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Direct vibrational energy transfer in zeolites
Marco J. P. Brugmans, Huib J. Bakker, and Ad Lagendijk
FOM-Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands

~Received 14 June 1995; accepted 29 September 1995!

With two-color picosecond infrared laser spectroscopy the dynamics of O–H and O–D stretch
vibrations in zeolites are investigated. Zeolites appear to be good model systems to study transfer of
vibrational energy in a solid. For the O–D vibrations, transient spectral holes are burnt in the
inhomogeneously broadened absorption bands by saturating the absorption with a strong pump
pulse. From the spectral hole widths the homogeneous absorption linewidths are obtained. The
excited population lifetimes are determined using a time-resolved pump–probe technique, and in
combination with the homogeneous linewidth the pure dephasing time is revealed as well. For high
concentrations of O–H oscillators the vibrational stretch excitations are found to diffuse spectrally
through the inhomogeneous absorption band. This spectral diffusion process is explained by direct
site-to-site transfer of the excitations due to dipole–dipole coupling~Förster transfer!. The
dependences of the transient spectral signals on oscillator concentration and the results of one-color
polarization resolved experiments confirm this explanation. The spectral transients are satisfactorily
described by simulations in which the site-to-site transfer by dipole–dipole coupling is taken into
account. ©1996 American Institute of Physics.@S0021-9606~96!03701-3#

I. INTRODUCTION

With the advent of intense picosecond mid-infrared laser
pulses, it has become possible to study the population dy-
namics of molecular vibrations in the condensed phase in a
time-resolved way, directly revealing excited-state lifetimes
and energy pathways of vibrational energy~see Ref. 1 for an
early review!. This information cannot be obtained in the
frequency domain, because inhomogeneous broadening and
~at room temperature! pure dephasing mechanisms are usu-
ally the main contributions to the absorption lines. Hence,
ultrafast infrared spectroscopy is essential to achieve a fun-
damental understanding of vibrational dynamics in the con-
densed phase.

The vibrational dynamics of small molecules in solution
have extensively been studied with ultrafast infrared spec-
troscopy~see Refs. 2–14 for some examples!. These experi-
ments have provided insight into intramolecular and intermo-
lecular energy transfer processes in the liquid phase2–5,8–13as
well as in the dissociation dynamics of hydrogen bonds.6,7,14

To investigate the vibrational coupling between adsorbates
and surfaces, the same time-resolved techniques have been
applied to adsorbates.15–27The population dynamics of mo-
lecular vibrations in solid matrices containing some
disorder28–33 have received less attention so far. It is inter-
esting to study these dynamics from a fundamental point of
view, because the collective effects and vibrational couplings
can be expected to be important in these systems. The dif-
ferent environments of the vibrational oscillators in these
solids lead to inhomogeneous broadening of the absorption
bands so that a straightforward interpretation of the results in
single-molecule properties is difficult. As a consequence, in-
teresting phenomena like spectral diffusion might occur in
these systems.

Another challenge is to apply the time-resolved spectro-
scopic techniques to chemically active systems to learn more

about the chemical dynamics and reactions~see, e.g., Ref. 34
and references therein!. In this context the population dy-
namics of hydroxyl vibrations in zeolites have been studied
in the last few years.35–43Acid zeolites are industrially im-
portant materials because they are widely exploited as
catalysts.44 Catalytically active sites in the porous zeolite
framework are the hydroxyl groups, which are found near
aluminum atoms in the crystalline alumino-silicate structure.
The time-resolved infrared saturation experiments provided
new information on the different hydroxyl groups and hydro-
gen bonding to the lattice,37,38 on the deexcitation
mechanism,42 and on interactions with adsorbates.43 Besides
contributing to the insight in the molecular structure, these
studies are the very first step in revealing the reaction dy-
namics on a molecular scale, since the coordinate of the hy-
droxyl stretch vibration is parallel with the reaction coordi-
nate for the catalytic proton donation.45

The main objective of the present study is to gain insight
into population dynamics of molecular vibrations embedded
in a crystalline host, for which the zeolites have proven to be
good model systems. We investigate the vibrational dynam-
ics of hydroxyl groups in zeolites in detail with double reso-
nance picosecond spectroscopy.2,5 This two-color infrared
technique permits us to directly follow energy pathways and
couplings between different vibrational modes.

With infrared transient hole-burning techniques~see also
Refs. 9, 31, and 32! we have burnt spectral holes in the
hydroxyl absorption bands in the zeolites, revealing the in-
homogeneity of the hydroxyl sites. From the spectral holes
the homogeneous linewidths are determined. With a time-
dependent pump–probe technique the rate of population de-
cay is measured. Hence all temporal and spectral information
about the vibrations is obtained. We find that at high concen-
trations of O–H oscillators the vibrational stretch excitations
migrate through the inhomogeneously broadened absorption
bands on a picosecond time scale. This migration is due to
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nonradiative dipole–dipole coupling and has extensively
been studied forelectronicexcitations.46–48 For instance, in
photosynthetic systems the excitations are transferred by this
mechanism.49,50For vibrations, this direct excitation transfer
was recently found to occur among adsorbates on a
surface.24–26The notion that at high oscillator concentrations
the vibrational excitations in a zeolite hop between different
sites is confirmed by experiments in which the oscillator den-
sity is varied and by polarization resolved experiments. The
transient signals are modeled with simulations in which the
direct transfer of the excitations due to dipole–dipole cou-
pling of the oscillators is accounted for.

II. EXPERIMENT

A. Time-resolved two-color infrared saturation
spectroscopy

The high-intensity picosecond infrared pulses used for
the time-resolved saturation experiments are generated by
means of parametric generation and parametric amplification
in LiNbO3 crystals.

51,52 To obtain pump and probe pulses
which are independently tunable in wavelength,5 the setup as
described in Ref. 10 is extended with another infrared gen-
erating branch. An actively and passively mode-locked
Nd:YAG laser which delivers 35 ps pulses at 1064 nm with
pulse energies up to 60 mJ at a repetition rate of 10 Hz, is
used to pump two identical mid-infrared generating laser
branches. The YAG pulses are split using HEL~high energy
laser! beamsplitters. The pump pulses at frequencyv3 are
downconverted into two other infrared pulses at smaller fre-
quenciesv1 and v2 ~v35v11v2!. By angle tuning of the
LiNbO3 crystals, frequencies in the range of 2200–7200
cm21 can be generated with this setup. By convention, the
wave at the largest frequencyv1 is called the signal andv2 is
called the idler. The idler is used for the time-resolved ex-
periments.

Each of the two parametric generation and amplification
laser branches, denoted with ‘‘1’’ and ‘‘2’’ in Fig. 1, consists
of three~5- or 3-cm-long! LiNbO3 crystals, with the optical
axes cut at 47.1°. In each branch, the first crystal is pumped
with about 10 mJ of the Nd:YAG pulse energy. The signal
and idler waves generated in the first crystal are amplified
further in the second crystal using the remaining part of the
pump pulses. Behind the second crystal the pump pulse is
reflected out of the beam and the idler wave is blocked using
a high-pass filter.10 In the third crystal the signal pulse has
temporal overlap with a fresh Nd:YAG pump pulse of about
8 mJ pulse energy and is amplified further. In the same pro-
cess, a high-intensity idler pulse is generated. The parametric
amplification process in the third crystal is in saturation,
which reduces the amplitude noise of the generated infrared
pulses. Behind the third crystal the remaining pump pulse is
reflected out of the beam. The signal pulses are reflected
from the beam with dichroic mirrors and are used for diag-
nostics: the signal pulses are frequency doubled in a 6.5-mm-
long BBO crystal cut under 22.8° and the center wavelength
of the generated second-harmonic light is determined with an

optical multichannel analyzer~OMA! mounted on a spec-
trograph.

The idler pulses generated in this process have typical
pulse energies of 100–200mJ, depending on their exact fre-
quencies, and have a pulse duration of 25 ps. The linewidths
of the generated infrared pulses, which depend strongly on
frequency, are determined using a scanning infrared spec-
trometer. It is found that at the O–D wavelengths, the spec-
tral content of the pulses can be deduced directly from the
second-harmonic spectrum of the doubled signal pulses. At
the O–H wavelengths this is not possible, because the spec-
tral widths are too large. The full spectral width at half maxi-
mum ~FWHM! of the idler pulses ranges from about 7 cm21

at the O–D absorption frequency to about 34 cm21 at the
O–H wavelength~see Table I for the experimental param-
eters!, which means that the pulses are far from bandwidth
limited.53

The independently tunable idler pulses are used to per-
form the pump–probe infrared saturation spectroscopy, for
which the setup is depicted schematically in Fig. 2. One
beam, i2 in Fig. 2, is focused onto the sample by a 100 mm
CaF2 lens. This is the pump pulse which excites a significant
fraction of the vibrational oscillators and thereby saturates
the absorption. From the other idler beam, i1 in Fig. 2, a low
intensity pulse is split off by a thin CaF2 plate which reflects
about 1%. The transmitted high-intensity part~99%! of that
pulse is stopped by a beam dump, and is not used in the
two-color experiments. The reflected low-intensity pulse,
which is the probe pulse, is sent into a variable delay~a
gold-coated retroreflector on a translation stage! to vary the
time delay with respect to the pump pulse. The probe pulse is
focused onto the same spot of the sample as the pump pulse
with the same 100 mm CaF2 lens and is collimated with an-

FIG. 1. Schematic representation of the experimental setup with which the
picosecond mid-infrared laser pulses are generated. A single pulse from a
mode-locked Nd:YAG laser, denoted by ‘‘y’’ in the figure, is split in several
pulses which are used to pump two independently tunable mid-infrared gen-
erating laser branches, denoted by ‘‘1’’ and ‘‘2.’’ Each branch consists of
three LiNbO3 nonlinear crystals in which parametric generation and ampli-
fication yields mid-infrared pulses at different frequencies, the signal ‘‘s’’
and the idler ‘‘i.’’ The extra optical delays to accommodate temporal overlap
of the pulses are not shown.
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other 100 mm CaF2 lens behind the sample. The transmitted
probe energy is measured with a PbSe~signal! detector. A
mechanical shutter is placed in the pump beam, which stops
every second pump pulse, so that each pump–probe pulse
pair is followed by a probe pulse only, to deduce the effect of
the pump pulse on the transmission of the probe. To deter-
mine whether the detected transmitted probe pulse was ac-
companied by a pump pulse, the latter one is detected with

another PbSe cell behind the sample as well~pump detector!.
To correct for pulse-to-pulse fluctuations of the probe inten-
sity, before the sample a small part of the probe pulse is
reflected out of the beam with another CaF2 plate and its
intensity is measured with a PbSe~reference! detector. Low-
pass filters which only transmit the idler are placed in front
of all detectors. The PbSe cells do not detect the infrared
beams directly but, to reduce extra noise due to spatial fluc-
tuations, are first diffused by roughened aluminum plates.10

With this setup, the value of ln(T/T0), whereT is the trans-
mitted probe energy in the presence of the exciting pump
pulse andT0 the probe transmission without the pump pulse,
is determined.

