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and greater availability) with the advantages 
of low cost, low viscosity, high conductivity 
and safety associated with using water as a 
supporting electrolyte7. 

Non-aqueous flow-battery technology is 
in its early stages of development. Practical 
application of the technology is far from 
commercial reality. Long-term R&D work 
will be needed to overcome daunting 
challenges for all components, including the 
anolyte, catholyte, membrane and electrode. 
The development of a promising anolyte 
material is an encouraging breakthrough in 
this emerging field, and hopefully will serve 

to inspire more interest in the molecular 
design of organic redox species. The 
systematic approach adopted by Sanford 
and colleagues underscores a key aspect of 
developing viable non-aqueous flow batteries; 
that is, to be successful, the complexity 
of the non-aqueous system will require 
an interdisciplinary approach involving 
electrochemistry, organic chemistry, physical 
chemistry, fluid dynamics, polymer science 
and system engineering. ❐
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Strong acids in water give up their 
proton to the solvent, but how is it 
accommodated within the surrounding 

hydrogen-bonded structure? From the early 
days of quantum chemistry, it was realized 
that the proton is not a ‘free’ particle in water, 
but rather it is attached covalently to at least 
one water molecule, forming the hydronium 
cation, H3O+. Erich Hückel believed that 
one of the cation’s three O–H bonds was 
longer than the others, bearing witness 
to the original proton1; however, today 
we perceive the three hydrogen atoms as 
indistinguishable, with O–H bonds just 
slightly longer than in water. The question of 
how the hydronium ion is further solvated 
was tackled in the 1950s and 1960s, with 
Manfred Eigen suggesting2 that it is strongly 
hydrogen-bonded to three water molecules, 
forming H3O+(H2O)3 — which is sometimes 
called the Eigen (E) cation. The hydrogen 
bonds donated from the protonated centre 
in this structure are stronger than those 
between bulk water molecules, as shown by 
molecular simulations, and they become 
systematically weaker as the distance from 
the hydronium core increases3.

An alternative view of how a proton 
behaves in water4 is that it bridges two water 
molecules, forming H5O2

+, with the excess 
proton equally shared between the two 
oxygen atoms: H2O···H+···OH2. This moiety 
is nowadays known as the Zundel (Z) cation 
after Georg Zundel, who suggested that it 
gives rise to a ‘continuum’ in the infrared (IR) 

absorption of aqueous acidic solutions5. 
Now, writing in Science, Andrei Tokmakoff 
and colleagues report that they have been 
able to clearly identify this species in acidic 
solution and assign it a lifetime using two-
dimensional infrared (2DIR) spectroscopy6.

IR spectroscopy serves as a major tool 
in molecular structure determination by 
identifying characteristic vibrational normal 
modes. For example, the blue line in Fig. 1 
shows the IR spectrum of liquid water in 
the range 1,000–4,000 cm–1. Two major 
peaks are visible: a narrow one at 1,650 cm–1 
(H–O–H bending) and a wide one centred 
at 3,400 cm–1 (O–H stretching). Its width is 
inhomogeneous, because in solution each 
water molecule is in a different hydrogen-
bonding environment.

The acid spectrum (red line) appears 
at first sight similar to water, but with an 
enhanced background below 3,000 cm–1 

(the IR continuum), ascribed by Zundel to 
a continuous distribution of the position of 
the excess proton between the two H5O2

+ 
oxygen atoms5. However, the difference 
spectrum (between an acidic solution and 
bulk water; black line in Fig. 1) shows 
that there is structure superimposed on 
the continuum. The smallest gas-phase 
cluster capable of mimicking a Z cation 
embedded in liquid water is (the ‘Zundel-
like’ isomer of) H+(H2O)6, and its computed 
spectrum is shown in Fig. 1 (green line)7. 
Z-like structures extracted from simulated 
molecular trajectories of protonated liquid 

water exhibit a similar IR spectrum7, with two 
wide bands centred at 1,740 and 3,200 cm–1. 
But a band near 3,200 cm–1 is not seen in 
the experimental liquid-phase difference 
spectrum. How, then, can we ascertain 
that the Z cation exists in protonated 
water? This question is important for better 
understanding the mechanism by which 
protons move in solution, which is generally 
thought to involve E cation conversion, 
through a Z cation, to another E cation 
centred on a neighbouring water molecule8.

To address this question, Tokmakoff and 
colleagues begin by assigning the liquid 
difference spectrum using previous spectra 
from gas-phase studies, ab initio calculations 
and molecular dynamics simulations. 
Recently, it was shown that the gas-phase 
H+(H2O)6 cluster exists as both Z and E 
cations, and both IR spectra were accurately 
measured9. Three important bands 
characterizing the Z cation were located at 
3,163, 1,760 and 1,050 cm–1. Of these, only 
the band at 1,760 cm–1 is clearly present 
in the liquid-phase difference spectrum 
measured by Tokmakoff and colleagues 
(Fig. 1), and this can be quite confidently 
identified with a H2O···H+···OH2 normal 
mode, involving a bending of the flanking 
water molecules in concert with the excess 
proton oscillations. However, to positively 
identify the Z cation, all three bands should 
be observed. By applying 2DIR spectroscopy, 
Tokmakoff and colleagues clearly detect the 
3,163 cm–1 band (the Z ion O–H stretch) on 
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The acid test for water structure
While there is some qualitative understanding of how excess protons behave in acidic aqueous solutions, there is still 
much to learn about the structures they form with water molecules. Now, 2D infrared spectroscopy has enabled the 
definite identification of the ‘Zundel cation’ in protonated liquid water and an approximate determination of its lifetime.
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the blue shoulder of the 2,957 cm–1 difference 
spectrum peak in Fig. 1.

