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If we consider a realistic, spherical model of Titan’s surface
and allow that the craters or tidal basins have a spectrum of
sizes and that their depths vary with their diameters, then the
dissipation rate is determined by the frequency distribution of
crater sizes. Observations®' of the other satellites of Saturn show
that this is well represented by the power law

dN=AD"dD (6)

where dN is the number of craters in the diameter range D to
D +dD and b= 3. The constant 4 in equation (6) is determined
by the normalization requirement that the total area of the crat-
ers be comparable with that of the satellite. If the craters range
in diameter from Duax t0 Diin, then 4 =47 R% /In (Dyay / Dinin )
and, if Dy~ Ry and D, ~20 km, then In (Dpax /Dmin ) = 5. If
we compare the dissipation rate in a global ocean of depth d,
with that of a cratered satellite on which all the craters have the
same depth d,, then the dissipation rate is reduced by a factor
~6 (1.32R1 /Dumax )° In (Dynax / Dmin ). If the depth d of each crater
decreases linearly with its diameter according to d=(D/Dpax )ds,
then the dissipation rate is reduced by a factor ~3
(1.32R1 /Diyax )° In (Drmax /Dimin ). In both cases, the dissipation
rate is an average rate but is chiefly determined by the dissipation
that occurs in the largest tidal basin. Thus, on Titan, the actual
dissipation rate will vary with the location of that largest crater.

This model demonstrates that if the fluid on Titan is confined
to shallow seas with sizes smaller than the satellite radius, then
as long as the seas are land-locked and disconnected, large liquid
hydrocarbon reservoirs, and regions with no liquid hydrocar-
bons can coexist on the surface of Titan along with a large
orbital eccentricity. The recent Hubble Space Telescope
observations'® of Titan show variations in the surface reflectivity
of 10-20%. The interpretation of such variations may provide
a test of the configuration of land and sea proposed here. The
configuration could also be tested by the Arecibo Observatory
after its current resurfacing, and by radar and near-infrared
observations by the Cassini Saturn Orbiter.

We have assumed that the largest source of tidal dissipation
in Titan’s ocean is boundary-layer turbulence. Our arguments
also apply, however, to any other source of oceanic dissipation
that increases with the velocity of the tidal current, for example,
dissipation associated with internal waves'’. Finally, we note
that even if oceanic tidal friction is negligible on Titan this may
not entirely solve the problem of Titan’s high orbital eccentricity
because solid body friction may reduce Qr to a value less than
200 (ref. 22). One possible, but unlikely, solution is that Titan’s
eccentricity is not primordial but is the result of a recent large,
but less than cataclysmic, collision (one less than 10° years ago).
But even in the most favourable circumstances, this would
require Titan to have been struck by, for example, a body with
a mass ~0.005M (or diameter ~10° km) moving with a velocity
~15km s! relative to Saturn. No impact basin of appropriate
size seems evident in the current infrared data for Titan. O
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MaNY polymeric hydrogels undergo abrupt changes in volume in
response to external stimuli such as changes in solvent
composition', pH?, electric field® and temperature**. For several
of the potential applications of these materials, such as ‘smart’
actuators, a fast response is needed. The kinetics of swelling and
de-swelling in these gels are typically governed by diffusion-limited
transport of the polymeric components of the network in water,
the rate of which is inversely proportional to the square of the
smallest dimension of the gel’. Several strategies have been
explored for increasing the response dynamics'®"*, such as intro-
ducing porosity'*. Here we show that we can induce rapid de-
swelling of a polymer hydrogel by tailoring the gel architecture at
the molecular level. We prepare a crosslinked hydrogel in which
the polymer chains bear grafted side chains; the latter create hyd-
rophobic regions, aiding the expulsion of water from the network
during collapse. Whereas similar gels lacking the grafted side
chains can take more than a month to undergo full de-swelling,
our materials collapse in about 20 minutes.

Poly(N-isopropylacrylamide) (PIPAAm) is soluble in aqueous
media at solution temperatures below 32 °C, its critical solution
temperature'>. Above this point, it undergoes a discontinuous
phase transition, precipitating from solution suddenly and
reversibly over a narrow temperature range'*'’. In contrast to
conventional crosslinked PIPAAm hydrogels, we have prepared
a thermosensitive hydrogel with a comb structure in which
PIPAAm chains are grafted onto crosslinked networks (Fig. 1).
Within the gel, terminally grafted chains have freely mobile ends,
distinct from the typical network structure in which both ends
of the PIPAAm chains are crosslinked and relatively immobile.
With increasing temperature, grafted PIPAAm chains begin to
collapse from their expanded (hydrated) form to compact
(dehydrated) forms. This collapse occurs before the PIPAAm
network begins to shrink, because of the mobility of the grafted
chains. The grafted polymer chains dehydrate to create hydro-
phobic nuclei which enhance aggregation of the crosslinked
chains.

