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We have studied the equilibration dynamics of liquid water and alcohols following a local deposition of
energy using time-resolved femtosecond mid-infrared puprpbe spectroscopy. The equilibration dynamics

is monitored via the spectral response of the OH-stretch vibration. It is found that the equilibration leads to
complicated changes of the absorption band of the OH-stretch vibration including a shift of the absorption
band and a decrease of the absorption cross section. Interestingly, these spectral changes do not occur
simultaneously, which indicates that they are associated with the equilibration dynamics of different low-
frequency modes. For water, we find an equilibration time constant of 8.895 ps. We observe that the
equilibration time strongly increases going from water to alcohols such as methanol, ethanol, and propanol
which means that water molecules can adapt much faster to a local deposition of energy than other hydrogen-
bonding liquids.

I. Introduction molecules, but no time scale was given for this process of
equilibration.

The outcome of molecular dynamics simulations on liquid
water strongly depends on the modeling of the interactions
between the water moleculgddence, there is a strong need
for experimental information. In particular, one would like to
know the time scale on which low-frequency water modes, such
interactions and the rate at which water molecules can acceptaS Iibr{i’Fions and hydrqgen-bond transllations, rgspond tq alocal
the energy dissipated in the reaction. The solvation dynamicsdef‘pOSItlon Of. energy induced .by a (p|o)chem|cal re.actlon. I.n
of water has been investigated by probing the response c)fth|s respect, Ilnez?\r spectroscqpm studies are not very informative
solvating water molecules to an electronic rearrangement in adue to the large inhomogeneity of aqueous systems. Therefore,

dissolved dye molecule? The solvation dynamics were ob- nonlinear spectroscopic techniques using intense ultrashort
served to consist of a fast inertial component with a time pulses should be employed. Unfortunately, it is difficult to probe

response of-50 fs and two slower, diffusive components with (€ response of low-frequency water modes directly on an
subpicosecond response times. ultrashort time scale. A solution to this problem is to follow a

Several theoretical studies have been performed on the rolehigher-frequency mode that is strongly coupled to these_ moq|es.
of liquid water as a solvent for different solutes, ranging from For the case Of. the hydrogen bond, the OH-stretch vibration
peptides and biomolecufe%to organic moleculésand HDO? (vor) forms a suitable probe, because the frequency of the OH-
In ref 6, a combined quantum mechanical and classical stretch V|b_rat|(_)n d(_epends linearly on the hydrogen-bond Iefgth.
mechanical (QM/MM) method is used. The active part of the Hence, this vibration can be use_d as a probe for Iow-frequenqy
system, for example an excited state, is treated quamum_hydroggn-bond dyna_lm'cs that in tum represent changes in
mechanically, while the environment can be treated with onentgtlon and pOS"'C{” of the water moIeF:uIes. )
molecular dynamics simulations. With this technique normal  Until now not much is known about the time scale on which
modes, potential energy surfaces, and solvent-induced spectrayvater molecules react to an ultrafast dissipation of energy.
shifts can be obtained. The importance of water as a solvent isVodopyanov performed saturation studies in which water and
also illustrated in ref 7 where the relaxation of vibrationally €thanol layers were excited with intense picosecond laser
excited CHCI molecules in water is studied. It was shown that radiation!®*3 In these studies a blue shift of the OH-stretch
a large number of water molecules participate in the redistribu- @bsorption band was observed due to a rise in temperature after
tion of the vibrational energy. In ref 8’ molecular dynamics irradiation. From the intensity dependence of the Saturation, the
simulations were used to investigate the rate and mechanismvibrational lifetime T, of the OH-stretch vibration of HDO
of the vibrational relaxation of HDO molecules dissolved in dissolved in RO was estimated to be between 0.3 and 0.6 ps
D-0. In this study the OH-stretch vibration was found to relax and the lifetime of the OH-stretch vibrations of purgQ-was
to the first overtone of the bending mode with a time constant €stimated to be<3 ps** A major problem in these studies was
of 7.5 ps. The excess energy of the bending mode will be that it was not possible to separate the time scale of the
accepted by the so-called bath modes, which are the low- relaxation of the OH-stretch excitation from that of the full

frequency modes, such as rotations and translations of all€quilibration of the energy in the liquid. If the OH-stretch
vibration relaxes to some nonthermal intermediate state, these

