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Pulse Radiolysis of Hg(CN), in Aqueous Solutions
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The reduction of Hg(CN), in deaerated aqueous solutions was studied by the pulse radiolysis technique.
Hg(CN), reacts with the e,, with k(e,,+Hg(CN),)=(1.34-0.1) X 101® M~1 s~ to yield a transient species of HgCN
having an absorption maximum at 285 nm. Hg(CN), is also reduced by CO,~ with £(CO,~+Hg(CN),)=(3.44+

0.2) x 10° M1 5-1,

The extinction coefficient of HgCN at 285 nm was determined as (3.84-0.1) x 103 M~* cm~1.

HgCN recombines with 2k=(3.44-0.5) x 10®* M-1s-1 to produce another absorption species, assigned as (HgCN),,

in an unstable state.
formate.

The decay rate of the dimer was accelerated by some additives, such as alcohols and sodium
Making use of a proposed mechanism, (HgCN),—Hg(aq)-Hg(CN),, the absorption coeflicient of

atomic mercury in water was evaluated as (2.840.1) X 10° M~ cm~2.

The radiolysis of aqueous solutions of some metal ions
gives various species in unstable valence states by the
action of the reactive primary products coming from
water, such as OH radicals, H radicals, and hydrated
electrons. ‘The technique of pulse radiolysis, as is well
known, is useful in investigating the reaction processes
of such short-lived species.)

By means of this method the radiolytic reduction of
mercuric ions has, recently, been carried out in aqueous
solutions.2-4 The unstable monovalent mercurous ion
formed initially behaves differently depending on pH
of solutions. In an acidic solution at about pH 4,%
the stable mercurous ion, Hg,*t, is formed via an addi-
tional step after disproportionation of the initial species:

Hg* + Hg* — Hg(0) + Hg(II)
Hg(0) + Hg(II) ~— Hg,?**

While in the neutral solution,Y where the transient
mercurous ion exists in the form of HgOH, the dimeriza-
tion occurs in one step:

Hg* «— HgOH
2HgOH —— (HgOH),

The direct recombination is similar to the case of HgCl
formed in the reduction of HgCl,.5

Another interesting point on radiolytic reduction
of mercuric ion in the neutral solution was the finding
of Hg,O,% which had not been proved to exist before.

In comparison with these results, the pulse technique
has been applied to aqueous Hg(CN), solutions. An-
other transient mercurous species, HgCN, and its
unstable dimer were found optically. The reaction
mechanisms are discussed based on some kinetic data.

Experimental

The experimental details of pulse radiolysis measurement
have been described previously.?4

Reagent grade Hg(CN),, HCO,Na, methanol, ethanol, iso-
propyl alcohol and tert-butyl alcohol (all are supplied from
Wako Pure Chemical Industries) were used without further
purification.

Triply distilled water was used at natural pH for all the
experiments. All the solutions were deaerated by bubbling
with argon. When necessary, solutions were saturated with
N,O (special pure grade, 0,<{0.1%, Suzuki Shokan Co.)

Product analysis in aqueous Hg(CN,) solutions containing
isopropyl or tert-butyl alcohol was carried out on irradiation
of 7.9 kCi #Co source at a dose rate of 1.29x 105 r/hr.

Acetone, being one of the products, was determined on a
gas-chromatograph (Hitachi 063) using a column of 1 m
Carbowax 20 M at 50 °C.

Results and Discussion

Figure 1 shows typical oscillograms of the changes in
optical absorptions at 290 and 210 nm after pulse
irradiation in a deaerated aqueous solution of 200 uM
Hg(CN),. The absorption at 285 nm decays approxi-
mately according to a second order kinetics. The
half life was about 30 ps for a dose of about 2.5 krads
per pulse. While, the absorption at 210 nm decays
only partly and thereafter remains constant within
about I ms.

