provide critical information and a feedback
mechanism for growth studies designed to es-
tablish rational pathways for controllably pro-
ducing IMJs in the future.
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Evidence for Coherent Proton
Tunneling in a Hydrogen Bond
Network

Anthony J. Horsewill,’ Nicholas H. Jones, Roberto Caciuffo?

We observed coherent proton tunneling in the cyclic network of four hydrogen
bonds in calix[4]arene. The tunneling frequency of 35 megahertz was revealed by
a peak in the magnetic field dependence of the proton spin-lattice relaxation rate
measured with field-cycling nuclear magnetic resonance in the solid state at
temperatures below 80 kelvin. The amplitude of the coherent tunneling peak grows
with temperature according to a Boltzmann law with energy D/k, = (125 = 10)
kelvin (where k, is Boltzmann's constant). The tunneling peak can be interpreted
in the context of level crossings in the region where the tunneling frequency
matches the proton Larmor frequency. The tunneling spectrum reveals fine struc-
ture that we attribute to coupling between the hydrogen bonds in the network. The
characteristics of the tunneling peak are interpreted in the context of the potential
energy surface experienced by the hydrogen atoms in the network.

Quantum tunneling can occur when a particle
with energy E encounters a potential barrier
of magnitude V|, greater than E. The tunnel-
ing probability that defines the tunneling fre-
quency is an exponential function of the bar-
rier properties and the particle mass, and so
observations of tunneling are usually con-
fined to particles of low mass that move over
short distances.

The explicit observation of molecular tun-
neling has been confined to relatively few
systems. For example, the rotation of sym-
metrical groups at low temperature and, in the
life sciences, evidence for the role of hydro-
gen tunneling in enzyme catalysis have re-
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cently been revealed through the effects of
the atomic mass on the rates of reaction by
isotopic substitution (7, 2).

Here we report the direct observation of
coherent tunneling associated with proton
transfer among a network of four coupled
hydrogen (H) bonds in which the proton
motion exhibits an oscillatory motion with a
well-defined frequency. The coupling be-
tween H bonds also manifests itself in fine
structure. These observations not only pro-
vide an example of coherent translational
tunneling but also promise to reveal insight
into the fundamental mechanisms of chemi-
cal reactions.

In selecting molecules with structural prop-
erties that are liable to reveal coherent tunneling,
it is important to identify structures that, in the
isolated molecule at least, have degenerate
tautomers that can interconvert by proton
motion. To minimize coupling to the envi-
ronment that would otherwise quench the
oscillatory modes, the energy asymmetry of
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the tautomers, which can then only arise
from the interactions between molecules in
the solid state, must be small. Calix-
[n]arenes can meet this requirement; they
are bowl-shaped macromolecules with or-
dered arrays of phenol-methylene oligomers
(3). We studied one of the simplest mem-
bers of this family, calix[4]arene (Fig. 1).
The molecule has fourfold symmetry, and
its shape is maintained by a cyclic network
of four intramolecular H bonds at its base.
There are no intermolecular H bonds. We
can identify two degenerate tautomers of
the isolated molecule that are related by
proton transfer among the four H bonds.

Nuclear magnetic resonance (NMR) rel-
axometry is well established for studying mo-
lecular dynamics. Atomic motion modulates
the dipole-dipole interaction between nuclei
and, indirectly, drives the population changes
in the nuclear spin levels that give rise to
spin-lattice relaxation. As the dipolar interac-
tion has nuclear spin operators that involve
one-spin (m = 1) and two-spin flips (m = 2),
the spin-lattice relaxation rate, 7', simulta-
neously samples the spectral density at the
Larmor frequency, w,, and twice the Larmor
frequency. For a nucleus with spin / and
magnetogyric ratio vy (4, 5),

3
T o) = 5 VI + 1)
X [JNwy) + JPQw,)] (1

where # is Planck’s constant divided by 1.
The spectral density, J*(w), is the Fourier
transform of the dipolar correlation function:

J(m)(w)

