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In this time-resolved study of vibrational dynamics of deuterated surface hydroxyls at acid sites in
the zeolite Mordenite, we investigate the OFDvibrational lifetime and transient band shifts. It is
shown that after infrared excitation of the stretching mode of a surface hydroxyl, the excess energy
is rapidly distributed over delocalized low-energy lattice modes upon de-excitation. This is asserted
from the observation that nonexcited hydroxyls are perturbed by the relaxation of their excited
counterparts immediately after this relaxation. This observation can be made owing to better
resolution in transient transmission spectroscopy obtained by deuteration of the surface hydroxyls.
This assignment allows for accurate estimates of lattice temperatures after relaxation of the
vibration. Further, from the observation that the vibrational lifetime is dependent on frequency
(increasing from 25 to 70 ps with increasing frequéndyis concluded that the deuterated acidic
protons are hydrogen bonded to lattice oxygen atoms in the zeolitd99% American Institute of
Physics.

I. INTRODUCTION Here we present the results of a time resolved study on
the deuterated version of the zeolite Mordenite. The vibra-

Vibrational energy transfer processes have been extenional lifetime of the deuterated zeolite hydroxyl cannot be
sively studied during the past decades. In the gas phase, subbtained by conventional infrared spectroscopy, since the
stantial information has been obtained on ¢f&distribution  width of the O—D absorption band is determined by inhomo-
of vibrational energy and energy decay routds.the con-  geneous broadening and/or dephasing. The vibrational life-
densed phase however, a lot of questions still remain unraimes are on the order of 100 ps, corresponding to a band-
solved due to the short time scales involved and the fact thatidth of 0.05 cm®, whereas the absorption linewidths are
this information in general cannot be obtained from measureapproximately 30 cm®. The zeolite under investigation here
ments in the frequency domain. Time-resolMpitoseconyl is the acidic form of the zeolite Mordenite. The structure of
infrared spectroscopy has thus been proven a powerful todeolite Mordenite is known to consist of two types of chan-
in the investigation of the vibrational dynamics of solids in nels, composed of 12-ring cag¢8.5x7.0 A) and 8-ring
genera and the zeolite hydroxyl in particuldr® In these cages(2.6x5.7 A), respectively Recently, the acidity of the
pump—probe experiments the vibration under investigation igeolite Mordenite has been the subject of much researéh.
saturated by an intense picosecond infrared lapemp In order to gain better insight into the dynamics of vibra-
pulse. The return to equilibrium is then monitored by thetional relaxation and the properties of this surface hydroxyl,
transmission of a weaker pulse, the probe pulse. From thesee performed a time-resolved vibrational study of deuterated
experiments the vibrational lifetim&; can be obtained. hydroxyls.

Zeolites, also known as molecular sieves, are crystalline
alumino-silicates with large internal surfaces due to the pres-
ence of microscopic channels and pores. They have catio) expERIMENT
exchange capacity, and wher xchanged they are solid
acids. These acidic zeolites are widely applied in hydrocar- The zeolite samples consist of pressed self-supporting
bon conversion reactions in the petrochemical industry. Theicrystalline zeolite discs of 5 mg/émAcid forms of Morden-
acidity is due to Brasted catalytically active hydroxyl ite were obtained byn vacuo heating(1 h at 743 K of
(O—H) groups, located between a silicon and an aluminumMordenite in which N& cations were exchanged by IyH
atom on the surface, pointing into the zeolite cavity. Thecations. The Mordenite under investigation was specified by
relations between reactivity, acidity, infrared absorption fre-Si/Al and H/T (T=Si or Al) ratios of 6.7 and 0.13, respec-
guency, and the local environment of the zeolite hydroxyl intively. Deuteration was achieved by exposing the zeolite disc
the zeolite lattice have been the subject of ongoing researcko 500 mbar of B gas(Messer Griesheim, 99.7pat 693 K
For a recent review, see Ref. 7. and allowing exchange for 1 h, resulting in approximately
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70% exchange as observed from the absorption spectra.
These spectra were recorded using a Perkin—Elmer 881

