
more than 105 ��1 cm�1, an estimate limited
by contact effects and most likely carried by
inhomogeneous filamentary conduction. We
attribute this phenomenon to the crossover to
a regime of free sliding CDW first proposed
by Fröhlich as CDW superconductivity (24).
Such a crossover has been observed in con-
ventional CDWs, and is expected to occur
once the density wave reaches velocities at
which the background quasi-particles can no
longer screen the response (25). An upper
limit of the field at this second threshold may
be estimated from the average pinning fre-
quency ET

(2) � (�0
2/�p

2)(�c/Q), where �c is
the collective charge density and 2�/Q is the
period of the density wave. Assuming 2e per
ladder (where e is electronic charge) contrib-
uting to the density wave, we obtain ET

(2) �
100 V/cm, again consistent with our mea-
surements. Note that the true threshold for
deformable sliding of the density wave is
always much lower.

Now we turn to high-temperature Raman
measurements. The Raman response function is
proportional to ℑε L. The comparison of the
Raman and ac transport data is not straightfor-
ward because only above room temperature is
�(T) large enough for a Raman QEP to be
observed. Although �(T) extracted from the
Raman data exhibits activated behavior with a
gap consistent with dc conductivity above T*,
the values for �(T) are about 50 times the
relaxational energies predicted from Eq. 5.
However, the lowering of the peak intensity
with increasing temperature (see Fig. 2B, inset)
suggests that there is a reduction of the density
wave amplitude �c, which would produce a
concomitant increase in �. Further enhancement
in the scattering rate may come from additional
relaxation due to the presence of low-lying
states seen at temperatures above T* by mag-
netic resonance (9), high-frequency Raman scat-
tering (26), and c-axis optical conductivity (22).

All our results have clear quantitative paral-
lels with sliding density wave transport phenom-
ena observed in established C/SDW materials,
yet there must be a number of important micro-
scopic differences from conventional weak-am-
plitude C/SDWs. The C/SDW correlation in
Sr14Cu24O41 is a high-temperature phenomenon
that we observe (with diminishing amplitude)
up to the highest measured temperature, 630 K.
Such high-temperature correlations cannot be
supported by phonons, which suggests that the
charge-spin correlations arise from strong spin
exchange interactions with characteristic energy
scale J � 1300 K (26). The magnetic excita-
tions in spin 1⁄2 two-leg ladders are resonating
valence bond (RVB) quantum states (1, 3, 26,
27), different from the gapless classical spin
waves in the SDW systems. Theoretical calcu-
lations for a doped two-leg spin ladder suggest
that in an RVB environment the holes are paired
in a state of approximate d-wave symmetry with
a few lattice spacings in size (28–30). The

superconducting condensation of bound pairs is
competing with a crystalline order of these pairs
in a CDW state (10). If the fundamental current-
carrying object in the doped singlet ladders is a
bound pair of holes, the hydrodynamic mode we
have discussed involves local displacement of
“crystallized” pairs, screened by charged exci-
tations across the CDW gap, which would ac-
count for the appearance of the conductivity as
the relevant parameter to describe backflow.
Nevertheless, our observation of a weakly
pinned mode—which implies a large stiffness
for charged fluctuations of the order parame-
ter—is surprising in the context of models with
strong short-range correlations, where one
would expect that lattice pinning effects are
strong.
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23. A. Zettl, G. Grüner, A. H. Thompson, Phys. Rev. B 26,

5760 (1982).
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Delocalization of Protons in
Liquid Water

H. J. Bakker* and H.-K. Nienhuys†

We find that the vibrational potential of the O-H stretch vibrations of liquid
water shows extreme anharmonicity that arises from the O-H � � � O hydrogen
bond interaction. We observe that already in the second excited state of the
O-H stretch vibration, the hydrogen atom becomes delocalized between the
oxygen atoms of two neighboring water molecules. The energy required for this
delocalization is unexpectedly low and corresponds to less than 20% of the
dissociation energy of the O-H bond of the water molecule in the gas phase.

Liquid water possesses many remarkable
properties that to a large extent can be ex-
plained by its extremely high density of hy-
drogen bonds. One of these properties is the
anomalously high mobility of protons and
hydroxyl ions (OH�) in this liquid. This phe-
nomenon has been explained from a (Grot-
thuss) conduction mechanism (1) that in-
volves the exchange of the chemical O-H

bond and the hydrogen bond in the
O-H � � � O hydrogen-bonded system formed
by an H3O�/OH� ion and an H2O molecule
(2–4).

