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We have applied electronic structure methods to the calculation of transition state parameters for the
0O(1)—0(4) proton transfer in H-Y zeolite. We arrive at a set of recommendations for calculating
these transition state parameters accurately and efficiently. Density functional theory using the
B3LYP functional and basis sets of tripleguality in the valence space, and including polarization
functions on all atoms, is the most efficient method for converging structures and vibrational
frequencies. For converging classical barrier heights, we find it necessary to augment MP2 barrier
heights calculated using large basis sets with MP4 energies obtained in more limited basis sets. We
obtain an @1)—0O(4) barrier height of 86.1 kJmot, and find the curvature of the barrier at the
transition state to be 1570 ¢rh Including long range effects from the work of Sawtral. [ACS

Symp. Ser721, 358(1999] results in a higher barrier, which we estimate to be 97.1 kJ lnaVe
attribute the fact that our barriers are significantly larger than those reported in the experimental
literature to the neglect of tunneling in the interpretation of experimental dats20@ American
Institute of Physicg.S0021-960600)70815-4

I. INTRODUCTION methods has received a great deal of attention in recent

ears>5~8 However, relatively few studies have been de-

Zeolites are used as shape-selective catalysts in a varieé/ . L
. . . d)ted to calculating transition state parameters for proton
of important petrochemical processes such as cracking aq

=14 ; ~
reforming®? The activity of zeolite catalysts is often associ- rgnsfer processés, anq even fewer studies have deter
ated with Bronsted acid sites. which have the formm'ned the extent to which these parameters are converged

— Si-OH-Al=. Understanding the microscopic dynamics of With respect to basis set, level of theory, and cluster Siz¥.

acidic protons in zeolites can shed light on how these cataEStablishing such convergence is crucial for accurately mod-

lysts function. The fact that zeolites such as H-Y andeling transition' s'tates, which often requires extended' basis
H-ZSM-5 are strong acids suggests that protons may be abﬁﬁts and sophisticated treatments of electrqn correlation. In
to jump among oxygens in an AlQetrahedron, even in the this paper, we perform a variety of ele.qronlc structure cal-
absence of nucleophilic guests. Indeed, re¢efiMR mea- culations on very .smaII clustgrs, containing 1 and 3 tetrahe-
surements on acidic zeolites reveal significant proton mobilidral atoms(Al or Si), to establish acceptable error bounds on
ties with surprisingly low activation energies, depending onkey transition state parameters by using successively larger
the zeolite and Si:Al ratio studied. For example, Babal.  basis sets and higher levels of theory. Our goal is to develop
report activation energies of 19 and 28kJflolfor a set of recommendations for calculating these transition
H-ZSM-5° and H-mordenité respectively; while Saret al®>  state parameters accurately and efficiently using the methods
report 45, 54, and 61 kJ mol for H-ZSM-5, H-mordenite, of quantum chemistry. Although in the present study we ig-
and H-Y, respectively. The broad disagreement among theggore long range forces, and hence cannot provide the most
experimental results suggests that we must first understartcurate model of H-¥] our study is valuable because the
proton mobilities in bare zeolites before attempting to moderecommendations we make can be employed in future work
zeolite catalysis in its full complexity. In this paper, denotedusing successively larger clusters, periodic models, or em-
Paper I, we apply electronic structure methods to calculatbedded cluster methods.
transition state parameters for thélP—O(4) proton transfer We find below that Hartree-Fotk'®and BLYP*?*den-
in H-Y zeolite; while in the following paper, denoted Paper sity functional theory(DFT) calculations do not accurately
II, we develop and apply a novel harmonic semiclassicatlescribe this proton transfer process. DFT calculations using
transition state theory to calculate quantum proton transfethe B3LYP functionai*??and basis sets of tripl&quality in
rates. the valence space, and including polarization functions on all
Modeling zeolite acid sites with electronic structure atoms, provide the most efficient method for converging
structures and vibrational frequencies. Unfortunately, this

dAuthor to whom correspondence should be addressed. Electronic mair.echnique fa"_s to pr_edict th_e _electronic energy at the rele\_/ant
auerbach@chem.umass.edu stationary points with sufficient accuracy. For converging
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classical barrier heights, we find it necessary to augment a)

MP2% barrier heights calculated using large basis sets with

MP4?425 energies obtained in more limited basis sets. The

barriers calculated below turn out to be significantly larger

than those reported in the experimental literafirewe at-

tribute this discrepancy to the neglect of tunneling in the \ o

interpretation of experimental dataee Paper )I 1.990 g/ 1.740 A
The remainder of this paper is organized as follows: in

Sec. Il A we describe the molecular clusters used to model

the active site, and in Sec. [IB we outline the sequence of

electronic structure methods used to approach convergence

with respect to the basis set size and level of theory. In Sec.

