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Abstract

Fourier transform infrared (FTIR) studies at 295 K of low-aluminum H-Y (LAHY, Si/Al = 40) faujasite zeolite supercage-included
tert-butyl halides, (CH3);C-X (X = Cl, Br, 1), are presented in comparison with the adsorbate molecular gas-phase and unloaded host
solid-state spectra. The FTIR results, aided by computer modeling studies, reveal a propensity toward the exchange of quanta of vibra-
tional excitation between guest modes, and between guest and host modes. The exchange phenomenon and some pseudo-hydrogen bond-
ing effects are related to the siting of the guest molecules in the host supercage, and to the guest-host interactions at the guest site.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Vibrational excitation exchange; Infrared spectrometry; Faujasites; ferz-Butyl halides

1. Introduction

Dehydrated X- and Y-type faujasite zeolites are very
well studied, largely because of their catalytic properties
[1]. Modification of zeolite parameters, such as the Si/Al
ratio, type of exchangeable cation, or the inclusion of
another catalytic agent, can affect the reaction product of
an adsorbed species [2]. Zeolite H-Y is available in dealu-
minated form with very high Si/Al ratio and is also known
as siliceous Y. This zeolite is the subject of this work and
will be denoted LAHY (low aluminum H-Y). The present
work focuses on the interactions between a series of
organohalogen guest molecules and the LAHY faujasite
host, in which charge-compensating cations play a negligi-
ble role. Thus, this study enables one to isolate the frame-
work—guest interactions.

A variety of spectroscopic, calorimetric, adsorption, and
modeling studies have been applied to guest-LAHY sys-
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tems [3-13]. Only three of these examine organohalogens
[9,11,12]. Two of the studies examine chlorocyclohexanes
[11,12] and n-hexane [13] by FT-Raman spectroscopy.
These studies do not include a
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systematic study of halogen variation within a single type of
organohalogen molecule, as was done previously in Na-X
with the tert-butyl halide (TBH) series [14], nor do they con-
stitute a systematic comparison of the organohalide series in
LAHY with the series in Na-X, in whose supercages charge-
compensating cations are present. It can be said, however,
that a unifying theme in these previous LAHY studies is
that the site-dependent and orientation-dependent guest—
host interactions are generally weaker than is observed in
lower Si/Al ratio faujasite zeolites.
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It is well known that the three basic effects governing the
adsorption of guests in faujasites are guest interactions
with cations, guest interactions with framework oxygen
atoms facing into the supercages, and competitive interac-
tions of these kinds with adsorbed water [14]. A previous
FTIR study of the TBH series in dry Na-X showed that
the cation—molecule and framework—molecule interactions
lead to specific sitings of the guests in the supercage [14].
These sitings were shown often to exhibit characteristic
mutual perturbations between guest and host vibrational
bands that have proximate frequencies. The relationships
between the guest functional group interactions with Na-
X and the guest-host vibrational mode effects were often
very characteristic of the siting of the guest in Na-X, as
determined in companion with molecular modeling studies.
Thus, the present FTIR and molecular modeling studies of
the adsorbed TBH series in LAHY serve to isolate the
effect of guest-framework oxygen interactions from the
guest—cation interactions that were present, together with
the guest—framework oxygen interactions, in this previous
study of the TBH series in Na-X [14].

It will be seen that the weaker framework oxygen—guest
interactions, in the absence of supercage cations, give rise
to a distinctly different siting in the supercage and a dis-
tinctly different pattern of guest-host vibrational mode
interactions than were observed for the TBH in Na-X
[14]. The weaker interactions in the LAHY host appear
to lead to a vibrational mode of the guest molecule inter-
acting with several more-or-less degenerate host modes of
comparable frequencies, or with another guest mode, lead-
ing to an exchange of quanta of vibrational excitation
between guest modes, or between guest and host modes.
In the Na-X study [14], where the guest-host interactions
were stronger, vibrational interactions appeared to be pre-
dominantly between a molecular mode and a single host
mode of comparable frequency.

2. Experimental details

Detailed descriptions of experimental aspects, including
sample loading [14] and faujasite characterization [15], can
be found in the Supplementary Material accompanying
this work (http://www.sciencedirect.com), and in a previ-
ous publication [14].

Commercially available LAHY with Si/Al = 40 (Zeolyst
Corp.) was dried by heating in vacuo [14]. The LAHY was
loaded by the evaporative transfer of four molecules per
supercage of TBH (zert-butyl chloride, TBC, tert-butyl bro-
mide, TBB, and rert-butyl iodide, TBI). FTIR transmission
experiments were performed on wafers prepared by the
KBr dilution technique [16] at approximately 1% (w/w)
of loaded LAHY in KBr. Loaded faujasite samples were
handled in the water- and oxygen-scrubbed Ar atmosphere
of a glove box. The nominal FTIR spectral resolution of
2cm !, taken together with the frequency calibration [17]
across the whole recorded band, resulted in overall accura-
cies of 3cm™! for wavenumber values and 4cm™' for

wavenumber shifts [14]. The accuracy of comparisons of
proximate peak positions, however, probably approaches
the 2cm™! resolution. Averages of 128 scans were
accumulated.

