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During the deposition, the accreting ice layer was irradiated by UV from a microwave-
stimulated hydrogen flow discharge lamp (output, F = 1.5 X 10'° photonss™! (ref. 31);
photon energy, Ephoton = 7.3—10.5 €V, with main emission at Lyman-a (10.2eV)). The
lamp spectrum roughly resembles the UV emission from early-type stars, which dominates
the interstellar radiation field between 0.09 and 0.25 pm (ref. 20). The UV-irradiation/
deposition typically lasted 24 hours. The total gas flow was F =~ 1 X 10'® moleculess™!,
implying an average UV dose of 0.15 photons per molecule. Subsequently, the system was
warmed at 1 Kmin ™' to T = 40 K using a temperature controller (Scientific Instruments
9600-1), and then at about 4 K min~" up to room temperature. The aluminium block with
the residue was removed from the system and stored inside a capsule in a nitrogen
atmosphere.

Analytical procedure

A 100-pl water extract of the above produced residue was hydrolysed in 6 M HCl at 110 °C
for 24 h under argon atmosphere. This is a standard procedure for hydrolysis of peptides
and has been used for the detection of amino acids in meteorites’. After evaporation of
6 M HCI, the residues were dissolved in 0.1 M HCl and derivatized using the procedure of
ref. 24, leading to amino acid ECEE derivatives. The identities of the amino acid peaks
were verified by comparing the retention times and the mass spectra with external
standards, purchased from Fluka. By using the single ion monitoring mode, it was possible
to select a given ion mass, characteristic of the target amino acid in order to increase both
chromatographic resolution and sensitivity. The determination of the signal-to-noise
ratio for each amino acid was performed in the extract ion mode.
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Various present and future specialized applications of magnets
require monodisperse, small magnetic particles, and the discov-
ery of molecules that can function as nanoscale magnets was an
important development in this regard' ~>. These molecules act as
single-domain magnetic particles that, below their blocking
temperature, exhibit magnetization hysteresis, a classical prop-
erty of macroscopic magnets. Such ‘single-molecule magnets’
(SMMs)* straddle the interface between classical and quantum
mechanical behaviour because they also display quantum tunnel-
ling of magnetization>® and quantum phase interference’. Quan-
tum tunnelling of magnetization can be advantageous for some
potential applications of SMMs, for example, in providing the
quantum superposition of states required for quantum comput-
ing®. However, it is a disadvantage in other applications, such as
information storage, where it would lead to information loss.
Thus it is important to both understand and control the quantum
properties of SMMs. Here we report a supramolecular SMM
dimer in which antiferromagnetic coupling between the two
components results in quantum behaviour different from that
of the individual SMMs. Our experimental observations and
theoretical analysis suggest a means of tuning the quantum
tunnelling of magnetization in SMMs. This system may also
prove useful for studying quantum tunnelling of relevance to
mesoscopic antiferromagnets.

The compound [Mn,O3Cl,(O,CEt);(py);] (hereafter Mn4) con-
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tains three Mn’* ions and one Mn*" ion, and exchange coupling
between them leads to Mn4 having a ground state spin of S = 9/2.
Mn4 crystallizes in the hexagonal space group R3(bar) with pairs of
Mn4 molecules lying ‘head to head’ on a crystallographic Sq
symmetry axis (Fig. 1)°. Thus, each Mn4 has C; symmetry and
the [Mn4], dimer has S symmetry. This supramolecular arrange-
ment is held together by six C—H---Cl hydrogen bonds (dashed
lines in Fig. 1) between the pyridine rings on one [Mn4] and Clions
on the other. C—H---X (where X is an electronegative atom)
hydrogen bonds'®~'? are weaker than their O—H---X and N—
H---X analogues but are nevertheless of fundamental importance
in the packing of organic and inorganic molecules in the solid state,
the folding of biomolecules, and a wide variety of molecular
recognition events, crystal engineering, and similar types of inter-
actions'>~'*, particularly when X is O. The C—H---Cl hydrogen
bonds in [Mn4], have C---Cl distances and C—H---Cl angles of
3.71 A and 161.57°, respectively, typical of this type of hydrogen
bond'"'*"”. The [Mn4], dimer also brings the central bridging Cl
ions of each [Mn4] close together (3.858 A, dotted line in Fig. 1),
almost at their van der Waals separation (~3.6A). Each [Mn4],
dimer is well separated from neighbouring dimers.

