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We have developed a novel semiclassical transition state tH8&@yT ST) for truncated parabolic
barriers, based on the formulation of Hernandez and Milrem. Phys. Lett214, 129 (1993].

Our SC-TST rate coefficient has the fokri®™'=k™T.T", whereI" depends on the zero point
corrected barrierAE,, and the barrier curvaturéap,*:|. Our rate expression is stable to arbitrarily

low temperatures, as opposed to purely harmonic SC-TST, because we identify the maximum
possible semiclassical action in the reaction coordinate. For low temperatures, we derive an
analytical approximation foF that is proportional t@” 2Eo. We develop a theory for the tunneling
crossover temperaturd,,, yielding ksT,=%|wi|AEy/(27 AEy—#|wi|In 2), which generalizes

the harmonic theory for systems with large but finite barriers. We have calculated rate coefficients
and crossover temperatures for thél>-0(4) jump in H-Y and D-Y zeolites, yielding',

=368 K and 264 K, respectively. These results suggest that tunneling dominates proton transfer in
H-Y up to and slightly above room temperature, and that true proton transfer barriers are being
underestimated by neglecting tunneling in the interpretation of experimental mobility data.
© 2000 American Institute of Physids$0021-960600)70915-9

I. INTRODUCTION plies when quantum effects are small, diverging Tt
— 7| F 3
Zeolites are nanoporous, shape-selective catalysts wide%mwF'/.&TkB where|w| is controlled by the curvature of
e barrier. Hernandez and Miller have reported a non-

used in the chemical industry for applications ranging from .
petroleum cracking to fine cr)llemicaFI)F;ynthe]sManygregc- separable SC-TST that remains stable, and accounts for bar-
fier anharmonicity and reaction path curvatBirelowever,

tions make use of the acidic properties of zeolites; most o

these involve proton transfer reactions as elementary step@r many complex pro.blems of ch§m|cal and materials scl-
To begin developing a microscopic picture for zeolite cataly-€NC€ interest, the cubic and quartic force constants required
sis, it is crucial to model the dynamics of these proton trans!© Parametrize their the01r§/§re impractical to obtain from
fer event€ The potentially quantum mechanical nature of €lectronic strgcture calc_ulatlons_. In a s!m|lar way, the ex-
proton transfer necessitates a reaction rate theory that aténded potential energy information required by the instanton
counts for quantum effects, while remaining sufficiently trac-method may also be difficult to obtain for very complex
table for the complexity of problems found in zeolite SyStems.
sciencé* In this article, we develop a novel semiclassical ~ We believe that harmonic SC-TST can provide a useful
transition state theory and apply it to the calculation of quanand reliable starting point for computational materials sci-
tum rate coefficients for the (@—O(4) proton transfer in ence, because energy second derivatives are available for a
H-Y zeolite. wide variety of electronic structure methods. Moreover, a
Several sophisticated quantum rate theories are presentpartial cancellation of error is expected from a harmonic
available, based either on flux correlation functidfisran-  theory because barrier anharmonicity tends to decrease tun-
sition state theory;'2 or instanton theor§:!®> To apply a  neling probabilities, while corner-cutting tends to increase
guantum rate theory to a many-body reactive system such deem. The instability of harmonic SC-TST arises from as-
a zeolite cluster model, the theory should require a realistisuming that the barrier remains parabelit infinitum In the
cally limited set of potential energy parameters, because gfresent article, we develop stable harmonic SC-TST by
the significant expense @b initio calculations used to ob- re-introducing the ground state of reactants, which is remi-
tain those parameters. The simplest such theory is harmonitiscent of the truncated parabolic barrier considered by Bell
semiclassical transition state theot$C-TST,**® which  in 193417 While the theory developed by Bell is only accu-
only requires energies and frequencies at the reactant miniate in the deep tunneling regime, and the purely harmonic
mum and transition state. Unfortunately, this theory only ap-SC-TST is valid only at elevated temperatures where tunnel-
ing corrections are small, our approach smoothly connects
dAuthor to whom correspondence should be addressed. Electronic maiF.he low and high temperature limits, as discussed below. We
auerbach@chem.umass.edu thus arrive at a quantum rate theory that is easy to param-
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etrize and evaluate, remains stable to arbitrarily low tempera-
tures, and is amenable to an analytical solution in certain N(E)=2 > Pn,—n,(E), 2.2
limits. In a forthcoming publication, we will quantify the e
accuracy of this approach by comparing with quantum flux
correlation calculations on model gas phase and condensed :? P, (E).
phase system$. '
Using our stabilized harmonic SC-TST, we exp|0re theln Eq (23), the CRP is written in terms of initial-state-
importance of tunneling for proton transfer in H—Y zeolite. Selected reaction probabilitié$,P, (E), which provide a
We find it convenient to express our results in terms of thgmeasure of the net flux through a surface spanning the prod-
tunneling crossover temperatufg,, below which tunneling  uct channef>=2"In the limit where all open reactant chan-
becomes dominant and above which tunneling becomes negels have initial-state-selected reaction probabilities that are
ligible. We develop an analytical theory fax, that depends either zero or one, the CRP becomes tinenberof reactant
upon the zero point vibrational energy corrected barrieistates that lead to products.
height, AE,, as well agwf|. Consistent with our intuition
from elementary quantum theory, we find thigt is much
more sensitive to changes jm{| than it is to changes in The standard@nsatzin transition state theorgTST) is to
AE,. Using parameters from high level electronic structurereplace the dynamically converged, net reactive flux from
calculations on zeolite cluster models, calculated in the preteactants to products with the instantaneous flux through the
vious paper, denoted Paper |, we find that tunneling domitransition state dividing surface. TST is inspired by the fact
nates proton transfer in H=Y up to and slightly above roomthat, althoughN(E) andk(T) are rigorously independent of
temperature, and that true proton transfer barriers are beirfje surface through which fluxes are computethe dura-
underestimated by neglecting tunneling in the interpretatioriion of dynamics required to converge the net reactive flux is
of experimental mobility dat&-2 usually shortest when using the transition state dividing sur-
The remainder of this paper is organized as follows: inface. The TST approximation can be formulated for gas
Sec. IIA we review previous versions of SC-TST, in Sec.phase or condensed phase systéi8,using classical or
IIB we describe our stabilized harmonic SC-TST, and induantum mechanics.
Sec. IIC we derive the high and low temperature limits of  In what follows, we develop a uniformly stable, gas
our new formula. In Sec. Il A we discuss the results of ourphase version of harmonic semiclassical TST, which is ex-
proton transfer calculations for H—Y and D-Y in the contextPected to give qualitatively reliable results when the tunnel-
of tunneling crossover temperatures, and in Sec. Il1B wdng dynamics are nearly separable. We apply the new theory
describe the consequences for experimental mobilities iRelow to a condensed phase system—proton transfer in

