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The spin-forbidden reaction CH (?IT) + N,—HCN+N(*S) revisited.
[I. Nonadiabatic transition state theory and application
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Transition state theory is extended straightforwardly to treat nonadiabatic processes and applied to
study the rate constant of the spin-forbidden reaction ((QhHN,—HCN+N(*S). A
one-dimensional model was set up to calculate the intersystem crossing probability with the
distorted wave approximation and usingaminitio value of the spin—orbit coupling. The effect of
orthogonal degrees of freedom was then considered by energy convolution with the vibrational
frequencies, obtained fromb initio calculations, orthogonal to the crossing seam at the minimum

of the seam of crossingMISX), also obtained fronab initio calculations. An expression for the
cumulative reaction probability\(E), of the reaction was obtained by a straightforward extension

of the unified statistical theory, where the MSX was treated as a transition state. The calculated
thermal rate constank(T), seems to be too low by two orders of magnitude compared to
experimental measurements and an empirical transition state study eimgrieical vibrational
frequencies at the MSX are lower by a factor of 2 than those derived here. The disagreement
strongly suggests that the current treatment of the multidimensional dynamics needs to be improved.
In particular, it may be a poor assumption that spin-forbidden transition takes place with uniform
probability on the seam in the case we are considering.1999 American Institute of Physics.
[S0021-960609)02419-9

I. INTRODUCTION main difficulty lies in the fact that a tremendous effort has to
) . _be paid to construct two or more potential energy surfaces

The calculation of the rate constant of a multistep chemiypegg and also to calculate the coupling elements between

cal reaction has been a long-standing issue in physical chemgser it would be very useful to have an expression for the
istry, which can be solved at levels of different sophistica-y,nagiabatic reaction rate constant, which is as simple as the
tion. The simplest expression of chemical reaction rate ca@angard TST and can be applied to a realistic system with

be derived by invoking the assumption of statistical distribu-ymiteq information required. Not surprisingly, such an idea
tion of energy in the internal degrees of freedom in a MOlg ot entirely new, and has been discussed by a few authors

ecule. With this fundamental assumption along with sepaj, gitferent contexts. Among those, the studies of Lorquet
rable Hamiltonian, textbook derivations lead to the We"'et al’@ are the closest to our treatment. However, little work

oy e 1 . . .
known transition state theof ST),” which in the particular a5 heen carried out using potential energy parameters de-

case of unimolecular reaction process is equivalent to thgye directly from rigorousab initio treatment of the seam
RRKM (Rice—Ramsperger—Kassel-Margtseory” Due to ot crossing between electronic states. Bearing this in mind,
its simplicity, the RRKM theory has been widely used in the,e haye made a rather straightforward extension of the stan-
kinetic modeling of a wide range of chemical reactions, andy,rq TST expression to treat nonadiabatic processes. The

recently much attention has bgenﬁ paid to barrierless progeqajled derivation will be presented in Sec. I, and an appli-
cesses such as radical recombinafidihere has also been aiion of the theory to a fundamental combustion reaction

tremendous progress in the methodology of calculating CACH(2IT)+N,—HCN+N(%S) will be presented in Sec. Il.

nonical or microcanonical rate constants “directly and cor-rpg harameters required in the rate constant calculations are

rectly” from rigorous quantum mechanics, Within & gerjved from high levehb initio work, which has been pre-
time-independefitor time-dependentramework. However, sented in a separate paféfinally in Sec. IV, we draw a few

such kinds of calculation; are still restricted to small mol- ., jusions
ecules with only a few active degrees of freedom.
For nonadiabatic chemical processes, it is even more difl—I THEORY—EXTENSION OF TST TO NONADIABATIC
ficult to carry out a rigorous quantum mechanical calculation., .
. . CHEMICAL REACTIONS
for the rate constant. The methodology is not very different
from that for adiabatic reactions, which actually has been In this section, we first briefly review the rate theories

extended to nonadiabatic process with model poterftiilee  for adiabatic reactions, and then we shall see that the gener-
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alization to nonadiabatic processes emerges naturally. Fivhere(p’,q’') indicates that reaction coordinate and its con-
nally, some considerations of practical implementations conjugate momentum,fdg,qg), have been integrated out, and
clude this section.

F-1 2
. . . * pk '
A. Standard transition state rate theory for adiabatic H” = k§—: ﬁJFV(q ,qr=0).
processes -1

As is well established, the central quantity in the rate  aq giscussed by Miller, the usual TST expression of

constant calculation is the cumulative reaction probabilityk(-l—) can be obtained from Eg5) if the further assumption
(CRP) N(E) for the total energyE, which within the frame- ¢ saparaple Hamiltonian for the molecular system is in-

work of classical mechanics is defined as the followifg: voked. Quantum mechanically, the phase space integral in
Eq. (5) is equivalent to the number of rovibrational states,

N(E)=27Tﬁ(27'rﬁ)_':f dpJ dq which can be obtained efficiently via the direct counting
procedurée?
XS E=H(p,q) JF(p,a) x(p.q), )
HO _ _
where H(p,q) is the classical Hamiltonian of the NTST_% h[E—€fn], ®)

F-dimensional molecular system. The flux operaEdp,q)

is defined at a dividi_ng surfacke which in most cases i§ & where {n} denotes collection of quantized rovibrational
function of the coordinate expressedfgg) =0, although in  gtates.

general it can also depend on the momen’tﬂ;rlﬁor a given It was also pointed out by Miller that by assuming the
dividing surface, the flux operator is then expressed as th@\erse parabolic potential for the reaction coordinate, a

following: simple Wigner-tunneling corrected rate expression can be
obtained:
d of
F(p,q)=ah(f(q))=5(f(q))£-p/m- )
N_lr-_ig_ll_tunne‘:% PWigner[E_e{;;}]’ (7

The last important quantity in Ed1) is the characteristic

function, which by definition is the following expression: where the Heaviside function in E6) is simply replaced by

the Wigner tunneling coefficient across a parabolic barrier. A
similar expression has also been derived by Bowman, where
the reaction probability is obtained in a general reduced di-

A rigorous calculation oN(E) requires explicit dynami- mensionality spact.
cal simulations, since the long time limit of trajectories has
to be monitored as indicated in E@). In the standard TST,
as an approximation, one replaces the characteristic functioB. Extension to nonadiabatic process
which contains all the dynamical information of the system,
by a Heaviside step function in terms of the momentum per
pendicular to the dividing surface:

af(q)

x(p,q)=lim h(f(q(t)). 3

t—oo

One may distinguish two general types of nonadiabatic
processes, those induced by weak electronic coupling ele-
ments such as spin—orbit interacti¢rase ), and those in-
duced by derivative couplinty. One may further divide the
W -p/my. (4) latter into cases involving electronic states of different spa-

tial symmetries(case 1A, and those involving electronic
As is well documented, such a “no-recrossing” approxima-gtates of the same spatial symmetriesse 11B. For case I,
tion makes TST rigorously the upper bound for the exackhe coupling element is clearly defined at least in a perturba-
classical rate constant, which forms the basis of varieties ofigna| sense® and most important, a one-dimensional reac-
variational transition state theories. tion coordinate can usually be defined to describe the transi-

In most cases, a planar dividing surfab@)=dr=0  tjon process. These are not necessarily true in general for
across the saddle point or the transition steli€) at the  c5se |I1A or case IIB nonadiabatic processes. In the current
reaction coordinate value of==0 is used and thBI(E) can  \ork, we shall mainly consider the relatively simpler case |

