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A modified transition state theory (MTST) has been developed for gas-phase reactions with “negative barriers”.
The theory was applied to the reactions{CGHHBr(DBr) — CH4(CH3D) + Br (1a, 1b), which exhibit negative
temperature dependences. Accurate ab initio calculations performed with coupled cluster theory extrapolated
to the complete basis set limit revealed a transition state located.&tkJ mof? relative to the ground state

of the reactants (in reaction 1a), as well as a shallow bound complex. The negative temperature dependence,
the absolute values of the rate constant, and the isotope substitution effect are reproduced with good accuracy
(10%), without any adjustment or fitting parameters. Analytical expressions are presented for MTST including
angular momentum conservation, centrifugal barriers and tunneling. This analysis uses information about the
possibly loose entrance barrier and the transition state but does not invoke a statistical intermediate complex.

Introduction reactions as “simple metathesis” (ref 15 and references therein).
) ] _ Tschuikow-Roux and co-workéfs!” attempted to explain the
Negative temperature dependence (negative apparent activapegative apparent activation energy for the reaction of @ith
tion energies) in bimolecular reactions is a well-established {g; pased on the theory developed by Mozurkewich and
phenomenor-” Typically, negative temperature dependence BensoR® and quantum chemical calculations of the potential
is exhibited by reactions that proceed via formation of a bound energy surface for the reaction. The theoretical calculations
long-lived statistical complex, separated from the reactants and;qentified a weakly bound van der Waals@&+H—Br complex
the products by transition states. An explanation of the at the entrance of the reactant valley. However, the potential
phenomenon was given on the basis of RRKM theory applied \ye|| obtained in the calculations was very shallow (ca. 1 kJ
to the unimolecular dissociation of the statistical complex. mo|-1) which makes the notion of a “statistical complex”
Extended discussion as well as a theory of such reactions wassomewhat doubtful. Moreover, the energy barrier as well as the
provided by Mozurkewich and Bens8riNegative apparent  predicted apparent activation energy were still positive, and to
activation energies are normally expected when the transition fit the experimental data the barrier in @H HBr was forced
state that leads to the products of the reaction has an energyyown by 3.3 kJ molll6 whereas almost no adjustment was
below that of the reactants. Benson and Dbbésiewed the required for CH+HCI, which was a subject of further criti-
mechanism of reactions proceeding via an intermediate compleXgjgm 15
and discussed the major features such as possible pressure
dependence, the inverse isotope substitution effect, and possibleOf
inversion of the negative temperature dependence to a positive
one at elevated temperatures. Essentially, the major features o{

these reactions are well understood in terms of the multistepthat the requirement of atatistical complex is not needed

mechgnlsrﬁ.o ) .. anymore. However, although the same basic assumptions of TST
During the last two decades, negative apparent activation 5y ysed, a modification, similar to that made in the Improved
energies were observed in blmoleculgr reactions that had beencanonical Variational Theory (ICVT) of Garrett and Truhir°
assumed to be “simple methathesis reactions”. These arejs required to describe systems properly where the ground state
reactions of C- and Si-centered small free radicals with hydrogen o the TS lies below the reactants level. A theory that takes
halides (HX, X= 1, Br) or halogens (¥).1*'*"** These studies  intg account a “negative barrier”, conservation of angular
had a significant impact on the derived thermochemistry of small yomentum, the centrifugal barrier at the entrance of the reaction
hydrocarbon free radicals and the strength of theHbonds  yajiey, and the quantum effects of tunneling and above-the-
in_ hydrocarbond:»** These new findings were met with  parrier reflection was developed and formulated in terms of
scepticism due to the long-time belief in the nature of these gpajytical expressions. Second, investigation of the potential
energy surface (PES) computed at a high level resulted in a
T Part of the special issue “dyen Troe Festschrift”. negative energy of the TS. Calculations performed using the
* To whom correspondence should be addressed. Fax: (973)-596-3586. o djified TST with the PES obtained in the new theoretical
E-mail: krasnoperov@adm.njit.edu calculations predict the temperature dependence, the absolute

*New Jersey Institute of Technology. ! 0>0
8 University of North Texas. value of the rate constant, as well as the isotope substitution

In this work, two major advances toward the understanding
the negative temperature dependence of simple metathesis
eactions are made. First, the discussion is based on (modified)
ransition state theory (TST) rather than the RRKM theory, so
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effect in reaction Iwithout any adjustments or fitting param- A + B — (AB)* — products (E1)
eters.
In the discussion below, we will deal with K specific rate
CH; + HBr— CH, + Br (1) constants. To avoid some difficulties associated with the
separation of the partition function for “external rotation” of
CH; + DBr— CH;D + Br (1b) the pair of reactant molecules and with the treatment of the

. . . S K-rotor as a degree of freedom with conserved energy, an
There have been several prior computational investigations of ;a1 unbound “complex” between the reactants and the
the PES for reaction 1. Issues arising from these studies include 5 \cition state is introduced. This reduces the problem to

the possible existence of a bound intermediate, whether the, i olecular reaction from the complex to the products. The
energy of the TS is above or below that of the reactants, the o, 5iex could be a nonbonded artificial construct of the reactant
correct analysis to derive rate constants, and the role of quantumy,qjacules separated by a distance r within a layeso that

mechanical tunneling. the rotational constants of the “complex” are well defined. The

