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Infrared Spectrum of an Acidic Zeolite OH with Adsorbed Acetonitrile
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The effect of acetonitrile adsorption on the infrared spectrum of an acidic hydroxyl group of a zeolite was
studied using quantum-chemical calculations. The hydroxyl and its surroundings in the zeolite were modeled
by a cluster molecule. Potential energy and dipole surfaces of the model were computed with density functional
theory applying the Becke3LYP functional. A potential energy surface has been constructed as a function of
the stretch, in-plane bending, and out-of-plane bending coordinates of both the hydrogen and the oxygen
atom of the hydroxyl group, as well as the center-of-mass stretch coordinate of acetonitrile. Taking into full
account anharmonicities, we computed the vibrational wave functions and infrared absorption intensities using
a variational approach. To facilitate their interpretation, the computed spectra were decomposed with respect
to the different vibrational coordinates. It was found that the use of center of mass conserving coordinates for
the hydroxyl group is insufficient to obtain accurate hydroxyl stretch frequencies, and that oxygen coordinates
need to be included in the calculation. The inclusion of oxygen coordinates furthermore improves the computed
Fermi resonance splitting. A new explanation for the width of the A,B spectra is proposed.

Introduction in-plane @) hydroxyl bending, where the “plane” refers to the

) i i o _ __ plane formed by the SiO—AIl group on which the extra proton

Zeolites are crystalline materials consisting mainly of SiO  gjig.

tetrahedra that are linked through sharing of oxygen atoms. They Empirical models have been applied to describe the spgeétra.
appear in many different qrystal_structures that exhibit _channels In earlier work we tried to compute the infrared spectrum from
and cages of molecular dimensions# A. In most zeolitesa  first principles? taking into account only a minimal set of
fraction of the silicon atoms is replaced by aluminum atoms. jprational coordinates: the coordinates of the hydrogen atom
The negative charge this introduces into the lattice can be of the hydroxyl group and the intermolecular stretch of the
balanced by a proton attached to the oxygen atoms that bridgesacetonitrile molecule as a whole with respect to the hydroxyl.
a silicon and an aluminum atom, thus forming a bridged Using this simple model we could show that among the
hydroxyl with strong Brensted acidity. The combination of these yiprational wave functions computed on the basis of a density
acidic sites with the well-defined micropores makes them fynctional potential energy surface Fermi resonances did occur.

suitable catalysts for a range of reactions. However, the computed width of the A,B bands, the size of the
In the infrared spectrum of a zeolite, the bridged hydroxyl A,B splitting, and the stretch frequency of the free bridged
stretch mode is observed in the range 368615 cnmi™. If a hydroxyl left room for improvement. In the current paper we

weakly basic molecule is adsorbed on the hydroxyl, the stretch present the results of an extension of the former model to include
frequency shifts to lower values. The shift that occurs with a the dynamics of the oxygen atom. Based on this model, we
certain base molecule has been proposed as a measure for theropose an interpretation of the nature of the A,B-spectra that
acidity of the bridging hydroxyl (see ref 1 and references differs from the empirical models mentioned.

therein). For this application weak bases such as CO gnd N

that only cause small shifts are most suitable. Computational Details

Acetonitrile is among the strongest basic molecules that will  pgtential Energy and the Dipole SurfacesThe acidic OH
disturb a bridging hydroxyl, but not subtract a proton from it. group of the zeolite is represented by a small, neutral, cluster
The infrared spectrum resulting is more complicated than that mgjecule, terminated by hydroxyl groups. This model is shown
of weaker bases. It displays a large downward shift (80200 in Figure 1, along with the coordinates we used in the vibrational
cm™?) of the hydroxyl stretch band, as well as a marked splitting calculations. All coordinates are linear combinations of atomic
and broadening of the band. The resulting two main broad bandsgisplacements. Electronic structure calculations have been used
at 2400 and 2800 cm are usually referred to as the A,B-diad.  to compute potential energy and dipole surfaces as a function
Sometimes a third band, denoted “C” is seen at even lower of 3 limited number of degrees of freedom.
frequencies. This band is usually less clear. Conclusive experi- |n g previous papetr,where we presented calculations of
mental evidence exists that these bands are due to one Singl%nharmonic Coup”ng effectS, we Only considered the Stretch,
type of complex, where acetonitrile is hydrogen bonded to the jn-plane, and out-of-plane coordinates of the hydrogen atom,
bridging hydroxyl*4> and the stretch of the +tN hydrogen bridge, with acetonitrile

