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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 couplifgster 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 Physid$§0021-9606)03701-3

I. INTRODUCTION about the chemical dynamics and reacti(see, e.g., Ref. 34
and references therginin this context the population dy-
With the advent of intense picosecond mid-infrared lasehamics of hydroxyl vibrations in zeolites have been studied
pulses, it has become possible to study the population dyin the last few year®® *3Acid zeolites are industrially im-
namics of molecular vibrations in the condensed phase in portant materials because they are widely exploited as
time-resolved way, directly revealing excited-state lifetimescatalysts** Catalytically active sites in the porous zeolite
and energy pathways of vibrational enefgge Ref. 1 for an framework are the hydroxyl groups, which are found near
early review. This information cannot be obtained in the aluminum atoms in the crystalline alumino-silicate structure.
frequency domain, because inhomogeneous broadening amthe time-resolved infrared saturation experiments provided
(at room temperatujepure dephasing mechanisms are usu-new information on the different hydroxyl groups and hydro-
ally the main contributions to the absorption lines. Hencegen bonding to the lattic¥;*® on the deexcitation
ultrafast infrared spectroscopy is essential to achieve a furmechanisnf? and on interactions with adsorbaféBesides
damental understanding of vibrational dynamics in the coneontributing to the insight in the molecular structure, these
densed phase. studies are the very first step in revealing the reaction dy-
The vibrational dynamics of small molecules in solution namics on a molecular scale, since the coordinate of the hy-
have extensively been studied with ultrafast infrared speceroxyl stretch vibration is parallel with the reaction coordi-
troscopy(see Refs. 2—14 for some exampleEhese experi- nate for the catalytic proton donatién.
ments have provided insight into intramolecular and intermo- ~ The main objective of the present study is to gain insight
lecular energy transfer processes in the liquid phiade*®as  into population dynamics of molecular vibrations embedded
well as in the dissociation dynamics of hydrogen boht¥  in a crystalline host, for which the zeolites have proven to be
To investigate the vibrational coupling between adsorbategood model systems. We investigate the vibrational dynam-
and surfaces, the same time-resolved techniques have beies of hydroxyl groups in zeolites in detail with double reso-
applied to adsorbatés?’ The population dynamics of mo- nance picosecond spectroscépyThis two-color infrared
lecular vibrations in solid matrices containing sometechnique permits us to directly follow energy pathways and
disordef®~3% have received less attention so far. It is inter- couplings between different vibrational modes.
esting to study these dynamics from a fundamental point of  With infrared transient hole-burning techniqusse also
view, because the collective effects and vibrational couplingRefs. 9, 31, and 32we have burnt spectral holes in the
can be expected to be important in these systems. The difiydroxyl absorption bands in the zeolites, revealing the in-
ferent environments of the vibrational oscillators in thesehomogeneity of the hydroxyl sites. From the spectral holes
solids lead to inhomogeneous broadening of the absorptiothe homogeneous linewidths are determined. With a time-
bands so that a straightforward interpretation of the results illependent pump—probe technique the rate of population de-
single-molecule properties is difficult. As a consequence, incay is measured. Hence all temporal and spectral information
teresting phenomena like spectral diffusion might occur inabout the vibrations is obtained. We find that at high concen-
these systems. trations of O—H oscillators the vibrational stretch excitations
Another challenge is to apply the time-resolved spectromigrate through the inhomogeneously broadened absorption
scopic techniques to chemically active systems to learn morbands on a picosecond time scale. This migration is due to

64 J. Chem. Phys. 104 (1), 1 January 1996 0021-9606/96/104(1)/64/21/$6.00 © 1996 American Institute of Physics
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nonradiative dipole—dipole coupling and has extensively
been studied foelectronicexcitations’®~*® For instance, in
photosynthetic systems the excitations are transferred by this
mechanisni®*° For vibrations, this direct excitation transfer
was recently found to occur among adsorbates on
surface?*~2®The 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- 5
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.

35ps
Nd:YAG laser

pump-
probe
setup

Il. EXPERIMENT
A. Time-resolved two-color infrared saturation FIG. 1. Schematic representation of the experimental setup with which the
spectroscopy 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
T_he high-intensity plcpsecond !nfrared pulses used fok,ises which are used to pump two independently tunable mid-infrared gen-
the time-resolved saturation experiments are generated lyating laser branches, denoted by “1” and “2.” Each branch consists of

means of parametric generation and parametric amplificatiofiree LINDQ nonlinear crystals in which parametric generation and ampli-
in LiNDO5 crystals?“ To obain pump and probe puises "e21en Yells e slses ot dfferent fecuencie, e saral s
which are independently tunable in wavelengthe setup as  of the pulses are not shown.
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 withoptical multichannel analyzefOMA) mounted on a spec-
pulse energies up to 60 mJ at a repetition rate of 10 Hz, isrograph.
used to pump two identical mid-infrared generating laser  The idler pulses generated in this process have typical
branches. The YAG pulses are split using HiBigh energy  pulse energies of 100—2Qa), depending on their exact fre-
lase) beamsplitters. The pump pulses at frequengyare  quencies, and have a pulse duration of 25 ps. The linewidths
downconverted into two other infrared pulses at smaller freof the generated infrared pulses, which depend strongly on
qguenciesw; and w, (v;=w;+w,). By angle tuning of the frequency, are determined using a scanning infrared spec-
LiINbO; crystals, frequencies in the range of 2200-7200rometer. It is found that at the O—D wavelengths, the spec-
cm ! can be generated with this setup. By convention, theral content of the pulses can be deduced directly from the
wave at the largest frequeney is called the signal an@d, is  second-harmonic spectrum of the doubled signal pulses. At
called the idler. The idler is used for the time-resolved ex-the O—H wavelengths this is not possible, because the spec-
periments. tral widths are too large. The full spectral width at half maxi-
Each of the two parametric generation and amplificatiormum (FWHM) of the idler pulses ranges from about 7 ¢m
laser branches, denoted with “1” and “2” in Fig. 1, consists at the O—D absorption frequency to about 34 ¢nat the
of three(5- or 3-cm-long LiINbO; crystals, with the optical O-H wavelength(see Table | for the experimental param-
axes cut at 47.1°. In each branch, the first crystal is pumpedters, which means that the pulses are far from bandwidth
with about 10 mJ of the Nd:YAG pulse energy. The signallimited.>®
and idler waves generated in the first crystal are amplified The independently tunable idler pulses are used to per-
further in the second crystal using the remaining part of thdorm the pump—probe infrared saturation spectroscopy, for
pump pulses. Behind the second crystal the pump pulse iwhich the setup is depicted schematically in Fig. 2. One
reflected out of the beam and the idler wave is blocked usinpeam, i2 in Fig. 2, is focused onto the sample by a 100 mm
a high-pass filtet? In the third crystal the signal pulse has CaR, lens. This is the pump pulse which excites a significant
temporal overlap with a fresh Nd:YAG pump pulse of aboutfraction of the vibrational oscillators and thereby saturates
8 mJ pulse energy and is amplified further. In the same prothe absorption. From the other idler beam, il in Fig. 2, a low
cess, a high-intensity idler pulse is generated. The parametrintensity pulse is split off by a thin Cafplate which reflects
amplification process in the third crystal is in saturation,about 1%. The transmitted high-intensity pé#9%) of that
which reduces the amplitude noise of the generated infrarepulse is stopped by a beam dump, and is not used in the
pulses. Behind the third crystal the remaining pump pulse iswo-color experiments. The reflected low-intensity pulse,
reflected out of the beam. The signal pulses are reflectedhich is the probe pulse, is sent into a variable delay
from the beam with dichroic mirrors and are used for diag-gold-coated retroreflector on a translation sjagevary the
nostics: the signal pulses are frequency doubled in a 6.5-mmiime delay with respect to the pump pulse. The probe pulse is
long BBO crystal cut under 22.8° and the center wavelengtliocused onto the same spot of the sample as the pump pulse
of the generated second-harmonic light is determined with awith the same 100 mm Cafiens and is collimated with an-
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TABLE I. Overview of some experimental parameters and results of the experiments discussed in Secs. IV A

and IV B.
O-D O-H
Quantity?® LF HF LF HF
V288 (cm™Y) 2620 2683 3549 3637
A (cm™h) 36 16 53 24
Occupation fractioh 56% A47% 100% 100%
Vapn (€M) 92 86 172 162
fBs (emY 5.8 8.1 33 35
AV, (cm™Y) 4.8 6.4 30 12
701 (P 42+2 127+3 44+2 250+12
712 (PS) 42+3 120+2 43+3 317+15°
SVhom (€M) 4+1¢ 4+1 ~5.4¢ =5
T, (P9 42+2 123+4 50-100 400-500
T3 (p9 2.7+0.7° 2.7+0.7 =2° =2

#Properties of the absorption bands are denoted with “abs” and are obtained from the conventional infrared
absorption spectrum. The spectral widths of the laser putiasoted with “las” depend strongly on wave-
length and weakly on the alignment; the frequefitye transition to which the laser was tupéslindicated as

a subscript. AllAv widths are FWHM.

The percentage of oscillators which are studiedH3/D) for the O—D experiments, iti+D) for the O—H
experiments.