The two-color saturation experiment allows for explor-
ing a two-dimensional~time, frequency! parameter space and
can be exploited in two ways:5 the probe transmission can be
measured~i! as a function of the time delay with respect to
the pump by changing the variable delay or~ii ! as a function
of probe frequency at a fixed delay time with respect to the
pump pulse. In the former experiment the dynamics of the
excited level populations are monitored directly, whereas in
the latter the transient absorption spectrum after excitation is
recorded. The position of the variable delay is computer con-
trolled and for all laser shots the position and the reading of
all detectors is stored. A typical measurement as a function of
time delay consists of 10 scans over 50 delay positions, and
at each position 40 laser shots are collected~20 with pump,
20 without pump!. To record the transient absorption spec-
trum at a fixed delay, typically 400 shots are collected per
probe frequency. All experiments presented in this paper are
performed at room temperature.

For an anharmonic molecular vibration, for which the
level spacing changes with increasing energy in the vibra-

TABLE I. Overview of some experimental parameters and results of the experiments discussed in Secs. IV A
and IV B.

Quantitya

O–D O–H

LF HF LF HF

ncenter
abs ~cm21! 2620 2683 3549 3637

Dnabs ~cm21! 36 16 53 24
Occupation fractionb 56% 47% 100% 100%

nanh ~cm21! 92 86 172 162
Dn0→1

las ~cm21! 5.8 8.1 33 35
Dn1→2

las ~cm21! 4.8 6.4 30 12c

t0→1 ~ps! 4262 12763 4462 250612
t1→2 ~ps! 4263 12062 4363 317615c

dnhom ~cm21! 461d 461 .5.4e .5.4e

T1 ~ps! 4262 12364 50–100 400–500
T2* ~ps! 2.760.7d 2.760.7 .2e .2e

aProperties of the absorption bands are denoted with ‘‘abs’’ and are obtained from the conventional infrared
absorption spectrum. The spectral widths of the laser pulses~denoted with ‘‘las’’! depend strongly on wave-
length and weakly on the alignment; the frequency~the transition to which the laser was tuned! is indicated as
a subscript. AllDn widths are FWHM.
bThe percentage of oscillators which are studied D/~H1D! for the O–D experiments, H/~H1D! for the O–H
experiments.
cAt the red side of thev1→2 hot-band transition.
dValues ofdnhom57.061.5 cm21 andT2* 5 1.66 0.4 ps are found in the low-frequency shouldern,2615 cm21.
eInferred from the O–D results.

FIG. 2. Schematic representation of the experimental setup for time-
resolved pump–probe spectroscopy. One of the idler beams generated with
the setup depicted in Fig. 1, i2, is the pump beam. With a thin CaF2 plate a
weak part of the i1 beam is reflected and is sent into a variable delay, this
pulse is the probe pulse. Pump and probe pulses are focused onto the same
spot on the sample with the same CaF2 lens and are collimated behind the
sample with another lens. A reference probe pulse, the transmitted probe
pulse, and the transmitted pump pulse are detected with PbSe detectors.
Every other pump pulse is blocked with a beam shutter to record the probe
transmission without the pump pulse. The diaphragms around the transmit-
ted probe beam to suppress scattering of the pump beam by the zeolite
sample are omitted in this graph.
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tional potential, the following signals for the probe transmis-
sion can be expected. For stretch vibrations in the mid-
infrared at room temperature, without the saturating pump
pulse, all the population is in thev50 vibrational ground
state, see Fig. 3~A!. Hence, ignoring overtone absorption at
higher frequencies, absorption only occurs between thev50
ground state and thev51 excited state. A strong pump pulse
resonant with the fundamentalv0→1 transition excites a sig-
nificant fraction~in our experiments typically;10%–20%!
of the oscillators to the first excited vibrational level,v51
@see Fig. 3~B!#. Due to the anharmonicity of the molecular
vibration, the pump is not resonant with thev1→2 transition.
When the probe frequency is tuned to the samev0→1 transi-
tion, the transmission for the probe pulse is increased as long
as it arrives simultaneously with or just after the exciting
pump pulse due to a reduced population difference between
the ground and excited state, implying that the fundamental
absorption is ‘‘bleached.’’ As long as thev51 level is popu-
lated, absorption fromv51 to v52 can occur and conse-
quently the transmission of a probe pulse at thev1→2 transi-
tion frequency is decreased. This induced absorption band
between the first and second excited levels is referred to as
the ‘‘hot band’’ and is located at a somewhat smaller fre-
quency than the fundamental transition due to the anharmo-
nicity of the vibration. By varying the time delay of the
probe pulse with respect to the pump pulse, the return to
equilibrium for both transitions can be monitored.

B. Samples

Zeolites are alumino-silicates and form very porous
crystalline frameworks. The charge compensation, needed
for every silicon atom replaced by an aluminum atom, is
provided by Na1 cations in the interstices of the structure.
The proton loaded zeolites which we have investigated here

were obtained by heatingin vacuo ~at least 1 h at 723 K!
zeolites in which the Na1 cations were exchanged for NH4

1

cations. ~The samples were self-supported discs of 4–6
mg/cm2!.54,55 All experiments were done at room tempera-
ture with the samplesin vacuoand were performed within
two days after heating to prevent water contamination.

We have studied proton-loaded zeolites Y with a silicon
to aluminum ratio of Si/Al52.8. Zeolite Y is known to have
a faujasite structure56 and in the exchanged versions the acid
protons are covalently bonded to oxygen atoms around alu-
minum atoms. The protons are found on three of the four
crystallographically different oxygen sites in the structure.57

The absorption spectra around the O–H stretch frequency as
measured with a conventional infrared absorption spectrom-
eter is depicted in Fig. 4. Two absorption bands, one at
higher frequency~HF! and one at lower frequency~LF! are
distinguished. The LF absorption band arises from protons
which point into the smaller sodalite cages57 and form weak
hydrogen bonds with nearby oxygen atoms in the structure.38

The HF absorption band arises from hydroxyls pointing into
the larger supercages of the structure.

Besides the dynamics of the O–H vibration, we also
studied the O–D vibrations in the same zeolites with time-
resolved saturation spectroscopy. The deuterated versions of
the acid zeolites were obtained by keeping the samples for
some time~a few hours to one day typically! at an elevated
temperature~between room temperature and 723 K! in a
background of D2 gas, after the standard bakeout procedure.
As can be inferred from the conventional O–D absorption
spectrum~see, e.g., Fig. 5! the protons which constitute the
two absorption bands are exchanged for deuterons at the
same level. Depending on the temperature, time, and back-
ground pressure of the D2 gas during the deuteration process,
different levels of exchange~up to 80%! could be attained.

FIG. 3. Schematic representation of a vibrational potential and energy levels
for a molecular vibration in the mid-infrared. The seven lowest energy levels
are drawn as well as the dissociation energy~dotted line!. The level spacing
decreases with increasing energy due to the anharmonicity of the vibration.
At room temperature in thermal equilibrium all vibrational population is in
thev50 ground state~A! and absorption occurs betweenv50 andv51. In
pump–probe saturation spectroscopy a significant fraction of the population
is excited to thev51 excited state~B!. As long as thev51 state is popu-
lated, the absorption for a probe at thev0→1 transition is decreased and for
a probe resonant with thev1→2 transition absorption to thev52 level oc-
curs.

FIG. 4. Conventional infrared absorption spectra~thick solid line! for fully
exchanged zeolite Y around the O–H stretch absorption frequency. The
hydroxyl absorption spectrum displays two distinct absorption bands, one at
lower frequency~LF! and one at higher frequency~HF!. The spectrum has
been decomposed in sets of equally spaced Lorentzians with FWHM widths
of 5.4 cm21. The amplitudes for each Lorentzian are depicted with a dot and
four Lorentzians are shown as examples~thin solid lines!. When all the
Lorentzians are summed~the amplitudes are scaled in this figure!, the ab-
sorption spectrum which is depicted as the dashed line is obtained.
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The ratio of O–H vs O–D is inferred from the infrared ab-
sorption spectra.

III. SIMULATION OF THE TRANSIENTS

A straightforward calculation of the transient changes in
transmission as a function of the time delay between pump
and probe pulses is performed by solving the differential
equations in which the time dependence of the laser pulses
and an exponential decay time for the transmission change
are taken into account. In this calculation the transmission
changes proportionally to the time-integrated pump intensity
and relaxes with a single exponential decay timet. With this
calculation we will extract single exponential decay timest
from all probe transmission signals as a function of the time-
delay t. This is done by fittingt to the experimental data,
where the probe transmission is allowed to decay to a differ-
ent but constant level~also a fit parameter!. The error in the
decay time is the standard deviation int as obtained by this
procedure. The rate-equation calculation of the full transient
signal allows for a determination of the position of the time
delay where pump and probe pulses have exact temporal
overlap, i.e.,t50.

It is tempting to interpret the transient-transmission de-
cay timet as the vibrational lifetimeT1 of the investigated
excited level, but great care has to be taken~see also the
appendix of Ref. 15!. First of all, the lifetime of the popula-
tion difference betweenv51 andv50 and the lifetime of the
v51 excited state need not to be the same, because thev51
population may decay to other intermediate levels before re-
laxing to thev50 ground state. The existence of such inter-
mediate levels can be explored by comparing the results of
one-color pump–probe experiments, which reveal the decay
time for the excited population difference, to the results of
two-color experiments where the population decay of the
v51 level is directly monitored by a probe at thev1→2 hot-
band frequency. Second, in the case of non-negligible exci-
tation of the oscillators by the pump pulse, the exponential
decay timet as determined for the transmission changes may
differ from the relevant population lifetimeT1. In Appendix
A it is shown that the occurrence of different fractions of
excitations within the probe bandwidth may lead to transmis-
sion decay times that differ from the population lifetime.

The absorption bands in zeolites are expected to be in-
homogeneously broadened due to the random distribution of
Al atoms in the lattice as well as due to lattice imperfections.
In a previous study38 we found that the population decay
time for the O–H stretch vibration varies over the LF absorp-
tion band, due to a distribution of hydrogen bond strengths,
which indeed shows that the homogeneous linewidth is
smaller than the absorption band. In experiments in which
the transient absorption spectrum is recorded by tuning the
probe frequency information about the homogeneous line-
width can be obtained.

To simulate the transient signals and compare them with
our data, the absorption spectra of the zeolites are decom-
posed into sets of homogeneous Lorentzian lines. The inho-
mogeneous absorption spectrum is deconvoluted with a

Lorentzian of a certain, adjustable, widthdnhom. This dnhom
is used as a fit parameter. The deconvolution is performed by
inverse Fourier transformation of the ratio of the Fourier
transforms of the inhomogeneous spectrum and the Lorentz-
ian line. This yields the amplitudesai of the Lorentzians
which, when added together, compose the following inhomo-
geneous absorption spectrum:

A~n!5(
i
L i~n!5(

i

ai
p

1
2dnhom

~n2nhom,i !
21~ 1

2dnhom!2
,

~1!

wherenhom,i is the center frequency of thei th homogeneous
Lorentzian line. For a correct description, the spacing be-
tween the Lorentzians should be smaller than the FWHM
linewidth dnhom. An example of this decomposition proce-
dure is shown in Fig. 4. The O–H inhomogeneous absorption
spectrum, measured with a conventional infrared absorption
spectrometer, is decomposed into sets of homogeneous lines
having a FWHM width ofdnhom55.4 cm21.

