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Translational energy dependence of reaction kinetics and internal energy depositions in reaction products
were examined for gas-phasg2Sreactions of Cl and F with NCCO,CH; and CRCO,CHjs in a Fourier
transform ion cyclotron resonance mass spectrometer (FTICR). The energy dependence of the kinetics was
examined by measuring the&rate constants as a function of reactant ion translational energies and by
comparing the experimental results with those calculated using RRKM theory. Negative kinetic energy
dependence was observed, and the changes of rate constants agree with RRKM theory predictions. The internal
energy deposition in theyd products was examined by measuring the fraction of secondary fragments resulting
from dissociation of the ionica® product. A statistical model was used to calculate the statistical fraction of
internally excited {2 product ion under thermal conditions. For the least exothermic reactiaf kcal/

mol), the measured fraction of secondary ion is comparable to the statistical fraction of internally excited
ionic product. For a highly exothermic reaction40 kcal/mol), the internal energy deposition in the ionic

Sv2 product is significantly lower than the statistical value, indicating that most of the excess energy is
trapped in the neutral product. Additional translational energy has little effect on the observed fractions of
secondary ions.

Introduction _ keol ke
_ _ ) X~ + RY XT(RY) — XR + Y~
Gas-phase 2 reactions have been an important object of Ky
study for more than two decadésBoth experimental and _
theoretical studies suggest that a gas-pha&a&action can be X +RY

characterized by a double-well potential energy surface with a
central barrier separating two iemmolecule complexe%:® A
generalized double-well potential energy surface is shown in
Figure 1. The reaction kinetics are often modeled with statistical
theories such as RiecRamspergerKasset-Marcus (RRKM)
theory or phase space theory (PS%)3 Despite the general
use of statistical theories in interpreting the results of reaction
kinetics, there are fundamental questions regarding the validity
of statistical model$*-1® How does the collision energy affect
the reactivity? Does the change in reaction rates agree with
statistical theory predictions at increasing collision energies?
For an exothermic reaction, how is the exothermicity distributed XR)Y ™
in the reaction products? Is the energy distributed statistically Figure 1. Generalized § potential energy surface.
over all available internal modes of the two products, or is the
energy preferentially partitioned into one product? systems, Cl + CHsBr for example, show weak coupling
Most ion—molecule complexes have relatively large associa- between relative translational modes (of Gind CHBr) and
tion energies. Therefore, it is not unreasonable to assume thawibrational modes (of CkBr).?122 This weak coupling would
the complex is long-lived, and the energy redistribution within inhibit energy flow within the ior-molecule complex and result
the complex is statistical, so that the reaction kinetics can be in nonstatistical behavior in the reaction kinetics. Simulations
described with a statistical theory, and the energy distribution also show that the reaction products tend to have lower
in reaction products can be calculated using a statistical model.translational and rotational energy but higher vibrational energy
Many experimental and theoretical studies have been carrieddistributions compared to the values predicted by a statistical
out to investigate whether3 reactions behave statisticalff.2° model?3
Most experimental studies focus on examination of reaction ~ There have been experimental studies of translational energy
kinetics with energy perturbatio$1924263032 |n general, for ~ distributions in $2 products¥*~*" The kinetic energy release
small systems (such as Ck CHsBr), reaction kinetics behave  distribution (KERD) experiments of dissociation of metastable
nonstatisticallyt while for relatively large systems (such as’Cl  ions3#-36 including [(CHBr)CI-]* and [(CF:CO,CH3)CI]*,
+ NCCH,CI), energy-dependence kinetics agree with RRKM revealed that the relative kinetic energy distributions in the
theory predictiong833Extensive trajectory simulations on small ~ displacement products were significantly lower than those
predicted by the statistical phase space theory. The results
* Corresponding author. E-mail: brauman@stanford.edu. indicate that the energies generated in these reactions were
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trapped in the vibrational modes of the products rather than absence of collisions, a particular ion would oscillate between
distributed statistically between the vibrational and the trans- the same minimum and maximum radii indefinitéfyUnder
lational degrees of freedom. ion collisions with neutral molecules, the ion minimum and

It is of interest to examine whether internal (vibrational) maximum positions are displaced with respect to the phase shifts
energy distributions in @ products behave statistically. These of the driving signaf® In addition, collisions serve to decrease
distributions have not previously been examined. In this the kinetic energy of an ion. Under the condition that the delay
contribution, we report a method to estimate internal energy time is long relative to the collision time scale, the kinetic energy
deposition in {2 reaction products by measuring the fraction distribution of ions can be determined by summing over the
of the secondary fragments resulting from dissociation of the trajectories of the ions under thermalizing collisions at a random
ionic Sy2 product. For a generic gas-phasg $eaction (eq 1), time in the acceleration/deceleration inter{fal.

the ionic product, Y, can further dissociate to give the  Experiments. The reactant ion, Clor F~, was generated
secondary fragment ion, A(eq 1a). Only those Y having py electron impact on CGlor NFs, respectively. The neutral
excess internal energy above the dissociation threshold will reagent, NCC@H; or CRCO,CHs, was introduced into the
fragment and produce A Thus, the fraction of A formed  yacuum chamber through a leak valve, and the pressure of the

indicates the fraction of Y having internal energy above the neytral reagent was in the range of @55) x 1077 Torr. It
critical energy for dissociation. We have developed a statistical \yas found that by adding argon as a buffer gas (807 Torr)
model to calculate the statistical energy deposition in reaction the jon signals were more stable and more reproducible. The

products. By comparing the measured fraction ofwith that electron ejection gate was opened at 40 ms to remove extra
calculated by using the statistical model, we examine whether gjectrons. 1f35CI- was the reactant ion, then the isotopic ion

the energy deposition in“Ybehaves statistically. Furthermore,  37c|- was removed with an ejection pulse immediately after
we examine additional kinetic energy deposition by measuring the jon was formed. To remove other ions generated by electron

