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A theoretical study of the mechanism and kinetics of the OH hydrogen abstraction from isopropylcyclopropane
(IPCP) is presented. Optimum geometries, frequencies and gradients have been computed at the BHandHLYP/
6-311++G(d,p) level of theory for all stationary points, as well as for additional points along the minimum
energy path (MEP). Energies have been improved by single-point calculations at the above geometries using
CCSD(T)/6-311#+G(d,p) to produce the potential energy surface. The rate coefficients are calculated for
the temperature range 26850 K by using canonical variational theory (CVT) with small-curvature tunneling
(SCT) corrections. Our analysis suggests a stepwise mechanism involving the formation of a reactant complex
in the entrance channel and a product complex in the exit channel, for all the modeled paths. The reactant
complexes are examined in detall, because they exdik@ne-likestructure. The excellent agreement between

the overall calculated and experimental rate coefficients at 298 K supports the reliability of the parameters
obtained for the temperature dependence and branching ratios of theHREPreaction, proposed here for

the fist time. The expression that best describes the studied reactikyeis = 6.15 x 10 13%l747RT
cmi-molecule’s 1. The predicted activation energy 450.89 kcal/mol.

Introduction 1) and an additional one (V) corresponding to the addition of

The gas phase reactions of OH radicals with volatile organic the OH radical to one of the carbon atoms in the ring. The
compounds (VOCs) have become of great interest due to theirabstract!on paths have been mode!ed according to a three-step
relevance to the tropospheric chemistry. These reactions haveMechanism, namely, (1) the formation of the reactant complex
been widely studied for alkanes as well as for cyclopropane. from the isolated reactants, (2) the formation of the pr_oduct
However, there is very limited information on alkyl-substituted Complex from the reactant complex, and (3) the formation of
cyclopropanes? In addition, the reactions of this kind of the corresponding radical and water from the product complex:
compounds are interesting themselves, due to the chemical . . K
pecgl_iarities of the small_ rings. These_are suscepti_ble to l_J_ndergo IPCP+ *OH ‘% [RCT 2 [PCT — R +H,0 (I-IV)
addition reactions yielding open-chain products, in addition to 1 —3
the abstraction reactions that are characteristic of cycloalkanes

and alkanes. where IPCP represents isopropylcyclopropane, and RC, PC and
The only study of the isopropylcyclopropanestGs) + OH R represent the reactant complex, product complex and radical
reaction to date is that of Atkinson and Aschmanhhey  Product corresponding to each particular path. .
reported a rate coefficient of 2.83 10-12 cn-molecule s 1 The addition channel was modeled as a two steps mechanism:
and studied the influence of the cycle on the structaetivity § o
relationships (SAR}.® However, there are no data available IPCP+ *OH k.—»L [RC] — [CeH,,—OHJ* V)
—1

on the temperature dependence of the rate coefficient or on the
branching ratios for this reaction. o ) )
Thus, the aim of this work is to determine Arrhenius  Full geometry optimizations of all the stationary points
parameters for the OH radical reaction with isopropylcyclopro- Were performed with the Gaussian 9Brogram using the
pane (IPCP), as well as to study the different channels of BHandHLYP hybrid HF-density functiorfétand the 6-31%+G-
reaction and their contribution to the overall rate coefficient. (d:P) basis set. The energies of all the stationary points were
These data are reported here for the first time and might be Improved by single point calculations at the CCSD(T)/
useful in air quality models. Additionallyalkene-likereactant ~ 6-31T-+G(d,p) level of theory. Unrestricted calculations were
complexes were found in the course of the modeling of the used for open sheI_I systems. Frequency calculations were carried
reaction paths, and they have been studied in detall. out for all the stationary points at the DFT level of theory and
local minima and transition states were identified by the number

Computational Details of imaginary frequencies (NIMAG- 0 or 1, respectively). Zero
Five reaction channels have been computed, four of them point energies (ZPE) and thermal corrections to the energy

corresponding to hydrogen abstraction channetd\(| Figure (TCE) at 298.15 K were included in the determination of the
activation energies and of the heats of reaction, respectively.