Using the deconvolution method described above, the
homogeneouslinewidths can be determined from the tran-
sient absorption spectra as follows. If saturation of the ab-
sorption is neglected, the initial excitation fractionF i for
each homogeneous Lorentzian lineLi~n!, can be approxi-
mated to be proportional to the pump energy, spectrally in-
tegrated over the homogeneous band,

F i5xE Tpu~n!Li~n!dn, ~2!

whereTpu~n! is the pump spectrum andx is a proportionality
constant. Here the time-dependent pump intensity is inte-
grated out,*I pu(t)dt5Tpu, because we are interested in the
excited spectrum just after the pump pulse. Due to saturation
of the homogeneous lines which are excited with the largest
laser intensities~at the center of the laser spectrum!, how-
ever, the excited fractions of these lines will be somewhat
smaller than expected from Eq.~2!. If saturation of the ab-
sorption is taken into account, the time-dependent excited
fractions f i(t) change during the pump pulse as
] f i /]t5(122 f i)I pu(t). If the time integration is now per-
formed, the initial excited fraction for each homogeneous
Lorentzian line after the bleaching pump pulse is calculated
as

f e,i5
12exp~22F i !

2
, ~3!

with F i given by Eq.~2!. The constantx is adapted to yield
the same initial signal as in the experiments. In the descrip-
tion given by Eqs.~2! and ~3! the depth dependence of the
excitation is integrated out. The assumption of an effective,
constant, population difference for the pump intensity, ne-
glects that at very large saturation levels the bleaching of the
homogeneous lines at different frequencies will mutually in-
fluence each other. This is neglected here because this effect
is expected to be small at the saturation levels used in our
experiments. However, saturation of the homogeneous lines
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is explicitly taken into account in Eq.~3! and thus there is
accounted for power broadening58 by the pump in our de-
scription of the excited spectrum.

To account for the population decay of the excitations
with a lifetimeT1, the time dependence for the excited frac-
tion per homogeneous band is given by

f i~ t !5 f e,i expS 2
t

T1
D . ~4!

The transient absorbance at the fundamental transition as a
function of frequency and delay timet is given by

A0→1~n,t !5(
i

@122 f i~ t !#Li~n!. ~5!

The population which is excited tov51 absorbs at the hot-
band frequencyv1→2, which is ananh smaller than the fun-
damentalv0→1 transition frequency due to anharmonicity.
The induced absorbance at the hot-band transition reads as
follows:

A1→2~n,t !5(
i

b f i~ t !Li~n1nanh!, ~6!

where b is a parameter which scales thev0→1 absorption
cross section to thev1→2 absorption cross section~b52 for a
harmonic oscillator!. The transient absorbance spectrum is
given by the sum of Eqs. ~5! and ~6!,
A(n,t)5A0→1(n,t)1A1→2(n,t). To compare this time-
dependent absorbance with the transient data, the probe
transmission as a function of both central probe frequency
and delay time has to be calculated,

T~npro,t !5E Tpro~n!exp@2A~n,t !#dn, ~7!

whereTpro~n! is the probe spectrum with a center frequency
of npro. The probe transmission ln(T/T0) as a function of
probe frequency is calculated according to the procedure de-
scribed above for several values of the homogeneous line-
width dnhom. By comparing the calculated spectra with the
measured transient spectra the value for the homogeneous
linewidth is obtained.

IV. RESULTS AND DISCUSSION

A. Vibrational dynamics of O–D: T1 lifetimes and
homogeneous linewidths

At the O–D wavelength our laser pulses have a much
smaller spectral width than at the O–H wavelengths, which
results in a better signal-to-noise ratio and an improved fre-
quency resolution42 ~see Table I for an overview of the ex-
perimental parameters and the results!. Furthermore, we will
show later that for the O–D experiments spectral diffusion is
negligible ~due to lower concentrations of oscillators and
smaller transition dipole moments compared to the O–H vi-
brations!. This allows for a straightforward interpretation of
the O–D transient signals in terms of population decay and
pure dephasing.

A transient transmission spectrum just after excitation by
a pump pulse at the LF absorption frequency is presented in
Fig. 5 ~for reference, the conventional absorption spectrum
measured by an infrared absorption spectrometer is depicted
as well!. At a time delay oft518 ps, after exact temporal
overlap between pump and probe pulses, two spectral fea-
tures are recorded by tuning the probe frequency~see also
Fig. 3!. First, around the pump frequency, the absorption is
bleached and second, a transient hot band is observed at
2529 cm21. From the frequency difference between the
bleaching of the fundamental band and the inducedv1→2 hot
band an anharmonicity of 92 cm21 between the first two
transitions is determined. It should be noted that the width of
the bleaching is much smaller than the absorption linewidth.
Apparently the pump pulse only excites a subset of different
oscillators within the absorption band and other oscillators
within the band remain unaffected. This means that a tran-
sient spectral hole is burnt,9,31,32which reveals that the ab-
sorption band was formed by a distribution of different vi-
brational frequencies~as anticipated in Sec. III!, i.e., the
band is inhomogeneously broadened. This explicitly proves
the inhomogeneity of the hydroxyl sites, which is an impor-
tant issue in present zeolite research.59–63

At a later delay time of 85 ps, both the bleaching of the
fundamental band and the absorption at the hot-band fre-
quency have decreased in amplitude due to the population
decay of thev51 excited state. Because the LF oscillators
are hydrogen bonded, theT1 lifetimes decrease with decreas-
ing frequencies in the LF absorption band38 and therefore the
bleaching line shape changes with delay time. To monitor the
dynamics of the vibrational relaxation at the top of the LF
absorption band, the probe frequency is fixed and the probe
transmission is recorded as a function of the delay with re-

FIG. 5. Transient transmission spectrum after excitation of the LF O–D
stretch vibration~dots!, measured by tuning the probe frequency, and the
conventional absorption spectrum~line!. The transient spectrum is plotted
for two delay timest with respect to the saturating pump pulse. At the pump
frequency the transmission is increased due to bleaching of the fundamental
transition, and at a lower frequency the excited state hot-band absorption
appears~see also Fig. 3!. Note that the spectral width of the bleaching
around the pump frequency is smaller than the LF absorption band, which
means that a transient spectral hole is burnt.
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spect to the pump. In Fig. 6 the time-dependent transmission
changes for the probe at the top of the fundamental absorp-
tion band~frequency the same as the pump frequency! and
for the probe at the top of the hot-band frequency are shown.
The delayt50 ps corresponds to the exact temporal overlap
between pump and probe pulses. At the fundamental absorp-
tion frequency an increase of the transmission upon excita-
tion is observed which decays with an exponential decay
time of t54262 ps ~see Sec. III for the calculation of the
solid line!. At the v1→2 hot-band frequency a decrease in
transmission is found which relaxes with an identical time
constant oft54263 ps to the original value. Because the
bleaching and hot-band lifetimes are equal it is inferred that
relaxation from thev51 state occurs directly to thev50
ground state and that no other intermediate levels are in-
volved. Taking into account the effects discussed in Appen-
dix A, we may identify the decay time of the transmission
changes as the population decay time for thev51 excited
level for the center of the LF O–D absorption band:
T1~n.2620 cm21!542 ps.

From the width of the spectral hole~Fig. 5! and the laser
linewidth, the width of the homogeneous lines which consti-
tute the inhomogeneous absorption band can be determined,
using the procedure described in Sec. III. In Fig. 7 the ex-
perimental bleaching att518 ps is compared to calculations
of transmitted probe spectra. The measured spectral hole is
much smaller than the full inhomogeneous absorption band
as measured by the probe pulses~dashed line! and broader
than the instrumental function~dotted line!. The main part of

the measured spectral hole is described well by the simula-
tions if a FWHM bandwidth ofdnhom5461 cm21 for the
homogeneous lines is assumed. At the lowest frequencies in
the LF band however, the data suggest that the homogeneous
bandwidth is broader, and from the calculations we estimate
dnhom57.061.5 cm21 for that low-frequency shoulder
~dash–dotted line!. The homogeneous linewidth is deter-
mined by the population lifetimeT1 and by the pure dephas-
ing timeT2* asdnhom 5 (2pT1)

21 1 (pT2* )
21. Taking the

measured population lifetime for the top of the LF band into
account~see Fig. 6!, T1542 ps, these homogeneous band-
widths yield the following values for the pure dephasing
time:T2* 5 2.76 0.7 ps forn.2615 cm21andT2* 5 1.66 0.4
ps at smaller frequencies in the LF O–D absorption band.64

From the observation that the main part of the LF absorption
band can be described with a single value for the dephasing
time, it is inferred thatT2* is less affected by H bonding than
theT1 lifetime, which strongly varies over the whole absorp-
tion band.38 Apparently only for the strongestH-bonded os-
cillators ~at the lowest absorption frequencies! is T2* also
reduced.

To investigate the vibrational dynamics of the HF oscil-
lators, the pump frequency is tuned to the HF absorption
band, at 2684 cm21. From the transient spectrum an anhar-
monicity of 85 cm21 is determined between the fundamental
and the hot-band absorption. The somewhat larger anharmo-
nicity for the LF vibration as compared with the HF vibra-
tion is expected because hydrogen bonding of the LF oscil-
lators increases the anharmonicity.38 To monitor the
dynamics of the spectral changes, the transmission of the
probe is again recorded as a function of delay with the pump,

FIG. 6. Transmission change of a probe pulse as a function of delay time
with a pump pulse which excites the LF O–D vibration att50 ~see Fig. 5!.
The filled dots are measured with a probe frequency at the fundamental LF
absorption at 2622 cm21 and show an increase of the probe transmission,
due to bleaching of the transition by the pump pulse. The open dots repre-
sent the probe transmission at the hot-band frequency of 2530 cm21. The
solid lines are calculated transients for which a single exponential decay
time t ~indicated in the graph! is assumed for the transmission change~see
Sec. III!.

FIG. 7. The transient spectral hole for the LF O–D absorption at delayt518
ps ~d! compared to several spectra. The dotted line represents the instru-
mental function, determined by the linewidths of pump and probe pulses.
The unexcited inhomogeneous absorption band convoluted with the probe
spectrum is represented by the dashed line. The experimental data are in
between these extremes. The main part of the spectral hole can be described
well if the inhomogeneous spectrum is decomposed~see Sec. III! into ho-
mogeneous lines with a linewidth ofdnhom54 cm21 ~solid line!, but the data
at the smallest frequencies~n,2615 cm21! suggest a larger linewidth of
dnhom57 cm21 in the low-frequency shoulder of the absorption band~dash–
dotted line!.
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for the probe frequency fixed at the fundamental absorption
and for the probe resonant with the induced absorption hot
band. These transient transmission changes are shown in Fig.
8 and similar decay times oft.123 ps are determined for
both transients. Again this time may be interpreted as the
population decay timeT1 for the excitedv51 level of the HF
O–D vibration. The longerT1 lifetime for the HF vibration
than for the LF vibration at the O–D wavelength is consis-
tent with our previous results of single-color experiments on
the O–H vibrations.38 Due to hydrogen bonding of the LF
oscillators the relaxation rate is increased compared to the
HF oscillators.

