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Threshold photoelectron-photoion coincidence (TPEPICO) spectroscopy has been used to investigate the
unimolecular chemistry of gas-phase, energy-selected methyl formate ions, CH3OCHO•+. The 0 K dissociation
onsets for CO loss from CH3OCHO•+ and CH3OCDO•+ were 11.550( 0.020 and 11.582( 0.020 eV,
respectively. The two-component dissociation rates are interpreted in terms of competitive fast dissociation
and isomerization steps, followed by a slow dissociation from the lower energy isomer, a distonic ion with
the structure CH2OCHOH•+. Ab initio molecular orbital calculations (G2 theory) are used to obtain energies
and vibrational frequencies of various ion structures and transition states. The experimental rate constants
are then modeled with the RRKM statistical theory for dissociation of both CH3OCHO•+ and CH2OCHOH•+.
From the RRKM analysis, we found that the distonic ion CH2OCHOH•+ lies 16.2( 1.5 kcal/mol lower than
the methyl formate ion. Rearrangement of CH3OCHO•+ to its distonic isomer requires 15.2( 1.0 kcal/mol.

Introduction

The dissociation dynamics of gas-phase, energy-selected ester
ions provide some wonderful examples of how competitive
isomerization and dissociation via complex reaction mechanisms
can result in multicomponent dissociation rates. Two-compo-
nent dissociation rates arise when an ion can dissociate rapidly
via a simple bond break or isomerize via rearrangement to a
lower energy structure. The dissociation rate constant from this
lower energy structure will be slow because the activation energy
is much higher. We have already investigated the dissociation
dynamics of methyl acetate ions by photoelectron-photoion
coincidence (PEPICO) time-of-flight mass spectrometry.1,2 In
that case, CH3O• loss proceeds by both a fast and slow rate
constant, while the lower energy CH2OH• loss proceeds by only
the slow path. The dissociation of the ethyl formate ion, an
isomer of methyl acetate, is also two component. However, it
fragments by a completely different mechanism via the loss of
H•, H2O, and HCOOH. In both methyl acetate and ethyl formate
ions, the lower energy isomers that produce the slow rate
constants are the enol and distonic ions in which one of the
alkyl hydrogen atoms moves to the carbonyl oxygen, thereby
stabilizing the ion by 10-20 kcal/mol.
The simplest of the esters is methyl formate, which has been

investigated both experimentally by PEPICO3 and theoretically
by ab initio molecular orbital calculations.4,5 The experiments
of Nishimura et al.3 indicated that this ion also dissociates by a
two-component rate. However, they did not analyze the
dissociation dynamics in detail. Furthermore, no detailed
potential energy surface with transition, state structures and their
vibrational frequencies were available at that time. We have
thus undertaken a new experimental investigation of the
dissociation dynamics of this ion in order to test the potential
energy surfaces proposed by Heinrich et al.4 and Smith et al.5

At low internal energies the methyl formate ion dissociates
by a single channel via the loss of CO and the production of
CH3OH•+. This reaction, which has an activation energy of
about 0.75 eV, requires considerable rearrangement, including

an H atom transfer. Isotope labeling experiments showed that
CH3O13CHO•+ exclusively loses13CO and CH318OCHO•+

specifically loses C16O.4 Deuterium labeling studies on CH3-
OCDO demonstrated conclusively that the formyl D atom ends
up exclusively in CH3OD•+.4,6 Nishimura et al.3 measured the
CO loss rates for both CH3OCHO•+ and CH3OCDO•+ ions and
found akH/kD isotope effect of about 3. They also investigated
the dissociation paths at higher energies where the loss of HCO•

(or DCO•) quickly dominates. Although the latter reaction
appears to involve a simple cleavage of the C-O bond, it is
more complex because the ionic product formed is CH2OH+

(and not the CH3O+ ion which is not stable7-9). Thus, the loss
of HCO• involves several isomerization steps prior to dissocia-
tion.4

Several ab initio MO studies of the methyl formate ion
dissociation have been reported. In the most complete inves-
tigation, published by Heinrich et al.,4 a low-energy path for
the loss of CO was found at MP3/6-31G**//6-31G*+ZPE level
of theory. This involves the stretching of the CH3O-CHO bond
which can be accomplished with relatively little energy because
of the strong ion-dipole interaction between the methoxy group
and the ion. In this extended state, the formyl H atom can
transfer to the CH3O group, leaving an ion-dipole complex
CH3OH•+‚‚‚CO which is poised to dissociate with no additional
barriers. This is an important finding because the direct transfer
of the formyl hydrogen to the neighboring oxygen atom of the
methoxy group would require a [1,2]-hydrogen shift which is
well-known to involve high barriers.10,11

