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An H/D-exchange reaction involving the methyl group of acetonitrile is observed in the small anionic water
cluster OH-(CD3CN)(H2O)2. In this cluster, a randomization of H and D atoms takes place, and in subsequent
collisions with CD3CN, the potentially partially deuterated acetonitrile is replaced by the fully deuterated
species. In sequential collisions, fully deuterated clusters OD-(CD3CN)(D2O)2 are obtained as final products.
The H/D-exchange does not occur in OH-(CD3CN)(H2O)3 or larger clusters. Density functional calculations
show that in these larger species, the OH- no longer directly attacks the methyl group, and the barriers for
H/D-exchange become higher than those for ligand loss reaction channels. This is a very subtle influence of
solvation on an H/D-exchange reaction in the gas phase, where a relatively acidic methyl group encounters
a strongly basic reaction partner.

Introduction

In mass spectrometric experiments, hydrogen/deuterium
exchange reactions are frequently used as a probe of gas-phase
structures of peptides and proteins.1-10 This exchange is specific
to acidic or basic sites, and methyl groups are in general
considered to be unaffected. However, flowing afterglow studies
have shown that certain carbanions undergo efficient H/D-
exchange with H2O.11,12 CH2CN- was shown to sequentially
exchange both H atoms against D in collisions with H2O. In
the present manuscript, we describe an example of H/D-
exchange involving the methyl group of acetonitrile, which we
encountered in experiments with hydrated electrons. The
observations are quite puzzling, since in the first place, the
methyl group is involved, and second, solvation hinders rather
than promotes the exchange.

The energy needed to ionize atoms or molecules is relatively
high, and free electrons therefore usually only occur in energy
rich environments such as discharges, plasmas, and flames.
However, electrons can also be prepared in condensed, liquid,
or solid systems13-17 but are very reactive even when stabilized
by solvation. Their chemistry has been extensively studied, most
often in pulsed radiolysis experiments, where they are produced
by the impact of high energy electron beams in bulk solution.18

In recent years it has been demonstrated that electrons solvated
in finite solvent nanodroplets also can be produced, and the
stability, structure, and reactivity of such hydrated electrons have
been investigated.19-25 A laser vaporization source developed
in our laboratory turns out to be a very efficient source of
(H2O)n- species, which can be trapped and studied by high-
resolution FT-ICR mass spectrometry.

The advantage of such clusters, whose sizes are typically in
the rangen ) 13-80, is that their masses, and thus their
elemental composition, are exactly known, eliminating any
effects due to impurities, and also the presence of H3O+ ions
from the autoprotolysis of water can be ruled out in such clusters

of typically less than 100 water molecules. Investigations of
the reactions of such aqueous electrons with a number of small
inorganic and organic molecules yielded quite a varied and
multifaceted chemistry, and recently we have reported a
particularly interesting reaction with acetonitrile.25

The hydrated electron clusters react very efficiently with
acetonitrile, according to the equation:

Although mass spectrometry gives no direct information about
either the mechanisms of the reactions which take place or about
the structure of the neutral products, it appears very likely that
the first step here involves an interaction of acetonitrile with
the electron. While the anion of bare acetonitrile is only weakly
dipole bound, previous studies25-28 indicate that solvation
stabilizes a covalent CH3CN- radical anion. This anion then
withdraws a proton from one of the water ligands, forming a
neutral CH3CHN radical, which is only weakly held in the
cluster. This radical evaporates from the cluster surface, possibly
accompanied by additional water molecules. This process must
be faster than 100 ms, since no product clusters containing
acetonitrile are observed in the first reaction step.

The purpose of the present work is to investigate the fate of
these hydrated hydroxyl clusters and their further reactions upon
subsequent collisions with the acetonitrile reactant. With the
help of fully deuterated CD3CN, the conditions and the
mechanism for H/D-exchange between the water molecules and
the methyl group are elucidated, and the findings are compared
with the results of density functional theory calculations.

