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Abstract

In the present manuscript we review the chemistry of aqueous electrons, as studied by Fourier transform ion cyclotron resonance (FT-ICR)
mass spectrometry. FT-ICR studies of the@)),~ reactions have the advantage that compared with bulk solutions the electrons exhibit long
lifetimes, and impurity effects can be completely eliminated. The review demonstrates that aqueous electrons, the simplest chemical reagents,
exhibit a multifaceted chemistry, and may provide new insights into the aqueous chemistry of neutral and anionic radicals. We show that the
cluster reactions can be loosely classified into several categories, and give representative examples for each of them.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction
Atoms are bound together in molecules by electrostatic
« Corresponding author. Fax: +49 89 289 13417. forces. A molecula}r bond forms, when the attractive forces.
E-mail addressesbeyer@ch.tum.de (M.K. Beyer), between the atomic nuclei and the shared electrons prevail
bondybey@ch.tum.de (V.E. Bondybey). over the repulsive forces between the positively charged nu-
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clei. All chemical reactions therefore involve a rearrange- drated electron as a particle in a three-dimensional box leads
ment of electrons, and in this sense, the electron itself can beto an s-type ground state, with an excited triply degenerate p-
considered the simplest chemical reactant. Production of antype excited state. It is the fully allowed s—p excitation in this
electron typically requires an appreciable amount of energy, model which gives the hydrated electrons their blue color,
and free electrons in the gas phase therefore occur only inand the strong broad absorption in the red, with a maximum
environments where large amounts of energy are available,around 720 nn{8,13,14]
such as flames, discharges, or plasmas. On the other hand, Unlike in bulk liquid, water autoionization does not occur
producing an electron in the condensed phase, where it isin finite clusters, and therefore no protons, asO4 ions,
intimately solvated by surrounding molecules is surprisingly limiting the free electron lifetimes should be present. Haber-
easy. A first clear, relevant observation of this fact in fact land and coworkers have demonstrated, that gas phase hy-
dates back to the early days of modern chemistry, and to thedrated electrons, that is small negatively charged water clus-
beginning of the 19th century. ters (HO), ~ can be producefl5-17] and since then these
Already around 1810, Humphry Davy noted that an in- species have been quite extensively studied, both experimen-
tense blue color appeared when alkali metals were exposedally [18—23]and theoreticallj24—34] A more extensive ac-
to ammonia. Subsequent studies, among others by [Agyl  count of these works is given in a previous publicafiy].
established that the blue solutions behaved like electrolytes,Most of these studies concentrated upon the physical proper-
with high electric conductivity and magnetic susceptibility, ties ofthe water clusters, upon the question of their formation
and became bronze colored and metallic in appearance af35—-37] stability[21,38]and electronic and geometric struc-
higher concentrations. Almost exactly a century after Davy’s ture[18-20] The clusters or “nandodroplets” thus provide a
discovery, Kraus suggested that the metals are ionized in thesuitable medium, free of interference by impurities, where the
ammonia solutions, resulting in a metal cation, and a free lifetime of the free electrons is not limited by the presence of
electron[2]. This process which requires some 5-6 eV in the protons. This then permits convenient studies of the chem-
gas phase proceeds in the ammonia solution spontaneouslystry of these interesting reactants, as already exemplified by
and exothermically, with the energy required for the ioniza- a series of investigations both in our laborat¢2®,39,40]
tion being more than compensated by the combined solvationand earlier by Johnson and coworkgt$,42] These studies
energies of the metal cation and of the electron. of hydrated electron reactions and chemistry form the subject
A molecule of water, undoubtedly the most important sol- of the present review.