3. Experimental results

Figs. 1-3 display spectra grouped by individual TBH
molecule in the gas phase and absorbed into LAHY, in
comparison with the spectrum of the unloaded host. The
unloaded LAHY IR spectrum has been compared with
the Na-X spectrum [14] and with the Al,O3 and SiO, spec-
tra [18] for the purpose of assigning the host bands. See
Figure 1S and Table 2S in the Supplementary Material
(http://www.sciencedirect.com), where these data, together
with calculations on SiOH, and AIOH, fragments and the
all-silicon (Si-Y) framework, are employed to assign the
LAHY bands. Table 1 lists the experimental spectral
parameters for the TBH-LAHY guest-host systems. The
method of analysis of the band center, v,, linewidth, Av,,
and intensity, /,, parameters were described in a previous
publication [14], together with the method of analysis of
the uncertainties in the parameters. The guest experimental
band assignments given in Table 1 were reported in a pre-
vious publication [14], where diagrams of the guest vibra-
tional normal mode displacements may also be found.

In general the guest mode linewidths are decreased upon
loading into LAHY relative to their gas phase values,
except in a few cases where several modes cluster, i.e.
{v4,vig} and {v3,vi6,v17}. The relative intensity behavior
is complex with few recognizable trends.

Following, descriptions of the guest and host band posi-
tions on a band-by-band basis are presented. Expanded
views of the regions discussed here may be found in both
this manuscript and the Supplementary Material (http://
www.sciencedirect.com), where the host band assignments
are also described in detail.

3.1. C-X stretching, v;

The positions of the TBH gas-phase v; bands are located
at 584 cm~! (TBC), 525 cm™! (TBB), and 495 cm ™! (TBI).
The bridging oxygen atom (BOA) band of unloaded
LAHY lies at 532 cm™'. Upon loading the guest into the
host, what remains are single peaks located near the host
BOA band at 528cm™' (TBC), 529 cm™! (TBB), and
529 cm ™! (TBI). Fig. 4 presents an expanded view of the
coalescence between the TBB C-Br stretching vibrational
mode v; and the LAHY band arising from D6R/S4R
BOA vibrational modes, as well as of the isolated guest
and host bands that participate.

3.2. C-C and C-X stretching, vg
The positions of the tert-butyl halide gas phase vg bands

are located at 816cm~' (TBC), 808 cm™! (TBB), and
805cm™~' (TBI). The frequencies of these guest bands,
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Fig. 1. Infrared vibrational spectra from gas phase TBC guest (upper, red), LAHY-included TBC (middle, blue), and the empty LAHY host (lower,
black). (a) displays bands to lower frequencies from the most intense host band, while (b) displays bands to higher frequency. The ordinates for the TBC,
TBC/LAHY and LAHY traces are divided by five, two, and one-and-a-half, respectively, for scaling purposes. The relative intensities of the traces in Figs.
1-3 are not strictly meaningful due to differences in scaling and presentation for purposes of expansion. The isolated guest and host bands are labeled with
assignments as discussed in the text. v,s = antisymmetric stretch, vy = symmetric stretch, J,; = antisymmetric bend, SC = sodalite cage, hex = hexagonal
ring channels, D6R = hexagonal prisms, BOA = (pseudo-lattice mode) bridging oxygen atoms. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

upon loading the guest into the host, are unaffected and the
closest host bands at 790 cm ™' (sodalite Si-O-Si symmetric
stretch) and 838 cm ™' (hexagonal prism Si-O-Si symmetric
stretch) remain unaffected.

3.3. C-X stretching, CHj; rocking and C-H bending, vs

The positions of the terz-butyl halide gas phase vs bands
are located at 1162cm™! (TBC), 1153 cm™!' (TBB), and

1147 cm™ ' (TBI). Upon loading the guest into the host, what
remains are single peaks located in the vicinity of the host Si—
O-Si antisymmetric stretching band (1177 cm™') at
1176 cm™' (TBC), 1173 cm ™' (TBB), and 1175 cm™ ! (TBI).
The 1177 em~ ! LAHY band is preferentially associated with
sodalite cage oxygen atom motions. Fig. 5 presents an
expanded view of the coalescence between the TBC C-Cl
stretch/CHj; rocking skeletal vibrational mode vs and the
LAHY band arising from sodalite cage-localized Si—O-Si
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Fig. 2. Infrared vibrational spectra from gas phase TBB guest (upper, red), and from LAHY-included TBB (middle, blue), and the spectrum of the
empty LAHY host (lower, black). The two-figure format is again used to display bands above and below the most intense host band. The ordinates
of the TBB and LAHY traces are divided by three and one-and-a-half, respectively, for scaling purposes. The isolated guest and host bands are
again labeled with assignments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

antisymmetric stretching vibrational modes. The participat-
ing gas-phase TBC guest and the unloaded LAHY host
bands are also presented.

3.4. C-C stretching and CHj3 rocking, v
The positions of the v;9 guest modes shift by almost the

same amounts, —28 cm~ ! (TBC), —27 cm~' (TBB), and
—23cm™' (TBI), upon loading the guests into the host.

