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Abstract

With time-resolved (picosecond) infrared saturation spectroscopy new information is obtained about the interaction of
zeolite surface hydroxyls with small adsorbed molecules. It is found that the presence of the adsorbate, which is weakly
hydrogen bonded to the zeolite hydroxyl. causes the vibrational lifetime of the zeolite hydroxyl to decrease. Remarkably,
this enhancement of the de-excitation is neither due to energy transfer to internal degrees of freedom of the adsorbed species
nor into a one-photon desorption process. Rather, it is due to an increased coupling of the hydroxyl stretching mode to its

accepting modes.

1. Introduction

Zeolites, also known as molecular sieves, are crys-
talline alumino-silicates with large internal surfaces
due to the presence of microscopic channels and pores.
They have cation exchange capacity, and when H*-
exchanged they are solid acids. These acidic zeolites
are widely applied in hydrocarbon conversion reac-
tions in the petrochemical industry [ 1]. Their acidity
is due to Brgnsted catalytically active hydroxyl (O-
H) groups, located between a silicon and an aluminum
atom, pointing into the zeolite cavity.

Knowledge of the interaction between the Brgnsted
catalytic sites in the zeolite and adsorbed species is
essential for a fundamental understanding of zeolite
catalysis. Time-resolved (picosecond) infrared spec-
troscopy has been proven to be a powerful tool in the
investigation of the vibrational dynamics of the con-
densed phase in general [2] and the zeolite hydroxyl
in particular [3-7]. In these pump-probe experiments,
the O-H stretch vibration under investigation is satu-

rated by an intense picosecond infrared laser (pump)
pulse. The return to equilibrium is then monitored by
the transmission of a weaker pulse, the probe pulse.
From these experiments the vibrational lifetime 77 can
be obtained. This lifetime cannot be obtained through
conventional infrared spectroscopy, since the width of
the absorption band is determined by inhomogeneous
broadening and/or dephasing. Here, we present new
measurements on the lifetime of the zeolite hydroxyl
stretching mode with small molecules adsorbed.

2. Experimental

We investigated the vibrational lifetimes of hydrox-
yls in two zeolites: Y and mordenite. The zeolite sam-
ples consist of pressed self-supporting crystalline ze-
olite discs of 5 mg/cm?. Acid forms of zeolites were
obtained by in vacuo heating (1 h at 743 K) of mor-
denite in which Na™ cations were exchanged by NH
cations. The mordenite under investigation was spec-
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ified by Si/Al and H/T (T=Si or Al) atomic ra-
tios of 6.7 and 0.13, respectively. For the partially
exchanged zeolite Y, Si/Al= 2.8 and H/T= 0.07. In
some of the experiments the zeolite hydroxyls were
deuterated by exposing the zeolite disc to 500 mbar
of D, gas (Messer Griesheim, 99.7%) at 693 K and
allowing exchange for 1 h, resulting in approximately
70% exchange as observed from the absorption spec-
tra. Spectra were recorded using a Perkin-Elmer 881
double beam IR spectrometer. Adsorption of argon,
oxygen, nitrogen and methane was performed at 100
K at pressures ranging from 200 mbar to 2 bar.

For the experiments intense (~ 100 uJ) picosecond
(27 ps) tunable infrared (2200-4500 cm™!) pulses
are generated by parametric downconversion of 1064
nm Nd:YAG pulses in LiNbO;3 crystals (an extensive
description of the experimental setup can be found in
Ref. [8]). The spectral width of the infrared pulses is
10 cm™! at O-D stretch frequencies and 30 cm™' at
O-H frequencies. A pulse is split into a pump pulse
(99%) and a weak probe pulse (1%). In the pump-
probe experiment a considerable fraction (= 10%-
20%) of the hydroxyl oscillators are excited from their
v =0 to v = | vibrational state by the pump pulse
tuned to the hydroxyl absorption frequency. Due to a
large anharmonicity (the O-Huv = 1 — 2 absorptionis
shifted by about 100 cm~! from the v = 0 — 1 absorp-
tion [5,9]) the excited O-H (v = 1) cannot absorb the
pump light. This results in a bleaching of the hydroxyl
absorption on a picosecond time scale, i.e. the trans-
mission for light at this frequency through the sam-
ple is increased temporarily. Hence the equilibration
of the excited population can be monitored by mea-
suring the transmission of a weak probe pulse whose
time delay with respect to the pump-pulse can be var-
ied. The decay of the pump-induced transparency is
related to the vibrational lifetime of the excitation 7}:
In[T(t)/To] ~ exp(—t/Ty), where T(r) is the trans-
mitted energy of the probe pulse at delay ¢ and Ty is
the transmitted probe energy in absence of the pump
pulse.

