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The population relaxation of the OD stretching vibration of HOD diluted in H,O is studied by
time-resolved infrared pump-probe spectroscopy for temperatures between 278 and 663 K in the
density range 0.28=<p=1.01 g/cm’®. Transient spectra recorded after exciting the v=0—1 OD
stretching transition at low temperatures show a delay between excited state decay and formation of
the thermalized spectrum pointing to an intermediately populated state. Above 400 K, the rates of
excited state decay and ground state recovery become equivalent and the intermediate state is not
detectable anymore. Over the entire thermodynamic range, the derived OD stretch relaxation rate
constant k, depends linearly on the static dielectric constant & of water, indicating a correlation of
k, with the average hydrogen bond connectivity of HOD within the H,O network. However, in
contrast to the OH stretch relaxation rate constant of the complementary system of HOD in D,O, the
low density data of k,(g) extrapolate to a nonzero intercept for € — 1. Our analysis suggests that at
ambient conditions the OD excited state is mainly depopulated by a direct v=1—0 transition,
avoiding the excited v=1 HOD bending state. Therefore, at room temperature the detected
intermediate is assigned to a nonthermalized state with respect to nuclear degrees of freedom of the
solvent molecules, and subsequent formation of the final product spectrum is related to a
rearrangement of the hydrogen bond network. Passing over to the gas phase the excited OD stretch
state shifts into close resonance with the HOD bend overtone, thereby opening up an additional

relaxation channel. © 2009 American Institute of Physics. [DOI: 10.1063/1.3151673]

I. INTRODUCTION

The unusual thermodynamic properties of liquid water
can be attributed to its ability to form extended three-
dimensional hydrogen bonded networks.' These networks
are highly dynamic in nature and apart from fluctuations in
hydrogen bond lengths and angles are characterized by con-
tinuous breaking and reformation of hydrogen bonds on time
scales of about 1 ps.2’3 In recent years, time-resolved vibra-
tional spectroscopy has proven to be extremely powerful in
elucidating the structural dynamics of water.*”> The reason
for this is the strong correlation between hydrogen bond
strength and the instantaneous OH stretch vibrator
frequency.(’*8 An important approach is to measure the ul-
trafast response of the hydrogen bond network induced by
vibrational energy relaxation (VER) of selectively excited
water stretchinggf12 or bending modes."*™'* For the analysis
of these experiments it is crucial to know the time scales and
pathways of VER in detail. But also in the context of solva-
tion and reaction chemistry in liquid water, energy transport
within and between water molecules plays a pivotal role.

For neat H,O, VER is dominated by intra- and intermo-
lecular resonances resulting in a complete delocalization of
an initial vibrational excitation over a large number of neigh-
boring molecules accompanied by an ultrafast memory loss
of the transition dipole orientation.'® Vibrational delocaliza-
tion is suppressed in the VER of the OH (OD) stretching
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mode of HOD dissolved in D,0O (H,0). Here isotope substi-
tution lifts inter- and intramolecular resonances, thereby fa-
cilitating the observation of the relaxation processes. In the
case of HOD in D,O0, the lifetime of the OH stretch excited
state at ambient conditions was found to be in the range of
0.5-1.0 ps.g_lz’”_23 This broad range was attributed to a dis-
tribution of hydrogen bonded configurations of the HOD
molecule, which on the time scale of VER appears to be
partially inhomogeneous. Accordingly, the relaxation is
faster for a subensemble of strongly hydrogen bonded OH
oscillators absorbing at the red edge of the steady state OH
stretch band as compared to a weakly hydrogen bonded sub-
ensemble excited at the blue edge.22 Above 400 K, this dis-
persion of the OH stretch lifetime disappears because with
increasing temperature the reorganization of the local hydro-
gen bonded configurations accelerates and, simultaneously,
the OH stretch relaxation becomes slower as the hydrogen
bond network is weakened.”** Interestingly, a linear relation
between the OH stretch relaxation rate constant k, and the
static dielectric constant &€ was found. The latter quantity was
taken as a measure for the average hydrogen bond connec-
tivity in the bulk fluid. Marked deviations from this linear
correlation at low temperatures and, in particular, under am-
bient conditions were caused by the accidental coincidence
of time scales for hydrogen bond reorganization and excited
state depopulation. Nevertheless, the linear relation between
k. and & was used to determine by extrapolation the en-
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semble averaged lifetime of the first excited vibrational
quantum state of the OH stretch mode at ambient conditions
to 0.63 ps.24

