time of the magnetization. With the very few
T," data points and narrow frequency range,
the plot of In(t) versus 1/T gives a straight
line (R = 0.996) with an order of magnitude
estimates for the barrier £,/k; = 15 K and
the microscopic limiting relaxation time 7, =
9 X 107% s. Both E,/k; and 7, are compa-
rable to those found in slowly relaxing mo-
lecular cluster—based superparamagnets (e.g.,
inFeg, E, /ky =222 Kand 1, = 1.9 X 1077
s) (25).

Analogous to ZFC/FC magnetizations,
both x’ and x”, as measured at the frequency
of 1000 Hz and the ac driving field of 0.1 Oe,
are highly sensitive to the applied H. For H ~
0.5 and 1 Oe, T ' shifts from 2.50 K (at
zero-field) to 2.10 and 1.75 K, respectively;
the intensity is significantly lowered (at 1 Oe,
60% of the zero-field value). The T_" shifts
to =1.7 K even at 0.5 Oe and the intensity
decrease of x” is even more pronounced than
for x' (at 1 Oe, 25% of the zero-field value at
1.7 K).

Polyethers 2 obtained after short polymer-
ization times (Table 1, runs 1 and 2) give
polymers 1 with relatively lower values of
average S = 600 to 1500 (seven samples). No
peaks in ac susceptibility are detected; how-
ever, a small and frequency-dependent x" < 1
emu mol ™! is observed at low temperatures,
suggesting an onset of magnetic blocking.

In conclusion, our experimental data show
that organic polymer magnets can be pre-
pared. In polymer 1, both blocking of mag-
netization and very large magnetic moments
are found below a temperature of about 10 K.
Overall, the magnetic behavior falls between
insulating spin glasses and blocked super-
paramagnets, but closer to spin glasses.
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Confinement Effect on
Dipole-Dipole Interactions in
Nanofluids

Jonathan Baugh,? Alfred Kleinhammes,' Daxing Han,’
Qi Wang,? Yue Wu'*

Intermolecular dipole-dipole interactions were once thought to average to zero
in gases and liquids as a result of rapid molecular motion that leads to sharp
nuclear magnetic resonance lines. Recent papers have shown that small residual
couplings survive the motional averaging if the magnetization is nonuniform or
nonspherical. Here, we show that a much larger, qualitatively different inter-
molecular dipolar interaction remains in nanogases and nanoliquids as an effect
of confinement. The dipolar coupling that characterizes such interactions is
identical for all spin pairs and depends on the shape, orientation (with respect
to the external magnetic field), and volume of the gas/liquid container. This
nanoscale effect is useful in the determination of nanostructures and could have
unique applications in the exploration of quantum space.

The dipole-dipole interaction is ubiquitous in
nature and is responsible for many physical
phenomena. For nuclear spin systems, it
plays an important role in most solid-state
NMR experiments (/), as well as in studies of
complex molecules (2) and of liquid crystals
(3). Dipolar couplings are widely used in
NMR to extract structural information, as
well as dynamics. Although these microscop-
ic interactions average to zero in bulk gases
and liquids, liquid-state dipolar field effects
have been predicted and observed (4, 5),
leading to applications such as new imaging
techniques (6, 7). Here, we report both theo-
retically and experimentally on microscopic
dipolar interactions that do not average to
zero in gases and liquids confined to
nanoscale volumes. This effect is quite dif-
ferent from the dipolar field effects observed
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in macroscopic samples. In the effect we
observed, restricted diffusion leads to a non-
zero intermolecular, dipolar Hamiltonian
characterized by a single universal dipolar
coupling constant. This coupling constant can
be tuned by the shape and size of the nano-
volume, which leads to sensitive dependence
of the NMR linewidth on the nanostructure at
a constant gas/liquid density. This residual
intermolecular dipolar coupling could have a
wide range of applications, such as structural
determination of nanostructures and nanopo-
rous media, as well as the study of quantum
dynamics of high-order quantum coherences
made accessible by the unique Hamiltonian.

