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Mechanism for vibrational relaxation in water investigated by femtosecond
infrared spectroscopy
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We present a study on the relaxation of the O–H stretch vibration in a dilute HDO:D2O solution
using femtosecond mid-infrared pump-probe spectroscopy. We performed one-color experiments in
which the 0→1 vibrational transition is probed at different frequencies, and two-color experiments
in which the 1→2 transition is probed. In the one-color experiments, it is observed that the
relaxation is faster at the blue side than at the center of the absorption band. Furthermore, it is
observed that the vibrational relaxation timeT1 shows an anomalous temperature dependence and
increases from 0.7460.01 ps at 298 K to 0.9060.02 ps at 363 K. These results indicate that the
O–H̄ O hydrogen bond forms the dominant accepting mode in the vibrational relaxation of the
O–H stretch vibration. ©1999 American Institute of Physics.@S0021-9606~99!52028-X#
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I. INTRODUCTION

In spite of its small molecular size, water is an extrem
complicated liquid due to the very high density of hydrog
bonds. Due to the hydrogen-bond interactions, water exh
many remarkable properties and is of great importance
~bio!chemistry. The hydrogen bonds strongly affect the
tramolecular vibrational frequencies of the water molecu
As a result, the absorption spectrum of the O–H stretch
bration of HDO changes from a narrow band at appro
mately 3700 cm21 in the gas phase to a broad band cente
at 3400 cm21 for liquid water at room temperature. The
are several contributions to the broadening of this absorp
band. The most important mechanism is the strong inho
geneous broadening that results from the large distributio
the hydrogen-bond lengths. However, this inhomogene
distribution is by no means static, since the rapid motio
that take place in a liquid lead to a continuously chang
environment for each water molecule. This results in ra
changes in the individual vibrational resonance frequen
of the molecules. This process is known as spectral diffus
Another contribution is the homogeneous broadening cau
by the energy relaxation of the excited O–H stretch vibrat
and the interactions with other degrees of freedom, suc
other internal molecular vibrations or librations.

In conventional spectroscopy, such as infrared and
man spectroscopy, it is not possible to distinguish the diff

a!Electronic mail: h.nienhuys@amolf.nl
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ent contributions to the broadening of the absorption ba
Time-resolved spectroscopy of the O–H stretch vibration,
the other hand, does provide a tool to measure these co
butions separately. However, the interpretation of the res
is often complicated due to the limited time resolution us
in many experiments.1–3

It has been found that the O–H stretch frequency
mainly influenced by the O–H̄ O hydrogen bond betwee
the hydrogen atom of the O–H group and the oxygen at
of a neighboring molecule. There exists a strong correlat
between the length of this bond and the O–H stre
frequency.4,5 Hence, the O–H stretch vibration forms a ve
useful probe to investigate the dynamics of the hydrog
bonds. By probing the spectral diffusion of the O–H stret
vibration, it has been found6,7 that the length of the hydroge
bond changes on a subpicosecond time scale. This repre
the time scale on which structural changes take place o
microscopic level in liquid water.

The inelastic interactions that cause the vibrational
ergy relaxation of the O–H stretch excitation can be prob
by measuring the vibrational lifetimeT1 . The modes to
which the energy of the excited O–H vibration is transferr
can be identified8 by measuring the temperature dependen
of T1 . Typically, a decrease of lifetime with temperature
found. Strongly different vibrational lifetimes have been r
ported for the O–H stretch vibration of HDO dissolved
D2O. In a picosecond mid-infrared study using 11 ps puls
a value forT1 of 862 ps was found,1 whereas in a more
recent study where pulses of 0.5 ps were used, aT1 of 1.0
4 © 1999 American Institute of Physics
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FIG. 1. Generation of 3mm pulses. Abbreviations:
BBO: BBO crystal; KTP: KTP crystal; R800: dielectric
800 nm mirror; R1064: dielectric 1064 nm mirror; S
silicon Brewster window; BD: beam dump. See the te
for further explanation.
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60.2 ps was inferred.9 However, in a study2 in which the
transmission was measured as a function of incident in
sity, T1 was estimated to be only 0.3–0.6 ps. In this pap
we present a detailed investigation of the relaxation mec
nism of the O–H stretch vibration of HDO dissolved in D2O
using femtosecond mid-infrared pump-probe spectrosco
In the experiments, the relaxation rate is measured as a f
tion of temperature and both the 0→1 and the 1→2 vibra-
tional transitions are probed. The combination of these
periments enables us to identify the vibrational relaxat
mechanism.