double beam IR spectrometer.
For the experiments intenge=-100 wJ) picosecond20
ps) tunable infrared2200—-4500 cm?) pulses are generated

by parametric downconversion of 1064 nm Nd—YAG pulses
in LINbO; crystals(an extensive description of the experi-

mental setup can be found in Ref.)18 pulse is split into a
pump pulse(99%) and a weak probe puls€l%). In the
pump—probe experiment a considerable fractiesll0%—
20%) of the O—D oscillators are excited from their=0 to
v=1 vibrational state by the pump pulse tuned to the O—
absorption frequency and focused onto the saniplEam
waist~0.4 mm diam. Due to large anharmonicitfhe O—D
v=1—2 absorption is shifted by about 100 chfrom the
v=0—1 absorptiojf the excited O—Dv =1) cannot absorb
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the pump light. This results in a bleaching of the O—D ab-FiG, 1. Absorption spectrum for O—D absorption bands for deuterated zeo-
sorption on a picosecond time scale, i.e., a temporary inlite Mordenite and the deconvolution. The LF peak is caused by deuterated

crease of transmission of |ight of this Wavelength through th@ydroxyls situated in the small cages, the HF peak by deuterated hydroxyls

sticking into the larger 12-ring cages. Both the LF and HF peak are repre-

sample. Hence the equilibration of the population dIStrIbu'sented by single Gaussian line shapes. Sum of two peaks coincide with data,

tion can be monitored by measuring the transmission of thexcept for low-frequency side of the LF peak. Bar shows FWHM of laser
weak probe pulse whose time delay with respect to the pumjne.
pulse can be varied. The decay of the pump-induced trans-
mission with time is related to the vibrational lifetime of the

excitation T,, as: IfT(t)/To]~exp(—t/T,), where T(t) is
the transmitted energy of the probe pulse at délagd T is

the transmitted probe energy in absence of the pump puls
The pump repetition rate can be regulated from 1 to 10 sho

per second. The laser pulse has a bandwidth of 11¢full
width at half-maximum, Gaussian line shapg O-D ab-

sorption frequencies, which is three times smaller than th%u
bandwidth at O—H frequencies. This better frequency res

lution, and a reduced scattering of the laser pump light
O-D frequency as opposed to O—H, are the reasons for
vestigating the deuterated sample.

Ill. RESULTS

the absorption peak of thHeeuterateghydroxyls in Morden-
ite consists of two contributions: a low-frequendyF) and a

tion peak(at 2672 cm?); a larger lifetimeT; is observed
and after relaxation an increase in transmission is detected

ig. 2c)]. So the experiments present us with the vibra-
onal lifetime T, as well as an offsefevel) of the transmis-

sion after vibrational relaxation.
The values for the vibrational lifetimg, are obtained by

[0)

merically solving the appropriate set of coupled spatio-

temporal rate equations describing the transmission of the

?_gump pulse through the sampfeThis renders the time-
ependent population distribution of the O—D oscillators in

the zeolite sample. Subsequently, the transmission of the
probe pulse is evaluated numerically. The calculations need
as input the pulse parameters of both pump and ptpblse
In Fig. 1 the O-D stretch region of the conventional shape, duration, and intensitpnd sample parametefab-

infrared absorption spectrum for deuterated Mordenite is desorption cross section, oscillator density, and sample Igngth
picted. A recent paper proposed that—similar to Y-zeolite—Fit parameters are the time constdntand the offset of the
transmission after vibrational relaxation. To account for this
offset, the number of oscillators under the laser band was

