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ABSTRACT: In a previous work (ACS Appl. Mater. Interfaces
2017, 9, 34349−34355), a facile approach was reported to
prepare thin hydrogel films based on the Marangoni effect.
After dripping onto a water surface, a drop of ethanol solution
of poly(stearyl acrylate-co-acrylic acid) [P(SA-co-AAc)]
spread quickly to form a thin film. The solvent exchange
from ethanol to water led to the gelation of polymer solution
which turned into a hydrogel film. Here, we investigate the
scenario and seek for the governing kinetics of the Marangoni effect-assisted preparation of hydrogel films. By incorporating
aggregation-induced emission fluorogens into the P(SA-co-AAc) solution, so that fluorescence appears at the gel state, we found
that the spreading usually completed before the full gelation of the entire film. The spreading and formation of the gel films were
influenced by the molar fraction of SA, f, and the polymer concentration of ethanol solution, CP. The spreading was blocked
when CP was too high, whereas the film was fragmented into small pieces when CP was too low. At an intermediate CP, uniform
hydrogel films were obtained. Steady spreading at a constant speed was observed during the processes which yielded uniform
hydrogel films. Both CP and f influenced the spreading process by tuning the surface tension of the ethanol solution and the
viscoelasticity of the gelated film, as suggested by our theoretical model. This work provided kinetic insights into the Marangoni
phenomena of viscous polymer solutions. The strategy and principle should be applicable to other systems on preparing thin
supramolecular gel films with versatile functions.

■ INTRODUCTION

Hydrogel films, as a type of low-dimensional smart materials,
have attracted tremendous attention because of their
promising applications in wound dressing, soft actuators,
surgical diaphragms, and so forth.1−4 The gel films are usually
prepared by solution casting and spin-coating, followed by a
physical or chemical gelation process.5−7 For example, Aoyagi
et al. have prepared hydrogel films with nanometer-scaled
thickness by spin-coating a photocrosslinkable polymer
solution of poly(N-isopropylaclylamide-co-2-carboxyisopropy-
laclylamide) and subsequently crosslinking it under UV
irradiation.5 However, it is challenging to handle such ultrathin
hydrogel films because of their poor mechanical properties,
which also greatly limited their applications. There is an urgent
demand for tough hydrogel films developed through facile
approaches.
In recent years, various tough hydrogels have been

developed by controlling the network structures and
incorporating energy-dissipating mechanisms.8−11 These
achievements have paved the way to design ultrathin tough

hydrogel films.12−17 For instance, Shull et al. developed tough
physical hydrogel films with a thickness of several hundred
micrometers by solution casting of an ABA-type triblock
polymer [A: poly(methacrylic acid) (PMAA); B: poly(methyl
methacrylate) (PMMA)] and subsequently swelling the dry
film in a solution of divalent metallic ions, in which the PMMA
blocks segregated to form nanometer-sized hydrophobic
domains and PMAA blocks were crosslinked by the metallic
ions.14 The resultant hydrogel films possessed excellent
mechanical properties including a tensile strength of 0.4−1
MPa and a breaking strain of 100−500%. However, a precise
control of thickness and uniformity of the hydrogel films
remained challenging.
Recently, a facile approach based on the Marangoni effect

was reported to prepare ultrathin and tough physical hydrogel
films.18 After dripping onto water, a drop of ethanol solution of
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poly(stearyl acrylate-co-acrylic acid) [P(SA-co-AAc)] rapidly
spread to form a thin film. The solvent exchange from ethanol
to water led to the segregation of the long alkyl chains of SA
units to form hydrophobic domains that served as the physical
crosslinking junctions of the hydrogel.19,20 The spreading was
driven by the huge difference in surface tension between
ethanol and water, whereas the gelation was triggered by the
spontaneous solvent exchange. However, the detailed process
and the interplay among the different physical processes
remained unclear. In addition, the influences of the polymer
composition and the concentration of ethanol solutions on the
spreading/gelation process have not been explored. A
systematic study is required to address these issues and thus
merit designing other thin films with desired properties.
We present here a combined experimental and theoretical