II. EXPERIMENT

A. Infrared generation

The method of pulse generation is depicted schem
cally in Fig. 1. A commercial Ti:sapphire regenerative a
plifier generates 800 nm, 150 fs, 1 mJ pulses at a 1 kHz
repetition rate. These pulses are used to pump an op
parametric generation and amplification stage~OPG/OPA!
based on ab-barium borate~BBO! crystal, that converts par
of the pump energy to tunable mid-infrared pulses with ty
cal wavelengths of 1140 nm~signal! and 2650 nm~idler!.
The full width at half maximum~FWHM! bandwidths of
these pulses are typically 80 and 200 nm, respectively.

We use the broadband signal and the remaining 800
pump to seed a second OPA process in a potassium tit
phosphate~KTP! crystal, where 800 nm light is converted
a signal wavelength at approximately 1090 nm and an id
wavelength at 3000 nm. By changing the phase-match a
of the KTP crystal, the idler wavelength can be continuou
tuned up to 3300 nm with an energy of typically 20mJ, a
Author reprint: not for redistribution                                                           
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bandwidth of 80 nm, and a FWHM duration of 250 fs. Th
wavelength range corresponds to frequencies larger
3000 cm21, which is suitable for exciting and probing th
O–H stretch vibration in water. The remaining pump a
signal wavelength components are removed by means o
electric 800 and 1064 nm mirrors. Any remaining sho
wavelength components are filtered out by a silicon pl
positioned at the Brewster angle. The infrared pulse gen
tion is described in more detail elsewhere.10

To obtain a probe pulse in the one-color experimen
part of the pulse is reflected by an uncoated calcium fluor
window. In the two-color experiments, the probe pulse
generated by using part of the seed for another param
amplification process in a second KTP crystal. In this p
cess, an independently frequency-tunable probe pulse
an energy of 1mJ is generated.

B. Pump-probe setup

Figure 2 shows a schematic outline of the pump-pro
setup. The generated pump pulses are focused to a
mm-wide spot in the sample. Part of the probe pulses is s
off and measured by a reference detector, in order to c
pensate for pulse-to-pulse fluctuations of the probe intens
The intensities of the reference light (I ref) and of the probe
light transmitted by the sample (I ) are measured by PbS
photoconductive cells. Using a chopper to block every ot
pump pulse, we calculate the probe transmissionT5I /I ref in
the presence of a pump pulse and the reference transmis
T05I 0 /I ref without a pump pulse. The absorption chang
given byDa52 ln(T/T0), is then measured as a function
the delay between pump and probe pulses. The probe p
ri-
ere
the
FIG. 2. Pump-probe setup. In the two-color expe
ments, performed at the magic angle, no polarizers w
used and only one detector was placed behind
sample.
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ization is rotated by a zero-orderl/2 plate to the magic angle
~54.7 deg! with respect to the pump polarization. In this wa
changes in the orientation of excited molecules during
pump-probe delay will not affect the measurements.11 This
applies only if the delay between pump and probe pulse
large compared to the pulse duration. Otherwise, if the pu
and probe pulses spectrally and temporally overlap, th
will be a strong coherent coupling of pump and probe t
leads to an additional polarization-dependent contribution
the probe signal. In the one-color measurements, the p
polarization made a 45 deg angle with the pump, and
transmissions of the perpendicular and parallel probe c
ponents were measured independently with two polariz
and two detectors. Here, the isotropic absorption chang
given by Da5(Da i12Da')/3, which is equivalent to the
absorption change in a magic-angle measurement. The
tropic absorption changeuDau is typically 0.1.