The spectral hole for the HF O–D vibrations is plotted in
Fig. 9 for two delay times with respect to the pump, to again
extract the homogeneous linewidths~analogous to Fig. 7!. In
Fig. 9 the experimental data are compared to calculations of
transmitted probe spectra~see Sec. III!. The measured spec-
tral hole is clearly smaller than the full inhomogeneous ab-
sorption band as measured by the probe pulses and broader
than the instrumental function. The calculated transient spec-
trum agrees well with the experimental data for a constant
homogeneous FWHM bandwidth ofdnhom5461 cm21. The
dash-dotted line in Fig. 9 is given by the same simulation as
the solid line, with the excited fractions scaled by a factor
exp~2t/t! @see Eq.~4!# with t5100 ps andt5123 ps~see
Fig. 8!. This simulation agrees well with the experimental
data represented by the open dots in Fig. 9. Thus we find that
the shape of the hole remains the same during vibrational
relaxation, which implies that there is no spectral diffusion.
This confirms that the transient spectroscopic data can in-
deed be interpreted in terms of population decay and homo-
geneous broadening. Combining the homogeneous linewidth
and theT1 lifetime determined from Fig. 8, the pure dephas-

ing time T2* for the HF O–D vibration is determined to be
2.760.7 ps.

B. Vibrational dynamics of O–H: Spectral diffusion

In comparison with the O–D experiments described in
Sec. IV A, the time-resolved experiments on the O–H oscil-
lators are different in several aspects. First of all, at the O–H
wavelength the linewidth of our laser pulses is larger than at
the O–D wavelength~see Table I!, which decreases the spec-
tral resolution and makes the effect of spectral averaging of
the transmitted probe~see Appendix A! more important. Fur-
thermore, the transition dipole moments of the O–H vibra-
tions are larger than for the O–D vibrations~the ratio be-
tween the absorption cross sections issOD/sOH50.7! and
also the concentration of oscillators in the pure O–H samples
is higher than in the deuterated O–D samples. This results in
the occurrence of spectral diffusion during the vibrational
relaxation process as we will show in this section.

First we consider the experiments on the LF O–H vibra-
tion. With the pump at the center of the absorption band, a
spectral hole was burnt into the LF band: the LF absorption
band as measured by the spectrally broad laser pulses has a
FWHM width of 61 cm21, whereas for the bleaching FWHM
;42 cm21. The anharmonicity was determined to be 172
cm21 and for both the bleaching and for the induced hot-
band absorption an exponential decay time oft.44 ps is
found.

The spectral changes just after excitation of the HF os-
cillators are shown in Fig. 10. The width of the bleaching
around the pump frequency corresponds to the width of the
inhomogeneous absorption band convoluted with the laser

FIG. 8. Transmission change of a probe pulse at the fundamental absorption
~2684 cm21, d! and at the induced hot-band transition~2599 cm21, s!, for
excitation at the HF O–D absorption by a pump pulse att50, as a function
of delay time. The single exponential decay times~and standard deviations!
of both transmission changes are indicated in the graph.

FIG. 9. The same as in Fig. 7 for the measured transient spectral hole in the
HF O–D absorption band for delayt530 ps~d! and t5130 ps~s!, com-
pared to several spectra. The experimental data att530 ps~d! are in be-
tween the instrumental function~dotted line! and the inhomogeneous ab-
sorption spectrum as measured by the probe~dashed line!. The experimental
data are described well withdnhom54 cm21 ~solid line!, using the deconvo-
lution procedure of Sec. III. The spectral hole has decreased in amplitude
100 ps later~s!, which is well described by the same calculation that
yielded the solid line, using the exponential decay time for the excitations
determined in Fig. 8~dash–dotted curve!.
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spectrum, because the laser spectrum is too broad compared
to the absorption band to burn a hole. Due to water absorp-
tion in the LiNbO3 crystals used for the generation of the
infrared laser pulses~see Sec. II!, no light can be generated
in the region of 3465–3510 cm21. This prevents us from
recording the top of the induced hot-band absorption. Nev-
ertheless, from the wings of the hot-band absorption the peak
position can be estimated, and from this an anharmonicity
between the first and second transition of 162 cm21 is deter-
mined. The values which we obtain for the anharmonicities
between the first two transitions are in agreement with the
results obtained from overtone spectroscopy.65 The induced
bleaching decays with an exponential time constant of
t5250 ps if the probe is tuned to the same frequency as the
pump, as is shown in Fig. 11. Due to the opaque window in
our laser system, the probe is tuned to the red side of the
induced hot band, to 3459 cm21, to monitor the hot-band
dynamics. At that frequency, the induced absorption decays
exponentially with a time constant oft5317 ps~Fig. 11!.
This is surprising, because for the first time we find different
lifetimes for the induced changes in transmission at the fun-
damental and the hot-band frequencies~see Table I!.

At 3459 cm21, the laser spectrum is just at the edge of
the water absorption in the LiNbO3 crystals. This causes a
narrowing of the laser linewidth to FWHM512 cm21. Thus,
with this probe frequency at the red side of the induced HF
hot band, a different~spectrally narrow! subset of oscillators
is monitored than in the experiment in which the probe fre-
quency is equal to the pump frequency. To check whether the
longer lifetime for the hot-band absorption compared to the
lifetime for the bleaching~Fig. 11! is due to the probing of
different subsets of oscillators, we performed the following
experiment. The probe frequency is fixed to 3459 cm21, so
that the spectral changes at thev1→2 transition are recorded
for a spectrally narrow subset of HF oscillators which have
the lowest frequencies within the HF absorption band.66 The

transmission of the probe as a function of the delay is now
measured for two differentpump frequencies, see Fig. 12.
We find that the lifetime of the hot-band absorption is sig-
nificantly shorter for the center of the pump bandwidth at the
red side of the fundamental band than for excitation at the
blue side of the band. The transient absorption lifetimest for
several values of the center frequency of the pump are plot-
ted in Fig. 13. The transient absorption probed at the red side

FIG. 10. Transient transmission spectra~d! for a probe pulse 32 ps after
excitation of the HF O–H vibration by a saturating pump pulse at 3638
cm21 ~the conventional absorption spectrum is depicted as the solid line for
reference!. The HF absorption band is bleached and an induced hot-band
absorption is found around 3476 cm21. The top of the induced hot band
cannot be recorded because, due absorption of water in the LiNbO3 crystals
~Fig. 1!, no light can be generated in the region of 3465–3510 cm21.

FIG. 11. Probe transmission change as a function of delay time with a
saturating pump pulse at the HF O–H absorption. For the probe frequency
resonant with the fundamentalv0→1 absorption~3638 cm

21, d! the induced
bleaching is found to decay with a single exponential time constant of
250612 ps. The induced hot-band absorption, probed at the red side of the
hot band~3459 cm21, s!, has a lifetime of 317615 ps.

FIG. 12. Probe transmission change at the red side of the induced hot band
~probe frequency53459 cm21! as a function of the delay time with respect
to the pump pulse, for two different pump frequencies~indicated in the
graph!. The lifetime of the induced transient absorption is significantly in-
creased when the excitation frequency is tuned from the red side of the
fundamental absorption band~s! to the blue side of the fundamental band
~d!.

72 Brugmans, Bakker, and Lagendijk: Vibrational energy transfer in zeolites

J. Chem. Phys., Vol. 104, No. 1, 1 January 1996



of the hot band clearly lives longer after excitation at the
blue side than after excitation at the red side of the absorp-
tion band.

The results of Fig. 13 are interpreted as spectral diffu-
sion of the vibrational excitations. Before doing so, other
possible effects which might cause a dependence of the hot-
band lifetime on the pump frequency are considered. Al-
though in all experiments in Fig. 13 the same subset of os-
cillators is probed, the increasing transient absorption
lifetime t with increasing pump frequency could in principle
be due to different distributions of excitations within the
probe linewidth~see also Appendix A!. To check this, we
have simulated the probe transmission as a function of delay
for different pump frequencies using Eqs.~5!–~7! and the
O–H absorption spectrum deconvoluted in Lorentzian homo-
geneous lines with FWHM55.4 cm21 ~see Fig. 4!. This
value is obtained by scaling the average value that we found
for the homogeneous linewidth in the O–D experiments with
the ratio of O–H and O–D absorption frequencies.67 If a
constantT1 lifetime is assumed for all the oscillators in the
HF absorption band, the simulation gives a dependence of
the absorption lifetime on pump frequency as shown by the
dashed curve in Fig. 13. This dashed curve contains all spec-
tral averaging effects discussed in Appendix A and it is clear

that these effects cannot explain the observed dependence of
the absorption lifetime on pump frequency. Better agreement
between the experimental data of Fig. 13 with the simula-
tions is obtained if theT1 would increase from 190 ps at
3615 cm21 to 610 ps at 3650 cm21.68 However, the same
simulation shows that this large increase inT1 population
lifetimes with frequency should also result in a strong depen-
dence of the transient bleaching lifetime on the laser fre-
quency in a one-color experiment: the observed decay should
vary by a factor 2 if the pulses are tuned from 3615 to 3650
cm21. However, we did not find such a strong dependence of
the bleaching lifetime on the laser frequency for the HF ab-
sorption band.38 In fact, by tuning our laser pulses over the
HF absorption band, the measured decay time for the one-
color transient transmission was found to be within610% of
the average value when the laser frequency was tuned over
30 cm21 around the absorption maximum~see also Ref. 41!.
Furthermore, such a dependence would give rise to a much
larger lifetime t of the bleaching at the maximum of the
absorption band in a one-color experiment than the lifetime
of the induced absorption at the red side of the hot band.
However, the contrary is observed, see Fig. 11. Thus we
conclude that the results presented in Fig. 13 can result nei-
ther from a frequency dependence of the population lifetime
T1 in the HF absorption band nor from the spectral averaging
over the probe spectrum~see Appendix A!.

The observed dependence of the transient absorption
lifetime on pump frequency can only be explained by spec-
tral diffusion of the excitations. For all pump frequencies of
Fig. 13 the probe has spectral overlap with~at least part of!
the v1→2 hot-band absorption of the excited oscillators.
Therefore, for all pump frequencies there is an immediate
induced absorption upon excitation. Thelifetime of the in-
duced hot-band absorption, reflecting the excited population
of the subset of probed oscillators, is determined by two
effects: ~i! vibrational relaxation of the O–H stretch vibra-
tions and~ii ! direct transfer of excitations to or from other
oscillators at other frequencies within the inhomogeneous
absorption spectrum. For the pump frequencyresonantwith
the frequency of the probed oscillators, at the red side of the
absorption band, excitations are transferred to oscillators
with other frequencies, which are not probed. Spectral diffu-
sion of the excitations then acts as a depopulation channel
for the excited level of the probed oscillators, additional to
vibrational relaxation, and consequently the transient absorp-
tion lifetime is shortened. In the case of slightlyoff-resonant
excitation, at the blue side of the absorption band, excitations
are transferred from oscillators at the pump frequency to the
probed oscillators at the red side. In this way thev51 ex-
cited level of the probed oscillators is being populatedafter
excitation by the pump pulse and consequently the observed
transient absorption lives longer than expected from the vi-
brational relaxation timeT1 alone. In Sec. IV C it will be
shown that this spectral diffusion is likely caused by dipole–
dipole coupling of the vibrational excitations.