XTs{pP,q)=h

be simplified as the following: and only briefly discuss the possibility of extending the
theory further to cases IIA and 1IB.
Nts(E) = 2777’1(2771’L)_Ff dpf dgq o[E—H] It is seen from Sec. Il A that to calculate tNEE) within
a TST framework, one has to obtain the following quantities:
X 8(qr)pr/mh(pe) (i) the definition of the dividing surfaceji) the reaction

coordinateiii) the Hamiltonian in terms of the reaction co-
=(2ﬂ-ﬁ)*(’:*1)f dp/f dg’ h([E—H*(p’,q")], ordinate and those coordinates orthogonal to it, @ndthe
characteristic function. In the following, we shall discuss
(5) these quantities for a general non-adiabatic reaction.
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() Expression of the dividing surfacén the standard locate the MSX with these two constrairts:”18Since MSX
TST, one uses the hyperplane which is perpendicular to this a true minimumon the seam of crossingt is valid to
reaction coordinate and contains the saddle popt: 0. For  make harmonic expansion of the potential energy around the
nonadiabatic reactions, one usually treats the M&Hni- MSX on the seam of crossing. Following the seminal paper
mum on the seam of crossingetween the two PESs in- of Miller et al. on the reaction path HamiltonidR,one can
volved as the transition state, although it is not a stationanachieve this by diagonalizing a projected Hessian matrix:
point on either of them. In addition, to conserve energy and
momentum classically, the molecule can only make transi- H’=(f—|5)H(f— I;,)
tion on the seam surface where the two states are degenerate. '
Therefore, it is natural to choose the seam of crossing as the ) ~ .
dividing surface. The obvious difficulty with such a dividing Where the projectoP contains the normal vectors corre-
surface is that no general analytical expression exists for iSPONding to the infinitesimal total translation, rotation, and
Thompsonet al”® circumvented the problem by a Monte the energy difference gradient vectr
Carlo sampling scheme so that the seam is generated numeri- 5
cally “on the fly,” which may not be practical for poly- N
atomic cases. In the work of Lorquet al,”® a “reaction P= 21 L
coordinate” x is picked rather arbitrarily and the dividing
surface is ju;t taken as th(_e hype_rplane that is perpendicular Phere theLIr, L)F\iot
x and contains the crossing point. In the current work, we
solve the problem by using a simple Taylor series expansion
of the two PESs around the MSX. L= Nmi/M3, (139

Let us start by recalling the definition and a few geo-
metrical properties of MSX and the seam of crossing. Let
V4(q) andV,(q) be the two PESs in the problem belonging
to casel, which behave like the diabatic states in the usual
sense due to their different symmetrigpatiaik spin). Theq o ) i )
is the mass-weighted Cartesian coordinate vector, where the It iS interesting to point out that the MSX the gradient
mass factor is not essential for general description of th&eCtors of the two electronic states are either parallel or
seam but is convenient in the normal model analysis we Shaﬁntlparalleﬁ_ Therefore thes vector is paralle_l or an'FlparaIIeI
discuss later. The seam surface can be defined with th® the gradient of each PES, and the projector in @4)

(11)

3
NS 2}1 L Roy Roty &g, (12

are given as the following:

L%‘?&=Eﬁ U2 mi(ri =T o) g€ugpy - (13b

simple condition: becomes exactly the same as that in the case of reaction path
Hamiltonian. Therefore, one can directly calculate the pro-
V1(q)—V,(q)=0. (8)  lected vibrational frequencies at the MSX with aaly initio

package that can handle reaction path frequency calculations,
such ascaMESS? and Gaussiane#? (although we have in-
dependently written a program to carry out projected vibra-
tional frequency calculations and confirmed the results ob-
tained withGAussIAN94in the case of CHPY). As discussed
_ in paper | of the series, the degeneracy condifif) is up to
[Va(do) = V2(do) ]+ 40 [92(4) = 92(A)]l¢, = O © firspt oprder and the error startsgfrom th)(/-:‘ second ordel?, which
) ] implies that the projected vibrational frequencies for the two
Clearly, the norm of the seam surface is nothing but theyjectronic states involved will not be exactly the sde.
normalized energy difference gradient, From the normal mode analysis at MSX, one obtains
(3N-7) nonzero eigenvalues corresponding to the bound
gz 91(9) —92(9) motion on the seam surface, and 7 zero eigenvaleresept
lg1(q) —g2(q)] a ' for numerical error corresponding to the total translation/

° rotation and the norm of the seam surface. According to the
eigenvectors, one also obtains a new set of orthonormal co-
ordinates(Q}, which are also orthogonal ® With this new
set of coordinates, the two diabatic potentials can then be
expressed as:

Expanding bothV,(q) and V,(qg) up to the first order in
terms of the gradient vectorgi(g), we may write, in the
vicinity of the seam:

In the following, S is used to denote the normalized vector,
ands is used to denote the numerical value of the displace
ment alongs.

The MSX is defined by the two following conditions:

=

V1(q)—Va(q)=0<=V,; andV, are degenerate, (103 Vi(q)EVi(S,Q)=Vi(S)+—§k: w2(0)Q(0) (14)

N

A~

(f—ss)gi(q)zf)cminimum on the seam of crossing. o _
(10b) and the dividing surface can be expressed by the simple

equation:
As discussed by many authors including us, it is straightfor-
ward to set up a Newton—Raphson optimization scheme to  s=(gq—qg)-S=0. (15
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One may notice the apparent similarity between #4) and With the expressions of the dividing surface, the “hop-
the expression in the reaction path Hamiltonian theory. Howping” coordinate, and the system Hamiltonian, the TST ex-
ever, there is a very fundamental difference between the twgression folN(E) for a nonadiabatic process can be written
In the case of reaction path Hamiltonian theory, one can, irccording to Eqs(1) and(2) as the following:

principle, carry out the normal mode analysis at any value of

s, including trivially the saddle pointg=0). In the current

case o_f s_urfac_e crossing, on the other hand, Fhe normal mode N(E)=27rﬁ(27rh)*Ff dpf dq

analysis is valid only at the MSX where=0, since the two

electronic states are no longer degenerate if there is displace- < STE—H =
ment alongs, at least in the first-order sense. [ (P.)JF(P.a)x(P.Q)
The current expression of the seam surface is by no _ —(F-1)
means exact, because as soon as one steps far from the MSX, =(2mh) dps | ds] dpg | dQJ

the norm of the seam might change. However, the current _—
choice is definitely well defined for a general polyatomic X E=H"""(Pq.Q) ~h(ps.s)]
system. Wlth'th'e current Qescrlptlorj of the seam, the normgl X 8(s)psx(Ps. Q). (18)
mode analysis is also uniquely defined. The fact that transi-
tion in most cases takes place in a very restricted area on the
PES also makes th&,Q} representation sufficient to de- where the Jacobian factor is 1 due to the orthogonal nature of
scribe the hopping process. the coordinate transformatiofy}—{s,Q}. To further carry

