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We demonstrate sub-picosecond spectroscopy of an isotopic water mixture presenting strong evidence for four ma-
jor spectral components within the OH-band of HDO in the solvent D

 

2

 

O peaked at approximately 3330 cm

 

−
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 (
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), 3390
cm

 

−
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), 3460 cm

 

−
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), and 3520 cm

 

−
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 (

 

Ⅳ

 

).  Species 

 

Ⅰ

 

 and 

 

Ⅳ

 

 are. proposed to give rise for discrete components with
local hexagone and weakly bound structures, respectively.  The remaining species are most probably related to combina-
tion tones with hydrogen bridge bond vibrations.  Furthermore we summarise the findings on the vibrational and spectral
dynamics of water as determined by time-resolved IR-spectroscopy of HDO molecules dissolved at low concentration in
D

 

2

 

O.

 

Water as the most important liquid exhibits special proper-
ties due to its ability to form a hydrogen-bonded network.  The
striking consequences for the biosphere are well known, e.g.
the anomalous melting and boiling points of the liquid relative
to similar molecules.  For a detailed understanding numerous
experimental and theoretical investigations were conducted on
water.
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  The structure of water was examined by neutron

 

2

 

 and
X-ray

 

3

 

 scattering while the reorientation of water molecules
was studied by NMR

 

4

 

 and dielectric relaxation

 

5

 

 measurements.
Recently the fast intermolecular motion has been elucidated by
measurements on the sub-100 fs time scale using the Raman-
induced Kerr effect.
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  Time-resolved laser spectroscopy with
subpicosecond time resolution has opened the door for a de-
tailed view on the vibrational and structural dynamics water, as
recently has been summarised.
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As the hydrogen-bridge-bond vibrations themselves are up
to now not directly accessible for pump-probe experiments, the
OH-stretching mode has been utilized as an ultrafast spectro-
scopic probe.
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  The sensitivity of the mode to the hydrogen-
bonding situation was exploited by conventional infrared

 

9,10

 

and Raman

 

11

 

 spectroscopy in order to identify different struc-
tural components applying also temperature or pressure chang-
es.  In corresponding time-resolved experiments of water sam-
ples low concentrated HDO:D

 

2

 

O solutions were investigated
in order to overcome the complication by the three different vi-
brational transitions of protonated water with spectral overlap
in the region around 3400 cm

 

−

 

1

 

.  The first transient spectrosco-
py of the isotopic mixture HDO in D

 

2

 

O delivered evidence for
inhomogeneous broadening with distinct spectral components
in the range 3340 cm

 

−

 

1

 

 to 3520 cm

 

−

 

1

 

 at room temperature.
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Due to the limited time-resolution of 11-ps pulses the dynam-
ics of the various components could not be measured.  Subse-
quent investigation with shorter IR-pulses shed new light on
the ultrashort time dynamics of water while some experimental
results demonstrate the need for further investigations and a
more objective and detailed discussion.  In the following we
start into this direction by presenting new results on the sub-pi-

cosecond spectroscopy of an HDO:D

 

2

 

O sample.  A compari-
son with the results obtained by the two other groups utilising
time-resolved IR-spectroscopy is also attempted.

 

Experimental

 

Our experimental system was discussed in detail elsewhere

 

13

 

and is only briefly described here.  We start with a pulsed, Kerr-
lens modelocked Nd:YLF laser for the synchronous pumping of
two optical parametric oscillators in parallel.  Single-pulse selec-
tion, frequency down-conversion and amplification of the OPO
outputs are carried out in subsequent optical parametric amplifiers
(OPA’s).
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  Independently tunable excitation pulses of 

 

�

 

 450 fs
duration and spectral width 

 

�

 

 35 cm

 

−

 

1

 

 are generated in the range
1600 to 3700 cm

 

−

 

1

 

, and similarly for the probe.
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  Special features
are the separate, computer controlled tuning of the pump and
probe frequency positions as well as the adjustable IR-pulse dura-
tion in the range 0.5 ps to 2.6 ps.  Difference-frequency generation
between an amplified laser pulse and one pulse out of the OPO
pulse train results in shortest IR-pump pulses of 0.5 ps (spectral
width 28 

 

±

 

 3 cm

 

−

 

1

 

) in the whole accessible spectral range and 0.5
ps probe pulses (spectral width 34 

 

±

 

 3 cm

 

−

 

1

 

).
Only the shortest pulse durations indicated above are applied

and two-color pump-probe absorption spectroscopy is carried out
with moderate pump energies of 

 

�

 

1 µJ and frequency settings
within the full width of the OH-band, producing small depletions
of the vibrational ground state of a few percent.  Probing energies
are reduced to a few nJ, three orders of magnitude below the ener-
gy of the excitation pulse.  The energy transmission 

 

T

 