The transmittance of PIPAAm aqueous solution changes rap-
idly because of conformational changes over a small temperature
change'"”. We have previously observed changes from hydro-
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philic to hydrophobic behaviour for PIPAAm-terminally grafted
surfaces due to rapid changes in polymer conformation (again,
this is attributed to the mobility of grafted PIPAAm'®).
PIPAAm-grafted surfaces show hydrophilic properties at low
temperatures; as the temperature increases, the contact angle of
water also increases, indicating increasingly hydrophobic surface
properties. The behaviour of these systems is distinct from that
of surfaces on which PIPAAm molecules were attached by
anchoring at several points along the chain: the decrease in
hydrophilicity with increasing temperature is substantially less
for the latter than for surfaces with terminally grafted chains.

Above the phase transition temperature, PIPAAm networks
undergo both inter- and intramolecular hydrophobic inter-
actions between alkyl side groups, which induce polymer net-
work aggregation. We have reported previously'® that
hydrophobic butyl methacrylate as a comonomer increases the
intrinsic aggregation forces of PIPAAm gels. Typically, a dense
collapsed polymer layer rapidly forms on the surface of these
hydrophobized gels above their phase transition temperature'”.

The hydrated and expanded grafted PIPAAm chains of our
new gels are hydrophilic at low temperature. With increasing
temperature, the grafted PIPAAm rapidly starts to dehydrate
and becomes more hydrophobic. This thermally induced dehy-
dration of the grafted PIPAAm chains promotes rapid shrinking
of the crosslinked network.

We prepared comb-type PIPAAm grafted gels as follows: first,
we synthesized semitelechelic (that is, having one functional end
group per polymer chain) PIPAAm with a terminal amino end
group by radical telomerization of the monomer (IPAAm) with
2-aminoethanethiol (AESH) as a chain transfer agent. We dis-
solved 13.4 g of purified IPAAm, 0.128 g of AESH and 0.0197 g
of N,N’-azobisisobutyronitrile as an initiator in 50 ml of distilled
N,N-dimethylformamide (DMF). The ampoule containing the
solution was sealed by conventional methods and immersed in
a water bath held at 75°C for 15h. After concentrating the

FIG. 2 Equilibrium swelling ratio of homopolymer (O) and comb-type
grafted PIPAAmM (@) gels in water as a function of temperature. The
swelling ratio is defined as the mass of absorbed water per mass of
dried polymer disk (M /Mp).
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FIG. 1 Structure and shrinking mechanisms for conventional homo-
polymer and comb-type grafted PIPAAmM gels undergoing temperature-
induced collapse in aqueous media.

reactant by DMF evaporation, the reactant was poured into
diethyl ether to precipitate the synthesized semitelechelic
PIPAAm. The PIPAAm product was collected over a filter and
purified by repeated precipitation in diethyl ether. The number-
average and mass-average relative molecular masses determined
by gel permeation chromatography in tetrahydrofuran at 40 °C
(against polystyrene standards) were 14,000 and 19,000, respec-
tively. A polymerizable end group was introduced into the semit-
elechelic amino PIPAAm by reacting 2g of the amino-
semitelechelic PIPAAm with 0.4 g of N-acryloxysuccinimide in
30 ml of DMF at 4 °C for 2 days.

To synthesize comb-type PIPAAm gels, we dissolved 1.09 g
of IPAAm monomer, 0.468 g of semitelechelic PIPAAm contain-
ing a terminal acrylate group, 0.0266 g of N,N'-methylene-
bisacrylamide as a crosslinker and 48 ul of tetramethyi-
ethylenediamine as an accelerator in 10 ml of distilled water,
and bubbled the solution with dry nitrogen gas for 10 minutes.
Ammonium persulphate (8 mg, initiator) was added to the solu-
tion, and then the solution was injected between two Mylar
sheets separated by a Teflon gasket (2.0 mm thick) and backed
by glass plates. The solution was polymerized at 15 °C for 1 day.
We immersed the gel membranes formed in pure water to remove
unreacted compounds for 5 days, changing the water every day.
The swollen gel membrane was cut into disks (15 mm diameter)
using a cork borer and dried under ambient conditions for 1
day and under vacuum for 5 days at room temperature. The
prepared grafted PIPAAm hydrogel is transparent, suggesting
that the network structure is homogeneous on lengthscales above
visible wavelengths and that the PIPAAm macromonomer rad-
icals are active enough to copolymerize readily with small
IPAAm monomers.