* Author to whom correspondence should be addressed. F@t-20- time scales will be different. Recently, the vibrational lifetime
6684106. E-mail: a.lock@amolf.nl. T1 of the OH-stretch vibration of HDO dissolved in,O was
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Water is the most commonly used solvent for (bio)chemical
reactions. By a rearrangement of the water molecules in the
surroundings of the reactive intermediates, water is able to
stabilize these intermediates and to lower the energy barrier for
the reaction. The dynamics of chemical reactions in aqueous
solution will be governed both by the dynamics of the solvation
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measured using femtosecond mid-infrared pulses and was found T T .
to have a value of 740 fs at room temperatfigince the system Vorobe = 3410 cm

studied was a dilute solution of HDO, the temperature increase = 3500 cm™’
of the sample due to the relaxation was negligibly small and

no information on the equilibration dynamics of the water was

obtained.

Here we present a study on the equilibration dynamics of
water and alcohols at room temperature following a local
dissipation of energy. The equilibration dynamics are monitored
by probing the spectral changes of the OH-stretch absorption
band with femtosecond mid-infrared laser pulses. It is found
that the equilibration dynamics in water are exceptionally fast

in comparison to the alcohols. 3000 3200 3400 3600
Frequency (cm‘1)
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-1
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-1
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Il. Experimental Section

. hire-b d hat deli Figure 1. Absorption spectrum of the OH-stretch vibration of water
We use a Ti:Sapphire-based laser system that delivers,i”oom temperature. The arrows indicate the pump and probe
800 nm, 1 mJ pulses at a repetition rate of 1 kHz and a duration frequencies used in the time-resolved experiments.

of about 110 fs. To get mid-infrared pulses resonant with the

OH-stretch vibrational modes of liquid water, these pulses are 0.03 3
used in an optical parametrical amplification and generation (a) 3500 cm
(OPA/OPG) stage based @hBaB,0,. Part of the pump light ~ 002 7
is converted into signal and idler pulses with a central & 0.01 i
wavelength for the signal of 1.Am. A beam splitter divides % ’
the signal pulses into two parts. The strongest part of the signal — 0.00 | -
is used, together with the remaining 800 nm pump light, in a
second parametric amplification process in a KTiQR@stal -0.01 ' ' L ' : '
to generate pulses neau®n.!> The pulses can be tuned from
2.8 to 3.3um (3000-3600 cn1?) by changing the angle of the 0.16
KTP crystal, have typical energies of 18, a fwhm duration 0.12
of 250 fs, and a spectral width of 80 cfa The infrared pulses =
generated as described above (pump pulses) are focused on the E 0.08
sample and are used to excite a fraction of the molecules from & o4
the vibrational ground state to they = 1 state. Thereby energy
is put into a specific degree of freedom. 0.00 1
By the same generation mechanism the second weaker part
of the signal is converted to pulses aroundr. These pulses 0.30
have the same duration and spectral width as the pump pulses '
and an energy per pulse of less thamJ1 They are also focused 020
on the sample and are used to monitor the thermalization of ,:O
the excitation of the pump pulse. The transmission of the probe k= g 19
and pump pulses through a 20 pinhole was typically 50%. £
The transmission of the probe pulse wiff) @nd without 0.00 {
(To) pump pulse are measured as a function of delay time
between pump and probe pulse and the relative transmission
change In{/To) is calculated. The probe polarization was set at 0.08
the magic angle with respect to the polarization of the pump
pulse by means of a zero-ord@f2 plate. In this way any > 0.04
influences of orientational relaxation on the sigh&ire ruled E 0.00 | .
out. =
We investigated the equilibration dynamics of pure water, ~  -0.04 |- .
methanol, ethanol, and 1-propanol. The samples consisted of a -0.08 ) 1 I | I L
thin layer of liquid -1 um for water) between two sapphire Y S ) 1 2 3 4 5

windows. To avoid heating in the sample due to former
excitation pulses, the sample was rotated. The temperature rise
due to a single pump pulse is calculated to be approximately Figure 2. Transmission change To) for water as a function of

25 K for water. delay time between pump and probe pulses. The pump has a central
frequency of 3410 crrt. The probe pulse has a frequency of (a) 3500
cm, (b) 3410 cn1?, (c) 3280 cn?, and (d) 3000 crm.

delay(ps)