(

 

ν

 

) of the
probing pulse through the excited sample is measured for parallel
(

 

‖

 

) and perpendicular (⊥

 

) polarisation with respect to the linearly
polarized pump and compared with the sample transmission 

 

T

 

0

 

(

 

ν

 

)
for blocked excitation beam.  The resulting relative transmission
changes ln(

 

T

 

/

 

T

 

0

 

)

 

‖

 

,⊥

 

 for variable probe frequency 

 

ν

 

 and probe de-
lay time 

 

t

 

D

 

 are used in the following as the relevant signal quanti-
ties, from which an isotropic signal amplitude, ln(
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 is deduced.
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  The isotropic signal delivers infor-
mation on the number density and transient level population of the
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molecular species.  The zero-setting of the delay time scale (maxi-
mum overlap between pump and probing pulses) is determined by
a two-photon absorption technique in independent measurements
with an accuracy of better than 

 

±

 

0.2 ps.

 

16

 

The sample solutions are prepared from commercially available
deuterated water (99.9%) and tridistilled water without further pu-
rification.  For HDO in D

 

2

 

O a concentration of 0.8 M and a sample
length of 100 µm are chosen, corresponding to a minimum sample
transmission of 0.12 at 3400 cm

 

−

 

1

 

 of the OH band (

 

T

 

 

 

=

 

 298 K).
The measurements are performed at two sample temperatures, 273
and 343 K.

To account for the rapid changes with delay time, the transient
spectra are fitted by computed data assuming Gaussian shapes for
the spectral components in general, while a possible spectral hole
is considered to be Lorentzian.  The Gaussian shape of the spectral
lines accounts for an inhomogeneous broadening of the individual
components due to for example variations in OH-bond lengths and
angles.  A contribution of homogeneous broadening to the individ-
ual spectral line width resulting in Voigt-profiles has been omitted.
This is justified as within the measuring accuracy the data fitting
procedure appeares to be not very sensitive to a certain amount of
homogeneous broadening.  The calculated spectra (solid lines) in
Figs. 1 and 2 are the results of a fitting procedure using the Leven-
berg-Marquardt algorithm

 

17

 

 for minimum deviations between the
experimental points and the superposition of the spectral constitu-
ents.  We note from our data that the spectral hole broadens in time

due to spectral relaxation and this is also accounted for in the data
analysis.

The signal transients are computed from a simplified rate equa-
tion model that is based on a 4-level system and takes into account
the two orthogonal polarisations of the probing process.

 

18

 

  The fi-
nite lifetime of the induced transition dipole moments is neglected
here (dephasing time 

 

T

 

2

 

 �

 

 1 ps).  Coherent contributions to the
signal due to a population grating diffracting the pump into the
probe direction (coherence peak artifact) are taken into account
with a finite value of the phase relaxation time.

 

19

 

  The 4-level
scheme is depicted in Fig. 3 and considers the vibrational ground
state of the OH-stretching mode (0), a joint first excited level 

 

v

 

 

 

=

 

1 (1) of the respective spectral component(s) directly pumped by
the excitation pulse, and population redistribution to an intermedi-
ate state (2) representing the other spectral components involved
in the dynamics and grouped together in only one level.  Energy
redistribution between levels (1) and (2) is described by a time
constant 

 

τ

 

s

 

, while population decay out of levels (1) and (2) pro-
ceeds in our model to a thermally modified, long-lived ground
state (3).  Vibrational excitation of the sample leads to a delayed,
small temperature and pressure increase of the interaction volume
on the ps-time scale with a corresponding red-shift and broaden-
ing of the OH-band.  This sample heating is dissipated lateron on a
much longer time scale (relaxation of level (3)) compared to our
observation interval.  The redistribution time 

 

τ

 

s

 

 from level (1) to
(2) is consistently attributed to spectral relaxation of the primarily
excited molecules selected in their specific environment by the
frequency position of the pump pulse.  The reverse process (2) →

 

(1) is included assuming detailed balance.  A contribution of vi-
brational energy transfer among the HDO molecules appears to be
negligible because of the small HDO concentration and the large
frequency mismatch between solute and solvent modes.  For the
population decay of levels (1) and (2) to (3) the simplification 

 

τ

 

13

 

�

 

 

 

τ

 

23

 

 

 

=

 

 T1 is introduced.  The latter time constant denotes an av-

Fig. 1.   Transient spectra of a 0.8 M HDO:D2O solution tak-
en at tD = 0.33 ps and T = 343 K.  The isotropic signal is
plotted for three different pump frequencies: 3370 cm−1

(a), 3440 cm−1 (b), and 3510 cm−1 (c).  Experimental hol-
low squares; the calculated thin lines indicate the analysis
of the transient band-shapes (thick full line) in terms of the
major spectral components Ⅰ – Ⅳ (dash-dotted, thin solid,
dashed, long-dashed) with Gaussian shape and a Lorentz-
ian-shaped spectral hole contribution (dotted line); the
pump frequencies are indicated by vertical arrows.

