in the reaction of cupric ions with cyanide ions have been first
identified by ESR spectroscopy after the use of a newly-constructed
rapid-freezing apparatus. The formation of these intermediates has
been found to depend primarily on the ratio [CN-]/[Cu2+] and pH values.
Possible structures of these intermediate complexes have been estimated
by experiments with isotopes and by the application of the "rule of
average environment" to their ESR parameters determined.

In aqueous solutions, cupric ions are rapidly reduced by cyanide ions to
copper (I) cyanide complexes. Many authors have studied spectroscopically and

1-3) and shown the

electrochemically the kinetics and mechanism of this reaction,
2,3)

formation of tetracyanocuprate ion, [Cu(CN)4]2_, as an important intermediate.
This tetracyanocuprate ion is almost the only intermediate copper (II) complex de-

3,4) In order to clarify the mechanism of the above re-

tected by ESR experiments.
action and to establish the coordination chemistry of cyanide, it is important to
identify as many intermediates as possible in the reaction. The purpose of this
paper is to report direct evidence for the formation of various copper (II) cyanide
complexes as intermediates by the combined use of ESR and rapid-freezing of
reaction mixtures.

For the above purpose, we constructed a new type of rapid-freezing apparatus
used for rapid quenching of reactions (Fig. 1). This apparatus is adapted from
earlier designss) with an important modification of the freezing method; the solu-
tions coming out of jets are rapidly frozen as thin films on the whole inner sur-
face of a copper cylinder cooled at about -200 °C. The syringe plungers and the
mixer-nozzle assembly are synchronously driven by stepping motors under controlled
speeds. The performance of this apparatus was totally tested on a ligand-exchange

reaction of triethylenetetramine (trien) with Cu-EDTAZ- as a model reaction, where

_ . _ 2- _ 4 -1 -1 . .
rate = kobsd [trlen]total [Cu-EDTA® ] and kopsd = 4.5 x 10" M "s (pH 9.0; 25 °C;

0.1 M NaClO4). ) The chemical quenching time of this apparatus under a specific
2+
]

experimental condition can be calculated from the concentration ratio [Cu-trien

/[Cu-EDTAz_] in the frozen solution. The ESR spectra of Cu—trien2+ and Cu—EDTAz-
do not overlap at the ICu = -3/2 hyperfine lines of g,, and, accordingly, the

above concentration ratio can be adequately approximated by the ratio of inte-
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Fig. 2.

ESR spectra of frozen solutions

Fig. 1.
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Schematic illustration of a rapid-
freezing apparatus used for rapid chemical
quenching: Al’ stepping motor and driving
assembly (the syringe plungers are driven as
shown by the arrow); Az, stepping motor and
driving assembly (synchronized with Al); B,
syringes; C, teflon tubing; D, 8-jet mixer;
E, nozzles (dotted lines, jets of solutions);
F, copper cylinder (3.0 mm thickness); G,

Dewar vessel; H, liquid nitrogen.

Fig. 3. ESR spectra of frozen solu-

prepared by the rapid-freezing

apparatus for reaction mixtures at pH

10.2: l; b) R = 3; ¢) R =5; d)

R > 7 (as to A, B, C, etc., see text).
T2 lDPPH

a) rR =

—_—

Fig. 4.

tions prepared by the rapid-freezing
apparatus for reaction mixtures at

pH 5.8: a) R = 0; b) R = 1;
3; d) R = 5;

cC) R =

e) R = 8; f) R = 12.

ESR spectra of frozen solutions

prepared by the rapid-freezing apparatus
63Cu2+ 13CN—

13C

for reaction mixtures of and

1; b) R = 8.

hyperfine structures of coordinated

ions at pH 10.2: a) R =
13CN-
ions are shown in both spectra, and some
cu = -3/2 hyper-
fine lines of g, are also exhibited by

analyses of them at the I

stick diagrams.
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grated intensities of the hyperfine lines. The sample thin ice produced on the
inner surface of the copper cylinder is collected and transferred to the finger
part of an insertion-type liquid nitrogen Dewar vessel for X-band ESR spectrometers
together with liquid nitrogen, and, then, ESR spectra are recorded at 77 K without
hurry. Using the above model reaction, we could determine the minimum quenching
time of 2.9 * 0.4 ms for this rapid-freezing apparatus.

In this work, experiments were performed under the same operating condition of

the apparatus as in the above minimum quenching time and under the following condi-

tions of solutions; [Cu2+] = 1.25 x 10_3 M, [NaClO4] = 0.20 M, and varying R val-
ues, where R = [CN_]/[Cu2+]; the CN~ solutions were buffered at pH 10.2, 9.0, and
5.8 (0.05 M borate or 0.1 M acetate). Unstable mononuclear copper (II) cyanide

complexes trapped by rapid-freezing were identified on the basis of both ESR param-
eters of g, and a4,, and they are lettered A, B, C, etc., respectively.

