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Abstract

The selected ion flow tube technique is used to study 14 termolecular association reactions of hydroxide–water (OH2 1
H2O and OD2 1 D2O), methoxide–water (CH3O

2 1 H2O, CH3O
2 1 D2O, CD3O

2 1 H2O, and CD3O
2 1 D2O), meth-

oxide–methanol (CH3O
2 1 CH3OH, CH3O

2 1 CH3OD, CD3O
2 1 CD3OH, and CD3O

2 1 CD3OD), and ethoxide–
ethanol (CH3CH2O

2 1 CH3CH2OH, CH3CD2O
2 1 CH3CD2OH, CD3CH2O

2 1 CD3CH2OH, and CD3CD2O
2 1

CD3CD2OD) where the cluster bond dissociation energies are similar (;24–30 kcal/mol). The apparent second-order rate
coefficients for association (kII app) are measured as a function of helium pressure over the range of 0.25–1.2 Torr at 300 K.
The derived termolecular rate coefficients and complex lifetimes are generally larger for systems with more degrees of freedom
in the intermediate ion–molecule complex. In all reactions with alkoxides, association rates are significantly enhanced by
deuteration of the alkyl groups (by factors of 1.4–3.0) whereas deuteration of the bridging hydrogen does not affect the
association rates. Potential energy surfaces for association (single versus double well) are discussed based on the pressure
dependence of the association rates. (Int J Mass Spectrom 195/196 (2000) 625–638) © 2000 Elsevier Science B.V.
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1. Introduction

In recent years there has been a growing interest in
cluster ion chemistry, particularly with the view of
using cluster systems as models for understanding
condensed phase chemistry. One area of interest is to

improve the understanding of the solvation process by
examining the gas-phase association reactions of an
ion with a neutral molecule [1,2]. Such processes are
also relevant to molecular synthesis in interstellar
clouds and planetary atmospheres [3]. Observation of
hydrogen–deuterium (H/D) isotope effects gives
clues to the mechanism and dynamics of association,
both collisional and radiative. Although there have
been a number of studies of the thermodynamics of
cluster ions [1,2], there are relatively few studies on
the effects of isotopic substitution on association
kinetics. Adams and Smith [4] and Smith et al. [5]
were the first to examine the kinetic isotope effects for
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the association reactions of CH3
1 and its deuterated

analogs with a number of neutrals including H2, HD,
and D2. Association reactions of CH3

1/CD3
1 with

HCN [6] and of Na1 with NH3 and ND3 [7] have also
been reported. All these studies show that deuterium
substitution on methyl or ammonia increases the
termolecular association rate coefficient by a factor of
;2 or more. This is interpreted by invoking an idea
that the deuterated ion–molecule association com-
plexes have longer unimolecular lifetimes and thus
are subject to more collisional stabilization with the
third body. More recently, Tho¨lmann et al. [8] used
Fourier transform ion cyclotron resonance (FTICR)
spectrometry to systematically examine the H/D iso-
tope effects on the low-pressure association reactions
of protonated acetone with acetone (CH3)2COH1 1

(CH3)2CO. A striking result is that the unimolecular
dissociation of the ion–molecule complex is slowed
down by a factor of;3 by deuteration of the methyl
group, whereas deuteration on the bridging hydrogen
does not affect the unimolecular lifetime. Radiative
stabilization, on the other hand, was found to depend
only on the isotope labeling of the bridging hydrogen
[8].

To increase our understanding of isotope effects on
the kinetics of association reactions, we have system-
atically investigated 14 termolecular association reac-
tions of hydroxide–water, methoxide–water, methox-
ide–methanol, and ethoxide–ethanol and their
deuterated analogs:

OH2 1 H2O3
He

HO2 z H2O (1)

OD2 1 D2O3
He

DO2 z D2O (2)

CH3O
2 1 H2O3

He

CH3O
2 z H2O (3)

CH3O
2 1 D2O3

He

CH3O
2 z D2O (4)

CD3O
2 1 H2O3

He

CD3O
2 z H2O (5)

CD3O
2 1 D2O3

He

CD3O
2 z D2O (6)

CH3O
2 1 CH3OH3

He

CH3O
2 z HOCH3 (7)

CH3O
2 1 CH3OD3

He

CH3O
2 z DOCH3 (8)

CD3O
2 1 CD3OH3

He

CD3O
2 z HOCD3 (9)

CD3O
2 1 CD3OD3

He

CD3O
2 z DOCD3 (10)

CH3CH2O
2 1 CH3CH2OH3

He

CH3CH2O
2 z HOCH2CH3 (11)

CH3CD2O
2 1 CH3CD2OH3

He

CH3CD2O
2 z HOCD2CH3 (12)

CD3CH2O
2 1 CD3CH2OH3

He

CD3CH2O
2 z HOCH2CD3 (13)

CD3CD2O
2 1 CD3CD2OD3

He

CD3CD2O
2 z DOCD2CD3 (14)

These particular choices are dictated by the following
considerations: 1. each of these reactions can produce
only a single product, and 2. the dissociation energies
for these hydrogen-bonded clusters are very similar,
;24–30 kcal/mol; HO2 z H2O (26.8 kcal/mol [9],
27.6 kcal/mol [10]), DO2 z D2O (26.8 kcal/mol
[9,11]), CH3O