I1l. Results

The conventional infrared absorption spectrum of water is delay time is shown for pure water. The molecules are excited
measured with an infrared spectrometer and is depicted in Figurewith a pump pulse with a central frequencyio& 3410 cnt?
1. The absorption band has its maximum at 3410%and has and are probed at four different frequencies. The upper curve
a width of 420 cm. It consists of two subbands stemming (probe at 3500 cm') shows a bleaching signal aroute= 0
from the symmetric and asymmetric stretching normal modes. that with increasing delay rapidly decays and rises again to a
In Figure 2, the transmission changeTfiy) as a function of high final level of transmission. This level of transmission
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Figure 3. Absorption spectrum of the OH-stretch vibration of pure '
ethanol. The maximum of the band is at 3330émThe pump and 0.00
probe frequencies are indicated with arrows. ] 1 ] ]
remains constant on a very long time scale, which indicates (c) 3265 cm’!
that this level of transmission results from the complete 0.08 - .
thermalization of the system. —
When probing at the center and at the red side of the l:o
absorption band, at 3410 crhand 3280 cm!, respectively £ 004 | -
(Figure 2b and 2c), the bleaching peak around O is less =
pronounced than at the blue side. Two reasons can be advanced
for the relative peak decrease. First, with the probe frequency 0.00 15, ! | I ]
at the red side, we not only probe thgy = 0 — 1 bleaching,
but also the transientoy = 1 — 2 absorption that is red-shifted
by 270 cnm® with respect to theroy = 0 — 1 transitiont” 0.08 |- (d) 3150 cm™'
Second, at the center and at the red side of the absorptionband, _ g4 | —
the long time transmission increase due to thermalization is very ,:o 0.00 _
large and dominates the bleaching around 0. In the case = '
that the probe wavelength equals the pump wavelength, there £ -0.04 = 7]
can be a coherent artif48bn the measured signal around delay -0.08 |- 1
zero. However, for pump and probe near 3410 tnthe -0.12 L L L
influence of the coherent artifact can be neglected: at this 0 5 10 15 20
frequency the long time transmission increase strongly domi- delay(ps)

nates the blgachlng already aroune 0. In Figure 2d the pmbe, Figure 4. Delay time scans for pure ethanol after excitation with a
wavelength is tuned so far to the red edge of the absorption 3330 ¢ pump pulse. Transmission changes were recorded with probe
band that we only observe an inducesl; = 1 — 2 absorption pulses at the blue (a) 3450 cincenter (b) 3310 cr, and (c) 3265
aroundt = 0. At long delay times an increased final level of cm and at the red (d) 3150 crhof the absorption band.
transmission is observed.

We compared the measured signals for water with results
obtained for methanol, ethanol, and 1-propanol for which the  The results can be interpreted in the following way. The pump
hydrogen-bond strength is similar to that of water. In Figure 3, pulse excites molecules from thgy = 0 to thevoy = 1 state.
the OH-stretch absorption spectrum of pure ethangH¢OH) This excited population relaxes with a time constanto an
is presented. The absorption spectra of methanok(H and intermediate level, which is the vibrational (OH-)ground state
1-propanol (GH;OH) are very similar to that of ethanol. Again combined with (an)other vibrational mode(s). These other
we pump at the center frequency of the band, which is at vibrational modes are the HOH bending m&# and the
3330 cnr! for these three alcohols. The frequencies of the probe O—H---O hydrogen bond! It should be noted that the
pulses (3150, 3265, 3310, and 3450 @&nare indicated by intermediate level does not yet represent thermal equilibrium,
arrows in Figure 3. only very specific combination tones get directly excited by

Figure 4 shows delay time scans for pure ethanol. For Figure the relaxation of the OH-stretch vibration.
4b and 4c, the observed relaxation behavior is very similar to  The relaxation of the intermediate level leads to a full
that of water. After a bleaching &at= 0 and a decay at short  thermalization, i.e., a redistribution of the energy over all degrees
delay times, we again observe a rise toward a permanentof freedom. This thermalization occurs with a time constagt
bleaching signal. Clearly, the same process of equilibration is After equilibration, the temperature of the sample is increased
observed as in water, but the time scale is dramatically different. which leads to longer and weaker hydrogen bonds and therefore
In Figure 4d, the probe wavelength is in the red wing of the to a blue shift of the OH-stretch resonance frequetfcis a
absorption band. We observe an inducegh = 1 — 2 result, the transmission at the center frequency and at the red
absorption, followed by a rise to an increased level of transmis- side is strongly increased at longer delay times while at the
sion, as was observed for water in Figure 2d. In Figure 4a, where blue side of the OH-absorption band an induced absorption is
the probe wavelength is in the blue wing of the OH-stretch observed (Figure 4a). We do not observe an induced absorption
absorption band, the observed signal decreases to a negativéor liquid water in Figure 2a, which is due to the fact that the
final value. increase in temperature not only leads to a blue shift of the

