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Abstract. Solvent evaporation is one of the most fundamental processes in soft matter. Structures
formed via solvent evaporation are often complex yet tunable via the competition between solute
diffusion and solvent evaporation time scales. This work concerns the polymer evaporative
crystallization on water surface (ECWS). The dynamic and two-dimensional nature of the water

surface offers a unique way to control the crystallization pathway of polymeric materials. Using



poly(L-lactic acid) (PLLA) as the model polymer, we demonstrate that both one-dimensional (1D)
crystalline filaments and two-dimensional (2D) lamellae are formed via ECWS, in stark contrast
to the 2D Langmuir-Blodgett monolayer systems as well as polymer solution crystallization.
Results show that this filament-lamella biphasic structure is tunable via chemical structures such

as molecular weight and processing conditions such as temperature and evaporation rate.

Introduction

Evaporation-induced self-assembly of soft matter has been extensively investigated.*® For
example, nanoparticles are directed to organize into desired structures by controlling solvent
evaporation time and particle flow during evaporation. Phase transformation during solvent
evaporation is a rich field to study and is tunable by the Peclet number Pe (Pe = tn/tev, where

and tev are the solute diffusion and solvent evaporation time scales, respectively.!®!? This



phenomenon is fundamental in various fields, including materials science and chemistry,
influencing processes like crystallization, precipitation, and film formation.'*!> In particular,
evaporative crystallization has been explored and used in industry for decades. In the field of
polymers, evaporative crystallization was used to monitor polymer spherulites growth and the

crystallization process in thin films and sessile droplets.'®*

One of the intriguing research directions in polymer crystallization deals with controlling
polymer crystallization pathways via external means, such as confinement or introducing precise

1-3,9,23

defects to the polymer chain. In particular, curved water/oil interfaces in nanoemulsion

guide polymer crystal growth to form hollow crystalline particles known as crystalsomes.>*>?
Polymer crystallization on water surfaces has been extensively investigated using the Langmuir-
Blodgett (LB) approach. In this case, a true 2D polymer film is formed on the water surface, and
the polymer crystallizes upon compression of the LB film. Both flat-on and edge-on crystals have
been observed in polycaprolactone (PCL)*-7 and poly (L-lactic acid) (PLLA),** respectively.
Detailed morphological evolution in PLLA LB films has been systematically studied.?*} 4% 43
Fractal crystal morphology was seen in giant surfactant LB films.*** Most recently, evaporative
crystallization on water surfaces (ECWS) was reported as an alternative method to the established
LB approach to study polymer crystallization on water surfaces.*® *” Compared to the molecular
monolayer of LB film, ECWS deals with a quasi-2D system, where a sub-millimeter-thick organic
phase (polymer solution) is formed atop the water. Evaporation of the solvent leads to a shift on
the phase diagram by increasing concentration and eventually leads to crystallization at and/or near
the water surface. This phase front moves orthogonally to the water surface, contrasting the lateral

pressing method used in LB. One can also change polymer solution concentration, solvent type,

temperature, and evaporation rate to control the crystallization pathways.



Previously, we showed that when a telechelic PCL with terminal carboxylic acid groups is
used in ECWS, the two hydrophilic chain ends are pinned at the organic/water interface, which
alters the chain conformation prior to crystallization.* The pinning of the chain ends affects the
crystallization pathway and changes the fold number of the final 2D lamellae. The resultant 2D
single crystal sheet was proven Janus as all the carboxylic acids groups were located on one side
of the crystals. When PLLA is used in ECWS, it is found that both 1D and 2D crystals are formed,
while 2D lamellae are found in solution crystallization, and 1D fibrillar crystals are observed in
the LB systems.*” The observed 1D-2D biphasic morphology suggests the complexity of the
ECWS process. To better understand and tune the ECWS process, in this work we investigated the
PLLA ECWS using ultra-fast evaporation (<l min). Results are compared with the slow
evaporation ECWS and the crystallization process in LB systems. Our results show that 1D PLLA
crystals are exclusively formed in the fast evaporation ECWS of PLLA, consistent with the
crystallization behavior in LB. The absence of 2D crystals in the fast evaporation ECWS confirms
that the 2D crystals formed in slow ECWS are formed in the residual solution phase, where chains
are less confined. Post-crystallization annealing shows that 2D lamellae are the thermodynamically
more stable phase. Temperature and molecular weight also play a critical role in PLLA structural

formation on water.