zeolites. In Sec. IV we give concluding remarks and specuzeolites—by focusing exclusively on flux through the proton
late on areas for future study. transfer dividing surface. The approach is expected to give

qualitatively reliable results for condensed phase systems,
when the density of reaction-coordinate vibrational states is
high for energies near the transition state energy. In a forth-
Il. RATE THEORY coming publication we will quantify the accuracy of this
The quantum rate theory developed below involves a@pproach by comparing with quantum flux correlation calcu-
modification and simplification of the elegant treatment/@ions on model gas phase and condensed phase sﬂé‘tems.
given by Hernandez and Miller in 1993-or completeness, We formulate the TST approximation to the CRP in
we begin with the rate expression developed by Miller int€Mms of transition state normal mode coordinates,
1975 for anF-dimensional system at temperatdfe given ~ (d1,02,---,d¢), Where g is_ the reaction coordinate. The

(2.3

A. Transition state theory

by?3 CRP is then approximated #y
1ofe N(E)=>, P+(E), (2.4)
k(T): h—Qr dEe€ N(E), (21) n¥
Eo

wheren* describes the vibrational quantum state of the
whereQ' is the total partition function of the reactés)t Eis ~ — 1 Stable modes at the saddle point. Wiigp(E) is calcu-

the total energyE, is the ground state energy of the reac-lated semlclaséilcally in the separable approximation, Eq.
tants), B=(ksT) *, kg is Boltzmann's constant, anti (29 become’

=2mh is Planck’s constantN(E) is the cumulative reaction

probability (CRP), 12 discussed below. EquatidB.1) is exact N(E)= 21 [1+e2%EmD]~1, (2.9
for gas phase reaction dynamics provided one accurately cal- n

culates the CRE? Although the CRP was originally defined where 6 is the barrier penetration integral for the reaction
in the context of gas phase reactive scattetinigs calcula-  coordinate with reduced mass The challenge in semiclas-
tion has since been pursued in condensed matter problems sisal tunneling theory is creating a mapping from the multi-
well.?32% The gas phase CRP is defined by summing thelimensional potential surface to the one-dimensional tunnel-
state-to-state reaction probabilities over all energetically aling path required by the barrier penetration integratie
lowed reactant and product states at endggyaccording to  infra).* This becomes particularly simple within the sepa-
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rable approximation, because the total energy is givei by of chemical and materials science interest, the cubic and
=Er+e¢,1, Wheree,: is the conserved vibrational energy of quartic force constants that are requifetb calculate the
the F—1 stable modes, anfdr is the energy in the reaction anharmonicities in Eq(2.7) are impractical to obtain from

coordinate obtained as the eigenvalue ﬁfF:pF/zm electronic structure calculations. In a similar way, the ex-