One of the interesting aspects of the methyl formate ion
dissociation is the observation of metastable ions. According
to the RRKM statistical theory, slow dissociations require large
activation energies. Yet, Nishimura et al.3 found an activation
energy of only 10.6 kcal/mol. (We find the somewhat higher
17 kcal/mol.) Such small activation energies lead to predicted
dissociation rates well in excess of 1010 s-1, which is 4 orders
of magnitude higher than the measured rates. They thus
proposed that this reaction is perhaps nonstatistical.
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In addition to the transition state leading toward CO loss
products, Heinrich et al.4 also found low-energy barriers for
interconversion of the methyl formate ion to lower energy
isomers, in particular the distonic ion, CH2OCHOH•+, of which
they found two rotamers. The barrier for the formation of this
ion was calculated to be about 3 kcal/mol lower than the barrier
for dissociation. One can thus conclude that this ion almost
certainly isomerizes at least as rapidly as it dissociates directly
to products. The isomerization reaction was also investigated
by Smith et al.5 using the MP4/6-311G** level of theory as
well as QCISD(T)/6-311G** with ZPE correction. These
workers found four distonic ion structures which are separated
by relatively low transition-state barriers. The transition state
connecting methyl formate ion and the various distonic ion
structures was found to be only 9.8 kcal/mol, which is 5.7 kcal/
mol lower than the value reported by Heinrich et al.4 It is
interesting that these two studies did agree on the relative
energies of one of the distonic ions which they calculated to be
-10.3 and-10.7 kcal/mol, respectively.4,5

Experimental Approach

Ions are prepared by photoionization with a CW low-power
VUV light source (hydrogen discharge) dispersed by a 1 m
normal incidence monochromator. An electric field of 20 V/cm
accelerates electrons and ions in opposite directions. Energy-
analyzed (threshold) electrons are collected in delayed coinci-
dence with ions. The electron signals are used as starts while
the ion signals are used as stops for measuring the ion time-
of-flight (TOF). The ion internal energy is given byEint ) hν
- IE + Eth, wherehν is the photon energy, ie is the molecule’s
ionization energy, andEth is the initial thermal energy of the
molecule. When the methyl formate is introduced into the
chamber as a vapor, its average internal energy, including
rotations, is 85 meV. However, when the gas is introduced as
a seeded molecular beam, it is possible to reduce this internal
energy. An added benefit of the molecular beam method of
sample introduction is that the translational temperature is
greatly reduced; in particular, the temperature transverse to the
beam velocity is close to 0 K sothat the ion TOF distribution
is extremely narrow.
The ion time-of-flight region consists of a 5 cm long

acceleration region with an electric field of 20 V/cm followed
by a 5 mmacceleration region which accelerates the ions to
220 eV before they enter the 30 cm long drift region.
Two types of experiments were carried out. A breakdown

diagram, which consists of the fractional mass analyzed ion
signal as a function of the photon energy, provides a means for
determining the dissociation onset. At low energies, the only
ions present are the parent ions. As the energy is increased,
the fragment ion intensities increase at the expense of the parent
ion. In the limit of perfect energy resolution, perfect cooling
of the molecule in the adiabatically expanding gas jet, and rapid
dissociation when the ion energy exceeds the dissociation limit,
the breakdown diagram consists of a descending step function
for the parent ion and an ascending step function for the first
daughter ion. However, imperfect energy resolution and thermal
energy tend to broaden these steps. Still, the crossover energy
(50% parent and 50% daughter ion) can be precisely interpreted
and the dissociation limit extracted. The second experiment
consists of the ion TOF distribution. If the dissociation is slow,
ions will be produced during the course of acceleration in the
5 cm long acceleration region. When this happens, the fragment
ion TOF distribution becomes asymmetric. The modeling of
this asymmetry yields the ion’s dissociation rate constant.

Ab Initio Molecular Orbital Calculations

To improve on calculations performed by Heinrich et al.4 and
Smith et al.,5 we repeated their calculations using the G112 and
G213-15 approaches in the GAUSSIAN 94 series of programs.16

These two methods yielded very similar energies so that we
present only the G2 results in Figure 1 and Tables 1 and 2.
To elucidate the mechanism of CO loss, we performed the

geometry optimizations of the methyl formate ion with extended
and frozen CH3O-CHO bond distances using the unrestricted
Hartree-Fock theory of GAUSSIAN 9416 with a split-valence
6-31G* basis set.17 The relative energy of these structures (with
respect to the ionized methyl formate) as a function of the bond
distance is plotted in Figure 2. We found that the optimized
geometry of these structures resembles methyl formate if the
CH3O-CHO bond distance does not exceed 2.45 Å. Further
elongation of this bond results in the shift of the formyl hydrogen
to the methoxy oxygen and the formation of the ion-dipole
complexes CH3OH•+‚‚‚CO with a large release of energy (see
Figure 2).
Using optimized structures with frozen CH3O-CHO bond

distances as the initial guess for further geometry optimization,
we were able to locate the ion-dipole complexes CH3O‚‚‚CHO•+

(C) and CH3OH•+‚‚‚CO (D1) and the transition state TSAC
linking the methyl formate ion (A) with the complex C. The
energies for these structures are shown in Figure 3. The TSAC
was confirmed at the UHF/6-31G* level by the intrinsic reaction
coordinate method.16 It is interesting that the potential energy
well associated with the complex C is so shallow that it is not
certain that it will remain when calculated with other basis sets.