In principle, only a two-colour experiment directly
yields the population lifetime of the excited vibrational
mode. In these experiments, the v = 1 — 2 transient
absorption is monitored after excitation of v =0 — 1.
With two-colour infrared pump-probe experiments, it
has been shown for a zeolite hydroxyl that the life-
times thus obtained are equal to those obtained from

the one-colour experiment [ 5]. Furthermore, it has re-
cently been found that the decay of the so-called ‘ac-
cepting modes’, which are excited upon de-excitation
of the O-H stretching mode, is relatively very fast,
confirming the idea that the decay fromv =1tov =0
is effectively direct [10].

3. Results

A downshift of the O-D absorption frequency oc-
curs upon adsorption of argon, nitrogen, oxygen and
methane on D-mordenite at 100 K (Fig. 1a). This is
caused by a weakening of the original O-D bond due
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Fig. 1. (a) Absorption spectra in the O-D stretch region of mor-
denite O-D in vacuum and with several molecules adsorbed. All
spectra were recorded at 100 K. Note the shift to lower frequen-
cies on adsorption. (b) The vibrational lifetime 7| as a function of
laser frequency for mordenite O-D with and without adsorption.
T is found to increase with frequency. The laser bandwidth with
Gaussian shape has a full width at half maximum of 10 cm™!,
Error bars denote + 20.
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to the presence of the hydrogen bond between the hy-
droxyl deuteron and the adsorbed species [11]. Note
that upon N> and CH,4 adsorption two distinctive peaks
appear: a low-frequency peak due to the perturbed
species, i.e. hydroxyls at which adsorption is occur-
ring, and the residue of the non-perturbed species, on
which no adsorption takes place, at higher frequencies.

Two typical results of pump-probe experiments for
the case of N, adsorption are depicted in Fig. 2. For
the unperturbed O-D groups (# = 2667 cm™!), T;
times are equal to those found for the O-D in vacuum
(T; = 60(4) ps). The hydrogen bonded species (P =
2592 cm™'), are found to relax faster (Tj= 10(6)
ps), and an increased transmission after vibrational
relaxation is observed. In Fig. 1b the results of the
pump-probe experiments are summarized: the vibra-
tional lifetime decreases continuously with decreas-
ing frequency, and the lifetime is hardly dependent on
the species adsorbed. The lifetimes were obtained by
numerically solving the appropriate differential equa-
tions [ 12}, that simultaneously account for population
excitation and relaxation (multiple absorption steps
are allowed). For lifetimes shorter than the pulse du-
ration, an accurate estimate of the lifetime can be ob-
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Fig. 2. Results of pump-probe experiments at two different laser
frequencies of a mordenite sample with N; adsorbed (dashed
line in Fig. la). Relative transmission of an infrared probe pulse
In{7(r)/Tol (To is the transmitted probe energy in absence of
the pump pulse) as a function of the delay between pump and
probe pulses. The values for the fitted energy decay times 7; (and
the corresponding standard deviations) were obtained by numer-
ically solving the appropiate differential rate equations (see Ref.
i 121, the results of which are shown as lines in the figure. The
vibrational relaxation time is found to drop dramatically upon hy-
drogen-bonding and for the hydrogen-bonded species an increased
transmission is observed after relaxation.