The host Si—O-Si antisymmetric stretching band at
1210 cm ™! remains unaffected. The 1210 cm ™! LAHY band
is preferentially associated with hexagonal prism oxygen
atom motions. Fig. 6 presents an expanded view of the coa-
lescence between the TBB C—C stretch/CHj; rocking skeletal
vibrational mode vi9 and the LAHY band arising from D6R-
localized Si—O-Si antisymmetric stretching vibrational
modes. The relevant bands from the participating gas-phase
TBB guest and the unloaded LAHY host are shown as well.
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Fig. 3. Infrared vibrational spectra from gas phase TBI guest (upper, red), and from LAHY -included TBI (middle, blue), and the spectrum of the empty
LAHY host (lower, black). The ordinates of the LAHY trace are divided by one-and-a-half for scaling purposes. Assignments for isolated guest and host
are labeled. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.5. Symmetric C—H bending, {v4 v;s}

The {v4,vig} band is effectively invariant in the gas-
phase spectra of the three TBH molecules, being located
at 1375+ 1 cm™'. The effect of TBH inclusion into LAHY
on this band is pronounced, and is manifest in a different
way for each of the TBH molecules. For TBC, the fre-
quency is slightly reduced by 3 cm™!. For TBB, this band
merges with the TBB C-H antisymmetric bending band
{v3,vi6,v17} to form a single broad band centered at
1406 cm ™' that represents an increase of +31cm ™' for
the symmetric C-H bend. Fig. 7 presents an expanded view

of this coalescence. For TBI, the band is slightly split into
two bands that are centered at 1385cm™!, which is
+10 cm ™! from its gas-phase value.

3.6. Antisymmetric C—H bending, {v3, vis v;7}

The {vs3,vi6,v17} band is slightly variable in gas-phase
TBH, being located at 1466, 1463 and 1460 cm™' for
TBC through TBI. The frequency shifts for this band upon
loading TBH into LAHY are variable, with slight increases
of 3and 5 cm™! for TBC and TBI, respectively. As noted in
the previous section, this TBB band merges with its sym-
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Comparative summary of the characteristics of eight infrared vibrational bands of the tert-butyl halides (Cl, Br, and 1) adsorbed in low-aluminum H-Y
(LAHY) and in the gas phase

Band type and Fit parameter TBC TBC in Shifts® TBB TBB in Shifts © TBI TBI in Shifts ® Closest
assignment LAHY? LAHY? LAHY? LAHY
band

C-X stretch, I, 0.84 0.50 29 0.42 0.14 77 0.04 0.38 45 532 L
vy Vo (cm™h) 584 528 L =56 525 529 L 4 495 €529 G 34

AT, (cm™h) 17 4 —13 15 4 —11 14 8 -6
C-C, I, 0.40 - - 0.19 - - 0.04 - - 838 L,
C-X stretch, Vo (cm™) 816 9811 -5 808 4810 2 805 4803 -2 790 L
Ve AV, (cm™) 16 - - 15 - - 14 - -
C-X stretch, I, 1.38 0.10 —83 1.83 0.09 —40 0.46 0.09 —87 1177 G
CH; rock, Vo (cm™) 1162 1176 G 14 1153 1173 20 1147 ‘1175 G 28
Vs AT, (cm™h) 26 10 —16 13 7 -6 14 4 —10
C—C stretch, I, 0.44 0.30 22 0.23 0.10 56 0.04 0.33 37 1210 G
CH; rock, Vo (cm™) 1235 1207 L —28 1238° 1203° G =27 1222 ‘1199 G =23
Vio AV, (cm™) 15 15 0 13 7 -6 24 8 —16
CH;C-H I, 0.83 0.04 -53 0.68 0.04 -8 0.18 0.02 -37 1885
symmetric bend, Vo (cm™) 1376 1373 L =3 1375 1406 G 31 1375 1385 G 10
Vg, Vi AV, (cm™h) 18 26 8 14 62 48 14 28 14
CH;C-H I, 0.47 0.03 -28 0.34 0.04 10 0.13 0.01 =27 1885
antisymmetric bend, Vo (cm’l) 1466 1469 L 3 1463 11406 G -57 1460 1465 G 5
V3, Vi V17 AV, (cm™h) 24 17 -7 22 62 40 24 20 —4
CH;C-H I, 0.80 0.04 =51 0.56 0.02 =20 0.30 0.02 —62 35218
symmetric stretch, Vo (cm’l) 2942 2872 L =70 2925 2871 G =54 2927 2869 L —58
Vo, V15 AV, (cm™h) 73 14 -59 56 15 —41 65 10 =55
CH;C-H 1, 1.38 0.07 —87 1.02 0.03 =35 0.42 0.04 —87 35218
antisymmetric stretch, Vo (cm’l) 2980 2963 L —17 2982 2961 L =21 2976 2964 G —12
V1, V13, V14 Avocm ™) 28 18 —10 24 14 -10 28 21 =7

The frequency of the closest host band is also given. Shifts in the frequencies of the bands are underlined for easy reference in Sections 3 and 4, which focus
on the frequency shifts.
All spectra reported here are from the 1-1.5 wt% loaded faujasite in KBr wafer, versus the 1.0% unloaded faujasite in KBr wafer used for the background
scan.

% The letter after certain ¥, values indicates the nature of the fit function that best describes the band as being either Lorentzian (L) or Gaussian (G). All
gas-phase guest bands are best fit by a Gaussian lineshape function.