study, which provided kinetic insights into this Marangoni
effect-assisted preparation of ultrathin physical hydrogel films.
A morphological phase diagram was obtained by varying the
polymer concentration of ethanol solution, CP, and the SA
fraction of the copolymer, f. The spreading was blocked when
CP was too high, whereas the film was fragmented into small
pieces when CP was too low. At an intermediate CP, unbroken
hydrogel films were formed, yet uniform films were only
obtained at a relatively high CP; otherwise, the gel films showed
a gradient thickness. In addition, the spreading process,
including the spreading distance and speed, was analyzed
from the videoclips. The influences of CP and f on gel
morphologies were studied in terms of solution viscosity and
surface tension, both of which would affect the spreading
process and ultimately film morphology. By incorporating
aggregation-induced emission (AIE) fluorogens, which were
only lit in a gel state, we found that the spreading was usually
completed much earlier than the gelation process. Through a
continuum model, considering solvent diffusion, solution
viscosity, and the elasticity of the gel film, we rationalized
the observations and identified the key mechanism for the
steadiness and uniformity of the spreading: the formation of a
thin gel membrane at the solution−water interface.

■ EXPERIMENTAL SECTION
Materials. SA (Tokyo Chemical Industry Development Co., Ltd.)

and 2,2′-azobis(isobutyronitrile) (AIBN, Sigma-Aldrich) were
recrystallized from ethanol. AAc (Aladdin Industrial Corporation)
was purified by vacuum distillation at 90 °C. Ethanol (Sinopharm
Chemical Reagent Co., Ltd) and rhodamine B (Aladdin Industrial
Corporation) were used as received. The AIE fluorogen, 1,2-bis(4-(2-
bromoethoxy)phenyl)-1,2-diphenylethene, was synthesized according
to the literature.21 Millipore deionized water was used in all the
experiments.
Synthesis of Copolymers. P(SA-co-AAc) with various molar

fractions of SA, f, was synthesized by free-radical copolymerization of
SA and AAc in ethanol, with AIBN as the initiator. The chemical
structure of P(SA-co-AAc) is shown in Figure 1a. The resulting
product was precipitated in ether and dried at 50 °C to obtain solid
P(SA-co-AAc).
Preparation of Gel Films. A prescribed amount of P(SA-co-AAc)

was dissolved in ethanol to form a transparent solution with a certain
concentration of the copolymer, CP. Then, one droplet of the ethanol
solution with a specified volume was dripped onto water. The ethanol
solution spread quickly to form a thin film on the water surface. The
subsequent solvent exchange from ethanol to water resulted in
gelation to form a physical hydrogel film. The hydrogel film
containing AIE fluorogens was prepared in a similar way. A drop of
dimethylformamide (DMF) solution of P(SA-co-AAc) with a small
amount of AIE fluorogens was dripped onto water. The spreading and

gelation processes were observed under an irradiation of 365 nm UV
light.

Characterizations. The spreading process to prepare a hydrogel
film was recorded by a digital camera. A 0.2 wt % of rhodamine B was
added to the ethanol solution of P(SA-co-AAc) for visualization. The
variations of the film diameter with the spreading time were analyzed
with an image data analyzer (Potplayer) from the recorded video. The
thickness profile of the hydrogel film was examined by a digital
stereomicroscope (VH-Z100R, Keyence Corporation). The gel film
was transferred from the water surface onto a glass substrate for
microscope observation. The thickness profile at specific locations of
the gel film was obtained by scanning the upper and bottom surfaces
of the gel film; the distance between the two focus planes was the
local thickness. The thickness profile was obtained by measuring the
thickness at a series of locations along the diameter of the disk gel
film. The surface tension and viscosity of the ethanol solution of
copolymer were measured at room temperature by using an optical
dynamic/static interfacial tensionmeter (Dropmeter, MAIST Vision
Inspection & Measurement Co., Ltd.) and a rheometer with a parallel
plate setup (ARG-2, TA), respectively. The fluorescence spectra of
the DMF solution and the corresponding gel film containing AIE
fluorogens were obtained using a RF-5301PC fluorescence
spectrometer (Shimadzu).