jid;b%?/gsgr(\)/?éj(i)?%n?r;hgj E-mail: A.G., agalano@imp.mx; J.RA.-l.  Rate coefficients were calculated using the canonical varia-
T Instituto Mexicano del Petteo. tional theory (CVT)*~*¢ and small-curvature tunneling (SCT)*
* Universidad Nacional Adttoma de Mgico. corrections, implemented in the www.cseo.net web%itehe
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Coltrin method®® In SCT it is assumed that the tunneling path
is displaced from the MEP to a concave-side vibrational turning
point in the direction of the internal centrifugal force. In this
method, the probability that a system with enerBy be
transmitted through the ground-state level of the transition state
is approximated by the centrifugal-dominant small-curvature
semiclassical adiabatic ground-state method (CD-SCSA®).
The SCT transmission coefficient includes the effect of the

Figure 1. (a) Hydrogen atoms to be abstracted in each abstraction reaction path curvature on the transmission probabiR(§),
channel. (b) Atom numbering. which is calculated as

(a) (b)

minimum-energy paths (MEP)?2were calculated by the intrin- _

sic reaction coordinate (IRC) methHd*at the BHandHLYP/ P(E) = 11+ explX(E)]} )

6-311Gt+(d,p) level of theory. The MEP was calculated in  wheref(E) is the imaginary action integral evaluated along the

mass-scaled Cartesian coordin@&$Two hundred points were tunneling path:

modeled on either side of the saddle points, with a gradient o

step size of 0.01 bohr. Force constants, harmonic vibrational A _

frequencies and normal-mode vectors for tiNe-3 7 degrees 0(F) = h fSl \/Z‘uEﬁ(s)lE VﬁG(S)' ds )

of freedom that are orthogonal to the reaction path were ) ) o ) )

computed at selected points along the IRC. The |_ntegrat|o_n I|m|ts_Sl and Sz are the reaction coordlnz_ate

The canonical variational theory (CVAPY6 is an extension classical turning pointsuer is the reduced mass, which

of the transition state theory (TS¥}28 This theory minimizes  introduces the reaction path curvature; arftfs) is the adia-

the errors due to recrossing trajectotfed! by moving the  batic ground-state potential.

dividing surface along the MEP so as to minimize the rate. The . .

reaction coordinates( is defined as the distance along the MEP, Results and Discussion

with the origin located at the saddle point and is negative on  Geometries.Reactant and product complexes were obtained

the reactants side and positive on the products side of the MEP from the IRC calculations, by minimization of the corresponding

For a canonical ensemble at a given temperafyutiee canonical  ends. In all, four reactant complexes were identified, because

variational theory (CVT) thermal rate constant is given by a| the hydrogen atoms in the cluster labeled as Il (Figure 1)
ovT - oT will react the same way, and so will all of the hydrogen atoms
K= (T,s) = min{k”(T,s)} 1) in the cluster labeled as IV. The presence of this kind of adduct

is quite unexpected due to the IPCP lack of polar groups. The

main interaction leading to the complexes formation seems to

occur between the H atom in the OH radical and theGdbonds

wherek®T(T,s) is the rate constant for the passage through the
generalized transition state (G7)3¢ that intersects the MEP

ats: in the cyclopropyl ring. This interaction is similar to that found
T ST V. (s in alkenest OH reactions'! The high p character of the-€C
kGT(T,S) = a(s)kiw ;{_ ﬂ() 2 bonds in cyclopropane and its tendency to show alkene-like
h ofm ke T behavior have been previously reporféd*® However, to the

. . . . best of our knowledge, the existence of tlakene-like
In this expressiony(s) is the reaction path symmetry factée, complexes reported in here, has not been formerly described.
andh are the Boltzmann and Planck constaiitis temperature, To determine the extra p contribution to the ring bonds in

QeT ‘fi.nd QR are the partition functions of _the general_ized IPCP, natural bond orbital (NBO) analy&&&4 were performed
transition state and of the reactants, &y#p(s) is the potential using the NBO 3.1 prograff¥,as implemented in the Gaussian

energy of the MEP as. , , 98 package. The NBO for a localizedbond between atoms A
Because accurate rate constant calculations require the propey 4 g ©ag) is formed from directed orthonormal hybritis
computation of the partition function®y, the hindered rotor he (natural hybrid orbitals, NHOS) '

approximation has been used to correct@ie corresponding

to internal rotations with torsional barriers comparabldRib Oag = Cahs + cghg

The modes corresponding to hindered rotations were identified

by direct inspection from frequency calculations and using the and the natural hybrids in turn are composed from a set of