® Shifts are calculated as (guest included — gas phase) so as to label the signs of the changes in the loaded LAHY spectra. Intensity shifts are in percent,
relative to gas phase guest values, and are calculated using experimental intensities normalized to the maximum intensity band in each spectrum.

¢ Due to the presence of derivative shapes for these bands in the loaded LAHY spectrum, this data subset derives from the fit of the band residue
spectrum resulting from the scaled absorbance subtraction {““guest-included host” + “unloaded host”’}.

9 The band position is visually estimated, due to difficulties in fitting based on the position of these bands midway between the two closest host bands.
Line width and intensity data for the guest-loaded host spectra were not estimated for these cases.

¢ These values are for the most intense portion of the absorption bandwidth, due to asymmetry in the P, Q R branch intensity distributions in the
particular band of the gas-phase guest spectra.

f The two C—H bending bands have merged to form a single, broad band.

¢ These host bands are assigned to the surface Si-OH groups.

metric C-H bending band counterpart, which represents a
frequency shift of —57 cm ™! from the antisymmetric band’s
gas-phase value (see Fig. 7).

3.7. Symmetric C-H stretching, {v;,v;s}

In the gas phase the methyl group symmetric C-H
stretching vibration band appears as a very broad,
marked shoulder on the much stronger, higher-frequency
antisymmetric C-H stretching band. The band positions
in the gas phase are somewhat variable at 2942 cm™!
(TBC), 2925cm™' (TBB), and 2927 cm™' (TBI). This
band is dramatically affected by inclusion of the guests

into LAHY. The broad nature of these bands in the gas
phase is observed to diminish upon LAHY loading, with
the emergence of narrow, single bands at 2872 cm™!
(TBC), 2870 cm ™! (TBB) and 2869 cm ™! (TBI). The fre-
quency shifts relative to the gas phase range from
—70cm™! (TBC) and —54cm™' (TBB) to —58cm™!
(TBI).

3.8. Antisymmetric C—H stretching, {v;, v;3,Vi4}
This band is also significantly affected by guest adsorp-

tion into LAHY. The gas-phase bands of the guests, the
maxima of which are located at 2980 cm~' (TBC),
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Fig. 4. An expanded view of the coalescence between the TBB C-Br stretching vibrational mode v; and the LAHY band arising from D6R/S4R BOA
vibrational modes (blue trace). The participating gas-phase TBB guest and the unloaded LAHY host bands are shown by the red and black traces,
respectively. The relative intensities of the traces in Figs. 4-7 are not strictly meaningful, because the spectra were recorded from separate samples in
different experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. An expanded view of the coalescence between the TBC C-Cl stretch/CHj; rocking skeletal vibrational mode vs and the LAHY band arising from
sodalite cage-localized Si-O-Si antisymmetric stretching vibrational modes (blue trace). The participating gas-phase TBC guest and the unloaded LAHY
host bands are shown by the red and black traces, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

2982 cm~!' (TBB), and 2976 cm ™' (TBI), all move to lower
frequency by —17, —21 and —12 cm™ ", respectively, upon
adsorption into LAHY.

4. Discussion of results

This section elaborates on the fact that in this work the
TBH bands, vs, v5, and vy9, appear to coalesce with nearby

LAHY bands upon adsorption of TBH into the host. This
type of interaction was also observed in Na-X [14], where it
was found to be consistent with a phonon-mediated
stochastic exchange of a vibrational quantum of excitation
between vs and a hexagonal prism antisymmetric Si—O—
Si(Al) stretching band. Moreover, members of the TBH
symmetric and antisymmetric C—H bending modes are
observed to coalesce with one another upon adsorption
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D6R-localized Si-O-Si antisymmetric stretching vibrational modes (blue trace). The participating gas-phase TBB guest and the unloaded LAHY host
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Fig. 7. An expanded view of the coalescence between the TBB antisymmetric C-H bending vibrational modes {v3,vis,v7} and the TBB symmetric C-H

bending vibrational modes {vq, vi8)

(blue trace). The participating gas-phase TBB guest bands (antisymmetric modes centered at 1463 cm™!, symmetric

modes centered at 1375 cm™") are shown in the red trace. The unloaded LAHY host absorption profile over this frequency range is shown as the black
trace. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

of TBH into the host. The TBH C-H stretching bands
show characteristics consistent with pseudo-hydrogen
bonding of the methyl C-H groups, and several bands exhi-
bit negligible changes upon adsorption of TBH into
LAHY. Firstly, the assignments of the relevant LAHY
host vibrational bands are briefly presented. A more thor-
ough treatment of the assignments can be found in the Sup-
plementary Material (http://www.sciencedirect.com). The
siting of the TBH molecules was thoroughly determined
in the Na-X study. However, in order to appreciate the
changes in siting that removal of the cations and adjust-

ment of framework charges makes in LAHY, the results
of modeling studies of the siting of the TBH molecules
are then presented. Following the modeling discussion,
the guest and host band position behavior is addressed
by type and discussed on a band-by-band basis. Phenom-
ena in which a quantum of excitation is exchanged between
two vibrational modes, promoted by a low-frequency lat-
tice mode, are presented, examples of which have been
observed in matrix isolation spectroscopy [19]. It was noted
in early work of this kind in matrix isolation spectroscopy
that the broadening of vibrational lineshapes is associated
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with dephasing or loss of phase coherence of the vibration,
due to the stochastic nature of the exchange process [19].
Since the guest band center frequency parameter v, is of
primary interest in the interpretation of interactions
between the guests and host, the discussions of the FTIR
results focus on the changes in frequency position of the
various guest bands upon loading into LAHY.