These experimental studies are accompanied by numer-
ous theoretical investigations aimed at elucidating the relax-
ation pathways in detail.”*>" The calculations converge in
identifying the transfer from the excited OH stretch mode to
the first overtone of the HOD bend vibration as the rate de-
termining step in the relaxation cascade.”®*” Recent nonequi-
librium molecular dynamics (MD) simulations suggest a
strong coupling of the bending and OH stretching modes to
the HOD rotation which in turn passes the energy to the D,O
rotation indicating libration-to-libration energy transfer as an
important intermolecular relaxation pathway.3 0

The OD stretch relaxation of the complementary system
HOD dissolved in H,O is more than two times slower’'
than the OH stretch relaxation of HOD in D,O. In contrast to
the OH stretch relaxation, inhomogeneities of the lifetime
within the OD stretch absorption band have not been ob-
served at ambient conditions.”’ This can easily be explained
by the longer lifetime of the OD stretch vibration because
hydrogen bond dynamics for both systems can be expected
to be quite similar. As a result, the experimentally observed
decay correspond to an ensemble averaged population relax-
ation. If this interpretation is correct, the OD stretch relax-
ation rate constant k, should be strictly proportional to the
static dielectric constant of water even down to low tempera-
tures where the marked deviations were previously observed
for the OH stretch relaxation of HOD in D,0O. To validate
this conjecture we performed femtosecond mid-IR pump-
probe spectroscopy on the OD stretching mode of HOD in
H,O over a broad range of thermodynamic state points from
the melting point to beyond the critical temperature of water.
By varying the pressure between 1 and 600 bars, the static
dielectric constant was adjusted in the range 4.5 <<e<<86.3.
Recently, Tielrooij et al.** observed a 30% increase in the
OD stretch lifetime in the temperature interval 2—70 °C
which, however, is too small to arrive at a meaningful con-
clusion about the k,(g) dependence.

Il. EXPERIMENTAL

Femtosecond pump-probe measurements were per-
formed with a tunable dual-color midinfrared laser source
and frequency-selective detection. A semicommercial Ti:sap-
phire oscillator/regenerative amplifier system generating 800
nm, 100 fs optical pulses with energies of 700 wJ and a
repetition rate of 1 kHz was used to pump two optical para-
metric ampliﬁers35’36 with a power ratio of 1.5:1. Subse-
quently, mid-IR pulses at around 2500 cm~' were obtained
from difference frequency mixing of idler and signal of the
two optical parametric amplifiers providing pump and probe
pulse energies of 4 and 0.5 wJ, respectively. The relative
plane of polarization of both pulses was adjusted to 54.7°.
The pump pulses were sent through a motorized optical de-
lay line. A portion of the probe pulse was split off and served
as a reference which preceded pump and probe pulses by 1.5
ns. Pump, probe, and reference beams were focused into the
sample with an off-axis parabolic mirror of 100 mm focal
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FIG. 1. Linear absorption spectra of 8% HOD in H,O in the OD stretch
region at various thermodynamic state points corresponding to densities of
1.04, 1.00, 0.877, 0.693, and 0.360 g/cm? (left to right).

length. Behind the sample, remaining pump light was cap-
tured in a beam dump. Probe and reference beams were fed
in a grating polychromator and imaged on a commercial dual
row HgCdTe array detector (2 X 32 elements).