+V(QF)- In terms of these quantities(E,n") is given by? tended potential energy _mformaﬂon requwed by the instanton
1 x method m:y alsodbg dr|1ff|c|ult tg optam for t:/(elry cor;:pleﬁ(

EN — = systems. As stated in the Introduction, we believe that har-

0(E.n%)= f fxl ddeV2m{V(de) — (E-ens)], 2.6 monic semiclassical TST provides a useful and reliable start-

_ S _ . ing point for computational materials science, because en-
where the integration limits are the reaction coordinate turn-

. int the barri hich satisfv th 6 ergy second derivatives are available for a wide variety of
TgEEom s ond be arrer, w IIC ?a isfy t'e equa d'mFt) electronic structure methods. Moreover, partial cancellation
—E~#&pt, and become complex for reic lon coordinate en- ooy jg expected from a harmonic theory because barrier
ergies above the barrier. In genet{E,n") is real; positive

) . g . anharmonicity tends to decrease tunneling probabilities,
for reaction coordinate energies below the barrier, and Negaile corner-cutting tends to increase them. Although the
tive for energies above. Because the reaction coordinate eg—

e ) urely harmonic version of semiclassical transition state
ergy has a minimum, ground state value, the barrier penetr heory (SC-TST) has exhibited numerical instabilities and
tion integral has a maximum positive value for short range

bari convergence problems in previous implementatfthsye
arners. . _ - . discuss below a stable expression for the rate coefficient that
To model corner-cutting dynamics arising from reaction

4 San be evaluated at all temperatures.
path curvature, I—_|ernandez, Miller, and co-workers_ e_xtende Pursuing the harmonic approximation, the energy in the
the formulation in Eq.(2.$)_to nonseparable r_nult|d|me_n- region of the saddle point can be written as
sional systems, by conceiving @fas a generalized barrier
penetration integrdtl® Although the present article we focus F-1
on locally separable dynamics, we briefly review the 1993 E=Vv#+ E hwi*
nonseparable formulation of Hernandez and Miller put =1
our method in perspective. The key insigbf the nonsepa-
rable theory is that Eq2.5) can still be used when dynamics
are integrable even when separability breaks down. Based
on this idea, Hernandez and Miller expressed the energy near 1

1
nii-f'z

—h| k|6l 7. (2.9

Hernandez and Miller have shown that the integral dwém
Eq. (2.1) can be transformed to an integral ou&t giving

- U')E + 1
the transition state as SC-TSTT) = — | e BE(6.:1Y)
) i =g |, dg(aa)e 1+e?
1 1 1
Ezvjbrig1 hof| nf+ 5 +ij2:1 x| nf+ 5| nf+ 3], 1 s e BE(6.N) | fo
(2.7) hQ < | B(1+e*")| _

where V* is the transition state potential energy, and 1 (6 . 26
{of}i—1,.. p-1 and {X{;}i j_1... f—1 are the real harmonic +/—3f_ dge PEON )(1T620_)2' (2.10

frequencies and anharmonic constants, respectively, of the
F—1 stable modes at the transition state. In &47), o is

the imaginary frequency associated with the curvature at th
top of the barrierxi, is a real anharmonic constant describ-

where the second equality is obtained using integration by

5arts. Although integrating over energies is only strictly

) FF X i valid for gas phase systems, and hence is not rigorously cor-
ing the anharmonicity of the barrier, afigi}i—1,.. F-1 @€ yoct for condensed matter systems such as zeolites, replacing

imaginary anharmonicities determined _Ey lthe reaction pathyiserete sums with integrals is consistent with semiclassical
curvature. For th& — 1 stable moded/:(n; + 3)} are locally theory®

conserved semiclassical actions given by positive half- Determining the correct value d, in Eq. (2.10, the
integer multiples off.. For the reaction coord_inatéi,(nﬁ_ transform of Eq in Eq. (2.1), is a crucial element of this
+3) is the locally conserved semiclassical action assouateg]eory and the major contribution in this paper. The Hernan-

Wi}h the generalized barrier penetration integral accordingye; ang Mmiller treatment resolved this issue by assuming that
to the integrand in Eq(2.10 decays to zero well befor@
0= —iw(n§+ 1. (2.9 reaches its upper limit, effectively allowing the upper bound

to be replaced with positive infinity. The surface term is then
e ' ) discounted for similar reasons. This often works because an-
creases with increasing energy. Equati@ri/) provides the

. , Bt o2m?
energy as a quadratic function 6&ndn*, which is inverted _harmonlc effeqts |nt.roduce a factor ef *rr Into thg
to obtain 6(E,n%) for use in Eq.(2.5 integrand, forcing aigorous and faster decay to zero with

increasingé. This is sufficient in many cases to reduce or

eliminate errors involved with integrating to positive infinity.

