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and Isomerization in the Methanol—Acetonitrile Dimer
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The metastable proton-bound dimer of acetonitrile and methanol sGRHCH;OH)H', exhibits two
unimolecular reactions on the microsecond time scale, a simple bond cleavage reaction to f&NHEH

and CHOH, and the loss of water to form GENCH;*. The latter process is preceded by the isomerization

of the proton-bound dimer to a second isomer, {CNCH;)(H,0)". Collision-induced dissociation mass
spectrometry was used to identify the two sets of reaction products, and the results of isotopic labeling
experiments suggest that there is a rate-limiting isomerization step going from the proton-bound dimer to the
second complex. The competition between the two channels was modeled with ab initio calculations and
RRKM rate theory to obtain relative energies for the reaction surface. The transition structure for the rate-
determining isomerization could not be located with ab initio calculations, and so its relative energy was
estimated using RRKM theory. &0 K binding energy of the (G} N)(CH;OH)H* complex was calculated

to be 121 kJ mol® at the G2 level of theory (relative to the dissociation products@¥H" and CHOH).

1. Introduction 2. Experimental Procedures

The study of clusters of organic and inorganic molecules has  All experiments were performed on a modified VG ZAB-
seen a dramatic growth over the past 20 years. Clusters of2HF mass spectrometer, incorporating a magnetic sector fol-
molecules can be viewed as an intermediate state of matterlowed by two electrostatic sectors (BEE geometfyTluster
between the dilute gas phase and solution, and studying themions were generated by self-protonation and subsequent ion
allows the effects of solvation on the chemistry of gas-phase molecule reaction in the ion source of the ZAB with the Cl slit
molecules and ions to be explorkdonic clusters (typically in place. The pressure in the source chamber, read with an ion
made up of a core ion surrounded by one or more solvating gauge located above the ion source diffusion pump, was
molecules) are known to be involved in the chemistry of the typically between 10°> and 10 Torr. Below 10° Torr, no
upper and mid-atmosphete. cluster ions were generated, and there was no evidence of

A central issue when studying the chemistry of gaseous ions clusters larger than the dimers at any of the source pressures in
is their propensity for rearrangement prior to reaction. Over the this study. Metastable ion (MI) and collision-induced dissocia-
years, a variety of thermodynamically stable structures have beerfion (CID) mass spectra were recorded in the typical faskion.
discovered that have key roles in ion dissociation mechanisms, Helium collision gas was used in all CID experiments (spectra
including distonic ion$,ion—neutral complexe$and bridged were o_btalned under single-collision conditions, i.e., 10% beam
ions® The isomerization of more conventional organic ions is reduction).

well-known and appears to be a common occurréridewever, Acetonitrile and methanol were obtained from commercial
the isomerization reactions of cluster ions have not been Sources and used without further purification. Labeled com-
extensively studied. pounds were obtained from MSD Isotopes.

The family of proton-bound mixed dimers consisting of
nitriles and alcohols all have at least one common feature; they
all exhibit the competition between simple-bond dissociations  Standard ab initio molecular orbital calculatidhsvere
and dehydration reactions in their metastable ion mass spectraperformed using the GAUSSIAN 9% suite of programs.

In this respect they are similar to many proton-bound alcohol Geometry optimizations were carried out at the HF/6-31G(d),
dimers’¢8The dehydration of these simple clusters necessarily MP2/6-31G(d), and MP2/6-31G(d) levels of theory. A recent
involves the isomerization of the proton-bound entity to an assessment of theoretical procedures for describing proton-bound
isomeric form. Previous studies on these and related systemsdimers involving HCN and CkCN with a variety of first-row
have focused on the distribution of cluster sizes formed in hydrides has shown that geometries optimized at the MP2/6-
molecular beam experiments and on the enthalpies of successiv1+G(d) level of theory provide an adequate foundation for
addition of neutral monomers to proton-bound clusters of high-level single-point energy calculatiotfsVibrational fre-
acetonitrile with water and metharl. guencies were calculated at the HF/6-31G(d) and MP2/6-31G(d)

The present study looks at the unimolecular chemistry of one levels of theory. Transition states were confirmed by the intrinsic
of the first members in this series of nitrit@lcohol clusters, reaction coordinate procedure in GAUSSIAN 94.
the proton-bound dimer of acetonitrile and methanol. The goals  Single-point energies on the MP2/6-8G(d) geometries were
are to identify with mass spectrometry and ab initio theory the obtained at the G2 G2(MP2)!¢ G2(MP2,SVP)’ and
key features of the potential energy surface that play a role in G2(ZPE=MP2)8 levels of theory. Scaling factors for zero-point
the chemistry of these dimer ions. energies (ZPE) used in these high-level treatments were those
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Figure 1. MI mass spectrum of (C}CN)(CH;OH)H* obtained in the
second field-free region of the ZAB-2HF.