Fig. 2.   Anisotropic data presenting clear evidence for spec-
tral subcomponents underlying the broad OH-band of
HDO are shown in (a) for excitation at 3340 cm−1 and tD =
−0.33 ps.  The maximum bleaching is �80 cm−1 blue-
shifted in respect to νPu (marked with an arrow).  For com-
parison the conventional IR-absorption of the sample is de-
picted as dash-dot-dotted line and right hand ordinate
scale.  Isotropic data taken at the same excitation frequen-
cy (b) are also included similar to the one shown in Fig. 1,
but this time taken at T = 273 K and tD = 0.33 ps.
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erage population lifetime of the OH-stretching mode of HDO.

Results

Transient spectra for three excitation frequencies within the
bandwidth of the OH-stretching band of HDO in D2O at a low
concentration of 0.8 M are shown in Fig. 1.  The isotropic
component of the induced transmission change is plotted in or-
der to focus on the population dynamics without a contribution
of the reorientational motion of the transition dipoles.  The
spectra are taken at tD = 0.33 ps for a sample temperature of
343 K.  The measured spectral intensity distributions consist
for the three denoted excitation frequencies of (i) a sample
bleaching (positive signal amplitude) for probing frequencies
above �3350 cm−1 that is explained by the depletion of the
ground state and population of the upper vibrational level.  (ii)
In addition, a red-shifted induced absorption occurs for <
3350 cm−1 that is due to excited state population and the an-
harmonic frequency shift of probing a transition to a second
excited level.  In Fig. 1a with the lowest pump frequency of
3370 cm−1 (see vertical arrow) the bleaching band is notably
asymmetric with an extended blue wing.  The corresponding
excited-state absorption (ESA) is structureless and peaks at
3180 cm−1.  Tuning νpu to 3440 cm−1 (Fig. 1b) yields a similar
shift and more symmetric shape of the bleaching that is as-
signed to a dominant spectral sub-component of the OH-band
close to the pump frequency position.  Around 3320 cm−1 a
plateau with vanishing signal amplitude is found that is ex-
plained by a compensation of bleaching and induced absorp-
tion components.  Consequently the measured ESA band-
shape is in this case considerably asymmetric with a steep
wing around 3270 cm−1.  The striking differences of the band-
shapes of Fig. 1 a and b directly reveal the pronounced inho-
mogeneous character of the OH band of HDO in heavy water.

The situation for a further increase of the pumping frequen-
cy to νpu = 3510 cm−1 is shown in Fig. 1c.  Here we find for
the induced bleaching and absorption two broad spectral fea-

tures centered at 3480 and 3220 cm−1, respectively.  The pro-
nounced shoulder around 3410 cm−1 in the red wing of the
bleaching band and the deviation between pump frequency and
band maximum again point towards a more discrete substruc-
ture of the OH-vibration, i.e. spectral distribution function with
multiple maxima.  The experimental data are clearly inconsis-
tent with a single-peaked, monotonicly rising and decaying
frequency distribution.  We also emphasize that a possible con-
tribution of the coherence peak artifact to the transient band-
shapes of Fig. 1a–c is insignificant at the stated delay time of
0.33 ps between pump and probe pulse.  The latter would give
an approximately Gaussian contribution with �45 cm−1 width
(FWHM) centered at the respective pump frequency, consider-
ably narrower than the observed bleaching.  Several factors
combine to the small coherence peak amplitudes in our data
(see below), as investigated recently.19

Similar transient spectra are recorded at 273 K and present-
ed in Fig. 2.  For comparison we have included in Fig. 2a the
conventional IR-absorption of the sample (right hand ordinate
scale, dash-dot-dotted line).  This time the anisotropic (a) as
well as the isotropic (b) signal components are plotted for de-
lay times of −0.33 ps (a) and 0.33 ps (b), shortly before and
after the maximum temporal overlap between pump and prob-
ing pulses, respectively.  In Fig. 2a clear evidence for a discrete
substructure of the OH-band of HDO is presented.  The maxi-
mum bleaching with one dominant spectral component (dotted
line) is noted �80 cm−1 blue-shifted in comparison to the ex-
citation frequency of 3340 cm−1.  This shift equals more than
twice of the full spectral width of the two IR-pulses and can for
this reason not be related to a simple coherent coupling arte-
fact.  An explanation of this spectral feature is most probably
along the lines of a more complicated χ(3)–process involving
stimulated emission into the probe branch which will be dis-
cussed into detail elsewhere.20  This χ(3)–process results in a
resonant enhancement of the stimulated emission into the
probe direction due the presence of a distinct spectral compo-
nent within the broad OH-band of HDO.  The onset of vibra-
tional population at this low excitation intensity is indicated in
the figure by the broken lines (ground state bleaching) as well
as the corresponding red-shifted excited-state absorption with
respective small amplitude.  One should note that in the dis-
cussed situation the probe pulse arrives notably before the
maximum of the pump pulse at the sample.