[l we detail the results of our investigations organized by

cluster type, compare our results with experimental data, and

provide recommendations for future proton transfer calcula-

tions. In Sec. IV we give concluding remarks and fore- b)

shadow the major findings in Paper II.

0.967 A
0.

V]

87.9

1219 A

Il. METHODS

In this section we begin by presenting the molecular
models used to study the proton transfer reaction between the
O(1) and Q4) bridging oxygens in H-Y zeolite. This is
followed by a description of the electronic structure methods
used to parametrize the potential energy surface for proton
hopping, as well as a discussion of our expectations regard-
ing the accuracy of those methods.

A. Zeolitic cluster models

We have employed three molecular clusters to approxigic. 1. Stationary points for the 1T cluster optimized at the
mate the mobility of the acidic proton at a zeolite acid site.MP2/6-311G(,p) level of theory;(a) reactan{C, symmetry and(b) tran-
The simplest cluster, which was used primarily to investigatesition state(Cs symmetry. Atoms participating in the proton transfer are
the convergence properties of the electronic structure calcifarkened.
lations, consists of a single aluminum Il coordinated to four
OH™ ligands. A proton added to this system effectively
makes one of the OHligands into a water molecule, which the two silicon atoms connected to th€¢lPand (4) bridg-
can then donate its extra proton to another OM/e referto  ing oxygens, and terminate the resulting cluster with hydro-
this as the 1T cluster, for the single tetrahedrally coordinateden atoms. The terminal hydrogen atoms are placed in the
atom. This cluster is shown in Fig. 1 with geometrical pa-directions of the next framework atoms, at distances of 1.4 A
rameters discussed in Sec. Il A. for the fabricated SiH bonds and 0.9 A for the fabricated OH

The second and third molecular cluster models both inbonds?® These hydrogen atoms are taken to represent the
volve 3T clusters with HSIOAI(OH),0SiH; valency of the bulk zeolite from which our cluster model is
connectivity®®1"?6The second cluster models a symmetricextracted, and are kept frozen in space. All remaining atoms
proton transfer reaction by constraining the 3T cluster tcare allowed complete geometric freedom in the optimization
have a plane of symmetry along the SiOAIOSi backboneprocess. This is equivalent to locking the terminal bonds of
and fixing the distance between the silicon atoms at twaur cluster model to an infinitely massive cavity that has the
characteristic values: 5.8 A and 6.0°AThe symmetry of same covalent footprint as a hole in H-Y zeolite, thereby
these 3T clusters facilitates convergence studies for comparincluding the mechanical restraints of the lattice. An illustra-
son with the 1T results. These clusters also provide moddion of this final cluster model is shown in Fig. 2, with geo-
systems for exploring how proton transfer barriers vary withmetrical parameters discussed in Sec. 11 B.

Si-Si distance. As expected, we find that the classical barrier  This final zeolite cluster yields our closest approxima-
height for proton transfer increases significantly with in-tion to the proton transfer between thélPand Q4) bridg-
creasing Si-Si distance. For brevity, we do not discuss théing oxygens in H-Y zeolite. Sauest al. have studied the
results obtained using this cluster model in this paper, bueffects of cluster size and embedding on the classical barrier
they are of interest in determining dynamical trends and willheight for this system using density functional theory
be used in Paper II. (DFT).Y" In what follows, we show that DFT underestimates

The third cluster mimics the @)—O(4) proton jump classical barrier heights for these proton transfer systems,
more accurately by extracting a cluster from H-Y neutronnecessitating the use of explicitly correlated molecular or-
diffraction data?®® We begin with the asymmetric unit of bital based methods, such as Mgller-Plesset perturbation
H-Y zeolite, extend it to three tetrahedral sites by includingtheory or coupled-cluster methods. In the future we will ap-
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FIG. 2. Stationary points for the 3T cluster optimized at the
MP2/6-311G(,p) level of theory;(a) O(1) minimum, (b) transition state
and(c) O(4) minimum. Atoms participating in the proton transfer are dark-
ened.

ply these more sophisticated methods to larger clusters, e

bedded clusters, and periodic systems if possible, to quanti
the effects of cluster size and long range forces on the ele
tronic and vibrational characteristics of the system, sinc

these play a crucial role in the proton jump process.

