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The reduction of silver ions by hydrated electrons is observed at different temperatures (from 25®) 300

at 200 atm pressure in aqueous solutions and also in supercritical watéQ38300 atm) using nanosecond

pulse radiolysis techniques. An Arrhenius plot in the range ef2Z8) °C shows that the reaction rate constant
between silver ions and hydrated electrons can be considered to be controlled by diffusion. Measurements of
transient absorption spectra show that, with increasing temperature, the wavelength maxima of the absorption
spectra of the silver atom and the charged dimer*Agge shifted to the red. The shift is more pronounced

for Ag," than for Ad.

Introduction the solvent dependence of the optical absorption spectra in
solution. The absorption band is blue-shifted with increasing

method to reduce solvated metal ions and then to study by polarity c:sf the solvent as measured by the static dielectric
time-resolved spectroscopy the formation of metal atoms and cONstant® These features are comparable to those of the
their coalescence. Numerous pulse-radiolysis studies have beegolvated electrotf and suggest a charge-transfer-to-solvent
devoted to the radiation-induced reduction of various metafions (CTTS) character of the absorption spectra. In addition, electron
and aggregation of metal atofi$. Soon after the irradiation ~ SPin—echo modulation analysis when the ion is suddenly
pulse is absorbed by a solution containing the monovalent converted to the atom by irradiation 4K in ice or methanol
solvated cation M, the population of atoms is created through glasses has showhkthat the structure of the solvation shell of
the reaction 1: the precursor Ag (4 DO molecules) is maintained. However,
after a brief warming to 77 K before returning to 4 K, the
eaq‘ +MT—=M° 1) analysis indicates a drastic change with one single deuteron (out
of eight) moving much closer to the silver atom. The former
The formation of the atoms is correlated with the decay of structure of Adp,o is reversibly obtained by photoionization
solvated electrons. The binding energy between the transitionof the atom through excitation dtx. = 400 nm. Therefore, it
metal atom and an ion is stronger than the at@molvent bond was concluded that the solvated metal monomer may be
energy. Therefore, the atoms dimerize or associate with excessonsidered as a tight catiemlectron solvent complex. These
ions: results suggest that the Agsolvent interaction looks rather like
0 N N that of an Ag™ core plus one negative charge mostly delocalized
M™+M"—M, 2 on the surrounding solvent molecules according to their polarity,

) ] ] thus supporting the CTTS structure put forward by Walker et
and by a multistep process these species progressively coalescg 19

into clusters. Silver solutions constitute a model system due to
the possible monoelectronic reduction of the ions to the
zerovalent state, to their stability as noncomplexed cations, and o~ 15 . .
their easy complexation with various ligands. In fact, the silver and 23°C.> The maximum of absorpﬂon was founql at 435
ion aqueous solution was the first system thoroughly studied and 450 nm, respectively. Recently, transient absorption spectra

by pulse radiolysi&1? and was recently revisited-14 of reduced silver ions (Ad, Ags”, and Ag?") in solution of
The optical absorption spectra of transient silver atoms and SUPercritical GHs (100 bar, 80°C) containing 0.8 M CHOH

charged dimers produced by reactions 1 and 2 have beenhave been_ reported. The spectra are_found to be similar to

observed by pulse radiolysis in various solvefitsn indication ~ those obtained at room temperature in water. However, up to

of the influence of the atomsolvent interaction is given by =~ NOW the direct observation of the absorption spectra of silver
atoms, A, and those of the charged dimers, Aghas not
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Pulse radiolysis of a metal ion solution offers a powerful