IV. Kinetic Modeling
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Figure 5. Energy level scheme used for fitting the data.

absorption band but also to a decrease in absorption cross-

section. At the used probe frequency of 3500 énthe effect
of the change in cross section is stronger than the effect of the
blue shift.

We observe two relaxation time scales in our measure-
ments: first, the relaxation of the excited= 1 state of the
OH-stretch vibration leading to a decay of the bleaching peak
or induced absorption peak aroute 0 and second, the slower

thermalization process that leads to an increase or decrease to

a final level of transmission that remains constant on the
picosecond time scale of the experiment. By changing the pump
intensity we found that the thermalization (equilibration) time
does not depend on the amount of energy to be equilibrated.

To fit the data we use a model depicted in Figure 5 and fully
described in ref 21. It consists of the vibrational ground state
(0), the first excited state (1), populated by the pump pulse, the
second excited state (2), and the intermediate level 0* to which
the population of state 1 relaxes with a time consfiantn this
model, the decay of the intermediate 0*-state leads to a full
thermalization of the system. The associated time scale
represents the equilibration or thermalization time. The absorp-
tion cross sections for the-®- 1 and 0*— 1* transitions are
oo1(w) and o (w), respectively.

J. Phys. Chem. A, Vol. 105, No. 8, 2001241

absorption change reads as follows:

Aay () O o(@)ny(t) + N dgpy(w.t) 4)

We have neglecte(t) in the above equation, which is a good
approximation since the excitation fractioniafy = 1 is only
about 1%. The last term again represents the effect of the change
of the absorption band due to thermalization. The population
numbers for the different states satisfy the following rate
equations:

dn; n,
@ T, ®)
g n, ng
—o_1_ 0 (6)
dt T, e
dn, ng
@z, (7)
N=n,+n +ng (8)
The rate equations can be solved leading to
ny® = n,0) e ™ )
* 1 — —t/7e —t/7e
ny'() = +——7 (€ " — & "*)ny(0) + & "*n(0)
1" %eq
(10)
Ng(t) = N — ny(t) — () (11)

The absorption of a probe beam by the sample can be denoted

as follows:

ofw) O ogy(@)(ng = ny) + ogy() (Mg — Ny) (1)
wheren; denotes the population of stateWe can seti(t) =

0 because there is no thermal population of 0* and excitation
by the probe beam will be negligible. When we substituyte=

N — n; — ng, with N the total number of molecules and
subtract the absorption of the probe without excitation by the
pump pulse @ [0 oN), we get for the absorption change

0;1(60)

L Op1(@)

+

b
N dag,(w,t) (2)

—Aog(w,t) O 001(w)(2n1(t) +

The dop1(w) in the last term of eq 2 represents the change in

cross section due to the temperature increase that results afte

the thermalization. Depending on the probe frequency this
change will be positive (at the blue side of the absorption band)

or negative (at the red side of the absorption band). Because

the cross section change is proportional to the number of
molecules relaxed from 0*, the last term can be written as

N(t') "

N dog(wt) O J°, -
eq

®3)

If the probe pulse only probes the -+ 2 transition, the

These functions are convolved with the measured cross cor-
relation function of the pump and probe beam to account for
the finite spectral width of our pulses. This gives us the full
expressions for—Aopi(w,t) and Aouxw,t) which can be
compared to the measured Th[p). Fitting these functions to
the actual data gives us the time constant&ndeq as well

as the ratiasj,/op; at the probe frequency.

The curves resulting from the fit are depicted in Figure 2 for
water. Due to the overwhelming contribution of the ther-
malization effect in water the measurements shown in Figures
2a—c are not very sensitive to the value ®f of the first
relaxation process. The contribution of the thermalization is
somewhat less pronounced in Figure 2d. Hence we used this
measurement to determine the valueToby fitting eq 4. This
results in a value off; of 130 & 40 fs. Forreq we find req =
850+ 50 fs. We have used the value fbras a constant in eq
2 in the other fits. The resulting equilibration times atg
560 + 30, 500+ 30, and 590+ 30 fs for probing at 3280,
3410, and 3500 cnt, respectively.