The experiments were performed in a high temperature
high-pressure cell capable of operating up to 1500 bars at
750 K. The cell body was made of a nickel-based high
temperature alloy. Sapphire disks of 5 mm diameter and 2.50
mm thickness were employed as optical windows. The opti-
cal path length inside the cell was adjusted between 30 and
200 wm. Heating cartridges embedded in the cell body and a
thermocouple inside the cell were used to regulate the
sample temperature with an accuracy of =1 K. The pressure
was measured with an accuracy of 1% by a manometer con-
nected to the cell. HOD solutions were prepared by mixing
H,O with 2%-5% D,O. For the time-resolved experiments,
the sample concentration and optical path length inside the
cell were adjusted to produce a peak optical density between
0.5 and 1.0. The density and the dielectric constant for vari-
ous thermodynamic state points of water were calculated
from pressure and temperature data using the PROPATH pro-
gram package.3 7

lll. RESULTS

In Fig. 1 normalized infrared spectra of the OD stretch-
ing vibration of HOD in water at various thermodynamic
state points are shown. With increasing temperature and de-
creasing density the maximum v,,,, of the OD stretch band
shifts from 2507 cm™' at ambient conditions to 2640 cm™!
at a supercritical temperature of 7=673 K and a pressure of
p=300 bars. The gas phase absorption is further blueshifted
to 2727 cm™! as shown by the bar in Fig. 1. These observa-
tions are in complete agreement with earlier investigations3 s
and suggest a weakening of the hydrogen bond network as
the solvent density is reduced. On the other hand, for the
spectrum at lowest density there is still considerable overlap
with the room temperature spectrum, indicating the presence
of hydrogen bonds even at 673 K and densities p
>(.3 g/cm?’. In analyzing the corresponding OH stretching
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FIG. 2. Maximum of the OD stretch absorption band of HOD vs the static
dielectric constant of water. Our data are compared with those of Franck and
Roth (Ref. 38).

band of HOD in D,O we found a linear dependence of the
solvent shift on the static dielectric constant & of the
solvent.” Figure 2 shows that such a relation also holds for
the OD stretching mode.

For the time-resolved experiments, the pump frequency
was always adjusted to the center of the OD stretch absorp-
tion band at the respective thermodynamic conditions. As an
example, results are shown in Figs. 3 and 4 for HOD in H,O
at T=573 K and p=300 bars (corresponding to p
=0.75 g/cm?) where the OD stretching vibration vop was
excited at 2600 cm~!. At early pump-probe delay times, the
spectra show a pump-induced bleaching/stimulated emission
of the vgp=0—1 transition and a corresponding vop=1
—2 absorption at frequencies <2550 cm™!. At later times
(>26 ps), a transient spectrum is observed consisting of
bleaching at 2550 cm™' and absorption at >2670 cm™,
both of which persist for the experimentally accessible time
range of 1.5 ns. Similar features have been observed at am-
bient conditions.*”>** The long-time spectrum was attributed
to a temperature rise of the sample in the laser focus once the
pump energy is transferred from the excited HOD molecule
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FIG. 3. Transient difference spectra of 6% HOD in H,O at 573 K and 300
bars (p=0.75 g/cm?) after excitation with a laser pulse centered at
2600 cm™'. Spectra are shown for different pump-probe delays. The full
lines correspond to a fit of a model described in Fig. 5 to the measurements.
The derived OD stretch lifetime is 4.6 ps.
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FIG. 4. Time dependent induced absorption signals at various probe fre-
quencies for the same data set as shown in Fig. 3 (for clarity the traces are
successively shifted along the vertical axis by a constant amount). The full
lines correspond to a fit of a model (Fig. 5) to the data.

to the surrounding water molecules.’’** An increased tem-
perature leads to a blueshift of the spectrum (see Fig. 1),
consistent with a long-time differential transmission spec-
trum that closely resembles a thermal difference spectrum.
For the kinetic analysis of our data, we used the same relax-
ation scheme proposed for room temperature measurements
(see Fig. 5).%% There, it was shown that the appearance of
the long-time spectrum involves a significant temporal delay
relative to the population decay in wop=1. This finding
strongly suggests that an intermediate state vop=0" of non-
thermal character is transiently populated before the initial
pump energy can fully dissipate to form a heated laser focal
volume.