Experimental Details

The experiments were performed on a modified Bruker/
Spectrospin CMS47X FT-ICR mass spectrometer, equipped with
an APEX III data station and a home-built laser vaporization
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(H2O)n
- + CH3CN f

OH-(H2O)n-x-1 + CH3CHN + xH2O (1)

7506 J. Phys. Chem. A2004,108,7506-7512

10.1021/jp047955e CCC: $27.50 © 2004 American Chemical Society
Published on Web 08/24/2004



source.29-31 Using this source we are capable to generate and
therefore study a large variety of hydrated ions.23,32 Hydrated
electrons (H2O)n-, have been generated in the laser vaporization
cluster source as described previously.24,25 In this source, a
rotating zinc target is vaporized by a pulsed, frequency doubled
Nd:YAG laser beam in the presence of a high pressure carrier
gas pulse, which consists of helium seeded with small amounts
of water vapor. The hot plasma produced by the vaporization
is rapidly cooled by dilution with the cold carrier gas, which is
supplied via a home-built pulsed piezoelectric valve. Upon
further cooling by supersonic expansion into high vacuum,
clusters and complexes are formed. To avoid the production of
metal anions, zinc with its closed 3d104s2 valence shell and
positive electron affinity, was used in the present work as target
material. The hydrated electron clusters are then guided from
the source through several stages of differential pumping along
the field axis of a 4.7 T superconducting magnet and into the
ICR cell, where they were stored and accumulated over typically
20 laser pulses. Depending on the exact source settings, solvated
electrons with up to about 60 water ligands can be produced.
The clusters were allowed to interact for a desired length of
time with the reactant gas. The neutral reactant acetonitrile-d3,
(99.6%D, Aldrich) was degassed through five freeze-pump-
thaw cycles and introduced into the high vacuum via a leak
valve, raising the pressure within the instrument to a stable value
of typically 9.6× 10-9 mbar. The concentration of the reactant
clusters and of their ionic reaction products was followed by
acquiring mass spectra after defined reaction delays. Absolute
rate constants are calculated from the number densities of the
reactant ion, and collision efficiencies are calculated as the ratio
of the absolute rate constant and the collision rate, which in
turn was calculated with average dipole orientation (ADO)
theory.33-36

Density functional calculations were carried out with the
Gaussian98 program package,37 using the BPW91 method with
the 6-311++G** basis set. Partial charges were calculated using
natural population analysis38 as implemented in Gaussian98.

Results and Discussion

Reactions of (H2O)n
- with CD3CN. Figure 1a exemplifies

a typical initial distribution of clusters taken after a reaction
delay of 0 s. In the early stages the reaction proceeds in a manner
identical to the normal acetonitrile, that is according to eq 1,
except that in this case the neutral, and therefore unobserved,
product formed is apparently CD3CHN. The OH-(H2O)m
products do not contain significant amounts of deuterium, and
the proposed mechanism is consistent with the absence of
isotopic scrambling. Also the fragmentation proceeds in the
identical manner and with similar rates, so that after about 10 s
all the hydrated electron clusters are replaced by the hydroxide
clusters, OH-(H2O)m. No exchange of hydrogen against deu-
terium is observed at this stage.

After about 15 s, as shown in Figure 1b, the first evidence
of the incorporation of acetonitrile-d3 into the hydrated hydrox-
ide clusters is observed:

where probablyx ) 1. The OH-(CD3CN)(H2O)p product cluster
sizes after 15 s range fromp ) 4 to p ) 10, with thep ) 7
cluster standing out, having about a factor of 2 higher intensity
than the neighboringp ) 6 andp ) 8 species. Apparently, for

larger clusters reaction 2 does not take place, but as the clusters
lose water, it becomes progressively more favorable.