In the case of ethanol, the same procedure is followed. Fitting
of Figure 4d with eq 4 yieldsT; = 400 + 60 fs and
Teq= 2.1+ 0.1 ps. For the probe wavelengths 3265, 3310, and
3450 cn1? (Figure 4c, b, and a, respectively), we fimg, =
8+ 1, 13.5+ 2.0, and 3.6t 0.3 ps by fitting eq 2. For methanol
we observe an equilibration time of 14 0.1 ps and & of
220 =+ 40 fs when probing at 3150 crhand an equilibration
time 7eq Of 7.2 £ 0.5 ps when probing at 3330 ct(results
not shown). For 1-propanol the equilibration time is 3:®.2
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ps andTy is 380+ 60 fs when probing at 3150 crh andteq It should be noted that, although the trend matches, the
is 154 5 ps when probing at 3330 cr{results not shown). absolute values of the Debye relaxation time, the rotational
correlation time, and the equilibration time do not match exactly.
V. Discussion Here it should be realized that although reorientation, as it is
) ) . measured in Debye relaxation and rotational correlation experi-
_ In-our experiment the response of the OH-stretch vibration enis  and thermalization are not the same processes. The
is used to monitor the equilibration process. This OH-stretch o qitioning of the molecules in a thermalization process mainly
vibration is very sensitive to changes in the relative positions ;. qves a change of the distance between the molecules, e.g.
of the water and alcohql molecules. The observed blue shift of 4, hydrogen-bond lengths. Recently, the hydrogen-bond dy-
the OH-stretch absorption band and the decrease of the cross;,; nics has been studied for liquid wat®#° The correlation
section thus directly reflect the repositioning of the molecules 4 constant of the hydrogen-bond length was observed to be

tEat f?\”OWS f:%m the (_jissilpation of enbergy. It should be not(_?% approximately 500 fs. From the comparison of this time scale
that the equilibration Involves two subsequent processes. They i, the rotational correlation time constant of approximately

first process is formed by the energy redjstribution in which 2.6 ps, it is clear that the modulation of the hydrogen-bond
t:j'e enltlergé/_ of_bthe dnontherml mtermefd]iate dlevel Atf)ecorrr]l_es length is a faster process than the reorientation of the molecules.
thermally distributed over all degrees of freedom. After this o0 it is not surprising that the time scales measured for the

red|§tr|butlon the eqU|[|brat|on Is not yet complete bec.ause equilibration process are shorter than the Debye relaxation and
putting energy in a particular degree of freedom does not imply rotational correlation time constants

that the coordinate corresponding to this degree of freedom A striking diff betw th ilibrati f the alcohol
instantaneously finds its new equilibrium position. For instance, striking dirtérence between the equiiibration of the aicono's
if a molecule is excited with a short pulse to a dissociative a_md liquid water is the frequency_depgnde_nce of the equilibration
potential, it still takes some time, determined by the time scale time. For the alcohols the eqwhbr_atlon tlr_ne constant strongly
depends on the probe frequency, in the wings of the OH-stretch

of the nuclear motion, before the molecule is really dissociated. ; A )
In a similar fashion it takes some time after the energy has beenabsorptlon band the equilibration time constant is much shorter

redistributed before the low-frequency translational and rota- than in the center of the absorption band. In contrast, for water
tional degrees of freedom have acquired their new equilibrium the equ|l_|brat|on time constant Is practlcally the same at all
positions. Hence, after the first process of energy redistribution, frequencies. A C'Os.e_r Ioo_k at the fits o the alcohc_)l data also
the equilibration involves a second process in which the SNOWs that the equilibration process is not truly singly expo-
molecules attain their new equilibrium positions. This reposi- nential, in _the early stages the eq_umbratlon 1S somew_hat faster
tioning of the molecules is directly observed in our experiment. thaql_'éhe fitted expone;tlallfunctlok? ang 6::[ Iog%er times the
The question arises whether the energy redistribution or the equilibration Is somewhat slower than t e fitte “unct!on. )

