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Vibrational Dephasing Mechanisms in Hydrogen-Bonded Systems
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With transient IR hole-burning spectroscopy we observe large variations in the homogeneous
linewidth of thens(O-D) stretch vibration of differently hydrogen-bonded surface hydroxyls in zeolite
catalysts. The linewidth is very sensitive to the frequency of thenssOD · · · X) hydrogen-bond vibration.
By varying this frequency we obtain conclusive information on the coupling between thens(O-D) and
the nssOD · · · X) modes.

PACS numbers: 33.20.Ea, 63.50.+x, 82.20.Rp, 78.47.+p
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Vibrational phase relaxation in condensed phases
received considerable attention in recent decades bec
it is recognized as a powerful probe of intermolecu
interaction dynamics [1]. Recent developments in tim
resolved spectroscopy have allowed for, e.g., the m
surement of homogeneous vibrational line shapes w
IR transient hole-burning techniques [2,3] and the tim
resolved observation of vibrational dephasing by mea
of a photon-echo experiment [4]. A great number of s
phisticated models have been developed to describe
brational line shapes [5–10], some specifically address
the effect of hydrogen bonds [8–10]. The spectral ba
width of a hydrogen-bonded complex is typically an ord
of magnitude larger than that of the unassociated molec
or oscillator, indicating that the vibrational dephasing ra
is strongly influenced by hydrogen-bond formation.

The width of an absorption line can generally be d
scribed in terms of inhomogeneous and homogeneous
tributions. The former are due to a static distribution
transition frequencies, whereas the latter are determi
by energyT1 and pure dephasingT p

2 lifetimes of the ex-
citation, leading to a homogeneous linewidth2pGhom ­
T 21

1 1 2Tp21
2 . The phase correlation of an ensemble

oscillators will decay in time due to interactions of a v
bration with its surroundings, since these interactions
sult in modulations of thesy ­ 0d ! sy ­ 1d transition
frequency. Hence the linewidth is determined byD, the
width of the oscillator frequency distribution, andtc, the
time scale on which the modulation of the transition fr
quency occurs. For slow modulation (Dtc ¿ 1) the width
of the absorption line is solely determined byD. If the
modulation of the transition frequency is sufficiently rap
(Dtc & 1), the net phase evolution of the oscillators w
resemble that of the central frequency of the distributio
As a result decay of the macroscopic polarization will
relatively slow, resulting in a sharp absorption band. T
phenomenon is well known in magnetic resonance sp
troscopy as motional narrowing [11].

In this Letter we will test two theoretical model
describing dephasing in hydrogen-bonded systems.
first model is based on those developed by Marechal
0 0031-9007y96y76(14)y2440(4)$10.00
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Witkowski [8] and by Bratos [9], which were of a stati
nature (slow modulation limit,tc ! `). The key point
of these theories was the recognition that dephasing of
ns(X-H) stretch vibration occurs through coupling to th
hydrogen bridge stretching modens(XH· · · Y ), directed
along the same spatial coordinate as thens(X-H) high-
frequency mode itself; the coordinate of thenssXH · · · Y )
moders determines the frequency of thens(X-H) mode.
In the extension of this model by Robertson and Yarwo
[10] the dynamics of the coupling were incorporated
introducing a stochastic modulation of thers coordinate
superimposed on thenssXH · · · Y ) vibration. This causes
a frequency modulation of the high-frequencyns(X-H)
mode through the time evolution ofrs . The anharmonic
coupling termVanh betweenns(X-H) andnssXH · · · Y ) is
linear in the coordinatersstd of the nssXH · · · Y ) mode:
Vanh ~ rsstd. This description is in sharp contrast wit
that of the second theoretical model by Shelby and Ha
[7], where the coupling depends on the coordinate
the low-frequency moders to second or higher orde
[7] Vanh ~ r2

sstd. In that model the modulation of the
ns(X-H) transition frequency occurs through anharmon
coupling to a low-frequency mode, which undergo
energy exchange with the bath.

