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4 Ultrafast intermolecular
energy transfer in heavy
water

We studied the vibrational energy relaxation and resonant vibra-
tional (Förster) energy transfer of the OD vibrations of D2O and
mixtures of D2O and H2O using polarization-resolved, femtosecond
mid-infrared spectroscopy. We observed the lifetime of the OD vi-
brations of bulk D2O to be 400 ± 30 fs. The rate of Förster energy
transfer is measured via the dynamics of the anisotropy of the OD
vibrational excitation. For a solution of 0.5% D2O in H2O resonant
energy transfer is negligible, and the anisotropy shows a single expo-
nential decay with a time constant of 2.7 ± 0.05 ps, representing the
time scale of the molecular reorientation. With increasing concen-
tration, the anisotropy decay becomes faster and non-exponential,
showing the increased contribution of resonant energy transfer be-
tween the OD oscillators. We determined the Förster radius of the
OD vibration of HDO in H2O to be r0 = 2.3 ± 0.2 Å.

4.1 Introduction

Resonant intermolecular energy transfer is an important process in nature
that leads to delocalized excitations (excitons) and the equilibration of en-
ergy. This process is often denoted as Förster energy transfer after Theodor
Förster. Förster energy transfer has been observed both for electronic excita-
tions [13, 39, 132] and vibrational excitations [27, 32, 45, 79, 171]. Well-known
examples of systems showing resonant (Förster) vibrational energy transfer are
the amide vibrations of polypeptides [45] and the OH stretch vibrations of liq-
uid water [32, 171]. The energy transfer is the result of the coupling between an
excited oscillator and an oscillator in the ground state. In most cases, this cou-
pling is formed by a dipole-dipole interaction which implies that the coupling is
inversely proportional to the sixth power of the distance between the coupled
oscillators.

For water the resonant coupling between the OH stretch vibrations has been
studied by measuring the decay of the anisotropy of the excitation of the OH
vibration for different isotopic mixtures of water and heavy water [171]. At a low
concentration of water in heavy water (<1%) the OH groups are too far apart
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42 Ultrafast intermolecular energy transfer in heavy water 4.3

to show energy transfer within the vibrational lifetime of the OH stretch vibra-
tions. In this dilute limit the anisotropy only decays as a result of the molecular
reorientation of the water molecules. However, with increasing concentration of
OH groups, the anisotropy decay is accelerated showing the presence of resonant
energy transfer between OH groups that are differently oriented [32, 79, 171]. Up
to high OH concentrations this resonant energy transfer could be well described
with a dipole-dipole interaction mechanism, meaning that the rate scales in-
versely proportional to the sixth power of the distance between the OH groups.
However, for pure liquid H2O the observed rate of resonant energy transfer was
significantly faster than expected from the dipole-dipole interaction mechanism,
indicating that higher-order multipole interactions also contribute to the energy
transfer [171].

Here we study the rate and mechanism of resonant vibrational energy trans-
fer between OD vibrations in water. We measure the anisotropy dynamics of
the OD vibration of pure D2O and of solutions of HDO dissolved in H2O for a
large range of concentrations. We observe resonant energy transfer of the OD
vibrations for all solutions for which the concentration of OD oscillators is larger
than 2%.

4.2 Experiment

We study the vibrational relaxation and resonant energy transfer of the OD
stretch vibrations in water using polarization-resolved, femtosecond mid-IR
pump-probe spectroscopy. The laser system and the set of frequency conversion
processes used to generate the pump and probe pulses are described in detail
in sections 3.1 and 3.2, respectively. In the experiment we used 10 µJ pulses,
centered at 4000 nm, with a pulse duration of about 70 fs, and a spectral band-
width of ∼450 cm−1. The pulses are used in a one-color, polarization-resolved
pump-probe experiment using the setup described in section 3.3.

We studied the vibrational relaxation and anisotropy dynamics for pure D2O
and four mixtures of D2O and H2O. The samples were positioned between two
2 mm thick CaF2 windows separated by teflon spacers with thicknesses ranging
from 3.8 µm to 100 µm. To check a possible contribution of coherent artifacts
to the signals at early delay times we also performed the experiment on pure
D2O with 500 nm Si3N4 membrane windows instead of 2 mm CaF2 windows.
From the comparison of the data sets we concluded that the coherent signal
that originates from the CaF2 windows is small and does not influence the
fitted values for the lifetime and the anisotropy decay. During the experiment
the samples were rotated to avoid accumulation of heat in the focus.

