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Abstract: A direct dynamics simulation at the B3LYP/6-311+G(d,p) level of theory was used to study the
F~ + CH3OOH reaction dynamics. The simulations are in excellent agreement with a previous experimental
study (J. Am. Chem. Soc. 2002, 124, 3196). Two product channels, HF + CH,O + OH™ and HF + CH3;00",
are observed. The former dominates and occurs via an Eco2 mechanism in which F~ attacks the CH3—
group, abstracting a proton. Concertedly, a carbon—oxygen double bond is formed and OH~ is eliminated.
Somewhat surprisingly this is not the reaction path, predicted by the intrinsic reaction coordinate (IRC),
which leads to a deep potential energy minimum for the CH,(OH),---F~ complex followed by dissociation
to HF + CH2(OH)O~. None of the direct dynamics trajectories followed this path, which has an energy
release of —63 kcal/mol and is considerably more exothermic than the Eco2 path whose energy release is
—27 kcal/mol. Other product channels not observed, and which have a lower energy than that for the Eco2
path, are F~ + CO + H; + H,O (—43 kcal/mol), F~ + CH,O + H,O (=51 kcal/mol), and F~ + CH(OH),
(=60 kcal/mol). Formation of the CH3OOH---F~ complex, with randomization of its internal energy, is
important, and this complex dissociates via the Eco2 mechanism. Trajectories which form HF + CH;00~
are nonstatistical events and, for the 4 ps direct dynamics simulation, are not mediated by the CH;OOH-+-F~
complex. Dissociation of this complex to form HF + CH;OO~ may occur on longer time scales.

1. Introduction

An important concept in chemical kinetics is the reaction path
often defined by the intrinsic reaction coordinate (IRQ)his

path connects stationary points on the potential energy surfaceb

(PES) and is determined by following steepest descent trajec-
tories from saddle points to minima with the kinetic energy they
acquire continuously removédThe reaction path model may
be combined with statistical theorfeso make predictions
concerning the kinetics of a chemical reaction.

A question of considerable interest is how accurately IRCs
and statistical theories identify the actual atomic-level mecha-
nisms for chemical reactions. This is particularly important for
post-transition state dynamics where, after passing a rate
controlling transition state, the PES may have a “rough”
landscape, with multiple potential energy minima, reaction
pathways, low-energy barriers, etc., connecting the transition

conditions, where deactivating collisions are unimportant and
the total energy is constant, the statistical model is RRKM
theory? which may be used to predict the time spent in each
potential energy minima and the probabilities for transitions
etween minima and forming products. For a reaction in solution
or involving a macromolecule with many degrees of freedom,
the statistical model assumes that there is rapid energy transfer
forming a Boltzmann distribution so that transition state theory
may be used to calculate the unimolecular lifetimes of inter-
mediates and probabilities of forming products.

Several chemical dynamics simulations have shown that for
some reactions the post-transition state dynamics do not follow
IRCs and, instead, the trajectories follow dynamical pathways.
Such non-IRC dynamics was found for cyclopropyl radical ring
opening® the OH 4+ CHgF — CH3OH + F~ S2 reactiorf in
1,2,6-heptatriene rearrangemérgnd in the heterolysis rear-
rangement of protonated pinacolyl alcoBdh recent work non-

state to multiple product channels. For low-pressure gas-phasqrc dynamics has been identified for, O and CHCHO
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Table 1. Geometries at Selected Stationary Points for the F~ + CH300H Reaction?

geometry
CH{OOH:++F~ Ts1
theory Ry Rop—+s Ro,-o0, Or—14—0, Oc-0,-0, Re—ny Ru— Ro,-0, [T Oc—0,-0,

MP2/6-311G(d,p) 1.267 1.103 1.453 176.4 105.8 1.246 1.305 1.613 173.6 110.6
DFT/6-31+G(d) - - - - - 1.272 1.303 1.686 170.2 110.8
DFT/6-31+G(d,p) 1.261 1.125 1.462 176.4 106.8 1.297 1.278 1.642 170.3 110.8
DFT/6-311G(d,p) 1.275 1.112 1.458 176.3 107.0 1.345 1.247 1.630 170.3 1104

752 CH(OH)+++F~

Re—y Ru—c Roy-0, [T Oc-0,-0, Re—w, Ro,H, Re-o0, O~ 0o,-c-0,
MP2/6-311G(d,p) 1.776 1.114 1.453 166.9 109.0 1.595 1.001 1.403 154.1 112.5
DFT/6-31+G(d) 1.749 1.122 1.464 168.1 109.6 - — — — -
DFT/6-31+G(d,p) 1.729 1.124 1.465 168.7 109.6 1.595 1.010 1.407 154.3 112.7
DFT/6-311G(d,p) 1.730 1.122 1.462 167.9 109.9 1.614 1.005 1.405 153.8 112.8

F~++-CH,;00H HF + CH,0 + OH~

Re—n, Riuy—c Ro;-0, Or—r—c Oc—o0,-0, Ry Ry Re—o Re—w On—c—n
MP2/6-31H1-G(d,p) 1.709 1.125 1.471 168.3 107.5 0.917 0.965 1.213 1.105 116.1
DFT/6-31+G(d) 1.647 1.142 1.495 167.0 109.0 0.938 0.975 1.209 1.109 116.3
DFT/6-31+G(d,p) 1.605 1.150 1.501 167.5 109.2 0.928 0.970 1.210 1.108 116.2
DFT/6-311G(d,p) 1.607 1.148 1.503 167.2 109.3 0.922 0.966 1.202 1.108 115.9
expe - - - - - 0.917 0.964 1.203 1.101 116.2

aBond lengths are in angstroms (A), and angles are in degrees fdggnd length for OH. ¢ The experimental geometries of HF, OHand CHO are
from refs 50, 51, and 52, respectively.