Only in ammonia, the absorption spectra of silver atoms and
dimers were observed at two different temperature§0 °C2°
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Experimental Section 0.15
The experiment was carried out at the University of Tokyo a
with a new high-temperature irradiation cell (Taiatsu Techno). 010k MI""""'M a5 oG
Details of the apparatus for pulse radiolysis were described ' s
elsewheré? The pulsed electron beam has an energy of 35 MeV, 00
and its width was 50 or 10 ns with a dose of-I{D Gy per 005 150
pulse. The dose per pulse at room temperature was determined 200
using NO— saturated 0.01 M KSCN solution and(@CN) ) MW na
of 5.2 x 10* m#J at 472 nn¥3 As compared to the cell 0.00 [ 68V gy
previously used? the design of the new cell was very similar 0.15 . . .
but improved. The size of the cell was more compact, making b

the setup of the optical detection system easier. The diameter
of sapphire window for optical access was enlarged from 3 to
6 mm in order to obtain better signal/noise ratio. The cell can
withstand temperatures up to 400 and pressures up to 400
atm. The optical path was 15 mm. The solution was loaded
into the cell by an HPLC pump. The water temperature was
monitored with a thermocouple placed inside the cell and the
pressure was adjusted with a back pressure regulator. The flow
rate of the solution was 2 mL/min, corresponding to a residence
time of about 12 s in the cell. Fresh AgCJ®olution prepared
with Millipore filtered water was used and the solution was
purged with argon gas. 0.1 kért-butyl alcohol was added to
completely scavenge OHadicals. To compensate for the loss
of tert-butyl alcohol after long-time gas purging, an appropriate
amount oftert-butyl alcohol was added to the bulk solution 100
every 2-3 h. The reason for the use tefit-butyl alcohol instead 50
of 2-propanol (which is usually used for silver ions reduction)
is that the radicals of 2-propanol complex silver ions, and in . . .
some conditions, the hydroxyalkyl radical can reduce the silver 0 200 400 600 800
ion8 To avoid that reaction we usadrt-butyl alcohol as the .
OH* scavenger. In that case, the reduction yield is two times Time (ns)
less but the radical ofert-butyl alcohol is not reactive with  Figure 1. Decay of hydrated electron in various aqueous solutions
silver ions, and the analysis of the signals is easier. containing 0.1 Mert-butyl alcohol at different temperatures (a) Water,
For the pressure of 200 atm, the water density at 25, 100, (b) 104M AgCIOq, (c) 25uM AgCIO.. The dose was 17 Gy/pulse
200, and 300°C is around 1, 0.95, 0.86, and 0.73 gkm and the optical path was 15 mm. At 380, the pressure was 300 atm
respectively, and for 300 atm and 380 the water density is and the wavelength was 800 nm while at the other temperatures, 200
. atm and 700 nm, respectively.
around 0.5 g/cth We note that all concentrations, those of

hydraﬁed eltzcéronhsﬂvgr 'O?ﬁ S|tlver atorrtL and lth?hcharged O,l['merl'(with increasing temperature. At a given temperature, the decay
are;dangte y CI antghlng b € etmpera urtes. kr)]t e %retsgrflf wort of hydrated electrons becomes faster by increasing the silver
We did not normalize the absorption spectra obtained at difterent;, , o ncontration. For example, at 100, the reaction half-

temperature. But to calculate the rate constant of hydratedIife of the hydrated electron in solutions a, b, and ¢ are 700,

electron with silver ion we take into account the water density 300, and 90 ns, respectively. For the solution containing)@5
change with the temperature. silver ions, the decay of hydrated electron is so fast that we
could not observed it at temperatures higher than Z50At
all temperatures the observed decay of the hydrated electron in
Figure 1 presents the decays of the hydrated electron in threesolution ¢ follows pseudo-first-order kinetics. We also did the
different solutions at different temperatures observed at 700 nm,experiment at a higher concentration of silver ions (B),
except in supercritical water (at 38C and 300 atm) for which  but the decay of hydrated electron is too fast and difficult to
the absorbance is recorded at 800 nm. All the solutions containobserve within our time resolution (10 ns) at temperatures higher
0.1 Mtert-butyl alcohol as the Otscavenger and are free from  than 100°C. To estimate the rate constant at different temper-
oxygen. Solution a is without silver ions but the solutions b atures, the values of the concentration of silver ions in water
and c contain 1tM and 25uM silver ions, respectively. In. are corrected according to the change of water density at high
the absence of silver ions and oxygen (solution a), as OH temperatures. Figure 2 presents the Arrhenius plot of the rate
radicals are scavenged by the alcohol, the decay of the hydratectonstant of the reaction between hydrated electrons and silver