B. Electronic structure methods

Proton mobility in zeolite clusters: Quantum chemistry 6781
termine the optimal basis sets and levels of theory for calcu-
lating these particular rate theory parameters used to describe
proton motion in zeolites.

A number of standard electronic structure methods were
used to identify and vibrationally characterize the proton
transfer events described above. For the 1T cluster, with
equivalent reactants and products, the reactant and saddle
point were identified with each theoretical methodology. The
saddle point was found by symmetry restricted optimization
of the cluster in theC,, point group, which forces the proton
to lie on the symmetric dividing surface. For the asymmetric
cluster model based on infinitely massive terminal hydro-
gens, reactant and product minima and the transition state
connecting them were located. In this case, the transition
state was located by mode-followitign the proton transfer
reaction coordinate. The nature of all critical points was veri-
fied by second derivative calculations and normal mode
analysisvia diagonalization of the mass weighted Hessian.

The basis sets we used included Pople split valence
types'~38and Dunning correlation consistent types: ac-
cessible with thecaussiangs program sef? 6-31G and
6-311G core/valence Gaussian-type orbit&lTO) expan-
sions were augmented incrementally with cartesiatype
polarization functions on heavy atoni§-31Qd)], p-type
polarization functions on hydrogeis-311GQd,p)] and sec-
ond sets of polarization functions on all atoms
[6-311G(a,2p)]. Correlation consistent polarized valence
GTO basis sets with triplé{cc-PVT2) and quadruple-(cc-
PVQ2) expansions, which include polarization functions and
are close to the complete basis set limit, were used for the 1T
cluster to gauge the effects of basis set truncation at the
6-311G(d,p) level for the 3T cluster.

Electronic wave functions were obtained using Hartree-
Fock (HF) theory!®'9and dynamic correlation effe¢tavere
incorporated using Mgller-Plesset perturbation theory
through second (MP2) and fourtd*?> (MP4) order.
Coupled-cluster methods including single and double excita-
tions (CCSD**®and a perturbative treatment of triple exci-
tations [CCSD(T)]*"*® represent our most extensive treat-
ment of electron correlation. We also utilized gradient
corrected density functional theoffpFT) combining either
the 1988 Becke exchange functioffalith the Lee, Yang,
and Parr correlation functiorfal(BLYP) or the 1993 Becke

-parameter exchange functioffalith the Lee, Yang, and
arr correlation functionaB3LYP) evaluated on high accu-
acy numerical integration grids. Other researclfermve

E’(eported success using the Becke Half-and-Half functfdnal

as implemented in theAussiaNgs suite?* we have avoided
this functional due to ambiguities in its interpretatin.

At all levels of theory except MP4, CCSD, and
CCSDT), analytic gradient techniqu&s'>2were used to
locate the minimum energy structures and transition states

Many previous studies have been reported exploring thalong the proton transfer reaction pathway within the geo-

structures and energetics of models of acidic zedfifedle

metrical restraints mentioned above. At the optimized sta-

show in the following paper that a reasonable estimate of théonary points, unrestricted Cartesian coordinate gradients
quantum rate coefficient is based on the zero point vibrahad magnitudes less than 1th Bohr 1. Analytic and nu-

tional energy(ZPVE) corrected activation energyE,, and

merical difference energy second derivative metfbefs>*

the curvature of the barrier at the transition state along thevere used to evaluate harmonic vibrational frequencies, and

reaction coordinate|, |7,*:| In this paper we strive to de-

to verify the stationary points found as corresponding to
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minima and maxima along the reaction coordinate. In perTABLE I. Summary of electronic structure results for 1T cluster. Energies
. . i 1

forming the normal mode analysis from energy second dell kI Mol

rivatives, we set the masssgf the frozen .hyd_roge_ns to a very | ovel Basis set w3

large numbexe.g., 16 a.u);> this results in vibrational fre-  of theory [NBF] AV, AZPVE AE, (cm?