The_ pioner(]ering studiesdbyb Chenh et al. werz base_d_ ON complex is assumed to be in microcanonical equilibrium (not
Gaussian-1 theor§t. As noted above, they computed a positive e steady state) with the reactants. It is easy to show that the

barrier to reaction which had to be adjusted to a negative Va'”eproperties (the partition function) of this complex will cancel

to match experiment, and they included a simple tunneling ¢y, any derivation based on an equilibrium theory; therefore

corr_ecztizon. Both corrections were criticized by Benson and g precise specification of the parameters of such complex are
Dobis?* who argued in favor of smaller GH+ HBr rate not required (Appendix 1). Though it is not critical, for

constants with a positive ac_tivation energy. Yu gnd_Ny?ﬁan simplicity it is assumed that the energy of the ground state of
conducted quantum scattering calculations, which inherently o “complex” is the same as the ground state energy of the
treat tunneling correctly, based on a PES derived with MP2 o5 tants. In the derivation below, the results will be obtained
second-order perturbation theory that yields a positive barrier. ,,,qer the assumption of vanishing rotational consaaf the
Gu.ha gnd Frgnmsco qpp!led quadratically converged configu- complex,B — 0, and the rotational constaAtequal to that of
ration interactior?* Their highest level QCISD(T)/6-311+G- the transition stateA(= A%

. - 5 .
(3df,3pd) results yieldedHo of —55.6 kJ mot, in modelrazlge The translational motion of the center-of-mass is factored out
accord with the expe_rlm_ental _value of_69.4 kJ mat™. in all expressions and derivations below unless stated otherwise.
B?Cause of u.ncertamtl.es In th?'r energetlcg, they .regarde.d theThe notations used for the partition functions, the densities and
slightly negative reaction barrier they obtained with caution, e nymber of states are listed below. Al partition functions
and concluded that there is “essentially no barrier”. ESpin0sa- y include translational motion are per unit volume, all partition
Garga apéplled coupled cluster CCSD(T) theory with a trup!e' functions that do not include translational motion are dimen-
basis set® He argued that the reaction complex was an artifact sionless, and the units of the partition functions (based o) cm
of basis set superposition error, and that the reaction barrier isare shown
posit_ive. T_he most recent study is that by Sheng et’aliho «Qa (€M) Qg (M2, Qe(eM™2), Qo (c~3) are the total
applied spin-projected MP4 theory at QCISD/6+33(d) ge- (including translational motion of the center of mass) partition

. ! o 1 X
ometries to obtaimHo of —59.8 kJ mol™ and energies below  ¢,nctions of reactants A, B, the complex, and the total partition
reactants for the complex and TS. The latter two PESs were - ion of the transition state

analyzed with improved canonical variational thedty?* Good «Qr(cm™3) is the partition function of the reactants with the
agreement (within 20%) with the experimental data was

center-of-mass motion factored out, so that: /QB) m,
achieved. The new PES calculations here use CCSD(T) theory,,hare @y m(cm) is the 3D partitionﬂ ;?r?c?i(ga Qforwghe

for high accuracy, with basis sets extrapolated to the infinite . ngjational motion of the center of mass and-\Ma+Mg is
basis limit. At this limit any BSSE is eliminated. The PES should .4 t5tal mass of AB.

be more accurate than previous ones, and in particular enables
definitive identification of a bound complex and a negative TS
energy.

«Q, Q (dimensionless) are the partition functions (including
external rotations) of the “complex” and the transition state with
the translational motion of the center of mass factored out, so
that @ = QP m.Q, ot = Q@ m.Q .

*Qro, QFrot (dimensionless) are the partition functions for
external rotations of the “complex” and the transition state.

The transition state thect§?° and its further developments  Throughout the derivations the notations for the symmetric top
are discussed in detail in numerous original publications and are used, where all external rotations are characterized by three
textbooks?8-46 For reactions with “negative barriers”, i.e., when quantum numbers, J, K and M.
the ground state in the bottleneck position lies below the ground  «Qin,, Qe (dimensionless) are the partition functions (center
state of the reactants, a modification that takes into accountof mass factored out) of the “complex” and the transition state
nonavailability of the negative total energies should be intro- less external rotations, i.e., © QnQrot, QF = Q¥int QFror. FOr
duced, such as was done by Garrett and Truhlar in their the transition state, §Q includes only internal degrees of
Improved Canonical Variational Theoty.2° Calculations using freedom (including internal rotations). For the “complex’y
variational transition state theories in general are more elaborateincludes the relative motion of the reactants within a layes
and require much more information about the potential energy well as these (now internal) rotational degrees of freedom of A
surface than the original transition state theory where the critical and B that were not counted toward external rotations.
surface is prescribed and only the properties of the “transition  eThe notations @-a(J,T), Tin+a(J,T) (dimensionless) are
state” are required. Therefore, the traditional TST approach wasused for the “internal” partition functions external 1D rotation
extended to reactions with “negative barriers”. The main about thea axis (quantum number K) of the “complex” and
expressions for the modified TST are derived below. the transition state, respectively. These partition functions

Notations. The discussion is focused on a bimolecular depend on the total angular momentum, J, because the range
reaction of K is J-limited.

Modified Transition State Theory for Reactions with
“Negative Barriers”
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«Qg, Qs (dimensionless) are the partition functions of a 2D
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layer around the dividing surfacg)or the quasi-classical

rotor associated with the quantum numbers J and M for the derivation based on the flux of representing points in the phase

“complex” and the transition state, respectively.

space® it is shown that all internal states of the transition state

«Similar notations are used for the densities and the numbersthat are accessible at a given energy (i.e., with energy below

of states.

