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Lamb! studied the vibrations of an elastic sphere as
well as a viscous spheroid more than one century ago.
He estimated that for a globe with a size of the earth,
the oscillation of longest period was 1.84 x 10! years
and 150 h if the earth was made of water and pitch,
respectively. Later, he extended his study to the vibra-
tions of a solid spherical thin shell? and found that a
thin glass spherical shell (20 cm in diameter) should
make ~5.35 x 102 vibrations per second in its heaviest
mode. At the same time, Rayleigh® discussed the
flexural vibrations of an open shell or bowl, which is
different from a spherical shell because any deformation
of a closed convex surface involves extension or contrac-
tion in some part of it. Eighty years later, Baker*
reformulated and extended the ancient studies of Lamb
and experimentally confirmed the existence of two
different kinds of vibration frequencies (upper and lower
branches, a, and by) by studying the vibrations of a large
steel shell (30 cm). Both a, and b, are related to its
Poisson ratio (v < /3), Young's modulus (E), density (p),
and radius (R) as
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and n represents the nth surface harmonic.

Figure 1 schematically shows different vibration
modes on the equator of a hollow sphere, where the
wavelength (A) of the nth surface harmonic is 2zR/n.
Most of the past studies in this direction were related
to macroscopic hollow spheres filled with air, such as
music instruments. It has been known that the frequen-
cies increase as R decreases. There were also studies of
the vibration of red blood cells, i.e., the flicker phenom-
enon.5>~7 For example, Brochard and Lennon® studied
the frequency spectrum of the flicker phenomenon in
erythrocytes by using a phase contrast microscopic
method, in which the intensity fluctuations of the light
scattered from a single cell were recorded on a magnetic
tape and analyzed by the spectrum analyzer. They found
that the low frequency of thickness fluctuations is in
the range 25—40 Hz. Nowadays, such a measurement
can be recorded in time domain in terms of an autocor-
relation function, which can measure much higher
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Figure 1. Schematic of different vibration (breathing) modes
on the equator of an empty hollow sphere with a thin and
elastic shell in a vacuum.

frequencies, i.e., smaller hollow spheres. Considering
biological cells which have a porous hollow spherical
membrane filled with liquid, we decided to prepare
narrowly distributed hollow nanospheres (~10% nm in
size) with a very thin shell made of swollen porous
polymer gel and use dynamic laser light scattering
(LLS) to study their vibrations in solution. This is
because we speculate that such vibrations could affect
the transportation of substances in and out of a cell.
Here, we would like to report the first observation of
vibrations of such hollow nanospheres swollen and
suspended in liquid.

To obtain such hollow spheres with a thin wall and a
size comparable to the wavelength (532 nm) of the light
used in LLS, we first used the seed polymerization to
prepare core—shell nanoparticles with the core consist-
ing of un-cross-linked linear poly(methyl methacrylate)
(PMMA) and a thin shell made of cross-linked polysty-
rene (PS). The synthesis detail can be found elsewhere.8
The outline is as follows. In the preparation of the
PMMA seeds (cores), into a 100 mL three-neck flask
were added 70 mL of deionized water and 5.0 mL of
MMA, and 52 mg KPS as initiator was then added.
Nitrogen was bubbled for 30 min to remove the oxygen
before the reaction. The reaction lasted 6 h at 70 °C.
The shell was prepared by slowly adding a mixture of
1.6 mL of styrene, 1.5 mol % of divinylbenzene as cross-
linking agent, and an additional 20 mg of KPS with a
syringe pump. After the freeze-drying to remove water,
the nanoparticles were placed in toluene, a good com-
mon solvent for both PMMA and PS, to form a dilute
dispersion (1.75 x 107° g/mL). The swollen porous thin
PS shell allowed linear PMMA chains inside to slowly
diffuse out after about 1 week time. This was confirmed
by a gradual decrease of the scattering intensity when
the same hollow spheres were dissolved in THF, another
common, but nonisorefractive, solvent, shown in Figure
2. The increase of RgIRpOfrom ~0.8 to ~1 (inset of
Figure 2) clearly indicates the change from a uniform
solid sphere to a thin hollow shell,® where [RqCand R0
are the average radius of gyration and the average
hydrodynamic radius, respectively. It is necessary to
note that toluene is nearly an isorefractive solvent for
PMMA, i.e., individual isorefractive PMMA chains with
a relatively low molar mass in solution are invisible in
LLS. Such optical invisibility was used before in the
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Figure 2. Time dependence of scattering intensity () after
the nanoparticles are dispersed and swollen in THF at room
temperature, where the inset shows the time dependence of
the ratio of average radius of gyration ((Rg[) to average
hydrodynamic radius (IR,0) of the nanoparticles. Note that
THF is not an isorefractive solvent for the core.

study of ternary polymer solutions.1°-13 Therefore, the
most of scattered light come from the thin PS shell,
which makes the experiment as well as the data
interpretation much easier. This is why we do not have
to isolate the hollow spheres from individual chains in
dilute dispersion for the present study.