The characteristic splitting of the shifted hydroxyl stretch band as a rigid particle. Here we also include the movement of the
into the A,B-diad is caused by a Fermi resonance between aoxygen atom of the OH group for the acidic OH group and the
broadened hydroxyl stretch band) @nd the overtone of the  acidic OH group with adsorbed acetonitrile. We extended the
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H corresponding tg = 225, 27C, and 318 were inferred from
H the 135, 90°, and 48 points by taking into account the
N\ symmetry plane of the cluster.
C acetonitrile The four-dimensional potential describes the energy of the
| center of mass zeolite cluster with a molecule of acetonitrile adsorbed as a
C stretch function of the acidic hydrogen coordinates and the acetonitrile
N center of mass stretch coordinate. All internal acetonitrile
coordinates were kept fixed. A grid of hydrogen positions has
been constructed in the same fashion as for the bare zeolite
cluster, using the equilibrium OH distance in the acidic hydroxyl
H in-plane bending with acetonitrile adsorbed. For each of the points of this grid
of 0 the electronic energy was computed for five different distances
plane / between acetonitrile and the oxygen atom of the zeolite acidic

stretch

stretch
bending /T\ OH group: the equilibrium distanag, ro & 0.15 A, andrg &
in-plane bending 0.5 A. The potential energy points were fitted with fourth-order
0O— polynomials. For the fit each pointvas attributed a fit weight
H- 0 //gl;t\ w; according to the following expression:
\Al plane e,fyi
) bending
H-0" w=— ()
—fy
/O e ]
H >

Figure 1. Zeolite cluster model with adsorbed acetonitrile. The
vibrational coordinates used in the calculations are shown as arrows.Hereu; is the electronic energy of pointN is the total number
of points, and is a positive factor that determines the relative

potential energy and dipole surfaces used in the previous workweight of the points. This expression attributes larger fit weights
to obtain 6- and 7-dimensional versions. to data points with lower potential energies. Physically, data

The potential energy surfaces used are based on densitypoints with low energy are relatively more significant for the
functional theory electronic structure calculations using Becke’s correct description of the lower lying vibrational levels, which
three-parameter functional with the nonlocal correlation provided we want to describe. Thé parameter was given a value of
by the Lee, Yang, and Parr expresstént® We have demon- 125,71, so as to produce a root-mean-square error smaller than
strated earliérthat this method gives results that are significantly 1 x 10-3E,. The computed energies for potentials were in an
better than those obtained with Hartrgeock. Therefore we interval of approximately OR,.

have not extended the HartreEock potentials from the All fits in this paper were performed with singular value
previous work. The electronic structure calculations have been decompositior?? in order to remove near-degeneracies. For the
carried out with the Gaussian 92/DFT program packdge. three and four-dimensional fits we had to set one of the singular

mixed basis set has been used with STG?3 the H atoms values to zero. This means that one degree of freedom of the
of the terminal OH groups, 6-3#G* 16-18 on the central O polynomial was fixed through minimization of the squares of
atom of the zeolite cluster and the N atom of acetonitrile, and the coefficients.

6-31G** 1922 for the other atoms. This basis set describes the  Both the three and four-dimensional potential had negative
atoms that are important in the interaction between the acidic fourth order coefficients for the hydrogen stretch coordinate. If

hydroxyl and the acetonitrile molecule accuratefhe minimal basis functions were allowed to extend into the area where the
basis set on the terminal hydrogen atoms of the cluster wasfitted potential approached negative infinity, unphysical vibra-
used to reduce computational costs. tional wave functions would be computed. We have shown

As a starting point for the potential energy surfaces, the zeolite earlief that this problem does not occur in our three- and four-
cluster as shown in Figure 1 was optimized with and without dimensional calculations, since the wave functions stay confined
adsorbed acetonitrile. The optimization was restricted in two to an area where the fitted potential interpolates between the
ways. First, during the optimization, the plane through the central computed data points.

Si—OH—AI group was kept as a mirror plane, to reduce the  The six-dimensional potential describes the potential energy
number of points that had to be computed for the potential of the zeolite cluster, as a function of the position of the oxygen
energy surface. Second, to prevent internal hydrogen bridging,and hydrogen atoms of the acidic OH group. In its construction,
the S-O—H and AI-O—H angles of the terminating OH the coefficients of the three-dimensional potential for hydrogen
groups were fixed at tetrahedral angles, and going from the displacement have been retained. The second-order coefficients
central O atom to a terminal OH,-€5i—O—H and O-Al— for the oxygen coordinates and the bilinear coupling coefficients
O—H atoms were required to stay in one plane. for the oxygen coordinates among themselves, and with the

The three-dimensional potential energy surface is the potentialhydrogen coordinates, have been derived from the force
energy of the zeolite cluster as a function of the acidic hydrogen constants computed in a Gaussian92 normal mode calculation.
coordinates. It is based on electronic structure calculations The potential thus constructed did not display the desired
performed for a grid of acidic hydrogen positions. The grid was asymptotic behavior for large displacements of the atoms from
constructed as follows: At five different OH distances, 0.8, 0.9, their origins. In certain directions, already at relatively small
1.0, 1.1, and 1.4 times the equilibrium distance, the hydrogen distances from the equilibrium, the potential showed large

atom was bent toward the Al atom by an anglef 0°, 7.5, negative values, giving rise to the computation of unphysical
20°, and 60 and subsequently rotated around the axis defined vibrational states.
by the equilibrium acidic OH bond by an angpeof 0°, 45°, To improve the potential, extra data points of the potential