dissociation via the €H bond rupture channét!! The 2. Ab Initio Energies and Potential Energy Surface
dissociating H-atom crosses a ridge on the PES and “falls” into
the highly exothermic elimination dissociation channel forming B
H, from H,CO and CH from CH;CHO. Non-IRC dynamics
for such a “roaming H-atom” mechanism was also observed in
earlier studies of H-atom transf&13It is also noteworthy that
non-IRC dynamics has also been identified and explained for
the H+ HBr — H, + Br and OfP) + CH; — H, + H + CO
Lgacnonsl.“s NOO_I.RC and non-Ts dynamlcs are prevalent in Vibrational frequencies were calculated at the MP2 and B3LYP
igh-energy collisions, where the reactive system traverses

regions of the PES far above potential minima, IRCs, and levels of theary. . . )
TSs16.17 2.1.1. Geometries.The geometries at selected stationary
In recent experiments, Kato and co-workers studied the 300 POINtS, optimized with the MP2 and B3LYP theories and
K kinetics of the base-mediated decomposition reaction+F different basis sets, are listed in Table 1 and depicted in Figure
CHsOO0H 18 Much to their surprise, the reaction did not yield - Overall, the geometries calculated at the different levels of
the most exothermic products HIFF CH(OH)O~ and the theory are in good agreement. The largest difference between
products predicted by the IRC. Instead, the much higher energy!he 9eometries, of the B3LYP/6-335(d,p) method used for
non-IRC products HF+ CH,O + OH- were formed. In the the simulations and those for the MP2/6-313(d,p) method,
work presented here the results of a B3LYP/6-8G(d,p) direct 'S for the F-Ha bond length of F--:CH;O0H and TS1. For
dynamics simulation are reported, which probe the post- the F---CH;OOH complex the B3LYP value of the-+H, bond
transition state dynamics for the' F- CHsOOH reaction. The !ength is 0.1 A shorter than the_at_ of MP2 theory. _Th|s difference
results of the simulation agree with the previous experimental 'S reversed fgr the TS1 transition state for which the B3LYP
study and provide an atomic level understanding of the non- Value is 0.1 A larger. o .
IRC dynamics:17 2.1.2. Vibrational FrequenciesVibrational frequencies were
calculated for TS1, TS2, the -CH3;00H complex, and the
(9) Townsend, D.; Lahankar, S. A;; Lee, S. K.; Chambreau, S. D.; Suits, A. HF + CH,O + OH™ products with the MP2 and B3LYP levels
?dbfhﬂ%gg.x” Rheinecker, J.; Harding, L. B.; Bowman, J. Stience ¢ 1heory and the 6-31HG(d,p) basis set and are listed in Table

(10) Lahankar, S. A.; Chambreau, S. D.; Townsend, D.; Suits, F.; Farnum, J.; 2. These calculations were used to compare MP2 and B3LYP
Zhang, X.; Bowman, J. M.; Suits, A. @. Chem. Phy2006 125 044303.

2.1. Stationary Point Properties. CBS-QB3, MP2, and
3LYP theories were used to calculate the geometries and
frequencies of the reactants, transition states, intermediates, and
products of the F + CH3;OOH reaction. The structures and
energies were calculated using the 6-3T(d,p) basis set at

the MP2 level of theory and the 6-35(d), 6-3H-G(d,p) and
6-311+G(d,p) basis sets at the B3LYP level of theory.

(11) Houston, P. L.; Kable, S. Hroc. Nati. Acad. Sci. U.S.2006 103 16079.  frequencies and to compare them with experiments. Overall the
(12) ée5r8H0rst, M. A.; Schatz, G. C.; Harding, L. B. Chem. Phys1996 105 MP2 and B3LYP frequencies are in quite good agreement, with
(13) Troya, D.; GonZez, M.; Wu, G.; Schatz, G. Cl. Phys. Chem. 2001, the largest difference for the €0 stretch of F---CH3;00H,
105 2285. i ;
(14) Pomerantz, A. E.; Camden, J. P.; Chiou, A. S.; Ausfelder, F.; Chawla, N.; l.e., 697 ?’nd 813 cnt for B3LYP anq MP2, reSpe.Ctlvely' The
Hase, W. L.; Zare, R. NJ. Am. Chem. So@005 127, 16368. frequencies of the HR- CHO + OH™ products, given by the

(15) Marcy, T. P.; Daz, R. R.; Heard, D.; Leone, S. R.; Harding, L. B.; - i i i -
Kippanstein, . 33, Phys. Chem. 004, 108 8361, B3LYP/6-31H-G(d,p) theory used for direct dynamics simula

(16) Meroueh, S. O.; Wang, Y.; Hase, W..L.Phys. Chem. 2002 106, 9983. tions, are in excellent agreement with experiment, with an

88 g%mkggy')%“bj'e.d@’i:sgh; Hase, W, IL Phys. Chem, 004 108 9863. © average difference less than 2%. It is of interest that TS2 has

S0c.2002 124, 3196. higher frequencies than TS1. As discussed below, in section

J. AM. CHEM. SOC. = VOL. 129, NO. 32, 2007 9977
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Figure 1. Geometries at selected stationary points, for the-FCH;OOH reaction, optimized with the B3LYP/6-31G(d,p) level of theory. (a) C4#OOH-+-F~,
(b) TS2, (c) F+++CHgOO0H, (d) TS1, (e) CH{OH),*-F, and (f) CHO. Bond lengths in A. The:(:) identifies noncovalent interactions.

4.4, this has a significant effect on the unimolecular rate HOCH,OH---F~ moiety slowly rotates toward OH to finally
constants for F---CH3OOH via TS1 and TS2 decomposition. form the CH(OH),:--F~ complex, which as illustrated in Figure
2.1.3. Energies.The CBS-QB3 energies were chosen as a 2 may dissociate to HF CHx(OH)O™ or CHy(OH), + F~.
benchmark for the accuracy of the calculations and were
compared with energies calculated at the MP2 and B3LYP levels
of theory. The resulting energies are listed in Table 3 and show  ap initio direct dynamics trajectory calculatiots?! at the B3LYP/
that B3LYP theory gives a better accuracy than does MP2. 6-311+G(d,p) level of theory, were performed to investigate the
According to experimental observations for this reactfothe dynamics of the F+ CH;OOH reaction. Comparisons with other levels
major reaction channel leads to the formation of HFCH,O of theory, as described in section 2.1, show that the chosen level of
+ OH~ via the transition state TS1. For this reaction pathway, theory is the most feasible for the simulations. The general chemical
B3LYP/6-31HG(d,p) gives a precision within 2 kcal/mol, while dynamics program VENUZ®, interfaced with the electroni_c stru_cture
B3LYP/6-31+G(d,p), although good in most cases, results in a theory software package NWChem-43Tyas used for the simulations.
precision within 4 kcal/mol. Taking this into consideration,  3-1. Initial Conditions. The direct dynamics trajectories were
B3LYP/6-311G(d,p) was chosen as most practical to perform initiated for ttje F+ CH300H reactants, the T_Sl transition state, and
the direct dynamics calculations of the F CHsOOH reaction. ¢ HOCHO +"HF IRC region of the potential energy surface and

. . . . terminated after 4 ps or when the separation between the reaction
The stationary point potential energies for the + CH;OOH products exceeded 16 A. Quasiclassical sampfimghich includes zero-

reaction pathways, at the chosen level of theory, are depictedpoint energy, was used to select initial coordinates and momenta for
in Figure 2. The difference in the B3LYP/6-3t&G(d,p) and the trajectories.