At the red side of the ,_,, hot-band transition.

alues ofévpom=7.0+1.5 cni*andT} = 1.6+ 0.4 ps are found in the low-frequency shoulger2615 cn™.
€Inferred from the O-D results.

other 100 mm Caj-lens behind the sample. The transmittedanother PbSe cell behind the sample as yrlmp detector
probe energy is measured with a PbS&na) detector. A To correct for pulse-to-pulse fluctuations of the probe inten-
mechanical shutter is placed in the pump beam, which stopsity, before the sample a small part of the probe pulse is
every second pump pulse, so that each pump—probe pulseflected out of the beam with another Gagtate and its
pair is followed by a probe pulse only, to deduce the effect ofintensity is measured with a Pb@eference detector. Low-
the pump pulse on the transmission of the probe. To deteipass filters which only transmit the idler are placed in front
mine whether the detected transmitted probe pulse was agf all detectors. The PbSe cells do not detect the infrared
companied by a pump pulse, the latter one is detected witBeams directly but, to reduce extra noise due to spatial fluc-
tuations, are first diffused by roughened aluminum pl&es.
With this setup, the value of Ii{T,), whereT is the trans-
signal mitted probe energy in the presence of the exciting pump
Paetector pulse andT, the probe transmission without the pump pulse,
=] l variable delay

is determined.
- robet
*—» >
1 probe1 probet l
e <+ <+

The two-color saturation experill ent allows for explor—
;l CaFy
% l:‘
W\%Z

ing a two-dimensionaltime, frequencyparameter space and
can be exploited in two waysthe probe transmission can be
measuredi) as a function of the time delay with respect to

pump » the pump by changing the variable delay(iby as a function
%tector ”7 . . .
of probe frequency at a fixed delay time with respect to the
” pump pulse. In the former experiment the dynamics of the
’e;:t’::%j E excited level populations are monitored directly, whereas in

LP

the latter the transient absorption spectrum after excitation is

recorded. The position of the variable delay is computer con-

FIG. 2. Schematic representation of the experimental setup for timej[rOIIed and for all laser shots the position and the reading of

resolved pump—probe spectroscopy. One of the idler beams generated wiﬁ.'lI detectors is S.tored- A typical measurement as a fL{nCtion of
the setup depicted in Fig. 1, i2, is the pump beam. With a thin,@ile a  time delay consists of 10 scans over 50 delay positions, and

weak part of the i1 beam is reflected and is sent into a variable delay, thigt each position 40 laser shots are colled2@ with pump,
pulse is the probe pulse. Pump and probe pulses are focused onto the sal

spot on the sample with the same G&ns and are collimated behind the 516 without _pump). To reco.rd the transient absorpnon spec-
sample with another lens. A reference probe pulse, the transmitted prodéum at a fixed delay, typically 400 shots are collected per
pulse, and the transmitted pump pulse are detected with PbSe detectoysrobe frequency. All experiments presented in this paper are
Every other pump pulse is blocked with a beam shutter to record the probperformed at room temperature

transmission without the pump pulse. The diaphragms around the transmi . . . .
ted probe beam to suppress scattering of the pump beam by the zeolite For an anharmonic molecular vibration, for which the

sample are omitted in this graph. level spacing changes with increasing energy in the vibra-
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FIG. 3. Schematic representation of a vibrational potential and energy levels frequency (cm™)

for a molecular vibration in the mid-infrared. The seven lowest energy levels
are drawn as well as the dissociation engidpgtted ling. The level spacing
decreases with increasing energy due to the anharmonicity of the vibratiol
At room temperature in thermal equilibrium all vibrational population is in
thev =0 ground statéA) and absorption occurs betweer0 andv =1. In
pump—probe saturation spectroscopy a significant fraction of the populatio
is excited to thev =1 excited statéB). As long as they =1 state is popu-
lated, the absorption for a probe at thg ., transition is decreased and for
a probe resonant with the,_,, transition absorption to the=2 level oc-
curs.

fFIG. 4. Conventional infrared absorption spedttack 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
wer frequency(LF) and one at higher frequendifF). The spectrum has
een decomposed in sets of equally spaced Lorentzians with FWHM widths
of 5.4 cm 1. The amplitudes for each Lorentzian are depicted with a dot and
four Lorentzians are shown as examplésin solid lineg. When all the
Lorentzians are summe(the amplitudes are scaled in this figyréhe ab-
sorption spectrum which is depicted as the dashed line is obtained.

tional potential, the following signals for the probe transmis- . .
sion can be expected. For stretch vibrations in the midVere obtained by heatingn vacuo(at leas 1 h at 723 §

infrared at room temperature, without the saturating pum&eo.IItes in which the Na cations were exchangc_—:-d for jH
pulse, all the population is in the=0 vibrational ground cations. QEE sample; were self-supported discs of 4-6
state, see Fig.(3). Hence, ignoring overtone absorption at mg/cnf). Al experiments were done at room tempera-
higher frequencies, absorption only occurs between 8 ture with the samplefn vacuoand were performed within

ground state and the=1 excited state. A strong pump pulse two days after heating to prevent water contamination.

resonant with the fundamenta), ., transition excites a sig- We 'have stqdied p'roton-loaded. zeoli'tes ¥ with a silicon
nificant fraction(in our experiments typically~10%—-20% o aIL!ml_num ratio Foéf S'/A_#Z'B' zeolite Y is "”OW” to have_
of the oscillators to the first excited vibrational levek=1 & faujasite structuréand in the exchanged versions the acid

[see Fig. 88)]. Due to the anharmonicity of the molecular pr_otons are covalently bonded to oxygen atoms around alu-
vibration, the pump is not resonant with the_,, transition. minum atoms. The protons are founq on.three of the four
When the probe frequency is tuned to the sarge, transi- crystallographlcally different oxygen sites in the structifre.
tion, the transmission for the probe pulse is increased as lon he absorption spectra around the O-H stretch frequency as

as it arrives simultaneously with or just after the exciting easured with a conventional infrared absorption spectrom-

pump pulse due to a reduced population difference betwee‘lalter is depicted in Fig. 4. Two absorption bands, one at

the ground and excited state, implying that the fund:':1mentatcli1!gtr,"3r f.rer?ugn%HFBFanctj) onetgt Iok\)/verdfrequen?yF) aret
absorption is “bleached.” As long as the=1 level is popu- IStinguished. ‘The absorption bang_arises from protons

lated, absorption fromy=1 to v =2 can occur and conse- which point into the smaller sodalite cagéand form weak
guently the transmission of a probe pulse atihe, transi- hydrogen bonds_ with nearby oxygen atoms in the ?”F‘éﬁ*_re-
tion frequency is decreased. This induced absorption ban he HF absorption hand arises from hydroxyls pointing into

between the first and second excited levels is referred to e{ e :;irggdr su?ﬁrciges OT the fttrr?cnge'H ibrati |
the “hot band” and is located at a somewhat smaller fre- esides the dynamics ot the ©—H vibration, we aiso

guency than the fundamental transition due to the anharmos-tUdlecj the O-D vibrations in the same zeolites with time-

nicity of the vibration. By varying the time delay of the resolved saturation spectroscopy. The deuterated versions of
probe pulse with respect to the pump pulse, the return t(1_')he acid zeolites were obtained by keeping the samples for

equilibrium for both transitions can be monitored. some time(a few hours to one day typicaliyt an elevated
temperature(between room temperature and 723 K a

background of D) gas, after the standard bakeout procedure.
As can be inferred from the conventional O—D absorption
Zeolites are alumino-silicates and form very porousspectrum(see, e.g., Fig. 5the protons which constitute the
crystalline frameworks. The charge compensation, needelvo absorption bands are exchanged for deuterons at the
for every silicon atom replaced by an aluminum atom, issame level. Depending on the temperature, time, and back-
provided by N& cations in the interstices of the structure. ground pressure of the,as during the deuteration process,
The proton loaded zeolites which we have investigated herdifferent levels of exchang&ip to 80% could be attained.

B. Samples

J. Chem. Phys., Vol. 104, No. 1, 1 January 1996
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The ratio of O—H vs O-D is inferred from the infrared ab- Lorentzian of a certain, adjustable, widd,,,,. This dvhom
sorption spectra. 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 amplitudes; of the Lorentzians

A straightforward calculation of the transient changes inwhich, when added together, compose the following inhomo-
transmission as a function of the time delay between pum@eneous absorption spectrum:
and probe pulses is performed by solving the differential

Ill. SIMULATION OF THE TRANSIENTS

equations in which the time dependence of the laser pulses a 76Vhom

: i issi A= L= — :
and an exponential decay time for the transmission change , YT (0= vpgm) 2+ (360nom) 2
are taken into account. In this calculation the transmission ’ (1)

changes proportionally to the time-integrated pump intensity

and relaxes with a single exponential decay tim@/ith this ~ wherewvyqy; is the center frequency of thiéh homogeneous

calculation we will extract single exponential decay times Lorentzian line. For a correct description, the spacing be-

from all probe transmission signals as a function of the timetween the Lorentzians should be smaller than the FWHM

delayt. This is done by fittingr to the experimental data, linewidth dv,,,,. An example of this decomposition proce-

where the probe transmission is allowed to decay to a differdure is shown in Fig. 4. The O—H inhomogeneous absorption

ent but constant levehlso a fit parametgrThe error in the spectrum, measured with a conventional infrared absorption

decay time is the standard deviationirs obtained by this Spectrometer, is decomposed into sets of homogeneous lines

procedure. The rate-equation calculation of the full transienbaving a FWHM width ofSv,,=5.4 cm ™.

signal allows for a determination of the position of the time ~ Using the deconvolution method described above, the

delay where pump and probe pulses have exact temporpmogeneousinewidths can be determined from the tran-

overlap, i.e.t=0. sient absorption spectra as follows. If saturation of the ab-
It is tempting to interpret the transient-transmission de-sorption is neglected, the initial excitation fractior; for

cay time 7 as the vibrational lifetimel; of the investigated €ach homogeneous Lorentzian libg(v), can be approxi-

excited level, but great care has to be takeee also the mated to be proportional to the pump energy, spectrally in-

appendix of Ref. 15 First of all, the lifetime of the popula- tegrated over the homogeneous band,

tion difference between=1 andv =0 and the lifetime of the

v=1 expited state need not to pe the same, because-tie T :Xf Tol ¥)Li(v)dv, 2

population may decay to other intermediate levels before re-

Iaxm_g to thev =0 ground state. The eX|sten(_:e of such 'nter'whereTpu(v) is the pump spectrum angis a proportionality
mediate levels can be explored by comparing the results Qfggant Here the time-dependent pump intensity is inte-
qne-color pump_—probe experiments, which reveal the decaérated outfl,(t)dt=T,, because we are interested in the
time for the exc_lted population dlﬁerence,.to the results Ofexcited spectrum just after the pump pulse. Due to saturation
tvv_o—color experiments W_here the population decay of the;f e homogeneous lines which are excited with the largest
v=1 level is directly monitored by a probe at the ., hot- 5501 jntensitiegat the center of the laser spectrurhow-

band frequency. Second, in the case of non-negligible exclsyor the excited fractions of these lines will be somewhat

tation of the oscillators by the pump pulse, the exponential,ajier than expected from E€@). If saturation of the ab-
decay timer as determined for the transmission changes may,vion is taken into account, the time-dependent excited
differ from the relevant population lifetim€&;. In Appendix fractions f,(t) change during the pump pulse as
A it is shown that the occurrence of different fractions of af lat=(1—2 f,)1 (t). If the time integration is now per-