Looking at the isotropic data taken at 0.33 ps we find for ex-
citation at the same frequency of 3340 cm−1 (Fig. 2b) an asym-
metric sample bleaching and broad structureless ESA.  The
shift of the bleaching peak relative to the pump frequency
should be noted in the Figs.  The band-shape is again assigned
to a superposition of more than one spectral component involv-
ing also indirect excitation by fast spectral relaxation.  A con-
tribution of a spectral hole and/or coherent interaction is also
inferred from the data analysis of Fig. 2b.  For the present in-
vestigation with 0.5 ps-pulses and correspondingly poorer
spectral resolution we are not able to distinguish here a spec-
tral hole from other nonlinear interactions as different dynam-
ics like vibrational and spectral relaxation proceeds on the
same 1 ps-time scale.  The visibility of the coherent signal con-
tribution to the transient band-shape depends on the time delay
of the pulses and obviously also on the dynamical properties of

Fig. 3.   Energy level scheme used for numerically fitting of
the measured signal transients.  Excitation (thick arrow) re-
sults in a population of level 1 with spectral relaxation to
level 2 assuming detailed balance.  Further relaxation pro-
ceeds via a hot ground state (3) back to level 0.  Thin ar-
rows denotes relaxation channels, dashed arrows possible
probing transitions.
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the individual spectral components.  A deconvolution of the
transient spectra by the help of a discrete set of spectral sub-
bands is indicated in Figs. 1 and 2 by calculated curves with
different line styles and will be discussed in the next section.

Examples for signal transients measured for fixed excitation
at 3460 cm−1 and 2 different probing frequencies are depicted
in Fig. 4.  The isotropic signal is plotted for the 0.8 M
HDO:D2O sample at T = 273 K.  Probing at the excitation fre-
quency (Fig. 4a) we notice a transient bleaching that rises
within the limit of temporal resolution of the apparatus while
the subsequent decay is clearly resolved with a time constant
of τ10 = 1.2 ± 0.2 ps describing repopulation of the vibrational
ground state.  A finite signal amplitude of 0.002 survives for tD

� 10 ps that is explained by a small heating of the excitation
volume by the deposited pump energy.  The generated excited
state population in the v = 1 level(s) is directly monitored by
probing at ν = 3160 cm−1 (see Fig. 4b).  Fitting calculated
transients from our theoretical model mentioned above to the
data an average lifetime of T1 = 1.2 ± 0.2 ps is inferred for the
OH-mode of HDO in D2O.

From comparison of the very small amplitude of the data
probing the ground state population (Fig. 4a) at late delay
times > 10 ps with temperature dependent conventional IR-
spectroscopy we infer a local temperature increase by less than
1 K after excitation.  This is due to the low pump energy of �
1 µJ which is factor of 10 smaller compared to the one applied
in similar studies by other groups.21–23  For this reason the im-
pact of the long lasting level (3) describing the locally heated
sample is only very minor to the overall measured dynamics.

Vibrational and Structural Relaxation of the OH-Group

In order to provide detailed information from the measured
transient spectra taken at (i) three excitation frequencies within
the full width of the OH-band, (ii) at least 6 different delay
time settings, and (iii) 2 sample temperatures of 273 K and 343
K, we consistently fit calculated transient spectra to the isotro-
pic and anisotropic signal data for each sample temperature
(data shown only in part).  Four major spectral species are de-
duced from this procedure while the respective components
show up in the measurements more or less clearly, depending
on the sample temperature, νPu and tD (see for example Figs. 1
and 2).  The spectral positions are 3330 (Ⅰ), 3390 (Ⅱ), 3460
(Ⅲ), and 3520 cm−1 (Ⅳ) with a spectral width of respectively
80, 70, 80, and 140 cm−1.  The accuracy of the band positions
and spectral widths is ± 20 cm−1 and ± 10 cm−1, respectively.
Only the amplitudes of the mentioned components are allowed
to change with delay time and excitation frequency.  A minor
contribution denoted with I′ at 3270 cm−1 is also included for
lower temperatures and excitation in the red wing of the OH-
band.  Further signal contributions of a spectral hole and/or co-
herent interaction are indicated in the figures by dotted curves.
At early delay times tD < 0 ps the transient spectra are strongly
affected by coherent effects resulting in time-dependent posi-
tions and widths of spectral features located close to the excita-
tion frequency.  These findings will be subject of a separate
publication as further investigations are needed for the inter-
pretation.20