«The following notations are used for the equilibrium popula-
tions and the partial partition functions related to the external
rotations of a prolate symmetric top with the rotational constants
A > B =C, A = A — B. The quantum numbers, the energy
spectrum and the degeneracies g are

J=0,1,2,3, ..,

K=-J-J+1,-J+2,..,-1,0,1,..0—-2,0—1,J
M=-J-J+1,-J+2,..-1,0,1,..J—2,J—1,J
E(J,K,M)=BJJ+1)+ AK> A =A-B
gUKM) =1
J
g(J,K) = MZJg(J,K,M) =2J+1 (E2a)

The equilibrium fraction in a specific J, K energy level is

YOK) = gg,rf) exp(_ E(&]'TK)) g(é f)
exp(— BJ(;: 1)) exp( A'K) (E2b)

The partial partition function for the K-rotor is defined as
Qrota(dT) = (J.K) p( A'K) (E2¢)
exg—— c

rot A’ K—Z—Jg KT

Then the total partition function for the external rotations and
the equilibrium fractions of J-levels are

o BJ(J+1)
QM) = ZOQrmA'(J,T) exp — (E2d)
J Qrota(d:T) p( BJ(J+1)
x(J) = Z X(JK) = ——expg — (E2e)
K==J rot

Microcanonical Rate Constant.In the initial discussion, to
illustrate the main point, we will ignore the impact of the

conservation of angular momentum, of possible degrees of
freedom with conserved energy, and quantum effects (tunneling
and above-the-barrier reflection). The centrifugal entrance barrier

the energy of the reactants) contribudgually to the rate
constant:

k(E) = (E4a)

hoR(E) (E)

The total rate constant is obtained by multiplication of E4a by
the total number of accessible states of the TS:

W(E"
hpg(E)

where WH(E™) is the total number of states of the transition
state with the energy below'Ecounting from the ground state
of the transition state, E= E — Eo. Equation E4b is the well-
known result of micro-canonical RRKM theory as applied to
unimolecular reaction®47 as well as microcanonical TST
applied to bimolecular reactiod8.

Canonical Rate Constant Ignoring Restrictions Associated
with Angular Momentum, Entrance Barriers and Tunneling/
Reflection. Now we incorporate the equilibrium thermal
distribution E5 of the reactants to formulate the canonical
expression for the rate constant.

E'=E-

k(E) = E (E4b)

dX(E) = —ex;{ kT)pR(E) dE (E5)

For the canonical rate constant with a positive barrigr> B,
one derives (using E= E — Eo, and k(E" < 0) = O:

KT) = = o.Je, XPEKT py(E) KE) dE =

kTexp( EOIkT) f
0

“WHE™) exp(- E+/k'l) (E6)

Equation E6 as well as some further developments are equivalent
to the results obtained in previous wotk&and are given here
for clarity.

Evaluation of the second integral in E6 by parts, using exp-
(—ET/KT) dE = —KT d(expE*/kT)) and AVH(EY) = p¥(E")
dE*, results in the standard expression of transition state theory
(the second integral in EGoW *(E™) exp(—E"/KT) dE*/KT, is
the partition function of the transition state):

_ kTexpCEJKD) [ p*(E") expE*IKT) dE* =

as well as a possible entrance barrier (such as one caused by

the zero-point vibrational energies) are ignored as well.
For reaction E1, let us consider a specific transition state
(critical surface) at a fixed value of the reaction coordinate, q

and focus on a single selected state of the transition state with

the energy E; accessible from the current energy of reactants,
E. The energies E andEare measured relative to a common
reference level. The difference is the energy of translational
motion of the transition state along the reaction coordindg;, E

E,>0

On the basis of either the microcanonical equilibrium of the
reactants with the “transition complex” (the transition state that
is allowed to perform decoupled translational motion in a thin

Ef,=E-FE% (E3)

~h

kT Q*

h O, SXPCED
_ kT Q::otal _
Y 005 exp(—Ey/KT) = krsr (E7)

where Qg and QF are the partition functions of the reactants
and the transition state, respectively, calculated relative to their
ground states.

However, if the lowest energy at the position of the reaction
bottleneck (the ground state of the transition state) lies below
the ground state of the reactants, € 0 (“negative barrier”),
then the integration in E6 must start not frong @vhich is
negative), but from zer&1°
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Reactants Entrance + Transition State

1 00
k(T) = Q_R ‘/(; exp(—E/KT) p(E) K(E") dE = Centrifugal Barrier

L N
how [ WHE—E,) exp(~E/KT) dE (EB)

Equation E8 is essentially thmain point of the modified
transition state theory- replacement of E- Eg results in a
positive lower integration limit, -k and the integral cannot be
reduced to the partition function of the transition state anymore:

d 2 / ) "
=1 p — Vi(J) v =\ B*J(J+1)
k(T) hQRﬁ’ WH(E—E,) exp(—E/KT) dE = 1 10 \_/Eo

KT exp(—Ey/KT)
hQe

When the lower limit of integration is zero, the second integral
in E9, ffEOV\F (E") exp(ET/kT) (dEf/kt) is simply the
partition function of the transition state. However, for negative
. e . “~contribution of the external rotation is added (adiabatic degree of
constant obtained by formal substitution of a negative barrier freedom). Curve 3: thi-contribution of the external rotation is added

de" 1
kT (E9)

S °°E0vv*(E+) exp(—E"/kT)

|
Reaction Coordinate, q T
Figure 1. Sketch of the energy diagram. Curve 1: adiabatic energy

into the classical TST expression: (assumed to be conserved).
foo \A/t(E+) expE*/KT) dE” < Q¢ ~E,>0 (E10) (iii) All neglected terms in E11 have positive temperature
—Eo KT 0 dependences; therefore the actual negative temperature depen-

. . dence is weaker than that predicted by Eq. E12.