. . . . . | 1 u .
excitations within the probe bandwidth may lead to transm'STormed, the initia’i excited fraction for each homogeneous

sion decay times that differ from the population lifetime. | 5 entzian line after the bleaching pump pulse is calculated
The absorption bands in zeolites are expected to be ing

homogeneously broadened due to the random distribution of

Al atoms in the lattice as well as due to lattice imperfections. 1—exp—27)

In a previous stud¥ we found that the population decay — fei=———% ()

time for the O—H stretch vibration varies over the LF absorp-

tion band, due to a distribution of hydrogen bond strengthswith .7; given by Eq.(2). The constany is adapted to yield

which indeed shows that the homogeneous linewidth ighe same initial signal as in the experiments. In the descrip-

smaller than the absorption band. In experiments in whichion given by Eqs(2) and(3) the depth dependence of the

the transient absorption spectrum is recorded by tuning thexcitation is integrated out. The assumption of an effective,

probe frequency information about the homogeneous lineeonstant, population difference for the pump intensity, ne-

width can be obtained. glects that at very large saturation levels the bleaching of the
To simulate the transient signals and compare them witthomogeneous lines at different frequencies will mutually in-

our data, the absorption spectra of the zeolites are deconfluence each other. This is neglected here because this effect

posed into sets of homogeneous Lorentzian lines. The inhds expected to be small at the saturation levels used in our

mogeneous absorption spectrum is deconvoluted with axperiments. However, saturation of the homogeneous lines

J. Chem. Phys., Vol. 104, No. 1, 1 January 1996
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is explicitly taken into account in Eq3) and thus there is

accounted for power broadeniigoy the pump in our de- 0.6
scription of the excited spectrum. 1
To account for the population decay of the excitations 0.4+
with a lifetime T4, the time dependence for the excited frac-
tion per homogeneous band is given by — 0.2 %
t S o] o
Z 0.0
fi(t)=fe, exp(——). @ B A §
’ T £ . o}
) N 0.2 ° --0.5®
The transient absorbance at the fundamental transition as a ] = X
function of frequency and delay tinteis given by 0.4 . --1.0
[ ] L
I N 1 * 1 M 1 v 1
Ag_a(v,t)= ZI [1-2f(D]Li(v). 5 2500 2550 2600 2650 2700

-1
The population which is excited 0=1 absorbs at the hot- probe frequency (cm™)
band frequency)lﬂz’. \.NhICh IS @PVann smaller than the fun FIG. 5. Transient transmission spectrum after excitation of the LF O-D
damentalv, ., transition frequency due to anharmonicity. stretch vibration(dotg, measured by tuning the probe frequency, and the
The induced absorbance at the hot-band transition reads asnventional absorption spectrutiine). The transient spectrum is plotted
follows: for two delay times 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
A1_>2(V,t)=z Bf(H)Li(v+van, (6) appears(see also Fig. B 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.
where 8 is a parameter which scales thg_,; absorption P

cross section to the,_,, absorption cross sectigg=2 for a
hgrmonic oscillator The transient absorbance spectrum is A transient transmission spectrum just after excitation by
given by the sum of Egs. (5 and (6, 5 ump pulse at the LF absorption frequency is presented in

A(r, 1) =Ao_1 (1) +Ay_5(».t). To compare this time- gy 5 (for reference, the conventional absorption spectrum

dependent absorbance with the transient data, the prohge,q red by an infrared absorption spectrometer is depicted
transmission as a function of both central probe frequenqéS wel). At a time delay oft=18 ps, after exact temporal

and delay time has to be calculated, overlap between pump and probe pulses, two spectral fea-
tures are recorded by tuning the probe frequefse also
T( Vpr0=t):f Torv)eXd —A(v,t)]dv, () Fig. 3. First, around the pump frequency, the absorption is

bleached and second, a transient hot band is observed at
whereT,(v) is the probe spectrum with a center frequency2529 ¢cmt. From the frequency difference between the
of vpo. The probe transmission M(To) as a function of  pleaching of the fundamental band and the induegd, hot
probe frequency is calculated according to the procedure dgygng an anharmonicity of 92 cih between the first two
scribed above for several values of the homogeneous lingransitions is determined. It should be noted that the width of
width vhom. By comparing the calculated spectra with the the pleaching is much smaller than the absorption linewidth.
measured transient spectra the value for the homogeneogparently the pump pulse only excites a subset of different
linewidth is obtained. oscillators within the absorption band and other oscillators

within the band remain unaffected. This means that a tran-

sient spectral hole is burft32which reveals that the ab-
IV. RESULTS AND DISCUSSION sorption band was formed by a distribution of different vi-
brational frequenciegas anticipated in Sec. Il i.e., the
band is inhomogeneously broadened. This explicitly proves
the inhomogeneity of the hydroxyl sites, which is an impor-

At the O—D wavelength our laser pulses have a muctant issue in present zeolite reseateif>

smaller spectral width than at the O—H wavelengths, which At a later delay time of 85 ps, both the bleaching of the
results in a better signal-to-noise ratio and an improved frefundamental band and the absorption at the hot-band fre-
quency resolutiof (see Table | for an overview of the ex- quency have decreased in amplitude due to the population
perimental parameters and the resulEirthermore, we will  decay of thev=1 excited state. Because the LF oscillators
show later that for the O—D experiments spectral diffusion isare hydrogen bonded, tfig lifetimes decrease with decreas-
negligible (due to lower concentrations of oscillators anding frequencies in the LF absorption bahdnd therefore the
smaller transition dipole moments compared to the O—H vibleaching line shape changes with delay time. To monitor the
brationg. This allows for a straightforward interpretation of dynamics of the vibrational relaxation at the top of the LF
the O-D transient signals in terms of population decay an@bsorption band, the probe frequency is fixed and the probe
pure dephasing. transmission is recorded as a function of the delay with re-

A. Vibrational dynamics of O-D: T, lifetimes and
homogeneous linewidths
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FIG. 7. The transient spectral hole for the LF O-D absorption at detd8
delay (ps) ps (@) 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
FIG. 6. Transmission change of a probe pulse as a function of delay timgpectrum is represented by the dashed line. The experimental data are in
with a pump pulse which excites the LF O-D vibratiort &0 (see Fig. 3 between these extremes. The main part of the spectral hole can be described
The filled dots are measured with a probe frequency at the fundamental Liye|| if the inhomogeneous spectrum is decompotet Sec. Il into ho-
absorption at 2622 cit and show an increase of the probe transmission, mogeneous lines with a linewidth 6¥,,,,=4 cm™* (solid line), but the data
due to bleaching of the transition by the pump pulse. The open dots repregt the smallest frequencide<2615 cn?!) suggest a larger linewidth of
sent the probe transmission at the hot-band frequency of 2530. cthe Svhom=7 c L in the low-frequency shoulder of the absorption béaish—
solid lines are calculated transients for which a single exponential decayotted line.
time 7 (indicated in the graphis assumed for the transmission charigee
Sec. ).

the measured spectral hole is described well by the simula-

tions if a FWHM bandwidth ofu,,,=4+1 cm ! for the
spect to the pump. In Fig. 6 the time-dependent transmissiohomogeneous lines is assumed. At the lowest frequencies in
changes for the probe at the top of the fundamental absorghe LF band however, the data suggest that the homogeneous
tion band(frequency the same as the pump frequeraryd  bandwidth is broader, and from the calculations we estimate
for the probe at the top of the hot-band frequency are showniv,o,=7.0=1.5 cm! for that low-frequency shoulder
The delayt=0 ps corresponds to the exact temporal overlagdash—dotted line The homogeneous linewidth is deter-
between pump and probe pulses. At the fundamental absorpained by the population lifetim&, and by the pure dephas-
tion frequency an increase of the transmission upon excitang time T} asdvpom = (27T,) "1 + (#T3) L. Taking the
tion is observed which decays with an exponential decayneasured population lifetime for the top of the LF band into
time of 7=42+2 ps(see Sec. Il for the calculation of the account(see Fig. 6, T,=42 ps, these homogeneous band-
solid line). At the v,_,, hot-band frequency a decrease in widths yield the following values for the pure dephasing
transmission is found which relaxes with an identical timetime: T3 = 2.7+ 0.7 psfor>2615cm *andT} = 1.6+ 0.4
constant ofr=42+3 ps to the original value. Because the ps at smaller frequencies in the LF O—D absorption Bé4nd.
bleaching and hot-band lifetimes are equal it is inferred thaErom the observation that the main part of the LF absorption
relaxation from thev =1 state occurs directly to the=0  band can be described with a single value for the dephasing
ground state and that no other intermediate levels are irtime, it is inferred thafl; is less affected by H bonding than
volved. Taking into account the effects discussed in Appenthe T, lifetime, which strongly varies over the whole absorp-
dix A, we may identify the decay time of the transmissiontion band®® Apparently only for the strongest-bonded os-
changes as the population decay time for thel excited cillators (at the lowest absorption frequendgids T3 also
level for the center of the LF O-D absorption band:reduced.
T,(»=2620 cm1)=42 ps. To investigate the vibrational dynamics of the HF oscil-

From the width of the spectral ho(€ig. 5 and the laser lators, the pump frequency is tuned to the HF absorption

linewidth, the width of the homogeneous lines which consti-band, at 2684 ct. From the transient spectrum an anhar-
tute the inhomogeneous absorption band can be determineshonicity of 85 cmi* is determined between the fundamental
using the procedure described in Sec. lll. In Fig. 7 the exand the hot-band absorption. The somewhat larger anharmo-
perimental bleaching @&=18 ps is compared to calculations nicity for the LF vibration as compared with the HF vibra-
of transmitted probe spectra. The measured spectral hole f®n is expected because hydrogen bonding of the LF oscil-
much smaller than the full inhomogeneous absorption banthtors increases the anharmonidfy.To monitor the
as measured by the probe pulddashed ling and broader dynamics of the spectral changes, the transmission of the
than the instrumental functiootted ling. The main part of probe is again recorded as a function of delay with the pump,
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FIG. 9. The same as in Fig. 7 for the measured transient spectral hole in the
delay (ps) HF O-D absorption band for delay=30 ps(®) andt=130 ps(O), com-
pared to several spectra. The experimental data=80 ps(®) are in be-
tween the instrumental functiofdotted ling and the inhomogeneous ab-
0s'brption spectrum as measured by the pr@aeshed ling The experimental
data are described well withy,,,=4 cm™? (solid line), using the deconvo-
lution procedure of Sec. Ill. The spectral hole has decreased in amplitude
100 ps later(O), which is well described by the same calculation that
yielded the solid line, using the exponential decay time for the excitations
determined in Fig. §dash—dotted curye

