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NMR Determination of the Fractal Dimension in Silica Aerogels
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Si nuclear relaxation experiments were performed in different forms of silica (alcogel, aerogel, amor-

phous, and crystallized) doped with paramagnetic impurities. Magic-angle spinning is used to quench
the nuclear-spin diA'usion. Under this condition, the saturation recovery of the Si magnetization fol-
lows a power law in a very large time range (up to 5 orders of magnitude). This nonexponential relaxa-
tion m(r)-r' reflects the mass distribution in the sample: M(r)-r with a=D/6. In aerogels, the
measured fractal dimension D = 2.2 is in agreement with that determined by small-angle x-ray scatter-
ing. In densified materials, a dimension D = 3 is actually observed.

PACS numbers: 61.42.+h, 76.60.Es

So far, small-angle scattering techniques have been
the most popular method to characterize the geometrical
arrangement of microscopic objects displaying self-
similar or fractal structure. In the present Letter, a new

method is proposed and worked out: It is based upon the
nuclear relaxation induced by paramagnetic impurities
diluted in a fractal lattice. Contrary to the scattering
techniques which involve an analysis of the scattered in-

tensity in reciprocal space, the present method gives
directly the mass-to-distance relation in real space:
M(r)-r, with D being the fractal dimension. If a sat-
uration comb is applied to kill the spin magnetization of
nuclei belonging to the lattice backbone, the recovery of
this magnetization will reflect the spatial repartition of
the nuclear spins which relax to their equilibrium polar-
ization by dipolar flipping with the dilute magnetic ions.
Since the time constant for the dipolar coupling relaxa-
tion increases with the distance as r, the recovered mag-
netization at time t after saturation will be that of the
spins that are contained in a sphere of radius r-t '~,
and therefore it will show a time dependence of
m(t) -t ~ Such a non. exponential behavior is expected
and was observed, thirty years ago, in dense materials,
where it gives rise to a square-root law: m(t) —Jt. ' On
the other hand, energy migration processes have already
been considered as a possible method to determine the
fractal dimension. For example, a dimension D=1.74
was found in porous Vycor glass by observing the
luminescence decay of optically excited donors by
dipole-dipole coupling with acceptor molecules.

The systems which have been chosen for this study are
silica aerogels, which are expected to present fractal
characteristics. They are obtained by sol-gel conden-
sation in the acidic medium of a silicon alkoxyde,
tetraethoxysilane. Chromium nitrate is added in the
polymerization solution as an NMR relaxing agent. The
alcogel, which results from the gelation of this solution,
consists of an interconnected network of branched poly-
mers in which solvent molecules are embedded. By
evacuating the solvent under hypercritical conditions

(T=255'C and p =75 bars), an aerogel is obtained,
whose density (0.17 g/cm in the present case) is con-
trolled by the monomer concentration in the initial solu-
tion. Then, the aerogels can be sintered. Heating at
1000'C leads to an amorphous material whose density is
about 1.6 g/cm and heating above 1200'C gives the
cristobalite phase of the silica with a density of 2.3
g/cm'.

Si NMR measurements have been performed at 71.4
MHz using a Bruker MSL 360 spectrometer and a Doty
magic-angle-spinning (MAS) probe. Figure 1 shows the
spectra of the different forms of silica. In the alcogel
and in the aerogel, three broad lines are observed, which
correspond to silicon nuclei having two, three, and four
siloxane bridges. This reflects the lacunar structure of
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FIG. 1. Si MAS NMR spectra for difrerent forms of sili-
ca.
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these systems. In the densified materials, there only
remains the line due to four-coordinated silicon. As a re-
sult of the random or ordered environment of the silicon
atoms, the line is broad for the amorphous compound
and sharp for the crystallized one.

Figure 2 shows the recovery of the Si magnetization
in five compounds: an alcogel, two aerogels with dif-
ferent paramagnetic impurity concentrations, and an
amorphous and a crystallized sample. The chromium to
silicon ratio in the polymerization solution was 6x10
for all the samples, except for the second aerogel for
which it was 6 x 10 . The saturation was achieved by a
comb of twenty to thirty z/2 pulses (pulse duration 3
ps). Then the free-induction decay was recorded after a
variable delay ranging from 100 ms to 70000 s. Because
of the very large time scale involved, the number of ac-
cumulations was varied to save acquisition time: from
several thousand for the shortest delay times when the
signal is weak to a few (1-4) for the longest times when

the whole magnetization of the sample is recovered.
Magnetization was measured by taking either the area or
the amplitude of the Fourier transform spectra. Both
methods give identical time dependence, although the
amplitude data (shown in Fig. 2) are less scattered.