The latest stages of the reaction are shown in Figure 1, panels
c and d, which show spectra obtained after 30 and 50 s,
respectively. In the 30 s spectrum, the most intense clusters
correspond top ) 3, p ) 2, m ) 3, andm ) 4 in that order.
On the high mass side of thep ) 2, that is OH-(CD3CN)(H2O)2
cluster at a nominal mass of 97 amu, one can clearly observe
weak peaks appearing at masses 98, 99, and 100 amu,
respectively. After an additional 10 s, the 97 amu peak does
become the strongest peak in the spectrum, and its higher mass
satellites at 98-100 amu have gained considerably in intensity,
with peaks also at 101 and 102 amu now being clearly
observable. Finally, in Figure 1d, corresponding to 50 s reaction
time, the intensities shift further in favor of the higher masses,
so that the 99-102 amu peaks are now more intense than the
original 97 amu cluster.

Two conclusions may be drawn from these data: The ligand
exchange reaction 2 proceeds rather reluctantly, which suggests
it might be thermoneutral or slightly endothermic. During further
collisions with the CD3CN molecules, the OH-(CD3CN)(H2O)2
cluster is being progressively deuterated.

OH-(H2O)m + CD3CN f OH-(CD3CN)(H2O)m-x + xH2O
(2)

Figure 1. Mass spectra of the reaction of (H2O)n- with acetonitrile-
d3. (a) Since the reaction occurs already during the ion accumulation,
the OH-(H2O)m products, shifted by 1 amu to the left, are visible already
at 0 s. (b) After 15 s the reaction products have become basic enough
that the intake of one acetonitrile-d3 molecule is possible. In the detail
one can see that alongside OH-(H2O)8,9 growing OH-(CD3CN)(H2O)6,7

peaks are visible. Species1 O2
-(H2O)p are present due to minor

impurities of O2 in the expansion gas,f denotes peaks due to the natural
abundance of18O in OH-(H2O)m. (c) The ions gradually lose ligands
until after 30 s the main products are OH-(H2O)3,4, OH-(CD3CN)(H2O)2,
and OH-(CD3CN)(H2O)3. The peaks at 98, 99, 100, 101, and 102 amu
are due to the progresive deuteration of the OH-(CD3CN)(H2O)2 cluster
through a reversible intracluster proton-transfer reaction followed by
an acetonitrile ligand exchange. (d) The H/D isotopic exchange reaction
proceeds until all the hydrogen atoms are replaced by deuterium.
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Uptake of CD3CN by OH-(H2O)n. To learn more about
these processes, we mass selected them/z ) 115-117 species
after 30 s, i.e., OH-(CD3CN)(H2O)3 including the 13C, 18O
isotope peaks and monitored its further reaction for additional
15 s. The time-intensity profile of this reaction is shown in
Figure 2, together with a fit according to pseudo-first-order
kinetics. It is unambiguously shown that both CD3CN and
H2O can be lost from the cluster, with a branching ratio of
0.72:0.28. In view of the higher number of H2O molecules
present in the cluster, this clearly indicates that CD3CN is more
weakly bound than H2O, and that the ligand exchange reaction
2 is in fact slightly endothermic. In addition, the absence of
peaks withm/z ) 72-78, corresponding to partially deuterated
OH-(H2O)3, is clear evidence that no isotopic scrambling
takes place in OH-(CD3CN)(H2O)3. The OH-(H2O)3 fragment
in turn undergoes the ligand exchange reaction 2, forming
OH-(CD3CN)(H2O)2, which do not fragment any further. The
product OH-(CD3CN)(H2O)2 can thus be formed in two ways:
As a primary product by water loss from OH-(CD3CN)(H2O)3,
or as a secondary product by ligand exchange of OH-(H2O)3
with CD3CN.

These results suggest that the ligand exchange reaction 2 is
in fact endothermic over the whole region where it occurs, and
the CD3CN are lost again with a high probability due to
blackbody radiation and collision-induced dissociation. This
explains why the ligand exchange products do not become the
dominant species for a very long time and why their intensities
exhibit a fairly gradual onset aroundn ) 10-11. We have
shown previously39 that aqueous clusters containing OH- can
be viewed as strongly basic. Conversely, acetonitrile is known
to be a very weak acid. As the number of water ligands
decreases, the basicity of OH-(H2O)n increases, until it is
sufficient to make incorporation of CH3CN into the cluster
energetically feasible.