2 z H2O (23.9 kcal/mol [9,11]),
CH3O

2 z HOCH3 (28.8 kcal/mol [9,11], 29.3 kcal/mol
[10], 29.5 kcal/mol [12]), CH3O

2 z DOCH3 (28.3
kcal/mol [13]), CD3O

2 z HOCD3 (28.9 kcal/mol
[13]), CD3O

2 z DOCD3 (28.5 kcal/mol [13]), and
CH3CH3O

2 z HOCH2CH3 (27.6 kcal/mol [11], 28.3
kcal/mol [12]). We used the tandem flowing after-
glow-selected ion flow tube (FA-SIFT) apparatus to
measure the termolecular rates with helium. Of the 14
measurements, only the collisional association rates
for hydroxide–water [Eq. (1)] [14] and methoxide–
methanol [Eq. (7)] [12] have been previously re-
ported. Early ICR measurements of Caldwell and
Bartmess [15] showed that bimolecular, radiative
association rates for methoxide-methanol [Eq. (7)]
and ethoxide-ethanol [Eq. (11)] are immeasurably
slow (,5 3 10212 cm3 molecule21 s21), consistent
with generalized theoretical work by Dunbar [16,17].
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Proton transfer and association reactions of me-
thoxide with methanol have attracted considerable
interest, both experimentally and theoretically. The
measured deuterium fractionation factor for the pro-
ton-bound dimer of methoxide and methanol (Weil
and Dixon [18] and Wilkinson et al. [12]) revealed
only a very low barrier for the intracluster proton
transfer (;2 kcal/mol), consistent with the results of
quantum chemical calculations [18–20]. This barrier
is significantly smaller than the hydrogen-bonding
stabilization energy for the cluster itself ('29 kcal/
mol), rendering the motion of a proton nearly free.
Nevertheless, the proton transfer efficiency for the
thermoneutral systems is found to be considerably
less than the statistical value of 50% (Barlow et al.
'0.35 [13]; Dodd et al.'0.26 [21]). This observation
led to the idea that the methoxide–methanol system
actually has a tight transition state inside of the loose
orbiting transition state; fast unimolecular back dis-
sociation of the initial loose complex hampers the
methoxide–methanol pair from efficiently entering the
tight, hydrogen-bonded complex where the proton
transfer can take place. A high-pressure-limit associ-
ation rate coefficient significantly less than the me-
thoxide–methanol collision rate [12] is consistent with
this system being a double well. The methoxide–
methanol system has also been investigated through
several different approaches. Baer and Brauman [22]
employed infrared multiphoton dissociation (IRMPD)
to dissociate isotopically labeled methoxide–methanol
clusters derived from the Riveros reaction [23]. The
product isotope abundance indicated that the cluster
from this reaction isnot the tight, hydrogen-bonded
structure, suggestive of the existence of a second,
loosely bound structure as mentioned above. Electron
photodetachment spectroscopy of the same cluster
showed that this complex has a smaller binding
energy ('19 kcal/mol) than the most stable, hydro-
gen-bonded cluster [24]. This second stable isomer,
however, has eluded structural identification via quan-
tum chemical calculations [12].

Significantly different theoretical approaches have
also been made to explain the anomalous proton-
transfer behavior of the methoxide-methanol system.
Lim and Brauman [25] treated methoxide–methanol

as a simple [X. . . H 2 X]2 system (X5 CH3O)
with four internal degrees of freedom and they con-
ducted trajectory calculations on abarrierlesspoten-
tial energy surface. They concluded that many trajec-
tories, which have surmounted the usual (orbital
angular momentum) centrifugal barrier, fail to enter
into the deep, hydrogen-bonding well because of a
“rotational locking” mechanism. This mechanism can
account for the inefficient proton transfer and associ-
ation reactions observed for methoxide-methanol,
without assuming a second potential-energy minimum
for the loose complex. This dynamic,nonenergetic
transition state was later found to fulfill the criterion
for a variational transition state [26]. Hinde and Ezra
[27] did similar trajectory calculations specifically for
the collinear approach of CH3O

2 3 HOCH3, dem-
onstrating that a certain fraction of trajectories “di-
rectly” exits the deep hydrogen-bonding well without
forming a long-lived complex nor transferring the
proton.

The origin of the “double well” (or “double tran-
sition state”) behavior has thus been an issue of
controversy. The ethoxide–ethanol reactions are of
similar interest in this respect; experimental data
strongly suggest that these reactions are also double-
well systems. The proton-transfer efficiency ('0.30)
is significantly lower than 50% [21] despite the fact
that the potential for the intracluster motion of the
bridging hydrogen has only a small or no central
maximum [28]. IRMPD experiments demonstrated
once again that the ethoxide–ethanol cluster from the
Riveros reaction is different from the most stable
hydrogen-bonded structure [22]. On the other hand,
hydroxide–water reactions have proton-transfer effi-
ciencies that are near the statistical limit [14,21,29],
suggesting that this system has a single well without
any inner transition states. The methoxide–water re-
actions represent an interesting and possibly interme-
diate case between the hydroxide–water and methox-
ide–methanol systems. We systematically examine
these 14 reactions with the aim of increasing our
knowledge regarding the mechanism of ion–molecule
association. Kinetic schemes for double-well systems
will also be discussed in some detail.