90, 135, and 180. The energies and dipoles of geometries energy surface have been computed. The grid of extra points
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can be described in terms of displacement vectors of oxygento get satisfactory asymptotic behavior of the fitted potential.
and hydrogen. We defing to be a vector along the OH bond, Because of the smaller displacements there was no need to adjust
Xo a vector in the direction perpendicular to the OH bond in the grid points afterward to prevent too small interatomic
the Al=O—Si plane, andks a vector perpendicular t®; and distances.
Xa. Fit weights were attributed to the extra points in the same
Initially, a grid has been constructed from molecular geom- manner as in the six-dimensional case. In this case 41 singular
etries where oxygen or both oxygen and hydrogen were values had to be set to zero.
displaced by£x;, £Xp, +x3, Or & (X1 + X2 + X3)/v/3. The For all the data points we used for the three- and the four-
lengths of the vectors; are derived from the force constants in  dimensional potential energy surfaces, also ¥hey, and z
the corresponding directions, in such a way that the displace-components of the dipole were computed. Using the same fit
ments correspond to 8 times the root-mean-square (rms)weights as for the energy, the dipole surfaces were fitted by
displacement of a one-dimensional harmonic vibration of the fourth-order polynomials.
atom. This means that the vectors for hydrogen displacement To reduce computational cost we only used linear dipole
have different lengths from those for oxygen. The fitted second- surfaces for both the six- and the seven-dimensional spectra.
order coefficient of the potential energy with respect to the out- For the hydrogen and acetonitrile coordinates the dipole
of-plane movement of hydrogen is negative. This displacement coefficients up to first order computed from the three- and four-
has its length derived from the force constant used for the basisdimensional surfaces were used, for the oxygen coordinates the
function, as described in ref 9. dipole and dipole derivatives computed in a Gaussian92 normal
In some of the geometries generated in this grid the OH mode calculation were used.
distance becomes as small as 0.16 A. Therefore we have applied From the three- and four-dimensional calculations it appears
a correction to the grid points through expansion of the OH that the computed spectra are hardly affected by the omission
bond about its center of mass. The new OH distance was of higher order dipole coefficients. As a test case we computed
computed from the old via a linear transformation that leaves for the four-dimensional spectrum that the total absorbed
the maximum distance from the grid as it is and expands the intensity of the infrared spectrum at 298.15 K, in the range of
smallest distance to 0.5 times the equilibrium distance of the 0—4000 cntl, decreases by 0.35%, comparing a linear dipole

OH bond. If the maximum distance in the original gridrigx surface to a fourth-order dipole surface. For that same spectrum,
the minimum distancenmin, and the equilibrium OH distance  the root-mean-square difference in intensity on a per transition
req then the new OH distancesare computed from the old basis was about 3.2%. Clearly, differences exist in both positive
using and negative directions and are of minor importance.
(rmax— 1) Calculation of the Infrared Spectra
M=r+ ————(ref2 = 'nin) (2) o o o ,
(rmax — Tmir) Vibrational Hamiltonian. The Hamiltonian employed in the

vibrational calculations is the following:

The grid contains 210 points, which were attributed fit weights,
as described in eq 1, again with= 12551, In the singular 122 b _
value decomposition procedure we had to set 47 singular valuesH = = Z Z M; pip; z 8,y I_l g with
to zero. This means that 47 degrees of freedom in the polynomial 2& 5 0g,-- 0D 1=
were left that were fixed by minimizing the sum of the squares D
of the fitted coefficients. The potential so obtained proved 0= Z =N (3)
suitable for our calculations and no unphysical vibrational states =
were found with the basis set we employed.
The seven-dimensional potential energy surface describes thdn this expressiorD is the number of dimensions; are the
potential energy of the zeolite cluster with adsorbed acetonitrile spatial coordinates with conjugated momeptaM~1 is the
as a function of the coordinates of the acidic OH group of the inverse mass matrix, ara, .. o, are the coefficients of thiith
cluster and the center of mass stretch of acetonitrile. It has beerorder polynomial representing the potential eneiyiFor all
constructed by retaining the coefficients of the four-dimensional the calculations in this paper, the polynomial ortienas been
potential, and quadratic terms for the oxygen movement and equal to 4. The way the potential energy polynomial is truncated
bilinear coupling terms between oxygen and hydrogen coordi- ensures that its shape does not depend on a particular choice of
nates have been derived from a Gaussian normal mode calculainternal coordinates. (It should be noted, however, that the wave
tion. Coupling terms between the oxygen coordinates and thefunction space spanned by the basis set is not independent from
acetonitrile coordinate have been neglected, because althougtthe choice of the coordinates.)
they are small and have little physical importance, they can give ~We choose to use a polynomial representation of the potential
rise to problems with the asymptotic behavior of the fitted because it has no bias toward a particular potential shape, and
polynomial if no higher order coefficients are included as well. matrix elements can be readily computed in the basis set we
As in the case of the six-dimensional potential, extra points employed. To this effect, the Hamiltonian was converted into a
of the potential energy surface had to be computed, and a gridrepresentation of normal products of creation and annihilation
similar to the one described for the six-dimensional surface was operators>®
employed. No extra points were used to further probe the A disadvantage of the polynomial form of the potential is
coupling of the oxygen coordinates and the acetonitrile coor- the unphysical behavior of the potential outside the area where
dinate. The grid of the extra points for the seven-dimensional data points were computed. A polynomial potential goesd4g
potential was constructed with vectoggsee above) of a length ~ where a physical potential levels off to a constant value. This
4 times the one-dimensional harmonic rms displacement of theis mainly a concern if the polynomial goesteo. As a result,
atom. This is much nearer to the origin than in the six- unphysical low-energy vibrational states can occur in the
dimensional case, where the larger displacements were necessamalculation, if the basis functions have a nonnegligible amplitude
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in the area where the potential has unphysically low values. constantT is the absolute temperature, aNds the number of