Figure 2 shows the spectra of the absorption immedi-
ately and 1 ms after the pulse. The initial spectrum
has a peak at 285 nm and rises at wavelengths shorter

(b)

Fig. 1. Oscilloscope traces obtained in a deaerated
aqueous solution of 2x 10-¢ M Hg(CN),: pulse dose,
2.5 krads; ordinates, 4.5 9,/large division; (a): at 285
nm, time scale, 20 ps/large division; (b): at 210 nm,
time scale, 0.5 ms/large division.
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Fig. 2. Absorption spectra in a deaerated aqueous
solution of 2% 10-* M Hg(CN),: average dose, 2.0
krads; immediately (), 2 ms (@) after the pulse;
(X), the spectrum about a few minutes after ten re-
peated pulses.

than 260 nm. The spectrum of the remaining absorp-
tion is different from that of the initial one. These
absorption did not appear in solutions saturated with
N,;O, but were hardly affected by the presence of 10 mM
tert-butyl alcohol.

Absorption of the electron energy in water liberates
the free radicals and molecular products represented by

H,0 — eg,, H, OH, H,, H,0,, ¢t. (1)
It has been well known that N,O and teri-butyl alcohol
react rapidly with the e,,” and the OH radical, respec-
tively:

e, + N;O — N,+OH + OH- @)

OH + t-BuOH —— H,O + #-BuOH 3)

where £,=5x 109 M~15716) and £;=2.5%x 108 M1 519
Therefore, the scavenging effects suggest that the
optical absorption appearing initially in aqueous solu-
tions of Hg(CN), could be due to the mercurous species,
the reduced product of Hg(CN), by the hydrated
electron.

€z, + Hg(CN), — Hg(I) 4)
The H radical would also function as a reducing agent
for Hg(CN),, by analogy with the cases of other mercuric
ions,3:5,8:9) .
H + Hg(CN), — Hg(I) (3)

though the contribution to the transient is small due
to the low yield (Gg/G,,~=0.2).19

Reaction Kinetics of the e,,~ and the CO,~ Ion with Hg-
(CN),. In order to determine the rate constant
of Reaction 4, the decay of the hydrated electron after
the pulse of about 0.5 us duration was monitored at
500 nm in the absence and presence of Hg(CN),. This
monitoring wavelength is considerably longer than the
absorption band of the transient product of Reaction 4.
Under our experimental conditions, where 10 mM
tert-butyl alcohol was present as a scavenger for the
OH radical, the first half-life of the e,,~ was roughly
15 pus.  With increasing Hg(CN), concentrations from
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Fig. 3. Dependence of the pseudo-first-order decay rate
of the e;; on Hg(CN), concentration, monitored at
500 nm.

10-% to 3x 10® M the decay of the hydrated electron
became first order and the half-life progressively di-
minished. As seen in Fig. 3, pseudo-first-order rate
constants, calculated from these half-lives, were pro-
portional to added substrate concentration over the
range investigated. The second-order rate constant,
obtained from data in Fig. 3,is (1.340.1) x 101® M—1s-1,
This is about half of the similar reaction to HgO% and
about one third to HgCl,.5

On pulse radiolysis of a 200 uM Hg(CN), solution
containing 10 mM HCO,Na and saturated with nitrous
oxide, an analogous absorption species was also obtained
by about 2 times in the absorption intensity, though
the formation rate was slower. As a matter of fact, the
spectrum immediately after the pulse was somewhat
different from the spectrum in Fig. 2. In a short
period of time after the pulse, however, the absorption
built-up is observed in the wavelength region longer
than 275 nm and shorter than 225 nm, while the absorp-
tion around 250 nm starts decaying at the end of the
pulse. Within about ten ps the resultant spectrum of
the absorption became analogous to the initial one in
Fig. 2.

The HCO,~ ion reacts with the OH or H radical to
form a strong reducing species, CO,™, that has an optical
absorption maximum at 250 nm:*?