TABLE 1: Relative Peak Intensities in the Mass Spectra of
(CH3CN)(CH30H)H*

CH;CNH" + CH:CNCHs™ +
precursor CH3OH H>O

MI Mass Spectrurh
(CHsCN)(CH:OH)H*, m/z74 1.0 (42) 0.57 (56)
(CHsCN)(CHsOH)HT, vz 74 1.0 (42) 1.0 (56)
(CDsCN)(CHsOH)H*, m/z77 1.0 (45) 0.3 (59)
(CH3CN)(CDsOH)H*, m/z77 1.0 (42) 0.3 (59)
(CHsCN)(CDsOD)H*, mz78 1.0 (42), 0.43 (43) 0.3 (59)
(CH;CN)(CD;OD)D*, m/z79 1.0 (43) 0.23 (59)

CID Mass Spectrum
(CHsCN)(CH:OH)H", m/z74 1 0.23

Mayer

In addition, it suggests that the key rate-limiting step in the water
loss channel is the initial isomerization reaction out of the
potential well containing the proton-bound dimer. There is
insufficient isomer present in the mass-selected ion beam for
them to contribute to the CID mass spectrum (at very low target
pressures). The kinetic energy release (KER) values for the two
processes (reported from the full-width at half-height of the two
peaks,Tos) are 6 meV (Vz 42) and 19 meV1(Vz 56). The 6
meV value is indicative of a true threshold process, while the
19 meV Ty 5 is consistent with the dissociation of a weakly
bound species (more will be said on this point later).

Identity of the Fragment lon§.he two metastably generated
fragment ionsm/z 42 andm/z 56, were each transmitted into
the 3FFR of the apparatus and their respective He CID mass
spectra obtained. lons witl/z 42 were identified as protonated
acetonitrile, the He CID mass spectrum being identical to that
obtained fomm/z 42 ions generated in the ion source when only
CH3CN was present. This is consistent with the loss of 32 amu
in the form of a neutral methanol molecule. The He CID mass
spectrum of the metastably generatald 56 ions was found to
be most similar to that of C¥CNCH:™ (generated by the
association reaction of G with CH3CN).2* This channel,
which produces neutral water, obviously involves the rearrange-
ment of the originally formed proton-bound dimer into at least
one isomer.

Isotopic Labeling Studieslo identify possible products of
isomerization reactions, deuterium-labeled cluster ions were
generated in the ion source. The cluster ionsz ) (CHOH)H™
(m/z 77, formed by the reaction of GBN with CH;OH) exhibit

2 Observations in the 2FFR of the instrument unless otherwise stated,ONlYy two fragment ion peaks in their MI mass spectrum (Table

Product ionm/z ratio in parenthese8.3FFR observation.

recommended for the individual procedures (i.e., HF/6-31G(d)
ZPEs scaled by 0.8929 for G2, G2(MP2), and G2(MP2,SVP),
and MP2/6-31G(d) ZPEs scaled by 0.9646 for G2(ZREP2)).
The geometric and energetic changes in going from MP2(full)/
6-31G(d) to MP2/6-31G(d), which employs a frozen core, were
found to be minor.

Thermal corrections to the data were uniformly carried out
using the HF/6-31G(d) vibrational frequencies (scaled by
0.8929). Experimentah{H° data reported only at 298 K were
convertedd O K values using the above theoretical corrections.
Theoretical heats of formationt ® K were derived by the
atomization methoé? together with experimental heats of
formation of the constituent atom$.

4. Results and Discussion

Mass Spectrometry Metastable (CHCN)(CHOH)H* lons
The MI mass spectrum (Figure 1) of the mixed proton-bound
dimers of acetonitrile and methanol, (gEN)(CHOH)H™, m/z
74, exhibits two peaks, one due gz 42 (—32 amu) and the
other due tar/z 56 (—18 amu), which are nominally due to the
loss of methanol and water, respectively.