Experimental Section

Materials. PLLA and poly(L, D-lactic acid) (PLDLA) samples (PLLA number average molar
masses M, of 2 kDa and 10 kDa with disparities P of 1.25, and 1.10; PLDLA M, = 10 kDa, b =
1.19) were purchased from Polymer Source, and high molecular weight PLLA samples (M, = 100

kDa, D = 1.30) were purchased from NatureWorks. Toluene (ACS, 99.5%) was purchased from
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Aldrich and used after distillation. DI water was purified by a Milli-Q system and used as the
subphase for ECWS. Micro Cover Glasses (VWR) were used as the substrate to collect samples
on the water surface for atomic force microscopy (AFM) imaging. The glass slides were treated in
piranha solution (3:1 v/v, 98% H2S04/35% H202) at room temperature for 8 h and kept in DI water;

glass substrates were dried with nitrogen gas before use.

Sample preparation. PLLA/toluene solution was prepared by dissolving PLLA in toluene at
80 °C and cooled to room temperature for 15 min before ECWS. Different concentrations of
PLLA/toluene solution (0.01, 0.03, 0.05, 0.1, and 1 wt.%) were prepared at the same condition.
PLLA/toluene solution was added dropwise on the water surface in a 100 mL beaker with 80mL
DI water. The beaker was then placed in air for ECWS, samples were collected at different time
points using a Blodgett-Schaefer-type method with the cleaned glass slides mentioned above. To

measure surface tension in ECWS, 1000 mL beakers were used to produce a stable reading.

For polymer crystallization using LB, the polymer LB film was prepared with a standard
Langmuir trough (KSV 5000, Biolin Scientific, Ltd.). The LB trough and barriers were cleaned
and the trough was filled with ultrapure 18.2 MQ water (Millipore, Milli-Q Gradient A-10) to
make the water surface at the same level as the edges of the trough. The cleaning procedure was
repeated multiple times until the surface pressure at the minimum trough area was less than 0.2
mN/m during the compression and expansion process. Surface pressure was recorded by the
Wilhelmy plate technique. A platinum plate (39.24 mm) was used as the Wilhelmy plate and
connected to a balance for the reading of surface pressure. In a typical procedure, 30uL of 0.6wt%
PLLA/toluene solution was added on top water surface in LB trough to make the initial average
area occupied by the monomer of PLLA equal to 0.45 nm?/ru. After adding the solution, the LB

trough stood still for at least 20 min to allow for the evaporation of solution and spreading of



polymer on surface, then the barriers started to compress with a rate of 0.05mm/s, and the TI-A

1sotherm was recorded.

AFM samples were prepared by using a pre-cleaned cover glass to collect the polymer film
following the Blodgett-Schaefer-type method when the surface pressure reached the set values (1,
3,7, 9 and, 12 mN/m). For each batch of the sample, the trough was cleaned and prepared using

the same amount of DI water and solution.

Characterization. The morphology analysis was performed by AFM using a Bruker Multimode
8 instrument with the PeakForce Tapping (PFT) mode in air at room temperature. The radius of
curvature of the silicon nitride cantilever (SCANASYST-AIR) used was ~2 nm. The prepared
polymer samples on glass slides were dried in vacuum for at least 24 h before imaging. Images
were acquired at a scanning rate of ~ 1.0 Hz per line with the resolution of 256 x 256 pixels and
analyzed using NanoScope Analysis v1.8. For each crystallization condition, samples were
collected at three locations on the water surface and scanned with AFM. Transmission electron
microscopy (TEM) experiments were performed using a JEOL JEM-2100 LaB6 TEM at a voltage
of 120kV. TEM samples were prepared by collecting polymer films on the water surface using
carbon-coated copper grids following the Langmuir-Blodgett deposition method. The samples
were then dried in vacuum for at least 72 h before imaging. TEM images and selected area electron

diffraction (SAED) patterns were analyzed with Gatan Microscopy Suite v3.5 and ImagelJ.

Results and Discussion



Scheme 1 depicts the experimental procedures of the fast and slow ECWS as well as
crystallization in LB films for comparison. In the fast ECWS, an aliquot of PLLA solution in
toluene (~10- 30 puL, 0.03 wt. %) is added onto the water surface in a 100 mL beaker housed in an
ambient environment. Because of the small amount of solvent, it takes approximately 6 sec for the
solvent to evaporate (Scheme 1a, See later surface pressure results). In the slow ECWS experiment,
one gram of toluene is added to create a 100s-um-thick organic phase before the polymer solution
is introduced, and the evaporation time is a few h (Scheme 1b). Crystallization of an LB film is
shown in Scheme 1c¢, where the organic solvent is removed before compressing the LB barriers
and the lateral compression of the LB barriers induces the crystallization process. Table 1

summarizes the typical characteristics of the three methods.

a toluene c
% solution
PLLA
hain - 1 PLLA
Toluene [ = ) or s
Water PLLA
Crystals
b PLLA N, gasin N, gas out
%& toluene = 1
./ solution
;: PLLA
chain
Toluene - —)
Water —— PLLA
e Crystals
Controlled
Temperature

Scheme 1. Schematics of fast (a) and slow (b) evaporative crystallization on water surface used in
this work. (c) Polymer crystallization on the water surface in LB.