the fraction of A" as a function of the increase in the jnhacton the neutral reagents, all of the ions except the reactant
translational energy of X Our results show that for the g, (CI- or F) were ejected 5060 ms after opening the

reactions studied the reaction energy is preferentially depositedg|gctron ejection gate. Immediately after the other ions were

in the neutral products. ejected, the gate of the kinetic energy controller was opened,
and an on-resonancet{0 Hz) rf signal was applied to
X +RY—=XR+Y" 1) accelerate the selected ion. The peak-to-peak voltage of the rf
Y- —A- 4B (1a) signal was in the range of 0.032 to 0.1 V, corresponding to an
electrical field of 0.64 to 2 V/m. The interval between the phase
shifts was in the range dfl = 40—240 cycles. The applied rf
ulse lasted 2061000 ms, and the impulse excitation signal
as applied 50 ms after turning off the rf signal. It was found
that the product ions formed within the 50 ms were negligible
compared to those formed under the rf driving signal.

Differential ion loss is a major concern when an rf signal is
applied?¢ Control experiments were performed for each set of
Experimental Section experiments. I#%CI~ was the ion to be accelerated, then the

nonreactive CGlwas used as the test reagent. Both chloride

Instrumentation. Experiments were carried out in an lonSpec  isotopes were generated by electron impact. An on-resonance
OMEGA Fourier transform ion cyclotron resonance mass rf signal was applied t§°CI~ at a fixed rf potential, and the
spectrometer (FTICR) equipped with an ion kinetic energy number ) of acceleration cycles was varied. The isotopic ratio
controllert438:39Details of the apparatus have been described was monitored between 100 and 1000 ms of acceleration time.
elsewhere. The instrument is operated at a 0.6 T magnetic fieldWhen a 10% loss of differential ions was observed, the rf
with a background pressure of3107° Torr. The temperature  potential andN cycles were set as the upper limits. If Fas
in the ICR cell was estimated to be 350*KNeutral reagents  the ion being accelerated, then the mixture of £&id NR
were added to the vacuum chamber through variable-leak valveswas used as the test reagent, and the ratio-ofud CI- was
The pressure of the neutral reagents was measured with a Variamonitored. We found that by using suitable trapping potentials
ionization gauge calibrated against an MKS Baratron capacitance(2.5—3.5 V) differential ion loss during the acceleration period
manometer. The primary ions were generated by electron can be minimized significantly.
impact, and the unwanted ions were removed by ejection signals. - The fractions of secondary ions and the reaction rate constants
Impulse excitation was used to excite the ions prior to \yere measured in the following manner. Under thermal condi-
detectiorti! All chemicals were purchased from Aldrich and  tions, the intensities of Yand A~ (eq 1 and 1a) were monitored

We also report an investigation of translational energy
dependence on reaction kinetics by measuring the changes o
reaction rates as a function of the increase in reactant ion
translational energy and by comparing the results with those
calculated using RRKM theory.

were used without further purification. Multiple freezeump— ¢ several different time increments until a constant branching
thaw cycles were applied to all the gaseous and liquid chemicalsyatig was reached (say, at 500 ms). Then the intensities of the
prior to their introduction into the vacuum chamber. product ions were recorded. To measure the fraction of

The function of the ion kinetic energy controller is to supply ~ secondary product as a function of the increase in reactant ion
a 180 phase-shifting radio frequency (rf) with variable voltage  translational energy, an on-resonance rf signal was applied to
to the selected ion so that the ion can be accelerated and trappes - and the intensities of Yand A~ were detected at 500 ms

are accelerated as they undefgayclotron cycles, and atthe  5f A- is

end ofN periods, the phase of the rf signal is reversed by’180

and the ions are then decelerated for andtheycles. The cycle A]

is then repeated. Thus, the maximum translational energy of an Fopt=———— 2)
ion*243can be varied simply by changing the value\ofin the [ATT+IY]
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To obtain rate constants at different translational energies of A more convenient representation of this relation is to replace
X~, the absolute intensities of Xvere measured as a function the ki/(ks + ky) term with the macroscopic efficiency of the
of time while X~ was accelerated by an rf signal. The rate reaction, ®, the fraction of collisions that lead to product

constantk, was given by eq 3, wher€ is a constant and is formation. The observed rate constant is then described as the
the number density (in molecules cAof the neutral reactant,  collision rate constant multiplied by the reaction efficiency (eq
RY. 7).

In[Y 1=nkt+C () Kobs = Koot ® ™

Quantum Calculations#” The structures and vibrational
frequencies for the neutral molecules, ions, and-iomlecule The macroscopic efficiency is the integration of the microscopic
complexes were calculated using the B3LYP/6-31G(d) proce- counterparts(E,J) (eq 8), weighted according to the thermal
dure. Transition states were located on the B3LYP potential equilibrium energy and angular momentum distribution of the
energy surfaces by using the QST3 method. The initial-guessreactant complexF(E,J). Each microscopic®(E,J) is the
transition state structures were obtained by scanning the potentiafraction of collisions with energ§ and angular momentumh
energy as a function of the distance between the nucleophilethat leads to product formation (eq 9), in which the unimolecular
and the reaction center. True energy minima and saddle pointsrate constantsk(E,J) and ky(E,J), are calculated using the
were confirmed by frequency analysis and by viewing the ,VTST-RRKM formalism described in a previous papéfo
motion of the structure corresponding to each vibrational mode. model a system at increased translational energy, the added
For all the structures at the energy minima, no imaginary translational energy is assumed to be incorporated into the
frequencies were found. For each of the transition state jnternal modes of the reactant complex. Therefore, the average
structures, one imaginary frequency was found. The reaction yo5) energy of the system is equal to the average thermal energy
energies were obtalngd by performing smgle-pm_nt calculations (350 K) of the reactants plus the center-of-mass (CM) collision
at the MP2 level with the 6-31G(2d,p) basis set. For energy. The temperature of the system is replaced with an

comparison, the reaction energies were also calculated by usingeffec,[ive tem :

peratureT{s) corresponding to a temperature at
the MP2/6-31%G(2d,p)//HF/6-3%G(d) and the (.:BS'4 Pro= which the collision complex has a Boltzmann distribution of
cedures. The calculated results were compared with the available

experimental data. Detailed geometrical information, energies, the total internal energy.
vibrational frequencies, and rotational constants are provided

in the Supporting Information. o= f f ®(E, J) F(E, J) dE dJ (8)
Statistical and Kinetic Modeling. We used a statistical

model to calculate the probabilities of energy distribution in k(E, J)

