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Reaction of the Aquacopper(1) Ion with Hydrogen Peroxide
Evidence for a Cu'™ (Cupryl) Intermediate

G. R. Alastair Johnson,* Najdat B. Nazhat and Rajiha A. Saadalla-Nazhat

Radiation and Biophysical Chemistry Laboratory, School of Chemistry, The University,
Newcastle upon Tyne NEI 7RU

Oxidation of CH,OH to HCHO occurs as a chain reaction on y-irradiation
of deaerated aqueous CH,OH +H,0,+CuZ} solutions. The reaction of
Cu;, with H,0, is a propagation step. The chain-length and the dependence
of HCHO formation rate on radiation dose, CH;OH concentration and pH
are not compatible with a mechanism that includes production of the free
hydroxyl radical, OH", by the Cu;, + H,0O, reaction. It is suggested that an
intermediate is formed by this reaction that reacts with methanol with a rate
constant not greater than 4 x 10° dm® mol™* s}, and the main features of
the results are explained on this basis. The reactivity of the proposed
intermediate is shown to be similar to that of the Cul (cupryl) species,
produced by reaction of OH " with CuZ;.

The reaction of H,0O, with Cu'ions in biological systems can lead to cell damage and the
reactive intermediate responsible has usually been assumed to be the hydroxyl free
radical (OH "), although other possibilities have been considered.! Most Cu' complexes
react rapidly with H,0,, but studies of the Cu'+ H,0, reaction have been made mainly
in systems where the metal is complexed by ligands, such as 1,10-phenanthroline®® and
2,2"-bipyridyl,®? that form stable complexes with Cu'. From the point of view of
understanding the role of Cu' in biological oxidation, information is also needed about
the reactions of H,0, with less stable Cu' complexes and with the aquacopper(1) ion
(Cuy,). In these cases, the possibility of disproportionation of Cu' to Cu" and Cu®
severely restricts the concentration range of Cu’ that can be used.® We report here an
investigation in which y-irradiation of aqueous solutions of Cu}; and CH,;OH was used
to produce CuZ, at a known rate, to study its reaction with H,O,. Under the conditions
used, the stationary concentration of Cuj, is sufficiently low to preclude dispro-
portionation. The investigation, a preliminary account of which has been published,®
was aimed primarily at determining whether or not OH' is formed by reaction of
H,0, with Cuj,.

Experimental

Materials were A.R. grade, and were used as received. Solutions were in triply distilled
water. pH was adjusted by addition of H,SO,. Stock H,O, solutions, prepared from
unstabilised H,0, (Laporte) were standardised spectrophotometrically using iodide
reagent.!®

The solutions for irradiation were mixed in a Pyrex glass vessel, fitted with a rubber
septum cap, and were saturated with either N,O or N, by bubbling. y-Irradiations (**Co
source, nominally 800 Ci) were at constant dose rate, determined by Fricke dosimetry.

In experiments with H,O, present, under certain conditions there was significant
formation of HCHO in the unirradiated solution, presumably due to the thermal
reaction of H,0, with CH,OH, catalysed by copper ions. This ‘dark reaction’ was
negligible at pH < 3, but increased in rate with increasing pH. To minimise its

501


http://dx.doi.org/10.1039/f19888400501
http://pubs.rsc.org/en/journals/journal/F1
http://pubs.rsc.org/en/journals/journal/F1?issueid=F11988_84_2

Published on 01 January 1988. Downloaded by University of California- Irvine on 31/10/2014 09:16:23.

View Article Online

502 Reaction of Aquacopper(1) with Hydrogen Peroxide

contribution to the total yield, H,O, was introduced immediately before irradiation, and
the solution was acidified to pH < 3 immediately after irradiation. For each radiation
yield measurement, unirradiated controls were analysed, together with the irradiated
solutions. The results have been corrected for the contribution of the dark reaction,
which was never greater than ca. 10% of the radiation yield. Samples were taken
immediately after irradiation for analysis, together with the appropriate controls.

HCHO was measured by the 2,4-dinitrophenylhydrazone method.!! Cuj, was
determined as its complex with 2,9-dimethyl-1,10-phenanthroline.!