CBS-QB3 stationary point energies vary from 0.2 to 3.2 kcal/l  The F + CH,00H trajectories were started at an initial 15 A

3. Procedure for the Direct Dynamics Simulations

mol with the largest value of 3.2 kcal/mol for HF CH;00™,
CHy(OH),-+-F~, and F + CO + H, + H;0.
2.2. Intrinsic Reaction Coordinate Calculation. The IRC

separation between Fand the center of mass of GBIOH. The
attractive potential is-0.21 kcal/mol at this separation for the most

favorable CHOOH---F~ interaction. On the other hand, for this

connecting the transition state TS1 and the products wasseparation and the most favorable-#CH;OOH interaction, the

calculated at the B3LYP/6-3#iG(d,p) level of theory. Energies
and geometries along the IR (@re shown in Figure 3. The
termsidentifies the value of the reaction coodinate. The initial
IRC involves H-F and G-H bond formation after rupture of
the H-C and O-O bonds to form a tight HF-CH,O---HO~
complex. Fors between 2 and 5 amd Bohr, the IRC has a
region with a less negative slope that involves Qhbtion away
from CH,O and rotation of this latter fragment. This rotation
allows the migration of OH and HF toward the carbon and
oxygen atoms of CkD, respectively, and a significant energy
decrease. At as of about 10 am#? Bohr, the IRC shows a
complete relocation of the OHand HF fragments to form
HO---C,O~---HF followed by the formation of HOCD---HF
and, subsequently, HOGAH---F~. At this point, the IRC enters
an extremely shallow region in which the:+F end of the

9978 J. AM. CHEM. SOC. = VOL. 129, NO. 32, 2007

attractive potential is smaller ane-0.13 kcal/mol. The reaction

(19) Bolton, K.; Hase, W. L.; Peslherbe, G. H. Modern Methods for
Multidimensional Dynamics Computations in Chemisiiigompson D. L.,
Ed.; World Scientific: Singapore, 1998; p 143.

(20) Sun, L.; Hase, W. L. IRReviews in Computational Chemistry, Vol. ;19
Lipkowitz, K., Larter, R., Cundari, T. R., Eds.; Wiley: New York, 2003;
p79.

(21) Hase, W. L.; Song, K.; Gordon, M. Eomput. Sci. Eng2003 5, 36.

(22) Hase, W. L.; Duchovic, R. J.; Hu, X.; Komornicki, A.; Lim, K. F.; Lu, D.
H.; Peslherbe, G. H.; Swamy, S. R.; Vande Linde, S. R.; Varandas, A,;
Wang, H.; Wolf, R. J.Quantum Chemistry Program Exchange (QCPE)
Bulletin 1996 16, 671.

(23) (a) Apra E., et al. NWCHEM, a computational chemistry package for
parallel computersversion 4.7; Pacific Northwest Laboratory: Richland,
WA 99352, 2005. (b) Kendall, R. A.; Apr&.; Bernholdt, D. E..; Bylaska,
E. J.; Dupuis, M.; Fann, G. I.; Harrison, R. J.; Ju, J.; Nichols, J. A;;
Nieplocha, J.; Straatsma, T. P.; Windus, T. L.; Wong, ACbmput. Phys.
Commun200Q 128 260.