4.1. LAHY host vibrational band assignments

Although the structure, properties and applications of
X- and Y-faujasites have been extensively discussed in the
literature, an unambiguous assignment of all LAHY host
mid-infrared bands was not found in several searches of
the chemical literature. Thus, as the first step to under-
standing the intermolecular interactions reported in this
work, the dehydrated, unloaded LAHY spectrum was
assigned [18,20-24]. Calculations of the bands were done
for a better understanding of the modes. A full discussion
of the assignment is given in the Supplementary Material
(http://www.sciencedirect.com). Here, only those host
modes are discussed relevant to the interaction issues under
consideration.

Antisymmetric Si-O-Si bending motions on the sodalite
cage and hexagonal prism, respectively, are assigned to the
bands at 461 and 486 cm ™' in comparison with like modes
of Na-X, and crystalline and amorphous SiO, [18]. These
are delocalized modes evidently favoring the indicated
regions of oxygen atom displacement.

The band at 532 cm ™! is assigned to an LAHY pseudo-
lattice mode, due to delocalized Si—O-Si bridging atom
motions in both hexagonal prisms and sodalite cages, that
is unique to the siliceous faujasite lattice [20-24].

The bands at 1177 and at 1210 cm ™' are assigned to
antisymmetric stretching motions of Si—O-Si units on the
sodalite cages and hexagonal prisms, respectively, on the
basis of comparison with like modes in both crystalline
and amorphous forms of SiO, [18] and Al,Os. The calcula-
tions did not reproduce the frequencies very well in this
region, but they do exhibit the alternating sodalite cage
and hexagonal prism character of the oxygen atom motions
with increasing vibrational frequency, a phenomenon that
is discussed in detail in the Supplementary Material
(http://www.sciencedirect.com).

4.2. Combined guest—host modeling calculations

Modeling studies were performed in order to find the
potential energy-minimized geometries of the TBH mole-
cules in a supercage of LAHY. The Materials Studio™
simulation environment MS Modeling 3.1 (Accelrys, Inc.)
was employed. First, electrostatic potential-fitted partial
charges for all TBH atoms were calculated after molecular
geometry optimization with a spin-restricted, gradient-
corrected BLYP exchange/correlation potential using the
DMol? density functional module [25] within MS Modeling
3.1. While constraining the unit cell parameter of a single

all-silicon faujasite unit cell to the experimental LAHY
value of @ = 2.43431 nm, the geometry of the empty lattice
was energy-minimized and then frozen as the template for
determining the energy-minimized TBH geometry in the
LAHY supercages. The Si and O atomic charges of this
structure were taken from those of Jaramillo and Auerbach
[26].

Several energy minima of similar geometry were found,
whose energies were within less than RT of one another at
298 K. The lowest-energy geometry has the halogen atom
oriented toward a pair of inward-puckered (with respect
to the center of a supercage) host oxygen atoms belonging
to an S4R unit of a hexagonal prism and two equatorial
protons, one from each of two methyl groups, interacting
with host inward-puckered oxygen atoms of another hex-
agonal prism S4R unit. A slightly higher-energy minimum
geometry has the halogen atom interacting with three oxy-
gen atoms of a sodalite cage S6R unit and has two equato-
rial protons, one from each of two methyl groups,
interacting with host inward-puckered oxygen atoms of a
neighboring sodalite cage S4R unit, see Fig. 8. In LAHY
and at the ambient temperatures employed in these exper-
iments, the molecules are probably moving between these
two kinds of sites.

4.3. Guest—host and guest—guest exchange of a quantum of
vibrational excitation

4.3.1. C-X stretching, v,

A careful inspection of the loaded LAHY spectra shows
that there are no features to be found in the vicinity of the
gas phase v, frequencies. Solvent extraction of the TBH
loaded X- and Y-type faujasites with subsequent nuclear
magnetic resonance (NMR) experiments confirm the chem-
ical integrity of the TBH guests in the hosts.

Thus, the possible coalescence of the guest v; band with
the host hexagonal prism, four-ring BOA mode is enter-
tained. Coalescence would be the result of the stochastic
exchange of a quantum of vibrational excitation between
the guest and host at rates exceeding the frequency difference

On Hexagonal

Prisms (H)
- X
— HC—¢ S
HoC CH2 ™/
On Sodalite 2 |‘_| ©
Cages (S) h::??}@x,

Fig. 8. Schematic of the interactions between the TBH halogen atom and
an the inward-facing oxygen atoms S4R unit of a hexagonal prism and
between one equatorial hydrogen atom of each of two TBH methyl groups
likewise with another S4R unit adjoining the same sodalite cage.
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between gas-phase guest and unloaded host bands, 52 cm™!