Consider a gas or liquid system of N
molecules, each bearing a nuclear spin 7,
contained in an axially symmetric ellipsoidal
container with principal axes a, b, and ¢ = b.
The Hamiltonian of dipole-dipole interac-
tions of N spins in an external magnetic field
is given by (8)

H = yzﬁszsz(costk)(l/r}k)(jj A
—3L.1) @
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where j and k are the indices of the N spins,
v is the gyromagnetic ratio, 8, is the angle
between the external magnetic field along
the z axis and the vector 7; from spin to £,
and P,(cosb,) = (3 cos28, —1)/2. For a
bulk sample, molecular diffusion (8) will
cause the Hamiltonian to effectively vanish
because of the motional averaging of the
spatial variables on the time scale of trans-
verse nuclear relaxation. In a nanosized
container, molecules of a gas or liquid sys-
tem will undergo restricted diffusion, but
nevertheless will have moved randomly
throughout the entire container on this time
scale (we are making the assumption of
ergodicity) so that each spin will experi-
ence the same average dipolar interaction.
The time-averaged spatial part of the Ham-
iltonian in the nanoconfined system is

v, dv,
P,(cosH ,,)/rk 7

= Il—/ Py(cosQ)f (a/b) (2)

where V is the volume of the ellipsoid, f(a/b)
is a shape factor depending monotonically on
the ratio of a/b (9), () and is the angle be-
tween the principal axis a and the magnetic
field, as illustrated in Fig. 1. The simple Q)
dependence in Eq. 2 arises because the time-
averaged effect of the dipolar field produced
by a randomly moving spin is equivalent to
uniformly distributed dipoles within the ellip-
soid. It is known that a uniform distribution
of dipoles produces a uniform field every-
where within the ellipsoid (/0). The Hamil-
tonian becomes

H=D Y (I, « I, = 31,1, 3)
i<k

where the universal coupling constant D
depends (in the form of the right side of Eq.
2) only on the shape, orientation (with re-
spect to the external field), and volume of
the nanovoid. Such a physical system is
distinctive in the sense that all spins are
coupled with all other spins in the system
by the same coupling constant. The ultra-
high-symmetry Hamiltonian governing this
large number of spins (hundreds of mole-
cules) is unprecedented in magnetic reso-
nance studies and should lead to very high-
order multiple-quantum (MQ) coherences
(11) that could be used for the exploration
of quantum space and quantum dynamics,
including decoherence. An example of a
similar effect acting on intramolecular di-
pclar interactions is given by bullvalene
moi=cules dissolved in nematic liquid crys-
tal solution, where 12 independent H-H
dipolar couplings between the 10 protons in
the static molecule are averaged to a single
value because of rapid changes of molecu-
lar configuration (12).
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The second moment corresponding to this
Hamiltonian is given by (8)

WMy =¥ \BIT+ DN - 1)1V
X |f(a/b)|Py(cos) | [V 4)

and is related to the full-width at half-
height (FWHH) line broadenmg Av,,, in
frequency by Av,, = 2. 36\/_2/211 (13).
Equation 4 shows that the dipolar broadening
is inversely proportional to V¥, even when
the spin density (V/V) is constant. For pro-
tons,y?*#% = 27 X 120 Hz ¢ nm>. Because the
density of the spin-bearing orthohydrogen
molecules in liquid H, is N/V = 16/nm3, ¥ in
Eq. 4 needs to be on the order of 10 nm? to
cause a broadening of a few hundred hertz.
The effect is about two orders of magnitude
larger and is qualitatively very different from
the small nuclear dipolar field effect observed
in macroscopic samples (4, 5, 14, 15). In
macroscopic samples, the effect arises from
the mean field effect of bulk nuclear magne-
tization and depends on the sample shape, but
not on the sample volume. In contrast, the
dipolar interaction induced by confinement
does not depend on the magnetization (it is
independent of temperature), but scales with
volume. It is caused by the effect of restricted
diffusion on microscopic scale interactions
and contains information about the nanocav-
ity shape and size. Additional broadening
would result from the breakdown of the er-
godicity assumption resulting from the slow-
down of molecular motion. The breakdown
of erogodicity may lead to a sensitive probe
of molecular dynamics before the onset of
freezing in nanoconfined systems.
Hydrogenated amorphous silicon (a-Si:
H) possesses nanovoids that contain high-
pressure H, gas at pressures as high as 2
kbar (16). Recently, it was found (/7) that
such nanovoids are elongated and aligned