OH or H + HCO,” —> CO,” + H,0 or H,  (6)

Thus it may be concluded that, similarly to the case
of reduction by hydrated electron, the transient mercu-
rous species results also from the reaction of Hg(CN),
with the CO,~ radical ion:

CO,~ + Hg(CN), — CO, + Hg(I) ™)

On analysis of the formation of the absorption at 285 nm,
the plots of In(D.—D;) vs. time, where D is the optical
density, became linear and the slope was proportional
to Hg(CN), concentration. An example of the oscillo-
scope trace and kinetic plots are given in Fig. 4. In
solutions of 50 and 100 uM Hg(CN), a mean bimolec-
ular rate constant for Reaction 7 was obtained as (3.4
0.2) x 10° M~ s~ at an average dose of 1.2 krads.
The experiments in the presence of some sorts of
alcohols demonstrated that the transient mercurous
species was not formed by the action of the radicals,
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Fig. 4. An oscilloscope trace and first-order plots for the
built-in of absorption at 285 nm in a N,O saturated
solution of 50 uM Hg(CN), containing 10 mM
HCO,Na; dose, 1.2 krads; ordinates 4.5%,/large divi-
sion; time scale, 5 ps/large division.

such as CH2OH CH,CHOH, (CH,),COH, and (CH,),-
C(OH)CH These radicals were produced by the
reactions of the corresponding alcohols with the OH
radicals and have been known as reducing agents!d
except the last radical. Such results are different from
the case where HgCl, is the reactant toward the alcoholic
radicals. Nazhat and Asmus® have reported that HgCl,
is reduced by the isopropyl alcohol radical to form a
transient mercurous chloride, HgCl.

Characteristics of the Initial Transient Species. The
optical density of the absorption immediately after the
pulse at 285 nm was linear against dose up to about 3
krads/pulse in deaerated aqueous solutions of more than
a few mM Hg(CN), and HCO,Na. The molar ex-
tinction coefficient of the species, 2%, is (3.84-0.1) x
103 M-! cm-!, assuming GHg(I)—Ge_ 4Gy +Gog=

6.1'9 in a 10 mM Hg(CN), solution contalmng 5 mM
HCO,Na.

A possibility that might be argued on the assumption
concerning the G value of the transient is the addition
of H atoms or OH radicals to the —C=N bond and sub-
sequent oxidation of the ligand. Such reactions possibly
take place with rapid rates when H atoms or OH
radicals react with HCN or free CN-.1% To confirm
this possibility, pulse radiolysis of NyO saturated aqueous
solutions containing a concentration of benzene (200
M) and several concentrations of Hg(CN), was carried
out. In such solutions most of initial reactive species
are OH radicals that react with benzene to produce
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the hydroxycyclohexadienyl radical with an absorption
maximum at 313 nm (¢313=4.7 x 103 M1 cm~1).1» No
decrease in the absorption due to the radicals was
observed with addition of Hg(CN), up to I mM. Con-
sidering the competitive kinetics, the result demon-
strates that the OH radical does not react with Hg(CN),
to a significant extent in these solutions. The non-
reactivity of the —C=N bond seems to be similar to the
case for the reaction of the H radical with the Fe(CN)g*-
ion,'®) though there is no data concerning the reactivity
against the OH radical in Ref. 16.

Figure 5a shows the test of a second order rate law
for the decay of the transient at 285 nm, for different
doses, in a 1 mM Hg(CN), and 5 mM HCO,Na solu-
tion. In both cases in which the dose per pulse was
2.1 and 4.0 krads, respectively, the plots of 1/D vs. time
are linear. Thus, the kinetics indicate the following
reaction:

2Hg(I) —— product (8)

and then the slope corresponds to 2kg/el, where ¢ is the
extinction coefficient of the absorption and / the optical
path length (1.5 cm here). All the slopes obtained for
various combinations of Hg(CN), concentration (0.2—
10 mM) and HCO,Na (1—100 mM) were in good
agreement with a value of 2kg/e 285/=(5.940.4) x 105 s~1.
The value was also not affected by the existence of
NaClO4 up to 100 mM in a solution containing the sub-
strates in low concentration, as seen in Fig. 5a. Sub-
stituting the values of £285 and [, 2kg can be calculated
as (3.44-0.5) x 10° M- 51,

According to the Debye-Hiickel theory of reaction
rates in solution, the lack of the effect of ionic strength
on the rate suggests that the transient does not carry any
charge on it and be assigned most likely to HgCN. It
is concluded in addition that the species is not subject to

1/D

us

Fig. 5. Second-order plots for the decay of transient
absorption at 285 nm, (a): [Hg(CN),]=1.0 mM,
[HCO,Na]=5 mM; (): dose, 4.0 krads; @: dose,
2.1 krads; A: 0.1 M NaClO, further contained, dose,
3.0 krads; (b): [Hg(CN),]=1.0 mM, dose, 2.6 krads;
(O: without additives; @: 1 mM MeOH; A: 100 mM
MeOH.
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additional complexing with the HCO,~ ion, since all
the spectral observations and kinetic results were not
influenced by addition of the ion. Figure 5b shows
similar plots of the transient obtained in a solution
containing methanol to scavenge the OH radical. In
this case, the decay is no longer of simple second order.
The shapes of the decay curves were not influenced at
all by methanol concentration in the range from 1 to
100 mM. It might be concluded, therefore, that 1 mM
of methanol is enough to scavenge all OH radical to
form CH,OH and that the increase in decay rate with
the addition of methanol is due to the onset of the
reaction:

CH,0OH + HgCN —— products 9

If the assumption is right, the rate of decay of HgCN
will be given by

—d[HgCN1/dt = k,[CH,OH][HgCN] + 2k,[HgCN]?2

An approximate estimate of £, can be obtained from a
comparison of the initial decay rate with that in the
presence of 5 mM HCO,Na.'? Let the initial decay
rates of HgCN in the presence of the alcohol and HCO,-
Na be R, and R,, respectively. Then from the data
we find R,=2.01 R, and

R, — R, = ks[CHon]o[HgCN]o
1.01 = k,[CH,OH],/2ks[HgCN],.

Since the H radical reacts slowly with methanol,!® it
should contribute to the formation of HgCN and the
initial yield of GH,OH should be equal to Gog. Then
using [CH,OH],/[HgCN]y=Gox/Gery+u=0.85, k, can
be calculated as 4.0 x 10° M~ s~L. Similar treatments
were also made for solutions of 1 mM Hg(CN), contain-
ing 5mM ethanol, isopropyl alcohol, and feri-butyl
alcohol, wherein respective alcohol radicals must be
taken into account. Here, the H radical may also be
regarded to contribute to the formation of HgCN.19
All the results are listed in Table 1, together with £#(OH

TapLE 1. REACTION RATE cONsTANTS OoF HgCN
wiTH THE OH AND SOME ALCOHOL RADICALS,
[Hg(CN);]=1 mM, [ROH]=5 mM

Additive RR, "(ROI\I} - HCN),
McOH 2.01 4.0%10°
EtOH 1.98 3.9% 10°
9-PrOH 1.59 2.4% 10°
+~BuOH 1.41 1.6x 100
Nothing 1.77 3.1%10°®

a) The value will represent the reaction rate constant
of the OH radical with HgCN.

+HgCN) obtained in a solution without any OH
scavenger. In Fig. 5b is also shown a result obtained
in a 1 mM Hg(CN), solution. The plots are found to
be rather close to a linear one. It may be explained by
the fact that the OH radical is consumed more rapidly
by the combination reaction (A(OH4-OH)=8x10°
M-15-1320) than the similar reaction of the alcohol
radicals.?)