The central pump frequency can be tuned within
OH-absorption band~see Fig. 3!. The pump pulse excite
part of the population of molecules to the excitedv51 vi-
brational state and thus induces a bleaching of the 0→1
transition. Due to this bleaching, a probe pulse at the sa
frequency as the pump that enters the sample a short
after the pump pulse will be absorbed less, whereas a p
pulse tuned to the 1→2 transition will have a larger absorp
tion. The 1→2 absorption band is redshifted by approx
mately 270 cm21 with respect to the 0→1 band, due to the
anharmonicity of the OH-vibrational potential.1

C. Sample

The sample consisted of a 500mm-thick layer of HDO
in D2O. The HDO concentration was chosen in such a w
that the transmission at the center of the O–H absorp
band was in the range 2%–8%. Thereby, a compromise
achieved between signal-to-noise ratio and maximum
duced absorption change. This corresponds to a typical H
concentration of 1%. The sample temperature was stabil
within 1 K. To prevent local heating, we rotated the sam
in the one-color measurements in order to get a fresh sam

FIG. 3. Absorption spectrum of the OH-stretch band of a dilute~0.4%!
HDO in D2O solution~solid line!, corrected for the D2O background. The
dashed lines indicate the excitation spectra that we used in the experim
Author reprint: not for redistribution                                                           
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for every pump pulse. The calculated temperature incre
per pulse was smaller than 0.2 K. In the two-color expe
ments, a low pump repetition rate of 70 Hz reduced
sample heating to less than 2.5 K for a nonmoving samp

III. RESULTS

In order to investigate the lifetime of the O–H stretc
vibration, we first carried out two-color experiments
which the 0→1 transition is pumped and the 1→2 transition
is probed. In Fig. 4, typical measurements at different te
peratures are presented. The relaxation time can be obta
by fitting the data to a single-exponential decay. In this e
periment, the time constant of the decay is equal to the
brational relaxation time, since the absorption change is
rectly proportional to the excited population in thev51
state.

It was found previously that for small delay times th
measured signals can be influenced by effects other than
vibrational relaxation. First, the coherent coupling describ
in Sec. II B causes an additional signal at short delays. S
ond, the signals are strongly affected by spectral diffusion6,7

Due to the inhomogeneous broadening of the absorp
band, the pump pulse will excite only a part of the absorpt
band, leading to the formation of a spectral hole. This sp
tral hole will subsequently disappear due to spectral dif
sion. As a result, for pump and probe at the same freque
the absorption change experiences an additional decre
while for pump and probe at different frequencies there c
even be an increase of the signal. It was found that in liq
water the spectral diffusion takes place on a subpicosec
time scale and is complete after 1 picosecond.6,7 Finally, the
measured signals at small delay times can be influenced
the fact that the vibrational relaxation time is likely to va
over the absorption band. However, when the spectral re
ation is complete, one will observe only one effective av
age decay time, independent of the probing frequency.

Because of these effects at short delay times, we fi
our data on liquid water only for delay values larger than 1

ts.

FIG. 4. Typical normalized magic angle two-color measurements on s
~260 K! and liquid~298 and 363 K! HDO in D2O at different temperatures
In liquid water, the pump and probe frequencies were 3400 and 3150 cm21,
respectively. In ice, the frequencies were 3330 and 3090 cm21, respectively.
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ps. Since the relaxation in ice turns out to be much faster,
fitted the data obtained for ice only for delays larger than
ps.

Figure 5 shows the vibrational relaxation times me
sured in the two-color experiments for both frozen and liq
HDO:D2O.6 It shows that in the solid phase~ice-Ih), the
relaxation time is virtually independent of temperature w
an average value of 0.3760.02 ps, and in liquid water the
relaxation time increases with temperature from 0.7460.01
ps at 270 K to 0.9060.02 ps at 363 K.

In order to obtain more information on the relaxatio
mechanism of the O–H stretch vibration, we also perform
one-color experiments. Figure 6 shows typical measurem
for one- and two-color experiments, at a temperature of
K. The decay times are 1.0560.02 and 0.9060.02 ps, re-
spectively. Clearly, the one-color measurements show
slower decay.

Figure 7 shows an overview of the decay times for d
ferent frequencies and temperatures above the melting p
of D2O ~277 K!. It shows that for all temperatures, the dec
of the absorption changeDa is slower in the one-color mea

FIG. 5. Vibrational relaxation time of the OH-stretch vibration of HDO
D2O, measured in two-color measurements. The open and closed sym
denote results in ice and liquid water, respectively. The drawn line co
sponds to the model discussed in Sec. IV.