(i) The “hopping” coordinate As discussed previ- out the integration in Eq18), one needs to specify the char-
ously, we have made an orthogonal coordinate transformaacteristic function which will be discussed in the following.
tion from the mass-weighted Cartesigg} to {S,Q}. We (iv) The characteristic functiariThe characteristic func-
should emphasize that in most realistic reactions, the “hoption for a nonadiabatic process is clearly just a probability
ping” coordinate isnotthe coordinate that leads to the prod- factor that the system makes transition from one to the other
ucts. Therefore, thé&l(E) one calculates at the MSX may diabatic surface,
only be a component in the total CRP. One usually has to
consider the reaction as a multistep process, and derive the
rate constant for t_h_e whole reaction with thl_séE)’s calcg— x(V2Es,Q)=Pu(V2E Q). (183
lated at several critical structures. The reaction o\ is
a very typical example, as we shall discuss in Sec. Il

~ (i) System HamiltonianAfter the normal mode analy- | the standard TST, all the trajectories with momenta point-
sis, the potential of each diabatic state on the seam can gy toward products are counted in the rate expression. In the
expressed as in Eql4) with s=0. The next task is to find honadiabatic process, the trajectory with momenta pointing
the conjugate momenta in the new coording®} and  (5\yard the reactants can also make diabatic transitions and
therefore express the kinetic energy operator. In the case @fntripute to the rate constant. Therefore, in the weak cou-
the reaction path Hamiltonian, Millegt al. considered the pling limit, no Heaviside function of the momentum appears

change of the normal modes orthogonal to the path as @ gq. (183. In the stronger coupling regime, the reverse flux
function ofs, therefore the final kinetic energy expression isp 55 to pe weighted as suggested by Thompetaai?
quite complicated and contains the curvature terms which Carrying out the integration oves and p; in Eq. (18)

represents the coupling between the reaction coordinate anghe optains the following:
the modes orthogonal to 2. In the current case, we can

carry out the coordinate transformation rigorously only at the

MSX. Therefore the kinetic operators are much simpler than

for s#0, N(E)=2><(277h)’(':’1)f dpr dQ
o Xh[E—HF"Y(pg,Q)1x(V2E4Q), (19
Ps=2> pi§, (163

where the characteristic function depends in general on the
energy in thes degree of freedonE;=E—HF 1, and also
Pk=_21 piLik, k=1..F-1, (16D on Q. The factor 2 comes from the fact that flux of bots
and —s directions can contribute to the rate constant.

) The evaluation of the phase space integral in @)
where the lower casp; are Cartesian momenta. The systeMcan pe rather complicated if one considers the transition
Ham_lltoman can then be expressed (agthout translation/ probability as a function of coordinates. A great simplifi-
rotation: cation can be achieved if the transition probability is as-

sumed to be a function of only the energy in the “hopping”

coordinate. Rewriting the Heaviside function as the integral
17 . ; _

of & function we can write Eq(19) as:

2
s

Hi: +V|(S)+2
2 K

P2 1
>+ EwEQﬁ
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E-E¢ does not have to do so for all tH®} degrees of freedom, but
N(E)=2(27Tﬁ)_(':_l)fo dEer(Es)J dpQJ dQ only for a few that strongly influence the coupling element.
Furthermore, one seeks the possibility of extendi2d)
X 5[E—EC—ES—HF‘1(pQ,Q)] to nonadiabatic processes belonging to case IIA or 1IB. As
E e meﬁtioned in the beginning of Seg. Il B there are two main
Ezf chv PH(E—E.~E,)pr_1(E,), (20 difficulties for cases IIA and IIB. First, in contrast to case I,
0 the coupling elements cannot be clearly defined in a general

whereE, is the energy of the MSX, anil, denotes energy sense if one chooses to work in the diabatic representation.
c ] . . . .
in the “bound” modes on the seam. TheUphysicaI meaning iApproximate diabatization schemes have to be employed to

very clear: the cumulative reaction probability is nothing but@Pstract the coupling elements, a subject itself OCCUPV%‘Q ex-
a weighted sum of density of states at the MSX. tensive literature and shall not be d!scussed further frere.
From Eq.(20), it is easy to derive the quantum mechani- Second, both cases IIA and IIB require at least two degrees

cal correspondence by rewriting the integral as the discret@f freedom to describe the transition processes and therefore
sum over quantized vibrational states to derive the transition probability. In case IIA, for instance,

although the degenerate condition is only onefold, the two
electronic states do not interact unless the symmetry is low-
ered. Therefore, at least two degrees of freedom are essential,
one symmetry-conserving mode describing the degeneracy
Gcondition (such ass in the previous discussionsind one
symmetry-breaking mode describing the nuclear motion that

efficient is replaced here by a diabatic transition probability."’mtu"’IIIy promotes the transition. Assuming that both issues

However, there is a fundamental difference between the tw&2" be solved, it is not hard to find the expression of the rate
formulas’ One can, in principle, carry out normal modeconstant for the reaction using the similar approach listed in

analysis all along the reaction path. Therefore adiabatic Sec: IollB, fxcegj tghac;[. the n'ormiell mode ?r:aly&ts', h?s to be
theory exists for Eq(7), where instead of simply using an carried out In -6 dimensional space. interestingly, one
energy shift at the saddle point in the Wigner transmissio an compare the situation to that between the rate theories
coefficient, one can solve for the one-dimensiofaD) ased on reaction path and reaction plane. Such extensions
transmission coefficient rigorously with the potential corre-WIII be pursued in the near future.

sponding to each adiabatic level. For the nonadiabatic tran- o sumn;(arlze fep.r:[[fbrleflyawethavg den;ot?]strta ted _tthat
sition problem, as mentioned earlier, we can carry out th@N€ can make a straightiorward extension of the transition

normal mode analysis on the seam of crossing in a wellStete theory Fo deal with nonadiab:?\tic processes. In th‘? eur-

defined manner only at the MSX. Therefore, a simple adiarent formulation, the seam surface. is taken to be the dividing

batic theory does not exist within the current framework. surface where the reaction flux is evaluated. Rather than
picking an arbitrary representation of the setor gener-

ating the seam numericall{’ we have employed a Taylor

C. General practical considerations expansion around the MSX to represent the seam. With the

The practical evaluation of E¢R21) can be accomplished ;urther at?]sumptmn tha; the trr]ansmtlﬁs;otﬂ ctc);ff;ment tl)s um_;
with the direct counting proceddrewhere one simply ini- o' on the seam, we have shown that the can be writ-

tializes the counting array to be the transition probability as gen simply as Eq(21), i.e., a weighted sum of d.en_sity of
function of the energy in the “hopping” coordinate. As to states at the MSX by the 1D nonadiabatic transmission prob-

the calculation of the transition probability factBg(E), in ability. Compared to earlier versions of nonadiabatic TSTs,

principle any formula can be used including the weII-knownthe current formulation is more general in terms of the defi-

Landau—zene® those of Nakamura and ZR8.and dis- nition of the seam surface, the reaction coordin@e the
torted wave reéults for linear potentials from C’:hédal.,25 “hopping” coordinatg, and the bound vibrational frequen-

as far as they are well-behaved in most of the energy rang%'es at the MSX. Therefore, we expect that the current for-

for the particular case one is interested in. Alternatively, onemlJIatIon should be applicable to general polyatomic sys-

may construct a 1D model out of the realistic transition pro—tems' In Sec. Ill, we apply the theory to an interesting and

cess, calculate the 1D transition probability as rigorously aé:hallfnglng spin-forbidden  system: ) +N,—~HCN
possible, and substitute back into E@1). In sec. lll, we +N(S).
shall discuss how this has been done in the case of B4
One may envisage a number of extensions of expressio
(212). First of all, in some cases, the assumption of uniform
transition probability on the seam may not be adequate. A The reaction of CHX?IT)+N,—HCN+N(*S) is of
practical way to take th¢Q} dependence of the transition great importance in combustion chemistry, and has been the
probability (characteristic functioninto account is to employ  subject of numerous experimerftzi® as well as theoretical
a “vibrationally adiabatic” approach. One calculates the ex-studie?*~*3As to the mechanism of the reaction, it is well
pectation value of the coupling potential for each vibrationalaccepted that the dominant channel involves an intersystem
state and uses it as an effective coupling element in the 1Drossing between the doublet and the quartet electronic states
transition probability formula. It should be noted that onearound aC,, configuration, as schematically shown in Fig.