vent, has an even higher dipole moment (1.854 D) than am-
monia (1.471D), is capable of stronger hydrogen bonding,
and might therefore be expected to be even more effective in2. Generation of hydrated electrons (HO),,~
promoting the metal ionization. In spite of that, more than an
additional half century has elapsed before similar solvated As noted above, hydrated electrons(®), ~ can be gen-
electrons could be generated and observed in wWates]. erated by a variety of methods. The studies by Haberland and
A solvated electron is highly reactive, and can be destroyed coworkers have employed electrons produced by UV photons
by a variety of reactions with impurities, or with the solvent [15-17] One can also first produce neutral water clusters in
itself [6]. In ammonia, the reaction with the solvent result- a supersonic expansion, and subsequently attach low energy
ing in amide formation and the development of hydrogen is electrong35-37] Quite recently we have demonstrated, that
hindered and quite slow. Water, however, even when quite a versatile laser vaporization source developed in our labora-
pure, is partially ionized, b0 — HT™ + OH™, so that free tory can be used as a very efficient, clean source of hydrated
electrons can efficiently recombine with the protons, greatly electrons[21,23] This source which combines supersonic
facilitating the solvent reduction and formation of hydrogen expansion with pulsed laser vaporization of a solid metal
atoms, which in turn recombine to form molecular hydrogen. sample can generate metal cations and cationic clusters, as
The problemthus does not lie in the difficulty of generating well as electrons, anions and anionic clusters. When one em-
the hydrated electrons, but in the efficient processes leadingploys a metal sample with negative electron affinity, such as
to their destruction. They can, in fact, be produced by a wide zinc, the metal anions and anion clusters can effectively be
variety of methods, including direct injection of energetic eliminated23]. When a small amount of water vapor is then
electrons into the solvefi8B—5], photoionization of water it-  introduced into the high pressure carrier gas, usually helium,
self[7,8], or of a suitable precurs$®,10] by UV radiation, pure hydrated electron clusters are produced.
and they also form, albeit transiently by the interaction of wa- ~ These are then extracted from the beam, and guided along
ter with alkali metal surfaceld 1]. Although they are easily  the magnetic field axis, through several stages of differential
produced by pulsed radiolysis of aqueous solutions and otherpumping from the source chamber into the high vacuum re-
methods, they have only very short, pH dependent lifetimes gion of the ICR cell. The specific distribution of the clusters
of less than 1 mf8]. The appreciable volume increase which depends on the exact source conditions, the stagnation pres-
accompanies the injection of electrons into liquid water, mo- sure of the carrier gas, on the water vapor partial pressure,
tivated the development of the so called “cavity” model of and in particular on the relative timing between the opening
solvated electronfl2]. This simple treatment of such a hy-  of the pulsed valve controlling the gas expansion and the va-
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porization laser pulse. Typically, @), clusters ranging 12.0
in size fromn = 15 to about 100 can be produced. At the b ]
high end, the distribution is limited by the rapid fragmenta- 10.00 o—e fragmentation k,
tion and short lifetime of the large clusters due to absorption \ =--= detachment k,
of the black-body ambient infrared radiation. Clusters with Yo 80T ! — KS0:470=5.9)
n < 13, on the other hand, have very short lifetimes due to a = '%
rapid electron detachment process. These can be generated & 60r ‘
and studied on the shorter timescale of a molecular beam ex- 2
periment, but do not survive sufficiently long to be detected ﬁ 401
in the ICR cell, which requires a lifetime of at least 100 ms 8 i * ]
due to the detection process. ‘E 20 /‘\ 4{
0.0f 4 \#)H’ \+’H#+ ]
g. + t 1 + t
3. Cluster stability and fragmentation ® 1of
=]
|-
Before discussing the @), ~ cluster reactions and col- 'F; 0.5¢
lisional fragmentation, it is necessary to note, that even in the £
total absence of collisions they gradually disappear from the 0.0