FIG. 8. Transmission change of a probe pulse at the fundamental absorpti
(2684 cm'!, @) and at the induced hot-band transiti@599 cm?, O), for
excitation at the HF O—D absorption by a pump pulsé=a, as a function

of delay time. The single exponential decay tinfasd standard deviations
of both transmission changes are indicated in the graph.

for the probe frequency fixed at the fundamental absorption
and for the probe resonant with the induced absorption hdng time T3 for the HF O-D vibration is determined to be
band. These transient transmission changes are shown in F@.7+0.7 ps.
8 and similar decay times of=123 ps are determined for
both transients. Again this time may be interpreted as th
population decay tim& for the excitedv =1 level of the HF
O-D vibration. The longef, lifetime for the HF vibration In comparison with the O—D experiments described in
than for the LF vibration at the O—D wavelength is consis-Sec. IV A, the time-resolved experiments on the O—H oscil-
tent with our previous results of single-color experiments orlators are different in several aspects. First of all, at the O—H
the O—H vibrations® Due to hydrogen bonding of the LF wavelength the linewidth of our laser pulses is larger than at
oscillators the relaxation rate is increased compared to ththe O—D wavelengtfsee Table)l which decreases the spec-
HF oscillators. tral resolution and makes the effect of spectral averaging of
The spectral hole for the HF O-D vibrations is plotted in the transmitted probésee Appendix Amore important. Fur-
Fig. 9 for two delay times with respect to the pump, to againthermore, the transition dipole moments of the O—H vibra-
extract the homogeneous linewidtfaalogous to Fig.)7In  tions are larger than for the O—D vibratiofithe ratio be-
Fig. 9 the experimental data are compared to calculations dfveen the absorption cross sectionsoigy/ooy=0.7) and
transmitted probe spectfaee Sec. ). The measured spec- also the concentration of oscillators in the pure O—H samples
tral hole is clearly smaller than the full inhomogeneous ab-s higher than in the deuterated O—D samples. This results in
sorption band as measured by the probe pulses and broadee occurrence of spectral diffusion during the vibrational
than the instrumental function. The calculated transient speagelaxation process as we will show in this section.
trum agrees well with the experimental data for a constant  First we consider the experiments on the LF O—H vibra-
homogeneous FWHM bandwidth é;,,,=4+1 cm *. The tion. With the pump at the center of the absorption band, a
dash-dotted line in Fig. 9 is given by the same simulation aspectral hole was burnt into the LF band: the LF absorption
the solid line, with the excited fractions scaled by a factorband as measured by the spectrally broad laser pulses has a
exp(—t/7) [see Eq.(4)] with t=100 ps andr=123 ps(see FWHM width of 61 cm %, whereas for the bleaching FWHM
Fig. 8. This simulation agrees well with the experimental ~42 cri . The anharmonicity was determined to be 172
data represented by the open dots in Fig. 9. Thus we find tham * and for both the bleaching and for the induced hot-
the shape of the hole remains the same during vibrationddand absorption an exponential decay timerefd4 ps is
relaxation, which implies that there is no spectral diffusion.found.
This confirms that the transient spectroscopic data can in- The spectral changes just after excitation of the HF os-
deed be interpreted in terms of population decay and homczillators are shown in Fig. 10. The width of the bleaching
geneous broadening. Combining the homogeneous linewidtaround the pump frequency corresponds to the width of the
and theT, lifetime determined from Fig. 8, the pure dephas-inhomogeneous absorption band convoluted with the laser

%. Vibrational dynamics of O—H: Spectral diffusion
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FIG. 10. Transient transmission spect®) for a probe pulse 32 ps after 0.2 1 —

excitation of the HF O—H vibration by a saturating pump pulse at 3638 0 200

cm ! (the conventional absorption spectrum is depicted as the solid line for

reference The HF absorption band is bleached and an induced hot-band delay (ps)

absorption is found around 3476 cfh The top of the induced hot band

cannot be recorded because, due absorption of water in the LiblyStals £ 11. Probe transmission change as a function of delay time with a

(Fig. 1), no light can be generated in the region of 3465-3510'cm saturating pump pulse at the HF O—H absorption. For the probe frequency
resonant with the fundamentay,_, absorption(3638 cni'?, @) the induced
bleaching is found to decay with a single exponential time constant of

spectrum, because the laser spectrum is too broad comparggh+12 ps. The induced hot-band absorption, probed at the red side of the
to the absorption band to burn a hole. Due to water absorgl°t band(3459 cnmi?, O), has a lifetime of 31715 ps.

tion in the LINbQ; crystals used for the generation of the

infrared laser pulse&ee Sec. )| no light can be generated

in the region of 3465-3510 cm. This prevents us from transmission of the probe as a function of the delay is now
recording the top of the induced hot-band absorption. Nevmeasured for two differenpump frequencies, see Fig. 12.
ertheless, from the wings of the hot-band absorption the pea@e find that the lifetime of the hot-band absorption is sig-
position can be estimated, and from this an anharmonicitfificantly shorter for the center of the pump bandwidth at the
between the first and second transition of 162 ¢is deter-  'ed side of the fundamental band than for excitation at the
mined. The values which we obtain for the anharmonicitielue side of the band. The transient absorption lifetirmés
between the first two transitions are in agreement with theeveral values of the center frequency of the pump are plot-
results obtained from overtone spectroscBpyhe induced ted in Fig. 13. The transient absorption probed at the red side
bleaching decays with an exponential time constant of

=250 ps if the probe is tuned to the same frequency as the

T 1 T 1
400 600 800 1000

pump, as is shown in Fig. 11. Due to the opaque window in 0.05 ————1 : ——
our laser system, the probe is tuned to the red side of the 1
induced hot band, to 3459 c¢rh to monitor the hot-band 0.00 {5
dynamics. At that frequency, the induced absorption decays .
exponentially with a time constant a=317 ps(Fig. 11. -0.05 -
This is surprising, because for the first time we find different 1
lifetimes for the induced changes in transmission at the fun- E’ -0.104
damental and the hot-band frequendisse Table)l = ] _ A

At 3459 cm 'L, the laser spectrum is just at the edge of £ '0‘15'_ Voump = 3649 cm™ |4
the water absorption in the LiNbQrrystals. This causes a 020 =355 (18) asm
narrowing of the laser linewidth to FWHM12 cm L. Thus, T Voump = 3618 cm
with this probe frequency at the red side of the induced HF 0.95 - 1= 287 (7) ps
hot band, a differenfspectrally narroywsubset of oscillators — T T T T T

0 200 400 600 800 1000

is monitored than in the experiment in which the probe fre-

guency is equal to the pump frequency. To check whether the delay (ps)

longer lifetime for the hot-band absorption compared to the

lifetime for the bleachingFig. 11) is due to the probing of ki 12 probe transmission change at the red side of the induced hot band

different subsets of oscillators, we performed the following(probe frequency 3459 cnt?) as a function of the delay time with respect

experiment. The probe frequency is fixed to 3459 ¢nso  to the pump pulse, for two different pump frequenciésdicated in the

that the spectral changes at th transition are recorded graph. The lifetime of the induced transient absorption is significantly in-
£.2 . . creased when the excitation frequency is tuned from the red side of the

for a spectrally narrPW Syb_set of HF OSC”IathS which haveqngamental absorption bar{) to the blue side of the fundamental band

the lowest frequencies within the HF absorption b&h@ihe (@)
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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 theT; would increase from 190 ps at
ol 3615 cm* to 610 ps at 3650 cit.®® However, the same
simulation shows that this large increaseTin population
lifetimes with frequency should also result in a strong depen-
dence of the transient bleaching lifetime on the laser fre-
guency in a one-color experiment: the observed decay should
vary by a factor 2 if the pulses are tuned from 3615 to 3650
cm 1. However, we did not find such a strong dependence of
the bleaching lifetime on the laser frequency for the HF ab-
sorption band® 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 withih0% of
the average value when the laser frequency was tuned over
30 cmi t around the absorption maximufsee also Ref. 41
Furthermore, such a dependence would give rise to a much
larger lifetime = of the bleaching at the maximum of the
pump frequency (cm™) absorption band in a one-color experiment than the lifetime
of the induced absorption at the red side of the hot band.
FIG. 13. Lowgr p_anel: transient absorption lifetin®, see Fig. 12for a However, the contrary is observed, see Fig. 11. Thus we
probe pulse with its central frequency fixed at the red side obthe hot . . .
band(at 3459 cmY), as a function of the central frequency of the exciting conclude that the results presented in Fig. 13 can result nei-
pump pulse. The probe pulse monitors the population in the excitet ~ ther from a frequency dependence of the population lifetime

level for a sub_set of oscilla_t?rs with fungiamental absorption frequenciesrl in the HF absorption band nor from the spectral averaging
around 3621 cm! (=3459 cni *+anharmonicity. The dashed curve results th b t A di
from a calculation of the spectral changes, assuming a homogeneous in@Ver the probe spec rufsee Appendix A

width of Su,,=5.4 cni* and a fixedT, lifetime of 300 ps over the whole The observed dependence of the transient absorption
HF absorption band, for which all spectral averaging efféafgpendix A lifetime on pump frequency can only be explained by spec-
are taken into account. The solid curve i§_ the result of a simulation of the[ | diffusi fth itati = I f . k
transient spectral changes in the presence t§tEpenergy transfésee Sec. ral aifusion o € excitations. or all pump frequencies o
IV C). For reference, the conventional absorption spectrum is plotted in thd=ig. 13 the probe has spectral overlap w(#t least part of
upper panel. the v,_, hot-band absorption of the excited oscillators.