high-frequency(HF) subpeak, resulting from hydroxyls in allowed to change proportional to the number of deexcited
the small 8-ring cages and in the larger 12-ring cagespscillators, as this deexcitation is the cause of this offset. The
respectively® This decomposition was carried out for the results of the calculations are shown as solid lines in Fig. 2.
absorption spectrum and the res(dee Fig. 1is in agree- Clearly, our experiments could very well be described by a
ment with Ref. 13. simple model with(i) a single time constant accounting for
Three typical results of room temperature pump—probgpopulation decay andii) the change in oscillator density
experiments for deuterated Mordenite are shown in Fig. 2according to the number of relaxed oscillators.
With the laser tuned to the top of the absorption bé&2@b2 In Fig. 3, the vibrational lifetimeT; is plotted versus
cm 1) the transmission was found to return to equilibrium laser frequency through the absorption band for Mordenite.
valueT, with a time constant of 55 d$-ig. 2@)]. If the laser  Note the continuous increase ®f with frequency. These
frequency is tuned to the low-frequency side of the absorpexperimentally obtained’; times are essentially convolu-
tion band(at 2640 cm'}), two striking changes occur in the tions of the actuall ;s within the laser pulse infrared band-
measured decay: a decay with smaller time constant of 36 psidth, due to the width of the laser band.
is found and the relative transmissiofTiit)/T,] is found to The level L to which the transmission was found to
relax to a negative valugrig. 2(b)]; after decay of the ex- relax—normalized to the magnitude of the sigii@p)—is
cited oscillators, the absorbance has increased. Contrary gflotted versus wave number in Fig. 4. Exciting on the low-
fects are observed on the high-frequency side of the absorfirequency side of the absorption band, the absorption is en-
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Viser = 2640 cm™' FIG. 3. The vibrational lifetimeT, as a function of laser frequency for

0.06 | T, = 34 (2) ps. - Mordenite O-D.T, is found to increase with frequency. Laser bandwidth

level/top = 0.1 with Gaussian shape has full width at half-height of 11 ¢énError bars

g denote*2¢ for average results at different experiments.
0.04 - g
g
o0zl ] relevant time scales in the experimefit the vibrational
lifetime T4, (ii) the onset time of the levdl, i.e., the time
N between vibrational relaxation and the change in transmis-
\"ﬁ......._._-_-_._. sion hereby caused@onsidered instantaneous in our calcula-
. P oo o0 tions, but not necessarily g§see below|, and(iii) the slow
) Delay (ps) relaxation time of this last effedthe observed offset of the
transmission is constant for 1 ns after vibrational relaxation,
MORDENITE—0OD but has faded when the next pulse pair travels through the
o5k ' ' ' ] sample(after =1 s). Similar double relaxation effects have
Vs = 2672 cm™! been observed before for fluid?® but not in vibrational
T, = 68 (4) ps. relaxation experiments on surface hydroxyls.
,’_3 0.4 | level/top = 0.13 IV. DISCUSSION
~
g A. Hydrogen bonding
021 The observed frequency dependence of the vibrational
lifetime T, in Mordenite (Fig. 3 could have two probable
0
0 200 400 600 MORDENITE-OD
(© Delay (ps) : . .
0.1} 9 ]
FIG. 2. Relative transmission of an infrared probe puls&(0l/Ty] (Tg is 23(3)
the transmitted probe energy in absence of the pump pakséunction of a
the delay between pump and probe pulses for zeolite Mordenite O-D at ) F 15(5)
three laser frequencie&) top of the absorption peal2662 cm%), (b) on % 0 =32 s
the low-frequency side of the absorption pg¢ak40 cnl), and(c) at 2672 B ®)
cm L. The values for the fitted energy decay timigs(and the correspond-
ing standard deviationgre denoted in the graph. The top of the absorption 01 12(2 ]
peak is situated at 2662 crth The vibrational relaxation time is found to be =T @
dependent on frequency. + 9(1.5)
8(1.5)
-0.2 . L
2620 2640 2660 2680

-1
hanced after the relaxation of excited oscillators. On the Laser frequency (cm

high-frequency side, there is a decrease in absorption after

relaxation. This _pOIﬂFS to a redshlft of the absor_ptmn peah:IG. 4. The observed level to which the logarithm of the normalized trans-
caused by the vibrational relaxation; the absorption band isission (In[T(t)/T,]) was found to relax, normalized to the magnitude of
shifted towards the laser bakidto resonance with the laser  the signal, as a function of laser frequency. After relaxation, on the red side

at low frequencies, and shifts away from the laser at higH).f the apsorptlon peak a decregsg in transm|s§|on is observed', on the blue
side an increase. The numbers indicate the lattice temperature increase after