Sw2 reaction products. For the generigZeaction (eq 1), the ®E,J) = K(E J) L k(EJ) )

total energy generated from the reactionBs The energy

deposited in Y is E;, and in RX,E — E;. The probability® of

energy distribution in Y is given by eq 4, Whe_rﬁ(El) is th_e The collision rate constanty, is calculated using the
density of states for Yat energyE; andop(E — Eq) isthe density  parametrized Su trajectory model, in which the relative kinetic
of states for RX at energyE(— E). The density of states was  gngrgy of the system is a variabfeThe average center-of-
calculated using the BeyeSwinehart direct-count algorithAi. mass kinetic energy of the reactant ion is obtained from

iny vibrational contributions were congdered in the ca_llc_ula- trajectory calculations of ions undergoing reversible rf accelera-
tions; we assume that the rotational contributions are sufficiently tion 45

small to be neglected. The vibrational frequencies were calcu-

lated by using the B3LYP/6-31G(d) computational procedure.

If S andS; represent the amounts of Yhaving energy above  Results

and below the critical energy for dissociation, respectively, then

the fraction of Y- having energy above the critical energy is Four gas-phasen2 reactions (eqs 1013) with different

given by eq 5. exothermicities and different secondary dissociation energies
were chosen for this study. The product ions, NGC(&q 14)
p(E)) p(E—E)) and CRCO, (eq 15), can decompose further to give secondary
P= (4) fragments, CN and CE-, with dissociation energies of 17.3
f p(E) p(E — By dE, and 39.8 kcal/mot253 respectively.
Foar= —Sl (5) - -
sat” 5 1S, CF,CO,CH; + CI" — CF,CO, + CHLCI
AH® = —16 kcal/mol (10)
We model the reaction kinetics with a double-well potential — CF; + CO, + CHLCI
energy surface (Figure 1) using the RRKM program HY-
DRA.5 The overall {2 rate ko9 can be related to the ion AH® = +23 kcal/mol (10a)

molecule collision rate ko) and the rates of unimolecular
dissociation back to reactantk) and isomerizationkf) (eq NCCO,CH, + CI” — NCCQ,” + CH,CI

©). AH° = —20 kealimol (11)
ke — CN™ + CO, + CHLCI
Kobs = Kol k + k. (6) o _
ke + Ky AH°® = —3 kcal/mol (11a)
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g, - TABLE 1: Reaction Rate Constants, Collision Rate
CRCOLCH; + F — CRCO, + CHyF Constants, and Efficiencies Determined at Thermal Energy
AH° = —47 kcal/mol (12)

Kobs (107° cm? Keor? (107 cm?

—CF; +CO,+ CH;F reactants molecule's™)  molecule®s™) D
o — _ CRCO,CH; + ClI~ 0.11 2.8 0.037
AR® = —8kcallmol (12a)  NccocH,+ I 0.75 3.9 0.19
CRCO.CHz + F~ 3.0 3.7 0.82

NCCO,CH; + F- 43 4.9 0.87

NCCQOCH;+F — NCCO, + CHgF ) )
a Calculated using the Su trajectory model, ref 51.

AH° = —50 kcal/mol (13)

—CN + CO,+ CH;F 1.6
= a
AH° = —23 kcal/mol (13a) _,: in
i |
NCCO, —CN +CO, AH°=17.3kcal/mol (14) € o084 @ & . A
mE A A
CFCO, —CF, +CO, AH°=239.8kcal/mol (15) go ‘o
2 04
We measured rate constants and reaction efficiencies for the =
four S\2 reactions. We studied the kinetic energy dependence 0.0 , , , ,
on reactivity for reactions 10 and 11, and we examined internal 0 1 2 3 4
energy distributions in & products for reactions #113.
10
Experimental Results _ b
Cl~ with CRCO,CH3 (eq 10) generated only one ionic F: 8 ™Y
product, CECO,~. No secondary fragment was observed by 3 )
adding up to 12 kcal/mol (CM) of translational energy to the 2 6 7 0‘6 P
CI~ ion. The thermal-reaction rate constant, Q.0 1° cm? £ o 5 * @
molecule’! s, was determined by measuring the decay of CI  § 4 A a
as a function of time. The collision rate constant for Gt 3
CRCO,CHs; was calculatet to be 2.8x 1072 cm3 molecule® < 2
s™1, giving a reaction efficiency of 0.037 at thermal energy
(Table 1). The rate constants at increasing Kihetic energies 0 (’) '1 ‘2 é ;
were measured by applying on-resonance rf signals to the CI
ion by using the ion kinetic energy controller described in the
Experimental Section. The reaction rate decreases as the kinetic KE. (CM), keal/mol
energy increases, Figure 2a. Figure 2. Experimental ©) and RRKM (@) rate constants vs relative