Therefore, for all pump frequencies there is an immediate

of the hot band clearly lives longer after excitation at theinduced absorption upon excitation. Thetime of the in-
blue side than after excitation at the red side of the absorpguced hot-band absorption, reflecting the excited population
tion band. of the subset of probed oscillators, is determined by two
The results of Fig. 13 are interpreted as spectral diffu€ffects: (i) vibrational relaxation of the O—H stretch vibra-
sion of the vibrational excitations. Before doing so, othertions and(ii) direct transfer of excitations to or from other
possible effects which might cause a dependence of the hobscillators at other frequencies within the inhomogeneous
band lifetime on the pump frequency are considered. Al-absorption spectrum. For the pump frequengsonantwith
though in all experiments in Fig. 13 the same subset of osthe frequency of the probed oscillators, at the red side of the
cillators is probed, the increasing transient absorptiompsorption band, excitations are transferred to oscillators
lifetime 7 with increasing pump frequency could in principle yith other frequencies, which are not probed. Spectral diffu-
be due to different distributions of excitations within the gjon of the excitations then acts as a depopulation channel
probe linewidth(see also Appendix A To check this, we (o the excited level of the probed oscillators, additional to

fh arvsi;mrwurll?tedr;he f|?robe rt]ra}nsm'sfr:on&fﬁ? f(u;;cﬂgg ?:] del&Yiprational relaxation, and consequently the transient absorp-
° erent pump frequencies using —\a € tion lifetime is shortened. In the case of slightiff-resonant

O-H absorption spectrum deconvoluted in Lorentzian homo- =~ . " ° A . o
geneous lines with FWHM5.4 cni® (see Fig. 4 This excitation, at the blue side of the absorption band, excitations

value is obtained by scaling the average value that we foun@'® ransferred from oscillators at the pump frequency to the
for the homogeneous linewidth in the O—D experiments withProbed oscillators at the red side. In this way thel ex-

the ratio of O—H and O-D absorption frequendiést a cited level of the probed oscillators is being populadéir
constantT, lifetime is assumed for all the oscillators in the €xcitation by the pump pulse and consequently the observed
HF absorption band, the simulation gives a dependence dfansient absorption lives longer than expected from the vi-
the absorption lifetime on pump frequency as shown by thérational relaxation timel; alone. In Sec. IV C it will be
dashed curve in Fig. 13. This dashed curve contains all speshown that this spectral diffusion is likely caused by dipole—
tral averaging effects discussed in Appendix A and it is cleadipole coupling of the vibrational excitations.

absorbance
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TABLE II. Structural information of the possible oscillator sites of the faujasite structure of zeoliaséd on the structural information of Ref)5/Protons

are found in fully exchanged zeolite Y on, 0O,, and G oxygen sites. For each of these sites, the dist&haed orientation factok? is calculated, for the
nearest dipole sites within a radius of 6 A. With a numier2, or 3 the kind of oxygen site is denoté®;—H,, O,—H,, and G—H,), and # denotes the
number of identical sites. Note that there are plossiblesites and that the protons in the lattice are distributed over these sites.

0,-H, O-H, O3-H;
Site R(A) 'S # Site R (A) 'S # Site R (A) 'S #
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 33 0.67 2
2 3.4 0.00 2 2 3.1 0.11 1 3 3.7 0.23 2
3 37 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 48 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 55 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 55 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
C. Direct energy transfer k=e4-6,—3(ey-r)(e,-r)/|r|% with e unit vectors parallel to

The results in Fig. 13 show that the excited state popu'-[he donor and acceptor dipoles andhe vector joining the

lation at the red side of the absorption band lives |Onge|dlp0|SeS(|r\=lR3:ﬁ . ires that the ab ion f
when most of the excitations are initially at the blue side of . pectral ditfusion requires that the absorption trequen-

the band. Due to spectral migration of the excitations, the'es between donor and acceptor dipoles is slightly different

excited state of the probed oscillators is populated continu2 tth‘?jt fthebtrz?rr]]sfer prtocless ISI phfono?_ assisted. Thh'sh IS ac
ously after excitation and is therefore perceived to liyeCOUNIEa for Dy the Spectral overlap function in ), whic

longer. Because the O—H oscillators are fixed within theStates that the excitations can be transferred as long as the

zeolitic lattice, their(inhomogeneously distributedrequen- (phonon-broadengdhomogeneous lines overlasee also

cies remain the same, and spectral diffusion of the vibralsef' ZO Theltspectr?IF\cl)\\l/ﬁ:\I/lap .é)t(;t;veen tv(\j/o nor_mallzfed
tional excitations can only occur by transfer of the excita- orentzians with equa wi Vhom @Nd spacing o

tions between different O—H sites with slightly different € CENter frequencies div=v,~v, is
frequencies. Dipole—dipole interactions between the oscilla- " 1 v
tors can lead to site-to-site energy transfer of excitations. f 9:1(v)g,(v)dv= _ﬁ_ 9
This is the so-called Fester transfef® which is well known 0 T SVt AV
for electronic system®*® and has recently also been ob-
served for vibrations on a surfaé&?®

The Faster transfer rate from an excited donor dipole to
an unexcited acceptor dipole is given®by

As can be seen in Eq8), 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

Pl . the atoms are well knowt!. If the zeolite is hydrogen ex-
d*a fotri

Ky o= f 9q(¥)ga(v)dv, (8)  changed, the protons are distributed over three of the four
e 4n*egh*cR® Jo ‘ ¢ crystallographically different oxygen sites in the zeolitic lat-

tice. Protons on the Qsites constitute the HF absorption
where uq and w, are the transition dipole moments of the band and point into the supercages, whereas protons on the
donor and accepton is the refractive index of the medium O, and G, sites point in the smaller sodalite cages and absorb
in betweenR is the distance between the dipoles, andv) at the LF frequencies due to hydrogen bondihgor each of
andg,(») are the normalized homogeneous line shapes of théhe three different O—H dipole sites the relative positions of
donor and acceptor, respectively. The effect of the relativehe neighboring ©, O,, or O; dipole sites and the orientation
orientations of the dipoles is taken into account by the orifactors can be calculated using the structural informatfon.
entation factor  «° (0=<k?<4), given by  The relative distances and orientation factors of the acceptor

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



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

sites within a sphere of radu A around a donor site are other experiments’#and from our infrared absorption mea-
presented in Table Il for the three kinds of oscillators. It issurements, although these values have a relative accuracy of
seen that the nearest neighbor for an O—H dipole can already0%. The ratiou"™/u""=1.5 agrees with the increase of the
be found at a distance of 3 A. transition dipole moment which is expected if the H bonding
In fully exchanged zeolite Y, which we have used in ourleads to a shift of the O—H frequency of 100 ¢hf® In
study, not all oxygen sites are occupied by protons. For th&able Il it is seen that for an excitation on a HF oscillaton
Si/Al ratio of 2.8, in one faujasite unit cell 51 protons are O,) there are many more possible LF acceptor sites available
distributed over 288 oxygen atont®,+0,+05). If we as-  at close distance than at other HF sites. However, due to the
sume a random distribution of the protons over the possiblepectral overlap factor in the expression for the transfer rate
oxygen sites, there are many possible configurations of agsee Eqs(8) and(9)] the HF excitations will mainly migrate
ceptor dipoles around an excited donor dipole. The survivathrough the HF absorption band and only hop occasionally to
probability for an excitation on a donor atom which is sur-the high-frequency shoulder of the LF band. It should be
rounded by a number of acceptors, averaged over all possibifoted that in the calculation of the Bter transfer process

configurations of acceptors, is given’by there are no free adjustable parameters.
We have simulated the probe transmission as a function
p)=(I1 exd—té&ky_a(Ri,x])] of delay time in the presence of fter 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
where & are stochastic variables, so that1 for oxygen from these experimental signals and therefore only single
atomi occupied with a proton ang =0 otherwise ang is  exponential decay timesare determined from the dafsee
the acceptor occupation probability. From the results ofSec. Il). To be able to compare the simulations with the
Czjecket al®’ it is inferred that in fully exchanged zeolite Y measured data, the simulations are treated in an identical
54% of the protons is found on;09.5% is found on @ and  way: to the simulated probe transmission, which is slightly
28% is found on Q. This gives the acceptor occupation nonexponential due to the spectral diffusion process, a single
probability p for the three different oxygen sites. exponential decay time is fitted. The results of the simula-
It is inferred from Eq.(10) that due to the different dis- tions are compared to the experiments in Fig(d&id line).
tances and orientations, the survival probability for an excidn the simulations a vibrational lifetime of ;=500 ps is
tation behaves strongly nonexponential as a function of timeassumed for the HF oscillators to yield absorption lifetimes
Hence, a single transfer rate for the excitations cannot bahich correspond to the experimental data. It should be
calculated. However, using Eg&8)—(10) and the structural noted that in the presence of iBter energy transfer both the
information given in Table Il we can simulate our transientinduced bleaching and the hot-band absorption decay faster
signals in the presence of Bter transfer. These calculations than theT, lifetime, but that at the red side of the hot band
reveal that the excitation transfer to other frequencies is exthe decrease in the transient absorption lifetime is smaller if
pected to occur within tens to hundreds of picoseconds. Ththe pump is at the blue side of the absorption band than if the
initial excitation fraction of all Lorentzian homogeneous probed oscillators are pumped resonantly. The dependence of
lines is calculated using Eg&) and(3). For every time step the hot-band lifetime on center pump frequency is described
this fraction not only decays exponentially with the vibra- well by the simulations, which strongly supports the expla-
tional lifetime T, [Eq. (4)], but for every homogeneous line nation of spectral diffusion by Fster energy transfer.
the excitation transfer to every other homogeneous line is One fundamental underlying assumption in the calcula-
calculated. In one time stept, [1—¢{At)] of the excitation  tions of the spectral diffusion process is that for every homo-
of one homogeneous line is transferred to another homogegeneous line the same average site distribution of surround-
neous line, with the transfer rate between these two linemg oscillatorgTable Il) is assumed. Thus we did not account
kq_a given by Eqs(8) and(9). For p theunexcitedacceptor for any correlation between the center frequency of the ho-
occupation probability is takefso saturation of the homoge- mogeneous line and the physical position of the correspond-
neous lines is taken into accounThis is done for all three ing oscillator in the zeolite latticéexcept for the discrimina-
kinds of oscillators between all homogeneous lines for eaclion between LF and HF protons in the latlick may well
time step and in this way the excitations are redistributed bye that such a correlation between physical position and cen-
Forster transfer for every time step. The probe transmissioner frequency exist$in fact, that is the essence of inhomo-
at a certain frequency is calculated with E¢s. and (7). geneous broadenihgbut it is not feasible to incorporate
For the calculations of the transfer r@feq. (8)] a refrac-  such a correlation simply because it is not known. This might
tive index ofn=1.3 is use® and for the transition dipole explain the fact that the same simulations as represented by
moments values ofi'F=0.14 D for the HF oscillatorgon  the solid line in Fig. 13 give a decay time for the bleaching
0,) and xF=0.21 D for the oscillators on Qand Q, are in a one-color pump—probe experiment 6f=297 ps,
used. These transition dipole moments are in agreement witlvhereas a somewhat smaller value is observed experimen-
values calculated from integrated infrared absorbances frorally (see Fig. 11