The supramolecular linkage within [Mn4], introduces exchange
interactions between the Mn4 molecules via both the six C-H---Cl

Figure 1 The structure of the [Mn405Cl4(0,CEt)3(py)s]. dimer, denoted [Mn4],. The small
circles are hydrogen atoms. The dashed lines are C—H- - -Cl hydrogen bonds and the
dotted line is the close CI- - -Cl approach. Brown, oxygen; green, manganese; red,
chlorine; blue, nitrogen; py, pyridine.
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pathways and the Cl- - -Cl approach. Most of the spin density at each
Mn** ion is in d,-orbitals, and some of this is known”'® to be
delocalized into the pyridine w-system. Overlap with Cl w-orbitals
of the neighbour provides an antiferromagnetic interaction. Simi-
larly, the approach of the central Cl ions provides another pathway
for antiferromagnetic exchange; propagation of the latter through
metal-bound Cl ions is extremely well documented'®. All seven
interactions in [Mn4], are expected to be weak, but combined they
will lead to noticeable antiferromagnetic coupling between the Mn4
units.

The antiferromagnetic coupling between the Mn4 units in
[Mn4], makes this dimer an excellent candidate for studying
quantum tunnelling in a system of truly identical, antiferromagneti-
cally coupled particles with S = 0 ground states. Tunnelling studies
were performed by magnetization measurements on single crystals
using an array of micro-SQUIDs?°. Figure 2 shows typical hysteresis
loops in magnetization versus magnetic field scans with the field
applied approximately along the easy axis of magnetization of
[Mn4],, that is, approximately parallel to the S axis. These loops
display step-like features separated by plateaus. The step heights are
temperature-dependent above 0.3 K; below this, the loops become
temperature-independent. As discussed below, the steps are due to
resonant quantum tunnelling of the magnetization (QTM) between
the energy states of the [Mn4], dimer. QTM has been previously
observed for several SMMs®~7*°~%°) but what makes [Mn4],
unusual is that the QTM is now the collective behaviour of the
complete S = 0 dimer of exchange-coupled S = 9/2 Mn4 quantum
systems. This coupling is manifested as an exchange bias of all
tunnelling transitions, and the hysteresis loops consequently display
unique features, such as the absence for the first time in a SMM of a
QTM step at zero field.

Before interpreting the hysteresis loops further, we present a
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Figure 2 Magnetization (M) of [Mn4], (plotted as fraction of maximum value M) versus
applied magnetic field (uoH). a, b, The resulting hysteresis loops are shown at different
temperatures (a) and different field sweep rates (b). We note that the loops become
temperature-independent below about 0.3 K but are still sweep-rate-dependent owing to
resonant quantum tunnelling between discrete energy states of the [Mn4], dimer.
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simplified spin hamiltonian describing the [Mn4], dimer. Each
Mn4 can be modelled as a ‘giant spin’ of S = 9/2 with Ising-like
anisotropy. The corresponding hamiltonian (H;) is given by
equation (1)

H;, = DSZ + Hfmm + g,U'B,U'OSZin (1)

where i = 1 or 2 (referring to the two Mn4 SMMs of the dimer), D is
the axial anisotropy constant, ug is the Bohr magneton, S, is the
easy-axis spin operator, g is the electronic g-factor, pu is the vacuum
permeability, and H, is the applied longitudinal field. The exact
form of the transverse anisotropy H;"" is not important in this
discussion. The last term in equation (1) is the Zeeman energy
associated with an applied field. The Mn4 units within [Mn4], are
coupled by a weak superexchange, J, via both the six C—H---Cl
pathways and the CI- - -Cl approach. Thus, the hamiltonian (H) for
[Mn4], is