Moreover, this has an impact on the temperature dependence, (iv) All neglected terms in E11 are positive; therefore eq E12

again, compared with the result obtained by formal substitution g - P ’ © €d
represents a lower limit on the rate constant (within the

of negative values for the barrier into the classical TST. The .
assumptions of the theory).

negative temperature dependence predicted by ®8d&kerthan . . . . .
one obtained by classical TST with negative E Conclusions+iii are in good qualitative agreement with the

It is instructive to analyze the temperature dependence €XPerimental observatiog:'*** However, for quantitative
predicted by equation E9 in an ultimate case of large “negative calculations, conservation of angular momentum, the role of
barriers”, -B > KT. Integrating E8 by parts, and expanding the K quantum number, the role of a possible additional barrier

the density of states of the transition state into the Taylor series@t large separations of the reactants (such as due to zero-point
near -k, one obtains vibrational energies or an inherent saddle point in the PES),

the entrance centrifugal barrier and tunneling/above-the-barrier
reflection should be taken in consideration.
Taking into Account Conservation of Angular Momentum
zdpjF (J — Adiabatic), Conservation of Energy of K-Rotor (K-
dEleey T (E11) Rotor Is Nonactive), and Quantum Corrections (Tunneling
+ Above-the-Barrier Reflection). The derivation will be
Neglecting all terms in E11 but the first one results in the performed initially ignoring a possible entrance barrier as well
ultimate expression for the rate constant for reactions with large as the centrifugal barriers. These will be taken into account at

oo dE
JTWHE-E,) exp(- EKT) 7 =
WH(—Ep) + kTp(—Ep) + (KT)

negative barriers: a later stage.
Figure 1 illustrates the energy diagram and the notations used
kT VVt(—Eo) in the derivation. We assume that K-rotation (the rotation about
KD =% "o (E12)  thea-axis) is a d f freedom with d |
h Qg e a-axis) is a degree of freedom with conserved energy. It

can be arguéf that for the reaction Cgl+ HBr the K-rotor
It should be stressed that the center-of-mass motion is factoredshould be treated as a degree of freedom with fixed energy (i.e.,
out in the partition function of the reactantsg,Qut not the nonactive degree of freedom). This is based on the fact that A
relative motion of the reactants. The partition functiop Q > B*, and that A does not change appreciably in the course of
includes electronic, vibrational, and rotational degrees of reaction. For the reaction GH- HBr, the rotational constant
freedom as well as the relative translational motion of the A*is much larger than the rotational constarii(&. 37 times).

reactants. In addition, this rotational constant changes negligibly when
There are several conclusions that can be derived from Eq.going from the reactanté\(= 142.5 GHz) to the transition state
E12: (A¥ =145.3 GHz). Therefore, Bcould be neglected in the

(i) For similar negative barriers, the more complex the energy term associated with quantum number K. Because K is
reactants, the larger is the absolute value of the negativea good quantum number for a symmetric top, the K-contribution
temperature dependence of the rate constant. of the rotational energy is conserved with good accuracy.

(i) Because the number of states in the transition state Because the distribution function for translational motion
increases faster than the partition function with the complexity along the reaction coordinate of the transition states that are in
of the reactants, in a series of similar reactions, reactions of internal states which lie below the ground state of the reactants
more complex reactants are expected to be faster. is not Maxwell’s distribution, but a truncated Maxwell's
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distribution, the usual expressions for the canonical transmissionand a universal canonical transmission coefficient appears as a
probability are not applicable. To incorporate quantum mechan- common factor®48

ical tunneling and above-the-barrier reflection, the microca-

nonical transmission probability should be used. We use the hv*12KT
one-dimensional transmission probability function given in ref x(T) = f exp(—E/KT) p(E) dE/KT = W

46:
for  M*2kT < 7 (E18)

1
1+ exp(—27E!/hv*)

p(E) = (E13)

The total canonical rate constant is obtained by summation of
E16 over the distribution function of the reactants and the

. . . internal states of the transition state:
whereEiF is the translational energy of the TS for the motion

along the reaction coordinate, antlis the absolute value of

the imaginary frequency of the TS. The transmission function KT Ey
p(Ef) replaces the Heaviside stepwise transmission function ko(T) = ——expg— —| x
which is used in the classical description. The characteristic hQi KT,
energy width of the transmission function E13Hkv*/2t. This w EN e 1 B*J(J—Irl)
is ca. 80 cm?, or 1 kJ mot?, for the HC—H—Br transition Z;ex _ ZO z —g(J,K) ex
state. = KE3Qrot KT
In the derivation below the notion of an artificial complex C A’KZ Ef dEf
is invoked (see Appendix 1). The contribution of a specific ex f exg — — p(Ef)— (E19)
internal level i of the transition state to th&K-specific KT |/ B E-B+D) KT] KT

microcanonical rate constant of the complex transformation into
the products is (where E E' + Ea(K) is the total energy of

+ .
the reactants less the energy of the center of mass motion): Note thatE(J) were calculated relative to the ground state of

the reactants, where& are the energies of the internal state
+ + of the transition state relative to its ground state. For large
Keaki(E) = P(E—Ey—E ~Eg())—Ea(K) (E14) positive barriers the lower integration limit in the integral E19
I

hpi (E—EA(K)) can be replaced by, the integral becomes the canonical
transmission coefficient(T) (E18), and the whole expression
and the differenc& — Eo — Eit _ EE(J) _ X(K) _ Ef is the E19 is the expression for the rate constant of the classical

transition state theory corrected for quantum effects. Hére
= A and conversion of the “complex” reaction rate constant to
the bimolecular rate constant (Appendix 1) are used:

energy of translational motion along the reaction coordinate.
The transmission probability function Eq*() has nonzero val-

ues for negative translational energies (tunneling) and it is not
equal to one at positive energies (above-the-barrier reflection).