627S. Kato et al./International Journal of Mass Spectrometry 195/196 (2000) 625–638



2. Experimental

The experiments were carried out using the
FA-SIFT which has been described previously in
detail [30]. Hydroxide ion is produced by dissocia-
tive electron attachment with N2O (forming O2)
followed by rapid hydrogen atom abstraction from
methane. The OD2 ion is generated by reacting the
OH2 ion with D2O. Alkoxide ions (CH3O

2,
CD3O

2, CH3CH2O
2, CD3CH2O

2, CH3CD2O
2,

CD3CD2O
2) are produced by reacting OH2 with

the appropriate alcohol. For example, CD3CH2O
2

is generated from the reaction of OH2 with
CD3CH2OH. Once the desired reactant ion is pro-
duced, it is mass selected by the quadrupole mass
filter and injected through a venturi inlet into the
second flow tube. Known flows of reactant neutrals
are then added and the association products are
detected with a second quadrupole mass filter
equipped with an electron multiplier.

Reaction rate coefficients were measured, for a
given helium pressure, by monitoring the decrease
of the reactant ion signal as a function of reaction
distance using a constant flow rate of the neutral
reagent. The reported rate coefficients are the av-
erages of at least three independent measurements
which are made with different neutral flow rates.
This insured that stabilization of the ion-molecule
complex was dominated by collisions with helium
buffer under the experimental conditions. The stan-
dard deviation of a set of rate coefficient measure-
ments was typically 15% or less, whereas we
estimate the absolute accuracy of the rate coeffi-
cients to be625%.

The experiments were performed at room tem-
perature (300 K). Reagent purities were: D2O (99.9
atom % D), CH3OH (99.9%), CH3OD (99.5%),
CD3OH (99.0%), CD3OD (99.8%), CH3CH2OH
(anhydrous), CH3CH2OD (99.5%), CH3CD2OH
(98.0%), CD3CH2OH (98.0%), and CD3CD2OD
(99.0%). Freeze–pump–thaw cycles were used to
degas the liquid samples. The helium buffer gas
(99.995%) was purified by passing it through a
molecular sieve trap immersed in liquid nitrogen.

3. Results and discussion

3.1. Overview

Fig. 1 gives a summary of all the cluster systems
studied. The apparent bimolecular rate coefficients for
association (kIIapp) are plotted versus helium pressure.
ThekIIapp rate coefficient generally increases with the
size of the cluster ions (or the increase in complexity),
i.e. increasing in the order of hydroxide–water, me-
thoxide–water, methoxide–methanol, and ethoxide–
ethanol.

A comparison of thekIIapp rate coefficients reveals
distinctively different isotope effects. First, the rates
for reaction pairs (1) and (2), (3) and (4), (5) and (6),
(7) and (8), and (9) and (10) are identical within
experimental uncertainty. This implies that the pres-
ence of either hydrogen or deuterium in the bridging
position (i.e., the bonding position between the ion
and neutral) does not affect the association rate; for
example, CH3O

2 z HOCH3 versus CH3O
2 z DOCH3.

Second, thekIIapp values for reaction pairs (3) and (5),

Fig. 1. Apparent bimolecular rate coefficients for association vs.
helium pressure.
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(4) and (6), (7) and (9), and (8) and (10) are very
different. This difference indicates that substitution of
deuterium for hydrogen in the alkyl groups causes a
large increase in the association rate; for example,
CD3O

2 z HOCD3 versus CH3O
2 z HOCH3. Within

the deuterated ethoxide–ethanol systems it appears
that the association rate generally increases with the
number of deuterium atoms in the alkyl groups,
although thekIIapp values for the reaction pair (12)
and (13) are essentially identical within experimental
uncertainty.

We analyze the apparent rate coefficients to extract
the low-pressure-limit termolecular association rate
coefficient (k3,LP), and use it to deduce the unimo-
lecular lifetime of the complex (t) as will be de-
scribed. Reaction pairs with identical values ofkIIapp

are analyzed as grouped. Results are summarized in
Table 1. The fitting error depends strongly on the
reaction and the model used, but the trend in fit values
of k3,LP is found to be entirely consistent with that
observed forkIIapp. We focus on this systematic trend,

rather than the absolute values, in the following
discussions.

3.2. Hydroxide–water

This system may be analyzed using a barrierless,
single-well scheme for association [Eqs. (15)–(17)].
In general, the association of an anion (A2) and
neutral (B) can involve termolecular [Eq. (16)] and/or
radiative [Eq. (17)] stabilization processes:

A2 1 Bº
kb

kf

(A2 z B)* (15)

(A2 z B)* 1 M 3
bkc

AB2 (16)

(A2 z B)* 3
kr

AB2 1 hn (17)

wherekf is the rate coefficient for collision of A2 and
B andkb is that for unimolecular dissociation of the
intermediate complex (A2 z B)*. The energetic com-

Table 1
Rate coefficients and unimolecular lifetimes of the complexa

Reactants
kf

b

(1029 cm3 s21)
kc

c

(10210 cm3 s21)

kIIapp,HP

kf

d k3,LP
d

(cm6 s21)
t e

(s21)