Under alkaline conditions, no ESR signals are observed at R = 0, owing to the
formation of Cu(OH)z. As R increases from 1 to 15, the complex species of B, A, C,
and D and E are formed successively at pH 10.2, as shown in Fig. 2; some of their
ESR spectra are simultaneously observed overlapping each other, and the R depend-
ence of the formation of these species are somewhat affected by pH values. The
spectrum (d) in Fig. 2 is the same as the "anomalous spectrum" called by Long and
Buch.4) We interpreted this spectrum as due to two different species, D and E,
where the spectrum of D normally has an axial or nearly axial type of ESR line
shape and the spectrum of E unusually has a nearly isotropic type. This interpre-
tation was supported by Q-band ESR measurements and by experiments with the iso-
topes of 63Cu and 13CN_. Some results obtained by these isotope experiments at pH
10.2 are shown in Fig. 4. The spectra (a) in Figs. 2 and 4 are the same, except
for extra 13C hyperfine structures in the latter spectrum, in which the g, hyper-
fine lines split into three lines with relative intensities 1:2:1. This fact indi-
cates that these (a) spectra are due to a copper(II) complex with two equivalent
CN~ ions. On the other hand, the spectrum (b) in Fig. 4, which corresponds to the
"anomalous spectrum" with extra 13C hyperfine structures, is composed of two over-
lapping spectra, as mentioned above. One is the spectrum of D with extra well-re-
solved l3C hyperfine structures and the smallest g, value in this study, where the
Iy = -3/2 hyperfine line of g, splits into five lines with rgiative intensities
1:4:6:4:1, indicating that D is a planar complex of [Cu(CN)4] . The other is a
broad single line spectrum, which probably results from the addition of widespread
l3C hyperfine structures to the spectrum of E in Fig. 2. It is noteworthy that ESR
signal intensities are remarkably weakened at R = 3 or 4, suggesting that copper-
(II) cyanide complexes formed at these R values may rapidly decompose to copper (I)
complexes, in conformity with the previous prediction.

In acidic solutions at pH 5.8, F and F’', G, H, and C’' are formed successively,
as R increases, as shown in Fig. 3; at R > 6, ESR signal intensities become re-
markably weak. Judging from g, and a, values, G and C’' are obviously analogous in
structure to B and C, respectively. In general, the "rule of average environment"
holds good not only for visible absorption spectra of metal complexes,7) but also
for ESR parameters of copper (II) complexes,s) as also exemplified here by the fact
that the g, values of Cu(CN)42-, Cu(CN)z, and Cu2+ increase in this order, as shown

in Table 1. According to this rule, F and F’ are reasonably identified as copper-



484

Chemistry Letters, 1 9 8 4

(IT) complexes with one CN™ ion, and H is considered as a complex with three CN~
ions. On referring also to R, C and C' may possibly be complexes with four CN~

ions, which are of a different type to D.

All the results obtained here are summarized in Table 1.

Table 1. ESR Data and Possible Structures of Intermediate Copper(II) Cyanide Com-

plexes
PH Iu |2 | Complex Possible structureb) Remarks
- (ESR
cm spectrum)
9 — 10 2.256 0.0176 A Cu(CN)X; X = OH or HZO analogous to F’
2.209 0.0195 B Cu(CN) ,X; X = OH or H)0 analogous to G
2.142 0.0163 C Cu(CN)4 analogous to C’
2.129 0.0194 D Cu(CN)4; square planar
E Cu(CN) ,; tetrahedral 9o = 2-09; |ag| = 0.013 an™t
5.8%)  2.287 0.0174 F Cu(CN) X; X = CHC0,” or H,0
2.258 0.0177 F' Cu(CN)X,; X = CHyC00,” or H,0
2.220 0.0192 G Cu(CN)2
2.168 0.0191 H Cu(CN)3
2.147 0.0155 c’ Cu(CN)4

a)

In the case of R = 0 (Fig. 3a), cupric ions in acetate buffers are in two
different states of acetate coordination with the ESR parameters: g, = 2.360,
|a,| = 0.0158 em™L; g, = 2.325, |a,| = 0.0182 cm b (cf. g. = 2.400, |a,| =
0.0128 cm ! for hydrated cu®’ ions).

b) The structures are expressed with charge and coordinated water molecules
omitted. All the complexes are essentially 4-coordinated planar ones. The
coordination bond of OH is strongei than that of H,0.
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