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Immobility of protons
inicefrom 30to 190K
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The anomalously fast motion of hydronium ions (H;0") in water
is often attributed to the Grotthuss mechanism'?, whereby pro-
tons tunnel from one water molecule to the next. This tunnelling
is relevant to proton motion through water in restricted geome-
tries, such as in ‘proton wires’ in proteins’ and in stratospheric ice
particles®. Transport of hydronium ions in ice is thought to be
closely related to its transport in water"”. But whereas claims have
been made that such tunnelling can persist even at 0K in ice’”.
counter-claims suggest that the activation energy for hydronium
motion in ice is non-zero® . Here we use ‘soft-landing”'™" of
hydronium ions on the surface of ice to show that the ions do not
seem to move at all at temperatures below 190 K. This implies not
only that hydronium motion is an activated process, but also that
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Figure 1 Ice structure and transport. A diagram of ice's hydrogen-bonding
network is shown. On top were placed three hydronium ions (+). L and D
hydrogen-bond defects are also present. At the top, ‘soft-landed’ hydronium ions
form D defects. At right the hydronium ion’s proton, in an electric field £, has
hopped to an adjacent water four times, changing the hydronium’s position. In the
centre, a D defect moves away from the hydronium. At left, an L/D-defect pair
formed and diffused apart.
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it does not occur at anything like the rate expected from the
Grotthuss mechanism. We also observe the motion of an important
kind of defect in ice’s hydrogen-bonded structure (the D defect).
Extrapolation of our measurements to 0 K indicates that the defect
is still mobile at this temperature, in an electric field of
1.6 X 10°Vm™".

Water’s hydrogen-bonded network must be disrupted to solvate
or transport ions. Figure 1 shows the hydrogen bonding in a thin
film of water. Normally, each water molecule hydrogen-bonds with
four neighbours. Three hydronium ions were initially placed on top
of the film. At right, a proton has hopped four monolayers down, via
the Grotthuss mechanism. Figure 1 shows D and L defects, which
are misdirected hydrogen bonds, that put either two or zero protons
between two adjacent oxygens instead of the usual one proton.
These D/L defects facilitate the re-orientation of water molecules,
creating water’s high solvation power and dielectric constant e.

The ions in Fig. 1 will move in their collectively self-generated
electric field |E|. When all ions are at the top of a film (of thickness b)
on an earthed substrate, this gives a ‘film voltage’ AV of

Qb
= |Elb=
|E|b

1
€€,

where charge Q is deposited over area A, and ¢, is the vacuum
permittivity. The ion motion could be measured by the time-
dependent current induced between an electrode placed on top of
the film and the substrate, as in the classical ‘proof” of proton
tunnelling, the 95-180K study by Eckener et al.’ They used 0.5-]
laser pulses to “stimulate” the release of hydronium ions from
hydrogen-gas-pretreated Pd powder. The powder was pressed onto
one face of ice crystal wafers 90-300 pm thick; the opposing face
was a biased electrode. However, these difficult experiments (never
duplicated) are prone to artefacts'®'. “Proton injection” experi-
ments at much higher temperatures also claim a zero activation
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1
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Figure 2 Lack of diffusion of hydronium ions in water ice. Data are shown for
crystalline water films dosed with hydronium ions. Trace a, 2,880 monolayers
(ML) grown at 150K, ion-dosed (20nC) at 33K. Voltage (left axis) is shown as
temperature T is increased at 0167 Ks™'. Trace b, 5,980 ML grown at 165K, then
jon-dosed (700-3,800nC) at 165K. Trace ¢, 820 ML dosed at 165K, ion dosed
(600-1,900nC) at 165K, then water dosed (480 ML) at 165K. (Traces b, ¢ use right
axis.) Water desorption occurs near 200 K for these thick films (trace d, shown for
5,980 ML film). Maximum ion dose is 2.6% of a monolayer. The water desorption
curve is double-peaked, as the Kelvin probe slows desorption from the region
behind it. The shaded portion is the desorption peak to compare to the work-
function changes. e was measured to be about 2.3 + 33% for the start of trace a,
and 160 (£50%) for the start of curves b and c. Voltage remaining high from 33 to
150K (trace a) and from 160 to 190K shows that hydronium ions do not move in
these temperature ranges. Dashed curve is the expected behaviour from
equation (1), for e proportional as 1/7, if hydronium ions do not move.
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barrier (ref. 6, and ref. 7 and refs therein). But like Eckener et al.,
these higher temperature experiments probably produced mixtures
of hydronium ions, counter-ions, D/L defects and even H,. Mea-
surements using infrared spectroscopy and NMR indicate activa-
tion barriers of ~0.4 and 0.1 eV (refs 8, 9, 15), but distances were ill-
defined, planar defects and traps were present, and counter-ions
were produced.