Relatively little is known about the effects
of hydrogen bond interactions in liquid water
on the reactivity of the O-H groups of the
water molecule. In most molecular dynamics
simulations, these effects are not included.
Even in the most advanced Car-Parrinello
molecular dynamics simulations, these ef-
fects are not well accounted for because the
nuclear coordinates are described classically.
In view of the small mass of the hydrogen
atom and the proton, such a classic approach
gives a poor description of the properties of
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the O-H groups of the water molecule. The
effects of hydrogen bonding on the O-H
bonds of water can in principle be studied by
a spectroscopic investigation of the different
vibrational quantum states of the O-H stretch
vibrations. Unfortunately, such a study is
strongly complicated by the ultrafast (subpi-
cosecond) energy equilibration of liquid wa-
ter (5). Therefore, the experimental study of
the excited vibrational states of the hydrogen-
bonded O-H groups of the water molecule
requires the use of ultrafast (i.e., femtosec-
ond) mid-infrared (mid-IR) spectroscopy.
This type of spectroscopy has recently been
applied successfully to the study of the vibra-
tional relaxation (6, 7), molecular reorienta-
tion (8), and hydrogen bond dynamics (9–11)
of different isotopic varieties of liquid water.

We investigated the effect of the
O-H � � � O hydrogen bond interaction and dy-
namics on the spectral response of the O-H
stretch vibrations of liquid water. We used a
solution of HDO in D2O instead of pure H2O,
because the spectral dynamics of H2O is
strongly affected by Förster energy transfer
(12). In general, one should be careful when
using HDO:D2O as a model for H2O, because
the properties of HDO:D2O, such as its vi-
brational relaxation, can be very different.
However, in this case HDO:D2O forms a
good model system for water, because the
hydrogen bond interaction and dynamics are
similar for the different isotopic varieties of
water.

In the experiment, the O-H stretch vibration
of �3% of the HDO molecules is excited with
an intense mid-IR pump pulse with a pulse
duration of 200 fs (13). The transient spectral
changes induced by this excitation are moni-
tored with a second, independently tunable,
mid-IR probe pulse. The pump and probe puls-
es are both tunable between 2.7 and 4 	m
(2500 to 3700 cm�1). In Fig. 1, transient ab-
sorption spectra of the O-H stretch vibration are
presented that were measured at three different

delays after excitation with a pump pulse with a
central frequency of 3420 cm�1. The shape of
these spectra is independent of the excitation
density, i.e., the energy of the pump pulse. For
probe frequencies 
3280 cm�1, the signal is
positive and results from bleaching of the v �
03 1 transition [ln(T/T0) 
 0, where T is the
transmission of the probe and T0 the transmis-
sion of the probe in the absence of the pump].
For probe frequencies �3280 cm�1, the signal
is negative and results from the induced v � 1
3 2 absorption [ln(T/T0) � 0]. It is not possible
to measure the transient spectral response at
frequencies �2800 cm�1, because the D2O
solvent absorbs in this frequency region. The
amplitude of the transient absorption spectra
rapidly decreases with delay as a result of the
fast vibrational relaxation. The relaxation even-
tually results in a heating of the sample by �1
K. The effect of this heating is a small, long-
lived decrease and blue shift of the O-H stretch
absorption band, which can be observed at de-
lays 
3 ps. In Fig. 2, the probe transmission at
different frequencies is presented as a function
of delay. These measurements form cross-sec-
tions of the transient spectra shown in Fig. 1. At
a frequency of 2840 cm�1, the signal rises
much more slowly than at the other frequencies
and attains its minimum transmission only after
450 fs. This result shows that the induced v �
13 2 absorption spectrum undergoes a marked
redshift in the first 500 fs after excitation.

The bleaching part of the signal shown in
Fig. 1 has the nearly symmetric Gaussian shape
of the linear absorption spectrum of the O-H
stretch vibration of HDO dissolved in D2O (10,
11). In contrast, the spectral shape of the v � 1
3 2 induced absorption is much broader and
steeper on the high-frequency side than on the
low-frequency side. The v � 1 3 2 transition
also shows a quite large anharmonic shift of
�300 cm�1 with respect to the v � 0 3 1
transition. For comparison, for free (not hydro-
gen-bonded) water molecules, this shift has
been measured to be �100 cm�1 (14). The

strong differences between the spectra of the
v � 03 1 and the v � 13 2 transitions show
that the potential of the O-H stretch vibration of
liquid water must be extremely anharmonic.
This anharmonicity is surprising, because exci-
tation of the v � 2 state requires an energy of
�6500 cm�1, whereas the O-H bond has a
dissociation energy in the gas phase of �40,000
cm�1.