■ RESULTS AND DISCUSSION
As shown in Figure 1b, the hydrogel films were facilely
prepared by dripping one drop of the ethanol solution of
P(SA-co-AAc) onto water. Because of the huge difference in
surface tension between water and ethanol (72 and 22 mN/m,
respectively, at 25 °C),22,23 the ethanol solution quickly spread
to form a thin film on the water surface; this phenomenon is
termed as Marangoni effect,24,25 which has been widely used
for the designing of self-propel and chemomechanical
systems.26−31 Meanwhile, solvent exchange from ethanol to
water occurred within the film, resulting in the hydrogelation
of the copolymer, in which the long alkyl chains of the SA units
segregated to form hydrophobic domains acting as physical
crosslinks.19,20

Apparently, the spreading and gelation processes are
associated with the copolymer concentration of ethanol
solution, CP, and the molar fraction of SA in the copolymer,
f, both of which influence the surface tension, viscosity, and
gelation kinetics of the ethanol solution. The morphologies of
the gel films prepared with different CP and f are summarized
in a phase diagram (Figure 2a). As CP decreased, the resulting
samples changed from blocked thick gels to films of uniform or
gradient thickness and then to cracked films or fragmented
pieces (Figure 2b). For example, the spreading of ethanol
solutions with f = 8 mol % and CP > 43 wt % was blocked

Figure 1. Molecular structure of P(SA-co-AAc) (a) and schematic
illustration of the preparation of hydrogel films (b).
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because of the relatively high viscosity and surface tension in
the solutions, corresponding to the high resistance and low
driving force for spreading. When CP decreased in the range of
30−43 wt %, hydrogel films with uniform thickness were
obtained (Figure 2c), indicating a balance between the
resistance and the driven force for spreading. As expected,
the thickness of the gel films increased, whereas the diameter
decreased with an increase in CP.

18 However, gel films with
gradient thickness were formed when 24 wt % < CP < 30 wt %.
A further decrease in CP led to the fragmentation of the
samples. This was caused by a relatively fast gelation and loss
of deformability in the gel film, which was torn apart by the
surface tension. As CP decreased further, no integrated gel films
were obtained. A few cracks were observed at the edge of the
gel films when 21 wt % < CP ≤ 24 wt %, whereas the gel films
were broken into small pieces when CP ≤ 21 wt %.

The spreading and gelation processes were also influenced
by the SA fraction of the copolymer, f. As shown in Figure 2a,
as f increased, the boundary between the different states shifted
to low CP. However, uniform hydrogel films can be obtained
over a wide range of CP and f.
To reveal the spreading process in detail, variations of the

film diameter, d, with the spreading time, t, were analyzed from
the recorded movies. As shown in Figure 3a, d almost
increased linearly with t until the spreading ceased. The steady-
state spreading speed, as calculated from the half slope of the
linear region, decreased from 0.19 to 0.06 m/s, with the
increase in f from 4 to 12 mol %. The spreading speed is
determined by the ratio between the differential surface
tension as the driving force and the viscosity of the solution.
The low f corresponded to a relatively large driven force and a
low resistance, which led to a relatively high spreading speed, vs

Figure 2. (a,b) Morphological phase diagram of samples with different fractions of SA and polymer concentrations (a) and representative
morphologies (b). (c) Thickness profiles of hydrogel films prepared with different polymer concentrations, CP. T and R are the thickness and the
distance from the center of the disk gel film, respectively. The fraction of SA, f, and the volume of the polymer solution, VP, are 8 mol % and 60 μL,
respectively.