N<E>=2% P E—E,m]- (21)

It is seen that the simplest TST expression &4) for nona-
diabatic process is very similar to the tunneling correcte
TST expression{7). The Wigner tunneling transmission co-

|. APPLICATION OF THE NONADIABATIC
ST THEORY TO CHCID)+N,—HCN+N(*S)
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V(kcal/mol)
40
” z @/A“@
———> NyE)

20
——) N(E) NyE) Ny(E) . .
e 44
10 ""\d4 ts —— E 93-tsCA) ., HCN+N(‘s) FIG. 1. Simplified schematic PES for
- SN h— - the CHAIT)+N,—HCN+N(*S) reac-
CHCTIHN, N(E) MSX 493 " RX tion used in the dynamical study of

-10 E q3*a") Seidemanet al. and in the rate con-

@i% stant calculations in the current study.

3 d3¢A")
NN, N3N N,
- No(E) =
(N2Ny + 1\/3]\]y —N2N3)(N2Nx + N]Nx - N1N2)

1. Other channels have been discovered, but they are tod. Construction of model and formula for the rate
high in energy to be important in most thermal conditiBns. constant
A strong motivation for theoretical prediction of the rate con- |4 the current study, we have employed the reduced di-
stant is that reliable experimental data are not available fofnensionally picture as in the 2D quantum mechanical study
the most important temperatures, as emphasized by Millegt seigemaret al,*2 which is illustrated in Fig. 1. The dative
and Walci®” Furthermore, the relatively complicated fea- opanndi will not be included in the current study, although it
ture of the potential surface of this system makes it challengy;i\ pe interesting in the future to include this channel via the
ing and interesting to investigate the underlying dynamics of, rrkMm theory to obtain the rate constant for the CH)
the process. disappearance. As illustrated in Fig. 1, the entire process of
_ Most relevant to the current study, a set of tWO- e CH2[T)+N,—~HCN reaction has been divided into three
dimensional(2D) model potential surface for the channel stages:(i) overcoming the barried4 ts to form d3, (ii) in-
involving C,, doublet minima has been constructed bYersystem crossing from the doubti to the quartet statg3
Seideman and W?IC?" In this study, the reaction Was ,rogh the region arounMSX_dq3, and (i) overcoming
viewed as two unimolecular decay processes coupled vig,q barrierq3_ts to form the quartet product HCNN(*S).
spin—orbit interaction. The cumulative reactive probability\yithin the S|5irit of TST, we treat each stépdependently
was then calculated with the Fermi golden rule using theyq finally combine them to obtain the rate constant for the
resonance wave function of the doublet and quartet stategyire process. There are a few different ways to combine the
and the spin—orbit coupling element from the earlier work Ofcomponents, and we have chosen to follow the spirit of the
Yarkonyet al*® The J-shifting approximation along with the | iied statistical theorfUST) of Miller,®* noting that we
centrifugal sudden approximation was used to calculate thfve two rather deep complexé8 andg3.
thermal rate constants. Overall, the reaction probability was  1he UST has been designed to unify TST, which is
found to exhibit a resonance structure which changes from @,ited for direct dynamics across a barrier, and the phase
series of sharp isolated line shapes at low energies to broadgy, .o theoryPST), which is suited for reactions with a long-
overlapping ones at higher energy. The extrapolated thermgleq complex in a deep well. In the original derivation, a
rate constant agreed reasonably well with experimental meagaction profile with one entrance TS, one complex, and one

surements. In another recent wdrd empirical RRKM  q.it TS is assumed. Briefly, the total CR¥B(E) can be
theory has been used to obtain the rate constant and its pregyitten as:

sure dependence. However, several key parameters such as
the intersystem crossing transmission coefficient and the vi- _

No(E)=Py._a(E)NL(E), 22
brational frequencies of the MSX were adjusted to fit experi- o(E)=Poa(E)Na(E) 22
mental measurements rather than derived from the first prirb-V

:/'l'?’l:e"ggj’ﬁ)“ tdhy' thally, tm ta recenlt ‘T’utjdg of W?IChtha::jhthe reactant to productb. The expression foP,_,(E) in
irer, € rate constant was caiculated assuming that g, g ¢ theN(E) at each critical structure has been ana-
intersystem crossing process is fast compared to the barrier

; zed by Miller using the branching picture of Wigner
crossing processes on the doublet and the quartet states. C 932, and the derived formula after a geometrical series
sequently, the rate constant is related to the transition stat m iS’ given by
on the doublet and quartet states only. Although their results
agree rather well with experimental measurements, our re-
sults do not support their essential assumption of fast surface p, = ,
hopping motion. We will apply our newly derived nonadia- 1-(1=Pp)(1=Pay)
batic TST to the titled reaction, and compare the results to
those from these recent studies. whereP,. ,=N3/N, andPy,).x=Nj(1)/N,. Herea andb

here P,_,(E) defines the portion of the flux going from

PbePXHa

(23
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TABLE |. Parameters used in the nonadiabatic TST calculation for the reaction efNGH

Structure Frequenci¥sm™?) Energy(kcal/mo) Rotational const(GHz) M1p"

CH(IT),N, 2804.3, 2447.0 0.0 426.82);60.1(X2)
2831.1, 2340.5 0.0 426.4@);58.7(x2)

d4_ts(2A) 300.9, 600.4, 1036.2, 1900.7, 3008.2 8.5 52.2, 19.9, 14.6

271.3, 654.2, 973.0, 1763.3, 3073.9 11.8 51.4, 20.5, 14.8
d3(2A2) 718.1, 838.7, 926.3, 1193.3, 1636.4, 3206.2 —28.2 41.4,29.1, 17.1
650.5, 857.6, 925.6, 1212.0, 1610.2, 3256.0 —25.6 41.2,28.1, 16.7

MSX_dqg3(2A,) 943.2, 948.3, 1370.7, 1476.0, 3025.8 63.5, 16.6, 13.2 16 242.8

MSX_dq3(4Bl) 797.4, 1005.0, 1059.7, 1358.6, 3040.8 0.4 63.5, 16.6, 13.2
785.2, 965.8, 1101.1, 1298.9, 3079.8 -0.1 68.2, 15.2, 12.4
q3(4Bl) 562.0, 809.1, 1103.4, 1187.4, 1225.2, 2886.5 -1.9 98.0, 13.1, 11.5
551.2, 804.5, 1038.1, 1190.6, 1216.9, 2986.1 -5.6 945, 13.0,11.4

g3_ts(*A") 349.2, 741.1, 866.2, 1929.5, 3294.6 19.5 68.2, 10.0, 8.7

375.2, 718.7, 910.3, 1823.9, 3267.3 15.5 70.4,10.4, 9.1

®Numbers are derived from the B3LYP/6-311d3§) calculations of Ref. 8, and italic numbers are derived from the UGC86-311G(,p) calculations.
PNumbers are G2M-RCC results from Ref. 8, which do not include the zero-point en€Z§fiEs and italic numbers are UCCSD/PVTZ results without
ZPE. ForMSX_dg3, only the averaged energy of the doublet and quartet states is given.

