7506 J. Phys. Chem. R004,108, 7506-7512

Base-Catalyzed Hydrogen/Deuterium Exchange between Water and Acetonitrile in Anionic
Water Clusters

O. Petru Balaj, Chi-Kit Siu, lulia Balteanu, Brigitte S. Fox-Beyer, Martin K. Beyer,* and
Vladimir E. Bondybey*

Institut fir Physikalische und Theoretische Chemie, Technischeddsit&d Minchen, Lichtenbergstrasse 4,
85747 Garching, Germany

Receied: May 13, 2004; In Final Form: July 1, 2004

An H/D-exchange reaction involving the methyl group of acetonitrile is observed in the small anionic water
cluster OH (CDsCN)(H,0).. In this cluster, a randomization of H and D atoms takes place, and in subsequent
collisions with CQXCN, the potentially partially deuterated acetonitrile is replaced by the fully deuterated
species. In sequential collisions, fully deuterated clusters(@DsCN)(D,O), are obtained as final products.

The H/D-exchange does not occur in Q@DsCN)(H,0)s or larger clusters. Density functional calculations
show that in these larger species, the Otd 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 of typically less than 100 water molecules. Investigations of
In mass spectrometric experiments, hydrogen/deuterium '_[he rea(?tions of such_aqueous electr_ons with a number_ of small
exchange reactions are frequently used as a probe of gas-phas'gorg."”‘nIC and organic molecules yielded quite a varied and
structures of peptides and proteind? This exchange is specific Multifaceted chemistry, and recently we have reported a
to acidic or basic sites, and methyl groups are in general particularly interesting reaction with acetonitrffe. N _
considered to be unaffected. However, flowing afterglow studies The _hYdfa‘ed elt_actron clusters react very efficiently with
have shown that certain carbanions undergo efficient H/D- @cetonitrile, according to the equation:

exchange with K112 CH,CN~ was shown to sequentially

exchange both H atoms against D in collisions witfOHIn (H,0), + CH,CN—

the present manuscript, we describe an example of H/D- OH (H,0) + CH,CHN + xH,0 (1)
exchange involving the methyl group of acetonitrile, which we 27/nx-1 3 2
encountered in experiments with hydrated electrons. The

observations are quite puzzling, since in the first place, the Although mass spectrometry gives no direct information about
methyl group is involved, and second, solvation hinders rather €ither the mechanisms of the reactions which take place or about

than promotes the exchange. the structure of the neutral products, it appears very likely that

The energy needed to ionize atoms or molecules is relatively the first step here involves an interaction of acetonitrile with
high, and free electrons therefore usually only occur in energy the electron. While the anion of bare acetonitrile is only weakly
rich environments such as discharges, plasmas, and flamesdipole bound, previous studfs®® indicate that solvation
However, electrons can also be prepared in condensed, liquidstabilizes a covalent GJEN~ radical anion. This anion then
or solid systemi$-17 but are very reactive even when stabilized Withdraws a proton from one of the water ligands, forming a
by solvation. Their chemistry has been extensively studied, mostneutral CHCHN radical, which is only weakly held in the
often in pulsed radiolysis experiments, where they are producedcluster. This radical evaporates from the cluster surface, possibly
by the impact of high energy electron beams in bulk solutfon. accompanied by additional water molecules. This process must
In recent years it has been demonstrated that electrons solvate@e faster than 100 ms, since no product clusters containing
in finite solvent nanodroplets also can be produced, and the acetonitrile are observed in the first reaction step.
stability, structure, and reactivity of such hydrated electrons have The purpose of the present work is to investigate the fate of
been investigatet?~25 A laser vaporization source developed these hydrated hydroxyl clusters and their further reactions upon
in our laboratory turns out to be a very efficient source of subsequent collisions with the acetonitrile reactant. With the
(H20)s~ species, which can be trapped and studied by high- help of fully deuterated CECN, the conditions and the
resolution FT-ICR mass spectrometry. mechanism for H/D-exchange between the water molecules and

The advantage of such clusters, whose sizes are typically inthe methyl group are elucidated, and the findings are compared
the rangen = 13-80, is that their masses, and thus their Wwith the results of density functional theory calculations.
elemental composition, are exactly known, eliminating any
effects due to impurities, and also the presence Hions Experimental Details

from the autoprotolysis of water can be ruled out in such clusters ) n
The experiments were performed on a modified Bruker/