GaussView tool. Then, these modes were removed from the effective valence-shell atomic orbitals (natural atomic orbitals,

vibrational partition function of the corresponding speciesand NAOs), optimized for the chosen wave function. In the orbital

replaced with the hindered rotor partition functio@"f). In hybridization, as originally formulated by Paulffgnd Slatep!

our calculations we have adopted the analytical approximation the spj hybrids of a central atom depend only on the number of

to Q"R for a one-dimensional hindered internal rotation proposed ligands to be bonded, but for inequivalent ligands or unequal

by Ayala and Schlegél. bond angles it is necessary to consider more genetahd@re
The quantum mechanical effect on the motion along the A is generally noninteger (for more details see ref 50 and

reaction coordinate is included in the kinetics calculations by references there in). The NBO analysis of the IPCP wave

multiplying the CVT rate constant by a temperature-dependent function led to the followingscc orbitals for the ring fragment:

transmission coefficient(T). Therefore, the final expression

for the rate constant is given by Occ,= 0.7086(sp®" c, T 0.7057(3[?)'26)C2

K(T) = «(DK™T(T.9) ) Oc,c, = 0.7086(sB*)c, + 0.7057(sp*)c,

wherek(T) can be computed using the small-curvature (SCT)

_ 5 5
method!3~1° which constitutes a generalization of the Mareus Oce, — 0'7071(56 7)02 T 0'7071(36 7)05
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Figure 2. Fully optimized BHandHLYP/6-31t+G(d,p) reactant
complexes of the IPCR- OH reaction.

TABLE 1: Deviation Angles of NHOs (Dev, in Degrees) Figure 3. Fully optimized BI_—landHLYP/G-BH—l—G(d,p) transition
from the Line of Nuclear Centers (o = f8) states of the IPCR- OH reaction.

NHO IPCP_ RC1  RC—II RC-I RCIV interactions are responsible for the formation of the reactant
hey(0cie) 223 24.0 21.8 23.2 22.7 complex corresponding to the abstraction from-tf@H< group
Ezzggzg ggg 2242-47 25118 2;{:,51 231361 in the ring (RC-1). The main one is that shown in Figure 2,
hc;(Ucic 3 234 231 230 233 244 with dlstancesd('HOH—Cl) an.d d(Hoy—C,) equal to 2.60 'and
hejoce) — 23.4 231 245 23.4 231 2.47 A, respectively (see Figure 1b for atoms numbering). A
heyoc,es)  23.4 23.1 24.6 23.4 23.1 weaker interaction was found between the O in the OH radi-

cal and one of the H the methyl groups, withiOon—H11)

According to these results there is an “extra” p charadter ( equal to 2.98 A,p = 0.0053 andv 2p = —0.0049. RC-II,
> 3) in the C-C bonds of the isopropyl ring, which seems to which also corresponds to the addition path (V) is caused by
justify the alkene-like interactions found in the reactant com- only one interaction, witll(Hon—C5) andd(Hon—Cs) equal to
plexes. 2.40 and 2.43 A, respectively. This is the adduct which

NBO analysis also yields information about the direction of resembles the most the alkenesLOH complexes. The reactant
the natural hybrid orbitals. Deviations from the line of nuclear complex corresponding to the abstraction from th€H< in
centers are used to show the changes of directions of naturafthe isopropyl group (R€III) was found to be formed through
hybrid orbitals, i.e., thébond bendingsBecause the bonds in  three interactions, none of them alkene-like. The corresponding
cyclopropane rings are often described mnana-like we distances ar@(Oon—Hig) = 2.59 A, d(Ooy—Hsg) = 3.02 A,
consider it of interest to report here such bond bendings as theand d(Oon—H11) = 3.07 A, being the @y+++Hio the strongest
deviation angle (in degrees) between these two directions inone (Figure 2). For the other two, the Bader analysis led
IPCP, and in the reactant complexes (RC) formed through to p(Oon—Hs) = 0.0063, p(V ?)(Oon—Hs) = —0.0058,
interaction of the OH radical with the cyclopropyl ring (Table p(Oop—H11) = 0.0029, angh(V2)(Oon—H11) = —0.0026. Two
1, geometries in Figure 2). The deviation values corresponding attractive interactions contribute to RQ/ formation, the main
to the bonds involved in the complexes formation have been one is alkene-like wittd(Hon—C;) and d(Hon—Cs) equal to
highlighted (bold), and it can be noticed that their bending 2.61 and 2.47 A, respectively. The other occurs between the O
increases toward the interaction with the OH radicals, as it in the OH radical and H16, witd(Oon—H1g) = 2.98 A, p =
should be expected. 0.0052 andv 2p = —0.0048.