Data for the spectral reshaping described by the redistribu-
tion time τS are presented in Fig. 5 for excitation at 3460 cm−1

and a sample temperature of 273 K.  The relative amplitudes
(peak value of the isotropic signal) of species Ⅰ to Ⅳ as ob-
tained from the spectral decomposition of the respective tran-
sient spectra are plotted versus delay time.  Data for tD < 0 ps
are omitted in the figure because of coherent signal contribu-
tions and spectral holeburning mentioned above.  According to
our theoretical model the resonantly pumped species Ⅲ (open
circles, dotted line) decays via two time constants, τS and T1,
the latter being known from the data of Fig. 4b while the initial
fast decay is related to a spectral hole.  Components Ⅰ (hollow
squares, dash-dotted line), Ⅱ (hollow diamonds, solid line), and
Ⅳ (hollow triangles, dashed line), on the other hand, are
pumped by the excitation pulse only to a minor extent and
grow up time delayed, obviously because of the spectral redis-
tributrion process.  Comparison with the rate equation model
(calculated lines in the figure) yields the value τS = 1.5 ± 0.5
ps that is interpreted as the structural relaxation time of water
at 273 K.  Interestingly we include for component Ⅰ also some
coherent signal contribution around delay time 0, i.e. a tempo-
ral component which equals the cross-correlation between
pump and probe and corresponds to some extend to the spec-
tral features shown in Fig. 2a.  A somewhat shorter number of
τS = 0.8 ± 0.4 ps is deduced at 343 K (data not shown).  The
different spectral components seen in the ground state bleach-
ing of the sample with respective temporal evolutions and peak
positions are also reflected by corresponding species in the
ESA.  From the respective temporal evolution two components
are seen in the ESA with peak at 3140 cm−1 and 3260 cm−1

which could tentatively be assigned to represent dominantly

Fig. 4.   The isotropic signal transients versus delay time at
fixed probing frequencies and excitation at 3460 cm−1,
measured at T = 273 K: (a) sample bleaching for equal
pump and probe frequency; (b) induced absorption probed
at 3160 cm−1; experimental hollow squares, calculated
curves; a lifetime of the OH-stretching vibration of T1 =
1.2 ± 0.3 ps is obtained.
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transitions to the excited-states of components Ⅱ and Ⅲ, re-
spectively.  Due to the mixing of the OH-stretch with low fre-
quency H-bridge bond vibrations (see next paragraphs) and the
broader linewidths present in the excited-state absorption the
spectral signatures seen clearly in the (0) → (1, 2)-transition
are probably partly washed out.

Our finding for τS may be compared with results of comput-
er simulations for water.  Values between 1 ps to 2 ps are stated
for the average lifetime of a hydrogen bond by different
authors24–26 in satisfactory agreement with our experimental
value.

In a previous investigation27 with somewhat longer pulses
(tPu = 2 ps, tPr = 1 ps) we reported on three major spectral
components with same values for the peak position and band-
width of the sub-bands Ⅰ and Ⅱ within experimental accuracy.
For a third component “Ⅲ” a variable position of 3500 – 3450
cm−1 and width of 90 – 140 cm−1, were found, changing nota-
bly with temperature (273 to 343 K).  The analysis of the
present data with improved time resolution suggests a simpler
result: the former component “Ⅲ” is to be replaced by two
components Ⅲ and Ⅳ with temperature independent positions
and widths.

It is interesting to compare the widths and the frequency dis-
tance of the four major spectral components presented here
with data from photon-echo studies28 published recently on
similar partly deuterated water samples.  In the latter investiga-
tion a time constant for pure dephasing of about 100 fs is stated

implying a dominant contribution of homogeneous broadening
to the overall OH-line width.  Nevertheless one should take
into account the limited dynamic range of the photon-echo sig-
nal which could probably hinder the identification of recur-
rences of the signal previously28 not noted.  Photon-echo stud-
ies with extended dynamic ranges and probably shorter IR-
pulses with corresponding broader spectra would be highly de-
sirable to clarify into detail the homogeneous broadening of
OH-bands in the presence of hydrogen bonds.

The presence of combination modes between the OH-
stretch and low frequency H-bridge bond vibrations should re-
sult in a non-exponential decay of the induced sample bleach-
ing.  In the case of IR-pulses with bandwidths covering the dif-
ferent lines of the combination modes this could even lead to a
beating in the signal.  Recently Gallot et al.29 reported on such
a non-exponential decay of the ground-state recovery deter-
mined in a similar investigation.  Here one has to recall that the
bandwidth of 75 cm−1 of the utilised IR-pulses was not suffi-
cient to cover the spectral lines discussed here completely.