FIG. 6. Typical delay scans for the isotropic absorption change in di
HDO:D2O, at 363 K~two-color! and 362 K~one-color!. The data are nor-
malized att51.0 ps. The drawn lines are fits to exponentials. Note
difference in decay rates.
Author reprint: not for redistribution                                                           
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surements compared to the data of the two-color exp
ments. Moreover, in the one-color experiments, the de
time constant is longer as the frequency is shifted from
blue side~3500 cm21) to the center~3400 cm21) of the
absorption band.

IV. DISCUSSION

The results from the one-color experiments at 3400 a
3500 cm21, shown in Fig. 7, suggest a frequency depe
dence of the vibrational relaxation time. However, due to
fast spectral relaxation, discussed in Sec. III,6,7 this cannot
cause a different decay rate of the observed signal for de
larger than 1 ps.

The slower decay found in the one-color experiments
compared to the two-color experiments, can be explaine
the excited HDO molecule does not relax directly to t
ground state, but rather to an intermediate state. This ca
shown as follows. The absorption for a transitiona→b is
given by

aa→b5rsa→b~na2nb!, ~1!

wherer is the number of molecules per unit area,sa→b is
the cross section for a radiative transition, andna andnb are
the populations of the two levels. In a two-color experime
the decay of the pump-induced absorption changeDa1→2

only depends on the decay ofn1 , since thev52 state is not
populated

Da12~ t !5rs12n1~ t !. ~2!

In a one-color experiment, however, the absorption cha
Da0→1 depends on bothn1 and n0 . If the growth ofn0 is
not equal to the decay ofn1 due to an intermediate state, th
will influence the observed relaxation.

In the following quantitative description, we label th
intermediate state asu0* &. This intermediate stateu0* & is a
combination of the ground state of the O–H stretch mo
and other modes that are excited by accepting energy f
the v51 state of the O–H stretch vibration. Consequen
the u0* & state can be excited to au1* & state, where both the

ols
-

e

FIG. 7. Vibrational decay time constant for different temperatures as fo
in different experiments: one-color experiments at 3400 and 3500 cm21,
and two-color experiments where the pump is at 3400 cm21 and the probe at
3150 cm21.
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O–H stretch mode and the unknown other modes are
cited. Due to anharmonic coupling, the center frequency
this 0*→1* transition can differ from the ordinary 0→1
transition. Hence, the cross sections at a given laser
quency can differ. With cross sectionss* for the 0*→1*
ands for the 0→1 transitions, we can derive from Eq.~1!
that the measured absorption change is given by

2Da01~ t !5rs@2n1~ t !1~12s* /s!n0* ~ t !#. ~3!

Clearly, the measured decay depends on the value of
cross-section ratios* /s at the probing frequency.

If the rate for the 1→0* relaxation process is given b
kA , and for the 0*→0 relaxation bykB ~see Fig. 8!, the
dynamics of the population changes of the states satisfie
following equations:

dn1 /dt52kAn1 , ~4a!

dn0* /dt5kAn12kBn0* , ~4b!

dn0 /dt5kBn0* , ~4c!

n11n0* 1n05N, ~4d!

whereN is the total number of molecules. The solutions a

n1~ t !5n1~0!e2kAt, ~5a!

n0* ~ t !5
kA

kB2kA
~e2kAt2e2kBt!n1~0!1e2kBtn0* ~0!,

~5b!

n0~ t !5N2n1~ t !2n0* ~ t !. ~5c!

We can use Eqs.~2!, ~3!, and ~5! to describe the measure
decay curves. Some of the parameters are known in adva
directly after excitation, theu0* & state is not populated
(n0* (0)50). Since we are only interested in the behavior
the decay and not in the absolute value of the absorp
changeDa, we can setn1(0)51 andr51. The other pa-
rameters (kA , kB , ands* /s) must be derived from the ac
tual data. According to Eqs.~2! and~5a!, the value forkA is
directly given by the two-color experiments in which the
→2 transition is probed (kA51/T1 , as in Fig. 5!. Knowing
kA , we can use the one-color data to find the values forkB

ands* /s. As the difference between the one-color and tw
color data is most prominent at the center of the absorp
band~3400 cm21), we first attempt to fit values forkB and
s* /s at that frequency. Since the two-color data were o

FIG. 8. States and quantities used in the analysis. The states on the le
pure excitations of the O–H vibration, while the states on the right
combinations of O–H vibrational excitations and excitations of other mod
Author reprint: not for redistribution                                                           
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tained at slightly different temperatures, we interpolated
kA values linearly from the nearest temperatures above
below.