We have avoided such basis functions. vibrational states taken into account.

The off-diagonal termM;p; p; in the kinetic energy can have In the computation of the matrix elemenifg,|f{ffrom eq 6
nonzero values if the coordinates are not orthogonal. This wasthe electric anharmonicities, i.e., second-order and higher terms
never the case in the calculations described in this paper. in the dipole components, were taken into account for the three-

The wave functions are expanded in products of one- and four-dimensional models. As discussed earlier, we only used
dimensional harmonic eigenfunctions (Hermite functictis). linear terms of the dipole components in the six- and seven-

dimensional models. Mechanical anharmonicities, i.e., third-
D order and higher terms in the potential energy, were incorporated
V(o) = ) Cayag I_I ¢“(a) 4 in all calculations. To facilitate the computation of transition
04, 0D = dipoles, the dipole components were converted into a repre-
sentation of normal products of creation and annihilation
In this expressiorny is the vibrational wave function i operators.
dimensions ang@)(q;) is the normalizedxth-order Hermite
function of coordinatey. The basis was truncated by specifying Modified Lanczos Algorithm

a maximum valueN; for eacha; and subsequently imposing . . . )
the following condition for each basis function: The computations on the six- and seven-dimensional systems

are much larger than those on the three- and four-dimensional
D g ones in the previous work in two respects: the basis sets are
— <1 (5) larger, and the numbers of levels that need to be computed to
&N, find the first excited state of the OH stretch mode are larger.
Because the fundamental frequencies of the oxygen modes are
very low compared to the hydrogen stretch mode, the number
of extra modes that need to be computed for the six- and seven-
dimensional spectra are even larger than should be expected
from the added dimensions alone. The computation of the
eigenvectors, which we use to obtain absorption intensities and
to analyze the levels, entails large computer memory usage and

oxygen coordinates. The main reason not to extend the basisCPY time consumption in the simple Lanczos algorithm we
set on the oxygen coordinates to 12 as well was to keep theused for the three- and four-dimensional models. Furthermore,

calculations feasible. On a physical basis it can be argued thatit @PPeared that at a certain, insufficient, number of computed
a larger basis on the hydrogen coordinates is needed: the€N€rgy levels, we coulql not_obtam extra levels by increasing
hydrogen atom is more subject to anharmonicities in the the number of Lanczos iterations. To overcome these problems,

potential due to its smaller weight and hence larger amplitude. W& implemented a slightly modified Lanczos scheme, as

The basis sets contained 455, 1820, 3906, and 11 286 function<lescribed by Lewis in his Ph.D. the:éi’s. _
for the three-, four-, six-, and seven-dimensional models, InaLanczos procedure, extreme eigenvalues, and eigenvalues

respectively. f[hat are well separated, can be obtaingd with a small number of
The one-dimensional Hermite functions are characterized by itérations. The method we employed improves the separation
the quotient of a force constant and a mass. For the mass weof the eigenvalues in the interval we are interested in, relative
used 1/ 1) as defined in eq 3. The force constant was derived {0 the sepa_lration of eigenvalqes outside that interval. We start
from the second-order coefficient of the coordinate in the Py computing the extreme eigenvaluBgin and Emax of the
potential energy. For the out-of-plane bending coordinate of HamiltonianH, which is easily done with an ordinary Lanczos
hydrogen in the zeolite cluster without acetonitrile, this coef- Scheme. Then we determine the inten&hi,Eo] in which we
ficient was negative, and the force constant was derived from Want to find the eigenvalues and construct a polynorinsaich
the rms deviation of the anharmonic wave function in this that it maps Emin,Eo] t0 [fminfo] and [Eo,Emad t0 [fo,fmax.
coordinate. This procedure was described in more detail in ref Furthermoref is monotonic onEmin,Eo], and constructed such

In the case of a harmonic potential this limits the total energy
of any basis function to the highest energy one-coordinate basis
function plus the zero-point energy of the other one-coordinate
basis functions.