=1l {1-p+p exd—theo(R DI} (10)
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Forster energy transfer between homogeneous lines in an —_—11

inhomogeneous absorption band implies that a transient 0.25 4
spectral hole which is burnt in that inhomogeneous line will ]
broaden as a function of time. In Sec. IV A the shape of the 0.20
spectral holes burnt into O—D absorption lines was found to

remain constant in timéFig. 9), proving the absence of o~ 0.154
spectral diffusion for the O-D oscillators. This is caused by ':o 1

the fact that for the O—D experiments the O—D oscillator L‘C/ 0.10 1
concentration is only about 50% of the total hydroxyl con- — 1 =
centration, which results in a larger average distance between 0.05- .
the oscillators. Furthermore the transition dipole moment of 000_.000@‘
the O-D is smaller than that for the O—H vibrations. Using R

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_FIG. 14. Transient probe transmission as a function of the delay with respect
illat ller th for the O—H vibrati Unfort to a pump pulse at the same frequency for the HF O—H absorption band for
Cillators are smailer .an or the O-=H vibrations. Untoru- ., gifferent 0—H oscillator concentrationgThe data have been shifted
nately, the spectral width of our laser pulses at the O—Hertically so that the transmission relaxes to zero; the small finite values for
wavelength prevents an accurate determination of the trarihe probe transmission for negative delays are due to small shifts of the

ient tral hole widths at several lav times. For excit absorption band aftgr reIaxatio@Ref. 42]. The bleaching clearly lives
sient spectral hole dths at several de ay €s. -or exc e\aonger when the oscillator density is decreased from 10@%7m=241+5

tion of the LF band &gbroad spectral hole is burnt, but the ps) to 30% (O, 7=358+11 p9. (Similar excitation densities are chosen to
distribution of T, lifetimes over the bard complicates an  prevent differences due to laser healirihe calculated curves result from
interpretation of the transient spectra in terms of spectralhe simulations of the one-color pump—probe experiment assuming a vibra-
diffusion. At the HE absorption peak the width of the bleach_tlonal lifetime of T;=400 ps and spectral diffusion through dipole—dipole

. . ) . . . oupling (see Sec. IV ¢ For the dashed curve the oscillator dengityin

ing is determined by the laser linewidths and the spectraéq_(lo)] is 30% of that of the solid curve.

resolution is too low to monitor the spectral diffusion

directly.”® However, if we take a closer look at the transient
absorption data of Fig. 10, 32 ps after exact temporal overlagistance between the oscillators. Thus the spectral diffusion
between pump and probe pulses, there is some bleachifghich is explained by the Fster transfer should depend
visible at the high-frequency shoulder of the LF band. Thisstrongly on the concentration of oscillators. Indicators for
shoulder cannot be explained from direct spectral overlap ofuch a resonant coupling mechanism were indeed found in
the excited homogeneous bands and the probe pulse, evemifevious one-color experiments, where the transient bleach-
a homogeneous linewidth of 5.4 ¢rhis taken into account. ing lifetimes were found to depend on proton
The data suggest that at this short delay time some excita&oncentratiori® To study the effect of oscillator concentra-
tions have already been transferred from the HF band to thgon, parts of the O—H oscillators are exchanged for deutera-
LF band. Our simulations of the probe transmission in th&jon and the one-color bleaching signals are recorded for dif-
presence of Heter transfer indeed show the development offerent densities. To account for heating effe(s lifetimes
LF bleaching after excitation, but at these short times th@epend intrinsica”y on tempera’[urﬁ]ese experiments are
calculations underestimate this effect somewhat in comparicompared with experiments on nondeuterated samples,
son with the experimental data. where the laser power was decreased to yield the same ab-
Using the simulations in which the spectral diffusion is sorbed pump energy. In F|g 14 two one-color b|eaching ex-
modeled, theT; vibrational lifetimes can be estimated: at the periments on the HF O—H vibration of zeolite Y are shown
LF absorption peak the vibrational lifetime is in the range offor similar absorbed pump energies. The filled dots are mea-
50<T;<100 ps and for the HF O—H vibration we estimate syred for a sample which contains all O—H oscillators and
400<T;<500 ps. These lifetimes are somewhat larger thanhe open dots result from a sample in which 70% of the O—H
the lifetimes for the corresponding O-D vibrations, but arehydroxyls are replaced by O—D groups, to reduce the effec-
of the same order of magnitude. This result agrees with thgye oscillator concentration. It is readily observed that for
ratio of O—H and O-D vibrational lifetimes of hydroxyls on the lower oscillator concentration the single-color bleaching
Si0, surfaces?’ In a forthcoming paper we will investigate [ifetime is larger. This trend is reproduced well by our simu-
the effect of isotopic exchange on the absolute values of thixtions which allow for spectral diffusion through dipole—
population relaxation rates in combination with temperaturedipole coupling. In both calculations represented by the lines
dependent studi€’s. in Fig. 14 an excited state lifetime @f,=400 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 densifigolid line) is used. It is seen
The nonradiative dipole—dipole coupling described inthat the increase in transient transmission lifetime is well
Sec. IV C is inversely proportional to the sixth power of the accounted for by just a decrease of the concentration.

[ M ) ' 1 ' 1 v
0 200 400 600 800
delay (ps)

D. Concentration dependence
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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.

Ut

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; 8 where the excita-
tion polarization diffuses by the orientational motion of the

1 ' 1 v T
1.6 excited oscillators. By probing the excited population in the
1 1 polarization channels both parallel and perpendicular to the
1.44 pump polarization, information about orientational motion of

the excitations can be obtain&t8! Although the dipole—
1.2 T . dipole transfer process has a tendency to maintain the polar-
: H_H_'// ization via the orientation factot in Eq. (8), diffusion of the
1.0 —{— . polarization is expected due to the different oscillator orien-
- 1 tations(see Table . Especially among resonant oscillators,
' —— for which the excitation transfer rate is large due to a large
1.0 0.8 0.6 04 . 02 spectral overlapEg. (9)], significant polarization scrambling
OH concentration is expected to occur on short time scales. In this section we
investigate whether resonant ister transfer can be identi-

FIG. 15. One-color bleaching lifetimes for the Hiipper pansland the LF  fied from single-color polarization resolved pump—probe ex-
(lower panel absorption bands as a function of O—H oscillator concentra-periments.

tion. The concentration is varied by partly exchanging the O—H hydroxyls In the setup depicted in Fig 1 the idler beams are gen-
with O-D oscillators, for which the vibrational frequencies are much ] L L2

smaller. The single exponential lifetimes for the transmission decag  €rated with the polarization in the plane of the paper. The
obtained from the experiments are normalized to the decay times for fullypolarization of the pump pulse is not affected in the pump-—
protonated zeolite Y samplg®©—H concentratios 1), with the same ab- probe setuggFig. 2), but due to the reflections by Caplates

sorbed energy per pulse, to account for differences in sample heating . i
different oscillator concentrations. For both absorption bands the experimer?:-{nd the retroreflector the prObe beam contains both pOIanza

tal bleaching lifetimes(®) increase with decreasing oscillator densities, iON components as it impinges on the sample. In the one-
which confirms that at high O—H oscillator concentrations spectral diffusioncolor time-resolvedpolarization experimenté9 one idler

of vibrational excitations mediated by a resonant transfer process takes plagfaam. denoted are il in Fig. 2 is used for both the pump and

in these zeolites. The solid lines are the result of simulations in which . im
(nearly resonant transfer of the vibrational excitatiofsee Sec. IV Cis the probe pulsegthe idler beam i2 is blockedThe pump

taken into account. The same parameters which yield the solid line in FigP€am passes a polarizing grid filter just before it is focused
13 are used. onto the sample, to ensure a good linear polarization in the

plane of the setup. The probe polarization is changed with a
MgF, Babinet—Soleil compensator, which is inserted be-
The net effect(after correction for laser heatipngf de- tween the Cajplate which splits off the reference signal and

creasing the oscillator concentration on the bleaching lifethe first focusing lens in Fig. 2. With this device the probe
times is shown in Fig. 15. Both the bleaching lifetime for the polarization is linearized and can be changed easily from
HF absorption band and for the LF absorption band are segparallel to perpendicular to the pump polarization. It is
to increase with decreasing proton concentration. Indeed, &hecked experimentally that both pump and probe polariza-
high concentrations the excitations can diffuse out of theions are defined better than 2%.
probe bandwidth, which is observed as an enhanced decay The results of the polarization resolved measurements,
rate. If the distance between the oscillators is so large thdbr the pump and probe frequencies resonant with the top of
excitation transfer cannot take place on the time scale othe HF O—H absorption ban®637 cm'%), are shown in Fig.
vibrational relaxation, population decay is the only mecha-16 for two different pump pulse energies. The probe trans-
nism by which the probe transmission returns to the equilibiission data are plotted as a function of the delay with the
rium value. For the LF excitations the iBter transfer is pump pulse for the probe polarization parallel and for the
faster than for the HF excitations, due to a larger transitiorprobe polarization perpendicular to the pump polarization.
dipole moment for the LF oscillators. The relative effect onThe pump pulse energies are 1480 uJ for the upper panel
the bleaching lifetimes, is about the same as for the HFRand 50-10 uJ for the lower panel. It is seen that the bleach-
bleaching lifetimes, because the LF vibrations have smalleing signal in the perpendicular polarization channel for both
T, population lifetimes(see Table )l The simulations, in pump energies is smaller than the bleaching in the parallel

08 1 " 1 . 1 N 1 N 1
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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 intensitly and the population lifetime
T, in the calculations are adapted to yield the best correspon-
dence between the calculated and the experimental probe
transmission in the parallel chanr{ghe 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*2088.
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 diue to
the fact that the oscillators parallel to the pump polarization
N — are completely bleached. The small anisotropies of the ex-
0 200 400 600 800 1000 perimental signalg¢a=1.4 for E,=140+30 uJ anda=1.6
delay (ps) for E_p:50t 10 wJ) compared to the ani_sotropies jn t.he cal-
culations(a=2.32 anda=2.75, respectivelythus indicate
_ , o that part of the excitations randomize faster than our 25 ps
FIG. 16. One-color bleaching for a probe pulse with polarization parallel