Cl~ with NCCO,CHjs (eq 11) yielded three ionic products:  kinetic energies. (a) Cl+ CFCO,CHa. (b) CI- + NCCQO,CHs.
NCCGO,~ (78%, the K2 product), CN (12%), and (NCC@CHg)- _ )
CN- (10%). The ion CN most likely comes from dissociation ~ ABLE 2: Fractions of Secondary Fragments £ exp)
Determined at Thermal Energy and Fractions of Internally

of NCCQ,”. The addition-elimination reaction (eq 16) iS  Eycited lonic Su2 Products Fsw) Expected from the
estimated to be endothermic by 18 kcal/mol (Table 4), and CN  Statistical Model

would not be observed from this reaction. The ion (NGCBs)-

, : . tant Fex Fsia
CN- arises from the reaction of NCGO with the neutral Cacrgig:nfcr S a 5 =
3
reactant, NCC@CHs; (eq 17). NCCO,CH. + CI- 012 0.18
_ _ CRCO.LCHz; + F~ 0.01 0.34
NCCO,CH;+ CIT — CN + CICO,CH, (16) NCCQO,CH; + F~ 0.4 0.94

NCCQO,CH; + NCCO, — (NCCO,CH,))CN + CO, (17)
rf signals. A 20% increase in the fraction of CMas observed

The Sy2-reaction rate constant (7:6 10 °¢cm? moleculql by adding 4.7 kcal/mol (CM) of kinetic energy to the"Qbn
s 1) was determined by measuring the decay of &l a function (Figure 3a).

of time. Combined with the calculated collision rate constant F- with CFsCO,CHs (eq 12) generated one major product

(3.9 x 1079 cm® molecule’® s71), the S2 reaction efficiency . ~ .
was determined to be 0.19 (Table 1). By applying on-resonance'®" .(?'-?COZ. .and. a trace. (1%). O.f GF. The cc_:rrespondlng.
addition—elimination reaction (similar to eq 16) is endothermic

rf signals to CI, we measured they3-reaction rate constants . . .
g N y 8 kcal/mol, and formation of GF from eq 12 is exothermic

at higher kinetic energies. The measured rate constant as keal/mol | heref h
function of the increase in collision energies is shown in Figure 2Y 8 kcal/mol (Table 4). Therefore, the observed;CIs most
likely the result of the dissociation of GEO,~. Combining

2b.
. . . 9 rn3 1g1
Under thermal conditions, the fraction of Celative to the ~ the measured rate constant of 3010~ cm® molecule* s
and the calculated collision rate constant of 710°° cm?

total amount of NCC@ produced from the @& reaction is > e !
0.12 (Table 2). To examine whether additional kinetic energy Molecule™ s, the reaction efficiency is 0.82 (Table 1).

has an effect on the dissociation of NC€Owe measured the We examined the formation of GF at increasing F
fraction of CN™ as the Cf was accelerated by the on-resonance translational energies. The observed fractions of GB.01 at
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TABLE 3: Reaction Energies (298 K) Obtained from Quantum Mechanical Calculations and Experimental Heats of Formation

MP2/6-31H-G(2d,p)// MP2/6-311G(2d,p)//
HF/6-31G(d), B3LYP/6-31G(d), CBS-4, expta
reactions kcal/mol kcal/mol kcal/mol kcal/mol

CRCO,CH;z + CI- — CRCO,™ + CHgCl -11.7 —-9.9 -10.3 -16.5
NCCQ,CH;3 + CI- — NCCOQO,™ + CHCI —-17.2 —-16.3 —-19.7
CRCO,CHz + F- — CRCO,” + CHgF —41.6 —40.5 —36.8 —47.5
NCCO,CH; + F- — NCCQO,” + CHsF —47.4 —46.9 —46.2
NCCQO,” —CN™ + CO, +15.7 +15.4 +20.0 +16.7
CRCO; —CR +CO, +38.9 +38.9 +43.2 +39.2

2 Derived from experimental heats of formation, ref 8&Experimental data, ref 52.

1.2
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Figure 3. Fexpt(O) andFsi:(A) Vs relative kinetic energies. (a) Ch-

NCCO,CHs. (b) F- + CRCO,CHs. (c) F- + NCCO,CHs.

by 21 kcal/mol (Table 4). Thus, both reactions 13a and 18 could
contribute to the observed CNThe product ion ratio is also
complicated by the reaction of CNwith NCCGQ,CHs, which
would give back NCC@ (eq 19)3? With continuing ejection

of CN~, the intensity of NCC@™ decreased to 50% of the total
product ion, suggesting that the maximum amount of CN
formed from this system would be 50%. We used the observed
value of 40% of CN for our data analysis.

NCCOCH,+F —CN +FCQCH,  (18)
NCCO,CH, + CN"—NCCO,” + CH,CN  (19)

The overall rate constant for the reaction ofwith NCCO,-

CHsz was measured to be 43 107° cm?® molecule* s, The
ion—molecule collision rate constant was calculated to be 4.9
x 1072 cm?® molecule s71, giving a reaction efficiency of 0.87
(Table 1).

The thermal fraction of CN arising from dissociation of
NCCQ,” is 0.4 (Table 2). The observed fraction of CN
increases slightly (10%) by adding 7 kcal/mol (CM) of kinetic
energy to the Fion. The fraction of CN as a function of the
increase in F translational energy is plotted in Figure 3c.

Computational Results

The calculated reaction thermochemistry along with available
experimental data is summarized in Table 3. On the basis of
heats of formatiof? the 298 K energies for reactions 10 and
12 were estimated to bel6.5 and—47.5 kcal/mol, respectively.
The energies for reaction 10 calculated by using the three
computational methods MP2/6-3tG(2d,p)//HF/6-31G(d)
(—11.7 kcal/mol), MP2/6-31:+G(2d,p)//B3LYP/6-31G(d)€9.9
kcal/mol), and CBS-4+10.3 kcal/mol) are in good agreement
with each other but are about 4 kcal/mol higher than the derived
experimental value<{16.5 kcal/mol). The energies for reaction
12 calculated at the MP2/6-315(2d,p)//HF/6-31G(d){41.6
kcal/mol) and MP2/6-31+G(2d,p)//B3LYP/6-31G(d) {40.5
kcal/mol) levels are in good agreement with each other but are
about 5 kcal/mol higher than the derived experimental value
(—47.5 kcal/mol). The CBS-4 method gives a somewhat higher
value (—36.8 kcal/mol). Considering 3 kcal/mol of uncertainty,
the reaction energies calculated with MP2/6-3G(2d,p)//HF/
6-31G(d) and MP2/6-31G(2d,p)//B3LYP/6-31G(d) are about

thermal energy, Table 2) are essentially unchanged by adding3 kcal/mol higher than the values derived from the heats of

up to 7 kcal/mol (CM) of kinetic energy to the Fon (Figure

3b).