ICR trap, due mainly to the absorption of black-body infrared ' : ' : '
L 15 20 25 30 35

radiation. The clusters are held together by hydrogen bonds

between the water molecules, and are not stable at room tem- cluster size n

perature. In the ICR trap they can Su_rVIVe’ bec_aus_e the_‘lr tem'Fig. 1. Fragmentatiok; and detachmeriyy rate constants and branching

perature upon leaving the supersonic expansion is quite IoW.atio q k/(k: + kq) of the black-body radiation induced decay of size se-

The water molecules are, however, in particular when hydro- lected hydrated electron clustersy®), ~ as a function of cluster size. The

gen bonded, excellent infrared absorbers, and are continu-branching ratio increases from 0 to 1, but pronounced odd—even oscillations

ously exposed to the black-body radiation of the room tem- &€ observed arourmd= 20. While the larger clusters exclusively fragment,

t t Ils. Ab ti fthe inf d phot the electron detachment becomes more important with decreasing cluster
pera L_Jl’e appa_ra us wafls. sorption orthe intrared p O ons size, and is the only process detectable for clusters containing less than 17
steadily supplies energy, and leads to gradual evaporation ofyater molecules. The solid line shows the expected rate constant based on

the water ligandf21,43-50] The cluster temperature is thus the linear dependence of the fragmentation rate constants on the cluster size
controlled by the competition between evaporative cooling [45,46] Reprinted with permission from rg21]. © 2001 American Institute
and radiative heating. This process will only come to a halt °f Physics.
when the clusters reach the ambient temperature of around
300K, that is when they are in thermal equilibrium with the
environment. The hydrated ions thus eventually reach someratio. For 16 <n < 32, one observes a wild fluctuation in the
minimum size, at which the available thermal energy content relative importance of the two processes, with some species
is no longer sufficient to break the bonds and cause unimolec-almost exclusively fragmenting with the loss of ligand, while
ular decompositiofid5]. They become stable at room tem- for other sizes detachment of the electron making a signif-
perature on the time scale of the ICR experiment—usually in icant contribution to the overall cluster decay. The electron
the range of many seconds. Thus, for instance for hydrateddetachment is the only process detectablenfer 17, and
protons, the final, effectively stable product of fragmentation this is reflected in the drastic drop in intensity in the initial
is H(H20)4, perhaps better formulated as hydrated hydrox- mass spectra below= 17, with the smallest cluster observed
onium, (H3O™)(H20)s, which then survives in the absence only in traces being = 13. We have interpreted the fact, that
of collisions for seconds or even minufés]. experimentally the larger clusters lose a ligand rather than
Unlike the compact, effectively point-like proton, the dif- the electron as an effect of entrofai,22). In essence, while
fuse charge of the electrons binds much more tenuously tomost of the internal energy of the cluster would have to be
the water ligands. In the case of the hydrated electron clus-concentrated in the vibrational modes localized around the
ters, there are therefore two competing processes which consolvated electron to enable it to exit the cluster, any of the n
tribute to the loss of a cluster of a given size. The cluster can water ligands can evaporate, making the latter process statis-
either “evaporate” a water ligand, or it can detach the elec- tically more probable.
tron, and both processes are actually experimentally observed It may be noted, that the smaller clusters betowl 3 can
[21]. be detected in experiments where the time scale is shorter
A detailed study in our laboratory has shojd], that for than the >100 ms for ICR studies. For instance, in molecular
clusters above about= 30 the latter process is negligible, beams, clusters with > 6 are routinely observed, as well as
and ligand loss is the dominant procdsig). 1shows the rate  the dipole bound anion of the water dimer. Recently, also the
constants of the two processes together with their branchingpreviously “missing’n = 3-5 clusters were observsil].
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covalent bonds are broken or new ones are formed may
occur.

4. Reactions of solvated electrons

As noted above, the solvated electron clusters provide an
interesting medium for studying reactions of aqueous elec-
trons. These simple reactants exhibit a very multifaceted
chemistry with a surprising variety of their chemical reac-
tions, which can be crudely classified into at least the follow-
ing four categories:

Below we will give a brief review of the previous stud-
ies, and include some previously unpublished results from
our laboratory as well as speculations on the outcome of fu-
ture experimentdable 1summarizes the reactions for which
experimental data are available to date.

(@) Collisional activation: Nonreactive, nonpolar species, 4.1. Collisional activation (a)
with low or negative electron affinity, for example rare
gases like He or Ar, or stable molecules like carbon In view of reactivity studies with a collision gas intro-
monoxide or ethylene, do not react at all with the sol- duced into the ICR cell, collisional fragmentation will ob-
vated electron. The only process observed is a collision- viously only be significant, if its rate becomes compara-
induced increase of the fragmentation rate of the cluster. ble to the rate of the radiative process, that is when the
(b) Ligand exchange: Polar molecules, which similar to time between collisions between the clusters and the re-
water capable of forming strong hydrogen bonds and actant gas are short compared the rate of energy absorp-
hydrogen bonded networks, such as methanol or othertion from the black-body radiation. Typically, the studies
alcohols, react with the clusters by ligand exchange, in our laboratory are carried out at pressures of the order
replacing gradually a part or possibly all of the aqueous of 10~8 mbar, under conditions when only about one col-
shell by the reactant molecules. lision per second takes place. Under these circumstances,
(c) Core exchange: Species characterized by appreciablghe effects of collisional fragmentation are small for clusters
electron affinity in solution can simply attach the containing more than 10 water molecules, which is always
electron, forming a negative ion, and replacing thus the the case for hydrated electrons. Collisional activation will
ionic core of the cluster. thus lead to a small increase in the dissociation rate con-
(d) Rearrangement of covalent bonds: Finally, a true stants, which will usually still be dominated by black-body
chemical reaction, that is a process where existing radiation.

Table 1
Summary of the hydrated electron cluster reactions with different molecules

Reactant Product Type of reaction Final product
Number of water molecules Electron detachment
CO? - a Yes
CoH42 - a Yes
CGH‘I—',CH3a - a Yes
NP - a Not probed
CHsF? - a Not probed
CH3OH2 (H20),(CH30H),_g~ b Yes
O,P0-c.d 0, (H20), c 2 No
COpP-cd CO,~ (H20), c 2 Yes
CO; + 08 0,7 (H20), c 2 No
CO, + CoHp? CO,~ (H20), c 2 Yes
CH3CHO? (CH3CHO)~ (H20), c 3 Yes
CD3CDO® (CD3CDO)™ (H20), c ¥ Yes
CH3COCH;? (CH3COCHs)~ (H20), c 4 Yes
CgHsCN? (CH3COCHs);_5~ (H20), c o Yes
NQP-¢ NO~(H,0), c Not probed
N, Q¢ 0O~ (H20), d 3 No
OH~(H20),, d 3 No
CHsCNf OH~(H20), d 9 No
CD3CNe OH~(H20), d 9 No
BryP Br=(H20), d Not probed
CH3Br® Br~(H20), d Not probed
@ This work.