It has been noted that in the absence of these anharmonic
The Hernandez and Miller nonseparable formulation iseffects there exists a temperatufies 7| wi|/27kg, below

elegant in its treatment of barrier anharmonicity and reactiowhich the integral in Eq(2.10 will diverge because the

path curvature. Unfortunately, for many complex problemsintegrand approaches infinity with increasifi§

As with the separable casé,in Eq. (2.9 is real, and de-

B. Stabilized harmonic semiclassical TST
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plied by a tunneling correction factar,(T), which must be
evaluated using a numerical integration scheme. Equation
(2.12 is the main working formula in this paper. The omlly
initio data required to calculate®* "SY(T) are the energies
and harmonic vibrational frequencies at the two relevant sta-
tionary points: reactant minimum and transition state. In Pa-
per |, we established convergence of these parameters with
qr respect to basis set and level of theory, by focusing on small
cluster models of H-Y. An approximate correction to the
FIG. 1. Schematic of truncated parabolic barrier, showing orthogonal quang 5 riar accounting for long range interactions, which are ig-
tized modes. . :
nored in our cluster models, is taken from the embedded
cluster calculations reported by Sawtral,>* and is used to
predict our final barrier height. Those results will be utilized
It is especially at low temperatures when SC-TST needsn rate calculations presented in Sec. Il of the current work.
to be applied. As such, it is imperative that a definitiorggf
be determined that allows rate calculations at such temper
tures. In the harmonic approximation, fortunatefy,can be
defined as the value af that makes the energy in E(.9 To examine the plausibility of our new tunneling correc-
equal to the lowest allowed energy, which is the zero pointion factor in Eqg.(2.12), and to relate this factor to previous
vibrational energy(ZPVE) corrected ground state of the re- results, we consider the high and low temperature limits of
actant,Eg. The resulting value of), is then I'(T). First we consider the high temperature limit, where
B—0, in two casesl(i) where Eg— — so thatAEy— e,

21V} 1=1570 om!

%—. High and low temperature limits of  I'(T)

QO:W_AE;, (2.11 i.e., the simple parabolic barrier: afii)) whereEy andAE,
h| | remain finite, i.e., the truncated parabolic barrier. In the

whereAE,=E}—E} is the ZPVE corrected classical barrier former case, the surface term vanishegif wg| <2, and
height. This choice is consistent with our separable approxithe integral becomes

mation, because the largest amount of energy that can be o Lt ,8h|w§|/2

F(T)=—f dgeflleorldm sech = —————

o sin( Bh| wg|/2)

removed from the molecule by descending the minimum en-
ergy pathway to reactants is exacthg,, regardless of ex-

cit_a}tions in other modgs. This valug e('; co_nsidt_arably sim- 1 [ Bh|wf||? 7 [ Bhlof\?

plifies the rate expression because it is strictly independent of =1+ 24 + 5760

n*, thereby decoupling the summation and integration in Eq. & : ™

(210. N . _ _ L3 Bh| wi| 6+ -
Enforcing a finite upper limit to the integral in E2.10 967,680\ ) (2.13

within our harmonic theory is reminiscent of the truncated

parabolic barrier considered by Bell in 1984shown sche-  Which is well known from the work of Wigne¥; Bell,* and
matically as the dashed line in Fig. 1. The theory developediernandez and Mille?.In the truncated parabola case, the
by Bell is only accurate in the deep tunneling regime, whilefollowing expansion arises:

Eqg. (2.10 smoothly connects the low and high temperature = Bﬁ|w¢| o gn
limits, as discussed in Sec. Il C. rM=1+> — ( F -
Using Egs.(2.9 and(2.1)) in Eqg. (2.10, and removing n=1 N ™ 1+e”

all terms constant ird from the brackets, we arrive at our 1 o
final expression for the SC-TST rate coefficient in the har- + _f Oda 0" sech 6
monic approximation: 2 )