OH2 1 H2O 3.02 5.60 . . .f 6.93 10229 f 2.83 10210 f

OD2 1 D2O 2.90 5.57
CH3O

2 1 H2O 2.65 5.51 0.032 7.83 10228 g 3.63 1029 g

CH3O
2 1 D2O 2.56 5.51

CD3O
2 1 H2O 2.61 5.50 0.062 1.63 10227 h 7.43 1029 h

CD3O
2 1 D2O 2.52 5.49

CH3O
2 1 CH3OH 2.32 5.47 0.54 2.93 10227 1.53 1028

CH3O
2 1 CH3OD 2.31 5.46

CD3O
2 1 CD3OH 2.22 5.45 0.53 8.23 10227 4.53 1028

CD3O
2 1 CD3OD 2.21 5.45

CH3CH2O
2 1 CH3CH2OH 2.07 5.42 0.91 3.13 10226 1.83 1027

CH3CD2O
2 1 CH3CD2OH 2.03 5.41 0.91 4.13 10226 2.53 1027

CD3CH2O
2 1 CD3CH2OH 2.01 5.41

CD3CD2O
2 1 CD3CD2OD 1.96 5.40 0.92 5.73 10226 3.63 1027

a At 300 K: t, kIIapp,HP/kf andk3,LP are calculated for sets of two reactions, as shown where applicable.
b Parameterized trajectory collision rate [31] for the reactants.
c Langevin collision rate [32] for collision of the association complex with helium.
d Calculated using the double-well model.
e Unimolecular lifetime of the complex [b(He) [ 0.15].
f Calculated using the single-well model.
g Values with the single-well model (including radiative stabilization) are 5.83 10228 and 2.73 1029, respectively (see text).
h Values with the single-well model (including radiative stabilization) are 1.13 10227 and 5.43 1029, respectively (see text).
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plex is deactivated to the stable cluster AB2 by
collision with a third body M (5He) (the rate coeffi-
cient bkc whereb is the stabilization efficiency for
helium) and/or by photon emission (the rate coeffi-
cient kr). We compute the values ofkf andkc using
the parameterized trajectory [31] and Langevin [32]
collision theories, respectively (Table 1). The trajec-
tory theory appears to work well for the present
systems; e.g. the calculated value ofkf for CH3O

2 1
CH3OH (2.323 1029 cm3 molecule21 s21) is in
excellent agreement with that deduced from rapid
ion–molecule reactions involving CH3OH of 2.36
0.2 3 1029 cm3 molecule21 s21 [13]. Milligan et al.
have shown that the collisional stabilization efficien-
cies with helium buffer can be significantly smaller
than those with the parent gas [33], therelative
efficiency being 0.15 for the deactivation of proto-
nated acrylonitrile dimer. Theabsolute values of
b(He) are generally not known. We thus assume
b(He) to be 0.15 throughout the present study. This
approximation does not affect the qualitative discus-
sion in this paper.

Fig. 2 plotskIIapp versus helium pressure (PHe) for
OH2 1 H2O and OD2 1 D2O association reactions.

The plot appears to extrapolate to zero asPHe3 0,
indicating that the bimolecular radiative process [Eq.
(17)] is negligibly slow for this system (a separate
analysis including the radiative association reveals
little evidence for this process, with the zero-pressure
intercept in Fig. 2 of the order of 10214 cm3 mole-
cule21 s21 or less). With the steady-state approxima-
tion applied to (A2 z B)* in Eqs. (15) and (16),
kIIapp 5 kfbkc[M]/( kb 1 bkc[M]) or alternatively,

1

kIIapp
5

1

kf
1

~kb/b!

kf kc
z

1

[M]
(18)

where kb/b is the fitting parameter in the plot of
1/kIIapp versus 1/[M]. The solid line in Fig. 2 is the
result from the best fit of Eq. (18) to the experimental
data. The low-pressure-limit termolecular association
rate coefficient (k3,LP) is obtained from the slope in
Eq. (18) as

k3,LP 5
bkf kc

kb
(19)

The complex unimolecular lifetime (t), which equals
1/kb, is derived using the assumed value ofb(He).
The obtained rate coefficients and fit values are
summarized in Table 1.

The appropriateness of the barrierless single-well
model for this system is supported by the efficient
proton transfer reactions of OH2 1 D2O [21,29] and
OD2 1 H2O [14,29]. After correcting for the reac-
tion degeneracies and enthalpies [21] (the experimen-
tal efficiencies in [14] and [29] must also be corrected
using the parameterized trajectory rates, as pointed
out in [21]), the observed efficiencies are found to be
fairly close to the maximum values calculated for the
long-lifetime limits, where all the H and D atoms can
scramble.

3.3. Alkoxide–alcohol

The analytical scheme using Eqs. (15) and (16)
cannot fit the methoxide–methanol data. The discrep-
ancy is twofold. First, nonzero intercepts are observed
in the plots ofkIIapp versus helium pressure. Second,
the high-pressure limit apparent bimolecular rate co-

Fig. 2. Apparent bimolecular rate coefficients for OH2 1 H2O
(open circle) and OD2 1 D2O (closed circle) plotted against
helium pressure. Line is the best fit using the single-well model.
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efficient for association (kIIapp,HP) has been observed
to be significantly less than the collision rate [12],
whereas the single-well scheme above [Eq. (18)]
predicts that it will equalkf. A simple model that can
account for the experimental results is a double-well
model (Fig. 3)

A2 1 Bº
kb

kf

(A2 · · · B)*l (20)

(A2 · · · B)*l º
kl

kt

(A2 z B)*t (21)

(A2 z B)*t 1 M 3
bkc

AB2 (22)

(A2 z B)*t 3
kr

AB2 1 hn (23)

In this scheme, a loosely bound complex (A2 . . . B)*l
is in equilibrium with the reactant and with a hydro-
gen-bonded, more tightly bound complex (A2 z B)*t.
The tight complex then is stabilized by collisional
deactivation and/or photon emission; the loose com-
plex does not live long enough for these stabilization
processes to be effective. In theory the tight complex
can also be in direct equilibrium with the reactant, but
the complex can be approximated to be isolated from
the reactant for the present systems (see the Appen-
dix).