FIG. 13. Lower panel: transient absorption lifetime~d, see Fig. 12! for a
probe pulse with its central frequency fixed at the red side of thev1→2 hot
band~at 3459 cm21!, as a function of the central frequency of the exciting
pump pulse. The probe pulse monitors the population in the excitedv51
level for a subset of oscillators with fundamental absorption frequencies
around 3621 cm21 ~53459 cm211anharmonicity!. The dashed curve results
from a calculation of the spectral changes, assuming a homogeneous line-
width of dnhom55.4 cm21 and a fixedT1 lifetime of 300 ps over the whole
HF absorption band, for which all spectral averaging effects~Appendix A!
are taken into account. The solid curve is the result of a simulation of the
transient spectral changes in the presence of Fo¨rster energy transfer~see Sec.
IV C!. For reference, the conventional absorption spectrum is plotted in the
upper panel.
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C. Direct energy transfer

The results in Fig. 13 show that the excited state popu-
lation at the red side of the absorption band lives longer
when most of the excitations are initially at the blue side of
the band. Due to spectral migration of the excitations, the
excited state of the probed oscillators is populated continu-
ously after excitation and is therefore perceived to live
longer. Because the O–H oscillators are fixed within the
zeolitic lattice, their~inhomogeneously distributed! frequen-
cies remain the same, and spectral diffusion of the vibra-
tional excitations can only occur by transfer of the excita-
tions between different O–H sites with slightly different
frequencies. Dipole–dipole interactions between the oscilla-
tors can lead to site-to-site energy transfer of excitations.
This is the so-called Fo¨rster transfer,69 which is well known
for electronic systems,46–48 and has recently also been ob-
served for vibrations on a surface.24,25

The Förster transfer rate from an excited donor dipole to
an unexcited acceptor dipole is given by69

kd→a5
k2md

2ma
2

4n4e0
2h2cR6

E
0

`

gd~n!ga~n!dn, ~8!

wheremd andma are the transition dipole moments of the
donor and acceptor,n is the refractive index of the medium
in between,R is the distance between the dipoles, andgd~n!
andga~n! are the normalized homogeneous line shapes of the
donor and acceptor, respectively. The effect of the relative
orientations of the dipoles is taken into account by the ori-
entation factor k2 ~0<k2<4!, given by

k5ed•ea23(ed•r !~ea•r !/ur u
2, with e unit vectors parallel to

the donor and acceptor dipoles andr the vector joining the
dipoles~ur u5R!.

Spectral diffusion requires that the absorption frequen-
cies between donor and acceptor dipoles is slightly different
and that the transfer process is phonon assisted. This is ac-
counted for by the spectral overlap function in Eq.~8!, which
states that the excitations can be transferred as long as the
~phonon-broadened! homogeneous lines overlap~see also
Ref. 70!. The spectral overlap between two normalized
Lorentzians with equal FWHM widthsdnhom and spacing of
the center frequencies ofDn5n22n1 is

E
0

`

g1~n!g2~n!dn5
1

p

dnhom
dnhom

2 1Dn2
. ~9!

As can be seen in Eq.~8!, the transfer rate for an exci-
tation depends strongly on the distance and relative orienta-
tion of the donor and acceptor dipoles. For the extensively
studied faujasite structure of zeolite Y the coordinates of all
the atoms are well known.57 If the zeolite is hydrogen ex-
changed, the protons are distributed over three of the four
crystallographically different oxygen sites in the zeolitic lat-
tice. Protons on the O1 sites constitute the HF absorption
band and point into the supercages, whereas protons on the
O2 and O3 sites point in the smaller sodalite cages and absorb
at the LF frequencies due to hydrogen bonding.38 For each of
the three different O–H dipole sites the relative positions of
the neighboring O1, O2, or O3 dipole sites and the orientation
factors can be calculated using the structural information.57

The relative distances and orientation factors of the acceptor

TABLE II. Structural information of the possible oscillator sites of the faujasite structure of zeolite Y~based on the structural information of Ref. 57!. Protons
are found in fully exchanged zeolite Y on O1, O2, and O3 oxygen sites. For each of these sites, the distanceR and orientation factork2 is calculated, for the
nearest dipole sites within a radius of 6 Å. With a number~1, 2, or 3! the kind of oxygen site is denoted~O1–H1, O2–H2, and O3–H3!, and # denotes the
number of identical sites. Note that there are thepossiblesites and that the protons in the lattice are distributed over these sites.

O1–H1 O2–H2 O3–H3

Site R ~Å! k2 # Site R ~Å! k2 # Site R ~Å! k2 #

2 3.2 1.43 2 3 2.9 0.06 2 3 2.8 2.99 2
3 3.3 0.67 2 2 3 2.88 2 2 2.9 0.06 2
2 3.4 0.62 2 2 3 0.51 1 1 3.3 0.67 2
2 3.4 0.00 2 2 3.1 0.11 1 3 3.7 0.23 2
3 3.7 1.76 2 2 3.1 0.02 2 3 4.2 1.41 1
1 4.2 1.56 2 1 3.2 1.43 2 2 4.3 0.67 1
1 4.6 1.56 2 2 4.3 0.14 1 3 4.6 0.00 1
3 4.8 0.55 2 3 4.3 0.67 1 2 4.6 0.11 2
2 4.9 0.33 2 3 4.6 0.11 2 1 4.8 0.55 2
2 4.9 0.09 2 1 4.9 0.09 2 2 4.9 1.89 1
3 5.2 0.03 2 3 4.9 1.89 1 2 5.2 0.88 1
3 5.5 0.02 2 3 5.2 0.83 2 2 5.2 0.55 1
3 5.6 0.18 2 3 5.4 0.09 2 2 5.4 0.09 2
2 5.8 2.02 2 3 5.4 0.09 2 2 5.4 0.39 1
3 5.9 2.32 2 2 5.6 1.55 2 1 5.5 0.02 2

2 5.6 1.55 2 1 5.9 2.32 2
1 5.8 2.02 2 2 5.9 1.19 2
2 5.8 2.57 2 2 6.0 0.09 1
3 5.9 1.19 2
3 6.0 0.02 1
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sites within a sphere of radius 6 Å around a donor site are
presented in Table II for the three kinds of oscillators. It is
seen that the nearest neighbor for an O–H dipole can already
be found at a distance of 3 Å.

In fully exchanged zeolite Y, which we have used in our
study, not all oxygen sites are occupied by protons. For the
Si/Al ratio of 2.8, in one faujasite unit cell 51 protons are
distributed over 288 oxygen atoms~O11O21O3!. If we as-
sume a random distribution of the protons over the possible
oxygen sites, there are many possible configurations of ac-
ceptor dipoles around an excited donor dipole. The survival
probability for an excitation on a donor atom which is sur-
rounded by a number of acceptors, averaged over all possible
configurations of acceptors, is given by71

c~ t !5K)
i

exp@2tj ikd→a~Ri ,k i
2!#L

$j i %

5)
i

$12p1p exp@2tkd→a~Ri ,k i
2!#%, ~10!

where ji are stochastic variables, so thatji51 for oxygen
atom i occupied with a proton andji50 otherwise andp is
the acceptor occupation probability. From the results of
Czjecket al.57 it is inferred that in fully exchanged zeolite Y
54% of the protons is found on O1, 9.5% is found on O2, and
28% is found on O3. This gives the acceptor occupation
probability p for the three different oxygen sites.

It is inferred from Eq.~10! that due to the different dis-
tances and orientations, the survival probability for an exci-
tation behaves strongly nonexponential as a function of time.
Hence, a single transfer rate for the excitations cannot be
calculated. However, using Eqs.~8!–~10! and the structural
information given in Table II we can simulate our transient
signals in the presence of Fo¨rster transfer. These calculations
reveal that the excitation transfer to other frequencies is ex-
pected to occur within tens to hundreds of picoseconds. The
initial excitation fraction of all Lorentzian homogeneous
lines is calculated using Eqs.~2! and~3!. For every time step
this fraction not only decays exponentially with the vibra-
tional lifetimeT1 @Eq. ~4!#, but for every homogeneous line
the excitation transfer to every other homogeneous line is
calculated. In one time stepDt, @12c(Dt)# of the excitation
of one homogeneous line is transferred to another homoge-
neous line, with the transfer rate between these two lines
kd→a given by Eqs.~8! and~9!. Forp theunexcitedacceptor
occupation probability is taken~so saturation of the homoge-
neous lines is taken into account!. This is done for all three
kinds of oscillators between all homogeneous lines for each
time step and in this way the excitations are redistributed by
Förster transfer for every time step. The probe transmission
at a certain frequency is calculated with Eqs.~5! and ~7!.

For the calculations of the transfer rate@Eq. ~8!# a refrac-
tive index of n51.3 is used72 and for the transition dipole
moments values ofmHF50.14 D for the HF oscillators~on
O1! andmLF50.21 D for the oscillators on O2 and O3 are
used. These transition dipole moments are in agreement with
values calculated from integrated infrared absorbances from

other experiments73,74and from our infrared absorption mea-
surements, although these values have a relative accuracy of
50%. The ratiomLF/mHF51.5 agrees with the increase of the
transition dipole moment which is expected if the H bonding
leads to a shift of the O–H frequency of 100 cm21.75 In
Table II it is seen that for an excitation on a HF oscillator~on
O1! there are many more possible LF acceptor sites available
at close distance than at other HF sites. However, due to the
spectral overlap factor in the expression for the transfer rate
@see Eqs.~8! and~9!# the HF excitations will mainly migrate
through the HF absorption band and only hop occasionally to
the high-frequency shoulder of the LF band. It should be
noted that in the calculation of the Fo¨rster transfer process
there are no free adjustable parameters.

We have simulated the probe transmission as a function
of delay time in the presence of Fo¨rster energy transfer for
the pump and probe frequencies equal to those in the experi-
ments shown in Fig. 13. With the signal-to-noise ratio of our
time-resolved pump–probe data, the probe transmission
change can only be measured over two decades at most. It is
difficult to extract deviations from single exponential decay
from these experimental signals and therefore only single
exponential decay timest are determined from the data~see
Sec. III!. To be able to compare the simulations with the
measured data, the simulations are treated in an identical
way: to the simulated probe transmission, which is slightly
nonexponential due to the spectral diffusion process, a single
exponential decay time is fitted. The results of the simula-
tions are compared to the experiments in Fig. 13~solid line!.
In the simulations a vibrational lifetime ofT15500 ps is
assumed for the HF oscillators to yield absorption lifetimes
which correspond to the experimental data. It should be
noted that in the presence of Fo¨rster energy transfer both the
induced bleaching and the hot-band absorption decay faster
than theT1 lifetime, but that at the red side of the hot band
the decrease in the transient absorption lifetime is smaller if
the pump is at the blue side of the absorption band than if the
probed oscillators are pumped resonantly. The dependence of
the hot-band lifetime on center pump frequency is described
well by the simulations, which strongly supports the expla-
nation of spectral diffusion by Fo¨rster energy transfer.

One fundamental underlying assumption in the calcula-
tions of the spectral diffusion process is that for every homo-
geneous line the same average site distribution of surround-
ing oscillators~Table II! is assumed. Thus we did not account
for any correlation between the center frequency of the ho-
mogeneous line and the physical position of the correspond-
ing oscillator in the zeolite lattice~except for the discrimina-
tion between LF and HF protons in the lattice!. It may well
be that such a correlation between physical position and cen-
ter frequency exists~in fact, that is the essence of inhomo-
geneous broadening!, but it is not feasible to incorporate
such a correlation simply because it is not known. This might
explain the fact that the same simulations as represented by
the solid line in Fig. 13 give a decay time for the bleaching
in a one-color pump–probe experiment oft5297 ps,
whereas a somewhat smaller value is observed experimen-
tally ~see Fig. 11!.