(@) or perpendiculaO) to the pump polarization as a function of time pulses durmg the .pumplng process.. . .

delay with the pump pulse, for two different pump pulse energigs For The anisotropies for both experiments in Fig. 16 are a

the upper paneE,=140+30 wJ and for the lower pandl,=50=104J. In  factor of 1.7 smaller than expected without polarization dif-

each panel the two solid lines arise from the same calculation of the probg;sion. A simple calculation shows that this value is obtained

transmission in both polarization channétee Appendix B such that the . s . .

calculated parallel signal corresponds to the experimental data. For the soIfIi about half of the_ eXCItatIO_nS_ ran_domlze' Wh!le the other

lines in the upper panel an exponential decay time of 272 ps is used. Thealf keeps the original coédistribution. From this we con-

pump intensity of the calculations in the upper panel has been divided by glude that during the excitation process the polarization is

factor of 2.1 and a lifetime of 293 ps is assumed to arrive at the solid Iine%crammedpamy within our temporal resolutiori~20 psy

in the lower panel. The crossed polarized experimental signals can be de- o . P

scribed with the sam@, lifetimes as the parallel signals. 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
channel. This indicates that the polarization of the excitatioriransfer of the excitation among these oscillators is fast. Be-
is not fully isotropic, because then equal signal strength§ause the number of nearby resonant sites for an excitation is
would be observed in both channels, but is still partly ori-limited, this only partly randomizes the excitation polariza-
ented around the pump po|arizati0n_ For both pump energietéon. Furthermore, there are oscillators which have no reso-
the decay times for the transmission in both polarizatiorhant neighbors at small distances, so that the excitation re-
channels are found to be identical. This suggests that duringi@ins there until it decays or is transferred to a nonresonant
the vibrational relaxatiotiafter the pump puldeno effective ~ neighbor. It should be noted that the very fessonanten-
diffusion of polarizationtakes place. Thus polarization dif- €rgy transfer probed in the one-color polarization experi-
fusion is either faster than our temporal resolution or muctHnents is consistent with the somewhat smaller rate for
slower than the excited population lifetime. This can be re-slightly nonresonantransfer found in the two-color experi-
solved by comparing the bleaching amplitudes in both chanments(Sec. IV B).
nels.

_ The amsotrqpy after excitation, Whlch is defined as thev_ CONCLUSIONS

ratio of the maxima of the probe transmission for both po-
larization channel§] a=[In(T/To) I"[In(T/Ty)]", de- We have investigated the stretch vibrations of hydroxyl
pends on the degree of saturation and thus on the intensity giroups(both O—H and O-Din acid zeolites with two-color
the pump pulse. In the absence of polarization diffusion forinfrared saturation spectroscopy. With this double resonance
vanishing saturationa equals 3(see Appendix B buta  technique a wealth of information about the dynamics of
decreases with increasing saturati@iwe have numerically these vibrations is observed. For both the LF and the HF
calculated the time-dependent probe transmission in both pg©-D) absorption bands transient spectral holes are burnt
larization channels using the differential equations which dewith the saturating pump pulse, which directly shows the

In(T/T,)

In(T/T,)
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inhomogeneous character of the absorption bands. For thieferred that during the pump pulse the excitations are partly
relatively low concentrations of O—D oscillators, for which depolarized due to fast site-to-site transfer. The degree of
no diffusion of the spectral excitations is observed, the hoisotropy reached during the excitation process is not com-
mogeneous linewidth is determined from the width of theseplete because not all excitations migrate among oscillators
spectral holes. This yields a value for the HF and LF homowith all orientations, because of the absence of nearby reso-
geneous linewidths of about 4 ¢thfor the O—D. From this nant O—H neighbors. The remaining anisotropy persists dur-
a value oféy,,=5.4 cmi * was inferred for the O—H vibra- ing the relaxation process.
tions.

By varying the delay between the pump and probe
pulses the population dynamics of the excited state is moniackNOWLEDGMENTS
tored directly on a picosecond time scale. For the O-D vi-
bration the population relaxation time is found to be larger ~ We would like to thank Mischa Bonn for his tremendous
for the HF vibration(T,=123 p$ than for the LF vibration help throughout this study, from providing samples to useful
(T,=42 p9, which can be explained from the hydrogen discussions. Aart Kleyn and Rutger van Santen are also
bonding of the LF oscillator¢see also Ref. 38 From the  kindly acknowledged for fruitful discussions. The work de-
values of the homogeneous linewidths and the populatiogcribed in this paper is part of the research program of the
lifetimes, the pure dephasing times could be deduced. Thétichting Fundamenteel Onderzoek van de Matéfmunda-
homogeneous absorption linewidths are found to be comtion for Fundamental Research on Majtend was made
pletely determined by this pure dephasing time, which isPossible by financial support from the Nederlandse Organi-
about 2 ps for both hydroxylic vibrations in zeolite (4t  satie voor Wetenschappelijk Onderzogdetherlands Orga-
room temperatupe nization for the Advancement of Reseaxch

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 APPENDIX A: EFFECTS OF SPECTRAL AVERAGING
the vibrational oscillators in the porous lattice. Using differ-
ent excitation and probing frequencies within the HF absorp-  In the conventional interpretation of the time-dependent
tion band, spectral diffusion of the O—H excitations is foundPUmMp—probe signals for a two-level system, it is assumed
to take place within the inhomogeneously broadened absorphat the probe transmission change at a delay timager an
tion spectrum. The excitations migrate through differentinstantaneous saturating pump pulse is givet? by
O-H sites, which have different absorption frequencies, and T(t)
this affects the observed lifetimes of the transient signals. In Eoe
Due to this dipole—dipole induced transfer process, the one- 0
color bleaching lifetime is observed to increase with decreasHere A is the equilibrium absorbancé,=nyal, with ng
ing O—H concentration, because the increasing average dithe density of(lunexcited oscillators,o the absorption cross
tance between the oscillators slows down the dipole—dipolsection per oscillatod, the optical path length, anf, is the
transfer. fraction of oscillators excited d@=0 by the pump pulsgin

The effect of spectral diffusion on experimental transientthis equation and in Appendix B we assume for simplicity
signals is calculated using simulations in which transfer ofthat the pulse duration is infinitely short compared to the
excitations is induced by dipole—dipole coupling. In theserelaxation timeT,, so that the time dependence of pump and
calculations the coordinates of all oscillator sites in the zeoprobe pulses can be neglected. This treatment can be
lite lattice are usedproviding the distances and orientations straightforwardly extended with the explicit time dependen-
between the dipolesas well as the homogeneous linewidths cies of the laser pulsgsHowever, Eq(A1l) is only valid for
which were obtained from our hole-burning experiments, toone excited fractionf at one frequency and can only be
account for slightly nonresonariphonon-assistedsite-to-  applied without restrictions to situations where the laser line-
site transfer of the excitations. Both the pump-frequency dewidth is much smaller than th&omogeneousbsorption
pendence of the two-color transients and the concentratioband.
dependence of the one-color bleaching lifetime for the O—H  In general, in time-resolved infrared saturation spectros-
vibrations are satisfactorily described by these calculationscopy, the linewidths of pump and probe pulses are compa-
From the simulations the true excited-stdtglifetimes for  rable to the absorption bandwidths. Then it is necessary to
the LF O—H vibrations are estimated to be<5D,<100 ps, treat the frequency dependences explicitly. In most experi-
and for the HF O—H vibration we estimate 400,<500 ps. ments, the transmitted probe pulses are not detected in a

We have also performed single-color polarization re-spectrally resolved manner, but the measured probe transmis-
solved saturation experiments to study the roleesfonant sion is a spectral average over the probe bandwidth and the
excitation transfer on the polarization of the excitations. Af-transmitted probe energy in absence of the pump pulse reads
ter the excitation, the probe transmission in both polarization
channelgparallel and perpendicular to the pupig found to Tozf Tord v)exf —Ag(v)]dv, (A2)
decay with the same lifetime. From the comparison of the
signal amplitudes in both channels just after excitation, it isvhereT,(v) is the input probe energy. For a purely homo-

t
=2f.A, exp( - —) . (A1)
T
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geneous absorption band the excited fraction over the band is

constant and does not depend on frequency. For an inhomo- T(t):J' TorV)eXp —Ag(v)[1=-21(t,»)]}dv.  (A3)
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 pulsee Eq. Using the time dependence of the excited fraction as given in
(2)], so in general we must writg(t) =f(t,») and the probe Eqg. (4), the experimentally determined transmission change
transmission after the pump pulse is given by for the probe is given by

|n[T(t)} _ anTpro( v)exp{—Ag(v)[1-2f(v)exp(—t/Ty)]}dy (Ad)
To prro( v)exp —Ao(v)]dv ’
|
and now the relation In[(t)/Ty] ~exp(—t/T,) is not obvi-
ous due to the integration over frequen@yote that we have T(t)zj Toro(v)exd —Ag(v)]
assumed thafl; is independent of frequency within the
probe bandwidth, which is not necessarily the case for an t
inhomogeneous absorption bantihis proportionality is re- X|1+2A0(v)fe(v)exp — T_1
covered in the limit Z .(v) Ag(v)<<1 because then the probe 4 ot
transmission may be approximated by " ot Ag( v)fg(v)exp{ _ T_l .. ]dv, (A8)
T(t)= f Tordv)exd —Ao(v)] and terms in the probe transmission appear which decay with

T4, 3T4, 5T4, etc. This should not be a problem because from
the experiments IA[(t)/T,] is determined and the logarithm
should recover the single expt/T;) dependencébecause
obviously Ifexp(x)]=x 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
_ t probe linewidth the restriction 2,A;<<1 holds, but for other
T, frequencies this approximation is not valid and an expansion
like Eq. (A8) has to be used. In a one-color experiment in
T Toro(¥)2 ex — Ao(») Ife(») Ao(»)d (Ag)  Which the pump and probe pulses are tuned to the maximum
JTorv)exp —Ag(v)]dv ' of the absorption band, the largest values d{.&, will be
found at the center frequencies of the laser pulse. These large

WhiCh, due to the assumptionfg( V)Ao(V)<l which was values necessitate tak|ng the h|gher order terms |n(Ea)

made above in EqA5), can be approximated by into account, but the large and small signals are integrated
with weighting factorsT,(v)exd —Ay(»)]. The spectrally

integrated signal may then be small enough to make the ap-

X dv. (A5)

1+2Aq(v)fo( v)exp( - %)

This gives

In _T(t) :exr< — i) proximation for the logarithm as done in E@\7) still valid.
To Ty Thus due to the integration of large and small signals at
different frequencies, the logarithm in E¢A6) does not
T —Ag(1)]2 fo(v)Ag(v)d -
[Tord )eXH — Ag(1) 12 Te(¥) Ao(v)dv (A7)  fully balance the faster decaying terms. As a result, the mea-
J oo v)ex = Ag(v) ]dv sured transmission change for the probe, T(}/T,], is

found to decayfasterthan single exponentially witf;.