a

Sl
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Q

a-SiH Ig

Fig. 1. lllustration of a cross section of a-Si:H
thin film with a magnified region showing an
elongated nanovoid containing a high-density
H, gas (blue dots). Such voids show strong
alignment of the long axis in the growth direc-
tion (along the film normal) in the high-
growth-rate films studied here. The angle () is
therefore the angle between the external mag-
netic field (H,) and the principal axis a of the
nanovoid.

perpendicularly to the film surface in a-
Si:H produced by hot-wire—assisted chem-
ical vapor deposition (HWCVD) at a high
growth rate (Fig. 1). Small-angle x-ray
scattering (SAXS) shows that the total vol-
ume fraction of such nanovoids is about
2%, their estimated diameters are a few
nanometers, and their lengths are several
times longer than their diameters (/7).
NMR measurements were carried out on a
single a-Si:H film about 2 pm thick on
quartz substrate using a flattened solenoid
coil in an ultralow 'H background probe
(18). Figure 2 shows the room-temperature
(RT) 'H spectra of high growth rate (55
A/s) HWCVD a-Si:H at Q = 0°, 55°, and
77°. The inset of Fig. 2 shows both the
conventional (/9) broad (FWHH = 35
kHz) and narrow (FWHH = 3.3 kHz) peaks
associated with Si—H clusters and isolated
Si-H bonds, respectively. In addition, a
narrower peak with an FWHH of less than
1 kHz is also visible. This peak arises from
H, in nanovoids and broadens significantly
below 60 K because of the slowdown of H,
motion and subsequent H, freezing.
Fittings of the conventional narrow peak
and the H, peak are also shown in Fig. 2.
The () dependence of the frequency shift is
caused by the magnetic susceptibility effect
of the film as reported earlier (/8). The
shift of the H, peak o has larger ()
dependence than the shift ogi_y of the
Si-H peaks. This relative shift is expected
because the H, molecules are situated in-
side voids that are approximately elongated
ellipsoids, whereas Si—H bonds in the bulk

Fig. 2. Room temperature proton NMR spectra
(solid lines) and their line fits (dotted lines) for
an a-Si:H thin-film taken at different film ori-
entations with respect to the applied magnetic
field (4.7 tesla). The angle () is defined in Fig. 1.
The full spectrum (at 3 = 0) is shown in the
inset at top left.
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of the film can be considered to be situated
inside a Lorentz sphere in calculating the
susceptibility effect on the local magnetic
field (18). The difference between elongat-
ed ellipsoidal and spherical shapes leads to
[in units of parts per million (ppm)] oy, —

Ogi —u = 10° X (Nellipsoid ~Nyhere) Xa —
si:, where N, . = 4m/3 is the depolar-

ization factor for a sphere, and N ;4 18
the depolarization factor for an ellipsoid
(20) and depends on (). From the value of
the volume magnetic susceptibility x, ¢;.iq
= —0.92 X 107 (cgs unit) in a-Si:H (/8)
and the experimental data of oy — 0g; _
as shown in Fig. 2, the ratio a/b = 3 was
determined, where the a axis is perpendic-
ular to the film surface.