H=H, +H,+J5S, 2

where §; = S, = 9/2. Tunnelling among the (25; + 1)(25; + 1) =
100 energy states is allowed by the small transverse anisotropy
H{"™™ and the transverse coupling terms containing S,; and S,;
operators. The energy states of [Mn4], can easily be calculated by
exact diagonalization; however, for simplicity, all transverse
anisotropy terms were neglected. Each state of [Mn4], can then
be labelled by two quantum numbers (M;, M,) for the
two Mn4 SMMs, with M;=9/2,7/2,...,—9/2 and
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Figure 3 The spin state energies of [Mn4], as a function of applied magnetic field.

a, Energy versus magnetic field plot for the 100 states of the exchange-coupled dimer of
two spin S = 9/2 Mn4 units. Transverse terms in equations (1) and (2) are neglected for
the sake of simplicity. b, Enlargement of a, showing only levels populated at very low
temperature when the field is swept from —1.2 Tto+1.2 T, as indicated by green arrows.
Dotted lines, labelled 1 to 5, indicate the strongest tunnel resonances: 1, (—9/2, —9/2) to
(—9/2,9/2); 2, (—9/2,—9/2) to (—9/2, 7/2), followed by relaxation to (—9/2,9/2); 3,
(—9/2,9/2) t0 (9/2,9/2); 4, (—9/2, —9/2) to (—9/2, 5/2), followed by relaxation to
(—9/2,9/2); 5, (—9/2,9/2) to (7/2, 9/2), followed by relaxation to (9/2, 9/2). For clarity,
degenerate states such as (M,M') and (M',M) are not listed. S, spin value; D, axial
anisotropy constant; J, superexchange parameter.
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M, =9/2,7/2,...,—9/2. The energy states are plotted in Fig. 3a
as a function of applied field.

At very low temperature, most of the excited spin states are not
populated and can be neglected. Thus, Fig. 3b shows only the low-
lying states involved in the magnetization reversal at very low
temperature when sweeping the field from a high negative field to
a positive one. At high negative field, the initial state is
(M, M,) = (—9/2, —9/2), that is, both molecules are in the nega-
tive ground state. As the magnetic field is swept, the first (avoided)
level crossing is at —0.33 T. There is a non-zero probability, which
depends upon the sweep rate, for the magnetization to tunnel from
(—9/2,—9/2) to (—9/2,9/2). (For convenience, we do not list here
both degenerate (M, M') and (M', M) states.) The smaller the sweep
rate the larger is the tunnelling probability, that is, the larger is the
resulting step in Fig. 2b. At field values away from the avoided level
crossing, the dimer states are frozen by the significant magnetic
anisotropy barrier.

At the next level crossing at 0T, there is the possibility of
tunnelling from (—9/2,—9/2) to (9/2,9/2), but this requires both
Mn4 molecules of the dimer to tunnel simultaneously. The corre-
sponding tunnelling probability is very small and can be neglected.
Between 0.15 and 0.757T, there are several level crossings from
(—9/2,—9/2) to excited states (shown only in Fig. 3a) that require
simultaneous tunnelling in both Mn4 units and will not be
discussed further. At the next level crossing at 0.2'T, [Mn4], can
undergo tunnelling from (—9/2, —9/2) to (—9/2,7/2), correspond-
ing to one of the Mn4 molecules tunnelling from the ground state to
an excited state, followed by rapid relaxation from (—9/2,7/2) to
(—9/2,9/2) (curly arrow in Fig. 3b). At the next level crossing at
0.33 T, the situation is analogous to that at —0.33 T, and the dimer
can undergo tunnelling from (—9/2,9/2) to (9/2,9/2). The level
crossing at 0.75T allows tunneling from (—9/2,—9/2) to (—9/2,
5/2), followed by relaxation from (—9/2,5/2) to (—9/2,7/2) and
(—9/2,9/2). Finally, at 0.87 T tunnelling can occur from (—9/2,9/2)
to (7/2,9/2), followed by relaxation from (7/2,9/2) to (9/2,9/2).