(24) Peslherbe, G. H.; Wang, H.; Hase, W. LAdvances in Chemical Physics,
Vol. 105, Monte Carlo Methods in Chemical PhysiEgrguson, D. M.,
Siepman, J. I., Truhlar, D. G., Eds.; Wiley: New York, 1999; p 171.
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Table 2. Harmonic Frequencies of Selected Stationary Points for and CHOOH leads to collisions and chemical reactions with large
the F~ + CH300H Reaction? and, thus, large angular momentum.
mode MP2/6-311+G(d,p) DFT/6-311+G(d,p) expt? A smaller ensemble of trajectories was also initiated at the TS1
TS2 transition state, which links the "F+ CH;OOH reactants with the
F- stretch 204i 193i products formed by Finteracting with the Ch~ group of CHOOH.
F~ bend 85 90 The trajectories were initiated at TS1 with a 300 K rotational angular
CHs torsion 163 183 momentum distribution. The angular momenta for this distribution are
88& agg ggg %ig much lower than those which result front - CH:OOH reactive
COO bend 508 490 collisions at large impact parameters, and it is of interest to see if the
0O stretch 836 821 much lower 300 K rotational angular momentum affects the reaction
CO stretch 1009 940 dynamics. The initial conditions also included a 300 K energy
CHgzrock 1182, 1209 1152,1189 distribution in reaction coordinate translation and a microcanonical
OOHrock 1335 1326 ensemble of states for the vibrational modes orthogonal to the reaction
CHs deformation 1489, 1520, 1567 1456, 1494, 1532 coordinate. The energy for this ensemble corresponds to the reactant's
CHjz stretch 2799, 3082, 3154 2646, 3001, 3084 . .
OH stretch 3813 3752 300 K thermal energy plus the potential energy difference between the
S CHOOH reactants and TS1, i.e., 11.5 kcal/mol.
F- bend 89595 3 94, 104 A small set of trajectories, initiated along the IRC, were also studied.
OOH wag 167 136 Their initial IRC structure is HOCKD---HF and identified by the
F~ stretch 202 225 dot in Figure 3. Initial conditions for the modes orthogonal to the IRC
CHstorsion 426 428 were sampled for a microcanonical ensemble, with an energy equal to
COO bend 469 465 the reactant's thermal energy plus the potential energy difference
88 s:rrSttgrq gég g% between the reactants and HOLH:---HF structure. The reaction
CHs rock 1208, 1214 1179, 1189 coordinate translation and external rotation energies were sampled from
OOH rock 1310 1262 300 K Boltzmann distributions.
CHs deformation 1513, 1526, 1533 1459, 1487, 1499 3.2. Maximum Collision Impact Parameter for the F~ +
CHj stretch 2654, 3058, 3109 2336, 2973, 3020 CH3;OO0H Reaction. The collision impact parameter for each F
OH stretch 3838 3778 CHsOOH trajectory was randomly selected from zertig. To assist
TS1 in the evaluation obpax the capture mod& was used to estimate its
F~ stretch 461 value. This model is based on the effective potential
OOH wag 96
F~ bend 116, 131
COO bend 325 w0,
OO stretch 558 V(R = V(R) + ——— 1)
CHjs torsion 585 2R
CO stretch 1007
83'4“:2?( 105170910204 whereR is the distance betweern Fand the center of mass of GH
CHz deformation 1310, 141'4’ 1490, 1523 OOH, V(R) is the reac_:tants mtt_er_actlpn potentiak is the F +_CH3-
CHs stretch 2081, 2937 OOH reduced masb,ls the _coII|S|on impact par_ameter, and ls_the
OH stretch 3808 relative translational velocityV(R) was determined by assuming an
HF + CH,O + OH- equilib_rium co_nfiguration_for _Ct;DOH and locating Falong the G-H;
HE stretch 4199 4097 4138 bond line, as illustrated in Figure 4. Values\4R) were calculated at
OH stretch 3838 3755 3738 the B3LYP/6-311#-G(d,p) level of theory used for the simulations, and
CH, wag 1206 1198 1191 vrel Was determined from the average relative translational energy at
CHz rock 1278 1259 1299 300 K. Following the criterion for the capture modihaxis the value
CH, bend 1559 1531 1529 of b for which the maximum ofVes(R) equals the initial relative
COstretch 1762 1814 1778  iranslational energyEe. For E« = 0.89 kcal/mol used in the
CH, symmetric 2976 2886 2978 . . A . . .
stretch simulations, the resultinBmaxis 11.3 A. ThisbmaxWas used as a guide
CH, asymmetric 3047 2944 2097 in choosing the actual value for the simulations. Sets of 16-FCHs-
stretch OOH trajectories were calculated at different valueb t§ determine

the probability of F interacting attractively with CEDOH instead of
~ @Frequencies are in units of cth ® The experimental harmonic frequen-  directly scattering. For & of 7.5 A and less the probability of this
cies of HF, OH, and CHO are from refs 50, 51, and 53, respectively.  agractive interaction is unity. However, forin the range of 9.69.5

dynamics following this latter attractive interaction is the principal focus A the combined probability for this attractive interaction is 0.06. For

of this work, and the small attractive potential indicates it is appropriate ° =10 A each of the trajectories scattered directly, without an attractive

to use an initial separation of 15 A. The initial separation would need nteraction, anmax was set to 10 A for the F+ CHsOOH simu-

to be increased substantially to significantly decrease the reactants’l2tions.

attractive interaction, and this would have a deleterious effect on the ~ 3.3. Trajectory Integration and Analysis. The trajectories were

computational expense of the direct dynamics trajectories (see below).integrated using a Hessian-based predictor corrector algéfithm
Initial conditions for the CHOOH vibrational and rotational degrees ~ and implemented in the development version of VENUS/NWChem.

of freedom were selected from their 300 K Boltzmann distributions. The total energy was conserved to within 0.01 kcal/mol. The wall

The initial relative translational enerd. equalled 0.89 kcal/mol, i.e., ~ computer processing time for a single trajectory integrated for 4 ps

the average value @&, at the 300 K temperature of the - CHs- required 5.7 days on a dedicated 3.2 GHz Xeon dual-processor with 4

OOH experiment$? The collision impact parametds was chosen ~ GB RAM.

randomly between zero aigax (See discussion in the following section

for the identification ofoma,), and CHOOH had a random orientation ~ (25) Su, T.; Bowers, M. T. liGas Phase lon Chemistry, Vol. Bowers, M. T.,
ith respect to F. The probability of a collision with a particular value Ed.; Academic: New york, 1978; p 84.
wi p : p Yy p (26) Lourderaj, U.; Song, K.; Windus, T. L.; Zhuang, Y.; Hase, WJLChem.

of b is proportional tob, and the long-range interaction between F Phys.2007, 126, 044105.
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Table 3. Electronic Structure Theory Energies for Stationary Points on the F~ + CH3OOH PES?

MP2 DFT(B3LYP)

structure ZPEP CBS-QB3 6-311+G(d,p) 6-31+G(d) 6-31+G(d,p) 6-311+G(d,p)
HF + CH;00~ —-25 1.7 5.8 7.6 5.9 49
CH3OO0H:--F~ -0.3 —38.0 —36.0 - —36.8 —36.5
TS2 -0.1 —-12.2 —10.5 —-11.7 —12.1 —-12.4
F~+--CH3;O0H —0.6 —15.4 —13.8 —15.3 —15.9 —16.2
TS1 -3.1 —10.5 —9.7 —-12.7 —14.6 —11.5
CHy(OH)y--F~ 2.7 —108.0 —110.9 - —103.3 —104.8
HF + CH,O + OH~ —6.8 —28.8 —35.2 —-17.8 —22.8 —26.9
F~+ CO+ Hz+ H0O - —46.0 —55.6 - —37.9 —42.8
F~ + CH2O + H,O —-4.0 —50.7 —57.6 —44.6 —47.7 —51.0
F~ + CHy(OH), 1.3 —61.6 —66.1 - - —59.7
HF + CHy(OH)O~ - - - - —63.4

aEnergies (kcal/mol) are with respect to F- CH;OOH and do not include zero-point energy (ZPEXero-point energy with respect to that for F-
CH3OOH and calculated at the B3LYP/6-3tG(d,p) level of theory. With this ZPE included the CBS-GB3 energy for-HEH;00 is —0.8 kcal/mol.