In the computations in the current work we uséd= 12 for
the hydrogen and acetonitrile coordinates, &he= 6 for the

9. that
We computed integrated infrared absorption intensities ap-
plying Fermi’s golden rul® and fractional Boltzmann occupa- . (fo = frin) (Frnax — f0) 1 7
tion numbers at a given temperature. The integrated absorption Qstretch= (E,— E ). .. — E) > ()
intensity A from initial level i to final levelf is given by 0 TminTiTmax o
5 BT Figure 2 shows such a polynomial of fourth order, which has a
21°AE e i i
o i) |f|:l]2 ©6) Qstretch Of 34.5. This means that the relative part of the
—f 3e 12 o5y Ho N eigenspectrum occupied by the eigenvalues we are interested
0 - Z e BT in is larger by a factor of 34.5 in comparison of the transformed
]

Hamiltonian to the original one. The Hamiltonidh and the

operator f(H) share the same set of eigenvectors, but the
In this expressiomy—¢ is defined for one particle per unit surface, eigenvalues of(H) corresponding to those df in [Enin,Eql
integrated over wavenumbers and averaged over differentare better separated. We diagonalfge) by employing an
molecular orientationsAE is the difference in energy between ordinary Lanczos procedure and use the computed eigenvectors
the normalized statggland|f[] ¢ is the electrical permittivity ~ |Willto obtain the eigenvalues &f asE = [i|H|yil]
of vacuum,h is Planck’s constant; is the speed of light in a For the six-dimensional calculation, a fourth-order polynomial
vacuumyuy, uy, andu, are the components of the dipole operator, was sufficient to compute 300 energy levels in 3000 Lanczos
E is the energy of vibrational levgl k is the Boltzmann iterations, the highest level differing from the lowest by 3933
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D
max d "
f i(k,n) — Z Coy. ity I" ¢(u1+nj)(qj) (9)
fO 01, 0p =
with n, = 0 andn; with j = k arbitrary. This corresponds to an
excitation @k > 0) or de-excitationrf < 0) of the initial state
in coordinatek, and possibly (de)-excitations in other coordinates
as well. To determine if a transition frogy to a final stateys
involves excitation in coordinatk, we projectedy; onto the
space spanned by thg&"'s with n, > 0. The contribution of
the transitiomy; — s in the partial spectrum of the excitation
in coordinatek is the peak intensity of that transition times the
norm of the projection. Takingx < O, we can generate partial
spectra for de-excitations.
fimin Interpreting the partial spectra obtained in this way, one
Ein Eo Foax should keep in mind that they do not represent anything else
Figure 2. Polynomial to modify the eigenvalue spectrum of a but a computational version of comparing .coefficien'ts of basis
Hamiltonian in order to improve separation of certain levels. On the functions. They have no measurable physical meaning, and are
horizontal axis are the eigenvalues of the original Hamiltonian, on the @ function of the coordinates chosen. In the limit of a harmonic
vertical axis, the corresponding eigenvalues of the new Hamiltonian. potential with the corresponding normal coordinates and a linear
dipole surface the partial spectra add up to give the total infrared
cm-L. The polynomial was constructed wily — Emin = 4000 spectrum, and each partial excitation spectrum contains exactly
cm ! and had a stretching quotieQkyerch= 19.2. the single transition belonging to its normal coordinate whereas
To compute enough levels of the seven-dimensional system, the de-excitation spectra contain no peaks at all. In most other
we had to construct a ninth-order polynomial, starting Viih ~ cases, the partial spectra add up to yield more than the total
— Emin = 5000 cn1?. This polynomial had a stretch quotient  intensity of the total infrared spectrum. This happens because
Qsretch= 188, enabling us to compute 629 different energy levels of the coupling of the coordinates. A transition in which two
in 4000 Lanczos iterations, with a difference of 4105¢m  modes are simultaneously excited shows up with full intensity
between the highest and the ground level. in both partial spectra. Partial spectra that would be additive
Note that the general trend is that both raising the order of can only be constructed with arbitrary partition schemes, very
the polynomial and shifting up the value B§ result in higher  similar to the ones used in Mulliken population analysis.
values ofQsreich One disadvantage of raising the order of the
polynomial is that it increases CPU time consumption per Results and Discussion
Lanczos iteration. Another disadvantage is that it may cause

deterioration of accuracy. The accuracy can, however, . o7 . . .
. - . integrated absorption intensities, but no line widths. To generate