*To whom correspondence should be addressed. E-mail: beyer@ SPectrospin CMS47X FT-ICR mass spectrometer, equipped with
ch.tum.de, bondybey@ch.tum.de. Fak:+49-89-289-13416. an APEX lll data station and a home-built laser vaporization
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source?9-31 Using this source we are capable to generate and
therefore study a large variety of hydrated i6A% Hydrated
electrons (HO),~, have been generated in the laser vaporization
cluster source as described previolis? 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 Bd<’ 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 acetonitsjle-
(99.6%D, Aldrich) was degassed through five freepamp-
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 x 10~° 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)
theory33-36

Density functional calculations were carried out with the
Gaussian98 program packayeising the BPW91 method with
the 6-311#+G** basis set. Partial charges were calculated using
natural population analysfsas implemented in Gaussian98.

Results and Discussion

Reactions of (HO),~ with CD3sCN. 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 manne
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 GOHN. The OH (H.O)n
products do not contain significant amounts of deuterium, and
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Figure 1. Mass spectra of the reaction of {Bl),~ with acetonitrile-

ds. (2) Since the reaction occurs already during the ion accumulation,
the OH (H2O)n 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 acetonitriti-molecule is possible. In the detail
one can see that alongside QH,0)s o growing OH (CDsCN)(H20)s 7
peaks are visible. Speciee O, (H:0), are present due to minor
impurities of Q in the expansion gak denotes peaks due to the natural
abundance of®0 in OH (H,O)m. (c) The ions gradually lose ligands
until after 30 s the main products are QH;0); 4, OH (CD;CN)(H;0),,

and OH (CDs;CN)(H:0)s. The peaks at 98, 99, 100, 101, and 102 amu
are due to the progresive deuteration of the GED;CN)(H.0), 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.

r

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
¢ and d, which show spectra obtained after 30 and 50 s,

the proposed mechanism is consistent with the absence offespectively. In the 30 s spectrum, the most intense clusters

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(H20)n 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 acetonitrilds into the hydrated hydrox-
ide clusters is observed:

OH (H,0),, + CD,CN — OH (CD,CN)(H,0),,_, + XH,O
(2)

where probablyk = 1. The OH (CD3CN)(H.O), product cluster
sizes after 15 s range from= 4 to p = 10, with thep =7
cluster standing out, having about a factor of 2 higher intensity
than the neighboring = 6 andp = 8 species. Apparently, for

correspond t@ = 3, p = 2, m = 3, andm = 4 in that order.

On the high mass side of tlpe= 2, that is OH (CDsCN)(H,0),
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 98100 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 99102 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 CRCN molecules, the OHCD3sCN)(H20),
cluster is being progressively deuterated.
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Figure 2. Kinetic fit of mass selecte® OH~(CDsCN)(Hz0)s, which @ OH~(CD3CN)(H.0).. The symbols denote the number of additional
loses CRCN with a rate constant &f= 0.18 s* to form B OH"(Hz0)s exchanges of H against [l one,® two, a three,O four, andv five,
and HO with a rate constant &= 0.07 s to form ¢ OH~(CD:CN)- the latter corresponding to the completely deuterated final product

(H20).. These fragmentations are induced by blackbody radiation as OD~(CDsCN)(D,0),. Since the H/D-exchange products overlap with
well as collisions, making them essentially a unimolecular reaction. other isotopes such &3 and!®0, the intensities were corrected for
OH~(H20); undergoes a ligand exchange to form QED;CN)(H;0), these contributions.

with k = 0.26 s'%, which amounts to a bimolecular rate constant of

1];1 Xb1(Tg Cm: E /1D0r 4?‘% COlliSiOE eT:fiCienC)??’ss Thedin'tetnSittr)nl t fWe now performed a mass selection of the-a®2 amu region
Ol subsequen -exchange products was summed Into at o i i i
OH (CD.CN)(HO). The gray shaded area denotes the noie level. ¢ e troc 20 0 o o el deteraton
of the OH (CD3CN)(H.0), 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 thé=C, 18N, and!80 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 CECN, and the “aqueous” part, that
is the OH (H.0),. The initial step is described by reaction 3,
which redistributes a proton and a deuteron between the two
parts:

Uptake of CD3sCN by OH~(H20),. To learn more about
these processes, we mass selectedrtie= 115-117 species
after 30 s, i.e., OHA(CDsCN)(H.0)s including the 13C, 180
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 &£IN and
H,O can be lost from the cluster, with a branching ratio of
0.72:0.28. In view of the higher number of,® molecules
present in the cluster, this clearly indicates thagCR is more
weakly bound than kD, 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~(H0)3, is clear evidence that no isotopic scrambling
takes place in OH(CD3CN)(H20)s. The OH (H,0)s3 fragment _ _
in turn undergoes the ligand exchange reaction 2, forming *+*CD:CN(H;0), = HOD-+-CD,CN (H,0),
OH~(CD3CN)(H20),, which do not fragment any further. The HOH---CD,CN (H,0)(HOD)—
product OH (CD3sCN)(H.0), can thus be formed in two ways: -

As a primary product by water loss from OHCDsCN)(H20)s, OH"++-CD,HCN(H,0)(HOD) (3)

or as a secondary product by ligand exchange of (0
with CD:CN. yP y19 g s On the time scale of the ICR experiment of seconds, the

These results suggest that the ligand exchange reaction 2 iScluster has enough time to undergo multiple intracluster H/D-

in fact endothermic over the whole region where it occurs, and exchanges of this type, which will essentially randomize the

the CDICN are lost again with a hgigh probability due’ o positi_on of hydrogen_ and deu_terium atoms, mo_dified only by
oo S . " . the different zero-point energies of the various isomers.

blackbody radiation and collision-induced dissociation. This = ") subsequent two-body collision with acetonitie-the

explains why the ligand exchange products do not become theisotopically scrambled CRHCN may be replaced with a fully

dominant species for a very long time and why their intensities deuterated CECN according to reaction 4:

exhibit a fairly gradual onset arouma = 10-11. We have ’

shown previousiP that aqueous clusters containing Oklan

be viewed as strongly basic. Conversely, acetonitrile is known Hs . DO; +++CD; (HCN + CD,LN —

to be a very weak acid. As the number of water ligands Hs_,D,O; ++:CD,CN + CD; \H,CN,k=0-3 (4)

decreases, the basicity of OHH,O), increases, until it is

sufficient to make incorporation of GEN into the cluster The products of reaction 4 may in turn randomize the position

energetically feasible. of H and D in reaction similar to reaction 3. In this way, full
H/D-Exchange in OH (CD3CN)(H20).. Returning to the deuteration is gradually achieved.

H/D-exchange, the results so far indicate that only the “final” If this picture is correct, the timeintensity profile shown in

OH~(CDsCN)(H.0), clusters are being efficiently deuterated. Figure 3 depends only on two factors: The rate with which the
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TABLE 1: Pseudo-First-Order Rate Constantskey, for F T T T T T B

H/D-Exchange Processes of OHCDsCN)(H-0), in Binary —(HO)., a)0s
Collisions with CD3CN from the Fit Shown in Figure 3 [ - (CD,CDO) (H,0),, 50
.k Kexp Kand® pi(K) g r ———0;(H0),  n=41 1
51 0.062 0.059 15/56 'OE) r o ]
5,2 0.118 0.118 30/56 2 r E
53 0.038 0.039 10/56 &7 ]
41 0.035 0.094 24/56 & A | ddblbdad.
4,2 0.035 0.094 24/56 L Mﬂ,mﬂ l ] Mhélg .
43 0.005 0.016 4/56 , , , il MMkl .
35 o8 oo 3050 460 560 660 760 860 960 1060
3:3 0.003 0.004 1/56 L B B T T T T
2,1 0.095 0.118 30/56 b) 15
2,2 0.020 0.024 6/56 20 T
1,1 0.080 0.083 21/56 % L m=7 4
aThe reactions describe the exchangd éf against D in a cluster £ | A g
containingj H. Theoretical numberk.nq based on the assumption of & | 1
total randomization in the cluster and a constant exchange rate of the’g
acetonitrile molecule, as well as their statistical contribupigk), are o r -
shown for comparison. 42
R A s eiad N s ]
CDs-HKCN is exchanged against GDON, and the probability . : : : : : : . !
pi(k) for a certain value ok in a cluster containing H atoms 110 130 150 170 190 210 230 250 270 290
and 8; D atoms. This probability can be calculated with a n T . T T T ]
standard equation from combinatorial mathematics and amounts | c)30s ]
. >
to: -Z; i 1
. . (]
[ -
k/\3—k 21 m=3 ]
k) =—"Fx— ) 5 e 4 -
8 > L T (CD,COD), (H,0),
: ) T ]
In the first exchange step,= 5, and the probabilities for T I o I "
exchanging 0, 1, 2,id3 D against H, i.ek=0, 1, 2, or 3, are 70 90 110 130 150
1/56, 15/56, 30/56, and 10/56, respectively. A fit of the miz