b Referencd42].
¢ Referencg41].
d Referencd40].
€ Referencg39].
f Referencd23].
9 Product undergoes further ligand exchange with the neutral reactant.
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As an example, no reactions of the hydrated electrons withf ____f_(H o;- T
CO, toluene and &H4 were opserved in our Iaporatory, and + __ (CH.OH)(H,0), ]
evenwhenthe pressure wasincreased appreciably above wWhi - - - cH,0H),(H,0), ‘ H
we typically use in the reactivity studies, the collisions re- | T

sulted in only a marginal acceleration of the fragmentation

a)0s |

process. Similar apparent unreactivity was reported for N | “
and CHF colliding with (H,O),~ by Johnson and cowork- | 113,2..,,_..}-;;';1,1} "y
ers[42]. 550 600 650 700 750 800 850 900 950 1000 1050 1100
miz
i e CCCHOMMMOLT  o10s ]
4.2. Ligand exchange (b) L b)ss - ~oHomHol. | c)10s ]

While one or more water ligands can be ejected when af
water cluster undergoes a binary collision with a gas phase[
molecule or an atom, it is also possible for the collision part- |

il n Wi Jﬁ@'ﬁﬁh‘ L “.uI.L ] L ]

ner to be trapped and inserted into the solvation shell. 350 400 450 500 550 250 450 650 850 1050
m/z miz
(H20),” +M — M(HZO)”_[’ +pH20 @ Fig. 2. Mass spectra of the reaction of ;®),~ with methanol after

. . . (@) Os, (b) 8s and (c) 10s. Already at Os product peaks containing
The S|mplestl|gand eXChange would Ob\”OUSly be replac- a molecule of methanol can be observed. After 8s the clusters con-

ing one water ligand by another water molecule, but Since taining one, (CHOH)(H20),~, n = 18-27, or two methanol molecules
such a process leaves the mass unchanged, it cannot be se€dHsOH);(H20),~, n = 18-28, are most intense. After additional 2s all
in the mass spectrum. Obviously, one might study this pro- signal disappears due to the electron detachment.
cess in an isotopic experiment, for instance by allowing the
(H20),,~ clusters to collide with heavy water,D. Such an all distribution shifts progressively towards lower values of
experiment could in fact yield some interesting information n. After 6 s reaction one finds that the= 0, that is pure hy-
about the rate of isotopic scrambling. In bulk water, as noted drated electron clusters are basically gone, most prominent
above, H ions are present with about one molecule i 10 are species witm= 3 (n= 19-28),m= 2 (n= 19-28) andn
being spontaneously ionized, and proton transfer and isotopic= 1 (n = 20—27) are most prominent, and clusters with up to
scrambling are extremely rapid, so that in a mixture gOH m= 6, that is six methanol molecules are observable. Beyond
and DO very rapidly a statistical concentration of HDO will  this point, the clusters continue to lose ligands, but interest-
be formed. In a finite (KO),,~ cluster, on the other hand, ingly, the pure hydrated clusters make a comeback. Apper-
neither H™ nor OH™ ions are present, and it would be of ently, in the fragmentation process the clusters lose methanol
some interest to establish the probability of an exchange of faster than the water ligands. After 8 s one again sees pure
hydrogen for deuterium in collisions withJD. hydrated electrongn = 0 (h = 20-27), clusters with one or
The water clusters are held together by a network of hydro- two methanolsm= 1 (n = 18-27) andn = 2 (n = 18-28)
gen bonds, and the above process will be particularly preva-are now most abundant, and the overall signal intensity de-
lent with species which also contain polar XH bonds, and creases. After additional 2 s all signal disappears, and only
which are thus capable of strong hydrogen bonding, for in- noise is detectable, as can be seeRign 2
stance ammonia or alcohols. In the present work, we have Methanol is similar to water in that it can form relatively
examined the ligand exchange of the solvated electron clus-strong hydrogen bonds. It is, however, less paglaz (1.7 D),
ter distribution (i = 35-60) with methanol, that is reaction the bonds are weaker, as also evidenced by its much higher
(1) whereM = CH3OH. The ligand exchange proceeds with vapor pressure, and lower boiling point of 64@& Unlike
high collisional efficiency, and already at a nominal tibve water, it also has only one polar OH bond, and can therefore
0, one can observe product peaks containing a molecule ofnot so easily form extended hydrogen bonded networks. The
methanol, indicating that nearly 20% of the>®),,~ clus- exchange according t6q. (1)is probably slightly endother-
ters have already reacted, as evidencdegn2 This results mic, but can occur in ambient temperature gas phase colli-
in a solvated electron, where besides the water moleculessions. In our experiment, where essentially only methanol
there is also one methanol ligand. Obviously, such reaction molecules are present in the gas phase, their collisions with
can proceed further and additional water ligands—perhapsthe hydrated electron clusters can gradually exchange several
in some cases ultimately all—can be replaced by the reac-water ligands for methanol. These will, however, most likely
tion partner, and this is confirmed by the further course of remain near the cluster surface, and as the fragmentation
the reaction with methanol. After a further 1's reaction, the becomes dominant, will eventually also preferentially “evap-
clusters with one molecule of methanol have in fact intensi- orate” from the cluster. When in the course of the cluster
ties higher than the unreacted water clusters, and also clusterfragmentation process the number of water ligands drops
with 2—4 methanol ligands, that is §8),, (CHzOH),, ~ with below about 25-30, the electron detachment process starts
m= 2, 3 and 4 species are present. Simultaneously, the overto compete with ligand loss, and before it can drop below
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twenty or so, all clusters will be lost. The fact that the mixed nal products of the fragmentation are the @H,0),, n= 2
clusters seem to disappear around the comparable vatue of andn = 3 species, which remain in the trap even after several
= 20-25, that is with a comparable number of water ligands minutes. The @ (H,0), cluster neither detaches the elec-
as the pure hydrated electrons, indicates that the methanotron, nor further fragments to = 1, and is stable under the
does not provide any additional stabilization of the electron, conditions of our experiment. As already noted, the electron
which is probably mainly stabilized by the water ligands. in these clusters is tightly bound tgCSince the electron is