repositioning forms the rate-limiting step of the overall equili- ~ The frequency dependence of the fitted equilibration time
bration. It can be expected that the three-dimensional hydrogen-constant and the nonexponential character of the equilibration
bonded network of water allows for a much faster redistribution Of the alcohols indicates that at least two time scales are involved
of energy than the one-dimensional hydrogen-bonded ciiafis i the equilibration process of the alcohols, i.e., in the
of methanol, ethanol, and propanol. Hence, if the energy repositioning of the molecules. It should be realized that shifts
redistribution would form the rate-limiting step of the equilibra- ©f the absorption spectrum will much more affect the transmis-
tion, water is expected to show a faster equilibration than the Sion measured in the wings of the absorption than in the center,
three alcohols, as indeed is observed. However, in that case th&Vhereas a decrease in the absorption cross-section will have a
three alcohols are expected to have very similar equilibration Similar effect on all probe frequencies. The fact that the fitted
times, which is certainly not the case. If, on the other hand, the €quilibration time constant is much shorter in the wings (Figures

repositioning of the molecules forms the rate-limiting step of 4&d) than in the center (Figures 4b,c) thus indicates that the
the equilibration, the equilibration rate is expected to scale blue shift of the absorption band occurs on a shorter time scale

inversely with the mass of the molecules. This agrees quite well than the decrease of the absorption cross-section. This difference
with the observation that the equilibration time constant intime scale indicates that the shift of the absorption band and
increases going from water to methanol, ethanol, and propanol.the decrease in cross-section are associated with the dynamics
If the overall equilibration time is indeed determined by the in differentdegrees in freedom.
rate of the repositioning of the molecules, the time scales of  The total picture is now as follows. After the energy has been
the equilibration of water, methanol, ethanol, and propanol redistributed over all degrees of freedom, the coordinates of
should correlate with those observed in dielectric relaxation and the low-frequency modes should find their new equilibrium
rotational correlation experiments. positions. For the low-frequency modes that determine the
Dielectric relaxation measuremefft3® on the pure liquids  frequency of the OH-stretch vibration this repositioning is a
show Debye relaxation times of about 8 ps for water, 50 ps for faster process than for the low-frequency modes that determine
methanol, about 160 ps for pure ethanol, and about 320 ps forthe cross-section of the OH-stretch vibration. A low-frequency
1-propanol. Rotational correlation times for OH-groups obtained mode that strongly affects the OH-stretch frequency is the
by NMR spectroscopy yield 2.6 ps for watér5 ps for hydrogen-bond stretching vibration. With increasing length of
methanoP? 18 ps for ethanol® and 33 ps for propandf Hence, the hydrogen bond, the OH-stretch frequency shifts to higher
dielectric relaxation and NMR measurements show a very values. A low-frequency mode that will strongly influence the
similar increase in time constant going from water to methanol absorption cross-section of the OH-stretch vibration is the
to ethanol to 1-propanol as is observed for the equilibration. hydrogen-bond bending mode. A change in the hydrogen-bond
This strongly suggests that at least for the alcohols the bending coordinate can decrease the amount in which the OH-
repositioning of the molecules forms the rate-limiting step in groups on different alcohol molecules are in line. Thereby the
the equilibration. However, for the fastest liquid, being liquid conjugation of the OH-stretch vibrations is reduced which leads
water, the rate of equilibration could still be limited by the rate to a decrease of the absorption cross-section. The characteristic
of energy redistribution. frequency of the hydrogen-bond bending mode is much lower
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than that of the hydrogen-bond stretching mode. For instance,on frequency. This suggests that for water the equilibration rate
for water the frequencies of the hydrogen-bond bending and is not determined by the repositioning of the molecules (as for
stretching modes are approximately 50 énand 200 cm?, the alcohols) but rather by the rate of energy relaxation from a
respectively?! The fact that the frequency is lower also means nonthermal intermediate state. Hence, the reposition of the
that it will take a longer time before the new equilibrium position molecules in liquid water probably occurs on a time scale that
is attained. Hence, the difference in time scale observed for theis shorter than 0.55 ps. This means that water can adapt
shift of the absorption and the decrease in absorption cross-extremely fast, much faster than alcohols, to a deposition of
section are likely due to the fact that these changes corresponcenergy.
to the dynamics in the hydrogen-bond stretch and the hydrogen-
bond bending mode, respectively. Acknowledgment. We thank L.D. Noordam for fruitful
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