guencies very similar to those observed for lattice modes in

bulk Na-Y > Due to thg geometrical constrainFs impc.)s'ed on HF g_’g’ifgé[’g?gm] ;S:g :18:2 22:2 1252:?

the 3T cluster, the stationary points are not strictly minima or 6-311G(2,2p) [168] 729 -84 645 1596.0

first order saddle points, because there exist up to five re- cc-PVTZ[224] 754 —9.2 662 1575.6

sidual imaginary frequencieg1]<200cm 1) arising from cc-PVQZ[429] 771 -100 671 15918

constrained modes. In the 3T cluster, these imaginary modesssLyp  6-31G() 36.4 -99 265 1033.3

map onto distortions of the bulk zeolite, and have frequen- 6-311G(,p) 366 -96 269 10742

cies of zero when the terminal hydrogens are made very 6-311G(a,2p) 403 -103 300 10924

massive and the Hessian matrix reanalyzed. Eggxgzz ii'g 91 30_'5 10?3'3
All calculations were performed using either the '

GAUssiaNog™ or psP? suite of quantum chemistry programs. M2 g;’llfgé ) 2‘31'2 7_18';‘ gg'i ﬂﬁgé’

These programs were run on IBM RS/6000 AIX worksta- 6_3116(2}?%) 444  —104 337 12466

tions, a four node IBM SP2 AIX computer, and Intel Linux cc-PVTZ 42.8 - - -

workstations. Representative times for some of the larger cc-PVQZ 43.1

calculations performed on the 3T cluster, indexed to a 333 mpa 6-31G() 49.6

MHz 604e Power PC RS/6000, are as follows: 6-311G@,p) 454

B3LYP/6-31G() frequencies, 10 CPU hours; ccsp 6-31Gd) 52.6

MP2/6-311G¢() frequencies, 19 CPU hours; 6-311G(d,p) 51.6

B3LYP/6-311G@,p) frequencies, 23 CPU hours; and ccsoT) 6-31G(d) 48.9

MP4/6-311G(,p) energy, 48 CPU hours. The largest calcu- 6-311G@,p) 46.8

Iauon reported here required approximately 5 gigabytes Ol \umber of basis functions.

disk space.

IIl. RESULTS AND DISCUSSION complete basis sets. It should be noted that our lower level

A 1T cluster [HF/6-311Gd,p)] results agree broadly with previous work

by Sauer and co-workePswho report a classical barrier
Figure 1 shows the structure of the energy minimum ancheight of 72 kJ mol* as compared to 77.6 kJ mdlobtained
transition state calculated for the proton transfer reaction irnere, and a harmonic frequency of the reaction coordinate at
the 1T cluster, including the values of several important geothe transition state of 1520 ¢rh as compared to our result
metrical parameters at the highest level of theory at whictof 1605.1cm?®. The 3T cluster used in that research does
optimizations were performed, MP2/6-311d30). These not directly compare to any of our 3T clusters due to differ-
values compare quite favorably with measured bond disent geometrical constraints, and thus will not be discussed in
tances and angles from typical zeolite acid sites, but thiSec. Il B.
cluster is too small to make such comparisons meaningful. The energies and vibrational frequencies depend more
The real importance of these results is in developing thestrongly on the electronic structure method than they do on
minimum level of theory necessary to produce substantiallyariations in the basis set. From our results in Table I, it is
converged geometries. We find that the bond lengths andgeen that a HF treatment of the proton transfer barrier is
angles shown cease to vary with respect to a basis set higadequate. In addition, the assumption that the MP series is
more than 0.01 A or 1°, respectively, once a 6-31d@} monotonically convergent leads to the conclusion that the
description of the atomic orbitals in the molecule is usedB3LYP barriers are uniformly too small. This conclusion is
B3LYP and MP2, both correlated levels of theory, give es-supported by the coupled-cluster results, which suggest that
sentially identical geometrical results to within 0.01 A or 1° even the MP4 barriers are a bit (1—4 kJ mdltoo small.
for all germane parameters. Because higher order correlation effects on energy differ-
Table | shows the classical barrier heigbt\/(,:V(*) ences are known to converge rapidly with respect to the basis
-V}, the zero point vibrational energf? PVE) correction  set®®% it is reasonable to take the difference between the
AZPVE=3'hw{/2—3F_,he!/2, the ZPVE corrected MP2 and MP4 energies with the smaller basis sets as an
classical barrier heighAEy=AV,+AZPVE, and the mag- indication of the probable error, and use that estimate to
nitude of the imaginary harmonic vibrational frequency atcorrect MP2 barriers obtained with larger basis sets. Practical
the transition staté?,‘tzl of the 1T cluster. In what follows, a considerations prohibit the use of coupled-cluster methods to
dash indicates a basis set/level of theory combination that istudy more chemically relevant clusters at this time, and
either deemed unnecessary or is beyond the scope of ofnom our results we see that it should not be necessary in
computing resources. It is clear from our data that at the HFerder to obtain the desired kcal mélaccuracy. We use our
and B3LYP levels of theory, the 6-311&() basis set is highest level results to establish error bounds on the MP2/
adequate for modeling the proton transfer reaction, and th&P4 model chemistry we advocate, demonstrating the effec-
very little is to be gained from the added expense of moraive convergence oAV, with respect to a degree of corre-
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lation at the MP4 level of theory. From Table | we thus TABLE Il. Structural parameters of Bnsted acid site from experiment and