: (2.14

KT F-1 1 where 6, is given by Eq.(2.11). Although this expansion is

SC-TST1y_ B * ot i i i
k (T)= ror & & - Bl Vi+ E fiof| nf+ > formally different from that in Eq(2.13, as evidenced by
Q7 =1 the odd powers of 8%|w|/ ) in Eq. (2.14, the two expan-

eB AEg sions are nearly identical up to tme=9 term in Eq.(2.14
when using the high level electronic structure parameters cal-
culated in Paper |. Conceptually, tme=0 term represents
classical mechanics at the top of the barrier, which is valid
for high temperatures, while higher terms in the expansion
represent tunneling dynamics at successively lower energies,
keT QF which become important at lower temperatures. Using the

=— — -T(T)=K'S\(T)-I'(T). (2.12  parameters from Paper |, tine=9 term is the first one that is

h Q sensitive to truncating the parabola, i.e., sensitive to the pres-

The summation oven* gives the total vibrational partition ence of the ground state of reactants.
function at the transition state. The final result is identified as  In the low temperature limit, wher8—o, we can re-
the transition state theory rate coefficiekfST(T), multi-  place sechd with 4e~2% in Eq. (2.12), since Bh|wi|>27.

1 + @27 AEo /h] o

1 t t
+§f7T Ao/hoel 4 g eBhlafloimsech g

—0o0
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FIG. 2. Arrhenius plot ok™'(T), I'(T), andkTSYT) high level elec-  FIG. 3. Kinetic isotope effect of proton and deuteron transfer in zeolite Y.
tronic structure results for the asymmetric 3T cluster described in Paper I.H_y data shown as solid lines, D—Y data shown as dash—dotted lines.

To simplify the final expression, we also assume that ) o )
27 AEo /% w¥|>1, which is valid for most systems exhibit- aboveT, tunneling becomels. neg!lglbf‘elt is clear that at
ing rare event dynamics. With these approximations, the tunlx. the SC-TST rate coefficient is appreciably larger than

neling correction factor becomes the TST rate coefficient, possibly by more than an order of
magnitudele.g.,I'(T,) =21.3 in Fig. 2. Thus, T, is not a

T=0_ BAEy 27 AEg /h]wf] 2 point at which a distinct change in mechanism occurs, but

I'(T) — T(T)=e"""0-e ORI+ Bhlod]) rather is a point along a continuous but rapid change, placing

(2.15 a boundary on the temperature regime of applicability of

It i i thy that at low t ¢ ¢ la f traditional transition state theory.
IS noteworthy that at low temperatures, our formuia for—,q prefer for numerical convenience to obtdig by

. AE . . .
I'(T) becomes proportional tef *%0, hence eliminating the analyzingl'(T). In particular, Fig. 2 shows that in both the

cla§S|ca:|ﬁrrhen|;Js tekr)n[:re]:rature.dep(:ndzntc};e ﬂdﬁig)’ high and low temperature limits, |dT) vs 1/T is nearly a
as 1S well known Irom both experiment and theory. 11us, Ourstraight line. Consistent with our previous definitionTof,
tunneling correction factor, which derives its behavior from

h bound to the int i 12 clearl hibit we obtainT, as the temperature whetlegesetwo linear sec-
€ upper bound to the ntegral in BQ. Zc early eXnbILS — +ions intersect. The high temperature limit b{T) is 1,
the correct low and high temperature limits, and hence pro

. o . . while the low temperature limit of (T) is given in Eq.
vides a qualitatively reliable method for calculating quantum ~ .
rate coefficients for nearly separable systems. (2.19. As such, the temperature for whiti{T) =1 isT, . In
practice, we calculat&, as the root of the equation I{T)
=0, using the bisection methdd.
The crossover temperature obtained in this way from
Armed with the energies and harmonic vibrational fre-Fig. 2 is 368 K. It is worth noting the sensitivity df, to
quencies at the reactant minimum and transition state frorghanges in botiAE, and |7§| by their respective uncertain-
Paper |, we use Eq2.12 to compute both the TST and ties, as determined in Paper |. Changing the barrier height by
SC-TST rate coefficients. The SC-TST calculation is stablet 10 kJ mol * alters the slope of the exponentially dependent
at any temperature because of the upper bound on the intgortion of I'(T), but only changed, to 366 K (larger bar-
gral in Eq.(2.12). Figure 2 shows an Arrhenius plot of these rier) or 369 K (smaller barriex Changing [vf| by
rate coefficients at temperatures from below 200 to above- 200 cm !, however, produces crossover temperatures of
1000 K, for the @1) to O(4) proton jump in H-Y zeolite. 415 K (larger|v|) or 319 K (smaller|7¢|). Thus, changes
We use the most accurate input parameters from Paper | to the system that facilitate tunneling will rai3g; increas-
calculate T(T), namely AE,=97.1kJmol and [7| ing |wf| and, to a much lesser extent, decreasif, in-
:|w§|/277c:1570 cmi creases botfi, and the tunneling probability.