To confirm the interactions leading to the reactant complexes  All the transition state (TS) structures considered in this work
formation, Bader topological analy&$sof the BHandHLYP/ are shown in Figure 3. The main structural change associated
6-311G(d,p) wave functions were also performed and several with the formation of TS| is an elongation ofi(C;—H>) by
critical points were found. The electronic charge densify (  0.138 A, compared to free isopropylcyclopropane. Other minor
and the Laplacian gf(V?) corresponding to the main interaction variations observed in TS with respect to free reactants are
in each reactant complex are reported in Figure 2. Two attractive the shortening of the C1C2 and C1C5 bonds by 0.013 A. The
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TABLE 2: CCSD(T)//BHandHLYP/6-311++G(d,p)
4 * Q’J Energies, in kcal/mol, Relative to the Isolated Reactants
f—ﬁJ ‘) channel RE TS pPC prod?
- | —4.80 -1.98 —14.49 -12.02
l 9 J |i 4 I —4.87 0.37 —11.68 —9.74
| c \ I —4.15 —4.03 —23.69 —21.00
! v —4.80 —0.65 —18.14 —16.80
m \% —4.87 13.98 —32.69
J J 2|ncluding ZPE correction? Including TCE corrections at 298 K.
P= 00160 = o
PC-T - PC-III 2}9 0.0140 ' ;
v2p=-0. V2p=-0.0092 o .

2 3
® A

J =l
| * ' f, ) % o
| g
2 o "
=i
2 |
pcii P =0.0139 peay P~ 0016 B
Vzp =-0.0096 Vzp =-0.0078 =¥ Cheannel Il
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309 = = = Channel V

Figure 4. Fully optimized BHandHLYP/6-31t+G(d,p) product
complexes of the IPCR- OH reaction.

L . . Reaction Coordinate
attack of the OH radical is found to be almost collinear, with eaction Coordina

the OH7C1 angle equal to 173.9TS—Il in Figure 2 corre- Figure 5. Reaction profiles corresponding to the different channels
sponds to abstraction from theCH,— groups in the ring. It~ of IPCP 4+ OH reaction, computed at CCSD(T)/BHandHLYP/
shows an elongation of 0.159 A compared to the free reactant,6-311++G(d,p).

and slight shortening of distances-€1.2 and C2-C5, by 0.013  gtate5 corresponding to channels Il and V. Therefore, negative
and 0.017, respectlve!y. The OH attack shqws a OH8C2 angle o\ erall energy barriersyeral = Ets — SEreactan} are observed

of 173.3. The transition state corresponding to channel Ill ¢4 the hydrogen abstractions channels I, Il and IV. According

shows an elongation ;f 0.101 A of the C3H10 bond, and g the reaction profiles (Figure 5), it could be expected channel
shortenings of 0.010 A in the C3C4 and C3C6 bonds. TSV ;14 he the main path, because it presents the lowest barrier.