To obtain the canonicail,J,K-specific rate constant, E14 is KT E,
averaged with the equilibrium distribution function of the ke = %(T) — | x
reactants, using’ = E — Ea(K), and the assumption that the hQ Qo KT
K energy is conservedEA(K) Ea(K): - Eit o ] B* J(J—|—1)
Zex ——Zoz g(J,K) exg —
Keawi(T) = = KT] ==
T__ _ *_ + . U U
foo P(E'—E, Eu' Es(D) pin(E) dE expEKT) _ T kTq,QF, o p(— §) kT@ o ;{ 5)
0 hoin(E) Qint — ththot KT,
I S - ' kTQ"I E,
= hio o PUE —EgE~E3() exp(-ET) o A exe{ - 7 (e20a)
(E15) ¢
WhenE' — E, — E — E4(J) is replaced with the translational K= Qc ke = Qc X(T)k otal F{ ) =
energy, E15 becomes QuQs ~  QaQs hQc
KT Qo
kC,J,Kl(T) = X(T)hQ (0; eXF( kT) = krst (E20b)
hQ exp(-E/(Q)KT) [, expETKT) p(EY) dE/KT
t
" (E16) Therefore, it is convenient to complete the integral in E19 by
extending the lower limit of integration tec, and to express
where the difference as a correction:
EQ)=E+E +EQ (E17) K(T) = krsy(1-0) (E21)
. . .. . + >
For the internal states with large positive energies, &dJ) 0= Y0, (E22)

> 3hw*/27, the lower integration limit can be replaced byo, =
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1 p( Ei*)
Oj=——exp— —| x
Q;tQ:ForX(T) KT
w o [(_Bﬂ(ﬁl) I—E(rEiLB*J(J g, 4_ E*) y
ZO kT [/ KT,
dE; 2 » p( A'*KZ)
p(E) K_ZJQ( ) ex o
1 p( ET)“’ .
= _—— \],
QM kT 2D
p( B*J(J+1)
expg———| X
KT

G
p(ET)F (E23)

+
onE,*B*J(J-H)eX;{_ E)
o KT,

Because the rotational constaitis quite small (ca. 0.1 crd
< kT = 200 cn1l), the summations in E23 are replaced with
integrations.

Although the total energy is factorized thandK, there is
still coupling between these two degrees of freedom due to
the limit on the possible values &f imposed byJ, |[K| < J.
This is the reason the partition function of thérotor is
J-dependent. For rotors with the rotational constAntuch
larger than the rotational constaBt(which is the case for the
transition state of the C{+ HBr reaction) a useful approxima-
tion is to extend the summation range in the definition of

Q4. T) to infinity:

A'K
QuotaldT) = z 9(J.K) eXF(_ _) z g(J.K) x

K==-J
p( AK
expg——
KT

2 . AK
A J K -
) S )exp( kT)

=2+ 1Wx =21+ 1)Q¥ (E24)
Under this approximation E23 simplifies as
BEETRE
" QuQex(M KT,
© Es dEB —Eo—Ef—E} '{ Et) E:
Jo exp( kT) . | PE) (E25)

Expression E25 can be evaluated by changing the order of

integration:
[dEs [ RdE — [ e [ oE) (E26)

Therefore, (E25) becomes
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1 o p( Ef)
= ——exp— 5] ¥
I QTnthX(T) KT)

. ¥ EL dE;
e
S}

QintQBX(T)

L de’ +E +E

el oS- 525

(E27)

BecauseQ; = KT/B*, these two entries cancel out in (E27).

When a dimensionless energy = (—Eo — Ei*)/kT is
introduced, (E27) can be rewritten as
1

e )
Qo * kTl
f_y;oexp(—g) p(ag) ds(1—exp(=(y,—£))) (E28)

where the functiof(x) = 1/(1 + exp(x)), anda = 2zkT/
hv*. When the partial transmission coefficieniy,a),

. exp(-£)
@)= [, exp(-8) pas) ds = 7, 0 e de

(E29)
is introduced, (E28) becomes

1
" X
Qian (T)

E
exp(— k—T){ %(y,@) — exp(—yi)a%lln(l + eXD(ayi))} (E30)

Taking into Account a Possible Entrance Barrier and the
Centrifugal Barriers. Because centrifugal energy decays @3 1/
with the separation of the reactants, and the “potential energy”
asymptotically decays much faster, as abotf, H centrifugal
barrier appears at large separations of the reactants. The heights
(V1(J)) and the positions of the centrifugal barriers depend on
J. Because these centrifugal barriers are quite wide (the
corresponding imaginary frequencies are small), the quantum
effects (tunneling and above-the-barrier reflection) are negli-
gible*¢ It should be stressed that these barriers do not represent
another transition state but serve just as energy cutoff barries;
that is, no reflection of the trajectories with energies above the
barriers at the barrier positions is assumed. To take the entrance
barrier into account, the lower integration limit in E15 now
should be replaced by;(J):

P(E—Ey—E —Ex(9)) pin(E) GE'
hoi(E) Qi
exp(—E'/kT) (E31)

keaki(T) = j\‘:( J)

A series of transformations similar to those presented in the
previous section leads to the correctiahs
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1 Ei* Summary. Modified TST for Reactions with “Negative
=55 —exp— Tl * Barriers”. Taking into Account Conservation of Angular
QineQpx(T) Momentum, the Entrance Barrier, the Entrance Centrifugal
. E; dEE O —EsE-EAO) Ef \ dEf Barrier_s and Tunneling + Reflection. Rotation K Treated
Jz) exp— =)= ff; P exp - o= P(E) as a "Fixed Energy” Degree of FreedomUnder the assump-
B KT, kT tions stated in the title, the expressions of the modified transition
(E32) theory for reactions with negative barriers are as follows.

o _ _ «The reaction bottleneck has a negative energy relative to
Now, another useful approximation can be made if there is an pe ground state of the reactanE, = —|Eo| < 0. For high

additional barrier in the entrance of the reactant vaN&y, such enough positive barriers>6 kJ molY), the correctiono

as one caused by the zero-point vibrational energy. The positionyanjshes, and the rate constant is given by the transition state
of this barrier will approximately fix the positions of the  tneory,

centrifugal barriers, so that an approximatdiyndependent
rotational constant that corresponds to the barrier geontgfry, KT Qt*otal F( 0)
kT,

can be introduced. Then (E39a)

krst=2(MH 5 4. X
TST h QAQB

Vi(J) = Vi + B JI+1) (E33) iy . + i

(the partition function®a, Qg andQ,,, are the total partition

BecausdEE = B*J(J+1), the entrance barridf;o is combined functions including translational motions of the center of mass).