HF + CH,00~

40 F~ + CH,00H

-12.4

[F-CH,00H] S— -26.9 HF + CH,0 + OH

-36.5
[CH,00H"F ]

-59.7 CH,(OH), + F~
-63.4 CH,(OH)O +HF

-104.8
[CH,(OH),F]

Figure 2. Energy diagram for the 7+ CH3zOOH reaction at the B3LYP/6-3#1G(d,p) level of theory. The energies shown are in kcal/mol and are relative
to the F + CH3OOH reactant channel. Zero-point energies are not included.

20

Energy (kcal/mol)
A
[=]
1

Figure 4. F~ + CHzOOH system for the calculation dfnax Using the
B capture model. The dot indicates the position of the;GBH center of
oo b b e e L mass, and the dashed line, the 8, bond line along which Fis located.
0 5 10 15 20 25 ) )
112 4. Results and Discussion
s (amu ™ Bohr)

) ) . . 4.1. Dynamics of the F + CH3zOOH Collisions. 200
Figure 3. Potential energy along the IRC connecting the transition state . i . . _
TS1 and CH(OH),-++F~ potential energy minimunsis the distance along  trajectories were propagated in order to investigate the-F
the IRC. The dot identifies the HOGB™-+-HF structure on the IRC, used ~ CHzOOH collision dynamics. Initial conditions were chosen for
10 Initiate some Oﬁth‘f/ rajectories (see secton 4.3). Tfhe pOte”;'a' energy althe trajectories as described above. The initial relative transla-
this point is—67 kcal/mol, with respect to the zero of energy for TS1. tional energy Erel is 0.89 kcal/mol, the average relative
translational energy for the 300 K temperature of the experi-
The trajectories were analyzed for different types of events. The ments%e‘ Table 4 shows the number of trajectories for the
statistical uncertainty given, for the probability of a particular type of different reaction channels found for the” F- CH;OOH
event, is 1 standard deviation (68% confidence le¥/el). collisions. 23% formed HR- CH,O + OH~, the major product
reaction channel observed in the experimni€ntg8% became
(27) Truhlar, D. G.; Muckerman, J. T. IAtom-Molecule Collision Theory: a trapped in the CBDOH:++F~ potential energy well and formed

Guide for the ExperimentalisBernstein R. B., Ed.; Plenum Press: New T _ i
York, 1979; p 505. a reaction intermediate that lasted up to the 4 ps of the trajectory
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Table 4. Total Number of Trajectories for the Different Product
Channels? (a) ()

number of trajectories

initiated at initiated at initiated at
product F~ + CH,00H? TS1°¢ HOCH,0~++-HF¢
HF+CH3;00~ 3 0 0
CH3zOO0H:---F~ 97 0 0
HF+CH,O+OH~ 458 76 5
CHz(OH)p*+F~ 0 0 0
F~ + CH300H 55 0 0
minor products 0 4 0 (b)

aThe trajectories are initiated in the reactant, TS1, and HEICH-HF
regions of the F + CH3OOH potential energy surfac200 trajectories
were initiated at the reactant chanrfe80 trajectories were initiated at TS1.
d Five trajectories were initiated at the HO@Bt ++-HF structure along the
IRC. ¢ Three of these events occurred by first forming the;CBH---F~
complex.

S

integration, 1.5% formed the HF CH3;0O™ reaction products,
and the remaining trajectories went back to the reactants. None (C)
of the trajectories formed the IRC complex. The large fraction
of trajectories trapped in the GBOH:--F~ potential energy
well arises from the high-energy barriers between this complex
and the HF+ CH3;OO™ products and the F--CH;OOH
complex. The long lifetime for CEDOH---F~ is consistent with
RRKM theory, as described in section 4.4. As discussed below
in section 4.5, the fact that none of the trajectories followed
the IRC is consistent with the experimental stdéljrhe IRC (d)
complex and its dissociation products comprise, at most, only
2% of the total experimental product yield.

4.1.1. HF+ CH20 + OH~ Products. The vast majority of
the trajectories that formed HF CH,O + OH™ followed the g

h

pathway depicted in Figure 5. The observation of this pathway
provides theoretical evidence for the elimination mechanism
proposed by Kato and co-worké¥dor base-mediated hetero-
lytic decomposition of small alkyl hydroperoxides. Figure 5

clearly shows the association of the anion withoehydrogen (e)
(Figure 5b), crossing of the TS1 barrier (Figure 5c¢), and rupture
of the C-H and O-0 bonds (Figure 5d) to form formaldehyde,
OH~, and HF (Figure 5e). About 1.5 ps were required for the
system to move from the reactants to the TS1 barrier, and an
additional 0.7 ps was required to reach the 16 A separation

between the HH- CH,O + OH™ reaction products. Only a

small fraction of the trajectories (1.5%) entered the;G8H:---F~

otential well and then escaped through transition state TS2 toFgure 5. Representative trajectory showing the reaction pathway from
P P 9 the reactants to the major product channel HEH,O + OH™ at (a) 990

¢ e
é

follow the pathway shown in Figure 5. fs, (b) 1086 fs, (c) 1108 fs, (d) 1116 fs, and (e) 1290 fs.
Comparison with the IRC, described above, shows that the
trajectories that form HR- CH,O + OH™ initially follow the trajectory “skirts” the deep potential energy minimum of the

IRC path up tos ~5 amud’2 Bohr. The dynamics of the  CHy(OH),:=:F~ IRC complex and has non-IRC dynamics
trajectories show rupture of the-HC and O-O bonds after reminiscent of those for the OH+ CHzF — CH;OH + F~

crossing the TS1 region, formation of a tight +H€H,0---HO~ reaction®
complex, and rotation of the G fragment. However, the 4.1.2. HF+ CH300~ Products and CH;OOH:--F~ Com-
dynamics leads to the separation of Obnd HF from CHO plex. As shown in Table 4, three of the trajectories led to proton

instead of allowing formation of the HOCH,O ---HF IRC transfer from the hydroxyl group and the HF CH;OO~
structure. The trajectories cease to follow the IRC when the products, while three of the G&OH:---F~ complexes, formed
slope of potential energy versedecomes more negative sit by the F + CH3OOH collisions, dissociated to HF CH,O
~5 amu’2 Bohr. + OH~. The PES suggests that the HF CH;OO~ product