The nature of this intermediate state is not quite clear.
MD calculations on the complementary system HOD in D,O
suggest%’ﬂ’30 that after OH stretching excitation, energy
transfer to the HOD bending vibration dygp takes place. Ac-
cordingly, the intermediate state of the v relaxation of
HOD in H,O was attributed to an excited state of the bend-
ing mode.” However, more recent calculations on this Sys-
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FIG. 5. Kinetic model of the OD stretch relaxation of HOD in H,O (adapted
from Ref. 32). After exciting the yop=1 level of the HOD molecule, the
population decays to the vop=0" ground state with a rate constant k,. The
subsequent thermalization to the vop=0" state is characterized by the rate
constant k*. The cross sections gy, 03, and o), are identical but depend on
the number of molecules reaching the thermalized ground state and, hence,
vary with time. The cross section o7, is time independent.
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FIG. 6. Normalized transient absorption signals probing the excited state
vop=1 of HOD in H,O at various thermodynamic conditions. Full lines
correspond to fits of the model presented in Fig. 5 to the data.

tem indicate that the main relaxation channel is the direct
vop=1—0 transition to the ground state, avoiding an excited
SHoD state.”

Our experiments confirm the existence of an intermedi-
ate state, i.e., we can reproduce the room temperature data
of, e.g., Refs. 33 and 34 and find 7,=1/k,=1.8 ps and 7*
=1/k*=0.9 ps. With increasing temperatures, however, the
amplitude of the long-time transient spectrum reminiscent of
the heated liquid decreases relative to the transient spectrum
at t=0. The reason is that the spectral shift of the OD stretch
band upon heating is weaker at elevated temperatures than at
low temperatures. This can be rationalized by inspecting the
temperature dependence of the dielectric constant &, which in
turn is linearly related to the spectral position v,,,, (see Fig.
2). At 298 K the dielectric constant changes by 0.36/K
whereas at 573 K it is only 0.12/K, i.e., at the higher tem-
perature the thermal difference spectrum resulting from laser
heating is expected to be threefold smaller in amplitude than
at ambient conditions. A second point concerns the ratio of
k,./k*. The time constants derived from our measurements
between 278 and 400 K indicate a twofold increase in k*
with temperature whereas k, decreases by almost a factor of
2 (see below) thereby shifting the ratio k,/k™ to smaller val-
ues. This effect in conjunction with a smaller amplitude of
the kinetic component related to k* makes a reliable evalua-
tion of the thermalization rate above 400 K impossible. On
the other hand, it simplifies the evaluation of k, as the tem-
poral response in the mid-IR becomes single exponential and
independent of the probe frequency. Consequently, for our
573 K measurements in Figs. 3 and 4 one can observe an
isosbestic point at 2552 cm™!, which is clearly absent at
room temperature.33

In Fig. 6 transient absorption signals covering a tempera-
ture range between 278 and 573 K are presented. The relax-
ation time constants derived from fitting the experimental
traces by the model of Fig. 5 increase from 1.6 ps at the
lowest temperature (p=1.00 g/cm?) to 4.6 ps at the highest
temperature (p=0.4 g/cm?). All measured relaxation times
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TABLE I. Relaxation times of the OD stretch vibration of HOD in H,O.

T p p* 7
(K) (bar) (mol 1I71) e? (ps)
663 260 0.285 4.5 9+2
663 290 0.45 8.4 Tx1
663 330 0.51 10.2 6*1
663 390 0.56 11.7 59+0.5
663 500 0.616 13.2 53*0.5
308 100 1.00 75.3 1.9£0.15
328 100 0.99 68.6 2.2+0.15
348 100 0.98 62.6 2.3*0.15
368 100 0.97 57.1 26*0.2
388 100 0.95 52.1 26*03
408 100 0.94 47.5 2.8+0.3
428 100 0.92 433 3.0x04
448 100 0.90 39.5 3.3*0.6
468 100 0.88 359 32+0.7
488 100 0.85 32.7 3.620.3
508 100 0.83 29.6 3.8+04
528 100 0.80 26.7 42+0.6
298 1 1.00 78.5 1.8£0.15
278 100 1.01 86.3 1.6£0.15
293 200 1.01 81.1 1.9+0.15
348 280 0.99 63.2 2.2+0.15
398 500 0.96 51.0 26*03
423 574 0.95 45.8 29+0.5
448 500 0.92 40.9 32+0.1
498 500 0.87 32.8 3.6+0.2
548 500 0.81 26.1 42+0.3
573 300 0.75 21.9 4.6+0.3
598 475 0.74 20.1 4.8+0.7
613 160 0.62 15.0 5612
613 200 0.64 15.7 55+£1.2
613 211 0.64 159 53*0.6
643 270 0.56 12.1 59+12

“Reference 37.

are summarized in Table I including estimated uncertainties
of 7,, which at low temperature are about 10% and above T,
increase to 20%.