The double-well model using Eqs. (20)–(23) has
been discussed elsewhere by Meot-Ner [34], and we
examine it in further detail here. Applying a steady-

state approximation to both the loose and tight com-
plexes, we obtain an expression forkIIapp as

1

kIIapp
5

1 1 ~kb/kt!

kf
1

~kb/kt!~kl/b!

kc[M] 1 ~kr/b!
z

1

kf
(24)

Fitting kIIapp to [M] using Eq. (24) returns three sets of
parameterskb/kt, kl/b, andkr/b. The high-pressure-
limit kIIapp,HPis nowkf/(1 1 kb/kt), which is smaller
than kf by the factor of (11 kb/kt). Eq. (24) is
expanded in a series of 1/[M], and for a high-pressure
limit where kr ,, bkc[M],

1

kIIapp
<

1 1 ~kb/kt!

kf
1

~kb/kt!~kl/b!

kf kc
z

1

[M]

2
~kb/kt!~kl/b!~kr/b!

kf kc
2 z

1

[M] 2 (25)

The second term in Eq. (25) ensures thatk3,LP is
obtained from the initial slope, i.e. thehigh-pressure
asymptotic slope, of the 1/kIIapp versus 1/[M] plot.

k3,LP 5
kf kc

~kb/kt!~kl/b!
5

bkf kc

~kl/kt!kb
(26)

By comparing Eqs. (19) and (26), we can deduce that
the denominator in Eq. (26), (kl/kt)kb, is in fact the
effective unimolecular dissociation rate (kb,eff) of the
tight complex, i.e. the most stable form of the com-
plex. The unimolecular lifetime of the association
complex is thus given byteff 5 1/kb,eff. In contrast to
Eq. (18), a plot of 1/kIIapp versus 1/[M] is no longer
linear for Eq. (25) and the deviation from linearity
(the third term) corresponds to the radiative process.

Fig. 4 shows the 1/kIIapp versus 1/[M] plots for the
methoxide–methanol systems, with the alkyl groups
deuterated [Eqs. (9) and (10)] and undeuterated [Eqs.
(7) and (8)]. A deviation from linearity may be
observed in the low [M] region for both plots, and the
data are nicely fit with the solid lines using Eq. (24).
The fit value ofkIIapp,HP for CH3O

2 1 CH3OH (and
for CH3O

2 1 CH3OD) is '1.3 3 1029 cm3 mole-
cule21 s21, which is about half the collision ratekf

(Table 1). This is in excellent agreement with the
kIIapp,HP value from the direct high-pressure-mass
spectrometry (HPMS) measurement of Wilkinson et

Fig. 3. Schematic potential energy surface for the double-well
model with an “energetic” transition state (TSt) located between the
loose and tight complexes. The loose, orbiting transition state is
denoted by TSl.
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al. [12], extrapolated to 300 K. The termolecular
association rate coefficients and lifetimes (teff) for the
methoxide–methanol systems, on average, are two
orders of magnitude larger than that for hydroxide–
water. The lifetime for the alkyl-deuterated reactants
is significantly larger than that for nondeuterated
reactants.

At the low pressure limit, thekIIapp for CH3O
2 1

CH3OH (and for CH3O
2 1 CH3OD) extrapolates to

'2 3 10211 cm3 molecule21 s21, which exceeds the
upper limit for the radiative stabilization of 53
10212 that was estimated from the ICR measurements
by Caldwell and Bartmess [15]. A separate analysis
omitting the radiative termkr in Eq. (24) yields a less
satisfactory, straight line fit that returns an anoma-
lously small value ofkIIapp,HP ('1.7 3 10210); only
'7% of the collision rate. Thus radiative stabilization
is likely to be responsible for the curvature observed
in the lower pressure region of Fig. 4 but the radiative
rate extrapolated using Eq. (24) is somehow an
overestimation. We believe that this discrepancy may
be explained by the fact that the back-dissociation rate

kb is actually pressure dependent and can differ
significantly between experimental conditions for
SIFT ('1021 Torr) and ICR (1028–1026 Torr). At
high pressures, only more energetic complexes with
shorter lifetimes can avert collisional deactivation and
back-dissociate to the reactants. As a result, the
apparentkb may increase by several orders of mag-
nitude in going from the ICR to SIFT (or HPMS)
measurements. The change in apparentkb causes a
substantial underestimation (by several orders of mag-
nitude) of the high-pressure-limitbimolecular rate
coefficientkIIapp,HP when extrapolated from thelow-
pressure measurements using ICR. The effect of
changingkb on kIIapp,HP is discussed in a detailed
review of Meot-Ner [34]. The situation with the
radiative rate can be the opposite. Whenkb is chang-
ing significantly, the radiative rate can be more
accurately derived by usingkb from low-pressure
measurements or ultimately by directly measuring the
bimolecular rate near zero pressure. Henceforth we
will take the derived rates for radiative stabilization
only as qualitative guidelines.