Absorbance of hydrated electron

0.00 piwapbioif { 250

Results and Discussion

electron is mostly due to the following reactions: ions (reaction 1). According to the plot in Figure 2, the rate
constant of the reaction 1 is best fitted to the Arrhenius
€q T H, 0" —H (3 relationship and the apparent activation energy was found to
be 17.8 kJ moll. We note that the apparent activation energy
€q T €q —~Hy+20H 4) over 0—-300°C for self-diffusion in water is 15.5 kJ mol 2527

and it is also reported that the diffusion of the hydrated electron
For the three solutions, the decay of hydrated electrons over the temperature range-80 °C could be described by an
observed at 700 nm (or at 800 nm) becomes faster with Arrhenius plot with an activation energy of 20.75 kJ mio®
increasing temperature and the initial optical density decreasesAlthough the temperature dependence of the rate constants of
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Figure 4. Absorption spectra of Atat different temperatures. For 25
L 1 L L and 100°C the solution contained 0.1 kért-butyl alcohol and 5aM
0.0020 0.0025 0.0030 0.0035 AgCIlO, and the dose per pulse was 62 Gy. The absorption spectra are
It (K'1) recorded at 700 and 250 ns after the pulse at 25 and °@0

respectively. At 200°C the solution initially contained 0.1 Mert-

Figure 2. Arrhenius plot of the rate constant of the reaction between butyl alcohol and 2Q«M AgClO, and the dose per pulse was 35 Gy
hydrated electrons and silver ions, obtained by pulse radiolysis of a and the spectra is recorded 200 ns after the pulse. Optical path of the
solution containing 2%M AgCIO,4 and 0.1 Mtert-butyl alcohol.

cell was 15 mm.

014 - ' - - 100°C. Then, at low concentrations of silver ions and at high
[ ] temperatures reaction 4 becomes very efficient and the yield of
0.12 100 25 °C . .
€ NW,WWWWMM atoms formed is decreased. We found the maximum of the
) 0.10 MW;WW ““WWWW“WWXWM absorption band at 35% 2 nm at room temperature in water,
© .08 M«MW T e, which is in agreement with the results reported in the literature.
© L We observed that the maximum of the absorption band is shifted
(0] . .
g 006 . to the red by increasing the temperature. At 10D the
§ 0.04 ] maximum of absorption band is located at 362 nm, and at
g 200°C it is shifted to 368+ 2 nm. In our conditions, we could
S 002 1 not observe the silver atoms above Z@. It is well-known
0.00 ] that the decay of silver atoms in water leads to the formation
of the charged dimers (reaction 2). For a given dose and a given
-0.02 5(')0 10'00 1500 silver ion concentration, at 2%C the decay of atoms is slow
Time (ns) but at 100 and 200C the decays are much faster. We note that

the rate constant of reaction 2 at room temperature is<8L0°
L mol~1 s71.11 The rate constant of reaction 2 is also increased
with increasing temperature and at temperatures higher than 200
°C the atoms are formed within the pulse and only,Agan
hydrated electron is strongly dependent on the kinds of reactantspe observed at the end of the pulse. Moreover, it was shown
as pointed by Buxton et &% we can assume that the reaction that the Ag" species, can undergo a dimerization into,Ag
between hydrated electrons and the silver ions is diffusion (at room temperaturek2= 4 x 10° L mol~* s™%), or react with
controlled. another cation to yield Ag" (at room-temperaturk = 2.0 x
Figure 3 shows the kinetics at different temperatures observed1®® L mol~! s7%).
at 360 nm in solutions containing 28M silver ions and 0.1 M

Figure 3. Time profiles of absorbance at 360 nm obtained at different
temperatures for the same dose (35 Gy). The solutions contaiiM20
silver ions and 0.1 Mert-butyl alcohol.