decay of the reactanmtyz = 97 yields a relative rate constant  rigure 4. Mass spectra of the reaction of {Bl),~ with perdeuterated
of ket = 0.21 s'*. The total exchange rate constant on which acetaldehyde. (a) One GODO molecule is taken up by the hydrated
the complete fit must be based is then 56kap= 0.22 st electron clusters as can be seen already at nominally 0 s. (b) The

which corresponds to an absolute rate constant for the exchangé&xchange is complete and fragmentation in full progress at 15 s. (c)
of kaps= 9.4 x 1071° cm® s~ or a collision efficiency ofd = After 30 s the main products are @CDO (H,0)z 4, (CDsCDO), (Hz0),,

36%. Table 1 compares the ideal rate constants calculated from"’md @ (H:0)s as impurity. No H/D exchange peaks are visible, which

. . supports the role of the hydroxide anion in the suggested exchange
these assumptions with the actual rate constants extracted fromyechanism.
the fit. The rate constants for primary products are very well
reproduced by this approach, especially the observation that theand involves multiple proton-transfer steps. If £IDO-
probability for exchanging two H atoms in the first step is twice would form, them = 2 product would have the composition
as high as for one H. The subsequent exchange steps, howevelCDsCOO (NH3)(H20), if scrambling is neglected. Under these
exhibit substantial deviations from this ideal picture, although conditions, replacement of a GON unit seems highly improb-
the overall pattern is still well reproduced. In this simple able.
approach, the energy differences due to the variations of Reactions of (HO),~ with CD3CDO. To provide additional
vibrational frequencies with the position of H and D is neglected, evidence that the presence of the hydroxide anion and the
which changes the relative probabilities as well as the rate basicity of the cluster are responsible for the H/D-exchange,
constant for the exchange. we have carried out a similar experiment with perdeuterated
A second possibility is that scrambling may also occur to acetaldehyde, CRCDO, instead of acetonitrile, as shown in
some extent in the collision complex, while full randomization Figure 4. The polar CECDO is efficiently taken up by the
in the collision complex can be excluded: The probability for hydrated electron clusters, and solvated ;CDO (H2O)n
exchange of one or two H atoms in the first step would be 5/11 anions are formed. Similar to other cases, like @ CO,
or 4/11, respectively, while the data clearly indicate that reactiong!-?2where the exchange of the ligand is accompanied
exchange of two H atoms against D is preferred by a factor of by a change in the nature of the central ion, after a single
2. Given the simplicity of the approach, the agreement of the molecule of the reactant has entered the cluster, no further uptake
fit is quite remarkable and indicates that the overall picture of of acetaldehyde is observed for larger clusters. The clusters then
the H/D-exchange process is correct. only fragment and progressively lose ligands one by one, down
The observed H/D-exchange also is indirect evidence that to m= 3. However, when the clusters become very small, again
no base-catalyzed hydrolysis of acetonitrile to acetic acid an endothermic ligand exchange becomes feasible, and more
takes place in these small gas phase clusters, which occursand more (CRCDO),"(H20), is observed. Even after 30 s,
under strongly basic conditions in aqueous solutions. How- however, no H/D-exchange peaks are detectable in these
ever, the mechanism of this hydrolysis is very complicated clusters, where no OHanions are present. After 50 s, the signal
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TABLE 2: Relative Energy (kJ/mol) of OH ~(CH3CN)(H20), (Structure A) and (CH,CN™)(H20)m+1 (Structure B), Dissociation
Energy (kJ/mol) of the Most Stable Isomer for Each Size, and Natural Population Analysis (atomic unit) of Selected Fragmenits