shows a 0.304 A elongation of the C1C2 bond and a C1C5C2 g the other hand, the addition channel shows a much higher

angle increased by 15with respect to IPCP. It also shows @  pharrier than any of the abstraction channels, suggesting that this
small shortening oti(C2-C5) by 0.011 A. process is very unlikely to occur, and consequently this path
Four product complexes (PC) corresponding to all the \as not included in the kinetic calculations. The stabilization
abstraction paths have been also modeled and fully opti- energies of the reactant complex@&@d — Eread for all the
mized. Bader topological analysis of their BHandHLYP/ modeled abstractions are larger than 4 kcal/mol, supporting the
6-311++G(d,p) wave functions were performed and the cor- complex mechanism assumption.
responding bond critical point were found. The values of |ntrinsic reaction coordinate calculations (IRC) have been
p and V?p are reported in Figure 4. The PCs are formed performed at the BHandHLYP/6-33H-G(d,p) level of theory
through attractive interactions between an H in the water tg optain the minimum energy paths (MEP). The calculations
molecule and the C atom in the IPCP radical, where the \yere carried out starting from the fully optimized saddle-point
abstracted hydrogens were originally attached. The interac-geometries, and then moving downhill along the reactant and

tion distance were found to be(Hn,0—Ci) = 2.234 A, product channels, in mass-weighted Cartesian coordinates. One
d(Hr,0—Cz) = 2.288 A, d(Hu0—Cs) = 2307 A, and  hundred points were calculated in each direction at an even
d(Hi,0—Cs) = 2.372 A, for PG-1, PC-II, PC—IIl and PC- gradient step size of 0.01 bohr. The reaction coordirsaite
IV, respectively. defined as the signed distance from the saddle point, svith

The four abstractions products and the addition (open-ring) 0 referring to the reactants side amé 0 to the products side.
product were also fully optimized. However, for the sake of As a reasonable compromise between speed and accuracy,
shortness, the discussion of their geometries has not beenwenty points, 10 on each side of the saddle point, were chosen
included in this manuscript. to construct the MEP. Their energies were improved by single

Energies.The energies of all the modeled stationary points, point calculations at the CCSD(T)/6-3t%G(d,p) level of
relative to the isolated reactants, are shown in Table 2. Theytheory, and they were used in conjunction with gradients and
show that all the studied stationary points are lower in energy frequencies computed at the BHandHLYP/6-3HG(d,p)
than the isolated reactants, with the exception of the transition level. Figure 6 presents the ground state vibrationally adiabatic
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Figure 6. Classical potential energy pathé.ep) calculated at the CCSD(T) level, internal energigs) calculated at the BHandHLYP level, and
vibrationally adiabatic potential energy curve§1 as a function of the reaction coordinate All the energies are relative to the corresponding

reactant complexes.

potential energy paths for the hydrogen abstractions from IPCP,the maximum at the A level of calculation. Espinosa-Garcia

according to

V2(9) = Viyepl®) + Er(9) ()
where Vyep(s) is the classical potential energy path (the
CCSD(T) electronic profile) an&in(s) is the local zero-point
energy (ZPE) as.

In Figure 6, the electronic curv&/(ep) is represented twice.

and Corchad® argue that, when the MEP is constructed using
the B//A technique, the energy maximum is artificially located
away from the saddle point corresponding to the level of
optimization (A). This shift, which is simply a numerical effect,
could be mistaken with a variational effect and mislead the
kinetic calculations. Consequently, we have used the modifica-
tion proposed by Espinosa-Garcia and Corch&dwhich
consists of simply moving the maximum of the single-point

The dashed line is the electronic energy obtained using the c@lculation curve, B//A, to its original positiors ¢ 0) at the

CCSD(T) single point calculations at the BHandHLYP geom-

A/IA level. The corresponding curves féfygp are shown as

etries. This procedure for the calculation of the MEP has become S0lid lines in Figure 6. It should be noticed that according to

common in the study of polyatomic systems because it is this procedure the frequencies are not shifted; i.e., to gach
relatively inexpensive from a computational point of view and geometry at the A//A level there corresponds a set of original

it usually reproduces correctly the main features of the reaction frequencies (calculated at the A//A level) and a shifted energy
path. It is known as B//A, and it consists of geometry opti- (Calculated at the B//A level).

mizations at a given level (A) followed by single point cal-
culations, without optimization, at a higher level (B). TWg=p

The potential energy curves for all the abstraction channels
of the OH + IPCP reaction are very similar. However, the

obtained using this technigue presents a maximum that is shiftedsurface corresponding to channel lll is significantly flatter than

toward the reactants valley by abot0.2 bohr with respect to

the others. The behavior Mf andEy is also quite similar in
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shape to the one for a methyl hydrogen abstraction reaction by

the Cl radical recently studied by Rosenman éPaid to those
of glyoxal8! methylglyoxaf! and glycolaldehyd® + OH
reactions. Becaus\éf is obtained by summinyyep and Ejnt,
the substantial drop in thE,; curve prior to the saddle point

zone is responsible for the shape of the overall ground-state

vibrationally adiabatic surface/f). The drop in the zero point
energy,Ein, is not unique and it is characteristic of hydrogen

abstraction reactions. Some examples can be found in refs

60—65. When this kind of profile is combined with a low and

broad classical barrier, such as the one corresponding to chann
1, it causes a large shift of the variational transition state; i.e.,
there is a large variational effect (see ref 60 for more details).