A7
frequenc!esl. o deexcitation(see the tejt The star denotes a measurement with 96%¢er
At this point it is important to note that there atteee  pump energy.
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causes. Due to the laser bandwidth of 11 ¢nthe two types  the sum of energies is in resonance with the O—D vibrational
of deuterated hydroxylgsituated in the 8-ring and 12-ring energy. If the excitation of one of the accepting modes,
cavitieg are probed simultaneously in the experiment. If thebrought about by deexcitation of the O-D stretching mode,
two species have differerit,’s, the observedrequency de- causes the O-D stretch frequency to change, and the lifetime
pendence could be caused by two frequency independenf this excitation is sufficiently large, this would account for
contributions. The second possibility is that there is an actuahe observed offset of transmission after vibrational relax-
frequency dependence in one or both of the subpeaks. Thation.
first possibility however implies a decay with two time con- Opposed to this is the nonlocal possibility which in-
stants. Experiments in which both peaks were probed equallyolves a rapid redistribution of the energy in the O—D vibra-
could not be modeled with two time constants, assumingional quantum over the zeolite lattice, causaiythe oscil-
these to be the slowest and fastest decay times observedtors to shift in frequency. This hypothesis requires that the
This implies at least one of the hydroxyl species has a freexcess energy released by the relaxing O—D oscillator is
quency dependeit; . Extensive argumentation can be found equilibrated over the zeolite lattice on a time scale that is
in Ref. 18. short compared to the O-D lifetime. In this case the fre-
In a recent thorough investigatidof O—H relaxation in  quency shift would not be instantaneous, since it would take
Y-zeolites with time-resolved spectroscopy, it was concludegome time to “delocalize” the excess energy.
that an increase off; with frequency suggests hydrogen  There are four indications as to whether the effect is
bonding of the hydroxyl hydrogen to neighboring oxygeniocal or nonlocal, all in favor of the nonlocal hypothesis:
atoms: a stronger H bond weakens the original O—H bongkirst we found a dependence of the offset of the transmission
and consequently decreases the absorption frequency. Simulfter relaxation on pump pulse energy. Several experiments
taneously the hydrogen bond enhances the coupling to agith gradually decreasing pump energy, showed the level/top
cepting modes, resulting in a faster decay. If the laser isatio to continually decrease, and go to zero for sufficiently
tuned to the |OW'frequency side of the absorption peak, hysma” pump energie@ee' e.g., the star in F|g)4From the
droxyls will be probed that are more strongly hydrogennoniocal point of view, this dependence can easily be ex-
bonded, and consequently exhibit faster decay. This accounfained: there will be a smaller perturbation of all the oscil-
for the decrease o, on lowering the laser frequency. So the |ators and hence a smaller shift of the absorption band when
observed frequency dependenceTgfin Mordenite O-D is  |ess energy is deposited onto the lattice due to the excitation
attributed to hydrogen bonding of at least one of the twoof |ess O-D oscillators. The local hypothesis, however, im-
deuterated hydroxyl species. The most likely candidate fopjies that the magnitude of the level/top ratio is independent
hydrogen bonding are the hydroxyls in the smaller 8-ringof the number of excited oscillators and consequently inde-
cages, causing the (_Jlownshlft_ed and broadened LF-absorptl(Héndent of pump pulse energy, because in this hypothesis the
peak, by analogy with Y-zeolite™® top and the transmission offset are both proportional to the
number of excited oscillators.
Second, a similar dependence of the transmission offset
In a time resolved study of the C—H-stretch vibration in after vibrational relaxation was found on O—D concentration:
CHBr; it was found that after excitation of the C—H vibra- for lower O-D concentrationgachieved by allowing less
tion there arawo relaxation processég_First the energy is exchange with D) the offset after relaxation decreased. The
transferred to other vibrations within the molecule. Due topreceding argument holds here as well; for lower oscillator
anharmonic coupling these vibrations affect the C—H-stretcldensities, less oscillators will be excited and less energy will
frequency, thus changing the transmission at the original frebe dumped onto the zeolite lattice.
quency. These vibrations can have lifetimes up to nanosec- Third, the homogeneous linewidth of H on(8i1) was
onds. This effect causes the transmission to relax with twdound to be 1 cm*.?° If the homogeneous linewidth of the
time constants: first the pump-induced transmission decayzeolite hydroxyl is of the same order of magnitude, this is ten
with the vibrational lifetime constari, whereafter a second times more narrow than our laser bandwidffhe deuterated
relaxation process is observed, with a much larger time conzeolite absorption bands are very similar to the nondeuter-
stant, reflecting the energy flow out of the molecule. ated onep This implies we can only excite the deuterated
Here, we also find evidence for a second slow relaxatiohydroxyls whose narrow homogeneous absorption bands are
process. After the actual vibrational relaxation, the system isituated under the 11 cm laser band. In the local hypoth-
found to relax to a nonequilibrium state which is stationaryesis, only these homogeneous bands could shift upon deex-
for at least 2 ns. This is manifested in a transmission aftecitation. This could only result in a decrease of the number of
vibrational relaxation different from the transmission before;oscillators absorbing at frequencies under the laser band; an
somehow the absorption frequencies of the oscillators aricrease in absorption could never be accounted for. The
affected by the vibrational relaxation. In principle, the relax-nonlocal hypothesis, however, predicts a perturbation of all
ation of excited oscillators could affecnly the oscillators  oscillators and, consequently, a shift of the whole absorption
that were exciteda “local” effect as observed in CHBY or band.
the absorption ofall oscillators(a “nonlocal” effect). The Fourth, previous studies of O—H and O-D relaxation in
“local hypothesis” can be visualized as follows, in analogy micas and on silica surfaces deduced that the initial relax-
to CHBr3: decay of the excited O—D oscillator entails the ation process for an O—H/O—-D quantum was to decay into
redistribution of the energy into accepting modes, for whichfour accepting modes:?> One would expect that the accept-