Results
Radiation-induced Reactions

The y-ray-induced decomposition of water, which forms free-radical species, via
reaction (1) H,0~wOH", H', e, H,0,, H, )
was used to generate Cu;, at a steady rate from a solution containing CH,OH
(0.1-2.0 mol dm™®), and copper(nn) sulphate {(1-20) x 1072 mol dm™?], saturated with
N,O (ca. 3 x 1072 mol dm™%). The main reactions in this system,? together with reported
rate constant values, are collected in table 1.

Under the conditions used, each radiation-produced free radical reacts to give Cu;,,
either directly or indirectly, and the rate of Cu;, production, via the radical reactions,
is given by R(Cuj ) = G, D, where G, = G(OH ")+ G(e;,) + G(H") is the total radiation
yield of free radicals and D is the dose rate. G(H") = 0.054 umol J-! was assumed, and
the total radiation yield of OH™ from N,O-saturated solution, which depends on
CH,OH concentration, was calculated from the expression:!®

G(OH *)/umol J=! = 0.54 +0.31(k,[CH,OH]/A)}/{1 + (k,[CH,OH]/ )}

where 4 =4.7x10%s™. This gives G(OH") = 0.60-0.73 umol J™! over the CH,OH
concentration range 0.1-2.0 mol dm™3, i.e. R(Cu;,) = (5.6—6.2) x 107" mol dm™® s™* for
a dose rate of 0.8 Gy s™*.

Yields in the Absence of H,0,

Irradiation of solutions of Cu};+CH,;OH (N,O-saturated) gave HCHO and Cuj,
yields directly proportional to the total dose (20-100 Gy): table 2 gives G(HCHO) and
G(Cuj) for [CH,OH] = 0.025 and 0.25 mol dm™.

Yield measurements were also made for solutions with Cuj; in excess over CH;OH
at pH 1.9-5.4 (table 3).

Yields in the Presence of H,0,

With H,0, present, the yield of HCHO from CuZ} + CH,OH solutions (N,O-saturated)
was directly proportional to the total dose, with G(HCHO) significantly greater than in
the absence of H,O,. Fig. 1 shows the linear dependence of the HCHO yield on time, for
constant dose rate (0.80 Gy s™!), obtained with [CH,OH] = 1.0 mol dm™, [H,0,] =
3x 10 mol dm™2, [Cu;,]=1.0x10"*moldm™. No Cu;, could be detected when
H,O, was present.

R(HCHO) was determined for a variety of initial conditions. In each case, the HCHO
concentration was measured in samples irradiated with different total radiation doses,
the maximum dose (ca. 80 Gy) being sufficiently low to avoid significant reagent
depletion. The quoted values of R(HCHO) are means of measurements from at least
three separate irradiations. Except where stated, the separate measurements agreed,
within the experimental uncertainty of ca. 10%.
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Table 1. Reactions in y-irradiated CuZ; +CH,OH solutions

reaction k/10® dm® mol™'s™*  ref.

ez, +N,0(+H") - N, +OH" @ 80 13
€;,+Culi - Cuj, 3 300 13

e, tH - H’ 4) 200 13
OH"+CH,0H - ‘CH,OH+H,0 (5 8.0 14
H"+CH,0H — "CH,0H +H, (6) 0.02 15
H'+CuZ - Cuf, +H* ) 0.7 16
"CH,OH +Cu}; - HCHO+Cu; +H™ (8) 1.6 17

Table 2. Formation of HCHO and Cuj, in y-irradiated solutions of CH,OH+CuZ (N,O-
saturated, pH 3.0)*

[CH,OH]/107% mol dm™® G(HCHO) G(Cuy)
b ¢ d b c d
2.50 0.62 0.58 0.65 0.55 0.50 0.64
25.0 0.68 0.68 0.76 0.61 0.57 0.71

“ Measured and calculated radiation yields [G(product/umol J7!)] in the absence of H,0,. [CuZ]
= 1x107* mol dm~3, dose rate = 0.8 Gy s™!. Standard deviation on measured values < 0.2 for
four independent measurements (total dose = 20-100 Gy). * Measured values. ¢ Calculated values
assuming radiation-produced H,0, does not give OH". ? Calculated values assuming radiation-
produced H,O, gives OH " (see Discussion).