dissociation energy

total fragment charge from natural population ariédlysis

OH~(CH3CN)(H20)m (A) relative
CH,CN~(H20)m+1 (B) energy  —CHsCN —H;0 CHCN OH (H20)m OH~ CH,CN~ (H20)m+1

m=0 Bo-1 0.0 —0.88 -0.12
m=1 Ara 0.0 72.6 53.9 —0.13 —0.87 —0.75

Bi11 8.4 —0.85 —0.15
m=2 A1 0.0 58.1 64.2 —0.07 —0.93 —0.75

Az 3.1 —0.04 —0.96 —0.73

Bo1 31.0 —0.84 —0.16

B2 31.2 —0.83 -0.17
m=3 Az 6.0 —0.06 —0.94 —0.73

Az 0.0 48.4 54.1 —0.03 —0.97 —0.73

Bs1 51.2 —0.83 —0.17

Bs—» 47.0 —0.83 —0.17

a2 The energies are evaluated by the BPW91/643tG** method with zero point energy correction.
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Figure 5. Optimized geometries for the isomers OEHz;CN(HO)m
(Structure A) and CHCN~(H20)m+1 (Structure B), form = 0 and 1.
The strong interaction between Oldnd CHCN with a short CH--OH
distance (1.614 A) in A1 suggests a low barrier for the proton transfer
from CH;CN to OH .

is only little charge transfer from the GBEN~ 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-Acomplex (Figure 5)
is a structure of OH(CH3;CN)(H.O) in which the OH is
stabilized by two ligands, one molecule of water and acetonitrile.
In this complex, acetonitrile binds to the OHia one of the
hydrogen atoms of the methyl group. The hydrogen-bonded
C—H is appreciably lengthened to 1.183 A, and the hydrogen
bonding distance (1.614 A) is remarkably short, comparable to
the hydrogen bonding distance between the CGihd HO
(1.525 A). A charge of-0.75e is computed to be localized on

has disappeared due to slow, presumably collision-inducedhe o1 with —0.12e and—0.13e on the water ligand and on

electron detachment.

The total absence of H/D-exchange peaks inCDO~(H,0);
after 30 s, when the exchange was in full progress in
OH~CD3CN(Hx0O),, 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)(H20)p,
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 Q@H3;CN)(H20)m,

m= 0—3 clusters. Consistent with the proposed proton transfer,
we find for most of the clusters two types of structures:
OH~(CH3CN)(H.0)n, solvated hydroxide complexes which we
denote in Table 2 and Figures-B with the letter A, and
complexes (CHCN™)(H2O)mn+1 denoted B—i. In the latter, the
acetonitrile has transferred one proton to QHielding a
molecule of water and resulting in a solvated LN~ anion.
Obviously, the relative energies of these isomeric forms, and

the acetonitrile, respectively. The proton transferred structure
(CH,CN™)(H20), (Bi-1 in Figure 5) is also a stable local
minimum, with energy of only 8.4 kJ/mol higher than that of
Ai-1. The negative charge again largely resides on the organic
anion (-0.85e). The CHCN™ anion is bound to a water dimer
by two hydrogen bonds with <H and N--H distances of
1.786 A and 2.219 A, 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 OHacetonitrile hydrogen bond

is reduced, and this is clearly evidenced by the-8 distance
increasing with the added ligands from the unusually short value
of 1.614 A in Ai_; to 1.812 and 1.841 A in A; and A4,
respectively. Concurrently, the-¢H bond length, which is with
1.183 A unusually long in A4, exhibits progressively less
lengthening in the larger species. Clearly, the lengthened

the barriers separating them, are crucial for the proposed proton’ydrogen bond and shortened-8 bond will make proton
transfer and isotope exchange processes. To distinguish differenfransfer and isotopic exchange in the larger clusters much less

isomers of the same A By species, a second indexis
introduced. The results are summarized in Table 2, which lists

favorable. The increased stability of the hydroxide anion is also
reflected by a higher negative charge remaining on the

relative energies and the partitioning of the negative charge overOH (H20)m cluster, and correspondingly less transfer onto the
the hydrogen bonded species in the cluster, according to naturapcetonitrile. molecule (Table 1). Obviously, with increasing

population analysig® The energetically lowest lying isomers
of Am and By, for m = 0—3 are shown in Figures-57.