IV. DISCUSSION

In our previous investigation of the complementary sys-
tem HOD in D,O we have demonstrated that a linear corre-
lation exists between the experimental OH stretch relaxation
rate constant and the temperature and density dependent
static dielectric constant & of the solvent.**? Together with
MD simulations on a fluctuating charge TIP4P model of wa-
ter, showing that ¢ is proportional to the average number nyp
of hydrogen bonds a water molecule is involved in,*" this
result could be mapped onto a linear dependence of the re-
laxation rate constant on nyg. Deviations from this linear
relation observed at about room temperature were attributed
to H-bond induced spectral diffusion, which appears to occur
on a similar time scale as vibrational relaxation under these
conditions. If this interpretation is correct, a corresponding
plot for the HOD/H,O system investigated here should also
yield a linear dependence of the OD stretch relaxation rate
constant k, on ¢. In contrast to the HOD/H,0O system, how-
ever, no deviations from this linear correlation are expected
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FIG. 7. OD stretch relaxation rate constant of HOD vs the dielectric con-
stant of water. The top axes indicate the average number of hydrogen bonds
per water molecule determined from MD calculations (Ref. 40). Open sym-
bols are data from Refs. 34 and 31, respectively. The solid line corresponds
to a linear fit to the data points.

at room temperature because here, the OD stretch relaxation
rate is known to be 2.5 times slower than the OH stretch
relaxation rate whereas the dynamics of spectral diffusion of
HOD in D,O and H,O are likely to be similar.

A corresponding plot of k, versus € is presented in Fig. 7
combined with a conversion of the dielectric constant to the
average number of hydrogen bonds nyp per water molecule
as derived from the MD simulations of Ref. 40. For compari-
son the data of Bakker and co-workers’>>* and Steinel et
al.®' measured at 1 bar are reproduced by open symbols in
Fig. 7. Whereas the agreement with Bakker and co-workers
is excellent, the result of Steinel et al. deviates considerably
from the rest of the data set. The reason for this discrepancy
is most likely due to a different procedure for data analysis
used in Ref. 31 (see also Ref. 32 for a discussion of this
point).

In general, we cannot rule out that a different model
would slightly change our relaxation rate constants for low
temperatures. However, as stated above our time traces at
T>400 K (corresponding to dielectric constants of &<<50)
are single exponential in nature. Since the extracted time
constants are independent of the probe frequency, the relax-
ation rate constants k, are highly reliable under these condi-
tions. Furthermore, since in Fig. 7 the results from the high
temperature data smoothly converge to the low temperature
data, we are highly confident that the applied model is ad-
equate to derive correct relaxation times from gas phase all
the way up to liquid phase densities.

As in the previous HOD/D,O system, we find within the
experimental uncertainty a linear dependence of the OD
stretch relaxation rate constant k, on & as shown by the solid
line in Fig. 7. A closer comparison with the corresponding
OH stretch relaxation rate, however, reveals important differ-
ences. First of all, no deviations from the linear relation be-
tween k, and e can be observed in Fig. 7 at low temperatures
(high &). This result supports our conjecture of a clear time
scale separation between energy relaxation and H-bond in-
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FIG. 8. Vibrational energy levels (in cm™') of HOD in the gas phase (Ref.
41) and in liquid water (Ref. 42) at room temperature.

duced spectral diffusion, i.e. spectral scrambling of the OD
stretching vibrational resonance by H-bond dynamics is
faster than the OD stretch population dynamics. This holds
true from gas phase all the way up to liquid phase densities.
Most importantly and in stark contrast to the HOD/ D20,24’25
this situation also prevails for ambient conditions. Conse-
quently, a single ensemble averaged relaxation rate is always
measured in the system HOD in H,O with a dependence on
neither the excitation nor the probe frequency.