tained from the width and magnitude of the si gnal.
Also, we adsorbed N, on the so-called HF (high-
frequency) hydroxyls in zeolite Na/HY. In zeolite Y
there are two types of hydroxyls, with distinctl y sepa-
rated absorption bands (Fig. 3a). The low-frequency
(LF) hydroxyls are situated in the small cages,
whereas the HF sites are situated in the large super
cages [13]. In the partially exchanged sample used
here, mostly HF oscillators are present (Fig. 3a).
Coincidentally, adsorption of N, on the HF hydroxyls
shifts the HF oscillator frequency to that of the LF
hydroxyls [6]. The absorption spectra and results of
time-resolved measurements for the vacuum sample

35
HF Zeolite NaHq oY
30 PN (
VAR N,
25 / \\ H
2 / \
€ 20 / \/'(‘) T
3 / A /O
g st/ \ Si Al N ()
g \ Si Al
i
% 10 // LF \
[72]
a %
< o5 l
S NS
00 e e
100 K
_05 1 1 1 " e 1
3500 3550 3600 3650 3700 3750
wavenumber (cm™)
140 ~
[ ® HF-OH +N,, (bonded)
120 © LF-OH (vacuum)
L (b}
100
g ) :
g s % | t
5 | -
gl ¢
'—
s ®
40 +
I . 100 K
20 a2 1 . 1 —_— i1 n 1 A 1
3500 3520 3540 3560 3580 3600

wavenumber (cm™")

Fig. 3. (a) Absorption spectrum for the O-H region of zeolite
NaHg 7Y (dotted line). Due to the low level of exchange, mainly
HF hydroxyls are present. Upon adsorption of N; the absorption
band shifts to lower frequencies, coinciding with the LF absorption
band (solid line). (b) Vibrational lifetimes for the vacuum LF
species and the hydrogen-bonded HF species, both absorbing at
the same frequency. The lifetimes and the dependence thereof on
frequency are very similar. Note the different frequency axes in
the two figures.
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and the sample with N; adsorbed are shown in Figs.
3a and 3b, respectively. Upon adsorption of Ny, the
lifetimes of the HF hydroxyls decrease by over a fac-
tor of three and perfectly coincide with the lifetime
of the vacuum LF hydroxyls.

4, Energy transfer mechanisms

From picosecond transmission measurements on
ethanol dissolved in CCly, it was found that the
breaking of hydrogen bonds is an effective relaxation
channel for the vibrationally excited ethanol hydroxyl
[14]. Whereas the monomeric O-H stretching mode
exhibited a 7} lifetime of 70 ps, the hydrogen-bonded
ethanol showed a lifetime of 5 ps. Also, a fast re-
association of the hydrogen bond was observed with
a time constant of 20 ps. This is possible in liquid
ethanol, due to the high density of molecules. In the
zeolite, however, one would expect re-association to
take longer, due to the lower density of the adsorbates.
In our experiments, an increased transmission after
complete vibrational relaxation as shown in Fig. 2 was
observed for all hydroxyls to which a molecule was
adsorbed. In principle, this could be due to desorption
of the adsorbed species upon vibrational relaxation
of the hydroxyl, i.e. a breaking of the hydrogen bond
as observed for ethanol (for nitrogen, the heat of ad-
sorption on the zeolite hydroxyl is 1000 cm~'/bond,
i.e. about one third of the vibrational quantum [15]).
If desorption were to take place upon vibrational re-
laxation, the oscillator frequency would shift back to
its unperturbed value. Hence, the hydroxyl would no
longer absorb light at the laser frequency, since the
oscillator frequency would be shifted out of the laser
band. This could account for the observed increase in
transmission after relaxation (Fig. 2). On the other
hand, it has been shown recently that upon vibrational
relaxation of zeolite hydroxyls, the excess O-D stretch
energy becomes delocalized very rapidly (within 10
ps). culminating in an effective heating of the zeolite
lattice [10]. As hydrogen bonds are very sensitive
to temperature. changes, this could also be the cause
of the increased transmission after vibrational relax-
ation. To check whether the transmission offset is due
to a direct one-photon desorption process or indirect
desorption due to ultrafast heating, we performed the
experiment with decreasing pump energy. Whereas