The relative intensities of the two peaks change in going from
the second field-free region (2FFR) to the 3FFR of the
instrument (Table 1). The greater relative abundanace/p66

1), m/z 45 (CD;CNH) andmvz 59 (CDsCNCH;s™), the identity

of these ions being confirmed by their CID mass speéfidese
results show that no reversible exchange takes place between
the methyl hydrogens on acetonitrile and the other hydrogens,
the labels being retained 100% by acetonitrile.

The reaction of perdeuterated methanol, ;0D, with
CH3CN in the ion source of the instrument results in three
labeled cluster ions:m/z 77, (CHCN)(CD;OH)H', m/z 78
(CH3CN)(CDsOD)H*, and m/z 79 (CHCN)(CD;OD)D", al-
though the location of the label among the bridging hydrogens
of m/z 78 cannot be determined (the bridging hydrogens are
defined here as the bridging proton and the hydroxy hydrogen
on methanol). The loss of label iz 77 andm/z 78 is the
result of exchange that takes place between the labile hydroxy
hydrogen on methanol and the walls of the sample inlet system
of the instrument. The MI mass spectra of all three clusters are
consistent with the results obtained for the cluster with;CR,

i.e., no significant exchange takes place between the hydrogens
on the terminal methyl groups of the cluster and the bridging
hydrogens. The cluster witivz 77 yields only CHCNH" (m/z

42) and CHCNCDs* (m/z 59, loss of HO). The cluster with

m/z 78 yields both CHCNH" and CHCND™' along with
CH3CNCDs* (loss of HOD). There is also a very small but
real peak atn/z 60 (~2% of m/z59) that is not totally removed

by subtracting thé3C contribution fromm/z 77. This nonzero
signal suggests that a small percentage of these cluster ions may

at longer lifetimes indicates that this process has the tighter be formed with deuterium already incorporated in the acetonitrile

transition state. Upon admission of a trace amount of collision
gas into a collision cell (2FFR pressure reading ok 3108
Torr), the peak withm/z 42 exhibits a substantial increase in
intensity, while the peak withw/z 56 is largely unaffected. This

methyl group ((CHDCN)(CD;OH)H™). It is not the result of
exchange in the cluster ions, however, since there is no evidence
of such a reaction fom/z 77. A similar situation arises far/z

79, which yields primarily CHCND™ and CHCNCDs* (loss

is an indication that the latter channel is due to the dissociation of D,O). The 2:1 ratio for formation of CCNH" and

of an isomeric form of the original proton-bound dimer and is

consistent with there being a tight transition state in the reaction.

CH3;CND™ from m/z 78 suggests an isotope effect favoring the
proton remaining with the departing GEIN group.
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TABLE 2: Comparison of Experimental and Calculated 298 K Heats of Formation

AtH208®

species G2 G2(MP2) G2(MP2,SVP) G2(ZPHP2) exptP
| 497.9 495.1 4954 492.2
1 480 476.4 473.7 477
1 487.8 484.3 481.6 484.4
CH:CNCH;" 763.8 763.4 756.9 761.1 786
CH3CNH" 826.9 826.7 821.6 823.5 817 (825
CH;OH —207 —209.4 —205.6 —207.5 —201.6+ 0.2
H,O —243 —246.1 —242.2 —243.8 —241.83

2In kJ mol . P Lias et al?® unless otherwise statetiSmith et ak® 4 On the basis of the PA value of GEIN quoted by Hunter and Li&s.

From Table 1, it is seen that when deuterium is in the bridge, 1I
isomerization competes less effectively with the simple dis- I
sociation. The relative abundance of simple cleavage and O\ 09
isomerization changes from 1:0.3 when H is in the bridge to  1%¢
ca. 1:0.22 with D in the bridge (a factor of 1.5). e sl NS
Reaction MechanismThe dissociation of metastable ions 1.075