In these cases, the recrossing problem is essential, and varia

tional transition state theory (VTST) theory is needed to obtain
reliable values of the rate constants.

Rate Coefficients. According to the reaction mechanism
proposed above, K; andk-; are the forward and reverse rate
constants for the first step ard corresponds to the second

step, a steady-state analysis leads to a rate coefficient for the

overall reaction channel that can be written as

_ kik,

K= Tk

()

Even though the energy barrier fkr; is about the same size
as that forky, the entropy change is much larger in the reverse
reaction than in the formation of the products. Thks; is
expected to be considerably larger thanOn the basis of this
assumption, first considered by Singleton and Cvetanvic,
can be rewritten as

Kiky

K Tk Ked (®)

where Keq is the equilibrium constant between the isolated
reactants and the reactant complex &nds the rate constant
corresponding to the second step of the mechanism, i.e.

transformation of the reactant complex into products. We have
assumed that the reactant complex undergoes collisional stabi

lization; that is, the reaction occurs at the high pressure limit.
We have used this limit as our working hypothesis, be-

cause there is no experimental evidence that indicates other|:flll the cases.

wise. This approach has been successfully used to describe O
radical reactions with several volatile organic compounds
(VOCs)81626771 |n a classical treatment the influence of the

complex exactly cancels in eq 8 and the overall rate coefficient
depends only on properties of OH, IPCP and the transition states.
However, in the present case, there is a possibility of quantum

mechanical tunneling, and the existence of the complex mean

that there are extra energy levels from where tunneling may

occur so that the tunneling factaf,increases. We have assumed

that a thermal equilibrium distribution of energy levels is

maintained, which corresponds to the high-pressure limiting
behavior. Thus, energy levels from the bottom of the well of
the complex up to the barrier might contribute to tunneling.

e

S
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R
o9 = ng(s) (9)

wheren is the number of identical transition stated is the
product of the usual rotational symmetry numbers of both
reactants, and®'(s) is the usual symmetry number for the
generalized transition stateatin this work, as usuah®T was
considered independent sf thus o(s) becomes a constant

It has been assumed that neither mixing nor crossover
between different pathways occurs. Thus, the overall rate
gonstant Kovera) has been determined as the sum of the rate

coefficients of each patf¥.

Because accurate rate constant calculations require the proper
computation of the partition function)Y, the hindered rotor
approximation has been used to correct @i corresponding
to internal rotations with torsional barriers comparabldRib
Direct inspection of the low-frequency modes of the studied
stationary points indicates that there are several modes that
correspond to hindered rotations. These modes should be treated
as hindered rotors instead as vibratidhsTo make this
correction, these modes were removed from the vibrational
partition function of the corresponding speciesand replaced with
the hindered rotor partition functior@Q{'®).

The overall rate coefficients calculated in the 2@50 K
temperature range are reported in Table 3, together with the
branching ratiosI() corresponding to the different abstraction
channels (). They have been calculated as

— I(I,II,IIIorIV
koverall

The very good agreement between the experimental and
calculated values dfyyeran, at 298 K support the reliability of
the data reported here for the first time. It also supports the
validity of the proposed mechanism and of the level of theory
used for both electronic and rate constant calculations. Accord-
ing to our results, the abstractions mainly occur through channel
[ll. As the temperature increases, the proportion of H abstraction
from sites other than this slightly increases. However, abstraction
from the - -CH< group in the isopropyl side remains dominant

x 100 (10)

rI,II,IIIorIV

'over the whole range of the studied temperatures. The variational

transition states corresponding to paths I, II, lll and IV are

Tocated on the reactants side satalues around-0.37,—0.32,

—0.38 and—0.27 bohr, respectively, for the whole temperature
range. Tunneling effects were found to be small but relevant in

The influence of temperature on the rate of the chemical
reactions studied in this work has been interpreted in terms of
the Arrhenius equatiof?

k= Ac ERT (12)

whereA is known as the preexponential factor or the frequency
factor, andE, represents the activation energy.