expect the MP2 barriers to be a fewcB) kimolt too  theory, Aor deg.

small, and that the majority of this error is recovered using aioms

the MP4 method in a manageable basis set.
MP2 frequencies with moderate basis sets are known to

Expt. 3T, AnioA 3T, O)—-H® 3T, O(4)-H°

O-H 0.8% - 0.962 0.964

. : . . T-0(1) 1.68 1.648 1.774 1.669
systematically overestimate experimental harmonic frequen-T_o(4) 164 1638 165F 1776
cies for small gas phase molecules by approximately’?%. Si—0(1) 1.626' 1.596 1.705 1.635
Additionally, systematic DFT studies on small molecules Si-04) 1.583 1.591 1.629 1.708
have suggested that the B3LYP method produces harmonicAl-O(1) 1.70% 17T 1.943 1.750

Al-0(4) 1.736 1.753 1.726 1.922

vibrational frequencies that are often_ closer to experimental AlH . - 5451 5381
values than are the MP2 frequencies for many types of T_O(1)-T 1356

oS e 132.5 128.9 130.4
vibrations’* For the 1T cluster, we observe that the MP2 and t_o()-T 144.9 139.7 135.7 135.0
B3LYP methods give nearly identical frequencies for bound Si-01)-Al  143.¢’ 132.5 128.9 130.4
vibrational modegdata not showp with a RMS difference ~ Si-O04-Al  138.6 139.7 135.7 135.0

of 50 cm*.l, but alsg give a difference of up t.o 1i7€m ™ for  *This work, MP2/6-311Gq, p).

the reaction coordinate mode at the transition state. We f|nd:zjzeket al. (Ref. 28§ H-Y, averaging over T and O sites.
no compelling reason in the literature to trust one of thesg heoretical average; see the text.

sets of frequencies more than the other, and as such interprgg%:\’/eerrt]:é :"-ngfeféga':';gb:;(él (Ref. 69 H_y

the difference between the MP2 and B3LYP frequencies as T T '
our uncertainty. Therefore, the results from our suggested
model chemistry augment the ZPVE corrected MP2 barrie
height with MP4 single point energies, yielding a value for

AE, of 36.1kJmol?, with an uncertainty of 10 kJ mot,

[)y significantly less than that. Despite these accuracies, we
recognize that discrepancies between our calculations and
experimental data can arise from several sources, notably our

?gige@{] t.r;ﬁ baS|s—sett—c.o?verfg§goMr;2 _\r’ﬁlue ﬁaﬂlt Of " truncation of the cluster at three tetrahedral atoms and our
cm = with an uncertainty o chr. The results in neglect of long range interactions.