Although both theories have been successful in accou
ing for existing experimental data for hydrogen-bond
systems separately [2,12], the models have not been c
paratively tested. From previous experiments it is cle
that temperature variation [2,13], change in hydrogen-bo
strength due to different hydrogen-bond acceptorydonor
[14], change of solvent [15], and isotopic substitution [1
lead to severe complications in the interpretation of t
data, since bothD and tc will change. We investigate
the nature of the coupling between the high-frequen
mode and thenssXH · · · Y) mode for differently hydrogen-
bonded O-D groups. We will show that a variation of e
clusively thenssXH · · · Y) hydrogen-bond frequency is th
decisive test for the different models. The O-D groups u
der investigation are hydrogen-bonded deuterated sur
hydroxyl groups in zeolites. Adsorption of different adso
bates allows us to regulateD andtc in a controlled manner
© 1996 The American Physical Society
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through the adsorbate mass and hydrogen-bond stre
We investigate the homogeneous linewidth with IR tra
sient spectral hole burning. Our setup consists of two in
pendently tunable (2500 4000 cm21, bandwidth6 cm21

at 2650 cm21) 25 ps infrared pump and probe pulses (re
etition rate of 10 Hz) with respective energies of,100 and
1 mJ [16].

In Fig. 1, transient spectra are shown for O-D grou
in the small cages ofY zeolite known to be hydrogen
bonded to zeolite lattice oxygen atoms [17] (OH· · · Olatt,
upper panel) and O-D groups in the large cages to wh
gaseous nitrogen is adsorbed [18] (lower panel). Both
center frequency of the absorption band (see inset, Fig
and the population lifetimeT1 of 45 ps are the sam
for both O-D groups [19] (as we observed previous
for the nondeuterated OH· · · Olatt and OH· · · N2 groups
[20]) , implying an equal hydrogen-bond strength [2
21]. For the OH· · · Olatt groups, the pump pulse burn
a hole in the absorption spectrum (see also Ref. [1
whereas, remarkably, for the OD· · · N2 groups the whole
absorption band decreases in amplitude. We have sh
previously that the hydrogen bond between the O

FIG. 1. Relative transmission changes due to the pump p
tuned to the peak of the absorption band as a function of pr
frequency, at 20 ps delay between pump and probe. Full cir
are data, the dashed line is the instrumental function. Up
panel: The OD· · · Olatt hydroxyls of D0.19Y at 100 K. The
width of the burnt hole is almost completely determined by
6 cm21 width of the laser pulses. Lower panel: The OD· · · N2
of NaD0.05Y at 100 K. Virtually the whole absorption ban
is bleached. Insets show the absorption spectra with (das
curve) and without (solid curve) the presence of the pu
pulse.
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group and the adsorbate remains intact upon vibratio
relaxation [20].

From the width of the hole we derive [16] that th
FWHM homogeneous linewidth (assumed Lorentzian)
0.75 6 0.4 cm21 for the OD· · · Olatt groups at 100 K and
13 6 1.5 cm21 for the OD· · · N2 system (dashed lines
in Fig. 1) yielding pure dephasing timesT p

2 ­ 20610
and 0.82 6 0.1 ps, respectively. The effect of powe
broadening by the pump pulse is taken into account
the calculations [16]. The large difference inTp

2 indicates
different dephasing mechanisms for the two systems. T
is confirmed by the difference in temperature depende
of T p

2 for the two systems shown as an Arrhenius p
in Fig. 2, obtained fromGhom and T1 measured over
the temperature range. For the OD· · · Olatt groups an
activation energy of200 6 70 cm21 is observed, and for
the OD· · · N2 groups, none.