F~ with NCCO,CHjs (eq 13) produced two ionic products,
NCCQO;~ and CN, in the ratio of 60:40. A trace<{3%) of
(NCCO,CH3)CN~ was formed from the reaction of NCGO
with the neutral reactant NCGOHs (eq 17). Formation of CN
from dissociation of the @& product, NCC@ (eq 13a), is
exothermic by 23 kcal/mol. The additierlimination reaction

formation for reactions 10 and 12. We added 3 kcal/mol of
energy as a correction factor for reactions 11 and 13. The
energies for reactions 11 and 13 cannot be derived from heats
of formation because the heat of formation for NGC®; is
unknown. The two computational methods, MP2/6-8Gt
(2d,p)/[HF/6-31G(d) £17.2 kcal/mol) and MP2/6-31G-
(2d,p)//IB3LYP/6-31G(d)£16.3 kcal/mol), predicted an average

of —17 kcal/mol for the energy of reaction 11. By adding the

of F~ with NCCO,CHj3 (eq 18) was estimated to be exothermic 3 kcal/mol correction factor, we estimated the energy for
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TABLE 4: Reaction Energies Calculated Using the MP2/
6-311+G(2d,p)//B3LYP/6-31G(d) Method
energy,
reaction kcal/mol (298 K)

CRCO,CH;z + CI- — CFR;~ + CO, + CHsCI 23 P
CRCO,CHz + CI- — CFR;~ + CICO,CH;s 47.9
NCCQO,CH;z + CI- — CN~ + CO, + CHCI -3
NCCO,CHs + ClI- — CN™ + CICO,CH;s 18.06
CRCO.CH; + F — CR™ + CO, + CHsF -8
CRCO,CH; + F- — CR~ + FCO,CHs 8.09
NCCO,CH; + F- — CN~ + CO, + CHsF —23
NCCO,CH; + F- — CN™ + FCO,CH;s —21.76

reaction 11 to be-20 kcal/mol, which is about the same as the
value (19.7 kcal/mol) obtained with the CBS-4 method. E. kcal/mol
Similarly, calculations from the three computational methods, y ' S
MP2/6-31H1G(2d,p)//HF/6-31G(d) £47.4 kcal/mol), MP2/ Figure 4. Probability, P, of energy distributions in NCGO(eq 11)
6-3114+G(2d,p)//B3LYP/6-31G(d)-£46.9 kcal/mol), and CBS-4 calcul_ated using the statistical model (eq 4) with three reaction
(—46.2 kcal}mol) gave a value of47 kcal/mol for reaction energAles: 221 ch[/mol—(),r]24 anl/lrn ol ¢ = —), and 26 kcal/mol

: ' -++). Arrow (1) indicates the critical energy.
13. By adding the 3 kcal/mol correction factor, we estimate the ) ® ¥
energy for reaction 13 to be50 kcal/mol.

The enthalpy change for the dissociation of NCCQvas
reported to be 17.3 kcal/méd, corresponding to an energy
change of 16.7 kcal/mol for this dissociation. The dissociation ) .
energy for CECO,~ was derived to be 39.2 kcal/mol from the When the accelerated reactant ion{Gindergoes a collision,
available heats of formatiof. The dissociation energies for the additional kinetic energy is assumed to be incorporated into
NCCO,~ and CRCO,~ calculated by using both the MP2/6- the internal energy of the reaction system. The total energy of
3114+G(2d,p)//HF/6-31G(d) (15.7 and 38.9 kcal/mol) and the the reaction system is a combination of the center-of-mass
MP2/6-311G(2d,p)//B3LYP/6-31G(d) (15.4 and 38.9 kcall collision energy and the thermal internal energy of the neutral
mol) methods are in good agreement with the experimental reactant. The total energy is then c_onverted to an effe_ctive
results, 16.7 and 39.2 kcal/mol, respectively. The CBS-4 method temperatureTer, defined in the Experimental Section), which
gives abotia 3 kcal/mol higher value for both species. is used as an input parameter of the HYDRA program to

To estimate the possibility of forming another isomeric calculate the statistical efficiency. The corresponding kinetic
product complex, [(CN-CO, )CHsCI] (the N—C isomer) in energy-dependent collision rate constants were calculated with
reaction 11, we calculated the structure and the energy of thisthe Su trajectory model. Combjnjng the statistical efficiencigs
isomer at the MP2/6-31G(2d,p)//B3LYP/6-31G(d) level. This and the energy-dependent collision rate constants, we obtained
isomer was found to be 16 kcal/mol higher in energy than the statistical rate constants at several higher collision energies. The
corresponding €C isomer, [(NG-CO, )CHsCl], at the same calculated rate constants along with the experimental values are
level of calculation. Therefore, the product complex in reaction shown in Figure 25,‘ for reaction 10 and in Figure 2b for reaction
11 most likely has the form of [(NCCO)CHsCI], and CN- 11. For both reactions, the observed rate constants agree with
most likely comes directly from dissociation of NCGO the statistical predictions within the energy range examined.