‘Reduced mass in the 1D effective Hamiltonian, in units of a.u.

denote reactants and products, respectively, d@gddndx  system where there are two deep complexes and three tran-

denote the entranc@xit) barrier and the complex, respec- sition states, among whickiSX_dg3 has been viewed as a

tively. It can be shown that Eq23) goes to both the PST standard transition state as discussed previously. Straightfor-

and TST limit correctly. ward derivation(see the Appendix for detajldeads to the
Within the same spirit, we have extended E2P) to our  following expression folP,._,(E)*®

_ PbHyPnyPXHa
- [1-(1- PxHy)(l_ Pb%y)][l_ (1- Py%x)(l_ PaHx)] ,

Pp—a(E) (24)

whereP,. ,=N;/Ng,Pay=N1/Ny Py =Ny/Ny, Py,  structure. The energetics and vibrational frequencies used in
=N,/N, andP,_,=N3/N,. Here, 1, 2, and 3 denote the the rate calculation are summarized in Table I. We have not
first, second(MSX) and third transition state, respectively, included the tunneling correction at the transition state 1 or
and x andy denote the first and second complex, respec3, since the effect is expected to be small. To calculate the
tively, as shown in Fig. 1. N,(E) at MSX_dq3, we have used the projected vibrational
Substituting Eq(24) into Eq.(22), we get the following  frequencies calculated in our previous wowith the algo-
expression foPy,._,(E) in terms of theN(E) at each critical rithm listed in Sec. Il. Another ingredient in the calculation

structure: of N,(E), the transition probability as a function of energy
Py a(E) in the hoppi'ng coordinats, will be discussed later.
N3N,NgNNy To obtain the thermal rate constant, we need to carry out
the Boltzmann average of the microcanonical rate constant

- ¥ - + NN, — ' .
Na(N2Ny N3Ny =NaNg) (NaNy+Ni N N(Zzl\ég as the following:
It is interesting to note that in the limit where the intersystem o *
crossing is rate determinant, nameély<N,,N,, we have k(T)=[274AQ,(T)] 1| dEe FED (23+1)
Pxty)—yoo<1, and Eq.(25a reduces to: o =0

_ Py«—xPx<—a: NZ

J
X K;J NQ(E), (26)
N N T

(25b)

In other words, the CRP for the entire reaction will reduce towhere theN7(E) is obtained by using the shifted energy
N,(E), which is intuitively correct. E—E%. in Eq. (25), and different rotational constantB,C)

In the calculation of all the individuaN(E)’s in Eq.  at different structures have been used to carry out the sym-
(25), we have used harmonic direct counting at each criticametric top rotational energy shifting within the spirit of the
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adiabatic rotationtheory of Bowmaret al>® If one assumes 5
that rotational constants do not change significantly among

the critical structures, one may use one set of rotational con- 4
stants, and E(26) can be further simplified in a straightfor-

ward manner as shown previousty, 3

Qrot
h QtrQ rothib

PR
=

T

LA o

Vip(meV)

oc S
k(T)= f dE e PENSYE). (27) o2
0

—_

B. The 1D nonadiabatic transition probability

T
o

As discussed above, virtually any formula can be used
for the 1D nonadiabatic transition probability in the calcula-
tion of CRP at the MSX, as far as it is well-behaved for the -1
particular system. The most desirable choice is to solve for
the 1D transition probability quantum mechanically, which is £N-C-N(*)

the approach adapted in the current study. For the Currerlin. 2. The 1D model potential energy curv@8” and*A”) as functions of

system, it is clear from the StrU_Cture _Qj& g3, and  N_c—N angle 6, constructed to obtain the diabatic transition probability
MSX_dg3 that the “hopping” coordinate is nearly exclu- between them. The energies are in electron volts, with thgBoh the *A”

sively in theN—-C—Nbending. Treating CH as a united atom, state set to 0. The spin—orbit coupling constantsare shown in millielec-
the 1D bending Hamiltonian is straightforwardly written o7 Volts

down as the following as in a triatomic with fixed bond

distances?

2A||
50 70 90 110 130 150 17

[

1 P P 1D potential energy curves and spin—orbit coupling ele-
H= 5( —ih (9—9) Ggg( —ih (7_0) +V(6;R)+V'(0;R), ments. We have carried out CASPT2/6-31()*° calcu-
lations with the(nine electron/nine orbitplcomplete active
space self-consistent fieldlCASSCH references along the
= 5— - (28 N—-C-N bending coordinate frond3 to g3, with other pa-
meuaR® MR rameters fixed at those oMSX_dg3 optimized at the
UCCSDOT)/6-311G({,p) level. The CASPT2 method is cho-
sen in the curve scan to be consistent with the CASSCF
method which has been used to calculate the spin—orbit cou-
) _ pling element§. The potential energy curves have then been
where the last term is usually assumed to be small in Mosthjifted to match with the more reliable energy calculated at
cases despite the singularity at 7.3 Neglecting theV'  the G2MRCC)*! level with the zero-point correctichFur-
term and expanding the kinetic term, one obtains the followhermore, we artificially flattened out the potential energy
ing 1D bending differential equation: curves of the doubletquarte; when theN—C—N angle is
2 . smaller(largep than that in thed3(q3) to model the asymp-
[_ﬁ2( 2 5— 2 Cosf)iz_;ﬁﬂg i+v( 6)—E totes for scattering calculation. We also artificially made the
mcunR™ myR® /o6 myR* 96 doublet potential energy go up more quickly with the
X W(6)=0. (29) N—C-N angle near theg3 structure to make sure that only
the quartet asymptote is accessiblejat It should be noted

The first derivative term can be eliminated with a standardhat we expect the spin-forbidden process to be rather local-

technique, and Eq29) becomes simplified as: ized around the crossing point in this 1D model, judging
from the relatively large gradients of the potential energy

curves around the crossing point. Therefore, we expect that
these artificial modifications of the potential curves in the
(30) regions far from the crossing point will not alter the transi-

2 2 cosd
GHH

hZ 2

WCOSQ— §G03(1+CS(,2 0),

V’(0;R)=2

2

B
AD —(V— ﬂ—E)q):O,

2( 2 2 cosa) ) 2 sin@ tion probability seriously. Furthermore, despite these
A=—1 , =— . . i
MCH,NRZ MuR2 MR2 changes, the pre;e!’nt potential curves and goupllng elements
are far more realistic than the linear potential/constant cou-
The term pling model assumed in many transition formulas. _
The resultant 1D potential energy curves and the spin—
BZ 42 McHnSI? 0 orbit coupling element are shown in Fig. 2. Note that the
4A  2R?| m2—myucp nNCOSO spin—orbit coupling element¥;,=(%,+3H%9% +2) are

shown in meV. As seen in Fig. 2, the energy separation
is only on the order of 1.8 10 © hartree with the parameters increases dramatically as tié—C—N angle deviates from
of the MSX_dq3, and therefore can be safely neglected.  111.2° inMSX_dqg3, which implies that the transition is very
In order to carry out calculation of the transition prob- localized. Therefore, the angtin the kinetic energy opera-
ability with the Hamiltonian defined in E430), we need the tor of Eq.(30) is treated as a constant taken from the value at
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FIG. 3. (a) 1D transition probability obtained with the distorted wave approximation as a function of eedeggron volt$. In (a), the energy of§3 is set