be easily monitored by calculating [@;H|yi0 =+ X . -

> S i . the spectra shown in this paper, we convoluted Dirac delta
_\/Ejbi”_l |95+ 10py HIy; 17,2 which provides sharp boundaries  functions with normalized Gaussian curves of width 10&m
in which an exact eigenvalue exists. This shows for our seven- multiplied by the absorption intensity. In the figures of the
dimensional calculations that four significant digits are present decomposed spectra, the intensity of the partial excitation spectra
for.a.II levels, whereas most levels are defined mluch sharper.is plotted in the positive direction (up), and the de-excitation
Raising the value o, too much eventually deteriorates the spectra are plotted in the negative direction (down). De-
possibility of find eigenvalues in the desired area, because theexcitation spectra mostly contain peaks for the lower energy
number of well-separated eigenvalues that can be found modes, because they involve thermally excited initial states. Al

Our calculations yield infrared transition frequencies and

increases. spectra plotted in this paper are computed at a temperature of
I . 298.15 K.
Attribution of Peaks in the Infrared Spectrum Figure 3 shows the computed infrared spectra for the three-

For the three- and four-dimensional models we used it was dimensional (hydrogen coordinates only) and six-dimensional
possible to identify different wave functions looking at the (0xygen and hydrogen coordinates) models. In the six-
coefficients of the basis functiofisin the six- and seven- dimensional spectrum the area between the out-of-plane bending
dimensional calculations it has become much more difficult to (ca. 400 cm?) and the in-plane bending mode (ca. 1100 &m
do S0, because the used coordinates are Strong]y Coup|ed_contains many small combination peakS that contain contribu-
Typically, a wave function has a number of contributing basis tions from the oxygen modes and the hydrogen bending modes.
functions with normalized coefficients having an absolute value The oxygen modes in our model represent part of the dynamics
of approximate|y 02, and often no obvious main Component is of the Si-O and A-O bondS, which cause the lattice modes
present. We use the following method to determine whether a in zeolites. The six-dimensional spectrum already shows that
coordinate is involved in a certain transition in the infrared the lattice modes will interact with the out-of-plane hydroxyl

spectrum, and subsequently to compute partial spectra for eactPending mode. . .
coordinate. The fundamental hydroxyl stretch frequency is found in the

Suppose that the initial statg is given by six-dimensional calculation at approximately 3522 énThe
peak at 3575 cm' is a hot band where the hydroxyl stretch is
D excited from an initial state that is excited in the out-of-plane
Y, = z Cou ot |_| #(q) (8) bending of oxygen. This peak is similar to the peak at 3558
o0 = cm~1in the three-dimensional spectrum, which represents an
excitation of the hydrogen stretch from an initial state in which
We form new states the hydrogen out-of-plane bending is already excited (se&also
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a J and OSi bonds become shorter. This allows these bonds to

H 0.0.p.b. . become stronger at the same time the OH bond becomes weaker,
causing a flatter potential energy well for the coordinate. When
the OH bond shortens, the OAl and OSi bonds become longer,
causing a small increase in energy. We found this effect to be
Hip.b. smaller than the lowering of the energy for the longer OH bond.
Moreover, for the vibrational frequency, the lower parts of the
potential energy well are more important than the higher parts.

We find that a “reduced mass effect” in itself is not
responsible for the difference in hydroxyl stretch frequency that
1009 3375 is observed between our three- and six-dimensional models
51 a7 (Figure 3). An explanation for the fact that the six-dimensional

JLL Hsﬁ spectrum d_oes h_ave a higher hydroxyl stre_tch frequency than
0 0 500 1000 1500 2000 2500 3000 3500 2000 the threg-plmensmnal one should be found in the extra modes.
wave number The additional modes of the oxygen atom are low in energy
and push the hydroxyl stretch mode up. It is therefore essential
40 o ) to include the oxygen modes as extra modes when computing
b 35 "A“"—‘J\tfg ©:0.0.5- stretch frequencies of bonded hydroxyl groups. The intuitively
Oip.b. appealing one-dimensional approximation using a coordinate
O stretch o that retains the center of mass of the hydroxyl group, along
H o.0.p.b with the reduced hydroxyl mass, can yield a stretch frequency
251 that is too low.
204 The decomposed spectra in Figure 3 show that in the three-
dimensional model the chosen coordinates represent modes that
154 Hip.b. are almost normal to each other. In the six-dimensional
10 . H stretch k calculation we see that all the modes included take part in the
& in-plane bending around 1100 ctn The interaction between
s
390

25-‘

20

151

intensity

10 H stretch A

30 1——

i

intensity

5 3522 the modes clearly demonstrates that the set of coordinates used

Ax\im does not correspond to a set of normal modes.