To estimate the kinetic isotope effect on jump rates in
acidic zeolites, we recalculated all the harmonic frequencies
In the high temperature regime, Fig. 2 shows no differ-for a cluster model of D-Y zeolite, givingAE,

ence between the SC-TST and the TST rate coefficients. At100.7 kJmol! and |ﬁ,:|= 1135cmt. As expected, the
low temperatures, as tunneling becomes more important andPVE corrected barrier increases because the ZPVE of the
classical barrier crossings become more rare, the SC-TSieaction coordinate in the reactant well is reduced upon iso-
rate coefficient develops a very weak temperature depertopic substitution. Also as expected, the barrier frequency is
dence because of the factor ef “Fo in T'(T) [see Eq. reduced from the H-Y value by a factor of. 1#¥2. TST
(2.15]. At intermediate temperatures the two approximatelyand SC-TST jump rate coefficients for H-Y and D-Y are
linear sections of this graph join smoothly. We define a tun-compared in Fig. 3, showing clearly that at room tempera-
neling crossover temperaturg,, as the point where the two ture, tunneling is more important for proton transfer than it is
linear sections would hypothetically intersect; at temperafor deuteron transfer. Indeed, the tunneling crossover tem-
tures belowT, tunneling is dominant and at temperaturesperature for D—Y obtained from Fig. 3 is 264 K, also re-

Ill. RESULTS AND DISCUSSION

A. Tunneling crossover temperatures
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TABLE |. Absolute rate coefficients and tunneling correction factors for 3T clusters using high level electronic structure results.

Symmetric 3T Symmetric 3T Asymmetric 3T BesE,
Rs.s=5.8 A Rgi.5=6.0 A Rsi.si=5.93-5.96 A (see the text
T(K) k(T)(s™h) rm k(T)(s™h) r(m k(T)(s™h) r(m k(T)(s™h) r(m
200 3.45¢10° 2.74x 107 3.16x10°2 4.31x10'° 2.56 2.14<10° 6.46x 102 4.04x 101
300 1.1810* 2.67xX107 8.14x10 2 5.64x10* 8.40 1.8%10° 2.12x10°* 3.80x10°
400 1.81x10° 6.90 1.22 1.8& 10 2.45< 107 8.56 9.15 8.71
500 3.3%10° 2.74 1.5 107 3.68 1.60x10* 2.92 1.1410° 2.93
600 3.0% 10 1.19 6.85<10° 2.24 3.6X10° 1.98 3.9 10 1.98
AE;=62.8 kd/mol AE;=105.9 kd/mol AE;=286.1 kJ/mol AE,=97.1 kd/mol
[vE|=1548 cmt [7E|=1695 cmt [vi|=1570 cmt |vE|=1570 cmt
T,=367K T,=397K T,=369K T,=368K

duced from the H-Y value of 368 K by afacthr ©h. 1M2.  Equations(3.3) indicate thatd(kgTy)/JdAE, is very small

It is interesting that variations iAE, and[vE| produce  gng uniformly negative, while)(kgT,)/d(%|wi|) is larger
qualitatively different changes ifi,. The same qualitative anq yniformly positive, in complete qualitative and quantita-
sensitivity is exhibited by the simple rectangular barrier,iye agreement with our findings above. Finally, it is inter-
where the logarithm of the tunneling probability depends “”'esting to note that. even ﬁ|w§| were comparable tAE,

early on the be_lrrler W'%[Zh' but only_ depends on the squarq_x in Eq. (3.2) would still be much more sensitive to changes
root of the barrier height: An analysis of our low tempera- in ﬁ|wit:| than it would be to changes iE,, because of the

ture tunneling correction factof,(T) in Eq. (2.19, quanti-  taciors of 2r and In 2. Thus, these factors enforce the ubig-

tatively accounts for the sensitivities found aboveTr I jiioys quantum mechanical rule that tunneling is controlled
particular, if we ignore the surface term in E@.12 when .0 by barrier width than it is by barrier height.