We also mention that a further contribution to the transient
spectra shows up in the induced absorption at 2940 ± 20 cm−1

(see Fig. 1) that is tentatively assigned to an overtone of the
bending mode of HDO.  A corresponding feature is found in
the conventional IR-spectrum at � 2960 cm−1.  The observed
induced absorption at this position presents some evidence that
an excited level of the bending vibration is populated to some
extend by energy transfer from the stretching mode.  The re-
laxation channel was previously suggested for water vapor31

and also proposed from time-resolved investigations32,33 of a
similar HDO sample.  In the present study, the amplitudes of
the mentioned component are too small to examine their tem-
poral evolution with sufficient accuracy.

Our results on the spectral substructure of the OH-absorp-
tion are consistent with the band-shape in the conventional IR-
spectrum of HDO.  For a quantitative description of the latter
the component Ⅰ′ at 3270 cm−1 mentioned above is somewhat
more important than in the transient spectra.  A further contri-
bution Ⅰ
 to the conventional OH-absorption band of HDO is
required at 3210 cm−1.  These additional contributions refer to
the red wing of the OH-band < 3300 cm−1 where the resolu-
tion of the time-resolved technique is hindered by the superim-
posed excited state absorption.  With the help of the mentioned
spectral components we are able to nicely fit the OH-band of
HDO in the temperature range of 273 – 343 K (data not
shown).30  From this fitting procedure we derive the following
interdependencies: With rising temperature only species Ⅳ in-
creases in peak amplitude, species Ⅲ is almost constant while
the other spectral components decrease in amplitude with ap-
proximately the same gradient.  Taking furthermore the partly
uniform temporal evolution of different pairs of the four spec-
tral components (see for example Fig. 5) into account, we ar-
rive at the following physical picture: Species Ⅰ is located at a
frequency close to the OH-frequency of HDO for the ice-struc-
ture Ⅰh and is proposed to involve four strong, approximately
straight H-bonds, as suggested by a comparison of the peak
position with data of conventional infrared34 and Raman spec-
troscopy.35  The evidence for an approximately tetrahedral lo-
cal geometry in liquid water in the measuring range 273 K to
343 K is in accordance with MD simulations.36  Component Ⅱ

Fig. 5.   Peak amplitudes of spectral components with as-
sumed Gaussian shape versus delay time; the sub-bands
fitted to the isotropic transient spectra measured for 273 K
and νpu = 3460 cm−1.  The four major components Ⅰ – Ⅳ
in the sample bleaching denoted by different symbols and
line styles are derived from fitting of a four level energy
scheme to the data.  A time constant for structural relax-
ation of 1.5 ± 0.5 ps is derived from the data.  For compar-
ison also the two ESA contributions are presented, denoted
by the filled symbols.
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with a similar temperature dependence is suggested to repre-
sent a combination tone27,37,38 between the OH-mode and a low
frequency H-bridge bond vibration of water molecules in the
same local structure as Ⅰ.  For example the respective bending
mode of the H-bond was determined from Raman
spectroscopy39 to be νb � 50 cm−1.  This nicely agrees with
the frequency spacing of 60 ± 20 cm−1 between the spectral
components Ⅰ and Ⅱ.  The same argumentation holds for com-
ponents Ⅰ′ and Ⅰ
, shifted again by � 60 cm−1.  This assign-
ment of spectral components of water to combination tones
with bridge bond vibrations was already proposed previous-
ly.12  The amplitude decrease of Ⅰ and Ⅱ with temperature is ex-
plained by a disappearance of the local tetrahedral structure
and also by the thermal population redistribution among the
low-frequency bridge bond vibrations.

The spectral component Ⅳ obviously corresponds to a nota-
bly weaker H-bonding situation and is tentatively assigned to
molecules with bent or bifurcated H-bonds as concluded previ-
ously from MD-simulations40 and Raman spectroscopy.41  The
assignment to a different local environment is supported by the
notably shorter reorientation time.21,27

Our interpretation with two structural components Ⅰ and Ⅳ
do not exclude the existence of further local environments.  It
is recalled that in principle all of the twelve possible bonding
configurations of HDO42 may contribute to the overall OH-
band with respective Raman-and/or IR-activity including the
corresponding combination tones.

