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Threshold photoelectrerphotoion coincidence (TPEPICO) spectroscopy has been used to investigate the
unimolecular chemistry of gas-phase, energy-selected methyl formate iof@CEKD . The 0 K dissociation
onsets for CO loss from G@®CHO™" and CHOCDO™ were 11.550+ 0.020 and 11.582t 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 CEDCHOHR*. 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 botsGEHHO+ and CHOCHOH .
From the RRKM analysis, we found that the distonic ionOGHOH™ lies 16.2+ 1.5 kcal/mol lower than
the methyl formate ion. Rearrangement of ltlHO™ to its distonic isomer requires 15:2 1.0 kcal/mol.

Introduction an H atom transfer. Isotope labeling experiments showed that
The di iation d ics of h lected CH3ORBCHO™ exclusively loses*CO and CHIBOCHO™
e dissociation dynamics of gas-phase, energy-selecte esna§pecifica|ly loses @0.* Deuterium labeling studies on GH

lons pfo"'_de some won_de_rful _examples of hO_W competitive 5cnpg demonstrated conclusively that the formyl D atom ends
isomerization and dissociation via complex reaction mechamsmsUIO exclusively in CHOD**46 Nishimura et a measured the
can result in multicomponent dissociation rates. TW0-COMPO- ~~ '\ << rates for both CjEI.)CHO“f and CI—!;OCbO+ ions and
nent dissociation rates arise when an ion can dissociate rapldlyfourlol aku/ko isotope effect of about 3. They also investigated

;gsv:r Z':;?le zt?ggt:rr:alf”?é é?g;‘)i:;ﬁ):'g;:ggg;gﬁ?}re;;tt(l)qizthe dissociation paths at higher energies where the loss of HCO
ay ; (or DCO) quickly dominates. Although the latter reaction

lower energy structure will be slow because the activation energy : . o
. ) . . - ._..~22 appears to involve a simple cleavage of the@ bond, it is
is much higher. We have already investigated the dissociation T .

more complex because the ionic product formed is;GH"

dynamics of methyl acetate ions by photoelectrphotoion (and not the CKO* ion which is not stabl&9). Thus, the loss

coincidence (PEPICO) time-of-flight mass spectroméfiyn of HCO' involves several isomerization Stens prior o dissocia-
that case, CkDr loss proceeds by both a fast and slow rate tion 4 Involv v ' Izatl ps pri ! '

constant, while the lower energy GBIH* loss proceeds by only o ) )
the slow path. The dissociation of the ethyl formate ion, an _ Several ab initio MO studies of the methyl formate ion
isomer of methyl acetate, is also two component. However, it dissociation have been reported. In the most complete inves-
fragments by a completely different mechanism via the loss of tigation, published by Heinrich et dl.a low-energy path for
He, H,0, and HCOOH. In both methyl acetate and ethyl formate the loss of CO was found at MP3/6-31G**//6-316ZPE level
ions, the lower energy isomers that produce the slow rate Of theory. This involves the stretching of the &b+ CHO bond
constants are the enol and distonic ions in which one of the Which can be accomplished with relatively little energy because
alkyl hydrogen atoms moves to the carbonyl oxygen, thereby Of the strong ior-dipole interaction between the methoxy group
stabilizing the ion by 16-20 kcal/mol. and the ion. In this extended state, the formyl H atom can
The simplest of the esters is methyl formate, which has been transfer to the CgD group, leaving an iondipole complex
investigated both experimentally by PEPIEd theoretically ~ CHsOH"+--CO which is poised to dissociate with no additional
by ab initio molecular orbital calculatiod$. The experiments barriers. This is an important finding because the direct transfer
of Nishimura et af indicated that this ion also dissociates by a ©f the formyl hydrogen to the neighboring oxygen atom of the
two-component rate. However, they did not analyze the Methoxy group would require a [1,2]-hydrogen shift which is
dissociation dynamics in detail. Furthermore, no detailed Well-known to involve high barrier!
potential energy surface with transition, state structures and their One of the interesting aspects of the methyl formate ion
vibrational frequencies were available at that time. We have dissociation is the observation of metastable ions. According
thus undertaken a new experimental investigation of the tothe RRKM statistical theory, slow dissociations require large
dissociation dynamics of this ion in order to test the potential activation energies. Yet, Nishimura et®&bund an activation
energy surfaces proposed by Heinrich et ahd Smith et at. energy of only 10.6 kcal/mol. (We find the somewhat higher
At low internal energies the methyl formate ion dissociates 17 kcal/mol.) Such small activation energies lead to predicted
by a single channel via the loss of CO and the production of dissociation rates well in excess of'287%, which is 4 orders
CH;OH*. This reaction, which has an activation energy of of magnitude higher than the measured rates. They thus
about 0.75 eV, requires considerable rearrangement, includingproposed that this reaction is perhaps nonstatistical.
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In addition to the transition state leading toward CO loss
products, Heinrich et dl.also found low-energy barriers for
interconversion of the methyl formate ion to lower energy
isomers, in particular the distonic ion, GBICHOH™, 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 B1
certainly isomerizes at least as rapidly as it dissociates directly
to products. The isomerization reaction was also investigated
by Smith et aP 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*alt is
interesting that these two studies did agree on the relative
energies of one of the distonic ions which they calculated to be TsAB
—10.3 and—10.7 kcal/mol, respectively®