T?blle | using Iarﬁ]er_ baZIS sets and mr?re c?gjplet? |£plu5|on The T—Q1) and T—-Q4) distances as measured by neu-
of electron correlation demonstrate the validity of this ap-y, gitfraction in H—Y represent averaged values, and hence

proach. should be compared with averages of our distances. Because
the composition of the H-Y studied in Ref. 28 is
B. 3T cluster NagH53Al56Si13¢0384, it IS not straightforward to devise an

appropriate average of our theoretical distances. If we com-

All of the qualitative conclusions regarding convergencepare to a hypothetical H-Y (Si:Al2.4) that has been fully
with respect to basis set and level of theory found above foproton exchanged, then a plausible theoretical average is
the 1T cluster are echoed by the symmetry constrained 3T-0O(1)=(0.29AI-0(1)+(0.7)Si—-O(1), and likewise for
clusters. Increasing the Si—Si distance from 5.8 A to 6.0 AT-O(4). Our averaged T—O distances agree reasonably well
causes the ZPVE corrected barrier height to increase frorwith experiment, reproducing all trends. In addition, the
AE,=62.8kJmol! to 105.9kJmol?, while also causing comparison of Si—O and Al-O distances and Si—O—Al bond
the barrier to narrow fronjvt|=1533cm* to 1682 cm™. angles with data from Li—LSX gives generally excellent
For brevity, we do not discuss these results further. In whaagreement. The small geometric differences between
follows, we focus on the asymmetric 3T cluster. Li—-LSX® and our protonated 3T cluster probably arise from

Salient geometrical parameters for the asymmetric 3Tthe difference between charge compensation by hydrogen
cluster, calculated at the MP2/6-311d50) level of theory, and lithium, as well as the fact that our 3T cluster originates
are shown in Fig. 2. With our more chemically relevant clus-from the H-Y crystal structure instead of the Li—LSX struc-
ter, we are able to make meaningful comparisons with resultaire. In addition, protonation induces a lengthening of the
from structural and spectroscopic investigations of H—Yappropriate Al-O bond, towards heterolytically breaking the
(Si:Al=2.4)*® and Li—LSX (Si:Al=1.0)?? zeolites. Compar- Al—-OH bond as originally proposeétf. The Al-H distances,
ing with structural data for H-Y allows an analysis of the measured byH NMR®* and by combinations dH, 2’Al and
O-H bond length, H-AI distance, and average T-O bond°SiNMR,®® are in perfect agreement with our results when
lengths andT—O-T angles, while comparing with data for O(4) is protonated, but disagree with our results by 0.06 A
Li—LSX allows an analysis of distinct Si—O and Al-O bond when Q1) is protonated. This is not particularly troublesome
lengths as well as specific SD—Al angles. A comparison because, although the experimental result of 2.38 A is well
between experimental measurements of these structural pastablished, it is again a value averaged over all occupied
rameters and our highest level computations for both th@rotonation sites.
neutral clusters with covalently bound*Hcounterion, and As an aside, the conventional wisdom that the Si—
for the anion precursor with no counterion, is made in TableOH—AI moiety is nearly plana® even when theT—-O-T
Il. At the level shown, MP2/6-311G p), the geometrical angle is far larger than the standag? hybridization bond
parameters are converged with respect to both basis set aadgle of 120°, is consistent with our results. Indeed, we find
level of theory to a precision of 0.03 A for distances and 3°that the OH bond leaves the plane of the-Si-Al group at
for angles, and differ from the B3LYP/6-311&(p) values an angle of only 0.04° when (@) is protonated, and at an
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TABLE lll. Summary of electronic structure results for 3T cluster. Energies justment to the MP2 values extends this difference by less

. 1 :

in kI mol ™ than 1.1 kJ mol®. The coupled cluster results verify our pre-
Basis set Level Wt vious conplusion that the MP4 level of theory is negrly con-
[NBF?] of theory AV, AZPVE AE, (cm} verged with respect to the degree of correlation, being within

1.8kIJmol? of the CCSDT) result. Thus, if we seek

6-31G(d)[135] HF 1445 -142 1303 2009.7 i 1 . . i )
BLYP 677 —136 541 13457 sub-kcal mor accuracy in evalyatmg barngr- heights for
B3LYP 850 -137 713 15121 Proton transfer reactions in zeolites, an explicitly correlated
MP2 92.0 -136 784 15702 molecular orbital based method such as MP2 is necessary for
MP4° 93.1 - 79.5 - calculating electronic energies, and the error in the MP2 re-
gg:gnb 181-8 - gz-g - sults is partially recovered using the MP4 method in a