4.3 Results and discussion

4.3.1 Vibrational relaxation

Figure 4.1 shows the linear spectra for pure D2O and mixtures of D2O and
H2O. It is seen that an increase of the amount of H2O causes a narrowing of
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4.3 Ultrafast intermolecular energy transfer in heavy water 43

Figure 4.1. Linear spectra of pure D2O and mixtures of D2O and H2O. Spectra for
higher D2O concentrations have been scaled for clarity.

the D2O band. In addition, for the two lowest concentrations, we observe a
background absorption. This background is caused by the low frequency part of
the OH stretch vibrations of H2O and the high frequency part of the combination
band [105] centered around 2150 cm−1.

The OD vibration has a short lifetime and after a few picoseconds the vi-
brational energy becomes thermal which corresponds to a temperature increase
of the sample in the focus. An increase in temperature leads to a decrease of
the cross-section and a blueshift of the absorption spectrum of the OD stretch
vibration. In the transient spectrum these effects correspond to a persistent
bleaching in the red wing and center of the absorption band, and a small in-
duced absorption in the blue wing of the absorption band. As this heating signal
is isotropic, this signal should be subtracted from the measured transient spec-
tra for a proper determination of the anisotropy dynamics of the vibrational
excitation.

The subtraction of the heating signal is especially important for D2O con-
centrations higher than 50%, since for these samples the heating signal is of
comparable magnitude or bigger than the absorption changes originating from
the population dynamics of the v = 1 state. To determine the dynamics of the
heating signal, we fit the isotropic signals to a two-step relaxation model. In
this model the vibrational energy of the excited v = 1 state is first transferred
to a non-thermal intermediate state. In the second step the intermediate state
relaxes leading to a full thermalization of the energy. The rate of the first step
is characterized by a vibrational lifetime T1, the second step by an equilibra-
tion time constant T∗. As has been shown before [134] the fit of the data to
this model thus yields the contribution of the heating signal to the measured
absorption changes at all delay times. The transient absorption spectrum for
pure D2O corrected for the heating effect is shown in figure 4.2 for two delay
times. From the fit we obtain a vibrational lifetime T1 of 400 ± 30 fs for pure
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44 Ultrafast intermolecular energy transfer in heavy water 4.3

Figure 4.2. Transient spectra of pure D2O recorded at 0.1 ps and 10 ps. Linear
spectrum of pure D2O is shown with the dashed line.

D2O and a heat ingrowth time T∗ of 630 ± 50 fs. The lifetime of 400 ± 30 fs
agrees well with the value of 350 ± 50 fs reported by Volkov et al. [164].

We used the same fitting procedure for all D2O/H2O mixtures. For the
two lowest concentrations (1% and 5% of D2O in H2O) the fit resulted in a
vibrational lifetime T1 for the isolated OD vibration of 1.7 ± 0.1 ps and a heat
ingrowth time T∗ of 850 ± 50 fs. Both excited and intermediate state lifetimes
depend nearly linearly on the isotopic composition.

The intermediate state represents a state of the system in which the energy
is no longer residing in the excited v = 1 state, but in which the energy has also
not yet become thermally distributed. The intermediate state likely represents
specific combined excitations of low-frequency modes. The occupation of these
modes can induce an anharmonic frequency shift of the absorption spectrum
of the studied vibration. In this case the transient spectrum associated with
the intermediate state will consist of a bleaching and an induced absorption
signal of which the magnitude are determined by the amount of the anhar-
monic frequency shift. From the spectral decomposition we find however that
the intermediate state in the relaxation of the OD vibration does not have such
an associated spectrum. In fact, the intermediate state has the same absorption
spectrum as the ground state of the OD vibration. This means that the transient
occupation of the intermediate state only functions to describe a delay in the rise
of the spectral responses that are characteristic for heating of the sample. The
spectral changes associated with heating of the sample are largely due to the
weakening of the hydrogen bonds between the water molecules. Hence, the time
constant T∗ likely represents the time scale at which the hydrogen bonds adapt
to an ultrafast local dissipation of energy. This adaptation is relatively slow as
the frequencies of the hydrogen-bond vibrations are low. This type of behavior
can be expected to occur in all systems in which the intermolecular dynamics is
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Figure 4.3. The excited and intermediate state lifetimes (squares and circles, respec-
tively) as a function of isotopic composition of water. The dashed lines are guides to
the eyes.

not much faster than the relaxation of the excited state of a high-energy degree
of freedom and in which the intermolecular dynamics have a strong effect on
the absorption spectrum of the high-energy degree of freedom. Water is a clear
example showing this type of behavior.