We have not carried out the reverse of this experiment, intimately involved in the course of the reaction and bind-
that is exchanging the ligands of an electron solvated by ing the oxygen molecule, we have never observed a second
pure methanol, in collisions with gas phase water molecules. O, to be taken up by the cluster, regardless of its size. Note
Under such circumstances, if the electrons solvated by purethat it was recently shown by infrared spectroscopy, that the
methanol could be produced at all, we suppose that all thefirst “solvation shell” of @~ (H20), is completed witn = 4
ligands could be exchanged against water. [52,53]

Characteristic of a ligand exchange where molecules in  Equally interesting, albeit somewhat different, is the case
the solvation shell are replaced is that multiple exchanges canof carbon dioxidg40-42] The linear nonpolar C&owes its
take place, with the probability of the process taking place high stability to a closed shell structure, with a completely
on a given collision being dependent on a number of factors. filled 2p wgy highest occupied molecular orbital. However, it
The mostimportantfactor undoubtedly is the enthalpy change possesses an empty, low lying antibonding orbital, also de-
associated with the reaction (1). The second crucial factor isrived from the 2p electrons, which strongly favors a bent
the ration/n, i.e., the number of new ligands mvs. the number structure. Placing an additional electron in this orbital to pro-
of water molecules n in the cluster. With increasing, the duce the bent C& anion, which is isoelectronic with NO
probability for loss of a previously exchanged ligand instead requires a considerable energy, since unlike that of molecular
of water increases. This is evidenced by the gradual slowing oxygen, the electron affinity of ground state £®negative.

and phasing out of the methanol exchariteble 1. On the other hand, the bent, strongly polarCQnion can
form very strong hydrogen bonds to water molecules so that
4.3. Core exchange (c) the reaction (2), which is strongly endothermic for 0,

becomes exothermic already with= 1.

In the experiments discussed in the previous sections, the
molecules of the reaction partner are simply traded for the (H,0),” + CO, — CO,;™ (H20), (2)
water ligands of the hydrated electron. A conceptually dif-
ferent process involves reactions with species which bindthe  This was first demonstrated by the experimental obser-
electron, producing a negatively charged ion. This results in vation of the mass spectrum of the €Q@H,0) anion[54].
the change of the ionic core of the cluster. Since the clustersThese early results were confirmed more recently by photo-
contain only one solvated electron—and one ionic core—in electron spectroscop$5] as well as by ab initio calculations
reactions of this type one and only one of the neutral reactant[40,56] The carbon dioxide anion forms a cyclic planex,C
molecules is taken up by the cluster. C0O,~(H20) anion where the two strong -O- H hydrogen