Figure 1. MP2(full)/6-31G* optimized geometries of the various
isomers of the methyl formate radical cation and the transition states
linking them. The relationship among these structures is shown in Figure
3.
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Unfortunately, we were not successful in finding the transition
state that connects complexes C and D1, but according to the
results of our ab initio MO calculations on the structures with
frozen CH3O-CHO bond distances (see Figure 2), the proton
migration to the methoxy oxygen in the rearrangement of C to
D1 occurs without a detectable energy barrier. Therefore, TSAC
determines the energy cost of the isomerization of the ionized
methyl formate to the CH3OH•+‚‚‚CO ion-dipole complex. It
should be noted that the conclusion that the hydrogen migration
is not a rate-limiting step in the mechanism of CO loss is

consistent with the results of our measurements of dissociative
photoionization limit for the methyl formate and methyl formate-
d1 described below.
The G2 energy of the TSAC relative to isomer A was found

to be 12.15 kcal/mol, which is considerably lower than the value
of 18.8 kcal/mol proposed by Heinrich et al.4 for the lowest
energy TS for producing the CH3OH•+‚‚‚CO ion-dipole

TABLE 1: Calculated Energies and ZPE of Ions, Transition States, and Dissociation Products

species
ZPE(H),aHF/6-31g*,

hartrees
ZPE(D),aHF/6-31g*,

hartrees
G2(H),
hartrees

Erel(H), G2,
kcal/mol

Erel(D), G2,
kcal/mol

A 0.058 870 5 0.055 774 5 -228.328 902 4 0.00 0.00
B1 0.058 039 3 0.054 800 8 -228.348 625 0 -12.38 -12.47
B2 0.057 959 8 0.054 753 0 -228.356 499 2 -17.32 -17.39
C 0.054 062 0 0.051 308 0 -228.312 142 8 10.52 10.73
D1 0.054 024 1 0.051 105 0 -228.329 617 7 -0.45 -0.34
D2 0.057 611 6 0.054 435 2 -228.322 586 8 3.96 3.91
TSAC 0.054 896 4 0.051 978 0 -228.309 536 9 12.15 12.26
TSAD2 0.051 429 0 0.049 853 1 -228.259 494 8 43.56 44.51
TSAB 0.054 459 6 0.051 303 3 -228.313 437 6 9.70 9.67
TSB1B2 0.055 663 1 0.052 480 0 -228.336 348 2 -4.67 -4.73
CO 0.004 960 0 -113.177 498 5
CH3OH•+ 0.046 411 0 -115.132 088 4
CH3OD•+ 0.043 595 0
CH3OH•+ + CO 12.12
CH3OD•+ + CO 12.30

a Scaled by 0.8929.

TABLE 2: Vibrational Harmonic Frequencies (cm-1) Used in This Studya

Methyl Formate
A 85, 226, 334, 623, 753, 1021, 1134, 1152, 1190, 1357, 1413, 1433, 1451, 1619, 2933, 3005, 3040, 3073
B1 34, 265, 304, 668, 683, 799, 882, 1071, 1119, 1149, 1356, 1378, 1410, 1627, 2994, 3088, 3141, 3511
B2 144, 281, 357, 542, 617, 696, 873, 1051, 1103, 1178, 1327, 1391, 1413, 1664, 3021, 3057, 3180, 3546
TSAB 2498i, 304, 516, 574, 853, 924, 1048, 1103, 1126, 1126, 1231, 1349, 1408, 1553, 1665, 2974, 3061, 3092
TSB1B2 648i, 185, 280, 382, 527, 709, 830, 872, 1085, 1141, 1280, 1376, 1396, 1612, 3017, 3059, 3178, 3505
TSAC 145i, 69, 87, 199, 495, 838, 895, 1025, 1062, 1150, 1379, 1421, 1448, 2075, 2879, 2962, 3004, 3110
TSAD2 1962i, 92, 151, 254, 582, 599, 694, 797, 1094, 1106, 1391, 1416, 1426, 1780, 2092, 2942, 3071, 3089

Methyl Formate-d1
A 85, 225, 298, 614, 729, 860, 937, 1133, 1159, 1276, 1405, 1433, 1451, 1604, 2229, 2933, 3040, 3073
B1 34, 265, 280, 662, 677, 798, 846, 890, 1014, 1113, 1176, 1349, 1389, 1615, 2302, 2994, 3141, 3511
B2 144, 280, 325, 541, 615, 688, 839, 877, 1007, 1121, 1191, 1341, 1395, 1646, 2278, 3021, 3180, 3546
TSAB 2497i, 290, 485, 570, 835, 866, 876, 986, 1103, 1123, 1126, 1313, 1400, 1535, 1663, 2284, 2974, 3092
TSB1B2 640i, 184, 280, 350, 527, 699, 760, 838, 982, 1039, 1139, 1276, 1388, 1603, 2273, 3017, 3178, 3505
TSAC 145i, 69, 80, 199, 483, 731, 734, 899, 1022, 1147, 1379, 1421, 1448, 1879, 2482, 2879, 2962, 3004
TSAD2 1440i, 92, 149, 241, 540, 588, 625, 764, 1089, 1103, 1309, 1400, 1416, 1426, 2040, 2942, 3071, 3089

a Scaled by 0.8929 HF/6-31g* frequencies. Transition-state imaginary frequencies denoted i.