75Brugmans, Bakker, and Lagendijk: Vibrational energy transfer in zeolites

J. Chem. Phys., Vol. 104, No. 1, 1 January 1996



Förster energy transfer between homogeneous lines in an
inhomogeneous absorption band implies that a transient
spectral hole which is burnt in that inhomogeneous line will
broaden as a function of time. In Sec. IV A the shape of the
spectral holes burnt into O–D absorption lines was found to
remain constant in time~Fig. 9!, proving the absence of
spectral diffusion for the O–D oscillators. This is caused by
the fact that for the O–D experiments the O–D oscillator
concentration is only about 50% of the total hydroxyl con-
centration, which results in a larger average distance between
the oscillators. Furthermore the transition dipole moment of
the O–D is smaller than that for the O–H vibrations. Using
Eq. ~8! we estimate that for the O–D experiments the aver-
age transfer rate between oscillators is a factor of 8 smaller
than the transfer rates in the O–H experiments. In addition,
spectral diffusion has to take place before the excitations
have decayed and the population lifetimes for the O–D os-
cillators are smaller than for the O–H vibrations. Unfortu-
nately, the spectral width of our laser pulses at the O–H
wavelength prevents an accurate determination of the tran-
sient spectral hole widths at several delay times. For excita-
tion of the LF band a~broad! spectral hole is burnt, but the
distribution of T1 lifetimes over the band38 complicates an
interpretation of the transient spectra in terms of spectral
diffusion. At the HF absorption peak the width of the bleach-
ing is determined by the laser linewidths and the spectral
resolution is too low to monitor the spectral diffusion
directly.76 However, if we take a closer look at the transient
absorption data of Fig. 10, 32 ps after exact temporal overlap
between pump and probe pulses, there is some bleaching
visible at the high-frequency shoulder of the LF band. This
shoulder cannot be explained from direct spectral overlap of
the excited homogeneous bands and the probe pulse, even if
a homogeneous linewidth of 5.4 cm21 is taken into account.
The data suggest that at this short delay time some excita-
tions have already been transferred from the HF band to the
LF band. Our simulations of the probe transmission in the
presence of Fo¨rster transfer indeed show the development of
LF bleaching after excitation, but at these short times the
calculations underestimate this effect somewhat in compari-
son with the experimental data.

Using the simulations in which the spectral diffusion is
modeled, theT1 vibrational lifetimes can be estimated: at the
LF absorption peak the vibrational lifetime is in the range of
50,T1,100 ps and for the HF O–H vibration we estimate
400,T1,500 ps. These lifetimes are somewhat larger than
the lifetimes for the corresponding O–D vibrations, but are
of the same order of magnitude. This result agrees with the
ratio of O–H and O–D vibrational lifetimes of hydroxyls on
SiO2 surfaces.

16 In a forthcoming paper we will investigate
the effect of isotopic exchange on the absolute values of the
population relaxation rates in combination with temperature
dependent studies.77

D. Concentration dependence

The nonradiative dipole–dipole coupling described in
Sec. IV C is inversely proportional to the sixth power of the

distance between the oscillators. Thus the spectral diffusion
which is explained by the Fo¨rster transfer should depend
strongly on the concentration of oscillators. Indicators for
such a resonant coupling mechanism were indeed found in
previous one-color experiments, where the transient bleach-
ing lifetimes were found to depend on proton
concentration.38 To study the effect of oscillator concentra-
tion, parts of the O–H oscillators are exchanged for deutera-
tion and the one-color bleaching signals are recorded for dif-
ferent densities. To account for heating effects~T1 lifetimes
depend intrinsically on temperature! these experiments are
compared with experiments on nondeuterated samples,
where the laser power was decreased to yield the same ab-
sorbed pump energy. In Fig. 14 two one-color bleaching ex-
periments on the HF O–H vibration of zeolite Y are shown
for similar absorbed pump energies. The filled dots are mea-
sured for a sample which contains all O–H oscillators and
the open dots result from a sample in which 70% of the O–H
hydroxyls are replaced by O–D groups, to reduce the effec-
tive oscillator concentration. It is readily observed that for
the lower oscillator concentration the single-color bleaching
lifetime is larger. This trend is reproduced well by our simu-
lations which allow for spectral diffusion through dipole–
dipole coupling. In both calculations represented by the lines
in Fig. 14 an excited state lifetime ofT15400 ps is assumed.
The only difference between the two calculations is that for
the dashed curve an oscillator density of 30% of the fully
exchanged oscillator density~solid line! is used. It is seen
that the increase in transient transmission lifetime is well
accounted for by just a decrease of the concentration.

FIG. 14. Transient probe transmission as a function of the delay with respect
to a pump pulse at the same frequency for the HF O–H absorption band for
two different O–H oscillator concentrations.@The data have been shifted
vertically so that the transmission relaxes to zero; the small finite values for
the probe transmission for negative delays are due to small shifts of the
absorption band after relaxation~Ref. 42!#. The bleaching clearly lives
longer when the oscillator density is decreased from 100%~d, t524165
ps! to 30% ~s, t5358611 ps!. ~Similar excitation densities are chosen to
prevent differences due to laser heating!. The calculated curves result from
the simulations of the one-color pump–probe experiment assuming a vibra-
tional lifetime of T15400 ps and spectral diffusion through dipole–dipole
coupling ~see Sec. IV C!. For the dashed curve the oscillator density@p in
Eq. ~10!# is 30% of that of the solid curve.
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The net effect~after correction for laser heating! of de-
creasing the oscillator concentration on the bleaching life-
times is shown in Fig. 15. Both the bleaching lifetime for the
HF absorption band and for the LF absorption band are seen
to increase with decreasing proton concentration. Indeed, at
high concentrations the excitations can diffuse out of the
probe bandwidth, which is observed as an enhanced decay
rate. If the distance between the oscillators is so large that
excitation transfer cannot take place on the time scale of
vibrational relaxation, population decay is the only mecha-
nism by which the probe transmission returns to the equilib-
rium value. For the LF excitations the Fo¨rster transfer is
faster than for the HF excitations, due to a larger transition
dipole moment for the LF oscillators. The relative effect on
the bleaching lifetimes, is about the same as for the HF
bleaching lifetimes, because the LF vibrations have smaller
T1 population lifetimes~see Table I!. The simulations, in

which the same parameters are used as for the calculations of
the solid line in Fig. 13 and only the oscillator concentration
is varied, are found to underestimate somewhat the effect of
dipole–dipole coupling on the one-color bleaching lifetimes
for the LF vibration. The increase in transient transmission
HF lifetime is well reproduced by the simulations.

E. Polarization diffusion

For site-to-site excitation transfer in a three-dimensional
lattice like a zeolite, diffusion of the polarization of the ex-
citations is expected. This is analogous to orientational relax-
ation of excited molecules in a liquid,78–81where the excita-
tion polarization diffuses by the orientational motion of the
excited oscillators. By probing the excited population in the
polarization channels both parallel and perpendicular to the
pump polarization, information about orientational motion of
the excitations can be obtained.78–81 Although the dipole–
dipole transfer process has a tendency to maintain the polar-
ization via the orientation factork in Eq. ~8!, diffusion of the
polarization is expected due to the different oscillator orien-
tations~see Table II!. Especially among resonant oscillators,
for which the excitation transfer rate is large due to a large
spectral overlap@Eq. ~9!#, significant polarization scrambling
is expected to occur on short time scales. In this section we
investigate whether resonant Fo¨rster transfer can be identi-
fied from single-color polarization resolved pump–probe ex-
periments.

In the setup depicted in Fig. 1 the idler beams are gen-
erated with the polarization in the plane of the paper. The
polarization of the pump pulse is not affected in the pump–
probe setup~Fig. 2!, but due to the reflections by CaF2 plates
and the retroreflector the probe beam contains both polariza-
tion components as it impinges on the sample. In the one-
color time-resolvedpolarization experiments79 one idler
beam, denoted are i1 in Fig. 2, is used for both the pump and
the probe pulses~the idler beam i2 is blocked!. The pump
beam passes a polarizing grid filter just before it is focused
onto the sample, to ensure a good linear polarization in the
plane of the setup. The probe polarization is changed with a
MgF2 Babinet–Soleil compensator, which is inserted be-
tween the CaF2 plate which splits off the reference signal and
the first focusing lens in Fig. 2. With this device the probe
polarization is linearized and can be changed easily from
parallel to perpendicular to the pump polarization. It is
checked experimentally that both pump and probe polariza-
tions are defined better than 2%.

The results of the polarization resolved measurements,
for the pump and probe frequencies resonant with the top of
the HF O–H absorption band~3637 cm21!, are shown in Fig.
16 for two different pump pulse energies. The probe trans-
mission data are plotted as a function of the delay with the
pump pulse for the probe polarization parallel and for the
probe polarization perpendicular to the pump polarization.
The pump pulse energies are 140630mJ for the upper panel
and 50610mJ for the lower panel. It is seen that the bleach-
ing signal in the perpendicular polarization channel for both
pump energies is smaller than the bleaching in the parallel

FIG. 15. One-color bleaching lifetimes for the HF~upper panel! and the LF
~lower panel! absorption bands as a function of O–H oscillator concentra-
tion. The concentration is varied by partly exchanging the O–H hydroxyls
with O–D oscillators, for which the vibrational frequencies are much
smaller. The single exponential lifetimes for the transmission decayt as
obtained from the experiments are normalized to the decay times for fully
protonated zeolite Y samples~O–H concentration51!, with the same ab-
sorbed energy per pulse, to account for differences in sample heating at
different oscillator concentrations. For both absorption bands the experimen-
tal bleaching lifetimes~d! increase with decreasing oscillator densities,
which confirms that at high O–H oscillator concentrations spectral diffusion
of vibrational excitations mediated by a resonant transfer process takes place
in these zeolites. The solid lines are the result of simulations in which
~nearly! resonant transfer of the vibrational excitations~see Sec. IV C! is
taken into account. The same parameters which yield the solid line in Fig.
13 are used.
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channel. This indicates that the polarization of the excitation
is not fully isotropic, because then equal signal strengths
would be observed in both channels, but is still partly ori-
ented around the pump polarization. For both pump energies
the decay times for the transmission in both polarization
channels are found to be identical. This suggests that during
the vibrational relaxation~after the pump pulse! no effective
diffusion of polarization takes place. Thus polarization dif-
fusion is either faster than our temporal resolution or much
slower than the excited population lifetime. This can be re-
solved by comparing the bleaching amplitudes in both chan-
nels.

The anisotropy after excitation, which is defined as the
ratio of the maxima of the probe transmission for both po-
larization channels,79 a5@ln(T/T0)#i

max/@ln(T/T0)#'
max, de-

pends on the degree of saturation and thus on the intensity of
the pump pulse. In the absence of polarization diffusion for
vanishing saturation,a equals 3~see Appendix B!, but a
decreases with increasing saturation.79 We have numerically
calculated the time-dependent probe transmission in both po-
larization channels using the differential equations which de-

scribe the excitation of transition dipoles in the sample as a
function of time, distance, and orientation, see Appendix B.
In these calculations polarization rotation is not taken into
account, which means that all excitations keep the same ori-
entation. The pump intensityI 0 and the population lifetime
T1 in the calculations are adapted to yield the best correspon-
dence between the calculated and the experimental probe
transmission in the parallel channel~the upper solid lines in
Fig. 16!. The corresponding probe transmission in the per-
pendicular channel from the same calculation is also shown
in Fig. 16~lower solid lines!. It is clear that the experimental
signals in the perpendicular channels are significantly larger
than expected for a distribution of oscillators without polar-
ization diffusion. The pump intensity in the calculations is
reduced by a factor of 2.1 in going from the upper panel of
Fig. 16 to the lower panel, which compares well with the
ratio of the experimental pulse energies which is 2.860.8.
This confirms that we have treated the saturation effects
properly and that indeed the small experimental anisotropies
arenot due to large saturations, i.e., a decrease ofa due to
the fact that the oscillators parallel to the pump polarization
are completely bleached. The small anisotropies of the ex-
perimental signals~a51.4 for Ep5140630 mJ anda51.6
for Ep550610 mJ! compared to the anisotropies in the cal-
culations ~a52.32 anda52.75, respectively! thus indicate
that part of the excitations randomize faster than our 25 ps
pulses during the pumping process.