The anharmonic interaction between the
O-H stretch vibration and the hydrogen bond
can be described with the Lippincott-Schroe-
der (LS) model (15). In this model, there is a
potential-energy term that depends both on
the length r of the O-H bond and the oxygen-
oxygen distance R of the O-H � � � O hydro-
gen bond. This potential VI(r,R) is shown in
Fig. 3. The total potential energy of the
O-H � � � O system consists of the sum of
VI(r,R) and a potential-energy term VII(R)
that depends only on R and that expresses
the electrostatic attraction of two water
molecules at large distances and their re-
pulsion at short distances. VII(R) deter-
mines to a large extent the distribution of
oxygen-oxygen distances R of liquid water.
For VII(R) we use a Morse potential
[VII(R) � DII(1 � e�nII(R � R0))2, with DII �
2000 cm�1, nII � 2.9 
 1010 m�1, and
R0 � 2.88 
 10�10 m]. With this potential, the
distribution of R has the correct mean value of
2.85 
 10�10 m and width of 0.36 
 10�10 m
(full-width at half-maximum) at 298 K, and the
hydrogen bond has the correct dissociation en-
ergy (�2000 cm�1) and stretch frequency
(�200 cm�1) (16).

In the past, the LS model was used clas-
sically, and the O-H stretch frequency was
determined from a harmonic approximation.
Here we use the potential VI(r,R) in a quan-
tum-mechanical calculation of the vibrational
wave functions and eigenenergies of the O-H

Fig. 1. Transient spectra
of 0.5 M HDO dissolved in
liquid D2O at three differ-
ent delays. The solid
curves represent transient
spectra calculated with
the quantum-mechanical
LS model. The strong
broadening of the v � 1
3 2 spectrum to lower
frequencies results from
the delocalization of the
proton between the two
oxygen atoms of the
O-H � � � O system in the
v � 2 state. The dashed
curve represents the ex-
perimental v � 0 3 1
absorption spectrum.

Fig. 2. Pump-probe transients of 0.5 M HDO
dissolved in liquid D2O measured at four dif-
ferent probe frequencies. The solid curves are
calculated with the quantum-mechanical LS
model.
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stretch vibration. We use an adiabatic ap-
proach, which implies that the Schrödinger
equation is solved in r with R as a parameter.
The solution is obtained numerically with the
Numerov method (17). The resulting
eigenenergies Ev(R) are added to the poten-
tial-energy term VII(R) to form potential-en-
ergy functions Wv(R) for each vibrational
level v. The thermal distribution in W0(R) at
300 K leads to a calculated linear absorption
spectrum with a width of 254 cm�1 that is
nearly Gaussian in shape, but that is some-
what steeper on the high-frequency side than
on the low-frequency side (Fig. 1), in good
agreement with the experimental absorption
spectrum. The energy difference E1(R) �
E0(R) corresponds to the fundamental O-H
stretch frequency. The dependence of E1 �
E0 on R is in excellent agreement with exper-
imental observations (18, 19).

The functions Wv(R) were used to calcu-
late the transient spectra of Fig. 1 and the
pump-probe transients of Fig. 2 (20). In this
calculation, we took into account that the
pump pulse excites only a subset of the ther-
mal distribution in R. To account for the
effects of homogeneous broadening, the
pump-pulse spectrum was convolved with a
Lorentzian with a width of 90 cm�1 (21). The
excited subset evolves to the thermal distri-
bution because R is subject to the spontane-
ous fluctuations of the liquid (9–11). These
fluctuations were modeled with a diffusion
equation in the hydrogen bond potentials
Wv(R) (22).