Table 3. Formation of HCHO and Cuj, in y-irradiated solutions of CH,OH (5 x 107* mol dm™,
CuZ! (0.01 mol dm?), N,O-saturated®

pH 1.9 3.0 3.5 48 54

G(HCHO) 041(0.06)  043(0.05)  027(0.07)  0.10(0.02)  0.10(0.07)
G(Cuy) 0.63 (0.06) — — — 0

* Dependence of [G(product)/umol J™')] on pH. Dose rate = 0.8 Gy s™1. Standard deviation (in
parentheses) from 4 independent measurements for total radiation dose 20-100 Gy.

R(HCHO) was independent of whether N,O or N, was used as the deaerating gas.
Solutions saturated with N,O containing 0.1 atm O, (solution [O,] ~ 107* mol dm™®)
instead of pure N,O gave the same value of R(HCHO) as in the absence of H,0,. At
constant H,0, and CH,OH concentrations, R(HCHO) increased with decreasing pH
(table 4).

Fig. 2 shows the dependence of R(HCHO) on CH,OH concentration for [H,0,] =
3.0 x 107* mol dm ™ at pH 3.0 and 5.0. Values of R(HCHO) obtained with various initial
concentrations of H,0,, Cu}}, and dose rates are collected in table 5 (pH 5.2) and table 6
(pH 3.0).
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Fig. 1. Formation of HCHO from solutions of CH,OH (1.0 mol dm~?), H,0, (3 x 1073 mol

dm™®), CuZ! (1x107® mol dm2), N,O-saturated (pH 5. 2) y-irradiated at constant dose-rate (ca.

0.8 Gy s~ ‘) Dependence of HCHO yield on time. O, Measured values. Lines show values

calculated using FACSIMILE: (- - - -) OH "-radical mechanism, (———-) proposed mechanism (see

text).

Table 4. Formation of HCHO in jp-irradiated

solutions CH,OH (1.0 mol dm~®), CuZ; (0.001)

mol dm~3), H,0, (0.003 mol dm~?), N,O-satur-

ated: dependence of rate of HCHO formation,
R(HCHO), on pH*

pH R(HCHO)/10-¢ mol dm® s
5.5 6.4 (0.3)

5.2 8.8 (0.8)

4.7 15.8 (0.7)

4.1 15.4 (1.0)

3.5 15.4 (1.6)

3.0 18.8 (1.4)

23 27.4(1.3)

1.6 83°

0.8 108°

¢ Dose rate = 0.8 Gy s™*. Standard deviation (in
parentheses) from 3 independent measurements
for total radiation dose 20-40 Gy. ® Values
based on measurement for dose = 20 Gy.
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Fig. 2. Formation of HCHO from solutions of CH,OH (1.0 mol dm~?), H,0, (3 x 10~® mol dm™2),

Cu;2 (1 x 107 mol dm~®) N,O-saturated (pH 5.2) y-irradiated at constant dose rate (ca. 0.8 Gy

s71). Dependence of rate of HCHO formation, R(HCHO), on CH,OH concentration at pH 3.0 (@)
and pH 5.2 (O). Calculated values ( x) (see text).

Table 5. Formation of HCHO from j-irradiated solutions of CH,OH+H,0,+CuZ; (N,O-
saturated, pH 5.2): dependence of rate of HCHO formation, R(HCHO), on initial concentrations
and initiation rate®

R(HCHO)
/107" mol dm=2s7!
[Cu*'] [H,0,] [CH,OH] R
/107*mol dm™ /10®* mol dm™ /mol dm=* /107 mol dm=s~* obs. calc.
1.0 3.0 1.0 5.0 8.8 9.2
1.0 0.68 0.5 5.0 4.9 3.6
1.0 1.2 1.0 5.0 6.3 6.4
1.0 1.2 0.5 5.0 5.6 4.7
1.0 1.4 0.05 5.0 1.8 1.7
1.0 3.0 0.05 5.0 1.6 1.7
1.0 34 0.25 5.0 4.1 43
1.0 0.88 0.10 5.0 23 2.1
2.0 0.88 0.10 5.0 23 2.1
2.5 1.3 0.5 5.0 5.6 4.8
10.0 3.0 1.0 5.0 9.0 9.2
1.0 1.0 0.1 5.5 22 2.0
1.0 1.0 0.1 0.72 4.5 4.0
1.0 34 1.0 0.56 13 19
1.0 34 1.0 5.0 8.2 9.5