4.3.2 Förster energy transfer

Figure 4.4 shows the anisotropy decays as a function of delay for pure D2O and
for four mixtures of D2O/H2O. The anisotropy is constructed after subtracting
the heat signal at all delay times. The decay of the anisotropy reflects both the
effects of molecular reorientation and resonant energy transfer between differ-
ently oriented OD groups. The two effects can be distinguished by varying the
concentration of OD oscillators. For the lowest concentration (0.5% of D2O in
H2O) the contribution of the energy transfer to the decay of the anisotropy is
very small and the anisotropy decays mainly because of the molecular reorienta-
tion of the HDO molecules. The observed decay can be fitted well with a single
exponential with a time constant τor of 2.7 ± 0.05 ps. This reorientation time
constant agrees well with previous reports [9, 108, 134]. With increasing concen-
tration of D2O, we observe the depolarization of the OD excitation to become
faster, showing the contribution of Förster energy transfer to the anisotropy
decay.

In the presence of intermolecular energy transfer, the anisotropy dynamics
can be described with the following equation:

R(t) = exp(− t

τor
− 4π3/2

3
[OD]

√
r6
0t

T1
) , (4.1)
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Figure 4.4. Orientational anisotropy decay curves for different concentrations of D2O
in H2O. The result of the fits to equation 4.6 are represented by the solid curves. The
dashed line represents a gaussian profile fitted to the cross-correlated signal of pump
and probe pulses.

where τor is the reorientation time and [OD] is the concentration of OD moieties
in the system. The rate of energy transfer is governed by r0, the so called Förster
radius. This parameter denotes the distance between donor and acceptor at
which the energy transfer efficiency is 50% within the vibrational lifetime.

Equation 4.1 provides a good description of the experimentally determined
R(t) in case the reorientation and the characteristic time scale of the Förster
energy transfer are short compared to the instrument response function, i. e.
the cross-correlation of the pump and probe pulses. For dynamics that are com-
parable with the time duration of the cross-correlate, the measured response
includes the instrument response function. Unfortunately, the effect of the lim-
ited time resolution of the experiment cannot be accounted for by comparing
the experimentally determined R(t) with a convolution of equation 8.7 and
the cross-correlate of pump and probe, as the experimental R(t) anisotropy is
not measured directly but constructed from the measured ∆α‖(t) and ∆α⊥(t).
Hence the instrument response has to be accounted for in the separately mea-
sured ∆α‖(t) and ∆α⊥(t). The isotropic absorption change is given by:

∆αiso(t) =
∫
P (τ)G(t− τ)dτ , (4.2)

with G(t− τ) being the instrument response function and P (τ) the population
relaxation function. The function P (τ) can be a single exponential, i.e. e−τ/T1 ,
but it can also be more complicated if the relaxation process involves more than
two states. We can construct model parallel and perpendicular responses from:

∆α‖(t) = ∆αiso(t) +
2
3

∫
R(τ)P (τ)G(t− τ)dτ , (4.3)
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A B

Figure 4.5. Effect of the system response function on the observed anisotropy decay.
The dash-dotted line represents the system response function, i.e. the cross correlation
function of the pump and probe pulses. The dashed line represents the experimental
anisotropy decay in case of infinitely good time resolution. The solid line represents
the anisotropy decay constructed from the parallel and perpendicular signals that are
convoluted with the system response function. Panel A shows a case in which the
anisotropy decay is relatively slow (τor = 2.55 ps), panel B shows the case for a fast
decaying anisotropy (τor = 140 fs).

and

∆α⊥(t) = ∆αiso(t)− 1
3

∫
R(τ)P (τ)G(t− τ)dτ . (4.4)

Both signals are affected by the function R(τ) which reflects the anisotropy
decay. This function corresponds to equation 4.1. The difference between the
two signals is then given by:

∆α‖(t)−∆α⊥(t) =
∫
R(τ)P (τ)G(t− τ)dτ . (4.5)

The expression for the model anisotropy Rmod(t) is thus

Rmod(t) =

∫
R(τ)P (τ)G(t− τ)dτ

∆αiso(t)
. (4.6)

Clearly, the expression for Rmod(t) is not the same as
∫
R(τ)G(t − τ)dτ . The

difference is negligible for a slowly decaying anisotropy, however, it becomes
significant when R(τ) shows dynamics on the same scale as the cross-correlation
(see figure 4.5).

To determine the Förster radius r0, expression 4.6 is fitted to the experi-
mentally determined Rexp(t). The function G(t− τ) represents a gaussian fit to
the experimental cross-correlation and P (τ) is a monoexponential population
decay with a T1 value that follows from the isotropic data. All curves can be
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Figure 4.6. Anisotropy decay curves for low concentrations of D2O in H2O. The
result of the fits to monoexponential function are represented by the solid curves.

described well by equation 4.6. Fitting the data to equation 4.6 using a least-
squares fitting method yields a value for the Förster radius r0 of 2.3 ± 0.2 Å,
which is very similar to the value of 2.1 Å found previously for the OH stretch
vibration in water [171].