The anisotropies for both experiments in Fig. 16 are a
factor of 1.7 smaller than expected without polarization dif-
fusion. A simple calculation shows that this value is obtained
if about half of the excitations randomize, while the other
half keeps the original cosu distribution. From this we con-
clude that during the excitation process the polarization is
scrambledpartly within our temporal resolution~;20 ps!,
and that the polarization anisotropy reached after excitation
is maintained at later times. We explain this as follows. Part
of the excited oscillators have resonant neighbors nearby and
transfer of the excitation among these oscillators is fast. Be-
cause the number of nearby resonant sites for an excitation is
limited, this only partly randomizes the excitation polariza-
tion. Furthermore, there are oscillators which have no reso-
nant neighbors at small distances, so that the excitation re-
mains there until it decays or is transferred to a nonresonant
neighbor. It should be noted that the very fastresonanten-
ergy transfer probed in the one-color polarization experi-
ments is consistent with the somewhat smaller rate for
slightly nonresonanttransfer found in the two-color experi-
ments~Sec. IV B!.

V. CONCLUSIONS

We have investigated the stretch vibrations of hydroxyl
groups~both O–H and O–D! in acid zeolites with two-color
infrared saturation spectroscopy. With this double resonance
technique a wealth of information about the dynamics of
these vibrations is observed. For both the LF and the HF
~O–D! absorption bands transient spectral holes are burnt
with the saturating pump pulse, which directly shows the

FIG. 16. One-color bleaching for a probe pulse with polarization parallel
~d! or perpendicular~s! to the pump polarization as a function of time
delay with the pump pulse, for two different pump pulse energiesEp . For
the upper panelEp5140630mJ and for the lower panelEp550610mJ. In
each panel the two solid lines arise from the same calculation of the probe
transmission in both polarization channels~see Appendix B!, such that the
calculated parallel signal corresponds to the experimental data. For the solid
lines in the upper panel an exponential decay time of 272 ps is used. The
pump intensity of the calculations in the upper panel has been divided by a
factor of 2.1 and a lifetime of 293 ps is assumed to arrive at the solid lines
in the lower panel. The crossed polarized experimental signals can be de-
scribed with the sameT1 lifetimes as the parallel signals.
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inhomogeneous character of the absorption bands. For the
relatively low concentrations of O–D oscillators, for which
no diffusion of the spectral excitations is observed, the ho-
mogeneous linewidth is determined from the width of these
spectral holes. This yields a value for the HF and LF homo-
geneous linewidths of about 4 cm21 for the O–D. From this
a value ofdnhom.5.4 cm21 was inferred for the O–H vibra-
tions.

By varying the delay between the pump and probe
pulses the population dynamics of the excited state is moni-
tored directly on a picosecond time scale. For the O–D vi-
bration the population relaxation time is found to be larger
for the HF vibration~T1.123 ps! than for the LF vibration
~T1.42 ps!, which can be explained from the hydrogen
bonding of the LF oscillators~see also Ref. 38!. From the
values of the homogeneous linewidths and the population
lifetimes, the pure dephasing times could be deduced. The
homogeneous absorption linewidths are found to be com-
pletely determined by this pure dephasing time, which is
about 2 ps for both hydroxylic vibrations in zeolite Y~at
room temperature!.

For the O–H vibrations, the high oscillator concentration
and the large transition dipole moments as compared to the
O–D vibrations give rise to strong dipole–dipole coupling of
the vibrational oscillators in the porous lattice. Using differ-
ent excitation and probing frequencies within the HF absorp-
tion band, spectral diffusion of the O–H excitations is found
to take place within the inhomogeneously broadened absorp-
tion spectrum. The excitations migrate through different
O–H sites, which have different absorption frequencies, and
this affects the observed lifetimes of the transient signals.
Due to this dipole–dipole induced transfer process, the one-
color bleaching lifetime is observed to increase with decreas-
ing O–H concentration, because the increasing average dis-
tance between the oscillators slows down the dipole–dipole
transfer.

The effect of spectral diffusion on experimental transient
signals is calculated using simulations in which transfer of
excitations is induced by dipole–dipole coupling. In these
calculations the coordinates of all oscillator sites in the zeo-
lite lattice are used~providing the distances and orientations
between the dipoles! as well as the homogeneous linewidths
which were obtained from our hole-burning experiments, to
account for slightly nonresonant~phonon-assisted! site-to-
site transfer of the excitations. Both the pump-frequency de-
pendence of the two-color transients and the concentration
dependence of the one-color bleaching lifetime for the O–H
vibrations are satisfactorily described by these calculations.
From the simulations the true excited-stateT1 lifetimes for
the LF O–H vibrations are estimated to be 50,T1,100 ps,
and for the HF O–H vibration we estimate 400,T1,500 ps.

We have also performed single-color polarization re-
solved saturation experiments to study the role ofresonant
excitation transfer on the polarization of the excitations. Af-
ter the excitation, the probe transmission in both polarization
channels~parallel and perpendicular to the pump! is found to
decay with the same lifetime. From the comparison of the
signal amplitudes in both channels just after excitation, it is

inferred that during the pump pulse the excitations are partly
depolarized due to fast site-to-site transfer. The degree of
isotropy reached during the excitation process is not com-
plete because not all excitations migrate among oscillators
with all orientations, because of the absence of nearby reso-
nant O–H neighbors. The remaining anisotropy persists dur-
ing the relaxation process.
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APPENDIX A: EFFECTS OF SPECTRAL AVERAGING

In the conventional interpretation of the time-dependent
pump–probe signals for a two-level system, it is assumed
that the probe transmission change at a delay timet after an
instantaneous saturating pump pulse is given by10

lnFT~ t !

T0
G52 f eA0 expS 2

t

T1
D . ~A1!

HereA0 is the equilibrium absorbance,A05n0s l , with n0
the density of~unexcited! oscillators,s the absorption cross
section per oscillator,l the optical path length, andf e is the
fraction of oscillators excited att50 by the pump pulse.~In
this equation and in Appendix B we assume for simplicity
that the pulse duration is infinitely short compared to the
relaxation timeT1, so that the time dependence of pump and
probe pulses can be neglected. This treatment can be
straightforwardly extended with the explicit time dependen-
cies of the laser pulses!. However, Eq.~A1! is only valid for
one excited fractionf at one frequency and can only be
applied without restrictions to situations where the laser line-
width is much smaller than thehomogeneousabsorption
band.

In general, in time-resolved infrared saturation spectros-
copy, the linewidths of pump and probe pulses are compa-
rable to the absorption bandwidths. Then it is necessary to
treat the frequency dependences explicitly. In most experi-
ments, the transmitted probe pulses are not detected in a
spectrally resolved manner, but the measured probe transmis-
sion is a spectral average over the probe bandwidth and the
transmitted probe energy in absence of the pump pulse reads

T05E Tpro~n!exp@2A0~n!#dn, ~A2!

whereTpro~n! is the input probe energy. For a purely homo-
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geneous absorption band the excited fraction over the band is
constant and does not depend on frequency. For an inhomo-
geneously broadened absorption band however, the distribu-
tion of excited fractions over the absorption band is deter-
mined by the spectral content of the pump pulse@see Eq.
~2!#, so in general we must writef (t)5 f (t,n) and the probe
transmission after the pump pulse is given by

T~ t !5E Tpro~n!exp$2A0~n!@122 f ~ t,n!#%dn. ~A3!

Using the time dependence of the excited fraction as given in
Eq. ~4!, the experimentally determined transmission change
for the probe is given by

lnFT~ t !

T0
G5 lnF*Tpro~n!exp$2A0~n!@122 f e~n!exp~2t/T1!#%dn

*Tpro~n!exp@2A0~n!#dn G , ~A4!

and now the relation ln[T(t)/T0];exp(2t/T1) is not obvi-
ous due to the integration over frequency.~Note that we have
assumed thatT1 is independent of frequency within the
probe bandwidth, which is not necessarily the case for an
inhomogeneous absorption band!. This proportionality is re-
covered in the limit 2f e(n)A0(n)!1 because then the probe
transmission may be approximated by

T~ t !.E Tpro~n!exp@2A0~n!#

3F112A0~n! f e~n!expS 2
t

T1
D Gdn. ~A5!

This gives

lnFT~ t !

T0
G. lnF11expS 2

t

T1
D

3
*Tpro~n!2 exp@2A0~n!# f e~n!A0~n!dn

*Tpro~n!exp@2A0~n!#dn G , ~A6!

which, due to the assumption 2f e(n)A0(n)!1 which was
made above in Eq.~A5!, can be approximated by

lnFT~ t !

T0
G.expS 2

t

T1
D

3
*Tpro~n!exp@2A0~n!#2 f e~n!A0~n!dn

*Tpro~n!exp@2A0~n!#dn
. ~A7!

This has the desirable delay-time dependence and predicts a
single exponential decay as a function oft for the transmis-
sion change.

The difficulty with the constraint 2f e(n)A0(n)!1 is
that it implies that the bleaching signal is small@see, e.g., Eq.
~A1!#, whereas for saturation spectroscopy the bleaching
should be significant in order to detect the decay as a func-
tion of delay time. For larger saturation levels, the Taylor
expansion made in Eq.~A5! cannot be truncated after the
first term, but reads

T~ t !.E HTpro~n!exp@2A0~n!#

3F112A0~n! f e~n!expS 2
t

T1
D

1
4

2!
A0
2~n! f e

2~n!expS 2
2t

T1
D1••• G J dn, ~A8!

and terms in the probe transmission appear which decay with
T1,

1
2T1,

1
3T1, etc. This should not be a problem because from

the experiments ln[T(t)/T0] is determined and the logarithm
should recover the single exp(2t/T1) dependence~because
obviously ln@exp(x)#5x for all values ofx!. However, the
integration over the different frequencies spoils this scheme.
Due to the finite spectral widths of the pump pulse and the
absorption band, for some frequencies which are within the
probe linewidth the restriction 2f eA0!1 holds, but for other
frequencies this approximation is not valid and an expansion
like Eq. ~A8! has to be used. In a one-color experiment in
which the pump and probe pulses are tuned to the maximum
of the absorption band, the largest values of 2f eA0 will be
found at the center frequencies of the laser pulse. These large
values necessitate taking the higher order terms in Eq.~A8!
into account, but the large and small signals are integrated
with weighting factorsTpro~n!exp@2A0~n!#. The spectrally
integrated signal may then be small enough to make the ap-
proximation for the logarithm as done in Eq.~A7! still valid.
Thus due to the integration of large and small signals at
different frequencies, the logarithm in Eq.~A6! does not
fully balance the faster decaying terms. As a result, the mea-
sured transmission change for the probe, ln[T(t)/T0], is
found to decayfaster than single exponentially withT1.