Experimental Approach

lons are prepared by photoionization with a CW low-power
VUV light source (hydrogen discharge) dispersgdé1 m TSAC’
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 B, = hv " UHF/8-31G* geometries
— IE + Ew, wherehv is the photon energy, ie is the molecule’s  Figure 1. MP2(full)/6-31G* optimized geometries of the various
ionization energy, andy, is the initial thermal energy of the isomers of the methyl formate radical cation and the transition states
molecule. When the methyl formate is introduced into the linking them. The relationship among these structures is shown in Figure
chamber as a vapor, its average internal energy, including 8.
rotations, is 85 meV. However, when the gas is introduced as . i .

a seeded molecular beam, it is possible to reduce this interna/AP Initio Molecular Orbital Calculations

energy. An added benefit of the molecular beam method of
sample introduction is that the translational temperature is s
greatly reduced,; in particular, the temperature transverse to the
beam velocity is closeotO K sothat the ion TOF distribution

is extremely narrow.

The ion time-of-flight region consistsfoa 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 paren
ion. In the limit of perfect energy resolution, perfect coolin . L
of the molecule in thl?a adiabaticaglllz expanding gpas jet, and ragid to the methoxy oxygen and the formation of the +afipole
dissociation when the ion energy exceeds the dissociation limit, complexes CEOH*---CO with a large release of energy (see
the breakdown diagram consists of a descending step function19Ure 2).
for the parent ion and an ascending step function for the first ~Using optimized structures with frozen @&—CHO bond
daughter ion. However, imperfect energy resolution and thermal distances as the initial guess for further geometry optimization,
energy tend to broaden these steps. Still, the crossover energyve were able to locate the iemlipole complexes CkD-+-CHO™*
(50% parent and 50% daughter ion) can be precisely interpreted(C) and CHOH'*+--CO (D;) and the transition state TSAC
and the dissociation limit extracted. The second experiment linking the methyl formate ion (A) with the complex C. The
consists of the ion TOF distribution. If the dissociation is slow, energies for these structures are shown in Figure 3. The TSAC
ions will be produced during the course of acceleration in the was confirmed at the UHF/6-31G* level by the intrinsic reaction
5 cm long acceleration region. When this happens, the fragmentcoordinate methoéf It is interesting that the potential energy
ion TOF distribution becomes asymmetric. The modeling of well associated with the complex C is so shallow that it is not
this asymmetry yields the ion’s dissociation rate constant. certain that it will remain when calculated with other basis sets.

To improve on calculations performed by Heinrich et ahd
mith et al5 we repeated their calculations using the'&ind
G213-15 gpproaches in the GAUSSIAN 94 series of prografns.
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 CHO—CHO bond distances using the unrestricted
Hartree-Fock theory of GAUSSIAN 9% with a split-valence
6-31G* basis set! 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
{ZHgO—CHO bond distance does not exceed 2.45 A. Further
elongation of this bond results in the shift of the formyl hydrogen
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TABLE 1: Calculated Energies and ZPE of lons, Transition States, and Dissociation Products