to 0, while in(b) and (c) energies are relative to the zero-point level of the react@bt<2D cumulative reaction probabilitylgD(E) obtained by energy
shifting approximation based oN%D(E) as a function of energyelectron volts. The frequency for the bound degree of freedom is selected to be the
asymmetric C—N stretch of tHe\” state atMSX_dq3. (c) No(E) for the total reaction calculated according to E26). The solid curves are obtained with
G2M-RCC energetics and B3LYP/6-31165p) vibrational frequencies; the relatively smooth solid curve is obtained with the vibrational frequencies of the
4A" state atMSX_dg3, and the solid curve with more visible structures is calculated with those Sithetate atMSX_dg3. The dashed curve is calculated
with the UCCSIDIT)/PVTZ energetics and UCCSD)/6-311G(,p) vibrational frequencies, and fédSX_dg3 the frequencies of th&A” state are used. The

total No(E) is actually very close t®N,(E) calculated aMSX_dg3, which if included in Fig. &) would not be distinguished graphicalld). Thermal rate
constants for the production of quartet products calculated according to(XEy. The ki(T) is obtained with the G2M-RCC energetics and
B3LYP/6-311G(,p) vibrational frequenciesk,(T) is obtained with the UCCSQO)/PVTZ energetics and UCCSD)/6-311G(,p) vibrational frequencies.

k3(T) is computed with scaled vibrational frequenciesvt8X_dq3 taken from Ref. 33 and two times larger spin—orbit coupling conskgii) is from Ref.
33.

MSX_dg3 through the scattering calculations. - %

Once the 1D model is established, we first tried to solvel 1= VN2 = 2(k¢k)) 1/2J0 PO Vi (r )y (r)dr,
for the transition probabilitN3°(E) by the flux—flux corre-
lation function method of Milleret al# in conjunction with

the complex.2 method, which has been successfully appliedwhere Vi (r) is the diabatic coupling element, and®(r)

to a model 1D non-adiabatic reaction by Qi and Bowrfian. andy{)(r) are the scattering wave functions associated with
Unfortunately, it was found that the cumulative reactioneach diabatic potential.

probabilities exhibit a wild oscillatory behavior as the basis  The transition probabilityN%D(E) thus calculated as a

set size and the absorbing potential are changed. Evidentljinction of energy is presented in Fig(a® Evidently, the
with a spin—orbit coupling element of only10 cmi ', the  DWA exhibits oscillations in the transition probabilities, a
transition probability in the current case is so small that it isphenomena first pointed out by 8kleberg, which manifests
beyond the numerical accuracy expected from the complethe interference between the trajectories on the two diabatic
L2 methods. Therefore, we have finally carried out scatteringurfaces. The absolute values for the transition probabilities
calculations with the distorted wave approximationare very small, on the order of 16. Evidently, the reaction
(DWA),?® which is expected to be rather reliable for theis very “diabatic” even around the MSX regions. The 1D
current system with such small diabatic coupling elemé&nts. transition probabilities using the semiclassical results of
The transition amplitude, the square root of the transitionChild et al?® assuming linear crossing potentials have also
probability, from DWA is simply given by been calculated as a function of the energy in the hopping

(31)
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coordinate (not included here The results are slightly have been tested. The energetics at the G2ZM-RCC level and
smaller in magnitude and exhibit milder oscillations as avibrational frequencies at the B3LYP/6-311d;p) level
function of energy. shown in Table | have been used, and the resulyiE)

are shown in solid curves in Fig.(@. Clearly, theNgy(E)
C. Convoluted rate constant  N(E) and k(T) shows interesting structures even after the convolution of the

Before presenting results for convolutddE) andk(T),  five vibrational degrees of freedom which are more visible

we briefly discuss the degeneracy factors in the CRP expresvhen the frequencies for tHé\” state atMSX_dqg3 are em-
sion coming from spatial and spin symmetries. The reactarployed in the calculations. In addition, ti,(E) obtained
CH(?II) has double degeneracy for thespatial symmetry. with frequencies for théA” state atMSX_dg3 are larger
Nevertheless, only th8A” state is expected to lead to the than that calculated with those féA”, since the numerical
titled reaction, therefore no degeneracy needs to be consigtalues of the frequencies are generally smaller for the
ered for the reactant partition function, except for the elecformer. During the calculation, we notice that the total
tronic part taken apl+exp(—25.81T)] following Ref 33b). No(E) is actually very close to thé\,(E) calculated at
In addition, since the reaction proceeds through a spinMSX_dg3, which if included in Fig. &) cannot be distin-
forbidden transition from the doublet to the quartet state, iguished graphically. The transition probability MSX_dq3
appears that a factor of 2 should be considered in the transis so small, as discussed earlier, that the tNiIE) reduces
tion probability, due to the increase of spin-multiplicity, i.e., to the N,(E) at MSX_dg3, as indicated in Eq(25). In a
the number of microstates. However, the situation is moresecond set of calculations df,(E), we have used the ener-
complicated as the following. According to the well-known getics derived at the UCCSD)/PVTZ level, and the vibra-
Eckart—Wigner theorem, the nonvanishing spin—orbit coutional frequencies at the UCC$D/6-311G(,p) level. For

pling elements betweetA, and*B, are: MSX_dg3, the vibrational frequencies for tH&\" state are
1, 1S3 4 3\ _ 1o, 1ys03 — 1 used. The resultaritly(E), shown as a dashed line in Fig.
(zx2H*z,%2)= ‘/§X<2'i 21H*2,%2). (32) 3(c) is in close agreement with the result discussed above.

Therefore according to Eq31), the probability of the mol-  This is not surprising since thido(E) is mainly determined
ecule making transition fromi3,=3) to |3+3) is 3 times by the propertiesenergetics and vibrational frequengied
larger than that td3,53), and the transitions t¢},=3) and  the MSX, which, as shown in Table |, have similar values for
13,53 are forbidden. As a result, one may multiply a factor the different levels of theories used in the current calcula-
of 3 by the transition probability calculated betwegn+3)  tions.
and|3,+3). However, we did not do so in the current work to ~ Since MSX_dg3 is the rate determining structure, we
be consistent with previous 2D quantum mechanical calculahave simply employed shifting to derive the thermal rate
tions of Seidemaret al32” constant according to E@27), with the rotational partition