A second difference is related to the high temperature/
low density limit of k,. Figure 7 clearly shows that the linear
dependence extrapolates to a finite intercept of k,=0.1 ps~'
for e—1. If we take & as a measure of the interaction
strength of the excited OD vibration with the surrounding
bath, one would expect the rate constant k, to vanish in the
limit of the highly diluted gas phase where & approaches
unity. Note that this asymptotic limit was indeed observed in
our previous experiments on the OH stretch relaxation of
HOD in D,0.**%

The offset in Fig. 7 indicates that by changing the ther-
modynamic conditions continuously from the liquid to the
gas phase, a second relaxation channel gradually opens up
whose & dependence slowly takes over as the density is low-
ered. The strong influence of the hydrogen bond connectivity
on the OD stretch vibrational frequency was already demon-
strated in Figs. 1 and 2. As a consequence of these shifts, the
relative efficiency of the relaxation pathways will change
because the transfer rates critically depend on the energy
mismatch between excited and nearby acceptor states. In
fact, Fig. 8 shows that upon passing HOD from the liquid to
the gas phase, not only the OD stretch mode shifts to higher
frequencies but at the same time the bending energy is low-
ered. Landau—Teller calculations for the liquid environment
have identified the direct vgp=1—0 transition as the main
pathway of the OD stretch relaxation of HOD in HZO.39
Figure 8 suggests the possibility of an additional pathway at
low densities involving a transition from the excited OD
stretching mode to the bend overtone as both states come
into close resonance. The energy mismatch of only 55 cm™
in the gas phase is below the thermal energy and also below
the OD stretch line width, thereby facilitating an efficient
stretch-to-bend energy transfer. Once the bend overtone is
reached the subsequent relaxation proceeds via dygp=1 to
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FIG. 9. Comparison between experimental relaxation rate constants and
model calculations. The solid line results from model A described in the text
and dashed and dotted lines correspond to the individual rate constants of
model A for the direct vop=1—0 and the vop=1— dyop=2 transition,
respectively.

the ground state. These steps are expected to be relatively
fast as in liquid D,0 the Syop=1 lifetime was found to be
only 390 fs."

In the following two kinetic models are elucidated to
show that this scenario is able to reproduce the experimental
dependence of k, on the dielectric constant in Fig. 7 quanti-
tatively. The two approaches differ in the assignment of the
rate determining step that dominates the relaxation in liquid
water at room temperature where the pathway via the HOD
bend overtone is inaccessible.

Model A follows the suggestion of the recent Landau—
Teller calculations of Tian®” on the energy transfer under
ambient conditions. It assumes that the relaxation mecha-
nism is dominated by the direct transition from vgp=1 to
vop=0 occurring with the rate coefficient k,_, (pathway
|2)—|0) in Fig. 8). In this scenario, the pathway [2)—|1)
from the vgp=1 state to the excited bending vibration is
unimportant. In line with our previous studies on the OH
stretching relaxation in D,0, we regard the dielectric con-
stant as an effective measure of the solute-solvent interaction
strength relevant for vibrational relaxation and assume the
rate constants k,_,, to be proportional to e—1 (see also Refs.
24 and 25 for details),

k —>|
Z0-70x1073(e - 1). (1)
ps

The prefactor was adjusted to meet the overall relaxation rate
k, at room temperature as shown by the dashed line in Fig. 9.

The rate constant k, .5 for the transition vgp=1
— Syop=2 (state |2)—|3) in Fig. 8) is also proportional to
the quantity e—1. However, it carries an additional “energy
gap law* dependence to explicitly account for the density
dependence of the donor-acceptor energy gap AE,; involved
in pathway |2)—|3) when transiting from gaslike to liquid-
like conditions,

J. Chem. Phys. 130, 224502 (2009)

c

ky_s=ale - l)exp(—

On the basis of the measured solvent shift of the OD stretch
band in Fig. 2 we assume that the displacement of all the
vibrational states is proportional to €—1. Hence, one obtains

ALff=—4.26(8—1)—55, (3)
cm
which linearly interpolates the |2) — |3) energy gap in Fig. 8
as a function of the dielectric constant between the gas phase
(e=1) and liquid phase (¢=78.4 at 298 K).