* Calculated rates from FACSIMILE (see Discussion).
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Table 6. Formation of HCHO in jy-irradiated solutions of

CH,OH +H,0,+Cuj} (N,O-saturated): dependence of rate

of HCHO formation, R(HCHO), on H,0, and CH,OH
concentration at pH 3.0

[H,0,] (CH,OH] R(HCHO)
/107> mol dm™? /10*moldm=2 /10~®* mol dm=3s!
1.2 0.5 18
1.2 0.5 19
3.0 0.5 12
3.2 0.5 12
0.60 0.5 22
6.0 0.5 6.3
10 0.5 6.2
1.2 0.1 10
3.2 0.1 6.0
Discussion

The rate of HCHO formation, on irradiation at constant dose rate, was significantly
increased by H,0,, indicating that HCHO is formed by a chain reaction under these
conditions. It is assumed that this chain reaction is initiated by the radiation-induced
production of Cuy, and that the chain process includes reaction of Cu;, with H,0, as
a propagation step. This is consistent with the observed inhibition of the chain reaction
by relatively low concentrations of O, because the fast reaction of Cuj, with O, can
prevent its reaction with H,O,.

The initiating reactions (1)—(8) are not influenced by the presence of low con-
centrations of H,0,, and the net effect of y-irradiation is to introduce Cuj, into the
system at a known rate, i.e. rate of initiation R, = R(Cuj,) = G(Cu}) D.

If OH" is formed in the Cuj, +H,0,+ CH,OH system by the reaction

Cut, +H,0, » CuZ +OH " +OH~ ©)

chain oxidation of CH,OH to HCHO would be expected, with reactions (5), (8) and (9)
as propagation steps. At sufficiently high CH,OH concentration, reactions of OH * with
species present at relatively low concentrations (including H,O,, copper ions,
intermediates and products) cannot compete successfully with reaction (5) and can,
therefore, be excluded as termination steps. Termination by reaction of *CH,OH with
Cu;, can also be excluded, since there is strong evidence that oxidation of Cuj, by
1-hydroxyalkyl radicals does not occur.” This leaves the radical-combination reaction

(10) 2"CH,OH — products (10)

(ko = 1 x 10° dm® mol~* s72, ref. (19)] as the most probable chain-termination step.
The kinetic behaviour resulting from a mechanism consisting of steady formation of
Cu;,, and reactions (5), (8), (9) and (10) can be predicted. For this purpose we assumed
that ky = 4 x 10® dm?® mol™* 571, the value determined by direct measurement of the rate
of reaction of Cuj, with H,0,.?* This is close to the value®® (2 x 10° dm® mol™* s7") of
the rate constant for the analogous reaction of the bis(1,10-phenanthroline)copper(x) ion
with H,0,. It is apparent that reaction (9) is rate-limiting, and Cu;, does not attain a
steady state with this mechanism. For comparison with the experimental results,
therefore, the kinetics were modelled by numerical integration using the FACSIMILE
program.?* Fig. 1 shows the calculated dependence of HCHO yield on time, together
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with the experimental values. Obviously, this mechanism is not consistent with the
observed constant rate of HCHO formation, and predicts a rate of CH,OH oxidation
much faster than observed. As well as these differences, other features of the reaction
differ from those expected on the basis of the mechanism involving OH" radical
formation by reaction (9). The HCHO yield (fig. 1) calculated from this mechanism is
independent of the CH,OH concentration, whereas the measured R(HCHO) was
dependent on the CH,OH concentration (fig. 2). Furthermore, there are no obviously
pH-dependent steps in the OH" mechanism, whereas the measured R(HCHO) was
dependent on pH (table 4).