A two-dimensional contour diagram of the post-transition channel should proceed via the gpOH---F~ complex, and
state potential energy surface, following motion from TS1, is since the barrier for this complex to dissociate to HEH;00~
illustrated in Figure 6Q; represents the concerted movement is 16.4 kcal/mol (see Figure 2) higher than that to dissociate to
of HF and OH away from CHO, andQ; represents the in- HF + CH,O + OH-, it is somewhat surprising that there are
plane rotational motion of CHD. Also depicted in Figure 6 is  the same number of events via this complex leading totHF
the IRC and the motion for a representative trajectory. The CH;OO~ and to HF+ CH,O + OH~. However, visualization
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' the other F first struck the OH- group. These trajectories, in

= 2;3" which F~ scatters nonreactively off the GH and OH- groups,
m— -60 would be identified as reactive events in a variational transition
! p—— state theory analysis of the"F+ CH;OOH chemical reac-
20 i — tion.28
' — I2F?C 4.2. Trajectories Initiated at TS1. 80 trajectories were
) Traj. propagated starting at transition state TS1. Microcanonical
£ 20} sampling was used to determine the initial conditions for the
“{_ﬁ, 0.0 trajectories with an energy corresponding to the thermal energy
= 05 of the reactants plus the potential energy difference between
w 1.0 (g—_" the reactants and the TS1 structure. The reaction coordinate
15 o translational energy was sampled from its 300 K Boltzmann
50 distribution. A 300 K rotational energy distribution was also
100 g0 25 added to TS1, which results in a much lower angular momentum

200

than that created by the H CH3;OOH reactive collisions. As
seen in Table 4, 95% of the trajectories formed HEH,O +
Figure 6. A two-dimensional contour diagram of the post-transition state  OH™. The remaining trajectories formed minor products such
potential energy surface for TS@1 = Ari + Ary, wherer; is the FH-C as HF+ CO+ H, + OH~, F 4+ CO +H, 4+ H>0, and HF+

bond length and is the O-OH bond lengthQ, = A1 + A6,, wheref; — ; ; i
is the O-C—0 angle and; is the H-O—C angle; i.e., H is the hydrogen HCO™ + HzO, which were not observed in the collision

abstracted by F and O is the oxygen attached to carb@a.represents dynamics simulations discussed above (section 4.1). No evidence
the concerted motion of HF and Otaway from CHO, andQ; represents for formation of the IRC product was found for the trajectories

Q? (degree )

gtatiO_n of CHO. (Tjhe remaiﬂing Coog#iﬂates Wefﬁ Optifgiz(eddf?f e)@@h g initiated at TS1. The dynamics of the trajectories forming the
> point. Depicted on this contour diagram is the IRC (red line) and a . e it
representative trajectory (black line). primary products HR CH,O + OH~ is similar to that observed

for the F- + CH3OOH collision dynamics (Figure 5¢e). As

. . 8 these trajectories moved from TS1 they followed the IRC,
of the proton-transfer trajectories to form HFCH;OO~ shows including the formation of a tight HE-CH,O-+-HO~ complex,

that they are direct-type events and not mediated by a complex;q|\ved by rotation of the ChD fragment and rearrangement

with randomization of its energy. For one of the trajectories of the HF and OH fragments, similar to that for the IRC path
HF is formed by a direct abstraction. For another the relative at ans of approximately 25 amu2 Bohr. However, instead

motion of F and the H-atom of HO—O~ reached its inner ¢ coniinuing to follow the IRC to form CHOH)y++F-, the
turning point (ITP) two times, which resulted from rotation as trajectories left the IRC and formed HF, OHand CHO
the proton is abstracted. For the third proton-transfer event the 4.3. Trajectories Initiated at the HOC;-IZO‘---HF Str.uc-

potential energy released, as Bpproaches the HO—O— ture on the IRC. Five trajectories were initiated at the

e e it e o001 HOCHO---HE strcure o he IRC, deifed by e ot
P ! . " Figure 3. Initial conditions were determined using a micro-
Proton transfer occurred after there were five ITPs in thélF : . ; .
relative motion. In contrast, the three dissociations of the canonical sampling scheme. The energy for the trajectories was
CH-O0H-+-F- complex to form the HFEL CHO - OH- determined by adding the thermal energy of the reactants to
ro?j cts via the Eog mechanism are more coas'stent ith a the potential energy difference between the reactants and the
Products vi ! ! w HOCH,O---HF structure. In addition the energies for reaction

Ztitlsuc?l :n?: el. T?r?r I|fet|rI1/enotf ther::domple; varies fc;olr)n ?—3\/5 th coordinate translation and external rotation were sampled from
obsepr\slat(i)on O?S;reee;isioiia;(')nas i ii)ns?singewi h eRC)RkM §heir 300 K Boltzmann distributions. The motivation for this
simulation was to see if initializing the trajectories far along

theory. . . .
There are several interesting aspects of the dynamics associEhe IRC, with a potential energy of67 kcal/mol with respect

. . to TS1, would direct them to the IRC products. However, each
ated with formation of the CEOOH:--F~ complex. For two of . ) _
: . f the t t f the HF CH,O + OH
the trajectories, F approached the H-atom of the +#D—0O— of the trajectories formed the CH.0 + OH™ products

group but rebounded off to the GH group forming HF+ with no evidence of following the IRC path.

CH,0O + OH". For 19 of the trajectories, Foounced from the caﬁ:ﬁét%ﬁs}(MergalgEr?r“rr?:d fgruggscj)?a?g:o?lt?wssgng?-E—KM
CHs— to the H-O—O— group to form the CHOOH-++F~ ulations were p issociati ey

complex via TS2 and TS1 using the B3LYP/6-31G(d,p)
frequencies and energies, the same level of theory used for the

4.1.3. Nonreactive Trajectories55 of the trajectories were direct d_ynarmcs S|mulat_|ons. External_rotapons_ were treafted with