*

= J (F™*(t + 1)F™(¢)) expliwt)dT  (2)

where i = V/—1 and F* is the spatial part of
the proton dipolar interaction, which depends
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on the relative positions of the nuclei at times #
and ¢ + 7. F is therefore modulated in time.
When the dynamical process giving rise to the
fluctuations is stochastic, the correlation func-
tion is an exponential decay and the spectral
density function is a Lorentzian centered at zero
frequency. When the dynamics are oscillatory,
as would be the case for coherent tunneling,
then the spectral density is a peak centered at
the oscillation frequency. If the spin-lattice re-
laxation is measured as a function of magnetic
field, B, the resulting plot of 7 * versus Larmor
frequency, o, = <yB, maps out the spectral
density function directly.

Measurements have been conducted at low
temperature in the solid state with a well-char-
acterized, inclusion-free sample. Magnetic
field-cycling NMR techniques have been used
to record the spin-lattice relaxation rate T '(w)
as a function of the B field. These were based
on the saturation-recovery sequence in pulsed
NMR; the techniques and apparatus have been
described elsewhere (6). The B-field depen-
dence of 77 '(w) in calix[4]arene recorded at
three temperatures is shown in Fig. 2A. In all
three spectra, the most important feature is the
peak centered at B = 0.82 T corresponding to
frequency yB/2 = 35 MHz. This peak grows
in amplitude with increasing 7 and is the feature
of principal interest to this report. Additional
components centered at zero frequency and re-
lated to stochastic dynamics are also exhibited
in the spectra.

Peaks in 77 !(w) that are offset from zero
frequency can arise from (i) zero-field split-
tings associated with magnetic interactions
and (ii) coherent molecular tunneling dynam-
ics. The calix[4]arene molecule contains only
carbon, oxygen, and hydrogen atoms. None
of the abundant nuclei with spin %4 and zero
can give rise to a zero-field splitting of mag-
netic origin centered at 35 MHz. The quadru-
polar nucleus 70 has very low natural abun-
dance (0.037%), and nuclear quadrupole res-
onance (NQR) frequencies in similar molec-
ular environments revealed by 'H—'70 cross
relaxation (quadrupolar dips) are typically
observed in the range 1 to 3 MHz (7, 8).
Similarly, NQR frequencies in deuterium are
too small. By contrast, resonant relaxation
driven at level crossings between nuclear spin
and molecular tunneling states, as in the case
of the methyl rotor (9), can be observed over
a very wide range of frequency. The cage
structure of the calixarene is quite rigid, and
there are no side groups on the main skeletal
framework that can exhibit rotational tunneling.

Coherent proton tunneling in the hydro-
gen bond network thus remains the only plau-
sible origin of the peak observed. Indeed,
incoherent proton tunneling dynamics have
previously been observed in the H bonds of a
closely related analog of this molecule (10),
p-tert-butyl calix[4]arene (tBC). In that case,
the dynamics were characteristic of motion in
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an asymmetric double-well potential (DWP),
and strong coupling to the phonon bath, nec-
essary to promote proton transfer, quenches
the coherent tunneling modes. In circum-
stances where the potential is characterized
by wells with equivalent energy, then the
coupling to the environment is less strong and
it is expected that coherent tunneling will
persist. The isolated calix[4]arene molecule
has high symmetry, and there are energetical-
ly equivalent tautomers associated with the
possible proton positions in the hydrogen
bonds. In the solid state, any nonequivalence
in the tautomer energy arises from asymme-
try in the crystal field, and this component
can be small when the relevant intramolecu-
lar interactions that determine the potential
energy landscape are small. We assign the
relaxation peak centered at 0.82 T to coherent
proton tunneling in the hydrogen bonds with

Fig. 1. Proton tunnel-
ing in calix[4]arene. (A)
A schematic of the
molecule. (B) The mo-
lecular structure show-
ing the network of four
H bonds at the base of
the molecule and the
two tautomers that
can be interconverted
by proton transfer. The
heavy atom coordi-
nates were determined
by x-ray diffraction at
ambient temperature.
The proton positions
are estimates based on
difference maps and
chemical constraints.