0.982

(CH3CN)(CHsOH)H* into CHsCNH* + CHzOH and CH-

CNCHs™ + H20 involves the competition between a bond-
cleavage reaction and an isomerization reaction. In addition, 111
from the experiments involving the introduction of a trace
amount of collision gas, it can be concluded that the key
competition is between cleavage and isomerization of the

originally formed proton-bound dimer. The results of the 230585 46100
labeling experiments are consistent with a model for the reaction 1_05‘4;; oA \
that involves one key, thermodynamically stable isomer (or a Y O
limited number of stable isomers) but not one that incorporates

a large number of isomeric complexes having small barriers of TSII-1II

interconversion (that can interconvert rapidly prior to dissocia- 2035 m/z 56

tion). Such mechanisms tend to result in the loss of positional Q o o

identity of isotopic labels. The heats of formation of the products 121‘9093 LAY
are known (Table 2), but the binding energy of the proton-bound O14d6 | 5 1456 30 L1433y 1o W
dimer is not, nor is the height of the isomerization barrier or c

the binding energy of the key isomer on the surface. However, _ _ o _

the competition between the bond cleavage and isomerizationFigure 2. Partial geometries for the proton-bound dirh@nd isomers

suggests that the barrier leading to the isomer is probably” and Il , transition structures for their interconversiohS( — Il

. + and TSIl — IIl'), and the fragment iomVz 56. While TSI — Il was
gﬁ?npnﬂﬁgferlgyenergy to the GEINH™ + CH;OH product found to connect isomersandll, its high relative energy (Table 3)

. probably means that it is not involved in the interconversion in the
The water loss products lie 90 kJ mébelow CHCNH* + present experiment (see text). All geometries are optimized at the MP2/

CH30H (Table 2) and so will be formed with considerable 6-31+G(d) level of theory. Bond lengths are in angstroms and bond

excess energy. The smal s value (19 meV) for the dehydration ~ angles in degrees.

channel indicates that only a small fraction of this excess energy

is partitioned among the translational degrees of freedom of opposite the nitrogen. Other structures involving moving the

the products, suggesting an early transition state that resemblesvater to other locations are all optimized to eitlieror I .

the proton-bound dimer. Such a result is consistent with a Structures having two hydroxy hydrogens H-bonded to the

dissociation involving the formation of an intermediate, weakly acetonitrile or to complexes between &HNH" and methanol

bound species and has been observed previously for the(not bound through a hydrogen bond to oxygen) all optimized

dissociation of*CH,CH,OH,* ions (which isomerize to the to the original proton-bound dimer. The relative energies of these

[ethene-watert™ ion—molecule complex prior to dehydra- three isomers at the HF and MP2 levels of theory indicated

tion).2* that bothll andlll were thermochemically more stable than
The surface was further explored using ab initio calculations, the proton-bound dimer, with being slightly lower in energy
which are discussed below. than Il . Transition structures connecting the proton-bound

Ab Initio Calculations . Identifying Isomers of the Proton-  dimer toll (TSI — II') and connectingl to Il (TSIl —III')
Bound Dimer.The mass spectrometric results presented above were found and are also shown in Figure 2.
indicate that there is likely a key, thermodynamically stable  Relative EnergiesCalculated heats of formation of equilib-
isomer in the reaction that is responsible for water loss. We rium species are listed in Table 2 and relative energies in Table
have used ab initio calculations to identify this isomer and model 3. Two features are apparent from Table 3. The first is that the

the reaction surface. barrier to interconversion of isomelisandlll (TSIl — Il ) is
Only two stable isomers were located, and Ill . The trivial (8.6 kJ moi™ in the forward direction), and at the internal

structures of the proton-bound dimé} &nd isomergl andlll energies probed in our experiments, the water most likely

and CHCNCHs™ are shown in Figure 2. Isometk and Il migrates freely around the GANCH;* moiety. The second is

are ion—molecule complexes between gENCH;* and water. the energy of the transition structure connecting the proton-
In 11, the water is complexed near the CN group of tiie 56 bound dimer andl (TSI — II). The G2 energy o SI — I
ion, while inlll it is complexed to the terminal methyl group  (which was confirmed by IRC in GAUSSIAN 94) is 110 kJ
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TABLE 3: Comparison of the 0 K Relative Energies (in kJ moi?) Calculated at a Variety of Levels of Theory