B. Fast energy delocalization
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ing modes excited on deexcitation of the O-D oscillator MORDENITE—0D
would decay fast relative to the O—D oscillator itself, rather 2.5 - - T T

than slow. This would be due to the fact that the energy gap

between the O-D accepting modes dhelir subsequent ac- 2

cepting modes is a lot smaller than the energy gap between F R S 200° € VA

the O-D oscillator and its accepting modes: possible accept- S sl — 25°¢ f

ing modes for the O-D vibration relaxation process, e.g., ]

O-D bending modes or Si/Al-0 stretching modes, all have 2 [

frequencies ranging from 400 to 1000 cht®23-25A smaller 2

energy gap implies that less accepting modes are necessary = 45|

for deexcitation of these modes. Theory predicts that the vi-

brational energy transfer possibility increases by at least one 0 o . . L
order of magnitude when one less accepting mode is needed 260 2620 2640  2660_ 2680 2700

for deexcitatior?® Hence, it seems unlikely that the accept- Wovenumber {em )

ing mode excitations have lifetimes exceeding nanoseconds.
Since the energy in the O-D oscillator will eventually be g, 5. Absorption spectrum in the O-D stretch region for deuterated
degraded to low frequency lattice modes, which are not reMordenite at two different temperatures. On increasing the temperature, the
stricted to the immediate vicinity of the relaxed O—D oscil- absorption band is seen to shift to lower wave numbers and decrease in
lator, fast relaxation of theicceptingmodes supports the ™ensW:
nonlocal hypothesis.