It is of interest whether Reaction 9’ gives a stable
organomercury compound,
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Fig. 6. Dependence of acetone yield on irradiation time
in aqueous solutions of 10 mM isopropyl alcohol;
@: with saturated N,O, (O: with 10 mM Hg(CN),;
the radiation source: 7.9 kCi %Co, dose rate=1.3x
10° r/hr.

ROH + HgCN —— products (9"

where ROH means an alcohol radical. In order to
obtain a few information about it, some experiments
were performed in °CO p-ray irradiation. Figure 6
shows the dependence of the amount of acetone produced
on doses in an aqueous 25 mM isopropyl alcohol solu-
tion with 25 mM Hg(CN), or with saturated N;O. In
each case the amount increases linearly with doses.
From this data the G values of acetone were calculated
as 3.04-0.3 and 2.6-+0.3 in the solutions with Hg(CN),
and with N,O, respectively.

In a N,O saturated solution, all of the primary
reactive species produced by irradiation of water are
expected to contribute to hydrogen abstraction from
isopropyl alcohol in the form of OH and H radicals,®
since the ey, is converted to the OH radical according
to Reaction 2. The resultant radical, (CH;),COH,
would disproportionate to produce acetone with the G
value of 1/2(Gegy+Gou-+Gu)=3.1. The experimental
result is in good agreement with this expectation.
While, in the solution with Hg(CN,) the e;, and the
H radical contribute to the formation of HgCN. If
Rection 9’ gives rise to a product, such as an organo-
mercury compound that liberates no acetone molecule,
the yield of acetone should be smaller than 1/2-Gog=1.4.
From this consideration our result of G(acetone)=2.6
in this system demonstrates that most of the isopropyl
radical reacts with HgCN to produce Hg(0) and acetone.
The small decrease in the yield here may be explained
by the contribution of Reaction 8. This conclusion is
reasonable in view of the fact that the radical is a strong
reducing agent.13)

On the contrary the opposite conclusion seemed to be
reached in the case of the -BuOH radical that has not
any reducing properties. Kelm et al. have proposed??
that the radical is rapidly reduced to isobutene by the
unstable Nit ion on the radiolysis of an aqueous solution
of NiSO, containing -BuOH. However, no sign of
isobutene formation was obtained gas-chromatographi-
cally on 8°CO y-ray irradiation of an aqueous solution
of Hg(CN), with #BuOH. Thus, the experimental
result might present indirect evidence for the formation
of an organomercury compound, such as (CHj),-
C(OH)CH,HgCN.
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Long-lived Species. In general, attempts to pro-
duce Hg,(CN), lead only to Hg(CN), and mercury,
although it has been suggested that it might be formed
in non-aqueous solvents at low temperatures.?) The
unstability of Hg,(CN), has been explained by the
reason that the CN~ ion forms a stable complex, Hg-
(CN),, with Hg?*t through the equilibrium, Hg,?<—
Hg+Hg?* (K=1.15x10-2). As seen in the case of
Hg,0,% however, a dimer complex of mercurous cyanide
is also expected to be found in an unstable state. Thus,
the residual absorption species in Fig. 2 may be assigned
to a dimerized product, maybe as (HgCN),. As has
been mentioned earlier, the second order reaction
kinetics also supports this assignment, thus:

9HgCN —— (HgCN), @)

A similar spectrum was obtained also with the doubled
yield of absorption in solutions containing the HCO,~
ion up to 100 mM. The dimerization of the initial
species is expected to be fully attained in this solution,
where there should be no reactant consuming the initial
transient. Considering the stoichiometry in Reaction
8’, the absorption coefficient of the dimer was evaluated
as (5.240.2) x10®* M~ cm™! at 220 nm and (1.14
0.05) x 10* M1 cm™! at 210 nm, from the slope of the
yields against pulse doses in a solution of 3 mM Hg(CN),
and 5 mM HCO,Na.