¢ (TBC), 7em™! ¢ (TBB), and 37 cm ™' ¢ (TBI), where ¢ is
the speed of light. Subsequently, frequencies will simply be
given in wavenumber units with this understanding. Such
a coalescence would require energy conserving, low-fre-
quency promoting modes of these frequencies to modulate
the interactions between the halogen end of the TBH mole-
cules and the BOA atoms that point into the LAHY super-
cage, based on modeling studies of the siting of the TBH
described above. In the study of TBH molecules in Na-X
[14], a coalescence was found for vs with the 1060 cm ™!
shoulder of the host hexagonal prism antisymmetric Si—O-
Si(Al) stretching band.

In the present study the locations of the coalesced bands
are very near the unloaded host band, whereas the loca-
tions of the resulting band in TBH loaded Na-X is more-
or-less halfway between the guest and unloaded host
bands. The TBH loaded Na-X coalescence was, thus, trea-
ted as an exchange of a vibrational quantum between the
guest vibrational mode and one host vibrational mode.
NMR studies have been done on solution intermolecular
proton exchange line coalescence between the chemical
shifts of two different chemical species [27]. These phenom-
ena were shown to obey a mole fraction-weighted law of
chemical exchange [27]. If several host oscillators for every
TBH v; mode were involved in the vibrational quantum
excitation exchange, this could afford an explanation for
finding a coalesced band near the unloaded host frequency.

The corresponding form of the weighted exchange in the
current vibrational context would be

Vobs = V47)y7 T VBOAXBOA » (1)

where v; are the oscillator frequencies and y; are the frac-
tions of the guest, i = v;, and bridging oxygen atom modes,
i=BOA, (532cm™'). Note that for a given pair of ex-
change partners, the observed frequency from Eq. (1) will
depend only on the relative amounts of exchanging species.

Eq. (1) has been fitted to the data for TBB and TBI,
omitting TBC for the moment, whose coalesced line
appears to lie below the range spanned by the gas-phase
guest frequency and host BOA mode. The result gives a
value of 36.9 + 15.9 effectively degenerate host BOA modes
per supercage.

Although the uncertainty in this value is high due to
the dependence on the relatively inaccurate difference
between the unloaded host frequency and the coalesced
lines, it is believed that the reasonableness of the result
is strong evidence for the qualitative nature of the vibra-
tional quantum excitation exchange. Consider that the
number of bridging oxygen atoms located on the surface
of a supercage is 48. Of these oxygen atoms, twelve (12)
are directed in towards the centers of hexagonal prisms
or sodalite cages, with the remaining 36 directed into the
supercage with which a TBH molecule could interact.
Thus, there are 36 inward directed framework oxygen
atoms that may support a BOA mode. Therefore

36.9 + 15.9 effectively degenerate, host BOA modes per
supercage does not seem to be unreasonable for a vibra-
tional quantum exchange phenomenon.

Such a vibrational quantum exchange phenomenon was
not observed for the TBH v; mode in Na-X, because the
host modes are at appreciably different frequencies [19]
and the juxtaposition of guest and host modes was evi-
dently not favorable to an exchange coalescence. Other rea-
sons for differences between the TBH/Na-X and TBH/
LAHY systems will be encountered in connection with
other bands.

Why the TBC/LAHY line coalesces slightly to the low-
frequency side of the unloaded LAHY and evades suc-
cessful fitting is not clear. As stated previously, the actual
frequency differences do not greatly exceed the uncertain-
ties in the peak positions. Taking this into account, TBC
may be viewed to be as much an example of the quantum
exchange phenomenon as TBB and TBH. It is possible that
additional exchange phenomena with host modes lower in
frequency than the BOA modes, such as the hexagonal
prism 486 cm ™! and/or the sodalite cage 461 cm ™' antisym-
metric bending modes, may be playing a role. These host
modes do have displacements of O atoms shown to be
interacting with TBC at its sites in the supercage.

The applicability of Eq. (1) is subject, in principle, to
further experimental testing by means of a study of coa-
lesced band position as a function of guest loading and
by means of the temperature dependence of the degree of
coalescence and of the coalesced band width. However,
the fact that the current results for TBB and TBI can be
modeled in a reasonable way by this simple relationship
is interesting and encouraging.

Low frequency, energy conserving, promoting modes
below 100 cm ™! are required. In low-temperature IR and
Raman studies [27] of X- and Y-faujasites, SiO4 “rota-
tional” modes were observed near 100 cm~!. However,
aside from acoustic lattice modes, the only modes identified
below 100 cm ™! were cation modes. As there are essentially
no cations present in LAHY, one can only entertain crystal
lattice modes or TBH molecular diffusional motions
between sites of similar character but with energy differ-
ences of the required order of energy.

4.3.2. C-X stretching, CH; rocking, and C—H bending, vs
The band assigned to the very intense skeletal mode vs
(A;) near 1150 cm™' in the guests is a superposition of
C-X stretching, CH; rocking and mostly methyl axial H
atom displacements in the xy plane of the molecule. Like
v, inspection of the host—guest spectra in the vicinity of
the gas-phase vs frequencies shows that the guest vs bands
are nowhere to be found. However, in place of the some-
what sodalite cage-localized, host Si-O-Si antisymmetric
stretching (SOSAS) band at 1177 cm ™', at a small shift is
found a new peak, 1176 cm~' (TBC), 1173 cm™' (TBB),
and 1175cm™! (TBI). The observation of a guest—host
hybrid band that is intermediate between the isolated guest
and host frequencies and near the unloaded host band
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again suggests an exchange of a quantum of vibrational
excitation between the guest and host. Application of the
weighted exchange expression in Eq. (2) gives agreement
with