The values of D and J used in Fig. 3 were calculated from the field
positions of the steps in the hysteresis loops, ignoring transverse
(and fourth order) terms; the positions were determined from the
first derivative (Fig. 4). We note that closely spaced peaks are not
well resolved, owing to broadening by dipolar and transverse fields,
and possibly other effects; this and the variation in broadnesses are
under further study. The calculated values are D = —0.72K and
J = +0.1 K. The former is very close to those determined experi-
mentally for several (isolated) Mn4 SMMs>>%) and the latter is
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Figure 4 Derivative of the hysteresis loop at 0.04 K (Fig. 2b) and at different field sweep
rates. The dominating tunnel transitions are indicated by dashed lines and numbers 1 to
5, which are indicated in Fig. 3b and explained in the text. The dashed lines are at
positions calculated from Fig. 3b (which ignores transverse terms in equations (1) and (2),
as well as fourth-order terms). M, magnetization; H, field.

NATURE | VOL 416 | 28 MARCH 2002 | www.nature.com




antiferromagnetic (positive value) and very weak, as expected for an
exchange interaction via the six C—H---Cl and the CI---CI path-
ways. Avalue of ] = 0.1 K was also obtained from d.c. susceptibility
measurements in the 1 to 8 K range.

The above results demonstrate that even weak exchange inter-
actions can have a large influence of the quantum properties of
SMMs. From one viewpoint, each half of the [Mn4], dimer acts as a
field bias on its neighbour, shifting the tunnel resonances to new
positions relative to isolated Mn4 molecules. In particular, these
single Mn4 molecules show a strong QTM step at zero field in the
hysteresis 100p23, a feature absent for [Mn4], (Fig. 2) because this
would be a double quantum transition with a very low probability of
occurrence. The absence of tunnelling at zero field is important if
SMMs are to be used for information storage, and the option is still
retained to switch on tunnelling, if and when required, by appli-
cation of a field. Thus, future studies will investigate this double
transition at zero field in [Mn4],, and the corresponding multiple
quantum transition in higher supramolecular aggregates of SMMs,
and determine their exact probability of occurrence and to what
extent this can be controlled by the degree of aggregation, variation
of exchange coupling strength and similar modifications. From
another viewpoint, [Mn4], represents an example of quantum
tunnelling within a monodisperse antiferromagnetically coupled
particle with no uncompensated spin (that is, S = 0) in the ground
state. It may also prove possible to study its (9/2, — 9/2) to (—9/
2,9/2) tunnelling transition. This would be analogous to the
transition in antiferromagnets, in which tunnelling is predicted®”
to be more pronounced than in ferromagnets. Such a study for
ferritin suffered from the practical impossibility of having all
molecules in the sample be the same size, and possess completely
compensated spins®®~?°, Finally, the absence of a level crossing at
zero field also makes [Mn4], a very interesting candidate as a qubit
for quantum computing®, because its ground state is the entangled
combination of the (9/2, — 9/2) and (—9/2,9/2) states; the coup-
ling of this S =0 system to environmental degrees of freedom
should be small, which means decoherence effects should also be
small.

In future work, we shall use the Landau—Zener method®° to
determine the tunnel splitting in [Mn4],, and apply a transverse
field to probe its exact influence on QTM rates (we have already
confirmed that a transverse field increases the tunnelling rate, as
expected for QTM). The identification of both an antiferromagnetic
coupling and an exchange-bias effect in [Mn4], demonstrates the
feasibility of employing supramolecular chemistry to modulate the
quantum physics of SMMs, providing a realistic method for fine-
tuning the properties of these molecular nanoscale materials. This
brings closer their use in devices.

Received 29 October 2001; accepted 13 February 2002.
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Molecular dynamics simulation of
the ice nucleation and growth
process leading to water freezing
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Upon cooling, water freezes to ice. This familiar phase transition
occurs widely in nature, yet unlike the freezing of simple
liquids' ~?, it has never been successfully simulated on a compu-
ter. The difficulty lies with the fact that hydrogen bonding
between individual water molecules yields a disordered three-
dimensional hydrogen-bond network whose rugged and complex
global potential energy surface® permits a large number of
possible network configurations. As a result, it is very challenging
to reproduce the freezing of ‘real’ water into a solid with a unique
crystalline structure. For systems with a limited number of
possible disordered hydrogen-bond network structures, such as

409