Figure 4.4 shows that the anisotropy decay observed for a solution of 5%
D2O in H2O significantly differs from that observed for a solution of 1% D2O in
H2O. For the solution containing 5% D2O the anisotropy is observed to decay
to a much lower level in the first 400 fs after the excitation. This findings shows
that Förster energy transfer already plays a role at this concentration at which
the average distance between the OD oscillators is approximately 6 Å.

To study the contribution of Förster energy transfer to the anisotropy dy-
namics for low concentrations at early delays, we have performed additional
experiments on four samples of 0.5%, 1%, 3% and 5% of D2O in H2O. The
results are shown in figure 4.6. We have fitted the data with a single exponen-
tial function between 0.3 ps and 8 ps and found that at all concentrations the
decay can be fitted well with a time constant of 2.6 ± 0.1 ps. However, there is
a significant effect in the extrapolated starting value of the single exponential
fit at delay zero. Decreasing the amount of D2O resulted in an increase of the
starting value for the anisotropy from 0.35 for a 5% mixture up to 0.39 for a
0.5% mixture.

Using equation 4.1 we can determine the contribution of Förster energy
transfer to the decay of the anisotropy. We rewrite formula 4.1 in a form R(t) =
exp(−O − F ), where O and F represent the orientational relaxation and the
energy transfer contributions. In figure 4.7 we plot the function 1 − exp(−F )
as a function of the concentration of D2O at a delay of 400 fs. This function
represents the decay of the anisotropy in case there would only be Förster
energy transfer. The inset shows the amount of energy transfer at very low D2O
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Figure 4.7. Anisotropy decay due to Föerster energy transfer after 400 fs. The contri-
bution is calculated using equation 8.7 with parameters derived from the experimental
results.

concentrations. The open circles correspond to the concentrations used in the
experiment. It follows that energy transfer contributes to the anisotropy decay
even for a solution of 0.5% D2O in H2O.

From the results of figure 4.6 it follows that for solutions containing 3%
and 5% D2O Förster energy transfer leads to a decay of the anisotropy up
to ∼20% in the first 400 fs after the excitation. Fast initial anisotropy decays
have been observed before for mixtures of D2O and H2O [9, 108, 134], but
these initial decays were assigned to librational motions that keep the O–H· · ·O
hydrogen bond intact. However, the present comparison of the results obtained
for 5% D2O in H2O and 0.5% D2O in H2O shows that a significant part of
this initial decay is in fact due to Förster energy transfer. Librational motions
are certainly expected to be present in liquid water and to contribute to a fast
initial decay of the anisotropy [85], but their amplitude is smaller than has been
reported [9, 108, 134].

For pure D2O, a significant part of the energy transfer will take place be-
tween the two OD vibrations within the D2O molecule. In a recent experimental
and theoretical study of the intra- and intermolecular couplings of H2O it was
found that the spectral dynamics of the OH stretch vibrations of H2O mainly
result from this intramolecular coupling [121]. However, with respect to the
anisotropy, the intramolecular coupling can only account for a partial decay,
as intramolecular energy transfer only leads to the equilibration of the energy
in the plane of the molecule. Hence, the observed complete rapid decay of the
anisotropy shows that for D2O fast intermolecular energy transfer processes
must be present.

The process of Förster energy transfer in water has been studied before
for the OH stretch vibrations of solutions of HDO in D2O [171] and for pure



i

i

“thesis” — 2011/12/20 — 10:26 — page 50 — #50 i

i

i

i

i

i
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H2O [32, 79, 171]. From the measurements on HDO in D2O, the Förster radius
was determined to be 2.1 Å, which is very comparable to the Förster radius of
2.3 ± 0.2 Å we find here for the OD vibration in water. To compare the Förster
energy transfer rates of the OD and the OH vibrations in water we use:

kF (r) =
1
T1

(r0

r

)6
. (4.7)

The values of T1 of the OH vibration of HDO in D2O is 740 fs [172] and of
the OD vibration of HDO in H2O is 1.7 ps. Assuming that the values of r0

are the same for OD and OH (within their error margins), we thus find that
kF,OH(r) ≈ 2.3kF,OD(r).