HF/ MP2/ MP2/ G2 G2 G2
6-31G(d} 6-31G(d} 6-314+G(df G2 (MP2y (MP2,SVP} (ZPE=MP2)

| 0 0 0 0 0 0 0

[ —22.2 ~11.3 —-23.4 —20.7 -215 —24.5 -18

i -13.9 -13 -13.8 ~13.7 —14.4 -175 ~115

TSIl 188.3 241.7 228.4 230.8 231 2295 236.3

TSI -l -12.3 0.2 ~12.6 ~12.1 ~12.7 ~15.7 -9.9

CH:CNH* + CH:OH 109.2 137.8 129 121 121 119.4 122.7

CH:CNCHs* + H,0 20.4 39.4 24.4 18.6 17.6 14.7 20.4

2 HF/6-31G(d) ZPE (scaled by 0.8929).

TABLE 4: Summary of G2 Data for Relative Energies and TABLE 5: Heats of Formation for Proton-Bound Clusters
Heats of Formation of Methanol with Acetonitrile 2
relative energy AH° AiH% AtH 298
(kJ molt) (kJ mol?) cluster (kJ mol?) (kJ mol?)
0K 298 K 0K 298K (CH3CN)(CHsOH)H* 52 498
(CH3CN)(CHsOH)H* 509 477
? L I oz (CHsCN)s(CHsOH)H* 560 522
- - (CHsCN)(CHsOH)H* 245 209
1 14 10 508 488 +
TSI — I 231(115) 237 (1213 (g:ﬁm)(ccﬁ%%“w 2@% 2_1%5
TSI — 1l ~12 ~10 (CH:CN)2(CH:OH)
CH;CNH" + CH,OH 121 122 643 620 a Estimated using the present result for the proton-bound dimer and
CH;CNCH;* + H,0 19 23 540 521 the relative enthalpies derived by El-Shall ef%al® This work.

a .
Resuits of RRKM madeling. calculatedA¢H® for the proton-bound dimer fixes the absolute

heats of formation of all of the clusters in their study (Table 5).
The binding energy ofl is quite small, 40 kJ mol, which

is consistent with there being a relatively small population of

these ions in the beam flux at any given time. The small binding

energy is also consistent with the fact that it is not a proton-

bound complex but rather an iemolecule complex in which

mol~! above the dissociation products gENH" + CH;OH
(Table 3). It will become clear below that this is far too high
for it to be significant in the unimolecular reactionslaofinder

the present experimental conditions. Either the energy is poorly
defined with G2 theory or, more likely, there is an alternative

transition structure (or series of transition structures) leading . charge is delocalized over the four heavy atoms in the

from the proton-bound dimer to the well containitigandlll . CH,CNCHs* moiety (Mulliken population analysis for the
We have been unable to Iocate such a transition structure, bUtoptimized structure has each carbon with.5 of a positive
this does not preclude its existence. charge, the nitrogen being partially negative). The above value
A variety of levels of theory were employed to determine of 40 kJ mot is similar to that for other non-hydrogen-bonded
the relative energies and thus assess their performance relativggn—molecule complexes in which the charge may be diffusely
to standard G2 theory. The three G2 methods G2, G2(MP2), spread over one partner (Daly et?alhave determined the
and G2(MP2,SVP) all give comparable relative energies, with pinding enthalpy of [benzereacetonitrile]*, 57 kJ mot™, and
G2(MP2) deviating from G2 theory by less than 1 k ™ol estimated the binding enthalpy of [benzemeethanoli* to be
and G2(MP2,SVP) deviating by less than 3.1 kJ Th¢Table 48 kJ motY). The presence of isomér is consistent with the
3). G2(ZPE=MP2) deviates significantly more, up to 6.8 kJ  small value for the KER observed for the water loss reaction
mol~1 in the case off SI — II.. This is principally due to the (see above).
difference in ZPE calculated for these species at the HF/6-  Kinetic Modeling. The reactions can be kinetically modeled
31G(d) and MP2/6-31G(d) levels of theory. The direct methods \with RRKM theory® to determine the relative energy of the
(HF/6-31G(d), MP2/6-31G(d), and MP2/6-85(d)) all give barrier leading froni to Il . The microcanonical rate constant,
results in qualitative agreement with the composite methods. k(E), is a function of the densityoj and sum K¥) of states of

The best agreement is for MP2/6-B®(d), which provides  the reacting ion and transition state, respectively. In its simplest
relative energies that are fairly close to the G2 results (maximum form,

deviation of 8 kJ mot?).