To overcome these limitations, we gently “soft-landed”"'~"*'* pure
hydronium ions from our mass-selected 1-eV source onto ultrathin
ice films. We do not use counter-ions; this is an advantage, as they
interfere badly when determining ion mobility. We have used ‘soft-
landed’ ions to probe ion diffusion in glassy hydrocarbon films".
These simpler systems allowed comparison with ion mobilities
estimable from published viscosities; the good agreement validated
our method (see Supplementary Information).

The film voltage AV'in equation (1) changes the work function by
—AV, which is measurable by a non-contacting Kelvin probe®. If e is
roughly constant, then the work function measures the motion of
the ions; b in equation (1) is replaced by the average ion height (z). €
varies slowly for ice at temperature T > 160 K. Then € is “active”
(that is, the time 7 for reorientating water dipoles is <1s), and
equals about (27,000 K)/T (ref. 1). Below 130 K 7 >> 15, s0 € then is
constant at ~3.2.

We prepared targets by depositing D,0 or H,O films, 0.2—1.5 pm
thick, on a Pt(111) single crystal, yielding single-crystal ice above
140K (ref. 19). The ion beam energy is kept to 1eV during ion
deposition by adjusting the target voltage to compensate for the film
voltage.

Figure 2 shows AV for D;O" ions initially deposited on D,O ice at
33 K. The initial film voltage is 11.7 V for 20 nC deposited ions. The
calculated e via equation (1) is 2.3 = 33% assuming that the ions
stay on top of the film. Significant ion motion would decrease the
calculated €, moving it unreasonably far from the established value
of 3.2 (ref. 1). Thus hydronium ions do not move at 33K, evenin a
1.1 X 10’ V/m field.

Figure 2 trace a shows as that, the temperature is ramped, the film
voltage stays nearly constant up to 100 K, then drops in steps at 110,
150 and 200 K. Near 150K ¢ should become “active”, increasing to
over 100, accounting for this large voltage drop. Substantial water
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Figure 3 Evidence for hydrogen-bond defect motion. Shown is film voltage
versus T for ions placed on crystalline water at various electric fields. The data
has been scaled to the initial bias (with zero taken near 180K to eliminate the 0.6 V
work-function change from the first monolayer). Ice was grown at 150K, ions
dosed near 30K. The rate of temperature increase is 0.167 K s™. Trace a, 600 ML
D,0, 24V initial voltage; trace b, 1440 ML, 26V; trace c, 2,780 ML, 30V, trace d,
5,060 ML, 32V, trace e, 2,880 ML, 12V. Partial 1/3 to 1/2 voltage drop at lower
temperatures than 150K are due to D defects moving away from hydronium ions
and then through the film. That trace e fits neatly into the family shows that there is
a field effect at work, not just a thickness effect.
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desorption begins around 180 K. The drop at 200K is caused by
desorption of the last of the water, and a work function change of
+0.6 V. The lack of large voltage changes below 150 K shows that
hydronium ions do not move from 33 to 120K, and probably to
150 K.

To probe hydronium-ion motion above 150K, we deposited
substantially more ions, at temperatures between 140 and 165K,
where the dielectric constant is large. Data for H,O ice grown at
165K are given in Fig. 2 traces b and c. Equation (1) shows that, if
the ions do not move, the voltage should vary as 1/e(T). For
T = 160K, € varies as 1/T, predicting a voltage proportional to T.
Figure 2 shows the work function does increase linearly with T, until
water desorption near 200 K. Thus hydronium ions do not move in
ice from 33 to 190K.

One concern is that there may be a surface trap or barrier
preventing the ions from entering the ice bulk. We sandwiched
ions inside crystalline ice films (Fig. 2 trace c), and saw no evidence
of any surface trap: thus the non-mobility of the hydronium ions is a
true bulk ice effect. The data in Fig. 2 are for D;0" reported on both
D,0 and H,0. As exchange is facile above 160K (refs 8, 9), no
mobility occurs for either D;0" in D,O or H;0" in H,0.

The absence of the Grotthuss mechanism is easy to rationalize.
Tunnelling over long distances should only occur if the potential is
periodic. But normal ice is proton-disordered', thereby destroying
the periodicity. Further, the hydronium ions should self-trap in a
polarization well. A hydronium ion will force nearby water mol-
ecules to reorientate, pointing away their hydrogen ends. If the
proton tries to move without the polarization pattern following it, it
finds a deep well that it cannot escape. Solvation well effects have
been surmised to occur elsewhere, as in calculated proton
motions®, or polaron trapping near —40 °C (ref. 21).

Other experimenters®® have deduced that activated hydronium-
ion motion in fact occurs at 140 or 115 K, rather than above 190 K as
we find. We speculate that mobile D/L defects lower the activation
barrier for hydronium-hydroxide ion-pair formation, permitting
transient local ion pairs. This mimics hydronium-ion transport.