A complex of OH with CH3;CN, which would in this
notation be A-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 £HN~ anion bound to a
water ligand (B-1 in Figure 5). The HO is bonded via a rather
long, 1.838 A hydrogen bond to the carbon atom of the-CH
group, which carries a formal charge-©0.97e. The CCN bond
angle with 175.8deviates only slightly from linearity, and there

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 structuresA, By—2, Asz—» and B—.

The increasing stabilization of the OHanion 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. Whilertte 1
species are close to isoenergetic, with Boeing computed only
8.4 kJ/mol above A 4, the difference increases steeply to around
30 kJ/mol form = 2 and almost 50 kJ/mol fom = 3. The
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Figure 6. Optimized geometries for the isomers OEHz;CN(HO)m
(Structure A) and CBCN~(H20)m+1 (Structure B), fom= 2. Structures
Am-2 are characterized by two hydrogen bonds from the methyl group
to water molecules, with the OHon moved to a more remote position.
Bm-2 structures feature two water molecules hydrogen bonded to the
nitrile group.
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Figure 7. Optimized geometries for the isomers OEH;CN(H2O)m
(Structures A) and CHCN~(Hz0)m+1 (Structures B), fom = 3. The
lower energy structures are herg-Aand B, the difference albeit
being small. However, in A, the OH does not directly attack the
methyl group, and at the same time, no H/D-exchange is observed for
them = 3 clusters.

computed isomers are still close enough in energy to be
thermally accessible on the time scale of the ICR experiment,
at least fom= 2 and 3. The H/D-exchange process is, however,
observed only fom = 2. Actually, no clusters with only two
ligands, that is either OHH,0), or OH (CH3CN)(H.0), 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)(HO), cluster to lose CECN and HO,
respectively (Table 1). For the next larger cluster, QEH;CN)-
(H20)s, the dissociation energies to generate QHh0); and
OH~(CH3CN)(H0), 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 OK¥ICH3;CN)(H.O), and
(CH2CN7)(H20)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 O{€H;CN)(HO)n

and (CHCN™)(H2O)m+1 is comparable to the energy required
for cluster dissociation. As a consequence, for larger clusters,
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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. Ror= 3, loss of CHCN or H,O
is energetically more favorable than conversion frognA0 Bs—,, while
for m = 2, the situation is reversed. Consequently, H/D-exchange is
only observed fom = 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.

such irreversible dissociation process should become dominant,
and accordingly, no H/D-exchange is detectedrfor 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-A and
B,—; is readily overcome before ligand loss can occur, the
situation is reversed fam = 3. Although we have not located
the probably multiple transition states of this interconversion
reaction, we can assume barriers of-RD kJ/mol for the
rearrangement of hydrogen bonds in water clusters. The strength
of one hydrogen bond of 20 kJ/mbposes a conservative upper
limit to the barrier, while a concerted mechanism can probably
work with half this value. Since the isomerization from,.B
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 for= 2.

Conclusions

Hydrated electrons (#D),~ are in collisions with acetonitrile-
d; efficiently converted to hydrated hydroxide, OfH,O)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 acetonitrild; and water and uptake of
acetonitrileds by ligand exchange, until OHCD3;CN)(H,0),
are formed. These species exhibit an interesting H/D isotopic
exchange reaction, in which they are progressively deuterated
in collisions with gaseous GI&N. This deuteration is due to
repeated proton transfers and isomerizations within the
OH~(CD3CN)(H20), cluster, followed by ligand exchange, in
which a partially deuterated GDHkCN is replaced by CECN.
This reaction proceeds until all the H atoms are replaced by
deuterium, forming the final product OCD3;CN)(D20O),. To
find further support for the role of OHand 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-



7512 J. Phys. Chem. A, Vol. 108, No. 37, 2004

exchange reaction. The calculated energetics explain why H/D-

exchange occurs only in the smallest cluster observed.
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