The value ofk3,LP is found to be relatively insen-
sitive to the magnitude of the unknown radiative rate;
as discussed above, this value is derived from the
high-pressure asymptotic slope. Analysis omitting the
radiative term (i.e.kr [ 0) systematically increases
the values ofk3,LP (andt), but by only a factor of 2 for
the methoxide–methanol system. This deviation, how-
ever, prevents quantitative conclusions. Therefore, we
will focus on the qualitative trends ofk3,LP, complex
lifetime, and the associated fitting parameters in the
following discussion.

Ethoxide–ethanol reactions are analyzed using the
same model as above; a single-well model with Eqs.
(15) and (16) cannot adequately fit the data whereas
other studies strongly suggest a double-well scheme
[21,22]. Because of the limited pressure range that can
be studied (Fig. 1), the data can be fit either with or
without the radiative term in Eq. (24). Nevertheless,
omission of the radiative term yields larger values of
k3,LP by a factor of about 4. This difference, however,
does not alter the qualitative discussion; the derived
values ofk3,LP and teff are one order of magnitude
larger for ethoxide-ethanol systems than for methox-

Fig. 4. Plots of 1/kIIapp vs. 1/[M] (M 5 helium) for CH3O
2 1

CH3OH (open square), CH3O
2 1 CH3OD (closed square),

CD3O
2 1 CD3OH (open diamond), and CD3O

2 1 CD3OD
(closed diamond). Lines are the best fits using the double-well
model (with the radiative association term included).
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ide-methanol systems. These values are found to
increase with progressive deuteration of the ethyl
groups (Table 1).

3.4. Methoxide–water

Fig. 5 plotskIIapp versus helium pressure for the
methoxide–water reactions with the methyl groups
deuterated [Eqs. (3) and (4)] and undeuterated [Eqs.
(5) and (6)]. This system may be an intermediate case
between the hydroxide-water and methoxide-metha-
nol systems. The single-well model using Eq. (18)
does not fit the data perfectly; there are small but
nonzero intercepts forkIIapp which are more obvious
for the alkyl-deuterated reactants. Inclusion of a
radiative process in the single-well scheme signifi-
cantly improves the fit (not shown in Fig. 5). For
example CH3O

2 1 H2O (and CH3O
2 1 D2O) is fit

with a zero-pressure intercept of'2 3 10212 cm3

molecule21 s21, which, along with the discussion
above, may be marginally acceptable in view of an

upper limit for a more complex but relevant system
CH3O

2 1 CH3OH (5 3 10212) [15]. A double-well
model with a radiative term [Eq. (24)] gives equally
excellent fits, now with a possibly more reasonable
intercept of '2 3 10213 cm3 molecule21 s21 for
CH3O

2 1 H2O (and CH3O
2 1 D2O).

In any event, the fitting alone cannot determine
whether the potential energy surface for the methox-
ide–water association is single-well or double-well.
The values ofk3,LP and complex lifetime are calcu-
lated based on the double-well model and are shown
in Table 1. These values are found to be only
marginally sensitive to the model assumption; the
single-well/radiative scheme yields values that are
only '20% smaller than from the double-well
scheme. As expected, these values lie between those
for hydroxide–water and alkoxide–alcohol, and once
again the methyl–deuterated system has a longer
lifetime.

3.5. Size and isotope effects in termolecular
association

Fig. 6 is a plot of the cluster ion lifetimes (from
Table 1) as a function of vibrational degrees of
freedom of the cluster ions studied. The lifetimes have
been deduced using the same value ofb(He) for all
reactions. Given similar internal energies due to the
similar hydrogen-bonding stabilization (;24–30
kcal/mol), a larger cluster would have a lower vibra-
tional temperature and can thus suffer less efficient
collisional stabilization. On the other hand, a larger
cluster has more vibrational modes with lower fre-
quencies that can facilitate more efficient vibration-
to-translation energy loss with helium [35]. The as-
sumption of constantb(He) might thus be justified to
a first-order approximation. As apparent in Fig. 6, the
lifetime increases with the size of the cluster ions.
This trend is consistent with that observed for the raw
kIIapp plots (Fig. 1). The size effect is readily inter-
preted in terms of the Rice-Ramsperger-Kassel-Mar-
cus (RRKM) theory [36]; the lifetime increases be-
cause the complexity of the clusters increases whereas
their internal energies, i.e. the hydrogen-bonding sta-
bilization, remain fairly similar. As Meot-Ner pointed

Fig. 5. Apparent bimolecular rate coefficients for CH3O
2 1 H2O

(open triangle), CH3O
2 1 D2O (closed triangle), CD3O

2 1 H2O
(open inverted triangle), and CD3O

2 1 D2O (closed inverted
triangle) plotted against helium pressure. Solid lines are the best fits
using the double-well model (with the radiative association term
included). Broken lines are the best fits using the single-well model
without radiative association.
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out [34], RRKM treatment alone is not sufficient
when the potential surface involves a double well with
a loose complex in which dynamic effects may come
into play. Nevertheless, the present results suggest
that this interpretation is qualitatively correct.