the 7y times are independent of the pump energy, with
decreasing pump energy, and consequently less heat-
ing of the zeolite, relaxation of the transmission to
the original equilibrium transmission occurs as shown
in Fig. 4. This rules out the possibility of one-photon
desorption: the magnitude of the signal is proportional
to the number of excited oscillators and the offset pro-
portional to the number of shifted oscillators. In case
of one-photon desorption one would expect the ratio
of the two to be independent of the pump energy. The
desorption we observe is thermal and indirect, due to
rapid delocalization of the excess energy [ 10]. Thus
we conclude that, in contrast to liquid ethanol, dis-
sociation of the hydrogen bond does not occur upon
relaxation of the vibrationally excited oscillator.

In principle the internal low-frequency modes of the
adsorbed molecule could act as accepting modes. In
this case the relaxation rate would depend critically on
the exact internal low-frequency mode distribution of
the adsorbed species. We observe, however, that the
lifetime is hardly dependent on the adsorbed species
(Fig. 1b, only for Ar the lifetimes seem somewhat
larger). This leads us to conclude that there is no di-
rect energy flow from the excited hydroxyl into inter-
nal degrees of freedom of the adsorbed molecule: If
specific modes of the adsorbed molecules would act as
accepting modes, one would expect different lifetimes
for different adsorbates, contrary to what is observed.
So, only the magnitude of the perturbation of the os-
cillator by the hydrogen bond determines the relax-
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Fig. 4. Three pump-~probe experiments for N, -perturbed oscillators
in D-mordenite with different pump energies. The signals are
scaled to 1, with scaling factors indicated in graph. With decreasing
pump energy, relaxation to original transmission occurs.
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ation rate, and not the specific characteristics of the ad-
sorbed species. This is corroborated by the finding that
the N,-perturbed HF oscillators in the Y zeolite show
the same lifetimes as the vacuum LF species absorb-
ing at the same frequency: In Ref. [7] it was shown
that in vacuum the LF hydroxyls are already hydro-
gen bonded to oxygen lattice atoms. So also here, the
vibrational relaxation rate is determined by the mag-
nitude of the perturbation, independent of whether the
perturbation is due to zeolite lattice oxygen or molec-
ular nitrogen.

From the above, it is clear that the presence of the
adsorbate does not create any new pathways for the vi-
brational energy to flow into. Therefore, we conclude
that the faster vibrational relaxation must be due to an
increased coupling between the zeolite hydroxyl and
its accepting modes. This enhanced coupling can, on
the one hand, be interpreted as an energy mismatch
compensation by minor energy flow into the hydro-
gen bond. Upon vibrational relaxation, the vibrational
energy is redistributed over the accepting modes. If
the sum of energies of these accepting modes is not
in resonance with the vibrational quantum, vibrational
relaxation will take longer. The possible energy mis-
match could be compensated by minor energy flow
into the hydrogen bond, into which a wider range of
energies can be dissipated with increasing hydrogen
bond strength. This interpretation was used to explain
and model the solvent-dependent vibrational relax-
ation rate of the C-H stretching mode of small organic
molecules [16].