Finally, one has to consider depopulation of the bend
vibrational states. For simplicity we again adopt a linear de-
pendence of k;_,; and k;_,o on £—1. The absolute rates were
determined by adjusting k;_,, to the measured relaxation
time of the HOD bending vibration in liquid D,O at 298 K,"

k —
=0 - 0.034( - 1), (4)
ps
and invoking the harmonic approximation within the OD
bending manifold, i.e.,
k31 =2k . (5)

Including detailed balance for all the reverse rate con-
stants,

k —down AE
Zup—down _ exp( _) i (6)
kdown%up kBT

we solved the system of kinetic equations resulting from this
model numerically and fitted the lifetime of the excited OD
stretch vibration to the experimental data using a and c in
Eq. (2) as adjustable parameters. The result obtained for the
calculated depopulation rate constant with a=0.065 ps~' and
c=55 cm™! [Eq. (2)] is shown in Fig. 9 by the full line. To
some extend variation of the parameter ¢ can be compen-
sated for by readjusting a without negative effect on the
quality of the fit. Accordingly the errors of ¢ and a are 20%
and 50%, respectively. It turns out that within the model, k,
is mainly determined by the sum of pathways depopulating
the excited OD stretch state,

k,=ky o+ky.3, (7)

whereas the reverse processes arising from detailed balance
can be neglected. The two individual components k,_,, and
k,_,5 are presented in Fig. 9 by the dashed and dotted line,
respectively.

Considering the simplicity of the model the agreement to
the experimental data is excellent. The small value of ¢
=55 cm™! indicates a strong dependence of k, ; on the en-
ergy gap. This result is not too surprising because in the
Landau-Teller theory, the rate constant for transitions be-
tween two anharmonically coupled states i and f depends on
the anharmonic transition matrix element (ilg|f) and the
spectral density of external solvent forces acting on the sol-
ute normal mode at the transition frequency ;. For small
values of w;, each of these two quantities shows a strong
dependence on the energy gap.26 At very low densities (i.e.,
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for £ <5) the model suggests a dependence of k, on &, which
is much stronger than that observed at higher densities. Al-
though we could not measure the dependence in the low-¢
limit directly (because of an insufficient signal to noise ratio
at true gas phase densities below 0.2 g/cm?), such a behav-
ior is expected once the transition to the gas phase is com-
pleted and the relaxation rate at a given value of AE,; is
determined by isolated binary collisions.

Model A has a direct impact on the interpretation of the
intermediate state 0 of Fig. 5. This state was introduced in
the analysis of the transient pump-probe spectra because at
room temperature the appearance of the thermal difference
spectrum due to state 0’ is delayed with respect to the decay
of the excited vop=1 population. As excitation of the bend-
ing vibration at ambient conditions is avoided, model A ex-
cludes the possibility to identify the intermediate 0 with the
state dyop=1 or any other excited intramolecular vibrational
state of HOD. In contrast, 0" has to be a nonthermalized state
with respect to nuclear degrees of freedom involving motion
of the surrounding solvent particles. Rather, the transforma-
tion 0*— 0’ in Fig. 5 must be related to a rearrangement of
the hydrogen bond network after the laser energy is depos-
ited into the sample by vibrational relaxation.”’

Model B differs from model A by just accounting for
efficient population of the excited bending mode at room
temperature which permits to assign 0° of Fig. 5 to the
Sqop=1 state. Hence k,_,; in Fig. 8 is assumed to be rate
limiting whereas k,_, is neglected. Similar to Eq. (1) pro-
portionality between k,_,; and the dielectric constant is pos-
tulated,

k — —
L =70 X 1073(e - 1). (8)
ps
Equations (2)—(6) of model A are retained with one
modification. In order to attribute the state 0* to dyop=1, the
bend relaxation rate constant has to be given by

k
—=2-0.014(s - 1), 9)
ps

which ascertains agreement with the experimentally ob-
served lifetime of 7°=0.9 ps at ambient conditions. Choosing
a=0.080 ps~' and ¢=55 cm™! [in Eq. (2)] model B pro-
duces an almost identical k,(¢) dependence as model A (see
the full line in Fig. 9).