deriving T'(T), we arrive at Eq(2.15), except with the last

factor replaced by (&/,Bﬁ|w,*:|). Using this simpler version

of T(T) would give T,=%|wt|/2mkg=360K for our sys- B. Consequences for experimental mobilities in

tem, precisely the temperature at which the purely harmonigeolites

theory diverges. The rapidly varying exponentials in EQ. 5 paper | we modeled three different clusters with
(2.19 actually makeT* =fi|wg|/2mkg a reasonable initial H4SiOAI(OH),0SiH; ! connectivity. Two clusters were con-
guess forT, . If the slowly varying, third factor in EQ2.19  girained by enforcing a plane of symmetry along the SiO-
is evaluated aT =T*, the equation I’(T)=0 can be solved AlOSi backbone, and by fixing the distance between the sili-

analytically forT,, yielding con atoms at two characteristic values: 5.8 A and 6.0 A. The
B ﬁ|w§|AE0/kB third cluster was constructed from H—Y neutron diffraction
T=T,= = _ (3.1)  data’®with fabricated SiH and OH bonds that were frozen in
2m AEo—fi|w[In2 space. These clusters represent a sample of characteristic

Equation (3.1) deserves several remarks. First, ourSubstrates for proton transfer in acidic zeolites, and illustrate
theory assumes that?AE,>%|wi|In2 to makeT, posi- how variations in local geometry affect the transfer rates.

tive. Indeed, when 2 AE,>%|wt|In2, the crossover tem- Absolute rate coeffic.ients and tunneling correctk_)n fac-
perature can be further approximated as tors for proton transfer in our models of H-Y zeolite, as
calculated using electronic structure data from Paper |, are
= ﬁ|wi| ﬁ|w|£||”2 _ 2 3.2 tabulated in Table I, along with our best estimated\é&,,
X~ 2mkg 2w AEy | 260 3.2 |vE| andT, for these clusters. The best available estimate for

. . . . _the barrier height is obtained by adjusting the classical bar-
Using the high level parameters from Paper |, which givee 10 jated by Saueet al,®* which includes long range
T*=360K andfy=16.2, Eq.(3.2) predictsT,=368K, pre-  interactions, with our treatment of high level correlation ef-
cisely that obtained from Fig. 2 and E@.15. As such, Eqs.  fects and zero point vibrational energy differences, giving a
(3.1) and(3.2) generalize the purely harmonic theory Bf  \,5jue of AEgmbe‘(MP4)sAvgmbe"(BSLYP)Jr[AEgT(MP4)

for systems with large buinite barriers. Second, the sensi- —AEgT(B3LYP)]+AZPVE3T(MP2)= 100.9+ (86.1— 76.3)

tivities of T, to changes iME ar_1d_|w,i| can now be esti- 13 6kJmol1=97.1kImol. Using this value forAE,
mated using Eq¥3.1) and(3.2), giving combined with our best vibrational analysis gives the results
o'?(kB'T'X) kB.~|.X 2 In2 shown in the last column of Table I. We see that a higher
=-— ( ) = (_2> barrier lowers the absolute rate coefficient by many orders of

JAE, AE, 465 magnitude, but increases the value B{T) by similar

(ke KT\2 1 3.3 amounts at low temperatures. At high temperatures, the ab-
(keT 77( B X) == solute rate coefficients exhibit the classical Arrhenius tem-
an

8(ﬁ|wF|)_ h| o perature dependence, whilé(T) approaches its limiting
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value of unity. The time scales obtained from these rate cobarrier at the transition statégoH. Our rate expression is
efficients are long compared to typical time scales of moeasy to parametrize and evaluate, and is stable to arbitrarily
lecular jumps in zeolites at ambient conditicisuggesting low temperatures. Purely harmonic SC-TST, on the other
that protons may appear static during the time it takes a&and, diverges at and beloW=7|w?|/27ks . Our rate ex-
molecule to sample the surface of a zeolite cage or channebression is stabilized at low temperatures by identifying the
The crossover temperatures in Table | fall in the range 367-maximum possible semiclassical action in the reaction coor-
397 K_- ] _ ~__dinate, associated with the ground state of the system.

It is interesting to note from Table | that as the Si—Si We have analyzed the high and low temperature limiting

distance is varied, two competing effects emerge. LONGef, s of(T). For high temperatures, we derive an expan-
Si—Si distances produce larger barriers, which one might eXsion forT'(T) in powers of (8ﬁ|w,$:|/'n'), which we relate to

pect to cause a decreaseTip. There is, however, a signifi- formulas reported by Wigner, Bell, and Hernandez and

cant increase i|1|7,*:|, creating a barrier that is thinner near iller. For low temperatures, we derive a simple, analytical
the transition state despite its increased height. Since tunnel}{I ' P ' pie, y