Figure 2. Calculated reaction path for the isomerization of the ionized
methyl formate, A, to the CH3OH•+‚‚‚CO ion-dipole complex, D1,
using UHF/6-31G* theory. The G2 calculations reduce the rearrange-
ment barrier from 22.8 to 12.15 kcal/mol.

Figure 3. Hypersurface for rearrangement and dissociation reactions
of the methyl formate ion. These G2 energies are drawn to scale except
for the TSAD2 which has been lowered to fit on the figure.
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complex. However, the geometry of the Heinrich structure is
not identical with our TSAC. It is interesting that our ab initio
MO calculations performed using the unrestricted Hartree-Fock
theory with 6-31G* basis set yielded the relative energy of the
TSAC of 22.8 kcal/mol (see Figure 2).
We have also found the transition state TSAD2 for the simple

[1,2]-formyl H-shift linking isomer A with the higher energy
conformer D2 of the complex CH3OH•+‚‚‚CO (see Figure 1).
As expected, the relative energy of this transition state (43.56
kcal/mol) is too high to be involved in this reaction.10,11 If
TSAD2 were involved in the mechanism of the methyl formate
ion dissociation, the rearrangement of A to D2 would have to
proceed via tunneling of the hydrogen atom trough the very
high energy barrier.
As pointed out in the Introduction, Smith et al.5 had found

four different structures for the distonic ion, CH2OCHOH•+,
but had reported high-level energies for only two of them. We
have also concentrated on just two of these isomers which are
shown in Figure 1 as B1 and B2. Our G2 energies, shown in
Table 1, are slightly lower than those reported by Smith et al.5

The relative energies of the distonic ion conformers B1 and B2
and the transition state TSB1B2 separating them with respect to
the ionized methyl formate A were found to be lower by∼2
kcal/mol than those calculated by Smith et al.,5 while the G2
barrier height for the isomerization of A to B1 of 9.7 kcal/mol
is very close to the value of 9.8 kcal/mol reported by Smith et
al.5 (see Table 1).
Table 1 also shows the results of the G2 calculations for the

analogous structures for the methyl formate-d1, which differ
from those of the normal methyl formate ion only by the zero-
point energy difference.
To estimate the error of the G2 ab initio MO calculations,

calculated relative energies of the reaction products CH3OH•+

and CO were compared with the experimental values. The
difference between calculated relative energy of the products
of 12.1 kcal/mol and the 0 K value of 10.0 kcal/mol based on
the experimental heats of formation of these species18 shows
that the range of possible errors in calculations of the relative
energies is(2-3 kcal/mol.
The summary of the results of the G2 ab initio MO

calculations and the relationship between the different methyl
formate ion isomers and transition states is shown in Figure 3.
To model the dissociation rates with RRKM theory, it is helpful
to consider the essential features of this potential energy surface
(PES). The D1 potential well is not very deep so that the lifetime
of the ion in this conformation will be very short. Furthermore,
the CO-loss rate constant from this well is much higher than
the back-reaction because the activation energy is less and
because it involves a loose transition state. Thus, we can assume
(and verify) that once the methyl formate ion rearranges to the
ion-dipole complex D1, it dissociates rapidly and does not revert
back to the starting methyl formate ion structure. We can thus
ignore this well.
The distonic ion wells however are not so easily disposed

of. According to Smith et al.,5 a total of four different distonic
ion conformers have comparable energies and relatively low
barriers separating them. Thus, our isomerizing ion can sample
the phase space of any and all of these wells before reacting
back to the methyl formate ion structure. Because the transition-
state energies separating these wells are considerably lower than
the transition state leading over to the distonic ions (TSAB),
the four distonic ion structures must be in rapid equilibrium
with each other. That is, the rates for interconversion among

the distonic isomers are much faster than the return rate over
the TSAB barrier. Thus, we treat these wells as being in
equilibrium.
Although the distonic ion conformers can be treated as a

single well, we need to take into account their contribution to
the total density of states. This is done in the following
manner.19 Suppose that isomers B1, B2, B3, and B4 have
energies (relative to the methyl formate ion) ofE1, E2, E3, and
E4. The total density of states at an energyE (again relative to
the methyl formate ion) will be given by

Thus, the deepest well (the one having the most negative energy
Ei) will contribute the most if the vibrational frequencies of the
isomers are about the same. However, it turns out that according
to Table 2 the low-frequency modes of distonic ions B1 and B2
are very different with the most stable isomer, B2, having higher
low-frequency modes than isomer B1. As a result, even though
these two isomers are calculated to differ by as much as 5 kcal/
mol in energy, their contribution to the density of states are
nearly the same. Thus, it is not really possible to completely
neglect these other wells from our analysis. Because the error
in the calculated energies is considerable, and because small
energy differences strongly affect the calculated density of states,
we chose to simply replace these four wells with a single well
and to multiply the density of states by a factor of 4. The energy
of this composite potential energy well will then be adjusted to
provide for a good fit with our experimental rate data. The
resulting two-well dissociation model is shown in Figure 4.
Although our ab initio MO energies and those obtained by

others agree in the general shape of the PES, it is apparent that
the derived energies are not sufficiently precise to permit their
use without an adjustment of(2-3 kcal/mol in the statistical
theory calculations. On the other hand, we choose to use the
vibrational frequencies of the stable structures and two transition
states as given by the ab initio MO calculations.