’ i ’ i smaller basis set. The same requirement is not present for

6-311G(,p)[204] HF 1502 —147 1355 20047 harmonic vibrational frequencies, used to calculate both
BLYP 728 -136 592 18745 o tions to barrier heiaht I tition f
B3LYP 902 -139 763 15281 2 corrections to barrier heights as well as partition func-
MP2° 99.1 . 85.5 . tions and barrier curvatures as inputs to rate calculations. The

MP4° 99.7 - 86.1 - B3LYP/6-31G{d) and MP2/6-31Gd) levels of theory give
almost identical vibrational signatures. The difference in
ZPVE as calculated by the two methods for any of the sta-
tionary points is less than 1.5 kJ mdland the values dfv}|
agree to within 60 cmt. In addition, the B3LYP/6-31GY)

angle of 3.8° when @) is protonated. This conclusion may Values of7£| and the ZPVE for each stationary point differ
change when interactions with the remainder of the zeolitdrom the B3LYP/6-311Gq,p) values by only 15cm" and
lattice are included. 0.2-0.6 kI mol?, respectively, suggesting that results in the
In addition to the structural data, the O—H vibrational Smaller basis set may be approaching convergence for the 3T
frequency is a key parameter that is known experimenta”ygluster. ThUS, certain DFT methods such as B3LYP, but not
Consensus in the literature places the O—H stretch of silanoBLYP, may be acceptable for calculating sufficiently accu-
on the external surface of zeolite crystals at 3750tnthe  rate vibrational frequencies for these zeolite cluster models.
O—H stretch that points into the supercage at 36501CWnd Our final results, which will be used in the following
the O—H stretch that points into the sodalite cage afaper to calculate quantum mechanical proton transfer rates,
3550 cm .28 The intracrystalline hydroxyls are influenced give a ZPVE corrected classical barrier height of 86.1
by nearby oxygens as well as long range forces, both of-10kJmol* for the Q1)—O(4) reaction, and 83.6
which may serve to soften the O—H bond. Because our clust 10 kJ mol'* for O(4)—0(1) in H-Y zeolite. The curvature
ter models ignore these effects, we expect our calculatedf the barrier is found to b&v|=1570=200 cm *. By de-
O-H frequencies to overestimate the experimental ones, béailed balance, the barrier heights suggest that the proton
ing more characteristic of terminal silanol groups. At theaffinity at (1) is only 2.5 kJ mol* greater than that at@).
MP2/6-31G¢l) level of theory, the QL)—H stretch is This result is inconsistent with powder neutron diffraction
3777cm?! and the @4)—H stretch is 3764 cm'. At the (PND) data?® which find minimal proton binding at @).
B3LYP/6-31G@d) and B3LYP/6-311G4,p) levels of This discrepancy most likely arises from our neglect of long
theory, the values of the (@—H stretching frequency are range forces. Sauet al!’ have reported an embedded clus-
3753cmt and 3836 cm?, respectively; while the values of ter calculation on this ()—O(4) proton jump, finding that
the Q4)-H stretching frequency are 3746ch and the non-ZPVE-corrected proton affinity at (D is
3809 cm'l, respectively. 14—-22kJImot! higher than that at @), in much better
For estimating fundamental frequencies fromagreement with PND data. We can use these embedded clus-
MP2/6-31G¢) and B3LYP/6-31Gd) calculations, scaling ter results to estimate the effect of long range interactions on
factors have been developed by systematic studies &IPVE corrected barriers at the MP4 level of theory, with
smaller, gas phase molecules. These are as fokibrational frequencies calculated using MP2. Doing this
lows: A\[MP2/6-31G) 1%°=0.9427; \[ B3LYP/6-31G@)]**  gives AES™*{MP4)=AV5™*{B3LYP)+[AES (MP4)
=0.920. Using these, the scaled frequencies are as follows: AE3"(B3LYP)]+ AZPVE*(MP2)=100.9+ (86.1— 76.3)
MP2/6-31G¢) O(1)—H, 3561 cm?’; O(4)-H, 3548 cm?';  —13.6kJmol'=97.1kIJmol™.
B3LYP/6-31G@d) O(1)-H, 3452 cm?'; O(4)—-H, 3446 These calculated barriers are significantly larger than the
cm L. These are all substantially lower than experimental61 kJ mol'* measured by Saret al® for proton transfer in
values, calling into doubt the general applicability of theseH-Y by variable temperature MAS-NMR. We believe that
scaling factors in computational materials science. the source of this discrepancy arises primarily from the in-
Having established a reasonable cluster model of H-Yterpretation of experimental data. Indeed, the rate calcula-
albeit one without long range forcéSwe now discuss the tions presented in the following paper suggest that quantum
energetics of proton transfer in the asymmetric cluster. Tabléunneling is the dominant mechanism for proton transfer in
lIl presents the asymmetric proton transfer transition statéd—Y up to and slightly above room temperature, where
parameters for two basis sets and several levels of theorynany of the NMR experiments were performed. Assuming
The MP2 barrier heights in Table 1l are more thanan Arrhenius temperature dependence for proton transfer
5 kJmol ! larger than the B3LYP values, and the MP4 ad-rates in the tunneling regime will consequently underesti-