Figure 2 also shows that the linewidth of
the H, peak depends on (), whereas that of
the Si-H peaks does not. The linewidth
reaches a minimum at ) = 55°. We deter-
mined the contribution of the dipole-dipole
interactions to this linewidth from the Hah-
n—echo decay using the pulse sequence 90°
— t — 180° — ¢t — echo. As expected, the
rate of the echo height decay is the slowest
at () = 55° and follows exp(—2¢/T,) with
T = 13 ms. The Q-dependent part of the
Hahn-echo decay was determined from the
Gaussian part of the decay function of the
echo height S

5 « exp[ —M,(2t)*/2]exp[—2t/1.3ms] (5)

Figure 3 shows the measured Av,,, values
versus the angle (). It can be described by
Av,,, = 460 Hz|P, (cosQ|, as demonstrat-
ed in Fig. 3. The volume density of H,
molecules in a-Si:H determined by NMR is
2.6 X 10%° cm3. Given a 2% volume frac-
tion of nanovoids in the measured a-Si:H
film according to SAXS, we estimate the
average density of H, inside nanovoids to
be n = 1.3 X 10?2 cm?, which is 0.62 times
the H, liquid density. This value corre-
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Fig. 3. Measured dipolar broadening of the
o-H_peak due to gas phase intermolecular
dipolar interactions plotted versus ). The
solid line shows the function 460
Hz|P,(cosQ)|. Error bars indicate uncertain-
ties in the relocation measurements and film
orientation angles.
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sponds to a gas pressure, at RT, of 1.1 kbar
and is consistent with previous experiments
(16). Noting that the intermolecular second
moment of Eq. 4 is due only to the ortho-
hydrogen, we derived the average volume
of the nanovoids as ¥ = 4.5 X 1072° cm?
(21). For a/b = 3, this value corresponds to
a =46 nm and b = 1.5 nm and is in
excellent agreement with the SAXS exper-
iments. The average number of H, mole-
cules per nanovoid is about 600.

Dipolar interactions could also arise
from H, intramolecular interactions. The
presence of electric field gradients (EFGs)
inside nanovoids leads to energy splitting
between the m,_, = 0 and m,_, = *1
states and cause nonrandom occupation of
these m, states over the NMR timescale at
low temperature (22—-24). A Pake doublet
associated with such aligned H, was ob-
served in conventional a-Si:H below 20 K
(22). However, no clear Pake doublet was
observed in HWCVD a-Si:H (25) down to 8
K (confirmed also in the current study),
which would indicate a weaker EFG inside
nanovoids in HWCVD films. At RT in the
gas phase, molecular collisions induce rap-
id transitions between the three m,_ , states
and lead to negligible linewidth from the
intramolecular interaction (26). The invari-
ance of both linewidth and Hahn echo de-
cay from RT to 150 K supports the exclu-
sion of the intramolecular broadening
mechanism and confirms that this effect is
independent of magnetization.

Interactions with possible Si—H protons
on the internal surface of the nanovoid
could also lead to line broadening. These
interactions depend only weakly on the ori-
entation () and lead to an angular depen-
dence that is very different from |P2 (cos
Q)|. Because Si—H bonds are near or out-
side the region covered by the range of H,
motion, the average dipolar coupling be-
tween the H, and Si-H depends on where
the Si—H bond is situated on the nanovoid
surface, as well as on the structure of the
nanovoid surface. These features smear out
the ) dependence and lead to a quasi-
Lorentzian NMR line shape consistent with
the exponential part of the Hahn echo decay
function. By performing numerical calcula-
tions, we obtained an estimated line broad-
ening of about 200 Hz for a nanovoid sur-
face with an Si-H density similar to that of
a hydrogenated (111) silicon surface. This
effect is probably responsible for the resid-
ual dipolar broadening of 1/(mw1.3 ms) =
240 Hz.

We have shown theoretically and exper-
imentally that the intermolecular dipolar
interaction in gas and liquid systems be-
comes important when the system is re-
stricted to nanoscale volume. The dipolar
coupling has two distinctive properties: It is
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identical for all spins, and it leads to in-
verse scaling of the dipolar linewidth with
the square root of the volume (at constant
density). The former should be useful for
the study of high-order MQ coherences,
and the latter should be useful for the study
of nanoporous materials, including carbon
nanotubes filled with gases and liquids.
Finally, we point out that, in principle, this
confinement effect also applies to electron
spin interactions in nanostructured electron
gas systems and could play a role in optical
pumping of nanostructured materials with
weak hyperfine coupling constants.
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