Breakdown Diagram Analysis

Plots of fractional abundance of the parent and daughter ions
as a function of photon energy for both methyl formate and
deuterated methyl formate are shown in Figure 5. Data for both

Figure 4. Two-well one-product model potential energy surface for
the dissociation/ isomerization of the ionized methyl formate. The four
distonic ion conformers are combined into a single well B.

F(E) ) F(E- E1) + F(E- E2) + F(E- E3) + F(E- E4)

(1)
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the room-temperature sample and the molecular beam sample
are shown. The molecular beam data were corrected for a 25%
thermal background due to background gas in the experimental
chamber. The molecular beam and thermal contribution were
easily distinguished because the thermal data have a much
broader parent ion TOF distribution (peak width of 160 ns
compared to 35 ns for the molecular beam data).
The important feature in the breakdown diagrams is the

crossover energy where the parent and daughter ion signals are
equal. At this energy, precisely 50% of the ions have an internal
energy in excess of the dissociation limit so that the dissociation
limit can be determined with considerable precision. This
statement is true if the minimum dissociation rate is sufficiently
fast that all ions dissociate in the acceleration region. Because
of the supersonic jet cooling effect, the crossover energy is
shifted to higher photon energy by 28 meV as the effusive source
is replaced by the molecular beam source. This is a measure
of the internal energy removed during the gas-dynamic expan-
sion.20

The shift in the onset depends on the nature of the transition
state leading to CO loss. If this were a loose transition state
located at large CH3OH•+‚‚‚CO separation, the rotational
constants of the transition state would be very small so that
E‡rot ≈ 0. That is, angular momentum in going from the
molecular ion to the transition state can be conserved, while
the rotational energy is not. This means that the rotational
energy in the molecular ion can be used to overcome the
activation barrier. On the other hand, if the transition state is
tight, as is the case for most isomerization reactions, the
rotational constants are nearly the same as they are in the
molecular ion, so thatE‡rot≈ Erot. In this case, rotational energy
in the molecular ion does not help in overcoming the barrier
because the transition-state barrier is correspondingly higher.
As pointed out by Weitzel,21 the shift in the onset of a
breakdown diagram can be used to determine whether the
transition state is tight or loose.

According to the ab initio MO calculations, the rotational
constants of the methyl formate molecular ion and the transition
state leading to dissociation, TSAC, are 20.60, 6.62, 5.18 and
21.33, 4.92, 4.10 GHz, respectively. The evolution of the
rotational energy from the molecular ion to the transition state,
TSAC, can be obtained by approximating the near symmetric
tops by spherical tops in which the rotational constants are equal
to the geometric mean of the three constants. A molecular ion
having rotational energy of 309 cm-1 (J ) 32) would evolve
into a transition state with 257 cm-1 of rotational energy. This
means that only 52 cm-1 or 6 meV of the rotational energy
(less than energy resolution) can be used to overcome the
activation energy. Because a full treatment of the rotational
energy in the dissociational dynamics22would greatly complicate
the analysis without adding substantial insight, we assume that
the rotational constants of the molecular ion and the transition
state are the same, thereby permitting us to effectively ignore
the rotational energy during the dissociation. Hence, all of the
observed shift of 28 meV in the breakdown diagram can be
assigned to the reduction in the vibrational energy of the
molecule in the molecular beam. Since the average vibrational
energy of methyl formate at 298 K is 47 meV, we see that only
19 meV of vibrational energy remains in the molecular beam
sample. For the methyl formate-d1, the average vibrational
energy at the room temperature is 50 meV. The shift of the
crossover photon energy in the breakdown diagram is 34 meV
as the effusive source of CH3OCDO is replaced by the molecular
beam source. Thus, the average vibrational energy of the methyl
formate-d1 in the molecular beam is 16 meV. This leads to
calculated vibrational temperatures of 198 and 176 K for CH3-
OCHO and CH3OCDO, respectively.
Breakdown diagrams for the warm effusive samples were

used to determine the appearance energies of the product ions
CH3OH•+ and CH3OD•+. The 0 K dissociative photoionization
limit can be obtained by adding the average vibrational energy
of the sample to the 298 K crossover energy. To take into
account the imperfect suppression of energetic electrons by the
steradiancy electron energy analyzer,23 the 298 K crossover
energy was corrected for 25 meV. In the case of methyl
formate, the appearance energy of the methanol radical cation
AE0K(CH3OH•+) was found to be 11.550( 0.020 eV while for
the deuterated methyl formate, the AE0K(CH3OD•+) is 11.582
( 0.020 eV. Because the dissociation rates even at threshold
are relatively fast, we can equate these appearance energies with
the energy of the TSAC transition state. The heat of formation
of this transition state can be obtained by adding the measured
appearance energy to the heat of formation of the neutral
molecule:

The 0 K heat of formation of the methyl formate (∆Hf(0K)(CH3-
OCHO)) -81.8 kcal/mol) was determined by converting the
literature value at 298 K of-85.0 kcal/mol18 using experimental
vibrational frequencies.24 The 0 K heat of formation of the
methyl formate-d1 (-83.7 kcal/mol) was calculated according
to the following formula:

Figure 5. Breakdown diagrams of the methyl formate and methyl
formate-d1 at room temperature and under the molecular beam
conditions.