The Ink vs 1IT plots corresponding to the four partials and
theoverall rate coefficients were found to be linear, supporting
the use of the Arrhenius equation to describe their temperature
dependences. Thus, the activation energies do not change in
the studied temperature range. Negative temperature depend-
ences were obtained for the overall reaction as well as for

The shape of the MEPs suggests that CVT must be used tochannel |11, Rate coefficients increase with temperature for all

study the abstraction channels of the IPE@POH reaction.

Tunneling corrections have been computed using the SCT

method. According to eq 2, the CVT, like every TST approach,
includes the reaction path symmetry factg(s), which accounts
for the number of equivalent reaction paths. In this work it was
calculated according to the general expres@iof

the other channels. The proposed Arrhenius parameters are
reported in Table 4.
Conclusions

The OH abstraction reaction from isopropylcyclopropane
seems to occur through a complex mechanism involving the



Isopropylcyclopropang- OH Gas Phase Reaction

TABLE 3: Rate Coefficients, in cm® molecule! s, and
Branching Ratios ('), within the Temperature Range
260—-350 K

T 1012koverall I‘I Iwll IﬂIII rIV
260 3.63 0.56 0.01 98.40 1.03
270 3.40 0.62 0.01 98.17 1.20
280 3.19 0.69 0.02 97.92 1.38
290 3.02 0.75 0.02 97.66 1.57
292 2.98 0.76 0.02 97.61 1.61
294 2.95 0.78 0.02 97.55 1.65
296 2.92 0.79 0.03 97.50 1.69
298.15 2.89 0.80 0.03 97.44 1.73
300 2.86 0.81 0.03 97.39 1.77
302 2.83 0.83 0.03 97.33 1.81
304 2.81 0.84 0.03 97.27 1.85
306 2.78 0.85 0.03 97.22 1.90
308 2.75 0.87 0.03 97.16 1.94
310 2.73 0.88 0.04 97.10 1.99
320 2.61 0.94 0.04 96.80 2.21
330 2.50 1.01 0.05 96.50 2.44
340 2.40 1.07 0.07 96.18 2.68
350 2.32 1.13 0.08 95.86 2.93

TABLE 4: Arrhenius Parameters in the 260—350 K
Temperature Range
10t3a2 EL
I(overall 677 _086
ki 0.54 0.51
ki 2.88 3.51
ki 6.05 —-0.91
kiv 3.84 1.21

acm?® molecule® s72. b kcal/mol.

formation of a reactant complex in the entrance channel and of
a product complex in the exit channel, for each abstraction path.
The addition of OH to the cyclopropyl ring does not contribute
to the overall reaction. The unexpected reactant complexes ar
caused by interactions between the H atom in the OH radical
and the cyclopropyl ring in the IPCP, in an alkene-like kind of
interaction.

The MEP was computed using the two-level theory approach
known as B//A, which consists of a geometry optimization at
level A, followed by a single point calculation at a higher level
B. The chosen levels were # BHandHLYP/6-31%+G(d,p)
and B= CCSD(T)/6-31#+G(d,p). The vibrationally adiabatic
potential energy surfaces were found to be low and broad,
supporting the use of the CVT/SCT approach to calculate the
rate coefficients.

The abstraction from the CH< site in the isopropyl group
was found to be dominant within the whole temperature range,
varying from 98% at 260 K to 96% at 350 K. At 298 K its
contribution to the overall reaction was found to be 97.4%. The
calculated overall rate coefficierky(era)) Was found to be equal
to 2.89 x 1012 cm?® molecule’! s71, in excellent agreement
with the experimental value previously reported.

The temperature dependence of the overall rate coefficient
is best fitted by the Arrhenius expressié@eral = 6.67 x
10-13e#34RT cme molecule s71. The predicted activation energy
is —0.86 kcal/mol, in the 2606350 K temperature range.
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