H/D-Exchange in OH-(CD3CN)(H2O)2. Returning to the
H/D-exchange, the results so far indicate that only the “final”
OH-(CD3CN)(H2O)2 clusters are being efficiently deuterated.

We now performed a mass selection of the 97-102 amu region
of the mass spectrum after 35 s by resonant ejection of all ions
outside this mass range and followed the gradual deuteration
of the OH-(CD3CN)(H2O)2 for an additional 5 s. The time-
intensity profile of the results of this experiment is shown in
Figure 3, where the intensities of the higher masses have been
corrected for the13C, 16N, and18O contributions from lower-
mass peaks.

It is immediately interesting to note that the ion which grows
in first and fastest is not 98 amu, but 99 amu, corresponding to
exchange of two hydrogen atoms for deuterium. To rationalize
this process, one has to assume that a reversible intracluster
reaction is taking place, which exchanges protons between the
“organic” part, that is the CD3CN, and the “aqueous” part, that
is the OH-(H2O)2. The initial step is described by reaction 3,
which redistributes a proton and a deuteron between the two
parts:

On the time scale of the ICR experiment of seconds, the
cluster has enough time to undergo multiple intracluster H/D-
exchanges of this type, which will essentially randomize the
position of hydrogen and deuterium atoms, modified only by
the different zero-point energies of the various isomers.

In a subsequent two-body collision with acetonitrile-d3, the
isotopically scrambled CD3-kHkCN may be replaced with a fully
deuterated CD3CN according to reaction 4:

The products of reaction 4 may in turn randomize the position
of H and D in reaction similar to reaction 3. In this way, full
deuteration is gradually achieved.

If this picture is correct, the time-intensity profile shown in
Figure 3 depends only on two factors: The rate with which the

Figure 2. Kinetic fit of mass selectedb OH-(CD3CN)(H2O)3, which
loses CD3CN with a rate constant ofk ) 0.18 s-1 to form9 OH-(H2O)3
and H2O with a rate constant ofk ) 0.07 s-1 to form [ OH-(CD3CN)-
(H2O)2. These fragmentations are induced by blackbody radiation as
well as collisions, making them essentially a unimolecular reaction.
OH-(H2O)3 undergoes a ligand exchange to form OH-(CD3CN)(H2O)2
with k ) 0.26 s-1, which amounts to a bimolecular rate constant of
1.1 × 10-9 cm3 s-1 or 40% collision efficiency.33-35 The intensity
of subsequent H/D-exchange products was summed into that of
OH-(CD3CN)(H2O)2. The gray shaded area denotes the noise level.

Figure 3. Kinetic fit for the progressive deuteration of mass selected
b OH-(CD3CN)(H2O)2. The symbols denote the number of additional
exchanges of H against D:9 one,[ two, 2 three,O four, and1 five,
the latter corresponding to the completely deuterated final product
OD-(CD3CN)(D2O)2. Since the H/D-exchange products overlap with
other isotopes such as13C and18O, the intensities were corrected for
these contributions.

OH-‚‚‚CD3CN(H2O)2 f HOD‚‚‚CD2CN-(H2O)2 f

HOH‚‚‚CD2CN-(H2O)(HOD) f

OH-‚‚‚CD2HCN(H2O)(HOD) (3)

H5-kDkO3
-‚‚‚CD3-kHkCN + CD3CN f

H5-kDkO3
-‚‚‚CD3CN + CD3-kHkCN, k ) 0-3 (4)
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CD3-kHkCN is exchanged against CD3CN, and the probability
pj(k) for a certain value ofk in a cluster containingj H atoms
and 8-j D atoms. This probability can be calculated with a
standard equation from combinatorial mathematics and amounts
to:

In the first exchange step,j ) 5, and the probabilities for
exchanging 0, 1, 2, or 3 D against H, i.e.,k ) 0, 1, 2, or 3, are
1/56, 15/56, 30/56, and 10/56, respectively. A fit of the
decay of the reactantm/z ) 97 yields a relative rate constant
of krel ) 0.21 s-1. The total exchange rate constant on which
the complete fit must be based is then 56/55krel ) 0.22 s-1,
which corresponds to an absolute rate constant for the exchange
of kabs) 9.4× 10-10 cm3 s-1 or a collision efficiency ofΦ )
36%. Table 1 compares the ideal rate constants calculated from
these assumptions with the actual rate constants extracted from
the fit. The rate constants for primary products are very well
reproduced by this approach, especially the observation that the
probability for exchanging two H atoms in the first step is twice
as high as for one H. The subsequent exchange steps, however,
exhibit substantial deviations from this ideal picture, although
the overall pattern is still well reproduced. In this simple
approach, the energy differences due to the variations of
vibrational frequencies with the position of H and D is neglected,
which changes the relative probabilities as well as the rate
constant for the exchange.

A second possibility is that scrambling may also occur to
some extent in the collision complex, while full randomization
in the collision complex can be excluded: The probability for
exchange of one or two H atoms in the first step would be 5/11
or 4/11, respectively, while the data clearly indicate that
exchange of two H atoms against D is preferred by a factor of
2. Given the simplicity of the approach, the agreement of the
fit is quite remarkable and indicates that the overall picture of
the H/D-exchange process is correct.

The observed H/D-exchange also is indirect evidence that
no base-catalyzed hydrolysis of acetonitrile to acetic acid
takes place in these small gas phase clusters, which occurs
under strongly basic conditions in aqueous solutions. How-
ever, the mechanism of this hydrolysis is very complicated

and involves multiple proton-transfer steps. If CD3COO-

would form, them ) 2 product would have the composition
CD3COO-(NH3)(H2O), if scrambling is neglected. Under these
conditions, replacement of a CD3CN unit seems highly improb-
able.

Reactions of (H2O)n
- with CD3CDO. To provide additional

evidence that the presence of the hydroxide anion and the
basicity of the cluster are responsible for the H/D-exchange,
we have carried out a similar experiment with perdeuterated
acetaldehyde, CD3CDO, instead of acetonitrile, as shown in
Figure 4. The polar CD3CDO is efficiently taken up by the
hydrated electron clusters, and solvated CD3CDO-(H2O)m
anions are formed. Similar to other cases, like O2 or CO2

reactions,21,22where the exchange of the ligand is accompanied
by a change in the nature of the central ion, after a single
molecule of the reactant has entered the cluster, no further uptake
of acetaldehyde is observed for larger clusters. The clusters then
only fragment and progressively lose ligands one by one, down
to m) 3. However, when the clusters become very small, again
an endothermic ligand exchange becomes feasible, and more
and more (CD3CDO)2-(H2O)2 is observed. Even after 30 s,
however, no H/D-exchange peaks are detectable in these
clusters, where no OH- anions are present. After 50 s, the signal

TABLE 1: Pseudo-First-Order Rate Constantskexp for
H/D-Exchange Processes of OH-(CD3CN)(H2O)2 in Binary
Collisions with CD3CN from the Fit Shown in Figure 3

j,k kexp krand
a pj(k)a

5,1 0.062 0.059 15/56
5,2 0.118 0.118 30/56
5,3 0.038 0.039 10/56
4,1 0.035 0.094 24/56
4,2 0.035 0.094 24/56
4,3 0.005 0.016 4/56
3,1 0.085 0.118 30/56
3,2 0.040 0.059 15/56
3,3 0.003 0.004 1/56
2,1 0.095 0.118 30/56
2,2 0.020 0.024 6/56
1,1 0.080 0.083 21/56

a The reactions describe the exchange ofk H against D in a cluster
containingj H. Theoretical numberskrand based on the assumption of
total randomization in the cluster and a constant exchange rate of the
acetonitrile molecule, as well as their statistical contributionpj(k), are
shown for comparison.

pj(k) )
(jk)(8 - j

3 - k)
(83)

(5)

Figure 4. Mass spectra of the reaction of (H2O)n- with perdeuterated
acetaldehyde. (a) One CD3CDO molecule is taken up by the hydrated
electron clusters as can be seen already at nominally 0 s. (b) The
exchange is complete and fragmentation in full progress at 15 s. (c)
After 30 s the main products are CD3CDO-(H2O)3,4, (CD3CDO)2-(H2O)2,
and O2

-(H2O)3 as impurity. No H/D exchange peaks are visible, which
supports the role of the hydroxide anion in the suggested exchange
mechanism.
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has disappeared due to slow, presumably collision-induced
electron detachment.