Table 1. Characteristics of fast, slow ECWS and polymer crystallization in LB films.

Organic Organic Total
) Lateral Crystal
Phase Phase Evaporation . Morphology )
Compression thickness

Amount Thickness Time

F-ECWS* <100 uL <60 um ~ mins No 1D ~0.8-12 nm

~600-700
S-ECWSP ~1' mL 3-10h No ID,2D  ~0.8-20 nm
pum
C-LB¢ - - - Yes 1D ~0.86 nm

¢ F-ECWS: fast evaporative crystallization on water surface
b= S-ECWS: slow evaporative crystallization on water surface
¢ C-LB: Crystallization of LB films on water surface

Upon evaporation of toluene in the fast ECWS, the film was picked up using a Langmuir-
Shaefer method onto a pre-cleaned cover glass for AFM study. Figure 1a-c depicts, at different
magnifications, samples collected 1 min after adding the PLLA solution onto the water surface.
The entire surface is covered by thin filaments. These filaments appear to be bimodal in terms of
their thickness. There are a few long ~ 3 nm thick filaments, and the majority are much thinner (1-
2 nm) ones. These filaments are locally aligned with a nematic-like order, and the thinner filaments
are shorter. Remarkably, they also tend to link together along the filament axis, merging to form a
longer 1D fiber, which is consistent with the previously proposed particle-mediated growth
mechanism.*’->> The 1D filament morphology is retained in the samples picked up 15 min after

the deposition of the PLLA solution (Figure 1d-f). Furthermore, their thickness becomes much



more uniform, approximately 3 nm. This observation suggests that Figure 1a-c represents the

intermediate state of the 1D filament growth.

A control experiment was conducted to identify the role of crystallization in the 1D
filament formation process. PLDLA is noncrystalline since it is racemic, formed by
copolymerization of L- and D- lactide monomers. PLDLA was then utilized following the same
fast ECWS process. As shown in Figure 1j, only isotropic clusters were formed 15 min after the
deposition. The average cluster size is ~ 20 nm, and the average height is ~ 2.5 nm. In Figure 1g,
similar round clusters appear at t = 1 h for 10 kDa PLLA. These clusters then serve as the nuclei
for crystallization of PLLA to form 1D filaments. These clusters, however, appear to be the
terminal morphology when the polymer is noncrystallizable as in PLDLA as demonstrated in
Figure 1j. The results suggest that the formation of laterally isotropic clusters in the first step is
universal for crystalline and noncrystalline PLLA, and therefore, crystallization is the driving force

to form 1D filament.

To better understand the fast ECWS process, the surface pressure was monitored using a
Wilhelmy plate method, and the results are shown in Figure 2. Upon adding 10 pL of PLLA
solution, the surface pressure immediately increases and stabilizes after ~ 6 sec. The surface
pressure is defined as the drop in surface tension of water when a polymer solution is introduced,
[T =vuo — Yw1 (Where I1, ¥,,0, Yw1 denote surface pressure, water surface tension before and after
adding the PLLA solution, respectively). With the PLLA concentration changing from 0.01 to 0.05
wt.%, the surface pressure increase (AIl) also varies from ~ 13.5 to 16.3 mN/M?. All in the fast
ECWS is greater than those observed in the slow ECWS case (dotted line in the figure). (Note that

to measure the interfacial tension, the system was scaled up by adding 62.2¢g of toluene atop 800mL
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of DI water to create a ~1.2 cm thick toluene layer). All in the slow ECWS is attributed to the
PLLA molecules adsorbed onto the interface, while in the fast ECWS case, the surface pressure of
water/air interface is measured, and both toluene and PLLA molecules contribute to AII. It is also
interesting to note that in the fast ECWS case, the surface pressure quickly drops again after ~ 200
sec and approaches a steady region after ~ 15 min. In the slow ECWS case, the surface pressure
does not show a noticeable change within this time scale. The surface pressure drop in the fast
ECWS can be attributed to toluene evaporation on the water surface. Due to the much larger
amount of toluene used , I1 in the slow ECWS measure the toluene/water interface, and no obvious
drop was observed. This surface tension drop offers a good marker for understanding the 1D crystal