The decrease of sample transmission below 3300 cm−1 after
excitation within the OH-band is clearly attributed to excited-
state absorption (ESA) of probing transitions v = 1 → v = 2.
Two ESA components are derived from the transient spectra
taken at different delay times.  From the fitting procedure we
obtain peak positions of 3140 cm−1 and 3260 cm−1 with re-
spective widths of 170 and 200 cm−1.  The isotropic peak am-
plitudes of the two induced absorptions features are depicted
versus delay time in Fig. 5 (filled diamonds and circles).  Com-
parison of the temporal evolution and accounting for the fre-
quency shift between 0 → 1 and excited-state transitions due
to the anharmonicity of the OH-stretch suggestes the following
result: the ESA peaked at 3140 cm−1 is related to the OH-
mode of excited HDO molecules in the preferred local tetrahe-
dral structure of components Ⅰ and Ⅱ with a vibrational lifetime
of T1 = 1.2 ± 0.4 ps.  The ESA with peak position of 3260
cm−1 displays vibrational excitation of the OH-stretch of
weakly bound HDO molecules (species Ⅳ and perhaps Ⅲ)
with same population lifetime of 1.2 ± 0.3 ps within experi-
mental accuracy.  These numbers deduced from the data of Fig.
5 are in accordance with the more precise data of Fig. 4b.  As
the two time constants τ10 (including ground state recovery)
and T1 determined above from the signal transients of Fig. 4a
and b are equal within measuring accuracy, there is no evi-
dence for a long-lived intermediate state populated during the
relaxation of the excited OH-stretch.  As the dominant relax-
ation channel of the excited hydroxilic stretching vibration we
tend to assign the excitation of low-frequency H-bridge bond
vibrations because of the strong anharmonic coupling.  This in-
terpretation is in full accordance to the one recently proposed
for H-bonded dimers43 in liquid solution.

Discussion of the Published Time-Resolved Data on Water

Published results from time-resolved IR-spectroscopy of
HDO:D2O samples are summarised in Table 1.  First we want
to commment on the vibrational lifetimes of the OH-group of
highly diluted HDO molecules in heavy water (first row in
Table 1).

In our investigation we find typical numbers of 1 ps at room
temperature and ν = νPu = 3410 cm−1 and a trend to larger
numbers for weaker H-bonds as present at higher frequencies
within the OH-absorption.  This principal trend is in agreement
with data of Gale et al.,32 however the lifetimes determined
here are slightly longer in comparison to the numbers stated by
those authors utilising the same experimental technique but
working with shorter IR-pulses.  Interestingly the stated num-
bers of T1 are getting shorter with decreasing duration of the
applied IR-pulses: Gale et al. mention at room temperature a
value of 0.65 ps (3400 cm−1)32 while no polarisation resolution
was applied in the experiment, i.e. a mix up of the simulta-
neously measured vibrational and reorientational dynamics
should result in a shorter apparent lifetime as reorientation pro-
ceeds on the same ps-time scale.21  The Bakker’s group re-
solves from an isotropic signal of a similar sample as discussed
here T1 = 0.8 ps,22 closer to the numbers deduced from the
present investigation.  The obvious dependence of T1 of water
on the spectral width of the utilised IR-pulses should be sub-
ject to further investigations.  We mention that our longer T1

number cannot be simply related to a time-resolution problem
since shorter lifetimes of 0.5 ± 0.1 ps are measured44 by the
same apparatus for crystalline ice.

The reorientational motion of the excited OH-dipoles was
also investigated and the respective published numbers are list-
ed in the second row of the table.  From experiments conduct-
ed by two groups we find two typical time scales for this mo-
tion: our experiments45 as well as the work21 of the Bakker’s
group indicate for a slow reorientation with a 10 – 15 ps time
constant for the stronger H-bonded OH-group as present in lo-
cal tetrahedral structures (around 3300 – 3400 cm−1) as well as
fast motions for the weaker bonded HDO, seen in the blue part
of the OH-spectrum with typically 1 – 3 ps.  In contrast to this
consistent picture in a later publication23 the Bakker’s group
took the same data once more and interpreted them with the
help of a quasi-continuous distribution of OH-oscillators in
water.46  Accourding to this later work the slower relaxing fea-
ture was attributed to stronger H-bonds present for the excited
OH-groups in the v = 1 state.23

Finally we want to comment on the nature of the broadening
of the OH-band of HDO due to the presence of H-bonds and
the respective underlying dynamics.  First evidence for a dis-
crete substructure of the OH-band of HDO was demonstrated
1991 by Graener et al.12  Due to the limited time-resolution of
11-ps pulses the dynamics of the various components could
not be measured.  Subsequent investigations with shorter and
almost bandwidth-limited infrared pulses of 1 to 2 ps duration
were able to substantiate the first findings and provided novel
information on the spectral relaxation45 among the different
components in the temperature range 273 K to 343 K.  The
four species discussed here represent of an even more detailed
picture which is now able to perfectly explain the temperature
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dependence of the OH-absorption of HDO.  The two preferred
hydrogen bonded structures are supported by the different time
scales of reorientation of the OH-group and theoretical
approaches40 to this problem.