Figure 2 trace a shows a drop in AV near 110 K, where D/L defects
should become mobile'. The voltage always drops by about 0.3 to
0.5 times its initial value, as shown in Fig. 3 at various fields, and for
a variety of other conditions (not shown). This is due to motion of
D defects generated by the ions themselves: one D defect per
hydronium ion. As in Fig. 1, each hydronium ion is expected to
create D defects, owing to its extra proton and its weakly complex-
ing oxygen end'. Creation of a D/L defect pair requires' about
0.68 eV, so natural D/L defect concentrations should be insignificant
below 150 K. The D/L defects have an effective charge of =(0.38 g.),
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Figure 4 Hydrogen-bond defect motion versus electric field. Temperature for
half-height of first voltage fall (hydrogen D-defect motion) of Fig. 3 data is plotted
versus field strength. Linear fit has zero-field intercept of 124K, and slope of
—8.1x107KV~"'m.
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where g, is the electron charge. This is because their diffusion
through a distance r ‘flips’ water dipoles over their entire path,
creating a total dipole field change of +(0.38 g.)r (ref. 1). Thus a D
defect reduces the field by 0.38 of the initial value as they traverse the
film. Only D defects move; the field polarity keeps any negative-like
L defects at the film top.

Figure 3 shows the shapes of the AV versus T curves for a variety
of field strengths, (1.1-11) X 10’ Vm ™. These fields are weak
compared to electrochemical fields (> 10°Vm™), and are compar-
able to those around ions in solution. The first voltage drop moves
to much lower temperatures as the strength is increased: the D-
defect drift velocity is not simply proportional to field strength. The
field must lower the activation barrier for motion. The first-drop
temperatures from Fig. 3 are plotted against field strength in Fig. 4;
four points fall on a line. The fifth point corresponds to the highest
field, which probably permitted ion motion during ion deposition.
The zero-field limit is 124 K, in agreement with previous work for
mobilization of pre-existing defects®. The D-defect mobility tem-
perature falls to 0 K at an extrapolated field of 16 X 10’ Vm ™~ '. This
is the field at 17 A from a singly charged ion in water, before
solvation via reorientation occurs (¢ = 3.2). Thus an ion may be
able to induce rapid D-defect migration as far away as 17 A, greatly
facilitating its solvation. Theoretical estimates of this field effect do
not to our knowledge exist™.

The work reported here suggests the need to refine the physical
model of water ice. ]
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Electrical conduction
through DNA molecules
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The question of whether DNA is able to transport electrons has
attracted much interest, particularly as this ability may play a role
as a repair mechanism after radiation damage to the DNA helix".
Experiments addressing DNA conductivity have involved a large
number of DNA strands doped with intercalated donor and
acceptor molecules, and the conductivity has been assessed from
electron transfer rates as a function of the distance between the
donor and acceptor sites®. But the experimental results remain
contradictory, as do theoretical predictions*. Here we report
direct measurements of electrical current as a function of the
potential applied across a few DNA molecules associated into
single ropes at least 600 nm long, which indicate efficient con-
duction through the ropes. We find that the resistivity values
derived from these measurements are comparable to those of
conducting polymers, and indicate that DNA transports electrical
current as efficiently as a good semiconductor. This property, and
the fact that DNA molecules of specific composition ranging in
length from just a few nucleotides to chains several tens of
micrometres long can be routinely prepared, makes DNA ideally
suited for the construction of mesoscopic electronic devices.

The physical meaning of conductivity implies that there are free
charge carriers available that can move under ordinary thermal
conditions. This quantity is not directly accessible from measure-
ments of the transfer rates of injected hot electrons. The simplest

Figure 1 The low-energy electron point source (LEEPS) microscope used to
investigate the conductivity of DNA. a, The atomic-size electron point source is
placed close to a sample holder with holes spanned by DNA molecules. Due to
the sharpness of the source and its closeness to the sample, a small voltage U,
(20-300V) is sufficient to create a spherical low-energy electron wave. The
projection image created by the low-energy electrons is observed at a distant
detector. Between sample holder and detector, a manipulation-tip is incorporated
(see text for details). This tip is placed at an electrical potential Uy, with respect to
the grounded sample holder and is used to mechanically and electrically
manipulate the DNA ropes that are stretched over the holes in the sample holder.
b, A projection image of A-DNA ropes spanning a 2-pm-diameter hole. The kinetic
energy of the imaging electrons is 70eV. ¢, SEM image, showing the sample
support with its 2-um-diameter holes. d, SEM image of the end of a tungsten
manipulation-tip used to contact the DNA ropes. Scale bar, 200 nm.
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