The lifetime increases with deuterium substitution
of the alkyl group, by factors of 2.1 (methoxide–
water), 3.0 (methoxide–methanol), and 2.0 (com-
pletely deuterated ethoxide– ethanol). The increase
of the lifetime for the partially deuterated ethoxide–
ethanols CH3CD2O

2 z HOCD2CH3 and CD3CH2O
2 z

HOCH2CD3, with four and six deuterium atoms on
the alkyl groups, respectively, is less spectacular
('1.4 on average) than that for CD3CD2O

2 z

DOCD2CD3 with ten deuterium atoms on the alkyl
groups (Fig. 6). The observed magnitudes of lifetime
enhancement by deuterium substitution are similar to
those observed previously for other cluster systems
[4–8]. In the language of RRKM, the density of
available states in the complex is considerably in-
creased by deuterium substitution. These states must
arise from the low frequency modes. Thus the lifetime

increases must be dominated by the internal rotations
which are only weakly hindered (Fig. 7). For the
CH3O

2 z H(D)OCH3 cluster, the calculated five low-
est frequencies (,200 cm21) are due to the methyl
torsions and the torsion about the O–O axis [18]. The
essentially identical lifetimes observed for CH3CD2O

2 z

HOCD2CH3 and CD3CH2O
2 z HOCH2CD3 suggest that

the internal rotation about the C–O axis, rather than
the C–C axis, dominates the increase of the density of
states for the ethoxide–ethanol clusters.

The isotope effect arises from conversion of the
alkoxy groups from free to weakly hindered rotors
upon passing through the orbiting transition state and
entering the potential well for association. Actually,
the microcanonical unimolecular lifetime is propor-
tional to the density of states,N*( E*), of the complex
but is alsoinverselyproportional to the sum of states,
¥ P(Evr

† ), of the orbiting transition state [35], both of
which increase as a result of deuterium substitution.
Kemper et al. [6], however, showed for similar
isotopically labeled CH3

1/CD3
1 1 HCN association

reactions that the increase ofN*( E*) prevails over
the increase of¥ P(Evr

† ), reproducing the overall
lifetime increase of;2 that they observed experimen-
tally. We believe that this argument also holds for our
reactions.

Deuterium substitution on the bridging position, on
the other hand, does not affect the cluster lifetime.
The lack of isotope effect for the bridging position
suggests that the high vibrational frequencies, O–H

Fig. 6. Unimolecular lifetimes of the association complexes as a
function of vibrational degrees of freedom (data from Table 1).
Closed symbols for alkoxide systems are for reactants with the
alkyl groups deuterated. The closed triangle is for ethoxide-ethanol
with the alkyl groups partially deuterated.

Fig. 7. Schematic vibrational modes for the hydrogen-bonded
alkoxide-alcohol complex with deuterium substitution (A) on the
alkyl group and (B) on the bridging hydrogen.
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and O–D (Fig. 7), do not substantially increase the
density of states of the complex (e.g.n(O–H–O)5
2124 cm21 and n(O–D–O)5 1497 cm21 for the
asymmetric stretching in methoxide–methanol [18]).
A more recent frequency calculation (modes unas-
signed) is found in [12]). These site-specific, kinetic
isotope effects have been observed for other ion–
molecule clusters of protonated acetone with acetone
[8].

3.6. Loose versus tight complexes

Within the framework of the double-well model
[Eq. (26)], the rate coefficientkb,eff for the back
unimolecular dissociation of the hydrogen-bonded
complex scales linearly with the product of two fitting
parameters,kb/kt andkl/b

kb,eff 5
bkf kc

k3,LP
5 b~kb/kt!~kl/b! (27)

The kb/kt component represents the competition be-
tween back dissociation versus isomerization of the
loose complex whereaskl/b represents the competi-
tion between back isomerization versus collisional
stabilization of the tight complex. We examine the
contribution of each component to the unimolecular
lifetime of the complex. Fig. 8 illustrates the correla-
tion betweenkfkc/k3,LP (5kb,eff/b) and fitting param-
eterskb/kt and kl/b for methoxide–water [Eqs. (3)–
(6)], methoxide–methanol [Eqs. (7)–(10)], and
ethoxide–ethanol [Eqs. (11)–(14)]. The methoxide–
water systems are treated as double wells and are
included in Fig. 8. Conservatively, two features are
apparent;kfkc/k3,LP correlates strongly withkb/kt

whereaskl/b appears nearly unchanged. This sug-
gests that the back dissociation of the loose complex
dominates the overall lifetime of the hydrogen-
bonded cluster, consistent with the double-well
scheme that involves a short-lived loose complex.

Recently, Wilkinson et al. conducted extensive and
important studies on the thermodynamic and kinetic
properties of the methoxide–methanol complex [12].
Their results are consistent with the double-well
scheme for this system; they used HPMS to reveal

that thekIIapp,HP is significantly lower than the colli-
sion limit kf. In addition, the observed decrease of the
association rate coefficient with increasing tempera-
ture [12] suggested a double minimum potential
energy surface; the transition state between the loose
and tight complexes (TSt in Fig. 3) is located slightly
below the reactant energy. The measured entropy of
activation for the complex unimolecular dissociation
suggested that the TSt is only marginally less con-
strained than the proton-bound complex itself [12].
With regard to the last point, a direct and precise
HPMS determination ofkIIapp,HP(and hencekb/kt) for
alkyl-deuterated methoxide–methanol [Eq. (9) or
(10)] would be particularly interesting; if the TSt

structure is close to that of the tight complex, the
isotope effect might have to originate earlier in the
loose complex. Then thekb/kt term, rather than the
kl/b term, will reflect the isotope effect. Our values of
kb/kt deduced indirectly from the model fitting (Fig.
8) are not precise enough to address this question.