Measurement of equilibrium swelling ratios for the gels in
water over a series of temperatures shows that the comb-type
PIPAAm graft gel has the same phase transition temperature
(32 °C) as the IPAAm homopolymer gel containing the same
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amount of [IPAAm (Fig. 2). Below this transition temperature,
the comb-type graft gel shows slightly more swelling than the
homopolymer gel. We speculate that the comb-type gel becomes
more hydrated because of the inherent mobile nature of grafted
PIPAAm chains, which have free ends that are readily exposed
to water.

Disks of comb-type graft PIPAAm gels and [IPAAm homo-
polymer gels with identical thicknesses and diameters show
different de-swelling kinetics when the temperature is increased
from below to above the phase transition temperature (Fig. 3a).
Conventional IPAAm homopolymer gels shrink very slowly
after the temperature is increased from 10 °C to 40 °C, requiring
more than a month to reach equilibrium. This gel shrinks gradu-
ally from the surface inwards, mediated by diffusion of the col-
lapsing polymer network and the release of entrapped water
from the collapsing gel. As a dense, collapsed polymer layer
impermeable to water is formed near the gel surface before bulk
gel collapse is initiated (thermal convection is more rapid than
mass transfer), gel shrinking is hindered after the initial stages
by internal hydrostatic pressure””'. As a result, the PIPAAm
homopolymer gel shrinkage rate is limited by water permeation
from the gel interior through the collapsed polymer skin, keeping
water within the gel for longer periods.

In contrast to the IPAAm homopolymer gel, the comb-type
PIPAAm graft gel shrinks rapidly to its equilibrium state. In
the process, the gel undergoes large, rapid volume changes with
marked mechanical buckling, indicative of the much greater
aggregation forces operating within the grafted gel. Trapped
water is rapidly squeezed out from the gel interior. This is sup-

FIG. 3 a, Shrinking kinetics for homopolymer (O) and comb-type grafted
PIPAAM (@) gels. The disk-shaped IPAAm homopolymer gel and the
comb-type graft polymer gel (diameter 15 mm, thickness 2 mm) were
first equilibrated in pure water at 10 °C. Gels were then quickly moved
into water at 40 °C (the heating history is shown at the bottom of the
figure). At specific times these gels were removed from the water and
weighed after being wiped with filter paper to remove excess water on
the surface. The shrinking kinetics are defined as the changes with time
in the swelling ratios for the gels. b, Changes in water structure for
shrinking homopolymer (O, freezable water; A, non-freezable water)
and comb-type grafted PIPAAm (@, freezable water; A, non-freezable
water) gels at 40 °C. Two types of gel disks equilibrated at 10 °C
(diameter 15 mm, thickness 2 mm) in pure water were quickly trans-
ferred into water at 40 °C. The gels were cut into disks (4 mm diameter
at centre) at predetermined times using a cork borer. After wiping excess
water from the surface, the samples were sealed in aluminium pans
and placed in a differential scanning calorimeter (Mettler TA-3000 sys-
tem). After cooling to —20 °C within 5 min, the samples were heated to
40 °C at the rate of 1 °C min"". The endothermal heat of water in the
gels was measured using an empty aluminium pan as a reference. From
the integral of the endothermal peak for water melting (near 0 °C), the
gel freezable water content was determined. Total water content was
determined from the mass difference between the swollen gel and the
dried gel. Non-freezable water content, restricted in its molecular mobil-
ity by interaction with hydrated polymer chains, was calculated from
the difference between total and freezable water content for these gels.

ported by the changes in the amount of freezable water within
two types of gel matrices determined by DSC. As can be seen
in Fig. 3b, about 90% of the freezable water was desorbed from
the graft-type PIPAAm gel within 20 min after the temperature
was increased to 40 °C, although non-freezable water content
remains nearly constant and fairly low. Therefore, we attribute
the marked swelling changes observed for graft-type PIPAAm
gel to the large change in freezable water content in the gel. In
contrast to the graft-type PIPAAm gel, only 5% of the freezable
water was desorbed from the IPAAm homopolymer gel after
60 min. Rapid shrinking of the graft-type PIPAAm gel is due to
the immediate dehydration of PIPAAm grafted chains in the gel
matrix followed by subsequent hydrophobic interactions
between dehydrated grafted chains preceding shrinkage of the
PIPAAm network, affecting rapid expulsion of water from the
gel matrix. The rapid shrinking and release of most of the freez-
able water results in a large volume change, which suggests that
a skin structure that would reduce the de-swelling rate is not
formed in this case. An increase in void volume within the
grafted PIPAAm network resulting from collapsed grafted
chains may also contribute to rapid release of water to the gel
exterior.

In the case of a gel swelling in water at 10 °C from an equilib-
rium shrunken state (40 °C), the swelling rate was slower than
the de-swelling rate, and no difference in swelling rate was
observed between the two types of gel. In both cases the amount
of absorbed water increases in proportion to the square root of
time. These results indicate that polymer network diffusion is
rate-determining for swelling. The details of this process are
currently under investigation. |
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