We also calculated the energies of the additiefimination B E_nergy .De.position.Tr_le statistical internal energy dis‘“'
reactions and the energies of formation of the secondary bution in the ionic {2 reaction product was calculated by using

fragments from the four & reactions at the MP2/6-34G- the statistical model (eq 4) described in the Experimental

(2d.p)//B3LYP/6-31G(d) level. The results are summarized in Section. For each of the reactions, the excess internal energy at
T at;l o4 the thermal condition is assumed to be the reaction exothermicity

plus the averaged thermal energy of the neutral reactant at 350
K, and the additional kinetic energy is assumed to be incorpo-
rated into the internal models of the products. For reaction 11,
A. Kinetics. The statistical rate constants for reactions 10 the exothermicity is 20 kcal/mol, and the averaged thermal
and 11 as a function of the increase in the reactant ion energy of NCCQ@CHjsis 2.5 kcal/mol. The combined 22.5 kcal/
translational energies were modeled with the RRKM program, mol of energy is treated as the excess internal energy distributed
HYDRA, described in the Experimental Section. For RRKM statistically over all of the available internal modes of the two
calculations, the vibrational frequencies and the rotational products, NCC@ and CHCI. The calculated probability of
constants of the related molecules and ions were obtained fromthe energy distribution in NCCPO at a total energy of 22 kcal/
B3LYP/6-31G(d) calculations. The relative energies of the mol is plotted in Figure 4. The probable energy in NCC®
reactants, products, and intermediate complexes on the potentialround 13 kcal/mol, and the probabilities of deposition of both
energy surfaces were calculated by using the MP2/6+&-1 0 and 22 kcal/mol of energy are essentially zero. The critical
(2d,p)//1B3LYP/6-31G(d) procedure. The well depths of the energy for dissociation of NCGO to give CN is 16.7 kcal/
entrance and exit channels for reaction 10 are 11.7 and 8.6 kcalimol. The fraction of NCC@ (Fsta) having an internal energy
mol, respectively, and for reaction 11 are 14.5 and 7.0 kcal/ above the dissociation threshold was calculated to be 0.18 (Table
mol, respectively. The central barrier heights of the potential 2) by using eq 5. In other words, 18% of the NC£@roduced
energy surfaces were determined by fitting the calculated from reaction 11 could dissociate. As the @bn translational
statistical efficiency ¢ = ki/(ks + kp)) with the observed energy is increased, the total internal energy in the products is
efficiencies & = kondkeon) at thermal energies. The experimental increased accordingly. The energy distribution plots for the
efficiencies for reactions 10 and 11 are 0.037 and 0.19, addition of 2 and 4 kcal/mol (CM) of kinetic energy to CI

respectively (Table 1). The barrier heights relative to those of
the reactant complexes were determined to be 8.6 and 8.2 kcal/
mol, corresponding to activation energies8.1 and—6.3 kcal/

mol for reactions 10 and 11, respectively.

Statistical Modeling
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(corresponding to the total energies in the reaction systems ofsmaller with increasing energy. Third, collisions at increased

24 and 26 kcal/mol) are also shown in Figure 4. It is obvious

kinetic energies have larger orbital angular momenta, and the

that the plot shifts to the higher-energy side as the total energyenergy tied up in angular rotational energy will be larger for

is increased. By using eq 5, we calculated a seriéggfvalues

collisions at higher kinetic enerdy.This situation increases

at total energies between 22 and 30 kcal/mol. The results arethe effective central barrier for theSreaction. For some cases

plotted in Figure 3a. At thermal energy, the calculaked; is
comparable to the observeeLy,. As the system energy is
increasedF s increases much faster than dd&sp:

By using a similar procedure, we calculategfor reactions
12 and 13. The exothermicity for reaction 12 is 47 kcal/mol,
and the dissociation energy for gFO,™ to yield Ck~ is 39.2
kcal/mol. The average thermal energy forsCB;CHz at 350
K is 4.3 kcal/mol, giving the thermdt,;of 0.34 (Table 2). A
series ofF ¢, values calculated at different system energies are
plotted in Figure 3b. Similar to that in Figure JFayatincreases
significantly as the system energy is increased, whilgy is
essentially not changed. A new feature shown in Figure 3b is
that even at thermal conditioRss is much larger than the
observedFe,. The same feature is also seen in reaction 13.
Reaction 13 has a similar exothermicity (50 kcal/mol) to that
of reaction 12. The therm&ls for reaction 13 was calculated
to be 0.94 (Table 2), while the observEgwas 0.4. A series
of FsiarCalculated as a function of energies is plotted in Figure
3c. In this case, botRsrand Fexpt plots are insensitive to the
increase in energies.

Discussion

We have investigated the internal energy distribution in
reaction products and kinetic energy effects on reactivity for
several exothermic gas-phas@2Sreactions of halide with

with larger angular momenta, the effective activation energies
may be even higher than the energies of the separated reactants.
When this occurs, the overall energy dependence of the rate
constant will be positivé* However, we did not observe this
up-turn of the rate constant within the energy range examined.

The two reactions of F with CRCO,CH; (eq 12) and
NCCGO,CHjs (eq 13) are highly exothermic, and the upper-limit
reaction efficiencies are close to unity (0.82 for reaction 12 and
0.87 for reaction 13). Higher reaction efficiencies correspond
to lower activation energies. As the barrier to reaction becomes
smaller, the potential energy surface approaches the limit of a
barrierless single-well surface. In this limit, a reaction is
expected to occur near the collision rate, and the overall energy
dependence of the reaction would primarily reflect the variation
in the collision raté# Therefore, the energy dependence on the
reaction rate for reactions 12 and 13 is expected to be much
smaller, and we did not examine kinetic energy effects on
reactivity for these two reactions.