The total absence of H/D-exchange peaks in CD3CDO-(H2O)3
after 30 s, when the exchange was in full progress in
OH-CD3CN(H2O)2, provides additional strong evidence that the
H/D-exchange mechanism requires the hydroxide anion, as
suggested in reaction 3.

Density Functional Calculations of OH-(CH3CN)(H2O)m,
m ) 0-3. We have further checked the feasibility of the H/D-
exchange mechanism suggested by reactions 3 and 4 by a series
of quantum chemical calculations on the OH-(CH3CN)(H2O)m,
m) 0-3 clusters. Consistent with the proposed proton transfer,
we find for most of the clusters two types of structures:
OH-(CH3CN)(H2O)m solvated hydroxide complexes which we
denote in Table 2 and Figures 5-8 with the letter Am-i, and
complexes (CH2CN-)(H2O)m+1 denoted Bm-i. In the latter, the
acetonitrile has transferred one proton to OH-, yielding a
molecule of water and resulting in a solvated CH2CN- anion.
Obviously, the relative energies of these isomeric forms, and
the barriers separating them, are crucial for the proposed proton
transfer and isotope exchange processes. To distinguish different
isomers of the same Am, Bm species, a second indexi is
introduced. The results are summarized in Table 2, which lists
relative energies and the partitioning of the negative charge over
the hydrogen bonded species in the cluster, according to natural
population analysis.38 The energetically lowest lying isomers
of Am and Bm for m ) 0-3 are shown in Figures 5-7.

A complex of OH- with CH3CN, which would in this
notation be A0-1, is found not to be stable; as soon as a
hydroxide anion comes into contact with acetonitrile, a proton
transfer takes place, resulting in the CH2CN- anion bound to a
water ligand (B0-1 in Figure 5). The H2O is bonded via a rather
long, 1.838 Å hydrogen bond to the carbon atom of the CH2-
group, which carries a formal charge of-0.97e. The CCN bond
angle with 175.8° deviates only slightly from linearity, and there

is only little charge transfer from the CH2CN- to the water
ligand, with the electron residing mostly on the organic anion
(-0.88e).

Already a single additional water molecule stabilizes the OH-

anion, so that both kinds of structures represent local minima
on the potential energy surface. The A1-1 complex (Figure 5)
is a structure of OH-(CH3CN)(H2O) in which the OH- is
stabilized by two ligands, one molecule of water and acetonitrile.
In this complex, acetonitrile binds to the OH- via one of the
hydrogen atoms of the methyl group. The hydrogen-bonded
C-H is appreciably lengthened to 1.183 Å, and the hydrogen
bonding distance (1.614 Å) is remarkably short, comparable to
the hydrogen bonding distance between the OH- and H2O
(1.525 Å). A charge of-0.75e is computed to be localized on
the OH-, with -0.12e and-0.13e on the water ligand and on
the acetonitrile, respectively. The proton transferred structure
(CH2CN-)(H2O)2 (B1-1 in Figure 5) is also a stable local
minimum, with energy of only 8.4 kJ/mol higher than that of
A1-1. The negative charge again largely resides on the organic
anion (-0.85e). The CH2CN- anion is bound to a water dimer
by two hydrogen bonds with C‚‚‚H and N‚‚‚H distances of
1.786 Å and 2.219 Å, respectively.