To compare the current work to the 2D study of function ofMSX_dg3. TheNg(E) used in the calculation of
Seidemart?® we convoluted theNi°(E) with one vibra-  k(T) is averaged with values obtained with the vibrational
tional frequency to model the effect of an extra degree ofrequencies of the doublet and quartet states. In the integra-
freedom. Since this degree of freedom in Seideman’s work i§on over energy in Eq(27), the No(E) has been extrapo-
mostly the C—N stretch, we have taken the frequency of 948ated with a power law~5, with a correlation coefficient of
cm 1 (which is 1005 cm? for the quartet stajecorrespond-  0.999 to high energiegup to 3.0 eV above the reactante
ing to the asymmetric C—N stretch modeM$X_dg3. The  ensure the convergence of the calculated thermal rate con-
derived results, denoted NﬁD(E), are plotted in Fig. &). stant. Preliminary test calculations indicate that the discrep-
The N%D(E) is on the order of 10%, and exhibits some ancy betweerk(T) from Egs.(26) and(27) should be small,
moderate oscillations, much less sharper than those fromround 60% at 1000 K. In essence the physical picture of the
Seideman’s 2IN(E) [Figs. 3—5 in Ref. 3@)]. Since the 2D  reaction behind the approximation here is the following. The
N(E) from Ref. 32b) is available only for very limited en- threshold of the reactioh.e., the integration threshold in Eq.
ergy range and is highly oscillatory, it is hard to compare it(27)] is controlled byg3_ts, due to its high energy. As soon
guantitatively with OU|1\I§D(E). The qualitative trend is that as the quartet channel is open, however, the reaction flux
our N3P(E) is larger in the low energy but becomes smallerbottleneck is shifted to the doublet-quartet crossing, since the
in magnitude than Seideman’s as energy increases. For itvopping probability is so small. As in the calculation of
stance, th&3P®) is ~1.0 and 1.1% 10 2atE=0.8 and 1.1  Ny(E), two sets of data have been used to calcut4t® to
eV in Fig. 3b). In the calculations from Ref. 88), the peak see the sensitivity of the result on the levelsalf initio
value ofN(E) aroundE=0.8 and 1.1 eV is 1810 *[Fig.  theories employed in deriving the necessary information.
3 in Ref. 32b)] and 1.6<10°2 [Fig. 4@ in Ref. 33b)],  The resultank(T) at the temperature range of 1000—3000 K
respectively. is shown in Fig. 8). Theky(T) is calculated with the G2M-

Next, we have calculateNy(E) for the entire reaction RCC energetics and the B3LYP/6-311d5) vibrational
according to Eq(25). The No(E) result forJ=0 has been frequencies, and,(T) is calculated with the UCCSD)/
presented in Fig. @). A number of calculations have been PVTZ energetics along with the UCC$D/6-311G(d,p)
done using different energetic and frequency parameters tabrational frequencies. The numerical values of the two sets
test the sensitivity of the results on the level alf initio  of data are in close agreement except that the UGTB8D
calculations. First of all, two sets of vibrational frequencies,PVTZ method gives a lower exit barrier on the quartet sur-
obtained at théA” and*A” electronic states afiSX_dq3  face than G2M-RCC, which results in a larger rate constant
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at low temperature~1000 K. At high temperature around order of 2—4, which after integration naturally yields a larger
3000 K, however, the rate constants predicted with the twahermal rate constant that is ironically closer to the experi-
sets of data tend to agree. The calculdtétl) can be accu- mental value. Clearly, the physical pictures in the current
rately fitted into an Arrhenius expression with a prefactor ofstudy and that of Miller and Walé® are of two extremes.
10°*9and 181" for k, andk,, respectively, which seems to In our approach, as mentioned earlier, 18X _dg3 is the
be too low compared to the recent experimental measuraate determining step due to the small intersystem crossing
ments and empirical RRKM studies, which has a prefactoprobability, while g3 ts controls the threshold of the reac-
~10'"7*2 Given the high level of ouab initio calculations tion. In the formulation of Milleret al,>*® the contrary pic-
and the reasonable agreemenkefandk,, the rather large ture is adopted in which the surface hopping is not related to
discrepancy cannot be attributed to the error from &lbe  the rate constant at all, and two standard chemical barriers
initio calculations. form the “standard” RRKM scenario. Although thie(T)

In the previous empirical RRKM results of Rogers from Ref. 33b) is closer (much closer) to experimental
et al,**® shown a(T) in Fig. 3(d), they mentioned that a measurements than our results, it is hard for us to accept the
much smaller rate constant is obtained compared to experpicture that a hopping process with very small transition
mental measurement unless several empirical frequencies gitobability is not relevant to the rate of the process. It ap-
the MSX are scaled down by a factor of 2 and at the sam@ears to us that the good agreement between Réb) 3Bd
time a very largex value of 0.04(even larger than the experiments may be fortuitous.
Landau—Zener probability of 0.001-0.01 by Yarkony  The question is then, what could be responsible for the
et al®) is used to describe the intersystem crossing probabildiscrepancy between our results and experimental measure-
ity. Indeed, the scaled results contain three frequenciefments? As mentioned earlier, given the high level of our
around 300 cm*, which are substantially lower than what quantum chemical calculations and the fact that the rate con-
we have obtained ib initio calculations in Table I. With  stants obtained with different sets of data agree reasonably
their vibrational frequencies, we found that our rate constanjyell, it is very unlikely that the difference from the experi-
increased by more than an order of magnitude. Further asnental data can be attributed to thk initio methods used.
suming that the spin—orbit coupling element is two timesadmittedly, there are several assumptions made in the 1D
larger than what we have calculated, we have obtained @ynamics calculations, but the obtained spin-forbidden tran-
thermal rate constarky(T) in Fig. 3(d), which is in closer  sjtion probability certainly looks reasonable given the small
agreement td;;(T). Evidently and very importantly, scaling yajues of the spin—orbit coupling elements.
the frequencies and the coupling element is not a real solu-  Thys, the large discrepancy between the theoretical
tion to the problem. The disagreement betweenatheénitio  yajue and the experimental data most likely comes from the
thermal rate constanks(T) and the fittedkg(T) rather  cyrrent treatment of the multidimensional dynamics. For in-
strongly suggests that some important issues might havgance, although a one-dimensional model for the intersys-
bgen overlooked which required further investigations as Weem crossing appears very reasonable judging from the struc-
will suggest later. _ ture of d3, MSX_dg3, and g3, it is possible that another

In another RRKM study of Miller and WalcK" the  gegree of freedom, which may or may not be the C—N
rate constant was calculated assuming that the surface hoggetch, is also very important for the spin-forbidden transi-
ping process is fast compared to the barrier crossing motioy, By this we mean that the transition probabiligywhich
and therefore the rate constant is solely determined by thg, ine current work is assumed to depend only on the energy

two transition states: in the hopping coordinate, might actually vary significantly
along one or more degrees of freedom orthogonal to the
k(T):[hQR(T)ge(T)]‘lz (2J+1) norm of the seans. We note that at the3 structure, the
J doublet electronic state is not very high in energy, and there-
91N (E,J)g,oN,(E,J) fore the seam might cover a larger region of the PES at

e FleTdE, (33 certain energy than that based on simple harmonic expansion
at MSX_dg3. Indeed, as mentioned above tN§°(E) we

where N, (E) and N,(E) are measured ai4 ts andq3.ts, obtained appears to increase too slowly as a function of en-
respectively. The energetics and rotational/vibrational paergy, compared to the explicit 2D quantum mechanical result
rameters were derived in the earlier study of Walttyhich  of Seidemarf2? It has also been found in previous studies
is in fair agreement with our results. It should be noted thathat the 1D model may not be quantitatively satisfactory for
the barrier heights in their studi&® arehigherthan ours by nonadiabatic processes, since quantal transitions with small
~4 kcal/mol for bothd4 ts and g3_ts. Interestingly, their probabilities are likely to be sensitive to the coupling of the
calculations agree well with the experimental measurementslegree of freedom in which the nonadiabatic transition is
We have also carried out some test calculations followinghominally located and other rovibrational degrees of
Eqg. (33) but with ourab initio data. It turned out that the freedom*®

obtainedk(T) is rather similar in magnitude to the results in In addition, we are concerned with the effect of gradient
Ref. 33b), which therefore rules out the possibility of some difference between the two PESs on the transition probabil-
simple numerical error in our calculations. Comparing theity. In the Landau—Zener formalism, a larger gradient differ-
CRP corresponding to Eq33) and in Eq.(27), it is not  ence implies a smaller diabatic transition probability. At the
surprising that the former is much larger in magnitude by arMSX, the structure is rather far from the minima on either of