In solutions with alcohols, however, the absorption
was somewhat larger at shorter wavelengths, which may
indicate the contribution from the products arising
from Reaction 9 or 9'.

As expected, the long-lived absorption observed at
210 nm was found to decay slowly in the solution
without any additives. The decay kinetics did not
follow either a first or a second order rate law. The
initial half-life is (44-1) s independently of Hg(CN),
concentration in the range from 0.1 to 10 mM. Since
the lifetime was not affected by the presence of 100 mM
H,0, added before irradiation, the decay was not due
to the reaction with H,O, produced by pulse electron
irradiation. In solutions with additives, however, the
decay rates become faster. The rates seemed to become
constant at more than 5 mM of respective additives,
although they were considerably scattered in every
solutions. The most plausible half-lives obtained in
each solution are listed in Table 2.

TaBLE 2. MosT PLAUSIBLE HALF-LIVES OF (HgCN), IN
1 mM Hg(CN),; SOLUTIONS WITH SOME ADDITIVES

Additive  [HE(CN)al Aoma ts
mM mM nm s

no 0.2—1.0 210 441

220 541
MeOH 5—100 1.0 220 7x10™1
EtOH 10 1.0 220 1x1072
2-PrOH 10 1.0 220 8x1072
t-BuOH 5 1.0 210 2.5x10™
HCO,Na 5—10 1.0 220 10x 1073

Figure 2 also shows an absorption spectrum about
one minute after ten repeated pulses. The spectrum is
very similar to that of atomic mercury dissolved in
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(b

Fig. 7. Decay of the long-lived species at 220 nm (2.6

krads): (a); and increase of absorption at 254 nm

(3.2 krads) : (b); observed in a 1 mM Hg(CN), solution

containing 5 mM HCO,Na; ordinates: 119 /large
division, time scale: 5 ms/large division.

water.?y) Considering the low solubility of mercury?5
and the short optical path length of the analytical light,
however, the absorption in its stable state is expected to
be far lower. Thus, it is concluded that mercury dis-
solved temporarily in excess is produced following the
decomposition of (HgCN),.

(HgCN); — Hg(0) + Hg(CN), (10)

A similar behavior has been found in the decomposi-
tion of Hg,O produced by pulse electron irradiation in
the neutral solution of mercuric oxide. This conclu-
tion is further confirmed by the comparison of absorp-
tion changes with time between 254 and 220 nm.
Figure 7 shows an example of a couple of oscilloscopic
traces at the respective wavelengths obtained in a
solution of 1 mM Hg(CN), and 5 mM HCO,Na. Simul-
taneous changes in absorption are found between the
decay of the long-lived species at 220 nm and the forma-
tion of the additional absorption at 254 nm. The
presence of alcohols as additives also gave similar results.
These observations reasonably indicate that the species,
the absorption of which increases slowly at 254 nm, has
a dimerized mercurous cyanide molecule as its pre-
cursor. In solution without any additives, however,
such increase in absorption at 254 nm was uncertain,
maybe, due to a slow precipitation process of the dis-
solved mercury.

Hg(aq) — Hg(liquid) (11)

Since the decay of the dimer is more rapid in a solution
containing HCO,Na, Process 11 would be negligible
at the time when the absorption just become constant
in Fig. 7. Thus, if it is assumed that all the absorption
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at 254 nm, 50 ms after the pulse, is due to the dis-
solved mercury arising from Reaction 10, the extinction
coefficient can be evaluated. Considering that the
concentration of Hg(aq) is equal to that of its precursor,
(HgCN),, 24 of Hg(aq) is calculated as (2.84-0.1) X
103 M-t cm~! from Fig. 7.

The kinetic behavior of the dimerized species in the
presence of these additives seems to be similar to that
in a neutral solution of unstable mercurous oxide,
(HgOH),.9 It is, however, still in question how the
decay process is controlled.
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