Figure 3. Variations of film diameter, d, as a function of spreading time, t (a,c,e), and the corresponding steady spreading speed, vs, and the terminal
time of spreading, ts (b,d,f). (a,b) Different f, CP = 37 wt %, VP = 60 μL; (c,d) different CP, f = 8 mol %, VP = 60 μL; and (e,f) different VP, f = 8 mol
%, CP = 37 wt %.
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(Figure 3b). In the meanwhile, the faster spreading led to a
larger film before the gelated part became too stiff to be further
spread, and the process was completed at a shorter time, ts
(Figure 3a). The effect of CP on the spreading speed was
similar to that of f. As shown in Figure 3c,d, vs decreased with
the increase in CP; higher CP resulted in a longer ts of the
spreading and a smaller d of the gel film. We should note that
the spreading at the initial stage was nonlinear, especially at the
systems with high f or high CP (e.g., f = 12 mol % in Figure 3a
and CP = 43 wt % in Figure 3c). The initial acceleration stage
was expected to be due to the shear-thinning rheology: the
increase in spreading speed decreased the viscosity of the
ethanol solution until the steady spreading (Figure S1). The
systems with high f or high CP had a relatively high viscosity
and a low driven force and thus needed a longer acceleration
time. In the systems with low f or CP, the acceleration stage
should also exist, albeit short. As shown in Figure 3e,f, the
volume of the ethanol solution, VP, did not influence the
spreading speed. The variations of the film diameter with the
spreading time for the systems with different VP almost
overlapped with each other because of the same dynamic
resistance and driven force for spreading. As expected, the final
diameter, d, increased with the volume of the polymer solution,
VP. However, there should be an upper limit of VP to form the
uniform hydrogel films.
The spreading process was driven by the Marangoni effect,

associated with a vigorous solvent exchange between ethanol
and water, resulting in the hydrogelation of the P(SA-co-AAc)
solution. The coupling of spreading and gelation makes the

kinetics more complicated, as will be discussed in the following
section. We noticed that spreading was completed within 0.6 s
(Figure 3). On the other hand, with the relatively low diffusion
coefficient, ∼1 × 10−9 m2/s,32,33 the water molecules could
only penetrate a thin layer across the original solution−water
interface, when the thickness of the drop was greatly reduced
by the spreading process. During the spreading process, the
P(SA-co-AAc) solution film should not be fully gelated, yet a
thin gel layer might be produced at the interface. The
hypothesis that the spreading is completed ahead of the
gelation process was confirmed by observing the gelation
process of the P(SA-co-AAc) solution containing AIE
fluorogens as dopants. The AIE fluorogen, 1,2-bis(4-(2-
bromoethoxy)phenyl)-1,2-diphenylethene (TPE-Br), was solu-
ble in DMF, yet insoluble in water (Figure 4a).21 The
fluorescent probe was only lit in a gel matrix, where the
intermolecular motions were restricted and thus led to
fluorescence emission.34,35 As shown in Figure 4b,c, one
drop of DMF solution of P(SA-co-AAc) containing the
fluorogens dripped onto water and quickly spread to form a
thin film. This film was not fluorescent under a 365 nm UV
irradiation, indicating that the film is mainly in a solution state.
However, the film gradually became fluorescent with time,
indicating that the gelation process was completed after the
spreading. It is interesting that the gelation occurred from the
edge to the center of the uniform thin film, suggesting that the
solution at the edge of the uniform thin film was exposed
earlier to water and thus gelated ahead of the central part.

Figure 4. (a) Molecular structure and photoluminescence spectra of the AIE fluorogen in the DMF solution of P(SA-co-AAc) and the
corresponding hydrogel after solvent exchange. (b,c) Spreading process of the DMF solution of P(SA-co-AAc) containing rhodamine B under
daylight (b) and AIE fluorogen under UV radiation (c). f = 10 mol %, CP = 37 wt %, VP = 60 μL; the contents of rhodamine B and AIE fluorogen
are 0.2 and 0.01 wt % of the DMF solution, respectively.
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The spreading process with a constant speed was
quantitatively analyzed in terms of differential surface tension
and dynamic viscosity, respectively. The differential surface
tension Δγ is defined as Δγ = γw − γs, in which γw and γs are
the surface tensions of water and ethanol solution of
copolymer, respectively. At room temperature, γw was 72
mN/m, and γs increased from 19.1 to 23.0 mN/m as f
increased from 4 to 12 mol %, or increased from 19.5 to 22.6
mN/m as CP increased from 31 to 43 wt % (Figures 5a,b and
S2). As a consequence, Δγ decreased with the increase in f or
CP. The variations in the viscosity of the ethanol solutions, η,
showed the similar tendency; at room temperature, η increased
from 0.26 to 0.69 Pa·s as f increased from 4 to 12 mol %, or
increased from 0.16 to 1.45 Pa·s as CP increased from 31 to 43
wt %. The ratio between the dynamic viscosity of the P(SA-co-
AAc) solution η and the differential surface tension Δγ defines
a velocity, which is expected to scale with the spreading
velocity36

vs
γ

η
≈ Δ

(1)