The relaxation is strongly nonexponential for all the
samples studied. From the log-log plot in Fig. 2, it turns
out that the time dependence of the magnetization
recovery follows a power law m (t)-t' in an extended
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FIG. 2. Time dependence of the Si magnetization satura-
tion recovery for diff'erent forms of silica. The upper scale is

labeled in distance units according to r=(Ar)'i with A=2.0
nm6/s. The curves are arbitrarily shifted in the vertical direc-

tion.

time range, before reaching a saturation plateau. It is

quite unusual to observe a power law for such a long
time range, because the direct dipolar coupling between
nuclear and electronic spins is generally relayed at long
distances by nuclear-spin diffusion, which gives rise to an
exponential recovery. ' This short cut is avoided in the
present experiment by magic-angle spinning which aver-

ages the secular part of the dipolar coupling between nu-

clear spins. This inhibits the Aip-Aop transitions between
neighboring Si and quenches the nuclear-spin diffusion

process.
The Si nuclear relaxation rate induced by direct di-

polar coupling with a fixed paramagnetic impurity locat-
ed at a distance r can be expressed as I/Ti„(r) =A/r
with the constant A given by

A = i') S(S+1)(hy„y,)

x [f(ru, —ru„)+3f(ri)„)+6f(ro, +ro„)], (1)

where y„and y, are the nuclear and electronic gyromag-
netic ratios, ro„and ru, the nuclear and electronic Lar-
mor frequencies, S the electronic spin (S = —', for Cr +),
and f(cu) the spectral density. As both nuclear and elec-
tronic spins are fixed, the only source of local field fluc-

tuations is the electronic-spin relaxation and the spectral
density can be taken as f(ro) =2Ti,/[1+(roTi, ) ],
where Ti, is the electronic relaxation time. In Eq. (1),
an angular averaging of the dipolar interactions has been
performed on the orientations of the vector r joining the
nuclear and electronic spins. Moreover, it can be shown

that this expression, which was established in the static
case, remains valid under MAS conditions provided that
the rotation frequency co, can be neglected with respect
to cu„and ru, . Then the magnetization at time t after
saturation is given by'

1M

m(t) =c [1 —exp( Ar/r )]po(r)d—r, (2)

where c is the electronic spin concentration, dmo(r)
=go(r)dr is the equilibrium Si magnetization within a
small slice at a distance r from an electronic spin, and r
and rM are short- and long-range cutoffs, to be discussed
below. Between these two cutoffs, Eq. (2) can be ap-
proximated by replacing the exponential term by a

Heaviside function, leading to m(t) =cmo(r=(At)' ).
Taking into account that the equilibrium magnetization
is proportional to the mass and therefore has the same
variation as a function of the distance [m (ro)-r ], the
announced time dependence, m(t) -c(At) ' with

a =D/6, is obtained.
The values of the exponent a are obtained by fitting

the power-law regimes in Fig. 2 up to the point where
the magnetization is half of its saturation value. The re-
sulting values for D =6a are listed in Table I. Finding
values near D=3 for the densified materials is quite sa-
tisfactory and provides a good reliability test. For the al-

cogel and the aerogel, the NMR results can be compared
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TABLE I. Experimental data for the five silica compounds
studied: D is the dimension as determined by NMR or SAXS
techniques. c is the electronic-spin to silicon-atom ratio, as
measured by EPR (except for the alcogel and the second aero-
gel for which the chromium concentration in the polymeriza-
tion solution is given), and rM is the corresponding mean dis-
tance between electronic spins.

D (NMR) D (SAXS) pM (nm)

Alcogel
Aerogel 1

Aerogel 2

Amorphous
Crystallized

2.85
2.3
2. 1

3. 1

2.85

2.0
2.3
2.3

Dense
Dense

6x10
5x 10
6x10
3x10
9x10

1.4
2.5
6.4
3.7
5.6
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FIG. 3. Small-angle x-ray-scattering curves in silica alcogel
and aerogel. The continuous lines are the results of fits by Eq.
(16) of Ref. 9. The parameters of the fit are the fractal dimen-
sion (D=2.0 for the alcogel and D=2.3 for the aerogel), the
correlation length (( =6.5 nm for the alcogel and ( =9.0 nm

for the aerogel), and the size of the elementary particles from
which the fractal clusters are grown (ao =0.5 nm for both sam-
ples).

to those of small-angle x-ray-scattering (SAXS) experi-
ments performed on the same samples. The data in Fig.
3 show the scattered intensity I(Q) as a function of the
scattering vector amplitude. These data are fitted with a
theoretical expression describing the scattering by fractal
objects with limited correlation length. From this fit,
independent determinations of the fractal dimension
were obtained which are also reported in Table I. They
turn out to be in good agreement with the NMR results
for the aerogel and in noticeable disagreement for the al-
cogel. This is easily explained by remarking that the re-
lation mo(r)-r, from which the NMR D is deduced,
describes the mass distribution around the magnetic im-

purities. Since the chromium spins can be everywhere in

the alcogel solution, the NMR relaxation no longer
reflects the spatial correlations on the silica polymer, but
the mass repartition in the gelled solution. As the latter
has no reason to be diferent from a regular tridimen-

sional distribution, it is quite consistent to obtain by
NMR a value near D =3 for this sample.