A simple example is the reaction witlp@0—-42] Molec- bonds stabilize the structure, and more than compensate for
ular oxygen has%l'lgground state, with aéwﬁwg electronic the negative electron affinity of GOThe electron is then
configuration, and can accommodate two additional electronsfurther stabilized by additional water liganf]. This sta-
inits highest occupied degenerate antibondiggrbital. Ac- bilization of the electron within the aqueous clusters is further
cordingly, it has an appreciable electron affinity of about 2 eV. evidenced by their behavior in the ICR experiment. In con-
Upon collision with an (HO), ~ cluster, the molecular oxy-  trast with pure water solvated electrons, which are lost when
gen attaches the electron, forming a ground s%ﬁt@ O~ the number of ligands drops below about 15, in the pres-
anion. In the aqueous cluster, the water molecules will form ence of carbon dioxide one finds again that the fragmentation
hydrogen bonds to the negatively charged anion, which will proceeds further, until the final product cluster £CH>0),
be much more strongly hydrated than the very diffuse free is formed. Similar to the oxygen containing clusters, these
electron. The electron will consequently be further stabilized then do not seem to fragment further to form the 1 clus-
in the cluster by the presence of the molecular oxygen, andter. The stabilization of the electron is, however, in this case
this stabilization is clearly evidenced in the mass spectromet- apparently less efficient, and as the clusters are further acti-
ric experiment. As discussed above, when thed@l] ~ clus- vated by black-body radiation and collisions with the £O
ters gradually fragment and lose the solvent, the stabilization reactant gas, they slowly detach the electron, so that the in-
of the electron is reduced, so that eventually it is detached, tensity gradually decreases, and after about 1 min all the ions
with the ions completely disappearing from the ICR trap. have disappeared from the trap.
While for pure hydrated electrons, this process is completed  Similar to the case of oxygen, a discrete £0nolecu-
aroundn = 15, in the presence of a molecule of oxygen, the lar anion is formed within the aqueous clusters, and it is the
fragmentation proceeds further, with the total number of the presence of the electron, which makes dissolving the carbon
anions in the trap remaining basically constgii]. The fi- dioxide within the cluster possible. We have reported previ-
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ously, that reacting ionic water clusters with carbon dioxide also present at this stage of the reaction. This sug-
result, with the exception of collisional fragmentation, in no gests that a minimum of four solvents molecules, regard-
reaction[57]. With clusters containing metal cations such as less of the type of solvent, is needed to stabilize the
Mg*(H20), no uptake of carbon dioxide, and no carbon- CH3COCH;~ anion. (CHCOCHs:) (H20)4, as well as
ate formation could be detected. It is the free electron which (CH3COCHg)~(CH30H)(H20)3, undergo a slow electron
makes solvation of the carbon dioxide in thex(®), ~ clus- detachment.
ter possible, and since only one electron is available, one and Acetaldehyde behaves almost identical to acetone. The
only one CQ molecule is taken up. The occurrence of the hydrated electron cluster efficiently take in only one ac-
reaction according t&q. (2) which appears to proceed with  etaldehyde molecule and solvated §H0O~(H20),, an-
near unity collision efficiency has also some bearing upon ions are formed. After a single molecule of the reactant
the question of the cluster structure, and location of the elec- has entered the cluster, no further uptake of acetaldehyde
tron within the cluster. The very efficient uptake of carbon is observed in the early stage of the reaction. Conversion
dioxide would seem to suggest, that the electrons may not beof 50% of the initial distribution is reached fast, in less
solvated internally, but more likely localized at or near the than 1s. After 7s the initial (bD),~ clusters are again
cluster surface. barely visible. The CHCHO™ (H20),, clusters then frag-
We have also carried out experiments using gas mix- ment, losing one by one the water molecules down to
tures as neutral reactarjg0]. In one of those experiments CH3CHO™ (H20)3. When the clusters are very small an en-
to study the exchange of the ionic core, £®as leaked dothermic ligand exchange takes place leading to the forma-
into the UHV at a relatively high partial pressure of x3 tion of (CH3CHO),~ (H20),. We repeated the experiments
10~" mbar, together with @at a partial pressure of 5.¥ using perdeuterated acetaldehydezCDO. Similarly to the
10-8mbar, roughly a 2:1 mixture of COand Q. At 0.5s acetaldehyde, the G@DO~ (H20),, clusters are formed,
reaction delay, the (}0), ~ distribution is completely gone,  followed by fragmentation down to GGZDO™ (H20)s.
converted to C@ (H20),, and @~ (H20),,. Since CQ is The intake of a second GCDO molecule leads to
present in twice the abundance of @nd CQ reacts three  (CD3CDO)~(H20), formation. No H/D exchange is ob-
times as efficient as £ CO,~(H20),, predominate in the  served, even after long reaction delays. For both, acetalde-
spectrum. After 3 s, @ (H20),, have become the dominant hyde and perdeuterated acetaldehyde, after long reaction de-
species indicating that the core exchange has already ociays of 50s, the signal has disappeared due to black-body
curred, and the additionalO(H»0),, comes from reactions  radiation and collision-induced electron detachnjé6.

with CO,~(H20),,. After 10 s this process is almost com- Benzonitrile is one of the molecules which react with
plete, and only traces of CO(H20),,, with m~ 10, remain the electron inducing a ionic core exchange. The peaks
in the mass spectrum. This charge transfer fromy, C@ corresponding to an uptake of one benzonitrile molecule
02 was also observed in the condensed phase, with rate con{CsgHsCN)~ (H20),, into the clusters are already visible at0 s
stants of 2.0-2.4 10~° dm® mol~1 s~1 at 298 K[58,59] Al- reaction delay. Once the free electron is not anymore avail-
though no activation energies are reported, comparison withable, the clusters start to exchange ligands. Thus, 2s later
charge-transfer reactions with similar rate constdBgy, the clusters have exchanged several water molecules for a
suggests that the activation energy for the,C(@, reac- second benzonitrile. From the offset of the cluster distribu-