This scaling relation was confirmed by the experimental
results for the P(SA-co-AAc) solutions with various f and CP, as
shown by Figure 5c, indicating that the differential surface
tension and viscous stress are indeed the dominating driving
force and the rate-limiting mechanism, respectively.37

Despite the good agreement between the experiments and
the scaling law of eq 1, the detailed process was unclear. The
observations in the current system including the gelation
process contradicted the existing theories of Marangoni effect-
driven spreading: a Newtonian fluid drop does not spread at a
constant speed, and the localized surface tension should result
in a highly nonuniform film.38−42 To rationalize the
observations, we hypothesized the following spreading and
gelation processes. Even though the complete gelation took a
relatively long time, the solvent exchange near the drop−water
interface was very fast, leading to a thin elastic (or highly
viscous) gel layer enclosing the remaining liquid solution, as
shown schematically by Figure 6. A piece of evidence of such a

thin layer was the fragmented films at a relatively low
copolymer concentration, CP (Figure 2b), resulting from the
gel film formed at an early stage and later torn apart by the
Marangoni force, as a film of liquid solution is unlikely to be
fractured into smaller pieces with sharp and relatively straight
boundaries. After the formation of the elastic membrane, the
force due to the differential surface tension was exerted over its
edge rather than the liquid solution. As the membrane was very
thin and flexible, it provided almost no resistance to the
spreading until it was flattened. The speed of spreading was
still limited by the viscosity of the enclosed solution. At a
relatively high CP, both the viscosity of the bagged fluid and the
stiffness of the membrane were high, preventing the drop from
spreading before significant gelation. At a relatively low CP, the
softer membrane and less viscous fluid enabled very fast
spreading, whereas the membrane was still thin and could not
withstand the differential surface tension and was ultimately
torn apart. Only an intermediate CP allows effective spreading
and a thick enough gel membrane against tearing when
flattened, leading to a uniform and continuous gel film. It is
noteworthy that the membrane grew in thickness throughout
the entire process. To further elucidate the process, a
numerical model accounting for mass transportation, viscous
flow, and elastic deformation was established as follows.
For simplicity, we will neglect the shear-thinning effect and

focus only on the steady-state spreading. The ethanol solution
of P(SA-co-AAc) is modeled as an incompressible Newtonian

Figure 5. (a,b) Variations of surface tension and viscosity of the ethanol solution of P(SA-co-AAc) as a function of fraction of SA, f (a), and
polymer concentration, CP (b) at room temperature. (a) Different f, CP = 37 wt %, VP = 60 μL; (b) different CP, f = 8 mol %, VP = 60 μL. (c) Plot
of Δγ/η vs vs for the systems with different f and CP.

Figure 6. Sketch of the spreading and gelation processes under
various polymer concentrations.
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fluid with viscosity η, and the viscous Cauchy stress σv is
proportional to the symmetric part of the velocity gradient

i

k
jjjjjj

y

{
zzzzzz

v
x

v

x2ij
i

j

j

i

vσ η=
∂
∂

+
∂
∂ (2)

In eq 2 and the following equations, the indices, for example,
i and j, represent the Cartesian components of tensors and
vectors, and the repeated indices indicate a summation over all
spatial dimensions, following Einstein’s convention. Given the
size of the drop and the viscosity, the Reynolds number of the
flow is relatively low. Using a typical velocity ∼0.2 m/s and a
viscosity ∼0.2 Pa·s, we estimate the Reynolds number of a
spreading film of thickness 100 μm to be ∼0.1. We therefore
neglect the inertia and assume a static mechanical equilibrium
in the solution:

x
0ij

i

σ∂
∂

=
(3)