ing probabilities are more sensitive to barrier width than they?2PProximation forI'(T), denotedI’(T), which is propor-
are to barrier height, the net effect turns out to bénanease tional to e Fo and thus eliminates the classical Arrhenius
in tunneling probabilities and also i, upon increasing the temperature dependence frdd'(T). We define a tunnel-
Si—Si distance. The overwhelming conclusion to be gleanefd crossover temperaturd,, as the temperature below
from these results is that, up to and even above room tenWhich tunneling becomes dominant and above which tunnel-
perature, the dominant mechanism for proton mobility aboutng becomes negligible. We evalualg according to the
an acid site is quantum mechanical tunneling through thequationI (T,)=1, which we solve approximately to yield
potential barrier. keTy=1i|wt|AEq/ (27 AEq—#i|wi|In 2). This formula gen-
The conclusion that proton tunneling in zeolites is im- eralizes the purely harmonic theory ®f for systems with
portant at ambient conditions presents interesting consarge butfinite barriers.
quences for the interpretation of proton mobilities measured  gased on the high level electronic structure results re-
near room temperature. In particular, assuming an A”heniuﬁorted in Paper I, we have calculated rate coefficients and
temperature dependence for measured proton transfer ratesip,ssoyer temperatures for thg1Dto O(4) jump in H=Y
the tunneling regime will underestimate the true ZPVE cor-, 4 p_v zeolites. These rate coefficients suggest that pro-

H 19
rected barrier. For example, Sast al.™ reported proton tons may appear static on molecular diffusion time scales.

transfer rates in H-Y zeolite at 298 K, .478 K, 568 K, .am.j.Our best estimates df, are 368 K and 264 K for H-Y and
658 K, a temperature range that we believe overlaps signifi-

. . . D-Y, respectively, suggesting that quantum tunneling is the

cantly with the tunneling regime. To explore the conse- ; P Y, sugg g q . g
. o dominant mechanism for proton transfer in H-Y at and
guences of this, we computed rate coefficients at these tem-

peratures using parameters from the last column in Table F,I'ghtly gbove room ter_‘nper_ature. -
Forcing an Arrhenius fit to our H-Y rate coefficients

and forced an Arrhenius fit to these rate data, which in fact ) .
show clear non-Arrhenius temperature dependence, espgglculated at the temperatures studied experimentally by

cially at 298 K. By this procedure we obtain an apparent>a'v €t al®® (T=298-658K), yields an apparent activation
activation energy of 60.3kJmol, which is in remarkably ~€nergy of 610'3 ky moft even though our input foAE, is
good agreement with the experimentally determined value of /-1 kI mol~. Because this apparent activation energy is in
61 kJmol 2.1° This level of agreement is likely to involve good agreement with the experimentally determined value of
fortuitous cancellation of errors, considering the approxima61 kJmol':,** we believe that true proton transfer barriers
tions we have made in the electronic structure and dynamica'e being underestimated by neglecting tunneling when in-
calculations. Nonetheless, this strongly suggests that tru@rpreting mobility data. On the other hand, jump rates cal-
proton transfer barriers are being underestimated by neglecgulated for DY suggest that Arrhenius fits of deuteron mo-
ing tunneling when interpreting mobility data. On the otherbilities near room temperature should provide good estimates
hand, our kinetic isotope studies of deuteron transfer irof deuteron transfer barriers. In the future, experimental pro-
D-Y, which predictT,=264 K, suggest that Arrhenius fits ton transfer rates on a wider range and finer mesh of tem-
of deuteron mobilities near room temperature should providgeratures, as well as more accurate theoretical calculations,
good estimates of deuteron transfer barriers. will be required before the importance of proton tunneling in
zeolites at ambient conditions is firmly established.

Our uniformly stable version of harmonic SC-TST de-
scribed above is expected to give qualitatively reliable re-

We have developed a novel semiclassical transition statgults when the tunneling dynamics are nearly separable. In a
theory (SC-TST for truncated parabolic barriers, based onforthcoming publication, we will quantify the accuracy of

the formulation of Hernandez and MillBOur SC-TST rate  this approach by comparing with quantum flux correlation
coefficient has the fornkSCTSYT)=k™S(T).I'(T), where  calculations on model gas phase and condensed phase

kTST(T) is the TST rate coefficient, anH(T) is the new systems® We will focus on tunneling dynamics at low tem-
tunneling correction factor, which is evaluated numerically.peratures, involving tunneling “paths” that are likely to ac-
I'(T) depends on temperature, the zero point vibrational eneess regions of configuration space where the local conser-
ergy (ZPVE) corrected barrieiAE,, and the curvature of the vation of harmonic actions can seriously break down.

IV. CONCLUDING REMARKS
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