On the other hand, this enhanced coupling can also
be viewed as an increase of the anharmonic interac-
tion between the hydroxyl stretch vibration and the
accepting modes, increasing with increasing hydro-
gen bond strength [7]. In a recent thorough investiga-
tion of O-H relaxation in Y zeolites in vacuum with
time-resolved spectroscopy, it was concluded that hy-
drogen bonding of the zeolite hydroxyl to lattice oxy-
gen atoms enhances the coupling to accepting modes,
resulting in a faster decay [7]. The experiments de-
scribed here corroborate this finding. We observe a
large increase in the vibrational relaxation rate upon
adsorption, and find that the effect of the adsorbate
on the vibrational relaxation process is to increase the
coupling: despite the presence of the adsorbate, the
bulk of the energy is still dissipated over the lattice,
albeit faster. The presence of the adsorbate does not

create any new relaxation channels; the hydrogen bond
remains intact and no energy is transferred to the ad-
sorbate itself.

5. Conclusion

We have succeeded in measuring the lifetimes of
surface hydroxyls in zeolites perturbed by small ad-
sorbates. The decay is more rapid for the hydrogen-
bonded hydroxyls, but independent of adsorbate. We
find no evidence for energy transfer processes between
the zeolite hydroxyl and the adsorbate, or energy flow
into the hydrogen bond. We therefore conclude that the
enhancement of the vibrational relaxation rate is due
to an increase in the coupling between the hydroxyl
and the zeolite lattice.

Acknowledgement

We thank J. Beijersbergen and H. Bakker for help-
ful discussions. The work described in this Letter is
part of the research program of the Stichting Funda-
menteel Onderzoek van de Materie (Foundation for
Fundamental Research on Matter) and was made pos-
sible by financial support from the Nederlandse Orga-
nisatie voor Wetenschappelijk Onderzoek (Nether-
lands Organization for the Advancement of Research).

References

[1] J.M. Thomas, Sci. Am., April (1992) 82.

[2] A. Laubereau and W. Kaiser, Rev. Mod. Phys. 50 (1978)
607.

[31 EJ. Heilweil, M.P. Casassa, R.R. Cavanagh and J.C.
Stephenson, Ann. Rev. Phys. Chem. 40 (1989) 143,

[4] C. Hirose, Y. Goto, N. Akamatsu, J. Kondo and K. Domen,
Surface Sci. 28 (1993) 244.

5] J. Kubota, M. Furuki, Y. Goto, J. Kondo, A. Wada, K. Domen
and C. Hirose, Chem. Phys. Letters 204 (1993) 273.

|6] M. Furuki, J. Kubota, Y. Goto, E Wakabayashi, J. Kondo, A.
Wada, K. Domen and C. Hirose, J. Electron Spectry. Relat.
Phenom. 64/65 (1993) 259.

[7]1 M.J.P. Brugmans, A.W. Kleyn, A. Lagendijk, W.P.J.H. Jacobs
and R.A. van Santen, Chem. Phys. Letters 217 (1994) 117.

[8] H.J. Bakker, PC.M. Planken, L. Kuipers and A. Lagendijk,
J. Chem. Phys. 94 (1991) 1736.

[9] L.M. Kustov, V.Y. Borovkov and V.B. Kazansky. J. Catal.
72 (1981) 149.



314 M. Bonn et al. / Chemical Physics Letters 233 (1995) 309-314

{10] M. Bonn, M.J.P. Brugmans, A.-W. Kleyn and R.A. van {13] PA. Jacobs and J.B. Uytterhoeven, J. Chem. Soc. Faraday
Santen, J. Chem. Phys., in press, first february issue 1995. Trans. I 69 (1973) 359.

{11] D. HadZi and S. Bratos, in: The hydrogen bond, Vol. 2, | 14] H. Graener, T.Q. Ye and A. Laubereau, J. Chem. Phys. 90
eds. P. Schuster, G. Zundel and C. Sandorfy (North-Holland, (1989) 3413.
Amsterdam, 1976) p. 565. | 15] F. Wakabayashi, J. Kondo, W. Akihide, K. Domen and C.

[12] EJ. Heilweil, M.P. Casassa, R.R. Cavanagh and J.C. Hirose, J. Phys. Chem. 97 (1993) 10761.

Stephenson, J. Chem. Phys. 82 (1985) 5216. [16] H.J. Bakker, J. Chem. Phys. 98 (1993) 8496.