B. Energy Deposition.We probe the internal energy deposi-
tion in ionic Sy2 products by measuring the fraction of
secondary fragments formed from dissociation of the ionic
products. The observed fraction of secondary fragments is
compared with the fraction of ionic products having internal
energies above dissociation thresholds calculated using a
statistical model. As shown in Table 2, the fraction of CN

methyl esters. These reactions have similar reactants, intermedi©Pserved from reaction 11 is 0.12, and the fraction of internally

ate complexes, and products but different exothermicities (20
50 kcal/mol) and product ion dissociation energies{29 kcal/
mol). We want to know whether these reactions behave
statistically and what important factors control the observed
reaction kinetics and energy distributions.

A. Kinetics. The reaction of CECO,CHs; with Cl~ (eq 10)
has a thermal-reaction rate constant of 0.£110° cm?®
molecule’! st and a collision rate constant of 2:8107° cnm?®
molecule® s71, giving a reaction efficiency of 0.037. The
reaction of NCCQCH; with CI~ (eq 11) has reaction and
collision rate constants of 0.7% 10° and 3.9x 107° cm?®
molecule! s71, respectively, and an efficiency of 0.19. Reaction
11 is about 7 times faster than reaction 10. Both the collision
rate (1.4 times larger) and efficiency (5 times higher) contribute
to the faster rate observed for reaction 11. The larger collision
rate constant for reaction 11 comes from the larger dipole
moment in NCCQCHjs (4 D% compared to that in GEO,-

CHj3 (3 D).
As shown in Figure 2a and b, both reactions exhibit a negative

excited NCCQ is calculated to be 0.18. Calculations show
that, if statistical, the fraction of the internally excitedC©,~

from reaction 12 would be 0.34, while the observed fraction of
CRs™ is only 0.01. Similarly, a fraction of 0.94 of the NCGO
formed from reaction 13 is predicted to be above the threshold,
but the observed fraction of CNis 0.4. The experimental
techniques employed in this study are well established, and the
errors associated with the experimental measurements are
relatively small £10%). The errors associated with statistical
calculations mainly arise from the uncertainties in the reaction
exothermicity and bond dissociation energies. The effects of
these uncertainties will be discussed for each reaction. As shown
in Figure 3a-c, , as the reactant ion translational energies
increase, the fractions of internally excited ionic products
increase significantly for both reactions 11 and 12, while the
increases in the secondary fragments are much smaller. For
reaction 13, both the observed fractions of secondary ions and
the calculated fractions of internally excited ionic products are
insensitive to the increase in reactant ion translational energies.

kinetic energy dependence (i.e., the reactions proceed more Formation of CE~ from the reaction of Cl with CRCO,-
slowly as the kinetic energies are increased). The measured ratéHs is endothermic by 23 kcal/mol (eq 10a), and we do not

constants agree with the values calculated with RRKM theory
at higher collision energies. The observed negative kinetic
energy dependence on reactivity has three origins. First, the ion
dipole capture theory predicts smaller collision rate constants
(keon) at higher collision energie.As shown in eq 7, a smaller
collision rate would lead to a smaller overall reaction rate.

observe CE~ by adding up to 12 kcal/mol (CM) of kinetic
energy to the Cl ion. We use this reaction as a control
experiment to make sure that the observed secondary fragments
from reactions 11, 12, and 13 are not due to artifacts.

The S2 reaction of Ct with NCCO,CH; (eq 11) is
exothermic by 20 kcal/mol, and dissociation of NCLO

Second, the overall efficiencies are expected to have a negativerequires 17 kcal/mol of energy. Therefore, formation of CN
energy dependence because of the competition between crossing exothermic by only 3 kcal/mol (eq 11a). Statistically, 18%

the central barrier (isomerization) and dissociation back to the
reactants. The back dissociatidg)(has a higher barrier and

of NCCO,~ would have enough internal energy to dissociate.
The amount of CN observed corresponds to dissociation of

hence a greater energy dependence than does the isomerizatioh2% of NCCQ~. We found that the statistical fraction of hot

pathway k;). The net result is that the terky/(ki + ky) gets

(internally excited) NCC@ is very sensitive to the reaction
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energy. By increasing the reaction energy from 22 to 24 kcal/ have enough energy for dissociation. Indeed, the calculated
mol, the statistical fraction of hot NCCOincreases from 0.18  statistical fraction of hot NCCg® at thermal energy is 0.94.
to 0.28. If we were to reduce the reaction energy to 20 kcal/ Less than a 5% change in the calculated fraction of hot NCCO
mol, the calculated fraction of hot NCGOwould decrease to  would be obtained by adding 2 kcal/mol of uncertainty to the
8%. To a first approximation, the fraction of CNobserved is reaction energy. It is not surprising that thex value is not
comparable to the fraction of hot NCGOwith a statistical sensitive to the increase in system energy because the maximum
distribution of thermal internal energy. value of Fgis 1. It is surprising that th&eyy values are only

It is reasonable that the statistical fraction of hot NGCO  about 40% of theFs values for the energy range examined
increases significantly as the total excess energy is increased(Figure 3c), suggesting that the energy deposition in NECO
Both NCCGQ~ and CHCI have the same number of vibrational IS lower than that predicted by the statistical model. The results
modes, but NCC® has more low-energy frequencies. Com- from this system also show clearly nonstatistical character in
pared to that for CkCl, the density of states for NCGOis reaction energy deposition. _ _
larger and increases faster at higher energies. As a result, the Reaction 13 is 30 kcal/mol more exothermic than reaction
probability of energy distribution plot for NCGO (Figure 4) 11. The differen_ce in these two reactions is the same as that for
shows a larger population of NCGO at higher energy. the meth_yl_ cation-transfer reaction (eq 20), Wh|ch_ h_as an
Therefore, even a small amount of additional energy would exothermicity of 31 kcal/md¥ Because Cland F have similar
increase the fraction of hot NCGO dramatically. Figure 3a  €lectron-binding energies, the exothermicity in reaction 20 is
shows that the observed fraction of Clincreases noticeably ~ mMainly the result of the stronger-& bond. Analogously to
at increasing kinetic energy but the changes are smaller thanréaction 20, the 30 kcal/mol of excess exother_mlmty in reaction
the values predicted with the statistical model. Nonetheless, thel3 would arise from the stronger-& bond. Similarly, reaction
slight increase in the slope Btxyindicates that at least a small 12 is more exothermic than reaction 10 by 31 kcal/mol (Table
amount of added translational energy is partitioned into the 3), @nd this excess energy is also due to the formation of the

internal modes of the ionic product, NCEO It is difficult to stronger C-F bond. Furthermore, we can see that the excess
conclude whether the energy distribution in the ionic product €nergy in the §2 reaction product complex is directly related
behaves statistically for this reaction. to the strength of the newly formed bond in the neutral moiety.