Vobs = Vv57y5 T VSOSAS SOSAS- (2)

TBH-LAHY band positions (predicted values are
1174 ecm™", 1173 em ™', and 1172 cm™" and observed values
are 1176cm™!, 1173em™!, and 1175cm™! for TBC
through TBI, respectively). The number of effectively
degenerate Si-O-Si antisymmetric stretching modes per
molecule of TBH, 35.8 + 11.2 is again not unreasonable
in terms of the 36 oxygen atoms pointing into the super-
cage, whose sodalite cage Si—O-Si antisymmetric stretching
modes could interact and exchange vibrational excitation
with the TBH molecules. Such a coalescence would require
energy conserving, low-frequency promoting modes of fre-
quencies, 15cm™' (TBC), 24cm™' (TBB), and 30 cm™!
(TBI), to modulate the interactions between the halogen
end of the TBH molecules and the O atoms that point into
the LAHY supercage, based on modeling studies of the sit-
ing of the TBH to be described subsequently. As discussed
above for v;, these promoting modes would seem to be
either crystal lattice modes or site-to-site diffusional mo-
tions of the TBH molecule.

4.3.3. C-C stretching and CHj; rocking, v;o

The normal coordinate analysis of vi9 (E) shows that
this vibrational mode is skeletal and is best pictured as a
superposition of mostly C-C stretching with CHj; rocking
displacements. Like vs and v, inspection of the host—guest
spectra in the vicinity of the gas-phase v;9 frequencies
shows that the guest v;9 bands are nowhere to be found.
However, in place of the host hexagonal prism Si—O-Si
symmetric stretching (SOSSS) band at 1210cm™!, at a
small shift is found a new peak, 1207cm~' (TBCQ),
1207 cm™' (TBB), and 1199 cm™' (TBI). Again, the prox-
imity of vi9 to the SOSSS band would seem to suggest an
exchange of a quantum of vibrational excitation between
the guest and host. However, since the bands of TBH-
loaded LAHY lie below the frequency range between the
gas-phase v;9 band and the unloaded host band, the
application of the analog of Egs. (1) and (2) is not possible.
Nevertheless, along the lines discussed above for the behav-
ior of the TBC v; band in LAHY, a degree of quantum
exchange with host bands at lower frequency, such as the
sodalite cage SOSAS band at 1177 cm ™', may draw the fre-
quency below that of the hexagonal prism 1210 cm™!
SOSSS band. In this case energy conserving, low-frequency
promoting modes of 25 cm ™' (TBC), 24 cm™~' (TBB), and
12 cm ™' (TBI) would be required to modulate the interac-
tions between the halogen end of the TBH molecules and
the O atoms that point into the LAHY supercage, based
on modeling studies of the siting of the TBH to be
described subsequently. As described previously, these
would seem to be either crystal lattice modes or site-to-site
diffusional motions of the TBH molecule.

One might ask why there are so many participating host
modes in the three vibrational excitation exchange phe-
nomena in LAHY, discussed above, whereas in the single
example of excitation exchange for TBH molecules in
Na-X [14], and in the TBB C-H bending coalescence
described below, there appears to be more-or-less one host
and one guest mode involved. Strong guest-host interac-
tions, such as are found in Na-X, could destroy the degen-
eracy of the host modes, thereby making guest-host
exchange with only a few split-off members of the former
band a possibility, as illustrated in Fig. 9. On the other
hand, weak guest-host interactions, such as are present in
LAHY, may leave the band essentially intact, making it
possible for many effectively degenerate host modes to par-
ticipate in the exchange, also illustrated in Fig. 9.

4.4. TBB antisymmetric and symmetric C—H bending band
members

As indicated below, the relatively weak coupling of the
TBB methyl group C-H bending motion to the host
appears to serve to coalesce a member of the antisymmetric
C-H bending band at 1463 cm ™! in the gas phase, per ~1.8
members of the symmetric C-H bending band at
1375 cm ™" in the gas phase, to an intermediate 1406 cm ™
band in LAHY. The ratio of the numbers of modes is again
based, according to the weighted exchange principle, on the
coalesced band position 31 cm ™' above the gas phase TBB
symmetric C—H bending frequency and 57 cm ™' below the
TBB antisymmetric C-H bending frequency.

Additional evidence for the vibrational energy quantum
exchange phenomenon is the broadening of the coalesced
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Fig. 9. Schematic diagram illustrating the excitation energies of a TBH
guest vibration, split-off excitation energies from the host Na-X band
under strong guest-host interaction conditions, and the main Na-X and
LAHY vibrational bands. Also shown are the proposed excitation
exchange processes between TBH guest and Na-X and LAHY hosts,
with the exchanging quanta in solid arrows and the energy-conserving
promoting modes in dotted arrows. P indicates the rate of exchange.
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line, Av, = 62 cm ™', relative to the gas phase TBB symmet-
ric C—H bend linewidth, Av, = 14 cm~! and antisymmetric
C-H bending linewidth, Av, =22 cm~!. For a simple,
equally-weighted, two-member mode of the kind used in
the exchange phenomenon in Na-X [14], the frequency dif-
ference of 1463 — 1375 =88 cm ' and the linewidth of
62 cm ™! would correspond to a quantum exchange fre-
quency of at least 4.68 x 10" s™! (equivalent to 15.6 cm™")
plus an additional 46.4cm™' or less of heterogeneous
broadening. This line was actually best fit by a Gaussian,
also suggesting the presence of a degree of heterogeneous
broadening. The exchange requires promoting modes of
88 cm ', This magnitude of promoting mode may be pro-
vided by SiO, “rotation” modes or by site-to-site diffusional
motion of the TBH molecule. This phenomenon has been
reported in matrix isolation spectroscopy [19].