This has the desirable delay-time dependence and predicts a For the induced hot band the situation is analogous, but
single exponential decay as a functiontdbr the transmis- leads toslower observed decays. The population fraction
sion change. which is excited to the =1 excited level can be promoted to

The difficulty with the constraint 2,(v)Aq(v)<<1 is thewv =2 level, and consequently an induced absorption hot
that it implies that the bleaching signal is snialte, e.g., Eq. band is found at the,_,, transition frequency. At the funda-
(A1)], whereas for saturation spectroscopy the bleachingnental transition, the populatiodifferenceis twice the ex-
should be significant in order to detect the decay as a funceited population, but at the hot-band transition the population
tion of delay time. For larger saturation levels, the Taylordifference equals the excited populatiésee Fig. 3. The
expansion made in EJA5) cannot be truncated after the frequency integrated transmission for a probe at the induced
first term, but reads hot-band readfcompare Eq(6)] as follows:
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where the parametes accounts for the effect that the tran-
T(t)= f Toro(¥) sition dipole moments of the,_,, and thev,_,, transition are
different in genera{B=2 for a harmonic oscillatgr The full
X exp| —BA(v+ vgn) fe(v+ vanh)EX;{ - Ti) ] dv, expression for the experimentally determined transmission
1 change of a probe at the hot-band frequency is givefsbg

(A9) Eq. (A4)]

J
T(1) _ prro( v)exp — BA(v+ van) fe( v+ vap exp( —t/Ty) tdv
Tl [T ¥ ’

where we have assumed that in equilibrium there is no absorption at the hot-band frequency. The Taylor expansi@®pf Eq.
for the probe transmission at the hot-band frequency is given by

2 2t
+ % AS(v+ vann Fo(v+ Vanh)exp( - T—l) —

(A10)

T(t)= Tord V)| 1= BA(v+ vann) fe(v+ vanexp — L dv. (A11)
Lk

Two important differences with respect to E48) should be  Then the same shape and amplitude are found for the spectral
noted. First, the sign of the first term in the transmissionhole as for the hot band, when the probe frequency is
changgwith T,) is opposite the first term in EGA8), which  scanned over both spectral features. For an optically thick
just expresses that at the fundamental frequency the transample however, the frequency dependence of-eRAg(v)]
mission is increased, whereas at the hot-band frequency thust explicitly be taken into account before the integration
transmission is decreased. However, the higher-order termsver all frequencies within the probe bandwidth is per-
in Eq. (A11) have alternating signs opposed to HA8).  formed. When the pump pulse is tuned to the center of the
Thus with increasing saturation, the next term which be-absorption band, the value of dxpAy(v)] has a minimum at
comes important, with time-constai,, is a fast decaying the frequencies which have the largest bleaching. This sup-
transmissiorincreaseat the hot-band frequency. Analogous presses the effect of the large bleaching at the top of the
to the one-color experiment, if the probe is tuned to the cengbsorption band compared to the wings, and the transmission
ter of the hot band, this effect will contribute relatively increase for a probe at the center of the absorption band is
strongly to the transient signal. As a consequence, from comsmajler than the transmission decrease at the center of the
bining a transmission decrease with and a smaller trans- induced hot band. This is again due to the fact that the inte-
mission increase which decays withT;, In[T(t)/To] de-  gration over the probe bandwidth takes place in the experi-
caysslowerthan single exponential decay with. ment before the logarithm acts on the transmitted probe sig-
The second important difference between HA®) and 151 Thus for optically thick sample@vhich is usually the
(All1) is that in the expression for the fundamental absorpsase for saturation spectroscopythe amplitude of the
tion an additional factor exp-Aq(v)] is found, which is ab-  pieaching is suppressed compared to that of the hot band,
sent for the induced hqt band. This is 'of 'lmportance for theyecause at the frequency where the transmission change is
spectral shapes of the induced transmission changes. For 8¥%tge the probe is absorbed most. The spectral width of the
ery excitation fraction, no matter how small, the probe transy, g4 ching is also affected by this effect. The exact manifes-
mission at the fundamental frequency is given[bge Ed.  44i0n depends on the specific frequency dependencias,of

(A3)] f, andT,,.
Let us summarize what we have shown in this Appendix.
To_1(t)= f Tordv)exd —Ag(v) Jlexd 2Aq(v) f(t,v) ]dv. In time-resolved saturation spectroscopy the probe pulses
(A12)  Which are transmitted by the sample are usually detected in a
spectrally integrated way. If the linewidth of the probe pulse
At the hot-band frequency we have becomes comparable to any other spectral width in the sys-
tem (homogeneous linewidth, inhomogeneous absorption
Tlﬂz(t)=J' Toro V) eXH — BAG( v+ vann) f(t, v+ vann) 1dv. 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
(The reference transmission valugg, which are the trans- relation 2f ,A;<1 holds, whereas this is not valid at other
missions without the pump pulse, are given by the samg@robed frequencies, transient contributions to the probe
equations withf (t,») =0). If the sample is optically thin, the transmission with shorter lifetimes start to become impor-
factor expp—Ay(v)] in Eq. (A12) may be approximated by 1. tant. In general this means that at the fundamental absorption

(A13)
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the probed decay of the bleaching is faster than singletion of the transition dipoles is assumed to be isotropic,
exponential decay withT;, whereas at the hot-band fre- which is valid for the zeolite powder samples because there
qguency a decay slower than a single-exponential decay witls a random orientation of crystalline grains in these samples.
T, is found. Equal lifetimes for the bleaching and hot-bandEquations(B1) and (B2) are solved numerically and this
absorption lifetimes, like we found for the O—D experimentsgives the fraction of oscillators which can absorb the probe
(Sec. IV A), suggest that these effects are not important fofpulse, An(x,t,,,6,¢). This distribution of available oscilla-
the O-D vibrations. To be sure however, the spectral intetors can be mtegrated over the sample thickness and both
gration of the probe transmission should be accounted fogngles to yield the fraction of oscillators available to absorb

using the equations given above. We have done this and fqhe probe in the two polarization channétsrallel and per-
the O-D experiments it was indeed found that thependicular to the pump

transmission-change lifetimes could be identified with

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 — \ ¢ |_ j f"’ Z"r’ "AR(KL 6, &)
within the inhomogeneous absorption band should be known 0 4l ] .

to perform this analysis, because the frequency dependence i

of f is given by the spectral overlap between homogeneous xcos ¢ sin ¢ do d¢ dx

lines and the pump pulgeee 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 x co 6 sin 6 do dx, (B3)
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

O=m
2| f, An(x,tp,0)

explicitly, as was done both in this Appendix and in Sec. Il ¢=2m [O=m
phcity PP AN ()= 75 f f L AN(X,ty, 0, 0)
APPENDIX B: CALCULATION OF THE POLARIZED . .
To calculate the probe transmission for the probe polar- f f An(x,t,,6)
ization both parallel and perpendicular to the pump polariza- a4

tion in the absence of polarization diffusideee also Ref. )

79), we assume a two-level system for which the upper level X[1—cos 6]sin 6 d6 dx. (B4)
has a population lifetim& . (Spectral diffusion is neglected

in these calculationsFor a saturating pump pulse with in-

tensity I (tp) =10i(t;), wherei(tp) is the normalized time  For both casedN reduces toj for An(x,t,,6)=1, which
dependence, which travels in the direction through a  corresponds to an unexcited isotropic distribution of oscilla-
sample and is polarized in thredirection, the population that tors. Note that for vanishing pump intensity the oscillators
can absorb the light is given by the following differential are excited according to a o distribution around the

equations(in the coordinate frame of the moving light pump polarization, for which we obtain
pulse: [5—AN(t))]/[ 53— AN, (tp)] =35 which is expected for an
JAN(X,t,,0,¢) _ initially isotropic distribution of oscillators excited with a
TZ—koﬂ(X,tp)An(X,tp,0,¢)0052 0 linearly polarized pump field in the absence of rotational
P relaxation(see also Ref. 79
Tk 1-An(x,t,,0,¢4)], (B1) The treatment presented so far is valid for one frequency
di(x.to) component. To account for all the effects described in Ap-
a;( P — —aAN(x, tp, 0, $)i(x,t )co§ 0, (B2)  pendix A it should be extended to a distribution of homoge-

neous absorption bands, but this would complicate the cal-
where 6 is the angle between the oscillator transition dipoleculations significantly. For the HF O—H absorption band, for
and the pump polarizatior) is the corresponding azimuthal Which the laser linewidth is broader than the absorption band
angle,An(x,t,,6,¢)=AN(X,t,,6,$)/Ny is the fraction of ~and the homogeneous linewidth ot very much smaller
unexcited oscillators oriented alorig,¢) which can absorb than the inhomogeneous linewidtsee Table), it is reason-

the light (N, is the total number of oscillatorand « is the  able to assume that the excited fractigndoes not depend
absorption coefficientg=A,/| =op wherel is the length of on frequency. Hence, the absorption band is treated as homo-
the sampleg is the absorption cross section per oscillator,geneous and Eq$B1)—(B4) are solved using oneffective
andp is the density of oscillators. The upward rate is givenabsorption coefficientr (or cross sectiorwr) and one pump

by kg;=20al/hv and the relaxation rate is the inverse of theintensityl,. The probe transmission as a function of the de-
excited state lifetimel¢;o=1/T,. The initial angular distribu- lay t with respect to the pump, for a homogeneous
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