tion lies around 10 kJ/mol. This amount of energy is readily tions one can approximate the number of water molecules
available in the large water clusters, which are continuously exchanged for one benzonitrile to be 5 or 6. The clusters con-
heated by collisions and black-body radiation. tinue to fragment and exchange ligand molecules until, after
In another experiment a 1:1 mixture of @@nd GHgy 15s reaction delay, five progressions of product peaks are
induced the formation of C&© (H,0), as the only product.  visible, each containing 1-5 benzonitrile molecules. Clearly,
The only contribution of ethylene is in the increase of the col- the most intense peak distribution isgtdsCN)~ (H20),,, n
lision induced fragmentation, while a coupling of the £0 = 4-12, with an intensity maximum at¥/z = 265 and corre-
radical anion with the carbene was not observed. sponding tom = 9 water molecules. After 20s the clusters
Acetone behaves similar to GOAfter 1s about 50% have completely exhanged or lost all the water molecules,
of the initial hydrated electron clusters have reacted to and one can clearly identify gEIsCN),,~, m=2-7. At the
(CH3COCHz) ™~ (H20),, atan acetone pressure whichistwice same time two other distributions can be seen. The first one
as high asthe Cgpressure inthe comparable experiment. For as intense as the products, with the peake/at 266, 369,
comparison, the clusters need 2 sin the case oftG@chieve 472,575, 678 and the other about one-fifth with peaksgzt
a 50% conversion into products. This suggests that acetone429, 532, 636. Both contain benzonitrile, but are shifted by 60
like COy, reacts with collision rate with the cluster. After and 120 amu, respectively, to higher masses. We are not able
7 s reaction delay, the clusters have been completely trans+o rationalize these products in terms of reaction with ben-
formed into products. The (3ELOCHs)~ (H20), ions frag- zonitrile alone. The most probable explanation is that, at long
ment, after 28 s, to the final product, (EIOCH;)~ (H20)s. reaction delays, due to the very high number of collisions, a
Due to the presence of a very small amount of methanol minor, unidentified impurity in the benzonitrile solution, is
in the UHV, (CHCOCHz) (CH30H)(H20)3.4 peaks are  taken in by the clusters. However, after additional 10s, the
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impurity is lost from the clusters, and the products seen after Repeating the experiments withb,® under ICR condi-
30s are (GHsCN), 3 4~ . After atotal of 40 s reaction delay, tions, we obtained results similar to the flow reactor study
the clusters have detached the electron and the signal is lost[41]. We also observe two different products, formation of
Another example for ionic core exchange are the reactions O~ (H,0),, and OH (H20),, with a branching ratio of ap-
with NO reported in the literature by Johnson and coworkers proximately 3:1Fig. 3shows the temporal evolution of the
[41,42] These differ slightly from the @and CQ reactions. mass spectra with reaction time. The branching ratio can
Again, inthe firstreaction step, N@H,0),, is formed, where best be seen in the mass spectra of the early stage of the
NO™ undoubtedly form the ionic core. N@H>0),,, how- reaction, which exhibit almost exactly three times the inten-
ever, undergo at least to additional steps of ligand exchange sity for O~ (H20)41, compared with OH(H20)4;. Initially,
which is, however, conceptually different from the case (b). O~ (H20), is formed by abstraction of the oxygen atom from
NO does not participate in the hydrogen bonded network, N2O, which will immediately recombine with the electron.
but rather forms strong bonds to NOThe (NO} ™ unit thus In this initially hot cluster, isomerization of QH»0), to
might be seen as the “real” ionic core of the cluster. OH~(OH)(H20),,_1 is energetically feasible, and an OH rad-
ical can be lost. OH(OH) core switching competes withp®
evaporation, and this competition would be responsible for
4.4, Rearrangement of covalent bonds (d) the observed branching ratio.
) . Another, more complex example we have recently studied
One usually understands under chemical reaction a pro-jnsjves the reaction of hydrated electrons with acetonitrile
cess, where chemical bonds between atoms are broken 0f,31 apinitio studies have shown that the nitrile carbon atom
formed, and strictly speaking, none of the processes discusse f CH3CN may attach an additional hydrogen atom to form
above really falls into this category. There are, however, nu- 5 relatively stable CECHN radical[60]. The CH binding
merous reactions where interaction with the hydrated eIectronenergy is, however, not sufficient to make a reaction such as,
does indeed result in a breakage of a real, covalent chemlcalrOr instance, CHCN + H,O — CH3CHN + OH, accessible.

bond, or formation of a new one, or both. Such reactions are ryg sjtyation, however, changes appreciably in the presence
very ofteninitiated by a change in the nature of the ionic core ¢ - electron:

of the (H,O),,~ cluster. Very simple examples are the reac- B B

tions with Br, and CHBr studied by Johnson and coworkers (H20),~ + CH3CN — OH™(H20), 1