with the negative barrieo, and the entrance centrifugal energy _ _ _
is combined with the centrifugal energy of the transition state: K= kurst = Krsr(1 = 9) (E39b)

E =E,— Vy (E34) (the rate constant of the Modified Transition State Theory)
. . . 0=0,+t0,+0,+..+6+ .. (E39c)
Es(J) — V1(J) = Ex(9)/(1 + b) (E35)
(formally the summation is extended to infinity; in practice, the
where series can be truncated for the internal states of the TS exceeding
5 |Eo| by severahv*/2, i.e., by ca. 400 cmt ~ 5 kJ moi for
b= = 1B (E36) the title reaction).
b1
e 0=— 1 —expEKT) H(aby) (E39d)
Introducing dimensionless variabIeE;(kT = x, E//KT = &) intX
and changing the order of integration, the integral in E32 is v +
_ EO —E
reduced to y = 01 i (E39%)
I
kT
- E;) dE;, kT
|—'f0 EX[{—E?X a—W (E39f)
+ +
vi-E-E-gs0) | E) + d& oo B Ea9
S exp( o PET oy (E39g)
P Y—x/(b+1) _
= Qe fy @O AT exp(-£) plag) dé = - H(aby) = Tra—1y) - exp(-(1 -+ b)y) Tr(aby)
b+1)(yi—
Q[ exp-g) p(az) dé [ expx) dx (E39h)
] ex
— Q4. exp(-&) p(ag) d (1 — exp(-(b -+ 1y)  THabx) = [ e de =
exp(b+1s) expO)(L + exp@) o
: Y F1(1,(1+bla),(2+b/a),(—€™))
= Qalx(¥,2) — exp—(b + 1)y, /”., expbs) p(as) di} (@+Db)(1 + exp(-ax) _
(E37) (E39i)
. . , . (/) .
The integral in the last term can be defined as a “generalized 2(T) =Tr(a,—1,0) = — ; (E39))
transmission function”, Tg,b,x), and evaluated via a hyper- sin(z/a)

geometric functionF; (see Appendix 2): The set of equations E39 includes all the expressions required

for the evaluation of the rate constd®trst. Evaluation of the

Tr(abx) = fx _ expps) E= hypergeometric functiogF; is outlined in Appendix 2.
— 1+ exp(—ad)
expbX)(1 + exp@x) Results and Discussion

aX
2Pa(L,(1b/a), (2+b/a),(~e7) Theoretical Calculations of the Potential Energy Surface.
(E38) Stationary points and the reaction path for reaction 1 were
investigated using spin-unrestricted QCISD theory with the all-
Evaluation of the generalized transmission function is discussedelectron 6-311G(d,p) atomic basis set. The reactants, a loosely
in Appendix 2. bound complex and a transition state (TS) between this species

(a+ b)(1+ exp—ax)
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TABLE 1: Structures, Frequencies and Energies of Stationary Points on the Ckl+ HBr Potential Energy Surface

species R(C—H)2 R(C—H')2 OHCH?2 R(H'-Br)2 frequencie?

CCSD(T)/DZ CCSD(T)/T2 CCSD(T)/QZ CCSD(T)/CBS

CHs 1083 90.0 415,1378(2), 3002, 3176(2) ~ —39.716038 —39.760920 —39.772372 —30.776295

HBr 1.416 2581 —416.217280 —416.293052 —416.313836 —416.321692

complex 1.084 2529 927 1420 63,92(2), 219(2), 519, 1379(2)455.935933 —456.056743 —456.089190 —456.101105
2531, 2996, 3171(2)

TS 1086 1613 992 1509 497, 287(2), 683, 687(2), 1236455.933580 —456.055584 —456.088519 —456.100698
1385(2), 2984, 3146(2)

CHa 1.093  1.093 1095 o 1312(3), 1510(2), 2923, 3038(3) —40.387346 —40.438054 —40.450817 —40.455109

Br —415.581088 —415.649270 —415.667168 —415.673538

2QCISD/6-311G(d,p) data. Bond lengths in"1®m, angles in degrees and scaled vibrational frequencies if. &rBingle-point coupled cluster
calculations using cc-pVnZ-PP basis sets with 2—4, and extrapolation to the complete basis set limit, in au (&#8625.5 kJ mat?).

Figure 2. Sketch of the CH+ HBr orientation along th€s, reaction
coordinate. See Table 1 for geometry parameters.

6 d T v T v T y T

Relative energy, kJ mol™

r(C-H) /10™ m
Figure 3. Energy profile for reaction 1a (no zero-point vibrational
energy included) along the QCISD/6-311G(d,p) reaction coordinate,
shown as a function of the length of the forming-B bond, for two
levels of theory. The upper curve is QCISD/6-311G(d,p), and the lower
is CCSD(T)/CBS.

and the final products CHt+ Br were characterized, and their

sets treat the inner 1s, 2s, and 2p electrons of bromine as a
pseudopotential, which partly accounts for relativistic effects.
The 4s and 4p orbitals in bromine, and the 1s hydrogen orbitals
and the 2s and 2p orbitals in carbon, and all the virtual orbitals,
were included in the correlation treatment. Results for the
stationary points are included in Table 1. These data were
employed in an extrapolation of energy as a function of n in
the form

E,= Ecgs T Aexp(=Bn) (E40)
to obtain the energy at the infiniteor complete basis set limit,
Ecss These results are plotted in Figure 2.

The overall computed reaction enthalpy, combined with an
empirical spir-orbit correction for atomic Br, is=71.9 kJ
mol~1, which is in excellent accord with the JANAF value of
—69.4 kJ mot1.25 Any errors in the computed bond strengths
are therefore well-balanced and should largely cancel along the
reaction coordinate. An indication that errors in individual bond
strengths are likely to be small comes from the work of Feller
et al®> Methods similar to those applied here yielded errors in
the atomization enthalpies for HBr and eBt of 0.5 and 2.5
kJ mol™L, respectively, an average of 0.6 kJ mioper bond.