0 500 1000 1500 2000 2500 3000 3500 4000 In Figure 4 the decomposed spectra for the four- and the
wave number seven-dimensional models are plotted. Note that some of the
Figure 3. Decomposed infrared spectra of the zeolite hydroxyl group peak positions written in Figure 4a differ from those reported
according to the three- () and six-dimensional (b) model. Wavenumbersip, ref 9. The wavenumbers in our previous article corresponded
are in cnt’, intensity is in 16 m#/mol. The spectrum on the bottom to one transition, whereas in this article we used the maxima in

line represents the full infrared spectrum. From bottom to top then . . .
follow the partial spectra of the hydrogen stretch, in-plane bending, the total spectrum as plotted in the figures. Because, especially

and out-of-plane bending and, for the six-dimensional model the partial in the higher dimensional spectra almost every peak is due to
spectra of the oxygen stretch, in-plane bending, and out-of-plane more than one transition, the positions of the maxima in the
bending mode. spectrum usually differ somewhat from the frequency of their

The hydroxyl stretch frequency of 3522 cincomputed in principle component. In_ the case of thg §even-dimensiona|
the six-dimensional spectrum is nearer to the experimental valueSPeCtrum there is sometimes no clear principle component.
around 3610 cmt than the value in the three-dimensional The decomposed spectrum of the four-dimensional calculation
spectrum of 3375 crt. In the six-dimensional model the (Figure 4), clearly shows the interaction between the hydrogen
reduced mass for the hydroxyl stretch mode is ca. 6% smaller stretch and the hydrogen in-plane bending overtone. The in-
than that of the corresponding hydrogen stretch in the three- plane bending mode has peaks on both sides of the “Fermi dip”
dimensional model. If this were the main difference, it would at ca. 2600 cmt, whereas the stretch is predominantly present
in the harmonic case lead to an increase of the frequency byon the high-frequency side. The acetonitrile stretch interacts
ca. 3%, or approximately 100 crh This amount is not enough ~ almost exclusively with the hydrogen stretch mode, causing a
to explain the observed difference. broadening of approximately 300 ct

To investigate the influence of the reduced mass further, we In the four-dimensional spectra the following important
took three internal OH coordinates and computed an infrared transitions are visible. At 112 cnthe fundamental acetonitrile
spectrum using the corresponding three-dimensional intersectioncenter of mass stretch is found. The out-of-plane hydrogen
of the six-dimensional potential. For the hydrogen atom these bending and its overtone are visible at 778 and 1690cm
coordinates were identical to those used for the older three- respectively. At 1153 cmt we find the in-plane hydrogen
dimensional calculations, but also oxygen was moving so as to bending mode; its overtone is at 2387 ¢imAll these transitions
conserve the center of mass of the OH group. We found that can be readily identified from the partial spectra plotted in Figure
the OH stretch frequency computed did not differ from the one 4a. The in-plane bending overtone at 2387 ¢imas some slight
in the old three-dimensional calculation. The explanation lies interaction with the hydrogen stretch and the main hydrogen
in the cancelation of two effects: on one hand the lower reduced stretch peak at 2626 crh shows substantial interaction with
mass would lead to a higher OH stretch frequency, whereas onthe in-plane bending overtone. This follows from looking at
the other hand the intersection of the potential energy well is the coefficients of the basis functions of the involved states and
flatter for the energy surface with the internal OH coordinates. also from the partial spectra in Figure 4a. The interaction
The latter effect can physically be understood in terms of bond between the in-plane bending overtone and the hydrogen stretch
strengths. When the OH bond becomes longer, and oxygen isis a Fermi resonance. This is an interaction between two
allowed to move in the opposite direction of hydrogen, the OAIl vibrational states that approximately have the same energy, not

0
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Figure 5. Experimental (top) and calculated (bottom) infrared differ-
b 30 0 0.0.p.b. ence spectra. Wavenumbers are in&nThe experimental spectrum
NS A 0ipb. is the difference between a spectrum of a HY sample loaded with
A ) O stretch acetonitrile, and one without acetonitrile. The calculated spectrum is
251 v e acetonitrile the difference between the calculated spectra for the six- and seven-
N e Haonh dimensional models discussed in this paper. The dotted vertical line
204 indicates the “Fermi dip”. The sharp peaks around 2300'dmthe
2 AA H Lp.b. experimental spectrum are due to acetonitrile CH vibrations and cannot
g s W stretch be reproduced in our model, where acetonitrile is modeled as rigid.
£ 1 — —LeHstreteh
- 2690 . . .
10 The seven-dimensional spectrum displays a somewhat clearer
2745 dip in the Fermi resonance region than the four-dimensional
1199 spectrum. Also, the Fermi region is slightly shifted to higher
5 2467| | 2860 frequency, however leaving the dip around the experimentally
770 681 750 1603 1971 observed 2600 cnt. The shift is smaller than the upward shift
L~ 1000 1500 2000 2500 3000 3500 4000 of the hydroxyl group without acetonitrile, in comparison of

wavenumber three- and six-dimensional computations. This means that the
Figure 4. Decomposed infrared spectra of the zeolite hydroxyl group overall calculated shift of the hydroxyl stretch frequency upon
with adsorbed acetonitrile according to the four- (a) and seven- gcetonitrile absorption increases if one takes into account the

dimensional (b) model. Wavenumbers are inénintensity is in 16
m?/mol. The spectrum on the bottom line represents the full infrared movements of the oxygen atom of the hydroxyl group.