∆Hf(0K)(TSAC)) AE0K(CH3OH
•+) + ∆Hf(0K)(CH3OCHO)

(2)

∆Hf(0K)(TSAC-d1) ) AE0K(CH3OD
•+) +
∆Hf(0K)(CH3OCDO) (3)

∆Hf(0K)(CH3OCDO)) ∆Hf(0K)(CH3OCHO)-
ZPE(CH3OCHO)+ ZPE(CH3OCDO) (4)
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Zero-point energies were calculated using experimentally
determined frequencies for methyl formate and deuterated
methyl formate.24 Thus, 0 K heats of formation of TSAC and
TSAC-d1 were found to be 184.5( 0.5 and 183.3( 0.5 kcal/
mol, respectively. Experimental energies of all relevant species
are listed in Table 3.
The 0 K heats of formation of the reaction products CH3-

OH•+ and CO are 204.6 and-27.2 kcal/mol, respectively.18

Therefore, the dissociation of both methyl formate and methyl
formate-d1 proceeds with a reverse activation energy barrier of
about 7 kcal/mol, in contrast with the conclusion made by
Nishimura et al.3 Since the room-temperature breakdown
diagram in Figure 5 is identical with that published by Nishimura
et al.,3 the discrepancy is simply the result of their improper
analysis. They used the onset for observable product ion signal
in their breakdown diagram which is of course much lower in
room-temperature data than the crossover energy because of
the Boltzmann distribution of internal energies of the methyl
formate molecules.
The dissociation onset for CO loss from the deuterated sample

is only 32 meV higher than that for the undeueterated sample.
Is this shift a result of tunneling, or is it simply due to the
difference in the zero-point energies of the two molecules? The
zero-point energies of the CH3OCHO and CH3OCDO are 1.642
and 1.558 eV, respectively, while the corresponding ZPEs of
the TSAC are 1.494 and 1.414 eV. Thus, the zero-point energy
differences should lead to a shift of 4 meV, which is close to
the experimentally observed shift. If the reaction involved
tunneling through a substantial barrier, the difference in the
onsets for the normal and deuterated methyl formate would be
about 300 meV, far beyond the observed shift of 32 meV. The
small discrepancy between the expected 4 meV and observed
32 meV shift could be due to experimental error. This
conclusion is also consistent with the lowest energy transition
state leading to the methanol ion product. The imaginary
frequencies associated with the TSAC are only 145 cm-1 for
both normal and deuterated samples. This is clearly not
consistent with tunneling as proposed by Heinrich et al.4

Rate Analysis

TOF mass spectra of methyl formate and methyl formate-d1
were collected over the photon wavelength range 1063-1075
Å. Some of the TPEPICO TOF data of metastable dissociation
of the CH3OCHO•+ and CH3OCDO•+ radical cations are
presented in Figure 6 in which only fragment CH3OH•+ and
CH3OD•+ ion TOF peaks are shown. The TOF distributions
are asymmetric in this energy range because the dissociation
rates are sufficiently slow so that the ions dissociate during the
course of acceleration. As was pointed out by Nishimura et
al.,3 experimental TOF distributions for both CH3OH•+ and CH3-
OD•+ daughter ions could not be fitted by assuming a single
rate constant of the methyl formate (methyl formate-d1) ion
dissociation but were found to be well reproduced with a two-
component decay rate. That is, a lifetime distributionP(t) of
the corresponding parent ion can be represented by the following
formula:

wherekfast andkslow are the dissociation rate constants andt is
the reaction time. This is similar to the situation encountered
in three previous studies on C5H10

•+, B(OCH3)3•+, and CH3-
COOCH3•+.1,25,26

The asymmetric TOF peaks of the daughter ions were used
to measure the “slow” unimolecular dissociation rate constants.
The rate constants of the slow component of the dissociation,
kslow, extracted from the above TOF distributions, are plotted
in Figure 7 as functions of the photon energy, corrected for the
internal energy of the molecular beam sample. An isotope effect
of about 2 for the “slow” dissociation rates is observed.
The ratiosR of the “slow component” area of the fragment

ion TOF distribution to the area of the “fast component” for
both CH3OCHO•+ and CH3OCDO•+ molecular ions are shown
in Figure 8. The “slow component” area was normalized by a
factor of 1/[1- exp(-kslowτ)], whereτ is the time it takes for
the parent ion to traverse the first acceleration region, to include
the “slow” product signal tot ) ∞.
The observation of two-component dissociation rates can only