tert-butyl alcohol. The kinetics observed at 360 nm corresponds Ag,” +Ag,” — Ag,”" (5)
to the formation of silver atoms and is correlated with the decay
of hydrated electrons. As is shown (Figure 3), for identical dose Ag,” + Ag" — Ag,”" (6)

and silver ion concentration the maxima of the atom formations

at 25, 100, and 200C are reached at 1500, 450, and 150 ns It is reported that at room temperature the transierd?’Ag
after the pulse, respectively. The maximum time for silver atom exhibits an intense absorption spectrum with two maxima, at
formation at different temperatures is related to the temperature-310 and 265 nm whereas #£J absorbs at 270 nA%13
dependent rate constants of reaction 1 and reaction 2. Figure 4Therefore, to observe Ag at different temperatures we
shows the spectra of the silver atom obtained at the aboveperformed the experiments under different conditions of the dose
temperatures. The absorption spectrum atZD& weaker than and silver ion concentration for which Agis the most abundant
those obtained at room temperature {29 and at 100C. Itis species in the solution at a given time after the pulse. The
well-known that the water density decreases by increasing theanalysis of the kinetics observed at different wavelengths and
temperature but the change of density is not very strong andat different temperatures and the kinetics simulations (with the
cannot explain the lowering of the obtained spectrum intensity software Facsimile from AEA Technology plc) helped us to
at 200 °C. That can be explained by the fact that the find the conditions where the observed spectra at a given time
concentration of silver ions used for the experiments ZD0s is mostly due to Ag'". For the simulation we took into account
2.5 times lower than that used at room temperature and atthe reactions *4, the G value of the hydrated electron, the
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Figure 5. Time profiles of absorbance at (a) 325, (b) 360, (c) 500,
and (d) 550 nm obtained at 10Q for solution containing 5@M silver

ions and 0.1 Mtert-butyl alcohol. Inset: Simulation of the kinetic
behaviors of hydrated electron, Agnd Ag". Conditions: Pulse width

= 100 ns (fwhm), dose/pulse 64 Gy, temperature= 100°C, G value

for € hya, is 2.90, KKy = 12.3, density of HO: 0.956 g/cri k; = 2.8

x 10MM sk, =8x 101°M1s1 ks =3.35x 1000M~1 s ks
=100M1s

density of water, and theKy, at different temperature8.The

rate constants of the reactions 3 are experimentally known
(The value for the rate constant of the reaction 1 is from the
present work.), and for the reaction 4 we performed a crude
approximation according to the change of the diffusion with
increasing the temperature. An example of the simulations and
the experimental kinetics at 10C is given (Figure 5, inset).
The decay of hydrated electron (observed at 550 nm) is
correlated with the formation of silver atoms and the decay of
the silver atoms is correlated to the formation of,AgAt 200

ns, we observed that the maximum of the absorption band is
around 360 nm (Figure 4). Above 200 ns the signal at 360 nm

decreases showing the decay of silver atoms. The signal recorded

at 325 nm where both silver atom and charged dimer absorb
reaches a maximum around 350 ns indicating the formation of

Mostafavi et al.

1.8 T r T 0.30
15 | 0.25
— 12 F 0.20
F'E Q
c
=° @
s o9 0.15 -g
< w
o 0
s b <C
06 | ¥ 0.10
w
03 | 0.05
h
R . —_————— ALY
250 300 350 400 450

Wavelength (nm)

Figure 6. Absorption spectra of Ag at different temperatures. The
absorption spectrum at 2% is taken from ref 11. At 100, 200, and
300°C the concentration of silver ions was M and the absorption
spectra are recorded at 700, 250 and 150 ns after the pulse, respectively,
and the dose per pulse was 62 Gy. At 3€) the solution contained