EPR experiments have been performed in the first
aerogel and in the two densified materials to measure the
spin concentration and the electronic Ti, . The values of
the EPR spin concentration expressed in terms of
electronic-spin to silicon-atom ratio are listed in Table I.
For the aerogel, it is in agreement within 15% with the
value in the polymerization solution. In densified materi-
als, the spin concentration is much smaller: This is prob-
ably due to the formation of segregated microcrystals of
antiferromagnetic Cr203 during the sintering process.
As concerns the electronic relaxation, the impossibility to
saturate the EPR lines gives a lower limit: (Tl, ) ) 5
x10 s ', whereas a higher limit is imposed by the EPR
linewidth which is about 450 G. In fact, as an extreme
narrowing regime is expected in the case of strongly
lattice-coupled transition ions, it is not unreasonable to
estimate tentatively the relaxation rate from the
linewidth by taking (T l, ) ' = (T2, ) ' =7 x 109 s
With this value, the constant A defined in Eq. (1) can be
evaluated as A =2.0 nm /s. This establishes the time-
to-distance relation, i.e. , r =(At)'i, which is not very
sensitive to the precise value of A. Thus, the horizontal
axis in Fig. 2 can be labeled in distance units (upper
scale), and this allows a direct visualization of the
growth of the relaxed regions. It turns out that the dis-
tance range explored corresponds to the length scale over
which the alcogel and the aerogels are expected to be
fractals.

The short-distance cutoA' in Eq. (2) is due to the fact
that Si nuclear spins that are too close to an electronic
spin feel a large dipolar field, which puts them out of the
NMR line and makes them unobservable. Usually, this
corresponds to the distance at which the electronic dipo-
lar shift 8md, ~ is equal to the NMR linewidth. ' Howev-
er, in the present case, the secular part of this dipolar
coupling, which is responsible for the NMR line shift,
can be averaged to zero by the magic-angle spinning and
the condition becomes Scud;~(r ) =r0, . Thus, expressing
the typical size of the paramagnetic dipolar shift as

8 cod, r (r ) = —, co„S(S+ 1 ) (h ), ) /k Tr

one obtains r =0.4 nm for a rotation frequency m,
=3x10 s '. This corresponds to times shorter than
those that appear in Fig. 2. Measurements performed at
very short times give small noisy signals that are de-
phased with respect to those at larger times. This de-
phasing should reflect the line distortion due to the pres-
ence of a large local magnetic field.

Finally, the long-range cutoA corresponds to the dis-
tance at which the volumes relaxed by diAerent para-
magnetic centers overlap. It an be estimated from the
impurity concentration by the relation c = (ro/rM )
where r0=0.25 nm is the distance between two neigh-
boring silicon atoms. The values of rM corresponding to
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the different samples are listed in Table I. They are in

quite good agreement with the points at which the time
dependence of the magnetization enters the saturation
regime in Fig. 2. Whereas the scaling of these points
with c in different samples is not surprising, obtaining
consistent values of r~ actually corroborates the length
scale which has been deduced from the evaluation of the
constant A.

In conclusion, the present method allows us to explore
the geometry of fractal systems in real space at micro-
scopic scale. It has been successfully applied to silica
aerogels by using Si NMR, taking advantage of the
quenching of the nuclear-spin diffusion by magic-angle
spinning. However, it can be remarked that there are
two additional effects that strongly depress the nuclear-
spin diffusion in these kinds of systems. First, the fractal
geometry imposes a tortuous path to the magnetization
leading to a slow anomalous diffusion, and second, the
structural disorder may cause considerable shifts of the
NMR lines of neighboring spins making the dipolar flip-

ping quite inefficient. On the other hand, the poor
signal-to-noise ratio related to this rare spin system leads
to very long accumulation times and limits the accuracy
of the fractal-dimension determination. To avoid this
drawback, it might be advantageous to extend the
method to abundant nuclei, such as protons, provided
that their dipolar interactions are suppressed by ap-
propriate multipulse techniques. ' "
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