91N (E,J)+92N,(E,J)
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the PESs and therefore the slope difference is rather largegreement strongly suggests that some important issues
(recall they have different sighand the transition probabil- might have been overlooked. In another study of Miller and
ity is small. For other structures on the seam that are closéValch>® it is assumed that the surface hopping process is
to the quartet minim#&as mentioned above, the doublet statefast compared to the barrier crossing motion and the resultant
is not much higher in energy than the quartet state agghe RRKM rate constants are rather close to the experimental
structurg, the slope difference might be smaller and the tran-measurements. However, it is hard for us to accept the physi-
sition probability may be larger. In short, the topology of the cal picture that an intersystem crossing process with a small
seam may play an important role in determining the transi{ransition probability is not relevant to the rate constant.
tion probability. Therefore we feel that the agreement between their results
Therefore, rigorous quantum dynamic calculations withand experimental measurement may be fortuitous.
at least 2 degrees of freedom with accurate spin—orbit cou- Although our initial attempt to calculate a rate constant
pling elements in extended region and at the same time witbf the spin—forbidden reaction with a straightforward exten-
approximate treatment of other degrees of freedom are resion of TST did not produce numerically satisfactory results

quired to examine the situation in more depth. for the titled reaction, the approach discussed in the current
work seems to be theoretically sound and practical for evalu-
IV. CONCLUSIONS ation of the rate constant for polyatomic systems for the mul-

The TST has been extended straightforwardly to trea{iStep reaction involving nonadiabatic transition. It is still of

; : ; t interest to carry out calculations on other systems, such
nonadiabatic processes and has been applied to study tHEea -
rate constant of the spin-forbidden reaction €IH+N, as N+ O(P/'D), to test the validity of the TST approach
— HCN+N(*S). A one-dimensional model was set up to developed her& On the other hand, the current work also

consider the spin-forbidden transition probability, which washas demonstrated that nonadiabatic processes, even the sim-

solved with distorted wave approximation. The effect 01Eplest case of spin-forbidden transition, might involve more

other degrees of freedom is then considered by energy Corq_egrees of freedom than usually presumed, based on the

volution with the vibrational frequencies orthogonal to theCrltlcal structures involved.
seam of crossing at the MSX. An expression of the total CRP
of the reaction was obtained by a straightforward extensioRCKNOWLEDGMENTS

of the unified statistical theorUST), where the MSX was The authors thank Dr. T. Seideman for interesting dis-
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~ Nevertheless, with such a TST expression and the onese fellowship from the Phillips Petroleum Co. S.J.K. ac-
dimension model for the intersystem crossing process, thgnhowledges the Visiting Fellowship at the Emerson Center,
thermal rate constai(T) seems to be too low by two orders yhich provided an opportunity for this collaboration. The
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this system, we feel that the current one-dimension modetenter is acknowledged. This work was supported in part by
needs further improvement to obtain an accutgf€). In Grant Nos. F49620-95-1-0182 and F49620-98-1-0063 to
particular, the assumption that the spin-forbidden transitiork n1 from the Air Force Office of Scientific Research.
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The transition probability is determined by the spin—orbital

coupling element and the difference in the slope between th
two potential surfaces at the seam. Considering that the eleézggigllﬁgf EI(\)/QROGNESERTELED%EL?ESIE-C\)/{/\IELL

tronic nature of the two potential surfaces is not changingggL EM WITH THE UST APPROACH
much at the seem, it is not likely that the magnitude of the

spin—orhbit coupling element depends strongly on the location It should be noted that E¢24) is applicable for double-
of the seam. The slope difference, on the other hand, cawell cases with the following restrictiorl,, Ny>N;, N3
depend more sensitively on the seam geometry. It is of great N2. In other words, the second transition stéte., the
importance to further investigate the origin of the discrep-MSX in the current systejnhas to be the dominant bottle-
ancy, so that we may achieve better understanding of thBeck, which is the case for the titled reaction. For a general
underlying dynamics of not only this particular reaction butdouble-well problem, Eq(24) has to be modified. For in-
systems involving intersystem crossing in genétal. stance, consider a general deep double-well caseN,g.,
The vibrational frequencies obtained in tla inito ~ Ny>Ni, N2, N3. In such a limit, Eq.(24) reduces to the
study are much larger than those used in an empirical RRKMollowing:
study>*® where empirical vibrational frequencies at the N;N,N;
MSX have to be scaled by a factor of 2 along with a large P, ,= ,
surface hopping probability0.04 in order to derive a rea- "% Na(NiN2FNoNs+ NaNp +NoN,)
sonablek(T). Such an empirical approach does not give any  which is different from the formula derived by Bower
answer to the discrepancy found between the current calcwet al*® using a branching analysis assuming the statistical
lation and experimental measurement, but rather the dissehavior of the deep double-well dynamics:

(A1)
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b N;NoN3
P72 Na(NyNp+NoNg+NgNyp)
Evidently, Eq.(Al) has the incorrect limit of vanishingly

small reaction probability for the casé,, N,>N,>N,,
Ns.

(A2)

In the following, we shall derive the correB,._, for a
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Ptrap_x:(l_ Py«—x)(l_ Pa<—x): (A4a)
F’trap_y:(:]-_ PbHy)(l_ PXHy)i (Adb)
F)jump: Py<—xPX<—y(1_ Pb«—y)(l_ Pacx). (A4c)

An important quantity in Eq(A3) is the degeneracy fac-
tor g(n,l,m), which accounts for the “degenerate” trajecto-

general double-well problem with the UST approach, andies involving the same number of trapping/jumping events

clarify the approximation inherent in E¢R4).

that undergo different sequences. The expression for

In the branching analysis, the most general scenario ing(n,|,m) is straightforwardly written in terms of the bino-
cludes the following three processes for the double-well Sysmial coefficients:

tem: trapped in the first wel for n times; jump between the

two wellsx andy for | times, and trapped in the second well g(n,| m)z((n+l)) % ( (m+|)> (A5)
y for m times. Accordingly, the probability for a trajectory w | | '
going froma to b can be written as follows: Using the identity
— | 0
Pb‘_a_n,%:o (P yX Pl X Py X PlumoX Pla (l_x),(lﬂ)zzo ((nTI)>Xn (A6)
n=
X Py—a)xg(n,l,m), (A3) the series summation in EqA3) is readily carried out,
where the new quantities are defined as follows: which yields the following:
Pbeypy&xpxea 1
Pp_a= X A73q)
b-a (1_Ptrap_x)(1_Ptrap_y) _ Pjump ( )
( 1- Ptrapﬁx) ( 1- Ptrapﬁy)
_ PbyPyxPxc—a (A7b)

{[1_(1_ PxHy)(l_ Pbky)][l_(l_ Pny)(l_ PaHx)]_ F)jump} .

Comparing Eqs(A7b) and(24), one sees immediately that the difference lies in the éR{ya, in the denominator of Eq.
(A7b). Evidently, Eq.(24) is correct only if the second barrier is rate limiting which implies srgll,,. For a general deep
well case, i.e.N,, Ny>N;, N,, N3, one may show straightforwardly that E@7b) reduces to the correct limiA2).
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