Figure 3 shows that the TS is located accurately by QCISD
theory with a medium sized basis set, although its energy is
too positive compared to the results obtained from inclusion of
the triples contributions to the correlation energy at the infinite
basis set limit. The position of the minimum shifts to shorter
r(C—H) with the higher level calculations. When zero-point
vibrational energies are included, the complex remains bound,
by about 4 kJ mai! at 0 K, and the TS lies below the reactants,
by 2.3 kJ mot™,

Calculations of the Rate Constants for Reaction 1a and

geometries and frequencies are summarized in Figure 2 andlb Using the Modified Transition State Theory.The structural

Table 1. These calculations were carried out with the Gaussianand other parameters of the transition states for reaction 1 listed
98 and 03 program suité&5°0n the basis of comparison with  in Table 2 were used to calculate the rate constant based on the
measured vibrational frequencies for the reactants and productsmodified transition state theory using the set of expressions E39.
the ab initio frequencies have been scaled by a factor of 0.9597, The entrance parts of the PESs including zero-point vibrational
to account for anharmonicity. This factor is close to the value energy were carefully investigated. No entrance barrier for
of 0.955 derived for a variety of halomethanes and halocarbon reaction 1a was found within the digital noise of the calculations
radicals®1:52 The intrinsic reaction coordinate was explored in (about 0.1 kJ moft). The following procedure was then used
the neighborhood of the TS, and in the neighborhood of the to evaluate the effective rotational constant for the centrifugal
complex and reactants the reaction coordinate was definedbarriers,B; ei(H). Estimates show that only quantum numbers
directly in terms of the length of the newly forming-& bond, J < 40 play roles in the corrections. Therefore, the potential
r(C—H), held constant in relaxed scans of the PES. The QCISD/ centrifugal energy was calculated for discrét¢, 10, 20, 30,
6-311G(d,p) energy relative to reactants is displayed as a40, and 50). The centrifugal barrier height was plotted(ys-1).
function of r(C—H) in Figure 3. A slightly curved plot was fitted with a linear dependence, which
Next, more refined energies were obtained at points along yields the effective rotational constant used in the subsequent
the QCISD/6-311G(d,p) reaction coordinate by means of calculations. The deviation of the fit from the actual energies
coupled cluster calculations. The Molpro 2002.6 progfamas was small, less than 0.1 kJ mél In the case of the D-analogue,
used to compute spin-restricted CCSD(T) energies with cor- reaction 1b, a small entrance “barrier” was recognized in the
relation consistent basis sets. The cc-pVnZ-PP basis sets ofentrance valley, with the top almost exactly at the reactants level.
Peterson et al. witm = 2—4 were employe& These basis  Application of the procedure outlined above led to location of
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TABLE 2: Parameters of the Reactants, Transition States and the Entrance Structures Used in the Calculations

energy relative effective rotational

toreactant¥  entrance barriet, constan®,
species frequencies/crh B/IGHz A/GHz kJ mof? Viokd moi?t B1e/GHz
H™Br 2581 253.17
DBr 1837 128.3
CHjs 3176 (2), 3002, 1378 (2), 415 285.0 142.5
transition state 3146 (2), 2984, 1385 (2), 1236, 687 (2), 3.931 1453 -2.30
HsC:+-H---Br* 683, 287 (2), 497i
transition state 3146 (2), 2984, 1386 (2), 1042, 630, 574 (2), 3.901 145.3 -1.17
H4C-+-D-+-Br 245 (2), 455i
entrance structure 0 1.008
H3C---H—Br
entrance structure 0 0.903
H3C---D—Br

a|ncluding vibrational zero point energySee text for definition.

2x10" T T T T

10-11
9x10-12
8x1012
7x1012

6x1012

5x10-12

4x1012

3x1012

Rate Constant / cm®molecule™s™

2x1012

10.12 1 1 1 1 1

1000K / T

Figure 4. Rate constants for reactions €H HBr (1a) and CH +

DBr (1b). Points: experiment. Open circles and diamonds: reaction
1a, refs 1 and 2, respectively. Filled diamonds: reaction 1b, ref 2. Solid
lines: calculations using the modified transition state theory (expres-
sions E39b-E39j) using the theoretical ab initio data without adjust-

10%. However, variations of the barrier position within a
reasonable range do not change either the isotope substitution
effect or the negative temperature dependence. The scale of the
guantum effects (tunneling reflection) is ca. 18% at 150 K
and 7% at 500 K for reaction 1a.

In addition to the results of the modified transition state
theory, the predictions of standard TST with the same tunneling
correction, where the negative barrier is formally used as the
activation barrier, are shown as dotted lines in Figure 4. As
was stated before, the modified TST predicts smaller rate
constants and lesser negative temperature dependence than the
classical TST with formal negative barriers. This comparison
is of interest from another point of viewthat of possible
pressure dependence of reactions with negative barriers. If a
surrounding medium is provided that ensures fast energy
relaxation on the time scale of passing from the entrance barrier
to the transition state, then the classical TST should become
applicable. Such a surrounding could be a high pressure bath
gas, a supercritical fluid, or a liquid solvent. Therefore, the
difference between the dashed lines and solid lines represents
the predicted pressure effect on the rate of reaction 1. As can
be seen in Figure 4, only a relatively minor pressure effect is
expected at room temperature (ca. 30%). It is interesting to note
that a similarly sized increase in the rate constant of reaction
la in He over the pressure range 100 bar was observed but
was not reliably identified due to large experimental errors at

ments or fitting parameters. Dashed lines represent the results of theelevated pressurésLarge pressure effects are expected at lower

TST theory (with tunneling) with formally substituted negative barrier
heights (E39a).

all centrifugal barriers at the same reaction coordinate; therefore

the plot of the barrier energy W¥J+1) was perfectly linear.

temperatures. For example, at 200 K the expected increase of
the rate constant in conditions of fast energy relaxation is about
a factor of 2.3 for reaction la.