spectrum. From bottom to top then follow the partial spectra of the ~ The decomposition of the seven-dimensional spectrum is
hydrogen stretch, in-plane bending, out-of-plane bending, and the much less clear than that of the other spectra. This is partly
acetonitrile center of mass stretch mode and, for the seven-dimensionadue to the anharmonic coupling between the coordinates that
model the partial spectra of the oxygen stretch, in-plane bending, andye employed, which implies that it is impossible to assign

out-of-plane bending. infrared peaks to one single mode. Another factor is that the

73 number of excited states that should be included in the
caused by the symmetry of the molecule. The peak at 2773 ¢m  yocomposition to account for the observed absorption intensity

represents a combination band of the hydrogen stretch and th&g mch greater than for the other spectra. The number of excited

acetonitrile center of mass stretch mode. From the partial giates actually included is, however, limited by computational
acetonitrile stretch spectrum it can be seen that the acetonitrile;ggoyrees.

stretch interacts with all modes where the hydrogen stretch mode Figure 5 shows a comparison between our six- and seven-

Is involved. dimensional models and an experimental difference spectrum.
Combining the information from the coefficients of basis | this figure the infrared spectrum of a sample of HY is
functions in the wave functions, and the decomposition of the suptracted from the same sample after absorption of acetofitrile.
spectrum, we made the following attribution of peaks in the we compare it with the difference between our calculated

seven-dimensional spectrum. The acetonitrile stretch mode iSspectra of the seven- and six-dimensional models.
found at 117 cmt. The small peak at 170 crhcan be attributed There is good agreement on the position of the Fermi

to the oxygen out-of-plane bending. The peaks at 685 and 750resonance “dip” between experiment and our calculations. Also
cm* are due to hydrogen in-plane-bending and oxygen out- the fact that the low-frequency band is smaller in intensity than
of-plane bending modes, respectively. The hydrogen in-plane the high-frequency band is reflected in the calculation. What is
bending mode is found at 1199 cfy clearly enhanced in  clearly lacking in the calculation is the overall width of the A,B-
intensity compared to the spectrum without acetonitrile. At 1603 djad. Furthermore, the correspondence of the two peaks in the
cm! there is the hydrogen out-of-plane bending mode overtone, free hydroxyl stretch region is deceptive. In the experimental
and at 1971 cm* a small peak due to a combined excitation of spectrum the lower frequency “free” hydroxyl band is due to a
both the hydrogen and the oxygen in-plane bending modes canhydroxyl that forms a weak hydrogen bridge in HY. The low-
be observed. Then from 2467 to 2860 Gnthere is the Fermi  frequency band in the calculated spectrum in this region
resonance region. The peak at 2467 ¢éris mainly due the represents the free hydroxyl stretch mode and corresponds to
hydrogen in-plane bending overtone. The peaks at 2690, 2745 the higher frequency band in the experimental spectrum. The
and 2860 cm? all contain important contributions from both  highest frequency band in the calculated spectrum corresponds
the hydrogen stretch and the in-plane bending modes. to a hot band (vide supra) that is not present in the experimental
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spectrum and is presumably an artifact of the cluster model andbe needed to get a better approximation of the experimental
limited number of coordinates we used. spectrum. The method we used in the current work is not suited

The physical picture that is used in the explanation of the to higher dimensional models.

A,B-spectra in several empirical models is based on a model Our calculations indicate that it is possible to interpret A,B-
that assumes a very strong couplifigbetween the acidic  type Fermi resonance spectra with a coupling of the hydroxyl
hydroxyl stretch mode, and the intermolecular stretch mode of stretch with the stretch mode of the adsorbed base of the order
the adsorbed base with respect to the hydréx§MWe call this of 300 cntl, if the coupling between the hydroxyl stretch and
model I. In a discrete level model this means that combination in-plane bending overtone modes is considered to be of the order
and difference bands of the hydroxyl stretch mode with many of 300 cntl, i.e., approximately the width of one of the A,B-

of the overtones of the intermolecular stretch modes determinebands appearing in the infrared spectrum.

the bandwidth. The coupling’ between the hydroxyl stretch

and the in-plane bending overtone in this model is relatively ~Acknowledgment. This work has been performed under the
weak compared tg. auspices of NIOK, The Netherlands Insitute for Catalysis

There is, however, an alternative explanation of the same typeresearch, Lab Report No. TUE-98-5-07.
of spectrum possible, with < ' (model II). In this model the
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