0.12

_ tunneling frequency o /2w = 35 MHz.

The tunneling peak is absent in the spec-
tral density at temperatures below 20 K, but
its amplitude grows strongly with increasing
temperature. Therefore, we propose that the
coherent proton tunneling is associated with a
moiety that becomes populated discernibly at
temperatures above 30 K. The amplitude of
the tunneling peak has been recorded at six
temperatures in the range 30 = 7 = 80 K
(Fig. 2B; the upper temperature limit was
imposed by the switching time of the magnet,
which must be less ‘than T,). The growth
closely follows a Boltzmann law with energy
Dlkg = (125 £ 10) K.

The T{'(w) data revealed evidence for
systematic peaks and troughs in the tunneling
peak profile. To investigate this fine struc-
ture, we studied the peak with finer steps in
magnetic field using an adaptation of the
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Fig. 2. (A) The magnetic field depen-
dence of the spin-lattice relaxation
rate 77 '(w) in calix[4]arene record-
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B(T)

ed at 30 K (O), 50 K (V), and 70 K
(M). The peak centered at 0.82 T is
assigned to coherent proton tunnel-
ing in the hydrogen bonds with tun-
neling frequency w,/2w = 35 MHz.

This feature in the spectral density is revealed at the level crossing where w, matches the proton
Larmor frequency, . Additionally, there are spectral features centered at zero frequency associ-
ated with stochastic thermally activated processes; these are discussed in the text. (B) The
temperature dependence of the coherent tunneling peak amplitude. The solid line is a fit to the
Boltzmann function exp(—D/kgT)/[1 + exp(—D/kgT)], with D/k; = (125 % 10) K. See text for

details.
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field-cycling NMR experiment that was orig-
inally developed for the study of rotational
tunneling in symmetrical rotors (9). After
saturation of the proton spin reservoir, the B
field was rapidly switched to the region of
interest, and the spin system was allowed to
relax for 12 s. The partially recovered proton
magnetization, M,, was then recorded, and
the sequence was repeated for selected B field
values. Any field dependence in T, is re-
vealed in the magnitude of M. The spectrum
(Fig. 3) was recorded at 50.0 K and displays
structure, notably the presence of outlying
peaks.

If we assume that the dynamics are charac-
teristic of a single hydrogen bond with a sym-
metric DWP, the eigenstates are characterized
by symmetric and antisymmetric combinations
of isolated well states. These are split by the
tunneling splitting #w,. The hydrogen atom and
its proton are delocalized between the two wells.
We can write the space-spin eigenstates as Yigx
and Y ,x, Where x represents the spin state of the
proton; these have energy (—'hw, * Yofiw,)
and (+Y%hw, * Yho, ), respectively. A level
(anti) crossing can be identified when o, = o,
and the dipolar interaction with a nearby spec-
tator proton, rendered time-dependent by the
motion, drives transitions involving a change in
tunneling state simultaneously with a single pro-
ton spin flip. This resonant relaxation term is
analogous to those that appear in the 7} '(w)
expressions for methyl tunneling (9, //) and can
be identified as the origin of the peak in the
spin-lattice relaxation rate centered at the tun-
neling frequency. Additionally, in the general
case, one may expect to observe two-proton spin
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Fig. 3. The level-crossing spectrum in
calix[4]arene recorded at 50.0 K; the partially
recovered proton magnetization M, reveals the
magnetic field dependence of the spin-lattice
relaxation rate. A linear background has been
subtracted. This scan reveals structure in the
tunneling peak that is assigned to coupling
between the H bonds in the network. The
dashed lines show the positions of various level
crossings predicted by the energy level diagram
in Fig. 4 assuming the coupling frequency
, = 3 MHz
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flip transitions when w/2 = o, but these are
evidently not observed with measurable intensi-
ty in our experiments. It is not unusual in methyl
tunneling for spectral features to be absent at
some level crossings. In this system, it is possi-
ble that the coherent peak corresponds to w/2 =
o, , but given that there are twice as many states
involved with the primary level crossing, we
propose that the assignment o, = w, is more
likely. The transition probabilities will be the
subject of future experimental and theoretical
studies.