The main features of our results can be explained if it is assumed that the intermediate,
formed by reaction of Cuj, with H,0,, is not OH", but a species with a rate constant
for its reaction with CH,OH much smaller than that of OH'. Reaction of the
intermediate with Cu;, can then be a significant termination reaction. This is
represented schematically by reactions (11)-(13), where Cu'™ is the postulated

intermediate.
intermediate Cu;, +H,0, - Cul" (1)
Cu'+CH,OH - CH,OH + CuZ; + H* (12)
Cu™ + Cu, - 2Cu. (13)

For a mechanism with initiation by the radiation-induced formation of Cuy,
propagation by reactions (11), (12) and (8), and termination by reaction (13), assuming
CH,OH and Cu'" to be in the steady state, the rate is given by

R(HCHO) = R, + (R, k,, k,JCH,OH][H,0,]/2k, ). (14)

At pH 5. 2 with constant [H,0,], the observed R(HCHO) increased linearly with
[CH, OHJ:, as predicted from eqn (14), at least over the range 0.25-2.0 mol dm™
(fig. 2). Assuming the concentration dependence in this concentration range to be
described by eqn (14), from the slope of the linear section of the plot, a value is obtained
for the rate constant ratio k, = k,, k,,/k,; = 0.14 dm® mol ™' s7%.

At low CH,OH concentration (< 0.25 mol dm™?), the measured values of R(HCHO)
were somewhat lower than predicted from eqn (14) This is apparent in fig. 2, where
the lines, obtained from the data by linear regression, show small negative intercepts at
[CH, OH]Jt = 0. A suggested explanation is that a termination reaction

Cu™ + H,0, — products (15)

occurs in competition with reactions (12) and (13). The FACSIMILE program?! was used to
compute the dependence of R(HCHO) on CH,OH concentration from the mechanism
including reaction (15). For this purpose, the value of &, = 0.14 dm® mol*s™!, was
used, and the value of k,, varied to obtain the best fit. The calculated R(HCHO) values
(fig. 2 and table 5) were obtained with k,; = 2 x 10 dm® mol™! s7!

On the basis of the above treatment, an upper limit for the value of k,, can be
estimated. Taking k;, = 4 x 10® dm® mol ™ s, i.e. the same value as that assumed above
for k,, and taking as an upper limit the value of k,, = 10'° dm® mol™ s7! (i.e. equal to
the diffusion-controlled limit for neutral species®), gives k,, < 4 x 10° dm?® mol* s,

aq’

HCHO Formation in the Absence of Added H,0,

HCHO is formed in the y-irradiated Cu; +CH,OH system ([CH, OH] > [CuZl]) via
reactions (5), (6) and (8).'” Under these condmons the metastable Cu;, ion accumulates
as a product in the irradiated solution. Since water radiolysis also glves some H,0,, with
a radiation yield of G(H,0,) = 0.073 umol J-!, the total expected yields of HCHO and
Cug, depend on how this H,0, reacts with Cu;'q. If reaction (9) occurs, an additional
radiation yield of HCHO equal to G(H,0,) will be formed, via reactions (9), (5) and (8),
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but the Cuj, yield will not be affected. On the other hand, if H,0, reacts via reactions
(11y(13) and #%,,/k,; =4x107° as deduced above, there will be essentially no
contribution to the HCHO yield from the reaction of H,0,, but Cug, will be removed
via reactions (11) and (13). The expected yields of HCHO and Cuaq, in either case, depend
on the values assumed for the radiation yields of the radical species and, unfortunately,
the uncertainties associated with these values,'® particularly at solute concentrations
above 107 mol dm™2, make it difficult to use this method to distinguish between the two
mechanisms. For the conditions used to obtain the measured values of G(HCHO) and
G(Cu;,), the theoretical values were calculated using the best estimated values of G(OH ")
and allowing for the competitions between reactions (2) and (3) and between reactions
(6) and (7). The theoretical values are closest to the measured values (table 2) in the case
of the mechanism that assumes that OH" is not formed via reaction (9). Although,
because of the uncertainties associated with both the measured and theoretical values,
this finding alone cannot be taken as firm evidence, it can at least be concluded that the
measured G(HCHO) and G(Cu,,), in the absence of added H,O, at pH 5.2, are not
inconsistent with the mechanism involving reactions (11)—(13).