Additional water ligands then further stabilize the hydroxide
anion, reducing its basicity, and this is also reflected in the
corresponding cluster structures, which are reproduced in Figures
6 and 7. The strength of the OH--acetonitrile hydrogen bond
is reduced, and this is clearly evidenced by the H‚‚‚O distance
increasing with the added ligands from the unusually short value
of 1.614 Å in A1-1 to 1.812 and 1.841 Å in A2-1 and A3-1,
respectively. Concurrently, the C-H bond length, which is with
1.183 Å unusually long in A1-1, exhibits progressively less
lengthening in the larger species. Clearly, the lengthened
hydrogen bond and shortened C-H bond will make proton
transfer and isotopic exchange in the larger clusters much less
favorable. The increased stability of the hydroxide anion is also
reflected by a higher negative charge remaining on the
OH-(H2O)m cluster, and correspondingly less transfer onto the
acetonitrile molecule (Table 1). Obviously, with increasing
number of water ligands, more local minima and isomers
become possible, and this is exemplified in Table 1 and Figures
6 and 7 by the structures A2-2, B2-2, A3-2 and B3-2.

The increasing stabilization of the OH- anion also has the
consequence that with the number of water ligands the alterna-
tive, proton-transferred structures become energetically less
favorable, as may clearly be seen in Table 1. While them ) 1
species are close to isoenergetic, with B1-1 being computed only
8.4 kJ/mol above A1-1, the difference increases steeply to around
30 kJ/mol form ) 2 and almost 50 kJ/mol form ) 3. The

TABLE 2: Relative Energy (kJ/mol) of OH -(CH3CN)(H2O)m (Structure A) and (CH2CN-)(H2O)m+1 (Structure B), Dissociation
Energy (kJ/mol) of the Most Stable Isomer for Each Size, and Natural Population Analysis (atomic unit) of Selected Fragmentsa

dissociation energy total fragment charge from natural population analysis38
OH-(CH3CN)(H2O)m (A)

CH2CN-(H2O)m+1 (B)
relative
energy -CH3CN -H2O CH3CN OH-(H2O)m OH- CH2CN- (H2O)m+1

m ) 0 B0-1 0.0 -0.88 -0.12
m ) 1 A1-1 0.0 72.6 53.9 -0.13 -0.87 -0.75

B1-1 8.4 -0.85 -0.15
m ) 2 A2-1 0.0 58.1 64.2 -0.07 -0.93 -0.75

A2-2 3.1 -0.04 -0.96 -0.73
B2-1 31.0 -0.84 -0.16
B2-2 31.2 -0.83 -0.17

m ) 3 A3-1 6.0 -0.06 -0.94 -0.73
A3-2 0.0 48.4 54.1 -0.03 -0.97 -0.73
B3-1 51.2 -0.83 -0.17
B3-2 47.0 -0.83 -0.17

a The energies are evaluated by the BPW91/6-311++G** method with zero point energy correction.

Figure 5. Optimized geometries for the isomers OH-CH3CN(H2O)m
(Structure A) and CH2CN-(H2O)m+1 (Structure B), form ) 0 and 1.
The strong interaction between OH- and CH3CN with a short CH‚‚‚OH
distance (1.614 Å) in A1-1 suggests a low barrier for the proton transfer
from CH3CN to OH-.
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computed isomers are still close enough in energy to be
thermally accessible on the time scale of the ICR experiment,
at least form) 2 and 3. The H/D-exchange process is, however,
observed only form ) 2. Actually, no clusters with only two
ligands, that is either OH-(H2O)2 or OH-(CH3CN)(H2O), are
detected in our experiments. This is consistent with the relatively
high 58.1 and 64.2 kJ/mol computed dissociation energies of
the OH-(CH3CN)(H2O)2 cluster to lose CH3CN and H2O,
respectively (Table 1). For the next larger cluster, OH-(CH3CN)-
(H2O)3, the dissociation energies to generate OH-(H2O)3 and
OH-(CH3CN)(H2O)2 are 48.4 and 54.1 kJ/mol, respectively.
This is thus approximately the maximum amount of energy a
cluster anion of this size can absorb in the ICR chamber without
falling apart. This energy is considerably higher than the about
30 kJ/mol difference between OH-(CH3CN)(H2O)m and
(CH2CN-)(H2O)m+1 for m ) 2, the cluster size for which we
observe the efficient H/D-exchange process. However, already
for m ) 3 the energy difference between OH-(CH3CN)(H2O)m
and (CH2CN-)(H2O)m+1 is comparable to the energy required
for cluster dissociation. As a consequence, for larger clusters,

such irreversible dissociation process should become dominant,
and accordingly, no H/D-exchange is detected form > 2.