The enormous difference in the homogeneo
linewidths can be understood by considering the h
drogen bond potentials foryOD ­ 0 and yOD ­ 1 for
the two systems schematically depicted in Fig. 3. In t
presence of adsorbates, the potential is strongly an
monic and dissociative. Furthermore, it is well know
that the potentials for the ground and excited states
different [21]; the hydrogen bond is stronger fory ­ 1
than fory ­ 0, and hence the potential energy minimu
is situated at smallerrs (O · · · X distance) fory ­ 1
[21]. HenceD is determined by the difference betwee
the y ­ 0 and y ­ 1 potentials, i.e., by a change in th
hydrogen bond [21]. In contrast, for the OD· · · Olatt the
potential energy curves are dictated bylattice parameters;
the OD· · · Olatt distance is determined not by the electr
static interaction between the deuterium and the Olatt, but
by the geometry of the zeolite lattice. Hence the poten
is nondissociative, and very similar for the ground a
excited states of the O-D vibration. TheD resulting from

FIG. 2. Arrhenius plot of the pure dephasing timeT p
2 vs

temperature for the OD· · · Olatt and the OD· · · N2 hydroxyls.
For the OD· · · Olatt, a least square fit gives an activation ener
of 200 6 70 cm21. For the OD groups bonded to nitrogen, n
such dependency is found.
2441
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FIG. 3. Schematicrs potentials for the hydrogen bonde
systems: The lower curve is for thens(O-D) in the ground
state, and the upper curve is for thens(O-D) in the first
excited state. (a) For a hydrogen bond to an adsorb
strongly anharmonic and dissociative. The H-bond dissocia
energy is,1500 cm21, the transition frequency,2600 and
,2750 cm21 with and without the H-bond, respectively. Afte
Ref. [21]. (b) For a hydrogen bond to fixed lattice oxyg
atoms.

coupling to the hydrogen-bond mode will consequen
be very small, and a different broadening mechan
will take over (see below). The overallinhomogeneous
absorption line, in contrast, is determined by the hydro
bond; the broadening is due to a static distribution
the hydrogen-bond strengths. This is consistent w
previous experiments which showed that the vibratio
lifetime T1 increases with increasing frequency with
the absorption band [22], indicating that with increas
frequency the hydrogen-bond strength decreases [17]

The observation of an activation energy, as obser
for the (OD· · · Olatt) groups, is the key prediction o
the Shelby-Harris model of dephasing. Exactly the sa
activation energy is observed for zeolite O-D groupsnot
hydrogen bonded to the lattice. This confirms that
the (OD· · · Olatt) groups, the dephasing isnot caused by
the hydrogen bond, but that dephasing is due to coup
to a zeolite lattice mode. This mode is presuma
the 260 cm21 lattice oxygen mode, since there are
other modes between 100 and300 cm21 [23]. For the
OD · · · N2 groups where it is the hydrogen bond th
is responsible for the dephasing process, the abs
of a temperature dependence (neither observed for o
adsorbates) does not particularly support one of
models. The absence of temperature dependence
be due to, e.g., a very small activation energy for t
system (note that data points could be obtained only in
small range from 90 to 140 K). Hence, the depende
of the linewidth on temperature cannot give conclus
information on the mechanism of dephasing induced
the hydrogen-bond mode.
2442
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The decisive test for the two theoretical models is
change only the frequency of thens mode: Upon an in-
crease of thens frequency, the Shelby-Harris quadrat
coupling model predicts a slower modulation of the tran
tion frequency, since an increase of this frequency imp
slower exchange with the bath. In the slow modulati
limit, this will result in a narrowing of the line, since th
polarization will live longer. However, the limit of slow
modulation implies that vibrational population lifetimesT1
is very short, whereas a relatively longT1 of 45 ps is ob-
served. In the regime of fast modulation, appropriate
our system, the Shelby-Harris model predicts a broad
ing of the absorption line, since less motional narrowi
will occur; due to the slower exchangetc will increase.
Conversely, Robertson and Yarwood predict a narrow
of the line, since in their model the coordinaters deter-
mines the dephasing directly andrsstd will fluctuate more
rapidly with increasingnssXH · · · Y ) frequency. If the
stochastic modulation ofrs is described by an Ornstein
Uhlenbeck process [10], then the rate of frequency modu
tion of thens(X-H) mode is determined by the frequency
the hydrogen-bond stretching modens , as well as a damp-
ing parameterg: tc ­ gyn2