In writing the eigenfunctions for the system
comprising the network of four equivalent H
bonds, the indistinguishability of the four pro-
tons must be taken into account. Therefore, if
the spatial eigenstates for each H bond are
written as s, (k = 4,5) as above, then linear
combinations of product states for the spatial
degrees of freedom comprising terms such as
YOPDEOPD must be constructed that are
either symmetrical or antisymmetrical with re-
spect to particle exchange; this also applies to
the spin functions that describe the four protons.
So that the total eigenfunction is compatible
with the exclusion principle, the symmetrical
spatial eigenfunctions are combined with anti-
symmetrical spin eigenfunctions to construct a
space-spin eigenfunction; similarly, antisym-
metrical spatial eigenfunctions are combined
with symmetrical spin eigenfunctions. There-
fore, we identify spin 2, 1, and 0 eigenstates for
the network comprising four H bonds. In the
case where the coupling between hydrogen
bonds is zero, these will be degenerate, but
when there is a finite tunneling matrix element
associated with interacting H bonds, this will

give rise to a splitting J between the spin-0,
spin-1, and spin-2 species. There are two types
of tunneling matrix element describing the in-
teractions among the four H bonds, one describ-
ing the coupling of adjacent H bonds and a
second describing coupling across the square.
The precise splitting pattern will depend on the
magnitudes of these two.

A feasible energy level diagram for the H
bond network is sketched in Fig. 4. The
region around o, = w, is of particular inter-
est. The coupling between H bonds introduc-
es structure into the level-crossing spectrum;
a number of one-spin and two-spin level
(anti) crossings that involve a simultaneous
change in tunneling state are identified. The
resulting spectrum deduced from this dia-
gram is superimposed on the experimental
level-crossing spectrum (Fig. 3). With a value
of 3 MHz for the coupling J between H
bonds, satisfactory agreement with the exper-
imental spectrum is obtained, although a full
quantitative analysis will be the subject of
future theoretical modeling.