[42], which result in formation of Br(H20),. In these cases, + CH3CHN + mH»0 ©)

the electron affinity of the Br atom of 3.36 eV is the driving

force of the reaction, which in itself is sufficient for the bond The reaction (3) is assisted in the first place by the ap-

cleavage in By and CHBr [42]. preciable, 1.8277 eV electron affinity of the hydroxyl group.
g [ —Ho)y p=dir--.42 ]
§ [ = OHIHO), ]
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Fig. 3. Mass spectra of the reaction ob(®),, ~ with N,O after (a) 0s, (b) 55, (c) 10 s and (d) 20 s. Already at O s two different product distributions are visible.
Shifted lower by one amu are the OkH,0),,, while a shift of 2 amu to the left corresponds to the(8,0), products. After 5s the initial hydrated electron
clusters have completely reacted. The clusters fragment due to the black-body radiation(té,Oht and O (H20)3. Species @ (H2O)s are present due to
minor impurities of Q, after long reaction delays.
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F ' ' ' ' ' ' A OH~(H20)3 as afinal product. This anion eventually reaches
[~ (HO), =50 a) 0s thermal equilibrium with the ambient temperature apparatus
------ OH (H,0), . : .
walls, and is effectively stable under our experimental con-
ditions both with respect to electron detachment and with
respect to further fragmentation. In the presence of gas phase
acetonitrile in the cell, however, the small OtH,0),, clus-
ters below abouh = 10 can take up one additional GEIN
v~ PP mol_ecule, undoubtedlydueto its high basicity, asis evidenced
m/z in Fig. 4after 15 s reaction delay. These then further fragment
- ' ' ' ' b)'155 : fragment losing either yD or CHCN molecules,_ yielding
eventually the OH(H20)2(CH3CN) cluster as a final prod-
uct [39]. Interestingly, experiments with deuterium substi-
i ] tuted acetonitrile reveal, that within this cluster a dynamical,
i proton transfer equilibrium is established:

; e ek | (HOROH)(CHCN) ©  (HZOK(CHCN) (@)

i ] When CI3CN is used, repeated proton transfer processes
_ according toEq. (4)lead to a complete isotopic scrambling
within the complex between the “organic” GEBN, and the
aqueous, OH(H20); parts. Itis also interesting to note, that
\ . a single additional water molecule is sufficient to switch off

N this isotopic scrambling.

L~~~ OH(CH,CN)(H,0),

Relative intensity

Relative intensity

50 100 150 200 250 300 )

m/z 5. Conclusions
Fig. 4. Representative spectra illustrating the reaction @O~ with . . .
acetonitrile. At Os, shifted to lower masses by one amu, the products, In the.present manuscript we have reviewed studies of
OH~(H20),,, are visible. After 15 s the reaction products have fragmentedto the reactions of hydrated electron clusters; @, ~, upon
a cluster size where they are basic enough to allow the intake of one acetoni-binary collisions with small molecules in the gas phase.
trile molecule. The clusters lose ligands until, after 30's, the main products The studies show. that the electrons undergo many reac-
are OH (H20)s, OH™(CH3CN)(H0)z and OH (CHsCN)(Hz0)s. tions known from pulsed radiolysis experiments and sim-
ilar studies, but also exhibit properties specific for finite

Furthermore, itis also promoted by the solvation energy of the clusters. Studies of such clusters trapped in an FT-ICR ex-

relatively compact OH anion, which is considerably higher ~periment have the advantages of less ambiguity, complete

than that of the diffuse free electron. Accordingly, reaction elimination of the effects of impurities, and in view of the

(3) proceeds in the ICR cell spontaneously, and probably with long lifetime of the solvated electron the ability to study

close to the collision rate, as evidenced by the presence of aéven very slow and inefficient reactions. In this way, the in-

considerable concentration of the reaction product already atherent chemical properties of the solvated electron can be

nominallyt = Os inFig. 4 In the presence of gaseous ace- probed.

tonitrile in the cell, the aqueous electron clusters lose a hy- ~ We show thatone can loosely classify the processes occur-

drogen atom, and are thus converted into hydrated hydroxyl ring upon binary collisions of the (D), ~ clusters with smalll

anions. Using deuterated acetonitrile instead reveals that thegas phase molecules into at least four distinct categories, col-

methyl group is not involved in the reaction, and one of the lisional activation, ligand exchange, core exchange and re-

aqueous protons is lost from the cluster. Like the reactions arrangement of covalent bonds. The representative examples

listed in the previous section, this reaction is also accompa-for each of these categories reveal the rich and multifaceted

nied by a change in the ionic core of the cluster. Obviously, reactions of free electrons, the simplest free radicals of them

it again requires the presence of a free electron, and eactll.

cluster can therefore react only once. The product clusters

containing the hydroxyl anion, OHH20),,, are, similar to

clusters containing molecular oxygen, stable with respect to Acknowledgements
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