The basic 2DIR protocol, previously 
applied to bulk water10, involves two 
frequencies, an excitation frequency ω1 and a 
detection frequency ω3, separated by a waiting 
time, τ2. Such measurements provide a 2D 
spectrum as a function of time (τ2) that shows 
the evolution in the absorption at a given 
detection frequency (ω3) as a consequence 
of prior excitation at ω1. Now, if ω1 and ω3 
are frequencies of two vibrational modes of 
the same chemical species that happen to be 
coupled (for example, due to the anharmonic 
nature of hydrogen-bonded systems), then 
tickling one would elicit a response from 
the other. This is the basic idea behind the 
experiments of Tokmakoff and colleagues.

In these experiments6, an excitation 
frequency of 3,150 cm−1 (with a 400 cm–1 
bandwidth) produced a maximal bleach 
(reduced absorption) at ω1 = 3,185 cm–1, 
very close to the position of the Z ion 
O–H stretch that was observed in the gas 
phase at 3,163 cm–1 (table 1 of ref. 9). The 
subsequent ω3 scan revealed another bleach 
at ω3 = 1,760 cm−1. Thus, in the 2D (ω1, ω3) 
plane, a depression in the absorption 
intensity appeared at (3,185, 1,760 cm−1), 
which is called a ‘cross-peak’. Cross-peaks 

expose couplings between the vibrational 
modes of a given chemical species, and 
the data in this case show that excitation 
at 3,185 cm–1 couples to the 1,760 cm–1 
bending band of the Z cation. Consequently, 
the 3,185 cm–1 band must arise from the 
same chemical species, and is therefore the 
‘hidden’ Z cation OH stretching mode.

In addition, the τ2 dependence of the 
2D spectra showed that the bend-stretch 
cross-peak shifts (towards its location in 
pure water) on an average timescale of 480 fs, 
which, the authors maintain, is a lower 
limit for the lifetime of the Z cation (it is 
slightly longer than a lifetime of 370 fs found 
theoretically11). This relatively long lifetime, 
together with an analysis of the relative 
intensities of the acid and water bending 
modes, convinced the authors that “the 
Zundel complex makes up a substantial, if not 
dominant, fraction of the protonated species 
in HCl solutions”6, which contrasts with most 
of the theoretical results (see fig. 7 in ref. 12). 

Given the partial nature of the data 
analysed, this conclusion might be premature. 
First, a cross-peak with the 1,050 cm−1 band 
of the Z cation should also show up, provided 
that its intensity does not diminish in the 
liquid phase7, but this could not be tested 
using ω3 > 1,500 cm−1. Moreover, excitation 

at the wavelength of any of the three Z-ion 
bands should elicit cross-peaks with the other 
two. For example, it would be interesting 
to excite at the 1,760 cm−1 band and watch 
for a cross-peak with the stretching mode 
near 3,163 cm–1 (the reverse protocol of the 
present experiment).

Finally, the E cation could also be 
monitored by 2DIR, exciting at one of 
its absorption frequencies and hoping 
to see a cross-peak with another. Such a 
cross-peak might actually be present in the 
reported spectra, which exhibit an elongated 
induced absorption that maximizes at some 
(ω1, ω3) and tails from ω3 = 3,100 to less than 
1,500 cm−1 (fig. 2 in ref. 6). This cross-peak 
has not been discussed by Tokmakoff and 
collaborators. In liquid water, it maximizes 
at (3,208, 2,931 cm−1) and shifts to (3,319, 
2,987 cm−1) for the acid. The acid frequencies 
are remarkably close to the E-cation 
frequencies (3,312 and 3,007 cm−1) found 
for the gas phase Eigen-like isomer of the 
protonated water hexamer9, suggesting that 
ultrafast Z-to-E conversion may follow the 
Z-ion excitation. This may be the ‘mirror 
image’ of an E-to-Z interconversion observed 
from pump-probe IR experiments13.

While further work is still required to 
disentangle the structure and dynamics of 
protonated water, these data set us on the right 
track by showing how cross-peaks can be used 
to identify notable species. And with such a 
plethora of possible future experiments, 2DIR 
is sure to play a major contributing role. ❐
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Figure 1 | Measured infrared spectrum of liquid water (blue), of 4 M aqueous HCl (red), and their 
difference (black). Data from fig. 1 of ref. 6. Superimposed (green line) is the simulated spectrum of 
the H+(H2O)6 Zundel-like isomer (fig. 5 of ref. 7), scaled by a factor of 1.01 to match the 1,760 cm–1 
band. Compared with the liquid-phase difference spectrum (black), its low frequency bands are in 
good agreement, but the doublet near 3,200 cm–1 occurs on the blue shoulder of the 2,957 cm–1 band, 
where no absorption feature is easily discernible. The three peak frequencies marked in black are best 
attributed to the E cation9, which therefore also plays an important role in aqueous acid solutions. 
The free-OH stretching modes above 3,600 cm–1 are irrelevant to the liquid phase. Dashed red arrow 
indicates the coupling revealed by the 2DIR experiment6.
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