The actual physical process involves the interdiffusion
between the two solvents, ethanol and water. Here, the
process is simplified into a Fickian diffusion equation of
normalized water concentration C

C
t

D
C

x x
,

i i

2∂
∂

= ∂
∂ ∂ (4)

where D is the effective diffusivity. The normalized
concentration varies from C = 0 in the initial ethanol solution
to C = 1 in the state in equilibrium with water.
After water diffuses in, gelation takes place, and the polymer

solution transforms from a viscous fluid into a viscoelastic
solid. The rheology of the viscoelastic gel during formation,
however, is almost impossible to be measured. As suggested by
the experimental results, the spreading is directly correlated to
the solution viscosity. Thus, we neglect the viscosity of the gel
membrane and model it as a neo-Hookean solid with the
elastic Cauchy stress

F Fij i j
e

K Kσ μ= (5)

where FiK = ∂xi/∂XK is the deformation gradient that links the
current coordinate x of a material particle to its coordinate X in
the reference state. We further assume the shear modulus μ to
be proportional to the normalized water concentration C: μ =
μ0C, with μ0 being the shear modulus of the fully gelated state.
Combining the two stress contributions in eqs 2 and 5 and
substituting the total Cauchy stress σ = σv + σe into eq 2, we
obtain a partial differential equation for the field of
displacement. The material is assumed to be incompressible,
and the constraint det F = 1 is enforced by using a Lagrange
multiplier.
The coupled mechanical equilibrium and diffusion equations

are solved numerically in the domain of the solution droplet,
which is assumed to be hemispherical in the initial state, by
using a commercial finite-element package, COMSOL Multi-
physics 5.2. It is further assumed that the geometry and the
evolution of the system are axisymmetric; thus, only the cross-
section is modeled, as sketched in Figure 7. As the viscosity of
water is much lower than that of the copolymer solution, the
flow in the surrounding water is not included in the model, and
the viscous force on the interface is neglected. The solution−
water interface is taken to be stress-free. We also assume
neutral buoyancy, so that the top surface of the solution

remains horizontal and flat. The Marangoni effect is modeled
by a distributed tangential force on the top surface, τ = ∇γ =
dγ/dC ∇C.43 We further assume a linear dependence of
surface tension on the normalized water concentration, τ =
Δγ∇C. As a boundary condition for the diffusion equation, the
normalized concentration C = 1 is prescribed on the interface.
With these boundary conditions, the coevolution of the
concentration and deformation can be readily calculated. A
representative deformed shape of the droplet in the early stage
of spreading is shown in Figure 8a. The Marangoni force is

concentrated at the top surface on the ethanol−water interface,
resulting in a highly localized deformation, which further leads
to the spreading of the copolymer solution into a thin layer
around the perimeter. The diffusion creates a thin layer of
polymer gel near the ethanol−water interface. This thin gel
layer provides an elastic force and stabilizes further
deformation localization.
A representative spreading process predicted by the model is

shown by Figure 8. Initially, the droplet is entirely fluid. The
Marangoni force is concentrated at the rim of the droplet,
causing a highly localized deformation and spreading a very
thin layer of liquid film. The liquid film thickness scales with
the characteristic length Lv = ηD/Δγ. Taking the representative

Figure 7. Sketch of the geometry and boundary conditions of the
model, and the axisymmetric cross section of a hemispherical domain
in the initial stage. The solution−water interface is set to be traction-
free, and the normalized water concentration is set to be C = 1. The
top surface is constrained to be flat, with the effect of surface tension
gradient modeled as a distributed tangential force.