aumber of basis functions.
bUsing MP2/6-31G{) frequencies.
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mate the true ZPVE corrected barrier. As such, we find itbarrier height of 97.1kJmot. We find the curvature of the
quite plausible that our calculated activation energies ar@arrier at the transition state to be 1570¢mThese calcu-

well above experimental values. lated barriers are significantly larger than those in the experi-
mental literaturé=° We rationalize this discrepancy by not-
C. Recommendations ing that experimental analyses are likely to underestimate

. o . barriers by assuming an Arrhenius temperature dependence
The above findings lead to specific recommendations for o :
. : when quantum tunneling is important. In the future, experi-

accurately performing converged cluster calculations of the . ]
. mental proton transfer rates on a wider range and finer mesh

: . APt temperatures, as well as more accurate theoretical calcu-
Il. Geometric parameters from either BSLYP or MP2, usmglations, will be required before the importance of proton tun-

a basis set that includes a tripfedescription of the bonding oo ; : o L .
. o ; neling in zeolites at ambient conditions is firmly established.
orbitals and polarization functions on all atoms, are accurate — : : .
We hope that the findings outlined here will guide future

to an acceptable degree, especially when terminal atoms are ..~ . - . o
. . Investigations of reactivity at zeolite acid sites. Indeed, we
frozen in space to represent the covalent footprint of the bulk

; NS X ) lan to carry out electronic structure calculations on larger
zeolite. Harmonic vibrational frequencies evaluated at eithe . . :
. . cluster models of H-Y, using the recommendations outlined
level of theory are converged with the basis set above, al

. . above, to determine how cluster truncation modifies the elec-
though the computational efficiency of DFT advocates ’

: . . ““tronic and vibrational characteristics of proton transfer. We
strongly for its use. For obtaining accurate classical barrier

heights, i.e. converged to within 10 kJ ma| we find it nec- also plan to carry out such calculations on periodic models,

. to, verify the importance of long range forces.
essary to use a correlated molecular orbital based approach at . . L
Armed with the harmonic transition state parameters cal-

least as accurate as MP2, and possibly as acc(aatk ex- culated herein, we now turn our attention to the calculation

pensive as MP4. Fortunately, the difference between I\/lpzof quantum proton transfer rates. Although previous har-

and MP4 barrier heights is found to be small and roughlymonic guantum rate theories have exhibited instabilities

constant with respect to the basis set, essentially eIiminatin%h(_}n applied at very low temperatures, in the following pa-

the need to calculate MP4 energies in large basis sets. Our . . , "
. er we develop a novel harmonic semiclassical transition
coupled-cluster results demonstrate that this procedure re- . : _
covers almost all of the correlation energy contribution to thes’tate theory that is easy to parametrize and evaluate, and is
: . : L 9y o . stable to arbitrarily low temperatures. Based on this quantum
barrier heights of interest, well within the bounds of “chemi-

N ) _ rate theory, we find that tunneling is the dominant mecha-
cal accuracy,” approximately 1 kcal mdi.

nism for proton transfer in H-Y up to approximately 370 K.

IV. CONCLUDING REMARKS
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