Mazyar and Baer

ZPE(H)a HF/6-31g*, ZPE(D)? HF/6-31g*, G2(H), Ere(H), G2, E.(D), G2,

species hartrees hartrees hartrees kcal/mol kcal/mol
A 0.058 870 5 0.055 7745 —228.328 902 4 0.00 0.00
B; 0.058 039 3 0.054 800 8 —228.348 6250 —12.38 —12.47
B2 0.057 959 8 0.054 753 0 —228.356 499 2 —-17.32 —17.39
C 0.054 0620 0.051 308 0 —228.3121428 10.52 10.73
D1 0.054 024 1 0.0511050 —228.329617 7 —0.45 —0.34
D, 0.057 611 6 0.054 4352 —228.322586 8 3.96 3.91
TSAC 0.054 896 4 0.0519780 —228.309 536 9 12.15 12.26
TSAD, 0.051 4290 0.0498531 —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
TSB:B; 0.055 663 1 0.052 4800 —228.336 348 2 —4.67 —4.73
CO 0.004 960 0 —113.177 498 5
CH;OH* 0.046 4110 —115.132 088 4
CH;OD* 0.0435950
CH;OH* + CO 12.12
CH;OD** + CO 12.30

aScaled by 0.8929.

TABLE 2: Vibrational Harmonic Frequencies (cm~1) Used in This Study?

Methyl Formate

A 85, 226, 334, 623, 753, 1021, 1134, 1152, 1190, 1357, 1413, 1433, 1451, 1619, 2933, 3005, 3040, 3073
B: 34, 265, 304, 668, 683, 799, 882, 1071, 1119, 1149, 1356, 1378, 1410, 1627, 2994, 3088, 3141, 3511
B, 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
TSB:B> 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
TSAD, 1962i, 92, 151, 254, 582, 599, 694, 797, 1094, 1106, 1391, 1416, 1426, 1780, 2092, 2942, 3071, 3089
Methyl Formated;
A 85, 225, 298, 614, 729, 860, 937, 1133, 1159, 1276, 1405, 1433, 1451, 1604, 2229, 2933, 3040, 3073
B, 34, 265, 280, 662, 677, 798, 846, 890, 1014, 1113, 1176, 1349, 1389, 1615, 2302, 2994, 3141, 3511
B, 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
TSB:B, 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
TSAD, 1440i, 92, 149, 241, 540, 588, 625, 764, 1089, 1103, 1309, 1400, 1416, 1426, 2040, 2942, 3071, 3089

aScaled by 0.8929 HF/6-31g* frequencies. Transition-state imaginary frequencies denoted i.
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Figure 2. Calculated reaction path for the isomerization of the ionized
methyl formate, A, to the C§OH'*---CO ion—dipole complex, B,
using UHF/6-31G* theory. The G2 calculations reduce the rearrange-
ment barrier from 22.8 to 12.15 kcal/mol.
NPT " Figure 3. Hypersurface for rearrangement and dissociation reactions
Unfortunately, we were not successful in finding t.he transition of the methyl formate ion. These G2 energies are drawn to scale except
state that connects complexes C ang lut according to the

A ? . for the TSAD, which has been lowered to fit on the figure.
results of our ab initio MO calculations on the structures with
frozen CHO—CHO bond distances (see Figure 2), the proton consistent with the results of our measurements of dissociative
migration to the methoxy oxygen in the rearrangement of C to photoionization limit for the methyl formate and methyl formate-
D; occurs without a detectable energy barrier. Therefore, TSAC d; described below.
determines the energy cost of the isomerization of the ionized The G2 energy of the TSAC relative to isomer A was found
methyl formate to the CsOH**---CO ion—dipole complex. It to be 12.15 kcal/mol, which is considerably lower than the value
should be noted that the conclusion that the hydrogen migrationof 18.8 kcal/mol proposed by Heinrich et‘afor the lowest
is not a rate-limiting step in the mechanism of CO loss is energy TS for producing the GBH*---CO ion—dipole
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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 Hartfeeck
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 TSA@r the simple
[1,2]-formyl H-shift linking isomer A with the higher energy
conformer B of the complex CHOH**---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 reactiéh! If
TSAD; were involved in the mechanism of the methyl formate
ion dissociation, the rearrangement of A tg Would have to
proceed via tunneling of the hydrogen atom trough the very
high energy barrier.