The results forkB and s* /s, shown in Fig. 9, sugges
that there is an increase ofkB and a decrease ofs* /s with
temperature. However, the corresponding values for
cross-section ratios* /s at 3400 cm21 are clearly anticorre-
lated tokB . This probably has no physical reasons, but is d
to the fact that the parameterss* /s andkB are to a certain
degree exchangeable in the model: a larger value ofs* /s
can compensate the effect of a smaller value forkB with
hardly any difference in the fit quality.

In fact, it is reasonable to assume that the cross-sec
ratio s* /s does not depend strongly on temperature. T
vibrational relaxation of the O–H vibration leads to a tran
fer of approximately 3400 cm21 to a few accepting modes. I
there were only one accepting mode, the resulting degre
excitation of this mode would correspond to a thermal d
tribution at a temperature of approximately 5000 K. Hen
we expect that the comparatively small range of temperatu
in our measurements will not have much influence on
cross-section ratios* /s of the intermediate level, and w
assume thats* /s has a constant value. Since the error b
in Fig. 9 are clearly not representative for the actual unc
tainty in s* /s, we assume thats* /s50.75, which is the
unweighted average of the data shown in Fig. 9. We use
value as a fixed parameter to fit all data with pump and pr
frequency at 3400 cm21. This yields values forkB as a func-
tion of temperature, as shown in the upper half of Fig. 1
With this approach, there is clearly no significant tempe
ture dependence. Using thesekB values, we can now fit the
cross sections at the 3500 cm21 probe frequency, as show
in Fig. 10. At 3500 cm21, the cross sections* is systemati-
cally larger compared to 3400 cm21, again with no signifi-
cant temperature dependence. This confirms that bothkB and
s* /s are independent of temperature within the error. Ho
ever, the uncertainty ins* /s of approximately60.2 causes
an error in the value ofkB . By repeating the procedure fo
the 3400 cm21 data with s* /s50.7520.20 and with
s* /s50.7510.20, we find thatkB51.060.5 ps21. In all

are
e
s.

FIG. 9. The decay ratekB and the cross-section ratios* /s as a function of
temperature, resulting from a fit of the 3400 cm21 data with all parameters
adjustable.
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three cases, however, we find that the cross section at 3
cm21 is systematically larger than the cross section at 3
cm21.

The systematically larger cross sections at 3500 cm21

compared to 3400 cm21 suggest that the 0*→1* transition
has a blueshifted frequency with respect to the normal O
stretch excitation. This is quite surprising, since excitation
other anharmonically coupled molecular modes leads n
mally to a redshift of the vibrational frequency.12,13 How-
ever, the blueshift can be well explained if theu0* & state is
an O–H stretchv50 state in combination with a highly
excited or even dissociated hydrogen bond. Theu1* & state
then corresponds to the case where both the hydrogen
and the O–H bond are excited. A qualitative picture of t
energy levels involved is shown in Fig. 11. We must no
here that it is a conceptual simplification to regard theu0* &
state as a single energy level. A more accurate descrip
would involve a broad band of hydrogen bond energy lev
each of which causes a different blueshift and cross sec
of the O–H stretch transition. In principle, application

FIG. 10. The decay ratekB and the cross-section ratios* /s as a function of
temperature. In the upper half, the decay ratekB that results from fitting the
data at 3400 cm21 is shown, with the cross-section ratios* /s fixed at 0.75.
ThesekB values are used to find the cross sections at 3500 cm21 in the
bottom half~open symbols!. For comparison, the fixed cross section at 34
cm21 is shown as well~closed symbols!.

FIG. 11. Schematic potentials for the hydrogen bond, for thev50 andv
51 O–H stretch modes. Shown are the proposedu0&, u1&, u0* &, and u1* &
states, the central excitation frequencies and the nonradiative decay p
Author reprint: not for redistribution                                                           
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such a model would give more detailed information on t
lifetime of each individual excited quantum state of the h
drogen bond. However, the fact that the data can be
scribed satisfactorily with a single intermediate stateu0* &
and a single relaxation rate constantkB51.060.5 ps21

shows that our experimental limitations do not allow us
obtain information about these more subtle details. The
fore, we limit ourselves to a lifetime for the average exci
tion level of the hydrogen bond.