Figure 8 illustrates the potential energy surface of the relevant
species, comparing ligand loss with isotopic scrambling. While
for m ) 2 the barrier for interconversion between A2-1 and
B2-1 is readily overcome before ligand loss can occur, the
situation is reversed form ) 3. Although we have not located
the probably multiple transition states of this interconversion
reaction, we can assume barriers of 10-20 kJ/mol for the
rearrangement of hydrogen bonds in water clusters. The strength
of one hydrogen bond of 20 kJ/mol40 poses a conservative upper
limit to the barrier, while a concerted mechanism can probably
work with half this value. Since the isomerization from Bm-1

to Am-1 starts with the rearrangement of one hydrogen bond,
the ranges shown in the picture for the barriers are believed to
be quantitative. The calculations consistently explain why
isotopic scrambling is only observed form ) 2.

Conclusions

Hydrated electrons (H2O)n- are in collisions with acetonitrile-
d3 efficiently converted to hydrated hydroxide, OH-(H2O)m
clusters, without isotopic scrambling. As the large clusters
fragment and lose ligands, they become increasingly basic, so
that when aboutm ) 10-12 is reached, they are able take up
an acetonitrile molecule. The fragmentation process continues
with a parallel loss of acetonitrile-d3 and water and uptake of
acetonitrile-d3 by ligand exchange, until OH-(CD3CN)(H2O)2
are formed. These species exhibit an interesting H/D isotopic
exchange reaction, in which they are progressively deuterated
in collisions with gaseous CD3CN. This deuteration is due to
repeated proton transfers and isomerizations within the
OH-(CD3CN)(H2O)2 cluster, followed by ligand exchange, in
which a partially deuterated CD3-kHkCN is replaced by CD3CN.
This reaction proceeds until all the H atoms are replaced by
deuterium, forming the final product OD-(CD3CN)(D2O)2. To
find further support for the role of OH- and of the basicity of
the clusters, similar experiments were carried out with fully
deuterated acetaldehyde. This is efficiently taken up by the
cluster in the first reaction step, without formation of a hydroxide
anion. Consequently, no trace of H/D-exchange is observed
throughout the reaction. Density functional calculations map
stationary points on the potential energy surface of the H/D-

Figure 6. Optimized geometries for the isomers OH-CH3CN(H2O)m
(Structure A) and CH2CN-(H2O)m+1 (Structure B), form) 2. Structures
Am-2 are characterized by two hydrogen bonds from the methyl group
to water molecules, with the OH- ion moved to a more remote position.
Bm-2 structures feature two water molecules hydrogen bonded to the
nitrile group.

Figure 7. Optimized geometries for the isomers OH-CH3CN(H2O)m
(Structures A) and CH2CN-(H2O)m+1 (Structures B), form ) 3. The
lower energy structures are here A3-2 and B3-2, the difference albeit
being small. However, in A3-2 the OH- does not directly attack the
methyl group, and at the same time, no H/D-exchange is observed for
the m ) 3 clusters.

Figure 8. Potential energy surface of the H/D-exchange reaction for
m ) 2 andm ) 3. For H/D-exchange to occur, an isomer of type A
has to be converted to B and back. Form ) 3, loss of CH3CN or H2O
is energetically more favorable than conversion from A3-2 to B3-2, while
for m ) 2, the situation is reversed. Consequently, H/D-exchange is
only observed form ) 2. The dotted lines give a conservative lower
and upper estimate for the barrier separating the isomers, which is
described in detail in the text.
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exchange reaction. The calculated energetics explain why H/D-
exchange occurs only in the smallest cluster observed.
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