The IRMPD [22] and electron photodetachment
spectroscopy [24] of alkoxide-alcohol dimers from
the Riveros reaction [23]

Fig. 8. Correlation betweenkfkc/k3,LP(5kb,eff/b) and fit parameters
for the double-well model (kb/kt and kl/b) for reactions of
methoxide–water [Eqs. (3)–(6)], methoxide–methanol [Eqs. (7)–
(10)], and ethoxide–ethanol [Eqs. (11)–(14)].
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RO2 1 HCOOR93 [ROH · · · COOR9]2 3
2CO

ROH z 2OR9 (28)

have demonstrated that the ion–molecule complexes
from this reaction are different from the most stable
hydrogen-bonded structure, suggesting the existence
of a second stable structure for the alkoxide–alcohol
association complex. However, the loose complex,
presumably an SN2-type structure with the alkoxy unit
trapped behind the alkyl umbrella and shielded from
the bridging hydrogen [12,22], has eluded quantum
chemical identification. As shown above, our data on
themethoxide–waterreactions are not conclusive; the
reactions can be analyzed using both single- and
double-well models. It is very intriguing if this system
is indeed a double well, because, in contrast to the
alkoxide-alcohol systems, there appears to be no
steric hindrance for the methoxide to approach one of
the bridging hydrogens on water to form the most
stable cluster. Alternatively, since the double-well-
like behavior (kIIapp,HP, kf) might also be explained
in terms of rotational locking on a barrierless surface
[25], trajectory calculations for the methoxide–water
system would be insightful. However, it would also be
required that the rotational locking mechanism ac-
count for the isotope effects observed. The value of
kIIapp,HP/kf may be extremely sensitive to the assumed
potential energy surface for this system; a single well
would predict this term to be nearly unity whereas a
double well would predict it to be significantly
smaller (;1022, Table 1). This enormous difference
could be experimentally discernible even in the pres-
ence of a possible direct collision mechanism [27],
although experimental approaches using, e.g. HPMS,
might not be straightforward because of the extremely
fast back unimolecular dissociation of methoxide–
water.

4. Conclusions

Termolecular association reactions of hydroxide–
water, methoxide–water, methoxide–methanol, ethox-
ide–ethanol, and their deuterated analogs were stud-

ied. The association rate coefficients and complex
lifetimes are found to be generally larger for systems
with more degrees of freedom in the intermediate
complex, reflecting longer complex lifetimes for
larger systems. Distinctly different isotope effects are
observed. In all reactions with alkoxides, association
rates are significantly enhanced by deuteration of the
alkyl groups whereas deuteration of the bridging
hydrogen does not affect the association rates. Within
the deuterated ethoxide–ethanol systems, the lifetime
is controlled by the number of deuterium atoms in the
alkyl groups. The isotope effects suggest that the
lifetime increases are dominated by the increase of the
density of states provided by the low frequency
modes, which are due to weakly hindered internal
rotations of the alkoxy groups in the complex.

Measured pressure dependence of the association
rate coefficients was discussed using a single- or
double-well model for the potential energy surface for
association. The association of hydroxide–water pro-
ceeds on a single well surface whereas those of
methoxide–methanol and ethoxide–ethanol are best
described as proceeding on a double-well surface,
which accommodates an initial loose complex and a
hydrogen-bonded tight complex. The association of
methoxide-water can be interpreted using either
model, and the experimental data do not allow us to
distinguish the two. For systems with a double well
surface, it is suggested that the back unimolecular
dissociation of the loose complex dominates the
overall complex lifetime.

Acknowledgement

The authors gratefully acknowledge support of this
work by National Science Foundation grant nos.
CHE-9421756 and CHE-9734867.

Appendix

A more general scheme involving a direct equilib-
rium between the tight complex and reactants is
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(29)

A steady-state approximation for the loose and tight
complexes gives

1

kIIapp
5

1

kf2 1 kf1/~1 1 kb1/kt!

1
kb2 1 kl/~1 1 kt/kb1!

kf2 1 kf1/~1 1 kb1/kt!
z

1

bkc[M] 1 kr

(30)

When kr ,, bkc[M],

1

bkc[M] 1 kr
<

1 2 kr/~bkc[M])

bkc[M]
(31)

And hence,

1

kIIapp
<

1

kf2 1 kf1/~1 1 kb1/kt!
1 g z

1

[M]

1 d z
1

[M] 2 (32)

The denominator of the first term, which is obtained
when [M]3 ` in the plot of 1/kIIapp versus 1/[M], is
the high-pressure-limit bimolecular rate coefficient,
kIIapp,HP. An experimental observation that the
kIIapp,HP for methoxide/methanol (300 K) is only
about half the collision rate (5kf 2 1 kf 1) [12] re-
quires thatkf 2 be insignificant with respect tokf 1 and
that kb1/kt be comparable to or greater than 1. Thus
the direct formation of the tight complex is insignif-
icant in this system and the kinetic scheme is reduced
to Eqs. (20)–(23). Eq. (30) reduces to Eq. (24) by

replacingkf 2 (and hencekb2) with zero and, accord-
ingly, replacingkf 1 and kb1 with kf and kb, respec-
tively.
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