Application of somewhat shorter IR-pulses in comparison to
the present work with correspondingly poorer spectral resolu-
tion results in the following interpretation of the measured da-
ta: a time constant47 of 0.55 ps was stated for spectral relax-
ation of the quasi-continuously distributed OH-oscillators to-
gether with a dynamic Stokes shift47 of the OH-band.  The lat-
ter observation is however in contradiction to measurements of
Gale et al.48 utilising even shorter 150 fs IR-pulses.  The latter
group derived from their data a continuous spectral relaxation
to the band center with a longer time constant of 0.7 ps.48  To
determine this number the authors however considered values
of T1 = 1.3 ps and τor = 2.5 ps in their model calculations in
order to fit their data.48  These numbers for the prominent re-
laxation mechanisms are at variance with the respective num-
bers of the same group32 but in well agreement to the OH-dy-
namics of HDO found by the present authors.  As in the men-
tioned investigation32 the parallel signal component of the
probe transmission was measured, also the reorientational mo-
tion of the water molecules contributes to the measured dy-
namics.21,45  A deconvolution of the various factors was not at-
tempted in the data analysis.  The notably broader spectra of
the IR-pulses utilised in the experiments of Gale et al. as well
as by the Bakker’s group hinder to a large extent the determi-
nation of spectral holes and spectral substructures in the OH-
band of HDO.  Furthermore, only in our work and the one of
Gale et al. transient spectra were presented, i.e. the continuous

tunability of both IR-pulses pump and probe was fully utilised.

Conclusions

In this paper we present results of sub-picosecond IR-spec-
troscopy of HDO in the solvent D2O.  Our data measured at
273 K and 343 K confirm the physical picture developed in
earlier investigations with somewhat longer pulses.27  In the
OH-band of HDO we identify 4 prominent spectral compo-
nents Ⅰ (3330 cm−1), Ⅱ (3390 cm−1), Ⅲ (3460 cm−1), and Ⅳ
(3520 cm−1).  From details of the transient spectra we con-
clude that the sub-bands represent physical reality and not just
a parametrization of the band contours.  Components Ⅰ and Ⅳ
represent most probably HDO molecules in two different envi-
ronments: a local, approximately tetrahedral geometry (Ⅰ) and
a local structure with weak, angled hydrogen bonds (Ⅳ).
Spectral components Ⅱ and Ⅲ are proposed to result from
combination tones between the OH-stretch and a low-frequen-
cy H-bridge bond vibration (possibly bending mode), as sup-
ported by the temporal evolution of the respective spectral am-
plitudes: species Ⅱ involving the local structure Ⅰ, while com-
ponent Ⅲ may be related to a superposition of HDO molecules
in environments Ⅰ and Ⅳ.  The interpretation is substantiated
by a corresponding analysis of the temperature dependence of
the conventional OH-band.  The time constants reported in the
present work fully confirm the ones reported previously.27  The
population decay time of the OH-mode is again measured to be
T1 = 1.0 ± 0.2 ps at room temperature.  Structural relaxation
between the prefered local structures proceeds with time con-
stants of 1.5 ps (273 K) to 0.8 ps (343 K).

Table 1.   The Vibrational Lifetime T1 of the OH-Stretching Vibration, the Time Constants for Spectral 
Relaxation (τS) and Reorientational Relaxation (τor) as well as the Experimental Conditions for the 
Various Time-Resolved Investigations of HDO:D2O Samples Are Summarised Here (Discussion 
See Text)

HDO:D2O This work Bakker’s Group Gale et al.

Population 1.2 ± 0.2 ps T20 = 0.74 ps (270 K)22 0.5 ps (3270 cm−1)32

lifetime T1 (3460 cm−1, 273 K) T20 = 0.90 ps (298 K)22 0.65 ps (3400 cm−1)32

1.0±0.2 ps 1.0 ps (3600 cm−1)32

(3410 cm−1, 298 K) T10 = T20

T10 = T20 3400 cm−1, non-exp < 1 ps 298 K, non-exp < 2 ps

Reorientation 15 ± 5 ps (Ⅰ, Ⅱ, 273 K) 13 ps (3320 cm−1)21 no polarisation
time τor 10 ± 3 ps (Ⅰ, Ⅱ, 289 K) 0.7 ps (3500 cm−1)21 resolution32

3 ± 1.5 ps (Ⅲ, Ⅳ)45 2.6 ps (v = 0), 4.2 ps (v = 1)23

298 K

Spectral quasi-discrete, continuous continuous
Substructure 4 major species

Spectral spectral relaxation dynamic Stokes shift47 spectral relaxation
dyanmics at of 70 cm−1 to band center with
298 K τS = 1.0 ± 0.4 ps τeq = 0.55 ± 0.05 ps47 τΩ = 0.7 ps,48

calculated with:
T1 = 1.3 ps, τor = 2.5 ps

tP, ∆ν 500 fs, � 35 cm−1 250 fs, 90 cm−1 150 fs, 65 cm−1

ln (T/T0) < 0.1 < 0.3 ?
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