. the adiabatic symmetric top approximation in calculating the
nonreactive and went back to the F CH;OOH reactants. For sum and densities of sta@SThe total anaular momentum was
42 of these trajectories Fmoved past CEDOH, scattering in s:t to the ave:all e total angular momeglltjum for the t:ja'e\é\iories
the forward direction, but for the remaining 13 trajectories F forming _the gl—gOOH---Fg* complex Dissociationj of
ff H. The F ion hit th - for 1 '

scattered o CIgQO e I ion hitt e ch _group for 0 . CH3OOH:---F~ to the HF+ CH,O + OH~ products proceeds
of these trajectories and rebounded with one inner turning point throuah TS2 and TS1. and the statistical rate constant for this
(ITP) in the F + CH30OO0H relative motion. One trajectory had rocegss i '
similar dynamics, but ¥ struck the OH- group. Two of the P !
trajectories had a single I_TP encounter with both the€ldnd (28) Truhlar, D. G.: Hase, W. L Hynes, J. T. Phys. Chem1983 87, 2664.
OH— groups. For one Ffirst struck the CH— group, and for (29) Zhu, L.; Hase, W. LChem. Phys. Let199Q 175 117.

complex. These latter events are not surprising given the
shallowness of the F--CH3;OO0H potential energy minimum.
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kok, 4.5. Comparison with Experiment. The dynamics of the

k= TS (2 F~ + CH;OOH reaction has been studied in previous experi-
ments at 300 K utilizing a tandem flowing afterglow-selected

ion flow tube (FA-SIFT) mass spectrometérThe measured
rate constant ik = 1.23 x 109 cm*molecules, and the major
" primary product is OH. A minor complication in determining
CH@OH---F’t‘ F ---CH;OOH the relative importance of the product channels is that OH
undergoes a secondary reaction with4Ol®H to form HO +
CH30O0™. This latter ion is also formed by H CH;OOH direct
proton transfer. The importance of the OH+ CH;OOH
. . . secondary reaction was unraveled by studying it separately. A
Itis of interest that the quantum harmonic RRKM valuekor ,,arical analysis of the experimental data, foHFCH;OOH
is .~10 times larger than the vglug flr,, since the barrier for and OH + CHsOOH, suggests that the reaction of Rith
!fl. 'S Iar‘ger than thqt f0k.’2' Th!s IS 'because TSZ. has a much CH3OOH proceeds mainly via the formation of OH~85%)
tighter” structure, with higher vibrational frequencies, than does with an upper bound for direct proton transfer to formCid-
TSL. estimated to be approximately 10%.

The quantum harmonic RRKM value féris 0.0018 ps?, . .
o B _ An Eco2 mechanism was proposed for Offbrmation from
and the RRKM lifetimer = 1/k = 556 ps. For the 4 ps . ; . .
. . . _ . the experimental result§In this mechanism deprotonation from
trajectories, the dynamics of the @BIOH:--F~ complex is . -
the a-carbon, by the attacking anion, leads to carborygen
followed on average for 2.3 ps. The RRKM value for the . . o -
: . . o . double bond formation with concerted elimination of the anionic
fraction of complexes which dissociate is-lexp(—kt) with t - .
N . . . leaving group. For the F+ CH3;OOH reaction, the products
= 2.3 ps. Thus, the RRKM percentage of trajectories which . 7 .
. o of the Bz02 mechanism are HF- CH,O + OH~. Supporting
should dissociate is 0.4% and smaller than the 3% value found _ . . .
in our simulations: ie. of the 100 complexes formed. 3 evidence for the Eo2 mechanism comes from studying the
o P ! kinetics of the reverse reaction, @&lO~ + HF. Measurements

dissociated \IIQIaRII?/IZ ;md si t.o forrp HECHZO + (f)Hi' . with the FA-SIFT technique gives a rate constankef 2.43
Quantum theory retains a fixed amount of energy In -4 5-9 .n3/molecules and identifies, with 81% yield, OHas

zero-point energy (ZPE) for both the ree}ctants and TS. However,,[he primary reaction product. The proposal, based in part on
classical dynamics does not necessarily preserveZfand ab initio calculations, is that the reactants form the-FCH;OOH

if the classical |ntramole_cula_r dynamics is ergodic the ZPE flows complex which then dissociates via thed® mechanism to form
freely between the vibrational degrees of freedom of the HF + CH,O + OH-

decomposing molecule and TS. Thus, the barrier for decomposi-
tion is the classical potential energy barrier. The classical
harmonic RRKM rate constant is larger than the quantum
value?? and for CHOOH:--F~ decomposition the classical . X ; 8 i
harmonic RRKM rate constaitis 0.0155 pst and 8.6 times ments. The.5|mulat|o'ns identify the samgol mechamsm.for
larger than the quantum value. The percentage of the complexesOH f(_)rmat|on (se_e Figure 5) as propose d from the expenm(_ents.
predicted to decompose is 3.5% and in remarkably good The direct dynamics rate constant is given by the expression

agreement with the trajectory result of 3%. However, better — [relrn, WhereldrelIS the relative velocity for the average

trajectory statistics are needed to make this comparison moretranslatlonal energyRT/2 = 0.89 kcal/mol at 3002K an:”‘“
where

definitive. It is also possible there is an apparent non-RRKM IS the reaction cross section, and is givenmyr by,q,, W .
component in the dissociation of GEOH:+-F~. Pixn is the reaction probability and the fraction of trajectories
An important approximation in the RRKM calculations is the that react. From Table By, = 145/200= 0.73 + 0.03. For

assumption of harmonic energy levels for both OH:--F~ Bmax I: 10 A uzszeg:;nlérj&ez S|mtuhla;tl|(oEs 1(37%6:::%20” i'é)g’ the
and the transition states. Because the vibrational energy of€SUMINGOn 1S , S0 thatk = (1. 07) x

CH3OO0H---F~ is higher than that of the transition states, the cm¥/molecules and in quite good agreement with the experi-

anharmonic correction is expected to be more important for the mentall value 1'23<. 1079 ef/molecules. .