Figure 3 shows the potential VI(r,R) ob-

tained from fitting the transient spectra of Fig.
1. For R � 2.7 
 10�10 m, VI(r,R) becomes
very broad in the energy region that corre-
sponds to the v � 2 state. As a result, the v �
2 vibrational state becomes delocalized, which
means that the hydrogen atom can be found
both at a distance rOH (the equilibrium O-H
bond length in the v � 0 state) from the left
oxygen of the O-H � � � O system and at a dis-
tance rOH from the right oxygen atom. The
delocalization of the hydrogen atom in the v �
2 state leads to a strong decrease of the energy
E2. Therefore, the large width and strong broad-
ening of the v � 13 2 absorption spectrum to
lower frequencies can be explained by the dis-
tribution of R covering transitions both to local-
ized, high-energy v � 2 states (R � 2.7 

10�10 m) and to delocalized, low-energy v � 2
states (R � 2.7 
 10�10 m). The shape of the
potential VI(r,R) and the character of the vibra-
tional wave functions agree well with the re-
sults of ab initio calculations of an aqueous
hydrogen-bonded O-H � � � O system (23). In
this theoretical study, the v � 2 state became
strongly delocalized between the two oxygen
atoms for R � 2.8 
 10�10 m.

The positions Req,v of the minima of the
hydrogen bond potential-energy curves
Wv(R) are Req,0 � 2.85 
 10�10 m, Req,1 �
2.80 
 10�10 m, and Req,2 � 2.65 
 10�10

m. The decrease in Req,v with increasing
quantum number v implies that the hydrogen
bond contracts upon vibrational excitation.
This contraction leads to a more delocalized
character of the vibrational wave functions
and thus to a decrease of the transition fre-

quencies. Hence, the contraction induces a
delayed rise of the absorption in the red wing
of the transient absorption spectrum, as is
indeed observed in Fig. 2 at a probe frequen-
cy of 2840 cm�1.

Excitation from v � 0 to the v � 2 state
leads to a strong increase in the probability of
finding the hydrogen atom near the right
oxygen atom of the D-O-H � � � OD2 system
formed by an HDO and a D2O molecule.
Car-Parrinello molecular dynamics simula-
tions showed that such a transfer of a hydro-
gen atom to the right oxygen atom is associ-
ated with a charge transfer, so that a proton,
and not a hydrogen atom, is transferred (24).
The potentials VI and VII can be used to
calculate the energy ET,v required for proton
transfer in each of the quantum states of the
O-H stretch vibration. The proton acquires an
appreciable probability near the right oxygen
atom in the O-H � � � O system when the en-
ergy of the occupied vibrational state of the
O-H stretch vibration exceeds VI(r,R) at r �
R � rOH. Hence, proton transfer can be in-
duced by either shortening the oxygen-oxy-
gen distance R or by exciting the O-H stretch
vibration to a strongly delocalized state. The
energies ET,v are shown in Fig. 4. For the v �
0 and v � 1 states, proton transfer requires a
strong shortening of the O-H � � � O hydrogen
bond, which has a high associated energy
cost. For the v � 2 state, no contraction of the
O-H � � � O hydrogen bond is required be-
cause of the delocalized character of the pro-
ton in this state. The proton is also delocal-
ized in the v � 3 and v � 4 states, but these
states require a larger excitation energy than

Fig. 3. Potential VI(r,R) �
DIa[1 � exp(�nIa(r � r0

)2/
2r] � DIb[1 � exp(�nIb(R
� r � r0)

2/2(R � r0))] of
an O-H � � � O system
formed by an HDO and a
D2O molecule, for three
discrete values of R. The
parameters of VI(r,R) fol-
low from various experi-
mental observations. The
energy DIa equals the O-H
binding energy of water
of 38,750 cm�1 (4.8 eV );
nIa is determined by the
frequency of the O-H
stretch vibration and
equals 9.8 
 1010 m�1; r0
equals the gas-phase O-H
bond length of 0.97 

10�10 m; DIb follows from
the relations between the
O-H bond length, the
O-H stretch vibrational
frequency, and the oxy-
gen-oxygen distance R.
An excellent description
of these relations is ob-
tained with DIa/DIb � 1.5 (15). Here we use DIb � 25,000 cm�1 (3.1 eV ). The parameter nIb follows
from a fit to the measurements of Figs. 1 and 2 and has a value of 16.5(1.0) 
 1010 m�1. Also
shown are the three lowest-energy (v � 0,1,2) vibrational wave functions in the potential for R �
2.70 
 10�10 m.