be explained by the participation of two different parent ion

TABLE 3: Experimental Energies of Relevant Species

∆Hf(0K)(neutral),
kcal/mol

∆Hf(0K)(ion),
kcal/mol

IE/AE,
eV

CH3OCHO -81.8a
CH3OCDO -83.7b
CH3OCHO•+ 167.4c 10.815( 0.00518

CH3OCDO•+ 165.4d

CH3OH•+ 204.618

CH3OD•+ 202.8
CO -27.218
TSAC 184.5e 11.550( 0.020e

TSAC-d1 183.3e 11.582( 0.020e

TSAB 182.6f

TSAB-d1 180.6f

CH2OCHOH•+ 151.2f

CH2OCDOH•+ 149.2f

a The 0 K heat of formation of methyl formate was determined by
converting the literature value at 298 K of-85.0 kcal/mol18 using
experimental vibrational frequencies.24 b The 0 K heat of formation
of methyl formate-d1 was calculated according to eq 4 using experi-
mental vibrational frequencies for both CH3OCHO and CH3OCDO.24
c The 0 K heat of formation of methyl formate ion was determined by
converting the literature value at 298 K of 164.4 kcal/mol18 using the
UHF/6-31G* vibrational frequencies (see Table 2).d The 0 K heat of
formation of methyl formate-d1 ion was calculated from the∆Hf(0K)

value for the methyl formate ion using the UHF/6-31G* vibrational
frequencies for both CH3OCHO•+ and CH3OCDO•+. eThe value was
determined from our breakdown diagram analysis.f The value was
determined from our RRKM analysis.

Figure 6. Coincidence mass spectra (diamonds) of the methyl formate
and methyl formate-d1 ions. Only fragment CH3OH•+ (CH3OD•+) ions
TOF distributions are shown. The indicated photon energies were
corrected for the internal energy of the molecular beam sample by
adding 19 (16) meV. The solid line is a calculated TOF distribution
which models the slow single-exponential decay rate.

P(t) ) A exp(-kfastt) + B exp(-kslowt) (5)
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structures in the formation of products. Thus, the present results
can be described by the two-well PES shown in Figure 4. The
fast component arises from the direct and fast dissociation via
the transition state, TSAC. In competition with this dissociation
is isomerization to the distonic ion well B. The slow rate
component arises from the slow back-reaction.
The differential equations associated with this PES in Figure

4 are given by eqs 6

where P refers to the product channel.
The initial conditions are [A]t)0 ) 1 and [B]t)0 ) [P]t)0 )

0. The solution of the system of eqs 6 for the ionized methyl
formate can be represented by the following formula:

For this simple two-well model, the exact expressions for
kslow andkfast in terms of the rate constants,k1, k2, andk3 are
given by eqs 8 and 9

The value of kfast is too high to be measurable in our
experiment, which is sensitive only to rates in the range from
5 × 104 to 1 × 107 s-1. Thus, we can evaluate onlykslow.
However, the ratio of the “slow” to the “fast” component can
be extracted from the ion TOF data. The formula for the ratio
R of the areas of the “slow” to “fast” components of the
fragment ion peaks is

By substitutingk2 ) k1R into thekslow expression, we note
that

which means that we can derivek3 directly from the data. This
is very handy as it permits us to model the well depth of the
distonic ion B. However, it also means that we can only obtain
the ratio ofk2 andk1. One of these will have to be calculated
by RRKM theory in order to derive the other.
We begin by evaluatingk1 with RRKM theory. This can be

done with no adjustable parameters because the energies of the
molecular ion and the transition state, TSAC, are known from
the experiment, while their vibrational frequencies are known
directly from our ab initio MO calculations. Oncek1 is
determined, it is possible to obtaink2 from the measured ratio,
R. Modeling k2 with RRKM theory using the energy of the
isomerization transition state, TSAB, as an adjustable parameter
permits us to determine the energy of TSAB. This transition-
state energy cannot be taken directly from the ab initio MO
calculations because the latter are not sufficiently accurate.
Finally, RRKM modeling ofk3 using the distonic ion energy,
EB, as the only adjustable parameter yields its energy. (Recall
that this is just an effective energy since there are four of the
distonic ion conformers.5) The procedure used is slightly more
complicated by the fact that our ions were not perfectly
vibrationally cold (Tv ) 198 and 176 K, respectively) so that
the kslow andR in eqs 10 and 11 had to be averaged over the
thermal energy distribution.
The rate constantk1 was evaluated with the standard RRKM

formula:

whereE is the methyl formate ion internal energy,FA(E) is its
density of states at the indicated energy,h is Planck’s constant,
σ is the reaction symmetry factor (σ ) 1), ETSAC is the barrier
height relative to reactant A, with zero-point energies of all
structures taken into account, andN‡(E - ETSAC) is the
transition-state sum of states.
The rate constants of the isomerization processes involving

hydrogen migration (k2 andk3) were evaluated using Miller’s
tunneling correction27 to the unimolecular RRKM rate constant

Figure 7. Plot of the logarithm of the experimentally observed “slow”
rate constant as a function of the photon energy. The experimental data
were corrected for the internal energy of the CH3OCHOmolecular beam
sample by adding 19 meV to the photon energy (16 meV for the CH3-
OCDO sample). Lines represent the best RRKM fits obtained with the
two-well PES model.