The reaction of F with CRsCO,CHj3 (eq 12) is exothermic
by 47 kcal/mol. Dissociation of GEO,~ requires 39 kcal/mol
of energy, and formation of GF is exothermic by 8 kcal/mol
(eq 12a). However, only 1% of GEO,~ produces measurable
CFR;™. Statistically, 34% of CECO,~ has internal energy above
the dissociation threshold. Considering that 12% of OBl
formed in reaction 11la while only 1% of @Fwas observed
in this reaction, a noticeable barrier above the endothermicity
might be involved in the dissociation of @EO,~. CRCO,™ is
undoubtedly a covalent molecule, as opposed to being a comple
of CRs~ and CQ, and the changes in geometry and electronic
structure upon dissociation could result in a barrier. Thus, the

actual energy required for dissociation of {05, would be ener : o
) L i S gy transfer has been inferred from the kinetic energy release
higher than the endothermicity. A dissociation threshold of 40.1 distribution (KERD) experiments of the dissociation of meta-

+ 4.6 kcal/mot gives an upper limit to the dissociation energy. _qx 1+
) I stable complexes, such as [(BH)CI~]" and [(CRCO,CH3)CIT,
If we add 3 kcal/mol to the dissociation energy (39.2 kcal/mol) ., which the relative translational energy distributions in the

?en;/.ed ufSIr?gt gezéts 9f dformatlon, fthe gzlc;ultatel%;tatls;cal displacement products are lower than the statistical theory
raction of hot CECO,™ decreases from 34% to 15% under o qictions4-36 Because these reactions are very exothermic

tk;e(rjma_ihc?hndmon? leent;he 2 Iftcalt/rr:wolrc])f uncgrtflhlnty zlasslo?- d (> 10 kcal/maol), it is reasonable to expect that the dissociation
ated wi € reaction exothermicity, the change In the calculated a5 || pe fast compared to the speed of energy redistribution.

fractlon_of ho_t CECO;™ s Ies_s than 30%._C_Iomb|n|ng the Dissociation of the product complex will occur as soon as the
uncertainties in both the reaction exothermlcny and thg bond minimum amount of energy has been transferred to the
d|§soplat|0n energy, the statistical frac“‘?'? of h.obcez. IS dissociation reaction coordinate. Thus, the dissociating products
still 'hlgher than 1% unde.r .theTma' co[1(.j|t|ons, indicating that will have essentially no additional kinetic energy. This process
the internal energy deposition in O, is much lower than 5 ana10g0us to the activation of unimolecular reactions in the
that predicted by the statistical model. low-pressure limit, where the reaction occurs as soon as the

On the other hand, the agreement of the measured andcritical energy has been reached so that the energy of molecules
calculated branching ratio for reaction 11 implies that the reverse yndergoing reaction is less than that observed at high pressure.
activation barrier for dissociation of NCGOis negligible. The  The nonstatistical product energy distribution for the reaction
low dissociation energy of NCCGO and the ready exchange of  of C|~ with CH3Br has also been shown by trajectory calcula-
CN~ between different neutral molecules (reaction 17, for tjons, in which the vibrational energy distribution in g&l is
example) suggest predominately electrostatic bonding irrCN  higher while the relative translational energy distribution is lower
CO; and a productlike transition state for dissociatton. than the statistical theory predictio#fs??

The reaction of F with NCCO,CH3 (eq 13) has similar While a nonstatistical translational energy distribution indi-
exothermicity (50 kcal/mol) to that for reaction 12, but dis- cates a bottleneck to ¥ V energy transfer in the,& product
sociation of the ionic product requires much less energy (17 complex, the nonstatistical internal energy deposition observed
kcal/mol), which leads to 23 kcal/mol of excess energy toward in our study implies a bottleneck to intermolecular<¥ V
formation of CN™ (eq 13a). The ion NCC® is expected to be  energy transfer in the product complex. The lower fractions of
highly internally excited, and a large fraction of NC&Qvould CF;~ and CN observed in reactions 12 and 13 indicate that

F~ + CH;—Cl—F—CH, + CI” (20)

According to Hase’s energy-transfer modeisomerization
of an §2 reactant complex leads to an intramolecularly excited
product complex in which the excess energy is stored in the
vibrational modes of the neutral moiety.Energy is then
transferred into intermolecular modes for dissociation to the
products. The competition between energy transfer and complex
dissociation determines the extent of energy redistribution. If
*the rate for dissociation is faster than the rate for energy transfer,
the complex will dissociate with most of the excess energy
trapped in the neutral fragment vibrational modes. Incomplete
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internal energy depositions in the ionigSproducts, CECO,~ Additional translational energy has little effect on the observed
and NCCQ~, are much lower than those predicted by the fraction of secondary ions. The nonstatistical internal energy
statistical model. As discussed above, most of the excess energylistribution in the {2 products implies a bottleneck to
in the product complexes, (€O, )CHsF and (NCCQ)CHsF, intermolecular vibrational energy transfer within the product
comes from the newly formed & bonds. The product complex.

complexes are initially formed with G vibrationally hot and
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