Certainly it is to be expected that coupling
will be manifest because elementary consider-
ation of the bonding in the network will lead to
the conclusion that the dynamics of one H bond
must be influenced by the proton motion in an
adjacent H bond. Indeed, the extent to which the
motion of the four protons is a concerted or
step-wise process is a matter of topical interest
in the context of the mechanisms of proton
transfer (/2, 13). In this particular case, the
protons are delocalized and the dynamics are
purely quantum mechanical so the system can
provide fundamental insight into a subject that is
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often formulated in the context of classical me-
chanics. To elucidate further the mechanisms of
proton motion, future investigations of this sys-
tem will be undertaken on deuterated analogs.
That the moiety that displays coherent pro-
ton tunneling is not the ground state of the
system is of interest and worthy of further ex-
amination. The energy characterizing the
growth of the tunneling peak, D = (125 *
10)k; K, is relatively small and of similar mag-
nitude to the energy differences between tau-
tomers related, for example, by proton transfer
in carboxylic acid dimers and in the closely
related molecule tBC (/0). Examination of the
spectral density recorded on calix[4]arene as in
Fig. 2A reveals the presence of two identifiable
incoherent components related to thermally ac-
tivated stochastic proton-hopping processes.
One of these, which we shall label process 1, has
characteristics analogous to the proton transfer
process reported in earlier observations in tBC
and is modeled well by incoherent proton tun-
neling in a DWP with asymmetry D. Therefore,
we propose that process 1 is the mechanism by
which the moiety that exhibits coherent tunnel-
ing becomes populated. One way this can be
realized is if the potential energy surface related
to proton transfer in a particular molecule is
influenced by the tautomeric state of its neigh-
boring molecules. As neighboring molecules
undergo incoherent tunneling with fast ex-
change on the time scale of w, and as the
temperature becomes sufficiently high to sub-
stantially populate both wells of the neighbor’s
asymmetric DWP, so the asymmetry for the
moiety in question may become close to zero
and permit the coherent tunneling processes we
observe to mediate proton transfer. Precedence
for this model is provided by the distortion of
the crystal field that arises from the introduction
of optical probe molecules in benzoic acid (/4),
although in that case, the distortions are static.
The second incoherent thermally activated
proton-hopping process observed, which we
shall label process 2, is much slower, with
classical Arrhenius behavior described by
correlation time 7, = 1.2 X 1072 exp(900/
T)s. The activation energy is AE,_/ky = 900
K, and it is proposed that this process may be
assigned to rotational flips of the O-H groups,
giving rise to H bond flip-flop motion of the
kind advocated by Saenger et al. (15) and
observed by Bernhard et al. in Dianin’s com-
pound (/6). Additional experiments will be
required to investigate this process, but in our
data, it appears to be independent and sepa-
rate from the coherent tunneling motion.
The observation of discrete tunneling fre-
quencies associated with translational atomic
displacements is rare. Tunneling associated
with proton transfer in H bonds has been
observed by microwave spectroscopy in the
gas phase where the molecules are well iso-
lated (7). In the solid state, coherent tunnel-
ing associated with proton transfer has been
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uniquely observed in doped benzoic acid
where optical probes in low concentration
introduce a crystal field distortion for a shell
of molecules in the immediate vicinity that is
just sufficient to offset the energy asymmetry
characteristic of the bulk material; the tunnel-
ing frequency is 8.4 GHz (/4). In this report,
we have described coherent proton tunneling
with a frequency of 35 MHz in a hydrogen
bond network; also important is the coupling
between hydrogen bonds that the spectra re-
veal. These findings will be important both to
our understanding of processes relevant to the
life sciences and to the fundamental role
played by tunneling in chemical dynamics.
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Photoactivated Fluorescence
from Individual Silver
Nanoclusters

Lynn A. Peyser, Amy E. Vinson, Andrew P. Bartko,
Robert M. Dickson*

Fluorescence microscopy of nanoscale silver oxide (Ag,0) reveals strong pho-
toactivated emission for excitation wavelengths shorter than 520 nanometers.
Although blinking and characteristic emission patterns demonstrate single-
nanoparticle observation, large-scale dynamic color changes were also ob-
served, even from the same nanoparticle. Identical behavior was observed in
oxidized thin silver films that enable Ag,O particles to grow at high density from
silver islands. Data were readily written to these films with blue excitation;
stored data could be nondestructively read with the strong red fluorescence
resulting from green (wavelengths longer than 520 nanometers) excitation. The
individual luminescent species are thought to be silver nanoclusters that are
photochemically generated from the oxide.

The strength of nanoparticle absorption and
emission enables facile observation of single
particles (/, 2) with much higher and often
more robust signals than those produced by
organic dyes (3—5). Such single-particle ob-
servations have furthered understandings of
heterogeneity in molecular behavior (6-3§).
Complementary to environment-influenced
single-molecule dynamics (5, 7), nanopar-
ticles are larger, more complex systems, and
their fluorescence often reflects the nanopar-
ticle/surface interactions that affect electron-
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hole recombination (/, 2). However, the util-
ity of nanoparticles would be greatly en-
hanced if their fluorescence were designed to
be “caged” or photoactivated. Such caged
fluorescent particles could be rapidly
switched on and used, for example, as nano-
scopic optical storage elements or as probes
in living systems. Although photochromic
molecules have been observed as single flu-
orescent entities (6), to date no photoacti-
vated fluorescent nanoparticles have been
produced to the best of our knowledge, let
alone ones that are observable on a single-
particle level. Such caged fluorescence
should prove easier to observe from small
clusters that are photochemically generated
from, yet stabilized by, a surrounding solid
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