Figure 8. Ratio of the “slow component” area of the fragment ion
TOF distribution to the “fast component” area and its best fit modeled
with the two-well PES (line) vs photon energy. The experimental data
were corrected for the internal energy of the CH3OCHOmolecular beam
sample by adding 19 meV to the photon energy (16 meV for the CH3-
OCDO sample).

d[P]/dt ) k1[A]

d[A]/dt ) -(k1 + k2)[A] + k3[B] (6)

d[B]/dt ) k2[A] - k3[B]

[A]( t) ) R1 exp(-kslowt) + R2 exp(-kfastt) (7)

kslow )
k1

k1 + k2
k3 (8)

kfast) k1 + k2 (9)

R) k2/k1 (10)

kslow ) k3/(1+ R) (11)

k1(E) )
σN‡

TSAC(E- ETSAC)

hFA(E)
(12)
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in which EB is the “effective” energy of the four distonic ion
wells relative to the methyl formate ion A, andFB is the density
of states of one of the distonic ion conformers, namely, B2.
ETSAB is the barrier height relative to the isomer A,F‡TSAB is
the density of states of the transition state TSAB,εt is the
translation energy in the reaction coordinate, andK(εt) is the
tunneling probability modeled with an Eckart barrier.19,28 It
should be noted that tunneling in this case for both CH3OCHO•+

and CH3OCDO•+ involves only the H atom so that we expect
no isotope effect here.
By adjusting the energy of the isomerization barrier,ETSAB,

it was possible to achieve the fit to the ratio of slow to fast
components in the fragment ion’s TOF distributions shown by
the solid line in Figure 8. The derived barrier height was 15.2
( 1.0 kcal/mol. The neglect of tunneling had the effect of
lowering the barrier to isomerization by 1.5 kcal/mol. The
agreement between calculated and measured ratio is quite good
except at the lowest energy investigated. The discrepancy at
low energies is probably due to imperfect modeling of the
detailed form of the sample’s thermal energy distribution.
Once the energy of TSAB was obtained, the effective energy

of the distonic ion B could be found by fitting the energy
dependence of the “slow” rate constant using eqs 11 and 14.
We found that the energy of the distonic ion CH2OCHOH•+

lies 16.2( 1.5 kcal/mol below the methyl formate ion energy.
This fit is shown in Figure 7. The low-energy point is again
not fit very well, probably for the same reason as theR fit in
Figure 8.
It should be noted that the TSAB energy determined by

RRKM analysis of the experimental data is 5.5 kcal/mol higher
than the barrier calculated by G2 ab initio MO theory. A similar
discrepancy is noted for the energy of TSAC. However, in the
latter case, the experimental value is derived directly from the
breakdown diagram with no RRKM analysis. The error in the
experimental energy for TSAC is on the order of 0.5 kcal/mol.
There is a much better agreement between the effective

experimental relative energy of the distonic ion isomers B and
the calculated energy of the distonic ion conformer B2: the
theoretical value is lower only by 1.2 kcal/mol for the CH3-
OCHO•+ ion.
To test the assumed model of the dissociation/ ionization

mechanism of the ionized methyl formate, the PES for the
methyl formate ion obtained in the result of RRKM analysis
was used for modeling of the two other experimental observ-
ables:kslow andR for the deuterated methyl formate-d1 ion (see
Figures 7 and 8). The relative energies of the isomer B and
the transition state TSAB for the methyl formate-d1 ion were
determined by correcting the corresponding values for CH3-
OCHO•+ ion for the difference in zero-point energies. The
relative energy of the TSAC was varied to fit both the “slow”
rate constant and the ratio of the “slow” to “fast” component
of the fragment CH3OD•+ ion TOF distribution. We found that
the best value of the relative energy of TSAC (17.7 kcal/mol
with respect to isomer CH3OCDO•+) obtained from the RRKM
fit of kslow andR results in the 0 K heat of formation of TSAC

of 183.1 kcal/mol, which is in an excellent agreement with the
value of 183.3( 0.5 kcal/mol determined from the breakdown
diagram analysis.
The RRKM analysis of the “slow” rate constant and the ratio

of “slow” to “fast” components of the fragment ion’s TOF
distributions for both the methyl formate and methyl formate-
d1 ions was achieved with a potential energy surface that was
consistent with the zero-point energy differences between these
two ions. This self-consistency lends strong support of the
model proposed in Figures 3 and 4.
This analysis has yielded the energies of the isomerization

barrier as well as the effective energy of the distonic ion.
Further tests of the mechanism would be the independent
determination of all four distonic ion energies. Another test
involves similar experiments with fully deuterated samples.
Because the isomerization involves some tunneling through the
barrier, the fully deuterated sample would exhibit a significantly
less intense “slow” component in the fragment ion’s TOF
distribution. Furthermore, the “slow” rate constant for the
deuterated sample would be less than that for the normal methyl
formate ion.
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