Figure 8. Snapshots of the spreading process of a hemispherical drop
of the copolymer-ethanol solution. The color scale indicates the
normalized water concentration C. The region of higher water
concentration is modeled as an elastic gel.
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values η ≈ 0.5 Pa·s, Δγ ≈ 50 mN/m, and D ≈ 10−9 m2/s, the
characteristic length is estimated to be on the order of Lv ≈ 10
nm. Obviously, such a small length is not directly related to the
dimension of the gel film experimentally obtained. Indeed, this
initial stage only lasts for a very short time (with the
characteristic time τv ≈ D(η/Δγ)2 ≈ 0.1 μs), after which the
drop is diffused with water and forms a gel membrane. With
the gel elasticity sharing a major part of the Marangoni load,
the liquid drop thickens and further spreads. Because of the
membrane tension in the elastic gel film, the entire drop is
being compressed more uniformly, in contrast to the very
localized spreading in the initial stage. At the same time, as
water diffuses deeper into the liquid drop, the gel membrane
also grows in thickness. If the gel membrane maintains its
integrity and is not too stiff, the entire drop will be flattened
into a film with very uniform thickness and solidified via
gelation. The ultimate film thickness is determined by another
characteristic length, Le = Δγ/μ0. Taking the typical thickness
of the gel film prepared in the experiments, Le ≈ 60 μm, we
could estimate the stiffness of the hydrogel to be μ0 ≈ 1 kPa.
We may also estimate the time of spreading from the time of
water diffusion through the film, τe = Le

2/D = Δγ2/μ02D ≈ 3 s,
which is comparable to the observed time of spreading.
One shortcoming of the current model is the stress-free

reference state of the gel film. The simple neo-Hookean model
assumes the initial hemispherical geometry to be at the stress-
free state, whereas the gel film formed during the spreading
process would likely be stress-free at the as-gelated state. Such
a discrepancy affects the behavior of the gel film after
flatteningits elasticity tends to pull it back to the initial
stress-free state, as shown by the last snapshot of Figure 8
whereas the actual gel film showed no significant retraction
after spreading.
The ratio between the two length scales defines a

d i m e n s i o n l e s s m a t e r i a l p a r a m e t e r ,
L L D/ / /v e v e 0

2τ τ μ η γ= = = Δ , which characterizes the
elastic resistance against the Marangoni spreading. The growth
in radius (the spreading displacement) at various values of the
parameter is shown in Figure 9. At a relatively high , the
elasticity of the gel membrane dominates, and the drop hardly
spreads before full gelation (the case of high CP). At an
intermediate , the drop spreads steadily, resulting in a
uniform gel film. At a relatively low (the case of low CP),
the model shows that the gel spreads very fast, resulting in a

very large film. However, the large extension in the gel film
may exceed the stretch limit and cause fracture of the
viscoelastic gel membrane. For simplicity, the fracture process
is not considered in the current model. The model prediction
agrees with the experimental observations and confirms our
hypothesis. The final retraction in the growth curves in Figure
9 is caused by the artificial elasticity because of the selection of
the reference state, as discussed above.

■ CONCLUSIONS

In summary, we have investigated the spreading and gelation
processes of the ethanol solutions of P(SA-co-AAc) to prepare
hydrogel films after being dripped onto water surface. The
spreading was blocked when CP was too high, whereas the film
was fragmented into small pieces when CP was too low. At
intermediate CP values, continuous hydrogel films were
obtained. By incorporating AIE fluorogens, we found that
the spreading proceeded ahead of the gelation process. Steady
spreading was observed during the formation of uniform
hydrogel films, in which the differential surface tension
between water and ethanol as the driven force was balanced
with the viscous stress of the polymer solution and the elastic
stress from the thin gel membrane at the solution−water
interface. The spreading speed decreased with the increase in f
and CP, which led to an increase in the viscosity and surface
tension of the ethanol solution. The spreading speed was found
to scale with the ratio between the differential surface tension
and the solution viscosity. The steadiness of the spreading and
the uniformity of the resulting gel film, on the other hand, were
guaranteed by the elasticity of the thin gel membrane formed
on the solution−water interface earlier in the process. This
work provided a general understanding of the detailed process
and governing kinetics of the Marangoni effect-assisted
preparation of hydrogel films. The principle should be
applicable to other systems with different polymers and
solvents at different temperatures, so as to prepare thin
supramolecular gel films with versatile functions.
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