Itis thus concluded that the observed effect is nonlocal'Sorption band A(3,0) reads: T(®)=[diL(%)
we experimentally observe a very rapid redistribution of thexex;{—A(Z 0)]
energy .Of the excited (_)scnlat_or Into delqcallzed_modes._ The From the experiments we obtain the transmission of the
absorption band of neighboring nonexcited oscillators is al-

¢ instant v redshifted due to the vibrational rel probe pulse after vibrational relaxation relative to room tem-
mostnstantaneously redshilted due fo the vibrational re aXﬁ)erature transmission. By measuring the absorption spectrum
ation of excited oscillators. From our calculations it is con-

S ) . A(v) as a function of temperatur® we can subsequently
cluded that the time it takes for a nonexcited oscillator to bedetermine the magnitude of the temperature increase corre-
perturbed after deexcitation of an excited neighkaloout

510 A ie th t i f the offset of the t sponding to the observed offset of the transmission. The mo-
T "’!Way’ I.€., the onset ime of the ofiset of the trans- mentary increase in temperature causing the offset in trans-
mission, is smaller than 10 ps.

mission was found to vary from 10 °C pumping the flanks of
the absorption peak to 30 °C at absorption maximum and
could be determined accurately. The lattice temperature in-
creases as calculated from the offset in transmission after
The observation of very rapid dispersion of the excesselaxation, are indicated for each measurement in Fig. 4.
energy after deexcitation of the oscillators, indicates that th&rom the calculations it was found that at the top of the
offset of the transmission is due to an elevated lattice temabsorption peak about 60 of the 1xJ pump energy is ab-
perature immediately after vibrational relaxation. Indeed, thesorbed. If this energy is evenly distributed over the laser
O-D stretch absorption band was found to shift to lowerfocus, this would result in a temperature increase of approxi-
wave numbers on raising the temperature as can be observathtely 10 °C, in good agreement with the experimentally
in Fig. 5. Vibrational relaxation causes an almost immediatebserved values. Previous ultrafast heating experiments in
increase of lattice temperature, which, in turn, causes théquids with a molecular thermometer, showed similar tem-
absorption band to shift. The result is an increased absorptigperature increases with somewhat lower pump enefgies.
at the low-frequency side of the peak and decreased absorp- A potential danger in the experiments is the steady-state
tion at the high-frequency side after relaxation of the excita-heating of the sample due to the relatively large amounts of
tion as was observed in the experime(ig. 4). energy absorbed in the sample. Vibrational lifetimes are in-
The dependence of the absorption band on temperatutensically dependent on temperature; at higher temperatures
can qualitatively be understood as follows: an increase in thdecay is more rapitf We checked for steady-state heating
temperature promotes population of low-frequency vibra-effects by measuring; as a function of pump repetition
tions or phonons. This increase in ground state populationate; no heating was detected for repetition rates of 5 Hz and
affects the O-D stretch frequency through modes that arkower. All aforementioned experiments were performed at
coupled to this stretching mode; an increase in temperaturihnis repetition rate. For pump repetition rates larger than 5
causes a redshift and broadening of the absorption @ Hz steady-state heating occurs due to the cumulative tem-
e.g., Ref. 20 perature effect of the pump pulses; the time between pump
Since we know the change in transmission induced byulses does not allow for thermal equilibration of the sample.
the vibrational relaxatioriFig. 4), we can make an estimate Experimentally, for repetition rates higher than 5 Hz not only
of the increase in lattice temperature causing this change ia smallerT, is observed, but also a change in the offset of
transmission. The expression for the transmissioms a the transmission after vibrational relaxation compared to the
function of temperatur® of a laser probe pulse with inten- offset at lower repetition rateén absence of steady-state
sity L(7) through a sample with temperature dependent abheating. This can be understood by noting that, at different

C. Lattice temperature

Downloaded-21-Apr-2005-to-131.155.151.4% GREMsFRYSou A% N9- 8L FEhruans 1995y right, ~see-http:/jcp.aip.orgljcp/copyright.jsp



2186 Bonn et al.; Vibrational relaxation of a deuterated surface

initial steady-state temperatures the effect of the same teniinancial support from the Nederlandse Organisatie voor
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be different. Since we know the single pulse temperaturéhe Advancement of Reseajch
increase at room temperatuiéig. 4), we can now make an
estimate of the steady-state temperature increase for repeti-
tion rates exceeding 5 Hz, from the change in transmissionJ. T. Yardley,Introduction to Molecular Energy TransféAcademic, New
i York, 1980.
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