Furthermore, there may be more relaxation chann
which possibly lead to a different frequency shift. Howev
other relaxation channels in which the main part of the
ergy is transferred to other modes, e.g., the bending mo
would lead to a transient redshift instead of a blueshift.12,13

This suggests that other relaxation paths only contrib
weakly to the relaxation of thev51 state.

With the hydrogen bond as the dominant accept
mode, the anomalous temperature dependence of the v
tional relaxation timeT1 can also be explained. A theoretic
model of the energy transfer from the O–H stretch vibrat
to the O–H̄ O hydrogen bond was developed by Staib a
Hynes.5 Their model system consists of a single O–H bo
coupled to a single hydrogen bond. The coupling is d
scribed by Lippincot–Schroeder potentials, that incorpor
the gas-phase O–H-bond potential, the hydrogen bond,
the van der Waals and electrostatic interactions. In the c
densed phase, the hydrogen bond causes a redshift o
O–H stretch frequency with respect to the gas phase.
model shows that the vibrational lifetimeT1~OH! depends on
this redshiftdnOH, according to the relation

T1~OH!}~dnOH!21.8. ~6!

This relation has been verified experimentally for a wi
range of hydrogen-bonded complexes14 and can be under
stood in the following way. The redshift of the absorptio
band of the O–H stretch vibration induced by the hydrog
bond is a measure for the strength of the interaction betw
the hydrogen bond and the O–H stretch vibration. If t
interaction gets stronger, the rate of energy transfer to
hydrogen bond will be faster, leading to a shorterT1 . When
the temperature is increased, the absorption spectrum o
O–H stretch vibration shifts to the blue, which implies th
the average hydrogen-bond strength in water decreases.
explains the increase ofT1 with temperature. By combining
Eq. ~6! with the known temperature dependence of the O
absorption band redshift15, we can describe theT1 data quite
well ~see Fig. 5!.

The relaxation observed for HDO is to some exte
analogous to the relaxation of the O–H stretch vibration
ethanol clusters dissolved in carbon tetrachlor
~CCl4).16–18 For this system it is also observed that the h
drogen bond is the main accepting mode in the relaxation
the O–H stretch vibration. The energy that is transfer
from the O–H stretch vibration to the hydrogen bond cau
the hydrogen bond to dissociate, and as a result a trans
blueshifted absorption of dissociated ethanol cluster fr
ments is observed. For this system, the hydrogen-bond r
sociation is relatively slow and has a time constant of
proximately 20 ps. For water, the relaxation of the hydrogs.
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bond is much faster and has a time constant 1/kB of approxi-
mately 1 ps. A likely reason for the fast hydrogen-bond
laxation in water is that, due to the network of hydrog
bonds, the energy can be dispersed very quickly over
environment of the initially excited molecule. In contrast,
the experiment on ethanol dissolved in CCl4 , the CCl4 envi-
ronment does not provide efficient accepting modes, and
the hydrogen bond relaxes much more slowly.

V. CONCLUSIONS

Using femtosecond mid-infrared pump-probe expe
ments, we have measured the lifetime of the O–H stre
vibration in liquid HDO in D2O. For ice-Ih, the lifetime has
a constant value of 0.3760.02 ps over the range 33–270 K
while for liquid water, the lifetime increases from 0.7460.02
ps at 270 K to 0.9060.02 ps at 363 K. This temperatur
dependence is quite anomalous since, in general, it is
served that the vibrational lifetime decreases with tempe
ture. If the 0→1 transition is probed, it is observed that th
relaxation of the bleaching is faster at the blue side of
absorption band than at the center of the absorption b
Both this observation and the anomalous temperature de
dence of the vibrational lifetime can be well explained if t
O–H̄ O hydrogen bond forms the main accepting mode
the vibrational relaxation of the O–H stretch vibration. Fro
a detailed analysis of the data, we find that the exited hyd
gen bond relaxes with a time constant of 1.060.5 ps. This
relaxation is relatively fast compared to other hydroge
bonded systems, which can be explained from the fact
the network of hydrogen bonds in liquid water allows a ve
rapid dissipation of energy.
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