The relative energies and heats of formation at 0 and 298 K o N*(E—EO)
obtained at the G2 level of theory are summarized in Table 4. k(E) = ﬁw
The 0 K binding energy of the proton-bound dimer (relative to
dissociation) is 121 kJ mot at the G2 level of theory, yielding ~ whereE represents the internal energy of the reacting B,
a AfH of 522 kJ mot?! (498 kJ mot! at 298 K). El-Shall et is the 0 K activation energyj is the symmetry number, arid
al®® have made equilibrium measurements for proton-bound is Planck’s constant. In the present study, the sums and densities
clusters containing acetonitrile and methanol. Our calculated of states were calculated using the Bey8winehart direct-
binding energy of the dimer is consistent with their results, count algorithr@® employing scaled MP2/6-31G(d) harmonic
which are for the addition of C#N and/or CHOH to the vibrational frequencies (Table 6) and the rate constants were
dimer (they were unable to determine the binding energy of calculated employing the Z0 K activation energies (Table 4).
the dimer itself). The enthalpy they determined for the addition ~ There are four elementary reactions that need to be addressed,
of CH3OH to (CHCN)(CH;OH)H' was 87.4 kJ matt, while two dissociation reactions and the forward and reverse isomer-
that for the addition of CECN was 94.6 kJ motft. As substrate ization reactions (the interconversion lbfand Il will be so
molecules are added, their binding energies will decrease, andfast that the second potential well was approximated using only
the present results are indicative of that. In addition, our isomerll). For the reaction leading from the proton-bound dimer
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TABLE 6: Vibrational Frequencies Used in the RRKM Analysis
species harmonic vibrational frequencies (€yh

| 1,66, 81, 127, 147, 263, 345, 349, 508, 891, 915, 958, 1024, 1024, 1083, 1155, 1279, 1380, 1424,
1430, 1430, 1459, 1461, 1647, 1908, 2170, 2950, 2986, 3047, 3047, 3105, 3121, 3487

Il 50, 87, 99, 139, 180, 194, 223, 265, 330, 357, 358, 679, 1010, 1024, 1064, 1107, 1116, 1362,
1402, 1416, 1426, 1440, 1443, 1649, 2290, 2945, 2965, 3044, 3049, 3078, 3079, 3543, 3656

TSfor | — I/l (—508), 1, 66, 81, 127, 147, 263, 345, 349, 891, 915, 958, 1024, 1024, 1083, 1155, 1279, 1380,
1424, 1430, 1430, 1459, 1461, 1647, 1908, 2170, 2950, 2986, 3047, 3047, 3105, 3121, 3487

TSI — products £263)" 1, 40, 49, 77, 89, 207, 210, 508, 891, 915, 958, 1024, 1024, 1083, 1155, 1279, 1380,
1424, 1430, 1430, 1459, 1461, 1647, 1908, 2170, 2950, 2986, 3047, 3047, 3105, 3121, 3487

TSIl — products £139)P 28, 49, 55, 77, 100, 135, 265, 330, 357, 358, 679, 1010, 1024, 1064, 1107, 1116, 1362,

1402, 1416, 1426, 1440, 1443, 1649, 2290, 2945, 2965, 3044, 3049, 3078, 3079, 3543, 3656

2 MP2/6-31G(d) frequencies, scaled by 0.9434 as recommended by Scott and Ratl@orresponds to the vibrational modeliror Il that
most closely matches the dissociation reaction.

"1 AT 130 ¥ CHCNH' + CH,0H
134 cormeiromotemmommmee o +

124 10
100 ¥
90 ¥
80 ¥
70 ¥
s0 ¥
50 F
40
30 F
20 F
10 F
o I
-10 F

T T T L = 1 20 F
12 L3 14 1.5 1.6 17 1.8 1.9 30 * 1

Internal Energy of Proton-Bound Dimer (V) Figure 4. Theoretical reaction profile for (C4£N)(CHOH)H®. All
Figure 3. Plot of logk(E) vs ion internal energy curves for the three ~ €nergies are G2 values except for the barrier to isomerization from
principle reactions of (CECN)(CH;OH)H* (all energies are referenced ~ to II/lIl (I — 11 /11I'), which was obtained from the kinetic modeling
to the ground state of the proton-bound dimer): (a) the dissociation of Of the forward isomerization reaction (see text). All values are in kJ
| into CH;CNH" and CHOH; (b) the dissociation ofll into mol™,
CH;CNCH;" and HO; (c) the forward isomerization reaction bto
Il using anE, of 115 kJ mot™; (d) the forward isomerization reaction  spectrum), theE, for the isomerization can be adjusted to

of I to Il using anE, of 125 kJ mot™. produce the desired overlapping Ik@) vs E curves (Figure

L-I/III

- -
==
P -

log,(k ("))

S = N W A ;& D
s P .