Fig. 4. Calculated energy ET,v required for pro-
ton transfer in an O-H. . .O system formed by
an HDO and a D2O molecule, for the five
lowest quantum states v of the O-H stretch
vibration. These energies are calculated by solv-
ing Ev(R) � VI(r � R � rOH,R) for the oxygen-
oxygen distance R. The value of R at which this
equality holds is denoted as RT,v. We find RT,0 �
2.44 
 10�10 m, RT,1 � 2.50 
 10�10 m, and
RT,2 � 2.60 
 10�10 m. For the higher vibra-
tional states (v � 3), RT,v 
 Req,v, which means
that the energy Ev(R) already exceeds VI(r �
R � rOH,R) at the equilibrium distance Req,v. The
proton-transfer energy ET,v is given by ET,v �
Ev(RT,v) � VII(RT,v) � E0(Req,0) �VII(Req,0), with
Req,0 � 2.85 
 10�10 m.
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the v � 2 state. Hence, the v � 2 state has the
lowest proton-transfer energy. The energy
ET,2 of 6500 cm�1 (0.82 eV) is less than 20%
of the O-H binding energy of 38,750 cm�1

(4.8 eV), which shows that the hydrogen
bonds in liquid water have a surprisingly
strong effect on the properties of the O-H
chemical bond.

For pure H2O, the interactions between
the O-H stretch vibrations and the O-H � � � O
hydrogen bonds are quite similar to those in a
solution of HDO in D2O. Therefore, the same
qualitative behavior is expected for the vibra-
tional states of hydrogen-bonded H2O mole-
cules. However, quantitatively there will be
small differences, because the O-H stretch
vibrations of the H2O molecule form delocal-
ized symmetric and asymmetric modes.

The strongly delocalized nature of the ex-
cited vibrational states of the O-H stretch
vibration can have important implications for
the mechanism of proton transfer in room-
temperature water. Recent Car-Parrinello
molecular dynamics simulations showed that
the first step of the autodissociation of water

H2O � H2O% H3O
� � OH� (1)

is formed by the transfer of a proton in the
O-H � � � O system (24). In view of this finding,
it is interesting to compare the activation energy
of the autodissociation of water with the proton-
tranfer energies shown in Fig. 4. A water mol-
ecule dissociates every 11 hours at 298 K (kD �
2.4 
 10�5 s�1) (25) and every 214 hours at
273 K (kD � 1.3 
 10�6 s�1) (26), from which
the activation energy can be estimated to be
�6600 cm�1. This activation energy is much
lower than the energy of 12,500 cm�1 required
for proton transfer in the vibrational ground
state and quite similar to the energy of 6500
cm�1 of proton transfer through excitation of
the v � 2 state. Hence, it seems likely that the
first step of the autodissociation proceeds
through an excited vibrational O-H stretch vi-
brational state, most probably v � 2. Unfortu-
nately, this notion cannot be further experimen-
tally tested by vibrationally exciting water and
probing the reaction products, because the en-
ergy equilibration of water is too fast to deter-
mine the excited degree(s) of freedom through
which the products were formed. However, the
present findings on the delocalized character of
the excited O-H stretch vibrational states should
stimulate theoretical work on the reactivity of
the O-H groups of water that explicitly includes
the quantum-mechanical nature of the proton
motion.
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Selection and Amplification of Hosts
From Dynamic Combinatorial

Libraries of Macrocyclic Disulfides
Sijbren Otto,* Ricardo L. E. Furlan,† Jeremy K. M. Sanders

We have discovered two receptors for two different guests from a single
dynamic combinatorial library. Each of the two guests amplifies the formation
of a tightly binding host at the expense of unfit library members. Small dif-
ferences in host-guest binding translate into useful differences in amplification.
The selected hosts could be readily synthesized using biased dynamic libraries
that contain only the right ratio of those building blocks that were selected by
the guests. These results establish dynamic combinatorial chemistry as a prac-
tical method not only for the discovery but also for the synthesis of new
receptors.

Molecular recognition leading to the binding
of a guest to a host involves a complex
interplay of subtle noncovalent interactions.
The understanding of these interactions is
limited, hampering successful design of new
host-guest systems. Combinatorial methods
in which a guest can choose from a pool of
receptors can be useful tools to optimize de-
signs, facilitate access to new hosts, and ul-

timately aid in the understanding of host-
guest interactions. Dynamic combinatorial
chemistry (1–3) goes a step further: the pre-
ferred receptor is not only selected by the
guest but also amplified at the expense of the
unselected compounds. The key feature of
dynamic combinatorial chemistry is the re-
versible nature of the reaction that links
building blocks together (4) to form a mix-
ture of compounds [a dynamic combinatorial
library (DCL)] that interconvert continuously
(Fig. 1). The composition of a DCL is under
thermodynamic control, that is, the concen-
tration of each library member is determined
by its free energy. Molecular recognition
events that lead to the stabilization of a par-
ticular member of the library induce a shift of
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