In view of the results of the theoretical treatment of reactions
with negative barriers outlined above, it is necessary to comment

The values of the effective rate constants for the entrance on the widespread application of canonical variational transition

centrifugal barriers obtained in this way are listed in Table 2.
The results of the calculations are shown in Figure 4. The

state theor§?~#* and some of its variants to the so-called
“barrierless” reactions. These theories are based on the concept

negative temperature dependences of the rate constants for botbf flux minimization, which (in the canonical form) can be
(1a) and (1b), as well as the absolute value of the rate constanteformulated as a requirement of maximum free energy.
for reaction 1b, are reproduced almost perfectly. The deviation However, this can be justified only when the energy of the
of the calculated and experimental rate constants for reactionsystem in the bottleneck position is positi#é? In the case of

la is on average 10%, within the likely accuracy of the
experiments. The isotope substitution effieg is reproduced

barrierless reactions, the position of the bottleneck is expected
at negative energies. Although the free energy when formally

with an accuracy of 10%. It should be stressed that, as no calculated could still exhibit an extremum (maximum) at the

adjustments of any parameters has been made in these calculdottleneck position above the free energy of the reactants due
tions, the result is 100% ab initio. The agreement between theto the entropic contribution, the very concept of the free energy
theory and the experiment is considered very good, and mightis not applicable. As was shown in the preceding sections, for
be somewhat fortuitous. An arbitrary adjustment of the barrier negative barriers the rates cannot be expressed via the partition
position from—2.3 to —1.9 kJ mot? brings the calculations  function of the transition state. Therefore, the formal application
into perfect agreement for reaction 1a, with a necessary deviationof the classical canonical TST or any of its variants (except for
of the calculations from the experiment for reaction 1b by about the Improved Canonical Variational Thed#9 to reactions
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where the bottleneck has energy below the ground state energyQc, the partition functions of the artificial “complex” cancels

is not justified. For such reactions, either the Improved outin (E44), so that the specific parameters of the complex are
Canonical Variational Theo#y1%or modified Transition State  not required.

Theory (in cases when the bottleneck position is well described

by a local maximum on the potential energy curve) should be Appendix 2

used. Evaluation of the Generalized Transmission Function, Tr-

Conclusi (a,b,x). The generalized transmission function, defined as below,
onclusions can be expressed through the hypergeometric funcfiai¥’

The simplest reaction of the type R HX, reaction of CH

radical with HBr, that exhibits a negative temperature depen- Tr(ab.x) = fx exp©é) dc =
dence was successfully treated on the basis of the modified Y el +exp(-ad) C
transition state theory and accurate ab initio calculations. The expbX)(1 + exp@x))

negative temperature dependence, the absolute values of the rate F,(1,(1+b/a),(2+b/a),(—e™)
constant, as well as the isotope substitution effect are reproduced (a+b)(1+exp-ax)” *
with a good accuracy without any adjustment or fitting (E45)
parameters. The developed modified transition state theory is
based on the general assumptions of the classical TST and doe

not require a long-lived statistical complex to explain the

he hypergeometric functiofr; can be represented as a sebfes.
or|z <1,

experimental observations. The theory has a wider range of

applications than the reactions of free radicals with halogens ,F (a,3,7,2 = 1+ oz + (o DFB 1) 2 +

and hydrogen halides, and can be used for other barrierless y 1 y(y +1) 2!

!reactions (such as freg radical re_combination,_gtc.). One of the oo+ 1)(o + 2)8(8 + 1)(6 + 2)2 + . (E46)
important conclusions is that application of traditional canonical Yy + D)y + 2) T

variational TST to reactions in which the bottleneck has a
negative energy with respect to the reactants, in the gas phaseSubstitutinge. = 1, 3 =1+ b/a, y = 2 + bla, z= —exp@x)
at moderate pressures, should be reconsidered. as in (E45), the series is simplified:
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ppendix

Derivat . . . o @D o (E47)

erivation for Bimolecular Reaction Using an Atrtificial (5a+ b)

Nonbonded Complex. For bimolecular reaction E1 let us
introduce an artificial “complex” of molecules A and B at Expression E47 is valid fojz] < 1 (i.e.,x <0). For positivex,
arbitrary separation but before the entrance to the reaction valley:a transformatiorze — 1/z, is used:

A + B = C— AB* — products E41 M re-—of -
P ( ) ZFl(a,ﬂ,y,z) = m (_Z) azFl a,a—i—l—y,a-l—l—
The complex is assumed to be in microcanonical equilibrium 7
I'(y) I'(a—p)

(not the steady state) with the reactants at any available energy, 1 —APE 11—y B+1—a 1
the reactants being in the canonical equilibrium state. This is ﬁ’z I'(a) T(y—p) (=2 R\AB VP 'z
consistent with the general assumptions of the transition state (E48)
theory3° The total concentration of the complexes is then

Applying the series E46 to the hypergeometric functions in
[C] = (Q/QAQR)IAI[B] (E42) (E48), after some transformations, fer> 0, the following

. . ) expression is obtained:
The reaction rate is the rate constant of unimolecular transfor-

mation of “complexes” into the productkg, multiplied by the (a+b) _
concentration of the complexes: oF1(1,(I+bla),(2+b/a), (—€™) = b ¢ ¥x
— — — b —ax b —2ax b —3ax
rate= K[A][B] = k[C] = / Al[B g ¥ — e~ e
AIB] = klC] = (QQuQIIAIB] o {1 e ™ e P e T

o —(atb)x
Therefore, the rate constant of reaction E1 is obtained from the T'(2 + bia)I'(-bia)e (E49)
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