For the induced hot band the situation is analogous, but
leads toslower observed decays. The population fraction
which is excited to thev51 excited level can be promoted to
the v52 level, and consequently an induced absorption hot
band is found at thev1→2 transition frequency. At the funda-
mental transition, the populationdifferenceis twice the ex-
cited population, but at the hot-band transition the population
difference equals the excited population~see Fig. 3!. The
frequency integrated transmission for a probe at the induced
hot-band reads@compare Eq.~6!# as follows:
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T~ t !5E Tpro~n!

3expH 2bA0~n1nanh! f e~n1nanh!expS 2
t

T1
D J dn,

~A9!

where the parameterb accounts for the effect that the tran-
sition dipole moments of thev1→2 and thev0→1 transition are
different in general~b52 for a harmonic oscillator!. The full
expression for the experimentally determined transmission
change of a probe at the hot-band frequency is given by@see
Eq. ~A4!#

lnFT~ t !

T0
G5

*Tpro~n!exp$2bA0~n1nanh! f e~n1nanh!exp~2t/T1!%dn

*Tpro~n!dn
, ~A10!

where we have assumed that in equilibrium there is no absorption at the hot-band frequency. The Taylor expansion of Eq.~A9!
for the probe transmission at the hot-band frequency is given by

T~ t !.E HTpro~n!F12bA0~n1nanh! f e~n1nanh!expS 2
t

T1
D1

b2

2!
A0
2~n1nanh! f e

2~n1nanh!expS 2
2t

T1
D2••• G J dn. ~A11!

Two important differences with respect to Eq.~A8! should be
noted. First, the sign of the first term in the transmission
change~with T1! is opposite the first term in Eq.~A8!, which
just expresses that at the fundamental frequency the trans-
mission is increased, whereas at the hot-band frequency the
transmission is decreased. However, the higher-order terms
in Eq. ~A11! have alternating signs opposed to Eq.~A8!.
Thus with increasing saturation, the next term which be-
comes important, with time-constant12T1, is a fast decaying
transmissionincreaseat the hot-band frequency. Analogous
to the one-color experiment, if the probe is tuned to the cen-
ter of the hot band, this effect will contribute relatively
strongly to the transient signal. As a consequence, from com-
bining a transmission decrease withT1 and a smaller trans-
mission increase which decays with12 T1, ln[T(t)/T0] de-
caysslower than single exponential decay withT1.

The second important difference between Eqs.~A8! and
~A11! is that in the expression for the fundamental absorp-
tion an additional factor exp@2A0~n!# is found, which is ab-
sent for the induced hot band. This is of importance for the
spectral shapes of the induced transmission changes. For ev-
ery excitation fraction, no matter how small, the probe trans-
mission at the fundamental frequency is given by@see Eq.
~A3!#

T0→1~ t !5E Tpro~n!exp@2A0~n!#exp@2A0~n! f ~ t,n!#dn.

~A12!

At the hot-band frequency we have

T1→2~ t !5E Tpro~n!exp@2bA0~n1nanh! f ~ t,n1nanh!#dn.

~A13!

~The reference transmission valuesT0, which are the trans-
missions without the pump pulse, are given by the same
equations withf (t,n)50!. If the sample is optically thin, the
factor exp@2A0~n!# in Eq. ~A12! may be approximated by 1.

Then the same shape and amplitude are found for the spectral
hole as for the hot band, when the probe frequency is
scanned over both spectral features. For an optically thick
sample however, the frequency dependence of exp@2A0~n!#
must explicitly be taken into account before the integration
over all frequencies within the probe bandwidth is per-
formed. When the pump pulse is tuned to the center of the
absorption band, the value of exp@2A0~n!# has a minimum at
the frequencies which have the largest bleaching. This sup-
presses the effect of the large bleaching at the top of the
absorption band compared to the wings, and the transmission
increase for a probe at the center of the absorption band is
smaller than the transmission decrease at the center of the
induced hot band. This is again due to the fact that the inte-
gration over the probe bandwidth takes place in the experi-
ment before the logarithm acts on the transmitted probe sig-
nal. Thus for optically thick samples~which is usually the
case for saturation spectroscopy!, the amplitude of the
bleaching is suppressed compared to that of the hot band,
because at the frequency where the transmission change is
large the probe is absorbed most. The spectral width of the
bleaching is also affected by this effect. The exact manifes-
tation depends on the specific frequency dependencies ofA0,
f , andTpro.

Let us summarize what we have shown in this Appendix.
In time-resolved saturation spectroscopy the probe pulses
which are transmitted by the sample are usually detected in a
spectrally integrated way. If the linewidth of the probe pulse
becomes comparable to any other spectral width in the sys-
tem ~homogeneous linewidth, inhomogeneous absorption
width!, the transient signals may differ from the intuitively
expected signals and care has to be taken in the interpreta-
tion. If within the probe linewidth for some frequencies the
relation 2f eA0!1 holds, whereas this is not valid at other
probed frequencies, transient contributions to the probe
transmission with shorter lifetimes start to become impor-
tant. In general this means that at the fundamental absorption
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the probed decay of the bleaching is faster than single-
exponential decay withT1, whereas at the hot-band fre-
quency a decay slower than a single-exponential decay with
T1 is found. Equal lifetimes for the bleaching and hot-band
absorption lifetimes, like we found for the O–D experiments
~Sec. IV A!, suggest that these effects are not important for
the O–D vibrations. To be sure however, the spectral inte-
gration of the probe transmission should be accounted for
using the equations given above. We have done this and for
the O–D experiments it was indeed found that the
transmission-change lifetimes could be identified withT1
population lifetimes. At the O–H vibration the larger laser
linewidth necessitates this analysis to extract energy decay
times. It should be noted that the homogeneous linewidth
within the inhomogeneous absorption band should be known
to perform this analysis, because the frequency dependence
of f is given by the spectral overlap between homogeneous
lines and the pump pulse@see Eqs.~2! and~3!#. In addition to
this effect on the lifetimes of the transient signals, for opti-
cally thick samples the amplitude and shape of the induced
bleaching may differ from the amplitude and shape of the
induced hot band. This effect is even present at vanishing
excitation levels. To get around this problem, the spectral
contents of pump and probe pulses should again be treated
explicitly, as was done both in this Appendix and in Sec. III.

APPENDIX B: CALCULATION OF THE POLARIZED
SIGNALS

To calculate the probe transmission for the probe polar-
ization both parallel and perpendicular to the pump polariza-
tion in the absence of polarization diffusion~see also Ref.
79!, we assume a two-level system for which the upper level
has a population lifetimeT1. ~Spectral diffusion is neglected
in these calculations.! For a saturating pump pulse with in-
tensity I (tp)5I 0i (tp), where i (tp) is the normalized time
dependence, which travels in thex direction through a
sample and is polarized in thez direction, the population that
can absorb the light is given by the following differential
equations ~in the coordinate frame of the moving light
pulse!:

]Dn~x,tp ,u,f!

]tp
52k01i ~x,tp!Dn~x,tp ,u,f!cos2 u

1k10@12Dn~x,tp ,u,f!#, ~B1!

] i ~x,tp!

]x
52aDn~x,tp ,u,f!i ~x,tp!cos

2 u, ~B2!

whereu is the angle between the oscillator transition dipole
and the pump polarization,f is the corresponding azimuthal
angle,Dn(x,tp ,u,f)5DN(x,tp ,u,f)/Ntot is the fraction of
unexcited oscillators oriented along~u,f! which can absorb
the light ~Ntot is the total number of oscillators! anda is the
absorption coefficient,a5A0/ l5sr wherel is the length of
the sample,s is the absorption cross section per oscillator,
andr is the density of oscillators. The upward rate is given
by k0152sI 0/hn and the relaxation rate is the inverse of the
excited state lifetime,k1051/T1 . The initial angular distribu-

tion of the transition dipoles is assumed to be isotropic,
which is valid for the zeolite powder samples because there
is a random orientation of crystalline grains in these samples.
Equations~B1! and ~B2! are solved numerically and this
gives the fraction of oscillators which can absorb the probe
pulse,Dn(x,tp ,u,f). This distribution of available oscilla-
tors can be integrated over the sample thickness and both
angles to yield the fraction of oscillators available to absorb
the probe in the two polarization channels~parallel and per-
pendicular to the pump!:

DNi~ tp!5
1

4p l Ex50

x5LE
f50

f52pE
u50

u5p

Dn~x,tp ,u,f!

3cos2 u sin u du df dx

5
1

2l Ex50

x5LE
u50

u5p

Dn~x,tp ,u!

3cos2 u sin u du dx, ~B3!

DN'~ tp!5
1

4p l Ex50

x5LE
f50

f52pE
u50

u5p

Dn~x,tp ,u,f!

3@12cos2 u#sin u sin2 f du df dx

5
1

4l Ex50

x5LE
u50

u5p

Dn~x,tp ,u!

3@12cos2 u#sin u du dx. ~B4!

For both casesDN reduces to13 for Dn(x,tp ,u)51, which
corresponds to an unexcited isotropic distribution of oscilla-
tors. Note that for vanishing pump intensity the oscillators
are excited according to a cos2 u distribution around the
pump polarization, for which we obtain
[ 132DNi(tp)]/[

1
32DN'(tp)]5

1
3, which is expected for an

initially isotropic distribution of oscillators excited with a
linearly polarized pump field in the absence of rotational
relaxation~see also Ref. 79!.

The treatment presented so far is valid for one frequency
component. To account for all the effects described in Ap-
pendix A it should be extended to a distribution of homoge-
neous absorption bands, but this would complicate the cal-
culations significantly. For the HF O–H absorption band, for
which the laser linewidth is broader than the absorption band
and the homogeneous linewidth isnot very much smaller
than the inhomogeneous linewidth~see Table I!, it is reason-
able to assume that the excited fractionf e does not depend
on frequency. Hence, the absorption band is treated as homo-
geneous and Eqs.~B1!–~B4! are solved using oneeffective
absorption coefficienta ~or cross sections! and one pump
intensity I 0. The probe transmission as a function of the de-
lay t with respect to the pump, for a homogeneous
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band with a frequency independent excited fraction given by
Eqs. ~B3! and ~B4!, is now calculated as a spectral average
@compare Eq.~A3!#:

Tx~ t !5E Tpro~n!exp@23A0~n!DNx~ t !#dn, ~B5!

wherex5i for the probe polarization parallel to the pump
polarization andx5' for the perpendicular channel@the fac-
tor of 3 is inserted to cancel the13 which is obtained forDN
in Eqs. ~B3! and ~B4! for Dn(x,tp ,u)51#. In this way the
transient probe transmission ln[T(t)/T0] is calculated for
both polarization channels and can be compared to the ex-
perimental signals. Note that the spectral averaging effect
described in Appendix A is accounted for in these calcula-
tions. In the calculations for the HF O–H oscillators we have
used an oscillator density ofr5531026 m23 and a sample
length of l550 mm. The absorption coefficient was deter-
mined from the experimental absorption spectrum. It should
be noted however that the oscillator density can be changed
by one order of magnitude without significantly changing the
calculated transmission transients if the pump intensityI 0 is
adapted to yield the same magnitude of the bleaching.
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