CHy

As pointed out in the Introduction, Smith et%had found Noo”
four different structures for the distonic ion, @BICHOH, S
but had reported high-level energies for only two of them. We Figure 4. Two-well one-product model potential energy surface for
have also concentrated on just two of these isomers which arethe dissociation/ isomerization of the ionized methyl formate. The four

shown in Figure 1 as Band B. Our G2 energies, shown in distonic ion conformers are combined into a single well B.

Table 1, are slightly lower than those reported by Smith &t al.
The relative energies of the distonic ion conformeisaBd B
and the transition state T$B, separating them with respect to

the distonic isomers are much faster than the return rate over
the TSAB barrier. Thus, we treat these wells as being in

the ionized methyl formate A were found to be lower b2 equilibrium. S

kcal/mol than those calculated by Smith etSaihile the G2 Although the distonic ion conformers can be treated as a
barrier height for the isomerization of A to,®f 9.7 kcal/mol single well, we need to take into account their contribution to
is very close to the value of 9.8 kcal/mol reported by Smith et the total density of states. This is done in the following

al5 (see Table 1). manner® Suppose that isomers;BB,, Bz, and B, have

energies (relative to the methyl formate ion)®f E,, Es, and
E4. The total density of states at an eneEjfagain relative to
the methyl formate ion) will be given by

Table 1 also shows the results of the G2 calculations for the
analogous structures for the methyl formdie-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 productgGH1*™ )

and CO were compared with the experimental values. The . )
difference between calculated relative energy of the products ThUs; the deepest well (the one having the most negative energy

of 12.1 kcal/mol and t 0 K value of 10.0 kcal/mol based on  Ei) Will contribute the most if the vibrational frequencies of the
the experimental heats of formation of these spégissows isomers are about the same. However, it turns out that according
that the range of possible errors in calculations of the relative {© Table 2 the low-frequency modes of distonic ionsid B
energies isk2—3 kcal/mol. are very different with the most stable isomes, Baving higher
The summarv of the results of the G2 ab initic MO low-frequency modes than isomei.BAs a result, even though
; Y . . . these two isomers are calculated to differ by as much as 5 kcal/
calculations and the relationship between the different methyl

¢ te ion i dt i tates is sh i Fi 3 mol in energy, their contribution to the density of states are
_lf’rmas Ilotrr]1 |sg_mers_ atr_1 ra:15| Io'rtlhslgReI?I\;lstrsl own_tlr_l h'g:”fel "nearly the same. Thus, it is not really possible to completely

0 model Ine dissociation rates wi . eory, 1 1S helpiu neglect these other wells from our analysis. Because the error
to consider the essential features of this potential energy surfac

PES) Th il well i d hat the lifeti 8n the calculated energies is considerable, and because small
( )'. € Q_poten'ua wellls not very deep so that the lifetime energy differences strongly affect the calculated density of states,
of the ion in this conformation will be very short. Furthermore,

) > . we chose to simply replace these four wells with a single well
the CO-loss rate constant from this well is much higher than o multiply the density of states by a factor of 4. The energy

the back-reaction because the activation energy is less andy s composite potential energy well will then be adjusted to
because it involves a loose transition state. Thus, we can assum%rovide for a good fit with our experimental rate data. The

(anddyerilfy) that lonce tths methytl forma}fﬁ ion(;%arrangets to ”t‘e resulting two-well dissociation model is shown in Figure 4.
lon—dipole complex B it dissociates rapidly and does not rever Although our ab initio MO energies and those obtained by

_back to the starting methyl formate ion structure. We can thus others agree in the general shape of the PES, it is apparent that

Ignore th_'s W?”'_ o the derived energies are not sufficiently precise to permit their
The distonic ion wells however are not so easily disposed yse without an adjustment ef2—3 kcal/mol in the statistical

of. ACCOI’dIng to Smith et aﬁ,a total of four different distonic theory calculations. On the other hand, we choose to use the

ion conformers have comparable energies and relatively low vibrational frequencies of the stable structures and two transition

barriers separating them. Thus, our isomerizing ion can samplestates as given by the ab initio MO calculations.