20 uM silver ions and the spectrum (enlarged 3 times) was recorded
120 ns after the pulse. Optical path of the cell was 15 mm.
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Ag2 fOII_OWIng the decay of silver atoms (Figure 5). A_t _700 ns Figure 7. Temperature dependence of the absorption maximum energy
the maximum of the recorded spectra is changed and it is locatedof Age (0) and Ag* (M) in water. Conditions are the same as those in

around 340 nm (Figure 6). At 500 nm we can observe more
clearly the kinetics of Agl". After the decay of hydrated electron

Figures 4 and 5.

at 500 nm, an absorbance lasting up to 900 ns is observed; abové\gs>") has slight contribution to the recorded spectra in Figure

900 ns it decreases. As silver atom does not absorb at 500 nm
hence the weak signal at 500 nm due to;Agonfirms that at
700 ns Ag* is the most abundant species. Therefore, we can

6, the major contribution is from the absorption band obAg
It is reported that the absorption spectra of;Aglepend on
the solvent®1” At room temperature, the maximum of the

attribute that the change between the spectra at 200 and 700 nabsorption spectra of Ag in NH3, ethylediamine, and HF was
is due to the reaction 2 and the absorption band observed atfound at 390, 345, and 300 nm, respectively, showing a CTTS

700 ns is mostly due to Ag. Moreover, as the rate constant

increases with increasing the temperature, for the same condi-

character for the absorption band of Ag According to the
recorded transient spectra, the maximum of the absorption band

tions of the dose and the silver ion concentration as those atof Ag,"™ is shifted from 315 to 380 nm by increasing the

100 °C, it is expected that at 200 and 30CQ the Ag" is

temperature from 25 to 30W. At 380°C the shift is less than

observed at a time shorter than 700 ns. Indeed, for the samethat at 300°C and the intensity of the absorption spectrum is

solution (containing 5@&M silver ions), at 200 and 30TC the
hydrated electrons is almost vanished within the pulse and the
lifetime of silver atoms is less than that reported at 2@0
Therefore, at 200 and 30, the recorded spectra at 250 and
150 ns after the pulse are mostly due to,Ag

The absorption spectra reported in Figure 6 are not normal-
ized. Although the absorption of silver atoms and,&g(or

very weak (Figure 6). Due to the absence of information

concerning the rate constant of reactions, as well as due to the
absence of exact yields of hydrated electron formation at high
temperatures, we cannot be sure that the spectrum obtained at
380 °C corresponds to Ag. It could be due to Agt or the
resultant spectrum can be from the overlap of the absorption
spectra of Ag™ and Ag?". It is also important to note that the
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density of supercritical water at 38C (and 300 atm) is almost (2) Buxton, G. V.; Greenstock, C. L.; Helman, W. P.; Ross, AJB.
half of that for water at room temperature. Therefore the reported Phys: Chem. Ref. Datd98g 17, 513.

. N (3) Henglein, A.Chem. Re. 1989 89, 1861.
absorption spectra should be corrected taking into account the (4) Belloni, J.; Amblard, J.. Marignier, J. L; Mostafavi, M. Glusters

change of water density. _ ~ ofatoms and Moleculesiaberland, H., Ed.; Springer-Verlag Il: New York,

Figure 7 shows the change of the maximum of absorption 1994; p 290.
band for the silver atom and the charged dimer in water versus Egg E‘elrl‘g"?"} AMBef- ]?UUS&”‘IE\?S- Tg's- Chem%5h99:_90)3§

H H elloni, J.; Mostafavi, M. etal usters in emistnBraun-
the temperature. from 25 to 30C. The shift of the absorption stein, P., Oro L. A., Raithby, P. R., Eds.; J. Wiley, VCH: New York, 1999;
spectra of Ag* is very clear and it is more pronounced than pp'1213-1247.
that of silver atoms. This result is in agreement with the fact (7) Baxendale, J. H.; Fielden, E. M.; Keene, J. P.; Ebert, MPutse
that the solvation energy of neutral silver atom is much less RadlolyS|s Keene, J. P., Swallow, A., Baxendale, J. H., Eds.; Acadamic
(less than 0.1 eV) than that of the charged dimers (around 3.5°7€SS: London, 1965; pp 26220, N
) ’ (8) Tausch-Treml, R.; Henglein, A.; Lilie, Ber. Bunsen-Ges. Phys.