CH;OOH-+-F~ density of states than the transition states sums A direct comparison cannot be made with th&5% and

of states. As a result, anharmonicity will decrease the rate ~10% branching found from the experiments for the HF
constant by increasing the density of states. An anharmonic ¢H20 + OH™ and HF+ CH;OO0™ product channels, since a
correction may be particularly important for the intermolecular arge number of CEDOH:---F~ complexes remain undissociated
degrees of freedom of GOH---F~, which represent the when the trajectories are terminated at 4 ps (see Table 4).
interaction of F with CH;OOH 34 Anharmonic effects are often ~ However, if these complexes are assumed to dissociate statisti-
important* and it is noteworthy, that for a recent direct dynamics Ccally as predicted by RRKM, nearly all will form the H#
simulation of molozonide dissociation, an anharmonic correction CH20 + OH™ products since the barrier is 16.4 kcal/mol lower

where the rate constants are for the reactions

k
F~---CH,00H— products past TS1

The F + CHzOOH direct dynamics simulations reported
here are in excellent agreement with the experimental measure-
ments and the mechanistic details suggested from the experi-

of 2.2-2.6 was suggestés. for this channel. With this assumption, the branching between
the HF+ CH,O + OH~ and HF+ CH3OO™ product channels

(30) Lu, D.; Hase, W. LJ. Chem. Phys1988 89, 6723. is predicted to be 142/145 0.98+ 0.01 and 3/145= 0.02+

(31) Miller, W. H.; Hase, W. L.; Darling, C. LJ. Chem. Phy2006 91, 2863. i H itati ; i

(32) Hase, W L. Buckowski. D. Gl Comput, Chenilos 3, 335, 0.01, fractions in qualltatlve a_lgreement with the experimental

(33) Bunker, D. L.; Hase, W. LJ. Chem. Phys1973 59, 4621. results. The experimental estimates of approximately 85% and

34) Peslherbe, G. H.; Wang, H.; Hase, WJLChem. Physl995 102, 5626. e ;

2353 Vayner, G.; Addepalli, % V.; Song, K.; Hase, W.J_.yChem. Phy<2006 10% fC?I' these two channels are basgd Qn a difficult numerical
125, 14317. analysis that subtracted a large contribution from the secondary
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reaction OH + CH3;00OH — CH3OO™ + H»0.38 Thus, the
trajectory estimate of only~2% branching to the HF-
CHz0O™ products is not inconsistent with the experiments.
The finding from the simulation, that none of the trajectories
followed the IRC to form the CH{OH),*--F~ complex, is also
consistent with the experimental stuthtf formed, the complex
will contain ~110 kcal/mol of internal energy and is expected
to undergo substantial dissociation to both HFCH,(OH)O~
and F + CH,(OH),, since the channels have barriers of only

channels have equal probabilities. The atomic level dynamics
of the simulations show that, in the early stages of the chemical
reaction, the formation of the HR- CHz;OO~ products is
nonstatistical and results from direct or nearly directHCHs-
OOH — HF + CH3OO™ proton-transfer events which are not
mediated by randomization of vibrational energy within the
CH300H---F~ complex. These dynamics are similar to the
direct reactions proceeding through potential energy minima for
ClI= + CHsCl and CIF + CHsBr Sy2 nucleophilic substitu-

~40—45 kcal/mol. The former dissociation channel was searched tion.3"-4° Nonstatistical dynamics for a heavlight—heavy

for in the experiments by studying the - CD3sOOH reaction,
for which formation and dissociation of the IRC complex would
give DF + CD,(OH)O™. The proton transfer anion GDO~
was observed, but the IRC product ion £OH)O~ was not,

reactive systerfit like F~ + H—O—0O—, has also been observed
for the O¢D) + HCI reaction??

It would be very beneficial to have a semiquantitative or
qualitative model for identifying reactions which may have non-

indicating there was at most only a very small number of events IRC dynamics. Elements of such a model have been proposed
which followed the IRC. A minor product with a 2% yield and  previously?®*344and observed in previous simulations as well
corresponding to the mass of - CH;OOH was detected.  as the one presented here. For some potential energy surfaces,
Presumably this percentage corresponds to undissociatedhere are multiple reaction paths crossing at a potential energy
CH3OOH:---F~ complexes. It also sets an upper bound on the minimum, and in contrast to the RRKM model which assumes
amount of the IRC complex produced. The most likely scenario energy randomization and statistical branching between product

is that the formation of the IRC complex is negligibly small
(<2%).

5. Summary and Conclusions

The direct dynamics simulation reported here is in overall
quite good agreement with previous experimé&rdaad provides
important fundamental information concerning the atomic-level
reaction dynamics. As found from the experiments the primary
product channel leads to HF CH,O + OH~ with the HF +
CH3;00™ proton abstraction channel considerably less important.
The total rate constant for the”F+ CH3OOH reaction,
determined from the simulation, is= (1.704 0.07) x 107°
cm¥/molecules and in excellent agreement with the experi-
mental valuek = 1.23 x 10~° cm®¥molecules.

Several features of the"F CH3;OOH reaction dynamics
do not conform to conventional theories of chemical kinetics
and dynamics. The reaction channel forming HFCH,O +
OH~ occurs by an attractive interaction between &d the
CHs— group of CHOOH, while for HF+ CH3;00~ formation
the F~ anion interacts with the H-atom of theHD—O— group.
The intrinsic reaction coordinate (IRC) reaction path model for
the first channel, as described in Figure 3, is first formation of
the F---CH;OOH complex and then passage over TS1,
followed by motion down the IRC to the GKOH)y--F~
potential energy minimum. The direct dynamics trajectories
follow the initial features of this IRC reaction path model but
then move off the IRC after passing TS1 and form the high-
energy HF+ CH,O + OH~ products instead of going to the
CHa(OH),---F~ potential energy minimum or forming the F
+ CO + H; + H,O and F + CH,O + H»O products at

channels, it has been proposed that there may be a propensity
for the system to remain on the IRC and not become trapped in
the potential energy minimufi.This type of dynamics has been
observed in cyclopropane stereomutatfoft’ and %2 nucleo-
philic substitution?®#8The previous study of the OH+ CH3F
post-transition state dynamics and the currenttFCH;OOH
study suggest that the concept of momentum conservation and
concomitant inefficient intramolecular vibrational energy re-
distribution (IVR)® should include motion off the IRC, resulting

in non-IRC reaction paths. The presence of chemical dynamics
with momentum conservation and weak mode coupling along
either the IRC or a non-IRC reaction path is closely related to
non-ergodic phase space dynamics and non-RRKM kin&tics,
as seen for the dissociation of iedipole complexe®-4° and
central barrier recrossifijin Sy2 nucleophilic substitution
reactions’® Developing a theoretical model to describe the above
post-transition state non-IRC and nonstatistical dynamics would
be an important contribution to the understanding of chemical
kinetics and dynamics.
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