the phase space of any and all of these wells before reacting

back to the methyl formate ion structure. Because the transition- g a1 down Diagram Analysis

state energies separating these wells are considerably lower than

the transition state leading over to the distonic ions (TSAB), Plots of fractional abundance of the parent and daughter ions

the four distonic ion structures must be in rapid equilibrium as a function of photon energy for both methyl formate and

with each other. That is, the rates for interconversion among deuterated methyl formate are shown in Figure 5. Data for both

p(E) = p(E — E;) + p(E — Ey) + p(E — E3) + p(E — Ey)
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0.9 - According to the ab initio MO calculations, the rotational
0.8 - constants of the methyl formate molecular ion and the transition
1 state leading to dissociation, TSAC, are 20.60, 6.62, 5.18 and
0.7 7 21.33, 4.92, 4.10 GHz, respectively. The evolution of the
0.6 e CH.OCHO 298 K rotational energy fro_m the molecula_lr ior_1 to the transition state,
0.5 - — CHzoCHo: M.B. TSAC, can be obtained by approximating the near symmetric
] tops by spherical tops in which the rotational constants are equal
0.4 - : !
- to the geometric mean of the three constants. A molecular ion
o 037 having rotational energy of 309 crh(J = 32) would evolve
§ 0.2 1 into a transition state with 257 crhof rotational energy. This
2 v means that only 52 cmt or 6 meV of the rotational energy
2 11.48 11.50 11.52 11.54 1156 11.58 11.60 11.62 11.64 1166 (less than energy resolution) can be used to overcome the
ﬁ activation energy. Because a full treatment of the rotational
2 09 energy in the dissociational dynanfi€s/ould greatly complicate
§ 0.8 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
—k— CH,0CDO, 298 K the rotational energy during the dissociation. Hence, all of the
—&— CH,0CDO, MB. 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

o1+ 19 meV of vibrational energy remains in the molecular beam
11.48 11.50 11.52 11.54 1156 11.58 11.60 11.62 11.64 11.66 Samp|e_ For the methy| formathj the average vibrational
Photon Energy, eV energy at the room temperature is 50 meV. The shift of the

Figure 5. Breakdown diagrams of the methyl formate and methyl CTOSSOVer photon energy in the breakdown diagram is 34 meV
formated; at room temperature and under the molecular beam as the effusive source of GACDO is replaced by the molecular

conditions. beam source. Thus, the average vibrational energy of the methyl
formated; in the molecular beam is 16 meV. This leads to

the room-temperature sample and the molecular beam samplesalculated vibrational temperatures of 198 and 176 K fogCH
are shown. The molecular beam data were corrected for a 25%0CHO and CHOCDO, respectively.
thermal background due to background gas in the experimental Breakdown diagrams for the warm effusive samples were
chamber. The molecular beam and thermal contribution were ysed to determine the appearance energies of the product ions
easily distinguished because the thermal data have a muchCH,OH'* and CHOD**. The 0 K dissociative photoionization
broader parent ion TOF distribution (peak width of 160 ns limit can be obtained by adding the average vibrational energy
compared to 35 ns for the molecular beam data). of the sample to the 298 K crossover energy. To take into

The important feature in the breakdown diagrams is the account the imperfect suppression of energetic electrons by the
crossover energy where the parent and daughter ion signals areteradiancy electron energy analy#ethe 298 K crossover
equal. At this energy, precisely 50% of the ions have an internal energy was corrected for 25 meV. In the case of methyl
energy in excess of the dissociation limit so that the dissociation formate, the appearance energy of the methanol radical cation
limit can be determined with considerable precision. This AEq(CHsOH") was found to be 11.55& 0.020 eV while for
statement is true if the minimum dissociation rate is sufficiently the deuterated methyl formate, the AECH:OD"t) is 11.582
fast that all ions dissociate in the acceleration region. Because+ 0.020 eV. Because the dissociation rates even at threshold
of the supersonic jet cooling effect, the crossover energy is are relatively fast, we can equate these appearance energies with
shifted to higher photon energy by 28 meV as the effusive sourcethe energy of the TSAC transition state. The heat of formation
is replaced by the molecular beam source. This is a measureof this transition state can be obtained by adding the measured
of the internal energy removed during the gas-dynamic expan-appearance energy to the heat of formation of the neutral
sion? molecule:

The shift in the onset depends on the nature of the transition
state leading to CO loss. If this were a loose transition state AHy,,(TSAC) = AE, (CH0H™) + AHjox)(CH;OCHO)
located at large CkDH*---CO separation, the rotational )
constants of the transition state would be very small so that
E*ot ~ 0. That is, angular momentum in going from the AH;1(TSACd,) = AE,, (CH,OD™") +
molecular ion to the transition state can be conserved, while 0K) A=
the rotational energy is not. This means that the rotational AH;(0) (CH,O0CDO) (3)
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 OCHO) = —81.8 kcal/mol) was determined by converting the

rotational constants are nearly the same as they are in the”?eratwe value at 298 K of 85.0 keal/mot® using experimental
molecular ion, so thaEhy ~ E;o. In this case, rotational energy V'b;ﬁt'??al fr?géjen_cgef‘.? -Il<-he| /0 PT heat oflforlnlagon of tdhe
in the molecular ion does not help in overcoming the barrier methyl formated; ( 7 keal/mol) was calculated according

because the transition-state barrier is correspondingly higher.to the following formula:

As pointed out by Weitzell the shift in the onset of a AH CH.OCDO)= AH CH.OCHO)—
breakdown diagram can be used to determine whether the 100 (CHs ) tor(CH )

transition state is tight or loose. ZPE(CHOCHO)+ ZPE(CHOCDO) (4)

The 0 K heat of formation of the methy! format&Hok)(CHz-
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TABLE 3: Experimental Energies of Relevant Species

AHf(OK)(neutraI), AHf(OK)(ion), IE/AE,
kcal/mol kcal/mol eV

CH;OCHO —-81.8
CH;0OCDO —83.7
CH;OCHO™* 167.4 10.8154 0.0058
CH;OCDO™* 165.4
CH;OH" 204.68
CH;OD" 202.8
CcO —27.28
TSAC 184.5 11.550+ 0.02¢
TSAC-d; 183.3 11.582+ 0.02¢
TSAB 182.6
TSAB-d; 180.6
CH,OCHOH* 151.2
CH,OCDOH* 149.2

2The 0 K heat of formation of methyl formate was determined by
converting the literature value at 298 K ef85.0 kcal/mo!® using
experimental vibrational frequenci&s.” The 0 K heat of formation
of methyl formated; was calculated according to eq 4 using experi-
mental vibrational frequencies for both @BICHO and CHOCDO?**
¢The 0 K heat of formation of methyl formate ion was determined by
converting the literature value at 298 K of 164.4 kcal/thaking the
UHF/6-31G* vibrational frequencies (see Table 2Jhe 0 K heat of
formation of methyl formateh ion was calculated from thAHsqok)
value for the methyl formate ion using the UHF/6-31G* vibrational
frequencies for both C¥0CHO" and CHOCDO*. ¢ The value was
determined from our breakdown diagram analysihe value was
determined from our RRKM analysis.

Zero-point energies were calculated using experimentally
determined frequencies for methyl formate and deuterated

methyl formate?* Thus 0 K heats of formation of TSAC and
TSAC-d; were found to be 184.% 0.5 and 183.3t 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 productsz:CH
OH" and CO are 204.6 and27.2 kcal/mol, respectiveli#

Therefore, the dissociation of both methyl formate and methyl
formated; proceeds with a reverse activation energy barrier of
about 7 kcal/mol, in contrast with the conclusion made by

Nishimura et aP Since the room-temperature breakdown

diagram in Figure 5 is identical with that published by Nishimura

et al.? 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.
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CH40CHO ™= CH,OH" + CO

o =
N E=1158eV
8 q E=11.66eV
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*
SB E=1162eV
E=1168eV
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Time Of Flight, us

Figure 6. Coincidence mass spectra (diamonds) of the methyl formate
and methyl formateh ions. Only fragment CEDH** (CH;OD*") 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.

Rate Analysis

TOF mass spectra of methyl formate and methyl fornhte-
were collected over the photon wavelength range 1685
A. Some of the TPEPICO TOF data of metastable dissociation
of the CHOCHO* and CHOCDO™" radical cations are
presented in Figure 6 in which only fragment ¢3Ht and
CH3zOD*" 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. 2 experimental TOF distributions for both @BIH*" and CH-
OD** daughter ions could not be fitted by assuming a single
rate constant of the methyl formate (methyl formeig-ion
dissociation but were found to be well reproduced with a two-
component decay rate. That is, a lifetime distributfe() of
the corresponding parent ion can be represented by the following

Iformula:

P(t) = A exp(—Kist) + B exp(—Kyoul) ®)

whereksst andkgow are the dissociation rate constants ansl

The dissociation onset for CO loss from the deuterated samplethe reaction time. This is similar to the situation encountered
is only 32 meV higher than that for the undeueterated sample.in three previous studies ons8:0'", B(OCHs)s*", and CH-

Is this shift a result of tunneling, or is it simply due to the

COOC"b'+-1'25’26

difference in the zero-point energies of the two molecules? The The asymmetric TOF peaks of the daughter ions were used
zero-point energies of the GACHO and CHOCDO are 1.642 to measure the “slow” unimolecular dissociation rate constants.
and 1.558 eV, respectively, while the corresponding ZPEs of The rate constants of the slow component of the dissociation,
the TSAC are 1.494 and 1.414 eV. Thus, the zero-point energy ksiow, €xtracted from the above TOF distributions, are plotted
differences should lead to a shift of 4 meV, which is close to in Figure 7 as functions of the photon energy, corrected for the
the experimentally observed shift. If the reaction involved internal energy of the molecular beam sample. An isotope effect
tunneling through a substantial barrier, the difference in the of about 2 for the “slow” dissociation rates is observed.
onsets for the normal and deuterated methyl formate would be  The ratiosR of the “slow component” area of the fragment
about 300 meV, far beyond the observed shift of 32 meV. The ion TOF distribution to the area of the “fast component” for
small discrepancy between the expected 4 meV and observecboth CHSOCHO*™ and CHOCDO™ molecular ions are shown
32 meV shift could be due to experimental error. This in Figure 8. The “slow component” area was normalized by a
conclusion is also consistent with the lowest energy transition factor of 1/[1— exp(—ksiowt)], Wheret is the time it takes for
state leading to the methanol ion product. The imaginary the parention to traverse the first acceleration region, to include
frequencies associated with the TSAC are only 145cfor the “slow” product signal ta = co.

both normal and deuterated samples. This is clearly not The observation of two-component dissociation rates can only
consistent with tunneling as proposed by Heinrich ¢t al. be explained by the participation of two different parent ion
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For this simple two-well model, the exact expressions for
Ksiow @nd kst in terms of the rate constants, kp, andks are
given by egs 8 and 9

CH;OCHO* —= CH,OH" + CO

54

Ksiow = e T 1

kfast= I(1 + k2 (9)

K (8)

108

-1
kslowY s
L

AE,, AE, CH,0CDO™* ~—== CH,0D* + CO The value ofksst is too high to be measurable in our
2 ¢ ‘ experiment, which is sensitive only to rates in the range from
5x 10*to 1 x 10° s1. Thus, we can evaluate onkgoy.
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
Figure 7. Plot of the logarithm of the experimentally observed “slow” fragment ion peaks is
rate constant as a function of the photon energy. The experimental data

were corrected for the internal energy of theO&HO molecular beam

10°

11.55 1157 1159 1161 1163 1165 1167 11.69
Photon Energy + <E,, >, eV

sample by adding 19 meV to the photon energy (16 meV for the CH R=k/k, (10)
OCDO sample). Lines represent the best RRKM fits obtained with the
two-well PES model. By substitutingk, = kiR into the ksow Xpression, we note
"Slow" Component Area that
Ratio = "Fast” Component Area
7 A as
I(slow = k3/(1 + R) (11)

which means that we can derigdirectly 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 ofk, andk;. One of these will have to be calculated
by RRKM theory in order to derive the other.

We begin by evaluating; 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. Onck; is
determined, it is possible to obtaka from the measured ratio,

R. Modeling k, with RRKM theory using the energy of the
Figure 8. Ratio of the “"slow component” area of the fragment ion jsomerization transition state, TSAB, as an adjustable parameter
TOF distribution to the “fast component” area and its best fit modeled permits us to determine the energy of TSAB. This transition-

with the two-well PES (line) vs photon energy. The experimental data . S
were corrected for the internal energy of thedO@HO molecular beam state energy cannot be taken directly from the ab initio MO

sample by adding 19 meV to the photon energy (16 meV for the CH Calculations because the latter are not sufficiently accurate.
OCDO sample). Finally, RRKM modeling ofks using the distonic ion energy,
Eg, as the only adjustable parameter yields its energy. (Recall
structures in the formation of products. Thus, the present resultsthat this is just an effective energy since there are four of the
can be described by the two-well PES shown in Figure 4. The distonic ion conformer8) The procedure used is slightly more
fast component arises from the direct and fast dissociation viacomplicated by the fact that our ions were not perfectly
the transition state, TSAC. In competition with this dissociation vibrationally cold I, = 198 and 176 K, respectively) so that
is isomerization to the distonic ion well B. The slow rate theksow andRin egs 10 and 11 had to be averaged over the