eV). Therefore, the solvent molecules around;Agre more Chem 1978 82, 1343,
organized and the temperature effect on the solvation shell is  (9) Von Pukies, J.; Roebke, W.; Henglein, Ber. Bunsen-Ges. Phys.

expected to be much pronounced. Chem.1968 72 842.
(10) Mostafavi, M.; Marignier, J. L.; Amblard, J.; Belloni, Radiat.
Phys. Chem1989 34, 605.
(11) Janata, E.; Henglein, A.; Ershov, B. &.Phys. Cheml1994 98,
The rate constant for the reduction of silver ions by hydrated 10?18% Janata, £ Lille, 1 Martin, Madiat. Phys. Chemt994 43, 353
. . . . . anata, e.; Lilie, J.; Martn, adiat. yS. € 2 .
?Iectrons is fitted to the Arrhenius relgnopshlp (from _25 to 300 (13) Janata. ERadiat. Phys. Chemi994 44, 449,
C at 200 atm) and the apparent activation energy Is found 10 (14) Kappoor, S.; Lawless, D.; Kennepohl, P.: Meisel, D.; Serpone, N.
be 17.8 kJ moil. The measurements of transient absorption Langmuir1994 10, 3018.
spectrum show that the maximum of the absorption spectra of  (15) Belloni, J.; Delcourt, M. O.; Marignier, J. L.; Amblard, J. In
silver atom is shifted from 355 to 370 nm when the temperature Radiation ChemistyHedwig, P., Nyikos, L., Schiller, R., Eds.; Akauéi
T . . Kiddo: Budapest, 1987; p 89.
IS m_crease_d from 25 to 208C. The shift of the at_’sorpt'on (16) Belloni, J.; Khatouri, J.; Mostafavi, M.; Amblard, J. Witrafast
maximum is more pronounced for the charged dimer,"Ag reaction Dynamics and Sa#nt Effects Rossky, P. J., Gauduel, Y., Eds;
The maximum of the absorption band located at 315 nm at room American Institute of Physics: Woodbury, NY, 1994; p 527.
temperature is shifted to 380 nm at 300 in water. We note (17) Dorfman, L. M.; You, F. Y. InElectrons in Fluids Jortner, J.,
. . . Kestner, N. R., Eds.; Springer: Berlin, 1973; p 447.
that the shift of the maximum of the absorption band of hydrated (1) kevan, L.J. Phys. Chem1981 85, 1828.
electron for which the hydration free energy is 1.6 eV is also  (19) Basco, N.; Vidyarthi, S. K.; Walker, D. Can. J. Chem1973
very significant?2:30 51, 2497. _ ‘ _
Our observations over a wide range of temperature confirm g% E?fgf‘_t?z'% (’310?'8’:)' P-E?; Pfflkeyb '—M'Hid'ﬁt- Ee(s:lfgﬁfi Zr?' .
: imitrijevic, Nada M.; bartels, D. M.; Johnan, C. D.; Takahasni,
clearly that_the absorption spectra of Agpresents CTTS K.: Rajh, T.J. Phys. Chem. /2001, 105 954.
char.r;\'ctenstlcs but that of silver atom does not depend SO (22) Wu, G.; Katsumura, Y.; Muroya, Y.; Li, X.; Terada, €hem. Phys.
significantly to the temperatuf@. A molecular dynamics Lett 200Q 325 531.
simulation is in progress to help in understanding of the  (23) Buxton, G.V.; Stuart, C. Rl. Chem. Soc., Faraday Trank993
orientation of water molecules around the atom and the chargedgl' 219.

. S . (24) Wu, G.; Katsumura, Y.; Muroya, Y.; Li, X.; Terada, Radiat.
dimer with Increasing temperatures. Phys. Chem2001, 60, 395.

(25) Mills, R. J. Phys. Chem1973 77, 685.
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