s . The frequency of thens

mode can be modified simply by changing the adsorb
Methane, for example, has a lower mass but the same
sorption energy as nitrogen, resulting only in an increas
thenssXH · · · Y ) frequency. The homogeneous linewidth
Ghom

exp obtained after adsorption of methane, carbon mon
ide, and xenon are shown in Table I. Methane produces
same shift of the O-D stretching frequency (and a very s
ilar absorption line) but has only half the mass of nitroge
and hencens will decrease by a factor of

p
2. As shown

in Table I, the homogeneous linewidth decreases sign
cantly to 8 cm21, conclusively validating the Robertson
Yarwood model for this system. For xenontc will be
relatively large [high mass, therefore lownssOD · · · X)
frequency], and we observe a homogeneous linewidth
28 cm21, despite the smaller adsorption energy and he
smallerD.

The Robertson-Yarwood expression fortc provides a
quantitatively correct description of our data. Assum
ing a damping parameterg of 50 cm21 in accordance
with Refs. [12,14,15], and anssOD · · · X) frequency of
100 cm21 for X ­ N2 [24], we find that a value of
46 cm21 for D is required to account for the observe
hole of 14 cm21 (implying Dtc ­ 0.23, i.e., the modula-
tion is in the intermediate regime and motional narrowi
is important in the description of the linewidth). We tak
this set as a reference to calculate the linewidths of
other adsorbates. If the degree of anharmonicity of
(OD · · · X) potential (assumed Morse) remains the sa
for the different adsorbates, then for the other adsorba
thenssOD · · · X) frequency is readily calculated as a fun
tion of adsorption energyEads and adsorbate massMads
(viz. the reduced mass of this vibration). The calculat
linewidths resulting from this straightforward procedu
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TABLE I. Characteristics and effects of different adsorbates on zeolitesY and Mordenite: The shift from the original O-D stretc
frequency by the adsorbateDnOD , the width of this lineGOD , the heat of adsorption Eads, the experimentally observed holewidt
G

exp
hom, calculated spectral distributionsD, calculated correlation timestc, and the calculated holewidthGcalc

hom . All widths are FWHM
and errors denote2s

Adsorbate Zeolite Mads DñOD GOD E a
ads G

exp
hom D tc Dtc G

calc
hom

(a.m.u.) scm21d scm21d (eV) scm21d scm21d (s) scm21d

N2 D-Mor 32 65 s63d 61 s63d 0.16 13 s61d 51 1.66 3 10213 0.25 13 (ref.)
D-Y 32 60 s63d 42 s63d 0.16 13 s61d 51 1.66 3 10213 0.25 13 (ref.)

CH4 D-Mor 16 60 s63d 50 s63d 0.15 8 s61d 47.5 1.14 3 10213 0.16 7.5
CO D-Y 32 168 s63d 65 s63d 0.23 22 s62d 73 1.12 3 10213 0.24 19.5
Xe D-Mor 131.3 45 s66d 30 s64d 0.12 28 s64d 38 11.8 3 10213 1.34 29.8

aHeats of adsorption for CO and N2 obtained from Ref. [25], others are estimated fromDñOD (see Ref. [24]).
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are shown in Table I, whereg is assumed to be indepe
dent of adsorbate andD scales with the heat of adsorptio
The agreement with the data is satisfactory, and it sho
be noted that the results depend only weakly on the
sumed reference values forg andns for nitrogen.

In conclusion, we have investigated the influence of
drogen bonds on the vibrational line shape. Depending
the hydrogen-bond potential, the homogeneous linew
in hydrogen-bonded systems is not necessarily determ
by coupling to the low-frequency hydrogen-bond mo
When dephasing is caused by the hydrogen bond, in
case of the O-D groups with adsorbates, it is clear that
physical picture behind the Robertson-Yarwood mode
correct: Dephasing of thens(OD) mode occurs by cou
pling to thenssOD · · · X) mode. This coupling is linea
in the hydrogen-bond coordinaters, which is stochasti-
cally modulated in time.
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