Relative Energy (kJ mol")

CH,CNCH,' + H,0

P

TSII-IIT

1l

-
—

to products, the vibration corresponding to the almost free

internal rotation about thf proton bridge (1 thhwas not  gq 3 the relative product ion abundanéethe similar intensi-
included in thep(E) and N*(E—Eo) calculations as a distinct e of vz 42 andm/z 56 in the MI mass spectrum means that

vibration; rather, it was included as a hindered internal rotor s rejationship will be approximately correct. Therefore, for
with a rotational constant of 23.8 GHz. For each dissociation o5ction rate constants on the order of 80, the logk(E) vs

reaction, the transition-state frequencies were estimated by using= ,rve for the isomerization must be slightly lower than that
the frequencies calculated forandll , respectively, removing  {or the simple dissociation toVz 42. At longer time scales (and
one in each case that corresponded to stretching of the necessafyyer values of lok(E)), the isomerization competes more
bond and scaling the lowest five frequencies to obtain an emmpyfavorably (Table 1) and hence the curves should cross at ca. 5
of activation, AS"(600 K), of approximately 12 J & mol1. x 10* s1.29 This puts considerable constraint & for the

This latter value is not untypical for simple bond cleavage jsomerization, which was modeled to be 115 kJ TAoThus, it
reactions’® The results are plotted in Figure 3. Clearly, the 10SS jg jikely that the transition state connectihguith 11/111 lies

of water from Il is fast enough to preclude the reverse yihin 10 kJ mol? of this value. For comparison, Figure 3

isomerization tol from being a significant process. This IS ghows the log(E) vs E curves obtained witl, values of 115
consistent with the experimental result that no isotopic scram- 54 125 kJ moil.

bling occurs in the labeled clusters.

It is apparent from the relative energy D81 — Il that it is
not involved in the reaction. Thus, the forward isomerization
of | to the well containindl /lll was modeled using transition- The final reaction surface that is obtained from the experi-
state frequencies that were estimated in a manner analogous tenental and theoretical evidence is presented in Figure 4. The
that described above for the dissociation reactions (i.e., usingtransition structure for isomerization of the proton-bound dimer
the frequencies of and removing one mode (508 c#) for lies 10 kJ mot! below the threshold for dissociation to
the reaction coordinateASf (600 K) = —7 J K1 mol™3). In protonated acetonitrile and methanol. At the internal energies
this reaction, the almost free internal rotation present in the probed in the Ml experiments reported here, there is an isomer
equilibrium structure will disappear in the transition state, and  of the original proton-bound dimer that consists of aaCNCHz*
so the mode was included in th€E) calculation as a vibration.  backbone with a molecule of water migrating freely around it.
The unknown in this process is the activation energy. However, The low binding energy of this isomer, 40 kJ mblaccounts
since the isomerization competes with the dissociation to for our inability to generate it from other reactions (such as the
CH3;CNH* and CHOH on the microsecond time scale (the Ml reaction of CHCN, CHgl, and HO) at the pressures obtainable

Although the ratio 0kj—products)to Kg—ir) rigorously does not

5. Summary
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in our ion source. The theoretical binding energy of the proton-

bound dimer, 121 kJ mot, allows us to determine the absolute
energies of other acetonitritenethanol proton-bound cluster

Mayer

J. Chem. Phys1993 99, 1623. (e) Vinogradov, P. S.; Borisenko, D. M.;
Lindinger, W.; Taucher, J.; Hansel, A. Proceedings of the 45th American
Society for Mass Spectrometry Conference and Exhibition, Palm Springs,
California, June £5, 1997. (f) Zhang, X.; Castleman, A. Wat. J. Mass

ions, based on their relative energies as measured by El-ShallSpectrom. lon Processd995 149/150 521.
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