To decide whether the OD stretch relaxation of HOD in
H,O follows model A or B one has to discuss the impact of
elevated temperatures on the nature of the intermediate state
attributed to 0*. For temperatures lower than 400 K (e
>50), relaxation through the bending overtone Syop=2 is
negligible compared to pathways populating the lower lying
vibrational states regardless of the model. According to
model B, the state 0" is assigned to the first excited state of
the bending mode and therefore the apparent rate coefficients
k, and k" are equal to the rate constants k, ., and k,_,,
respectively. Since these two rate constants depend linearly
on e—1, one would expect the ratio of the apparent rates
k./k* to remain constant upon heating. Likewise, the relative
amplitudes of the two corresponding kinetic components
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should be invariant to temperature variations. Neither con-
clusion can be confirmed by our experiments. Quite in con-
trast, we observe that the ratio k,/k* as well as the amplitude
of the kinetic component related to k" decrease when the
temperature is raised. Indeed, above 400 K the thermaliza-
tion rate constant cannot be determined reliably any more.

These findings are in much better agreement with the
scenario outlined in model A where k* corresponds to a de-
layed response of the hydrogen bond network upon energy
absorption of the H,O solvent following OD stretch vibra-
tional relaxation. As was suggested previously,31 the time
constant of 7°=0.9 ps at room temperature is completely
consistent with the excitation of low frequency intra- and
intermolecular solvent modes which subsequently leads to a
breaking of hydrogen bonds. Note that in neat liquid water, a
very similar time constant was also attributed to the dynam-
ics of hydrogen bond rearrangement concurrent with a local
heating of the pump focal volume.'*!* With increasing tem-
perature this process is expected to speed up relative to OD
stretch energy relaxation and at a certain point cannot be
detected anymore. As a result the measured spectrotemporal
response becomes much simpler and isosbestic points such
as that shown in Fig. 3 for 7=573 K can be detected.

V. CONCLUSIONS

We have performed femtosecond midinfrared pump-
probe spectroscopy to explore the dynamics of VER of the
OD stretching mode of HOD in H,O for elevated pressures
and temperatures ranging into the supercritical phase. The
measured OD stretch lifetimes vary between 1.6 ps in liquid
water at 278 K and 9 ps in the supercritical state at 663 K
and 260 bars. Similar to the previously measured OH stretch
relaxation of HOD in D,0O, we observe a linear dependence
of the OD stretch relaxation rate constant k, on the static
dielectric constant & of water. Using the results of MD
simulations™ this finding implicates an immediate correla-
tion between the relaxation rate and the average number of
hydrogen bonds in which the HOD molecule is engaged. In
contrast to the HOD/D,O system, however, no deviation
from linearity can be observed at low temperatures. The rea-
son for this apparently simpler behavior lies in a clear time
scale separation that persists from gas phase to liquid phase
densities between the relatively slow OD stretch population
relaxation and the faster hydrogen bond dynamics. A second
difference concerns the extrapolated low density limit of k,,
which for the accessible & range yields a finite intercept
whereas for the OH stretch relaxation of HOD in D,O it
vanishes. Our analysis suggests that level shifting causes an
alteration of the prevailing relaxation mechanism as the ther-
modynamic conditions are changed from the liquid to gas
phase. In accordance with recent Landau-Teller
calculations™ the dominant relaxation pathway in liquid wa-
ter at room temperature is the direct v=1—0 transition of
the OD stretch excited state. The energy is transferred into
nuclear degrees of freedom of the solvent leading to a rear-
rangement of the hydrogen bond network within 0.9 ps. In
the gas phase, the energy of the excited OD stretch state is
only 55 cm™! below the HOD bend overtone which opens up
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an efficient relaxation channel involving the cascade vgp
=1— dyop=2— dyop=1— ground state, where the first step
is rate limiting.
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