The ratio of the Förster energy transfer rates of the OD and OH vibrations
in water can be compared to the ratio that follows from the linear absorption
spectra of these vibrations assuming that the energy transfer results from a
dipole-dipole interaction mechanism. In this case the Förster energy transfer
rate between the same type of oscillators is given by [112, 172]:

kF (r) ∼ σ2

r6

∫
g2(ν)dν , (4.8)

where σ denotes the cross-section and g(ν) the absorption line profile. The
cross-section of the OD vibration of HDO in H2O is approximately 1.9 times
smaller than that of the OH vibration of HDO in D2O. Another difference
between the linear absorption spectra is that the frequency axis of the OD
vibration is contracted by a factor of ∼ √2. If we assume the line shapes of
the OH and the OD vibrations to be Gaussian, it follows from equation 4.8
that kF,OH(r) ≈ (1.92/

√
2)kF,OD(r) ≈ 2.6kF,OD(r). This ratio compares very

well with the experimentally observed ratio of ∼2.3, which corroborates that
the energy transfer among the OD vibrations of HDO in H2O indeed relies on
a dipole-dipole interaction mechanism.

For pure H2O the resonant energy transfer among the OH vibrations was
observed to be significantly faster than expected from an extrapolation of the
dipole-dipole interaction of the OH vibrations of solutions of HDO in D2O [171].
Possible explanations for this deviation are a break-down of the dipole-dipole
description, i. e. the presence of additional multi-pole electric field interactions
and the contribution of (intramolecular) anharmonic couplings to the energy
transfer. Interestingly, this behavior is not observed for pure D2O. The observed
anisotropy decay of pure D2O can be quite well accounted for by using the same
dipole-dipole coupling that accounts for the anisotropy decay of the solutions of
HDO in H2O (figure 4.4). This finding indicates that intramolecular anharmonic
couplings of the OD vibrations do not contribute to the energy transfer within
the D2O molecule. Recent molecular dynamics simulations by the Skinner group
have discussed the validity of the Förster model (equation 4.8) in describing the
anisotropy decay in liquid water [175]. The theory behind the Förster formula
contains a number of assumptions:
• the energy transfer between donor and acceptor is irreversible,
• the spatial and orientational distribution of acceptors is statistical,
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• energy hopping leads to a complete decay of the anisotropy.
Skinner found that the orientation of the nearest acceptors is such that

energy transfer leads to a negative anisotropy, therefore the anisotropy decay
is not proportional to the survival probability, but in fact decays faster. The
survival probability itself, however, becomes slower if reversible energy transfer
is taken into account, and becomes faster again if the intramolecular energy
transfer is included. With respect to the latter we would like to point out that
this is included in the present chapter and in the previous work on H2O of
Woutersen and Bakker, by considering the concentration of OD/OH oscillators.
This concentration has a maximum value of 110 M and this also includes the
transfer between two OD/OH groups located in the same molecule. Of course
it is still assumed that the distance between the OH/OD groups is statistical.
Skinner found that the effects of reversible energy transfer (slowing down) more
or less compensates the effects of the non-random orientation of the acceptors
and the intramolecular energy transfer (speeding up), which explains why the
simple model works so well in describing the data.

4.4 Conclusions

We study the vibrational energy relaxation and resonant Förster energy transfer
dynamics of the OD stretch vibrations in pure D2O and solutions of HDO in H2O
with polarization-resolved femtosecond mid-infrared pump-probe spectroscopy.
The vibrational relaxation of the OD vibration of pure D2O is observed to occur
with a time constant of 400 ± 30 fs.

We monitor the occurrence of Förster resonant energy transfer of the OD
vibrations by measuring the dynamics of the anisotropy of the vibrational ex-
citation of the OD vibration for different concentrations of HDO in D2O. With
increasing HDO concentration the anisotropy decay accelerates and becomes
increasingly non-exponential. These observations can be modeled well with a
resonant energy transfer model in which the OD vibrations interact via a dipole-
dipole coupling mechanism. From a fit to the data obtained at different concen-
trations we determine the Förster radius r0 to be 2.3 ± 0.2 Å. The rate constant
of the Förster energy transfer is observed to be ∼2.3 times smaller than for the
OH vibrations of HDO dissolved in D2O. This ratio is fully consistent with a
dipole-dipole interaction mechanism and can be well explained from the differ-
ence in cross-section and spectral distribution of the OD and the OH stretch
vibrations.

We observe that the Förster energy transfer already significantly contributes
to the decay of the anisotropy of the OD vibration for D2O concentrations ¬5%.
At these concentrations, the resonant energy transfer is observed to induce a fast
partial decay of the anisotropy in the first 400 fs after the vibrational excitation.
For a D2O concentrations of 5% this fast initial decay amounts to ∼15% of the
anisotropy decay. This result implies that previous observations of a fast initial
anisotropy decay for the same system are only partly the result of librational
motions.