Nature of the Intermediate

There have been earlier suggestions™?**¢ that OH " may not be formed by reaction of
Cu'! ions with H,0,, and the formation of cupryl species, with Cu in the formal +3
oxidation state, has been considered. Production of Cu,g' by addition of OH" to Cult:

OH" +Cu}} —» Cuy (16)

(k1 = 3% 10® dm® mol~* s7*) has been demonstrated by pulse radiolysis.?”?* The same
species could possibly be formed by reaction of Cuj, with H,0,, e.g. an initial reaction
togive a copper—H O, complex, followed by electron-transfer and rearrangement within
the complex. It is of i mterest therefore, to compare the reactions of Cuy, produced by
reaction of OH" with Cuy;, with those of our postulated intermediate. Reactlons of the
species from pulse radiolysis with various solutes, including H,0, and CH,OH, have
been investigated®® in the pH range 3-6. At pH 5.4, the reaction with CH,,OH was slow,
compared with its other reactions under pulse radiolysis conditions, and only an upper
limit was obtained for the rate constant, k < 1 x 10° dm® mol™ s™. This is compatible
with the upper limit deduced above for the value of k,,. For the reaction of Culll with
H,0,, k£ = 6 x 10° dm® mol~* s7' was reported.? This reaction can be compared with
reaction (15), included in our mechanism to account for the dependence of R(HCHO)
on H,0, concentration. Although the products from reaction of Cu;;f with H,0O, are not
known 1t is unlikely that a product would be capable of cham propagatlon in the
Cu;, +H,0,+CH,OH reaction, so reaction of Cuj with H,0, would act as a
termination step, as we propose for reaction (15).

The lifetime of the Cull! species formed by pulse radiolysis decreased with decreasing
pH, and it was suggested ® that Cujl' dissociates to give OH " by the reverse of reaction
(16), the extent of dissociation increasing with decreasing pH. In the Cu; +H,0,
+CH,OH reaction, R(HCHO) was dependent on pH at constant H,0, concentrauon
(table 4) We have considered, therefore, the possibility of a change in mechanism with
pH, from the one, discussed above, involving Cu,;' at pH > 4, to one involving OH" as
intermediate at lower pH. The OH" mechamsm might be expected to dominate at
pH 3, where the pulse radiolysis results have been interpreted®® as indicating that Cul
is largely dissociated to OH". However, the observed lmear dependence of the HCHO
yield on radiation dose and of R(HCHO) on [CH, OHJ: (fig. 2) at pH 3, are not
compatible with the formation of OH by reaction (9), for the same reasons as advanced
above for the results at pH > 4. Inclusion of the reverse of reaction (16) does not change
this conclusion, since reaction (5) is fast compared with reaction (16) at the CH,OH
concentrations used. At pH < 3, the relatively high value of R(HCHO) and rapid
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consumption of H,0, made it difficult to measure the initial value in our system and so
determine the precise dependence of R(HCHO) on [CH,OH] under these conditions.
However, even at pH < 1, there were indications, from both the dependence of HCHO
yield on dose and of R(HCHO) on CH,OH concentration, that freely diffusing OH" is
not formed.

The conclusion?®® that reaction (— 16) occurs in the pulse radiolysis system was based
mainly on the observation that the relative values of the rate constants, for reaction of
the transient species with various solutes, were similar to those of OH". This evidence
is not unequivocal since it is possible that Cul;' reacts with reducing solutes with relative
rate constant values similar to those of OH". If so, the different species can only be
distinguished by very accurate measurements. As pointed out,® there are practical
difficulties in deriving rate constant values from the pulse radiolysis data. In particular,
the decay of Cul, following the radiation pulse, is not due to a single reaction, and
allowance must be made for the reaction of Cuj with Cu;,. The concentration of
Cu;, immediately after the pulse, and therefore the contribution on the reaction of
Cu;(;h with Cu;,, increases with decreasing pH. With some of the solutes studied,
including CH,OH and H,O,, the matter is further complicated by reactions of
intermediates produced by the reaction of the oxidising species with the solute.