4.5. Bands unaffected by guest—host interactions

4.5.1. C-C and C-X stretching, vg

The atomic displacements during the course of the
vibration vg (A;) are best described as a skeletal mix of
C-C stretch, with a smaller amount of C-X stretching
motion. Thus, the halogen—oxygen interaction indicated
in the molecular modeling perturbs this molecular mode
of motion relatively little. Also, the axial methyl group dis-
placement is minimal, while considerable equatorial methyl
group H displacement predominates. Although this mode
has significant equatorial methyl group H atom displace-
ment, one does not expect the C—H bending motion to
greatly affect the guest host interaction, being an atomic
motion that is largely normal to the direction of the
guest-host oxygen atom interaction.

4.5.2. Symmetric C—H bending {vy v;s}

The CH; group symmetric C-H bending band at
1375 cm ™" in the gas-phase guest spectra contains contri-
butions from the two normal modes v4 (A) and vig (E).
These modes remain unaffected by loading of TBH into
LAHY, except for the case of TBB. In this case a portion
of the two modes remains unaffected, while, as described
above, a portion of the band coalesces with a counterpart
from the antisymmetric C-H bending band. Clearly the
modeling calculations show that only the equatorial methyl
H atom interacts with the host supercage oxygen atoms of
the S4R. However, one does not expect the C—H bending
motion to greatly affect the guest host interaction, being
an atomic motion that is largely normal to the direction
of the guest-host oxygen atom interaction.

4.5.3. Antisymmetric C—H bending {v3, v;s, v;7}

The antisymmetric CH; C-H bending band located at
1463 + 3 cm ™' in gas-phase TBH is a superposition of
the C-H bending normal modes v3 (A1), vig (E) and vy;
(E). These modes are antisymmetric in the sense that one
of the methyl hydrogen atoms moves spatially out of phase
with respect to the other two. These modes remain unaf-

fected by loading of TBH into LAHY, except for the case
of TBB. In this case a portion of the two modes remains
unaffected, while, as described above, a portion of the band
coalesces with a counterpart from the symmetric C-H
bending band. Clearly the modeling calculations show that
only the equatorial methyl H atom interacts with the host
supercage oxygen atoms of the S4R. However, one does
not expect the C—H bending motion to greatly affect the
guest host interaction, being an atomic motion that is lar-
gely normal to the direction of the guest—host oxygen atom
interaction.

4.6. Non-coalescent bands strongly affected by guest—host
interactions

4.6.1. TBH symmetric C—H stretch, {vs, v;s}

The TBH bands all more or less uniformly shift to lower
frequency by substantial amounts of 54-70 cm™~' upon
adsorption into LAHY. No host bands exist in this region,
and not surprisingly no concomitant host band shifts are
observed. The effects are consistent with pseudo-hydrogen
bonding of the equatorial methyl protons to the S4R oxy-
gen atoms of the supercage predicted in the modeling study.

4.6.2. Antisymmetric C—H stretching, {v;,v;3,v14}

The TBH antisymmetric C-H stretching bands likewise
all more or less uniformly shift to lower frequencies by
smaller amounts of 12-21 cm™' upon adsorption into
LAHY. Again no host effects are expected or observed.
The band effects are also consistent with pseudo-hydrogen
bonding, as described for the symmetric C-H stretch.
However, the antisymmetric nature of the stretching may
tend to diminish the net pseudo-hydrogen bonding effect
in comparison with the effect on the symmetric stretch.

5. Summary

Room-temperature FTIR spectra of fert-butyl halide
(TBH) loaded into low-aluminum H-Y zeolite (LAHY)
were obtained and analyzed. Three types of phenomena
were observed: (1) four bands exhibited evidence of an
exchange of a vibrational excitation quantum between guest
and host or between two different modes of the guest; (2)
TBH guest bands whose behavior indicates pseudo-hydro-
gen bonding between oxygen atoms of the LAHY host
pointing into the supercage and TBH methyl group hydro-
gen atoms; and (3) TBH guest bands that were essentially
unaffected by guest-host interactions. The particular host
modes responsible for promoting exchange and for ensuring
energy conservation, along with particular modes exhibit-
ing pseudo-hydrogen bonding are rationalized in terms of
the siting of the TBH guest in the LAHY host supercage.
Modeling studies consistent with the rationalization point
to the TBH halide atom interacting with the oxygen atoms
of the four-membered rings of the LAHY hexagonal prisms
pointing into the supercage. Concurrently, the equatorial H
atoms, one on each of two TBH methyl groups, also inter-
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act with the inward-facing oxygen atoms of the four-mem-
bered rings of the LAHY hexagonal prisms.
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