A modified commercial light-scattering spectrometer
(ALV/SP-125) equipped with an ALV-5000 multi-z digi-
tal time correlator was used. In dynamic LLS, the
Laplace inversion analysis of the measured intensity—
intensity—time correlation function G@(t) led to a line-
width distribution (G(I')). For a pure diffusive relax-
ation, I is related to the translational diffusion coefficient
(D) and the scattering vector (q = 4xn(sin 6)/4jaser) by D
= (I/9%)g—0,c—0, Where n, diaser, @and 6 are the refractive
index of solvent, laser wavelength, and scattering angle,
respectively. It is helpful to note that the reciprocal of
g (i.e., 1/q) represents the measurement length in real
space. At higher scattering angles, internal motions
start to contribute to the spectral distribution (S(q,w))
of the light scattered from a scattering object. In general,
S(g,w) can be written as
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where T'j represents the line width of the w-normalized
Lorentzian distribution related to the ith normal modes
and Y> ... + 555 ... + ... represent all the cross terms.
The details of the LLS theory and instrumentation can
be found elsewhere.1*15 It is helpful to note that the
spectrometer used has a workable low angle range down
to 6°, which is vitally important in the measurement of
pure translational diffusion of large hollow nanospheres
without the interference of internal motions. In a
previous parallel experiment, we studied internal mo-
tions of long linear PS chains with a size similar to that
of the hollow nanospheres used in this study.

Figure 3 shows that when x = IRy[¢ < 1, G(I'/g?) has
only a single narrowly distributed peak. The g-indepen-
dence of the position of this peak indicates that it
corresponds to the translational diffusion of hollow
nanospheres. As q increases, the contributions of the
second and other high-order terms in eq 2 should
broaden this peak when (1/q) is comparable to Ryl
Further increase of q results in a second small peak
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Figure 3. Angular dependence of g?-normalized line-width
distribution (G(I'/g?)) of the thin spherical porous polystyrene
shell immersed in toluene, where X is defined as gqRygOand
the inset shows an enlargement of the second peak related to
vibration modes.

which is not related to individual chains because their
scattering intensity is more invisible at higher scatter-
ing angles. Previous studies of linear chains confirmed
that such a second peak is related to internal mo-
tions.1671° It is helpful to note that in a LLS experiment,
we will not be able to resolve each vibration frequency
from pure diffusive relaxation (I'leak-1 = D@?) as
predicted by eq 2. Instead, we can obtain an average
line width ((I'eak—2) related to internal motions (vibra-
tions or breathing modes). It is also helpful to note that
for linear chains internal motions start to appear in G(I')
when gRgO~ 1. While for hollow nanospheres, the
second peak appears only when [Rgylq ~ 3.7, i.e., 1/q =
[RyI3.7 ~ 47 nm. This reveals that the slowest “breath-
ing” mode of a linear chain is related to the motion of
involve the entire chain, but the slowest observable
vibration of a porous spherical shell immersed in liquid
involves only a portion of the shell. In other words, the
vibrations with a wavelength longer than ~47 nm
cannot be detected in LLS. It seems that the hollow
nanosphere is not able to deform into an ellipse or
“breathing”, as shown in Figure 1, when n (= 27R/A) is
less than 24. This could be understood when we consider
the surface movements of a small pond. Normally, we
do not see the up and down of the entire surface of the
pond, but only small surface waves. Of cause, a small
pond is very different from the hollow nanospheres
studied here. Theoretically, it has been shown that the
lowest relaxation mode of vesicles vanishes when the
shell is not sufficiently soft.2°

Note that in eq 1, the Young's modulus (E) of a
swollen polymer gel can be related to its dried density
(odry), the average molar mass (M) of the chain seg-
ments between two neighbor-ing cross-linking points,
and the volume ratio (Vary/Vswotien) 0f the gel before and
after the swelling as E = (3kgT pary/Mc)(Vdry/Vswolien)-2*
Since pdryVdry = PswollenVswollen = Wgel (the weight of the
polymer gel network), eq 1 can be rewritten as
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For a given hollow sphere with a shell made of a swollen
gel, both R and M, are constants. When n is sufficiently
larger, f, becomes proportional to n and g, approaches
a constant. Therefore, the vibration frequency (here is
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Figure 4. Scattering vector dependence of average line-width
(Or'3eak—2) of the second peak (in Figure 3) of the thin spherical
porous polystyrene shell immersed in toluene. The line is just
to guide the eye.

related to I') is proportional to n when n > 1. Since the
reciprocal of g is related to the wavelength of surface
wave (A), i.e., 1/q ~ A = 2aR/n. Therefore, I' O n ~ q,
which is what we have observed in Figure 4. However,
it should be noted that I'[Jeak—2 is in the range of 8 x
10%—1.4 x 10° Hz, several orders of lower than a, and
b, predicted by eq 3 if we putin T=298 K, 0 <v < 1/,
M, ~ 1500 g/mol, and R ~ 180 nm. It is not so surprising
to see such a difference because eq 3 was derived for a
solid and elastic spherical shell in a vacuum. In the
present case, the hollow nanosphere was filled and
immersed in viscous liquid and the shell is porous so
that solvent can go in and out when it vibrates. It is
expected that viscous liquid will dump the vibration. At
this moment, the exact formulation of vibrations of such
a hollow sphere immersed in liquid is still missing.
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