Ratio

11.65 1157 1159 1161 1163 1165 1167 11.69
Photon Energy + <Ey >, eV

component arises from the slow back-reaction. thermal energy distribution. _
The differential equations associated with this PES in Figure ~ The rate constari, was evaluated with the standard RRKM
4 are given by egs 6 formula:
d[P)/dt = k,[A oN* gadE — E
[P] 1Al ky(E) = TSAr:Z( - TsA0) (12)
d[AVdt = —(k, + K,)[A] + ky[B] 6) Pa
d[B]/dt = k[A] — kq[B] whereE is the methyl formate ion internal energa(E) is its

density of states at the indicated energys Planck’s constant,
o is the reaction symmetry factoo & 1), Ersac is the barrier

where P refers to the product channel. height relative to reactant A, with zero-point energies of all

The initial conditions are [Alo = 1 and [B}-o = [P0 = structures taken into account, andf(E — Ersac) is the
0. The solution of the system of eqgs 6 for the ionized methyl . «ition-state sum of states.
formate can be represented by the following formula: The rate constants of the isomerization processes involving

hydrogen migrationk; andks) were evaluated using Miller's
[A](1) = oy eXp(Kgout) + 0 eXP(—keyst) (7 tunneling correctioff to the unimolecular RRKM rate constant
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_ o E—Ersas % of 183.1 kcal/mol, which is in an excellent agreement with the

ko(E) = hpA(E)LLETSAB K(edp rsae(E ~ Ersag — &) de; value of 183.3+ 0.5 kcal/mol determined from the breakdown

(13) diagram analysis.
The RRKM analysis of the “slow” rate constant and the ratio
ks(E) = of “slow” to “fast” components of the fragment ion’s TOF

o E—Ersas s distributions for both the methyl formate and methyl formate-
o€ — Eo) f_ETSAB K(e)p rsas(E — Ersag — €) de; (14) di ions was achieved with a potential energy surface that was
B B consistent with the zero-point energy differences between these

) ) ) ) ) o two ions. This self-consistency lends strong support of the
in which Eg is the “effective” energy of the four distonic ion  ggel proposed in Figures 3 and 4.

wells relative to the methyl formate ion A, apd is the density
of states of one of the distonic ion conformers, namely, B
Ersas is the barrier height relative to the isomer frsas is
the density of states of the transition state TSABjs the
translation energy in the reaction coordinate, #té) is the
tunneling probability modeled with an Eckart barriéf8 It
should be noted that tunneling in this case for both@EHO*

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
and CH"OCDf?+ '?}VOIVGS only the H atom so that we expect |oqq intense “slow” component in the fragment ion’s TOF
ho isotope effect here. distribution. Furthermore, the “slow” rate constant for the

~ By adjusting the energy of the isomerization barrfsas, deuterated sample would be less than that for the normal methyl
it was possible to achieve the fit to the ratio of slow to fast fgrmate ion.

components in the fragment ion’s TOF distributions shown by

the solid line in Figure 8. The derived barrier height was 15.2  acknowledgment. We would like to thank the Department
+ 1.0 kecal/mol.  The neglect of tunneling had the effect of ot Energy for continuing financial support. The authors also

lowering the barrier to isomerization by 1.5 kcal/mol. The ish to thank the North Carolina Supercomputing Facility for
agreement between calculated and measured ratio is quite googhe generous allotment of computing time.

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 (1) Mazyar, O. A;; Mayer, P. M.; Baer, Tnt. J. Mass Spectrom. lon
of the distonic ion B could be found by fitting the energy " '0cesses997 167168 389,

dependence of the “slow” rate constant using eqs 11 and 14.Ges(.zl);h?,asl%g'e;n'\lﬂgg%la{b?gg'Ke'Ster‘ J. W.; Mayer, P. Ber. Bunsen-
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