pH Dependence of the HCHO Yield

There is evidence from pulse-conductivity experiments® that Cuf, produced by
addition of OH " radicals to CuZ, exists different acid—base forms:

aq *
Cull = Cu(OH)** = Cu(OH); = Cu(OH),

with pK, < 3.5 for Cu(OH)** and pK, = 4-6 for Cu(OH);. Assuming that the reactive
intermediate formed by the Cuj, +H,0,+CH;OH reaction is Cujl, the rates of
reactions (12) and (13) involving this intermediate might be expected to depend on the
extent of its protonation. This may provide an explanation for the dependence of
R(HCHO) on pH (table 4), although, with at least three competing reactions in the chain
mechanism, each of which could be pH-dependent, the system is obviously complicated.

In an attempt to find out if the relative rates of reactions (12) and (13) depend on pH,
we measured the HCHO radiation yield from CuZ} +CH,OH solutions, in the absence
of H,0,, at high [Cu}}]/[CH,OH] ratio (table 3). Under these conditions, reactions (5)
and (6) are negligible compared with reactions (16) and (7) respectively, and it can be

assumed that radiolysis gives Cul' and Cu},. For the conditions given in table 3, the
aq

yields of these species, formed gqy reaction of radiation-produced OH', H" ¢, and

H,0,, are calculated from:
G(Cu;l) = G(OH ") +AIN,0) G(e;,)
G(Cugy) = GH) +[1-AN,0)] Ge,,)

where fIN,O) = k,[N,O}/(k,[N,O] +k,[H*] + k,[CuZl]) is the fraction of e, reacting
with N,O.

The yield of HCHO will depend on whether Cuj reacts with CH;OH [reaction (12)]
or with Cu;, [reaction (13)] since only the former reaction leads to HCHO [via reaction
(8)]. Thus, if reaction (13) predominates, each Cuj , formed either by reaction of
radiation-produced H" and e;, or by reaction (8), removes one Cug' by reaction (13),
giving a predicted G(HCHO) = [G(Cul)—G(Cu;,)]l/2 and G(Cu}),. =0. This
appears to be the situation at pH > 4.8, where the observed HCHO yield (table 3) is
close to the predicted value, G(HCHO) = 0.1 umol J7!. On the other hand, if reaction
(13) is negligible, the predicted yields are-

G(HCHO) = G(Cu})+ G(H,0,)

and G(Cuj ne, = G(Cul) + G(Cuy,).
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[It is assumed that the radiation-produced H,O, (molecular yield) will undergo reaction
(11) under these circumstances]. This fits the results at pH < 3 with predicted yields,
G(HCHO) = 0.45, G(Cu},),., = 0.64 umol J™* close to the measured values (table 3).
The results suggest, therefore, that reaction (12) competes more effectively with reaction
(13) as the pH is decreased, reaction (13) becomlng negligibly slow at pH < 3. This can
possibly be explained in terms of increasing protonation of the Cu;y species. The
consequent increase in posmve charge may decrease the rate of the reactlon with the
positively charged Cu;, ion, but may have much less influence on the rate of reaction
with a neutral species such as CH,OH. The conclusion that reaction (13) is predominant
at pH 5.4 is in accord with our value of k,,/k;, = 3 x 107, deduced from the kinetics of
the chain reaction in the Cu;, + H,0,+ CH,OH system at pH > 4, where reaction (13)
is assumed to be the main termination reaction. However, if the ratio k,,/k,, increases
significantly between pH 5 and pH 3, the relatively small increase in R(HCHO) over this
pH range (table 4) implies that reaction (13) is not the main chain-termination reaction
at the lower pH. It is possible that the ratio k,,/k,, increases with decreasing pH?®
making reaction (15) the main termination reaction at low pH. The observed decrease
in R(HCHO) with increasing H,0, concentration at low pH (table 6), perhaps lends
support to this conclusion although a detailed interpretation of the kinetics of the system
in the lower pH region cannot be given at present.
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