formation process.
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Figure 1. AFM images of 10 kDa PLLA crystals formed by fast (a-f) and slow (g-i) ECWS at
21 °C. (a-c) are height images, at different magnifications, of the samples collected 1 min after
adding 10 pL of 0.03 wt. % PLLA/toluene solution to the water surface. (d-f) are height images,
at different magnifications, of the samples collected 15 min after adding 10 puL of 0.03 wt. %
PLLA/toluene solution to the water surface. The height profiles on the right panels correspond to
(c) and (f), respectively. (g-1) AFM height images with corresponding height profiles of 10 kDa
PLLA crystals formed by slow ECWS at 21 °C. The samples for the images were collected 1 h (g),
3 h(h), and 7 h (i) after adding PLLA solution to preformed toluene/water bilayer. (j) AFM images
and the corresponding height profiles of PLDLA clusters formed by fast ECWS at 21 °C. (images
g-1 were adapted from Ref. 47).
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Figure 2. Surface/interface pressure upon introducing PLLA solutions measured using the
Wilhelmy plate method. Solid and dotted lines are from fast and slow ECWS, respectively. In each
case, from bottom to top, 10 uL of 10 kDa PLLA solutions with a concentration of 0.01, 0.03 and
0.05 wt.% were added to the water surface (fast ECWS) or a pre-formed toluene/water bilayer
(slow ECWS) at 21 °C. (b) is an enlarged view of (a), highlighting the rapid surface/interface
pressure changed upon adding the PLLA solution. Red arrows indicate the time at which PLLA
solution was added. (c-d) are experimental set-up to measure the interfacial tension in fast ECWS
(c) and slow ECWS (d).

Taking together the surface pressure and morphology results, we can conclude that in the
fast ECWS process, 1D crystals form quickly after the PLLA solution is added atop the water

surface (1 min, red arrow in Figure 2), the crystals continuously grow as the toluene phase
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evaporates, and finally evolve into 1D crystals with a thickness of ~ 3 nm (3-4 layer of PLLA
molecules). The crystal evolution in the slow ECWS was previously reported,?” and the typical
morphologies are reproduced in Figure 1g-i, representing 10 kDa PLLA crystals formed in slow
ECWS 1, 3, and 7 h after adding the polymer solution to the system. Comparing the slow and fast
ECWS, the major differences are twofold. (1) The final morphology in slow ECWS is a biphasic
structure with both 1D filaments and 2D lamellae (see Figure 1i). (2) The time scale of the
structure formation is quite different. While the terminal 1D filament morphology is observed
within 15 min in the fast ECWS, the 1D filaments are formed after 3 h, and the 2D lamellae are
formed towards the end of the evaporation (6-7 h) in the slow ECWS process. We attributed the
formation of 2D lamellae of 10 kDa PLLA to the potential crystallization in the solution phase,
where interfacial confinement is weak.*” The lack of 2D lamellae in the fast ECWS further
confirms this hypothesis: due to the fast evaporation kinetics and the small amount of toluene used,
solution crystallization was completely bypassed, and all crystals are formed under the strong
confinement of the water surface, leading to the uniform 1D filament morphology. The results also

confirm the nucleation-merging process of the 1D filament.

While Figure 1 shows the formation of 1D filament in fast ECWS, the nucleation stage
(cluster formation) is not as clear as the slow ECWS case (Figure 1a-c vs. Figure 1g). This could
be due to the local high concentration of PLLA molecules when adding the PLLA solution directly
to the water surface. To confirm this hypothesis and mitigate the potential local high PLLA
concentration, we utilized 100 pL of 0.003 wt.% PLLA solution for fast ECWS. The total amount
of PLLA molecules was kept the same while the concentration was decreased 10 times by dilution.
Figure 3a-h depicts the AFM images of samples collected at 1, 15 min, and 24, 30, 36, 42, and 48

h, respectively. Clusters with a height of ~ 2 nm can be seen in the 1 min sample, mimicking the
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early stage of the slow ECWS (Figure 1h). This observation confirms that Figure 1a-c represents
a more advanced stage of Figure 3a, which is likely due to the higher local polymer concentration
in Figure 1 fast ECWS. The filament morphology is maintained up to 24 h (Figure 3b-c). At 30
h, 2D lamellae appear and progressively become the dominant morphology for samples collected
after 36 h (Figure S1). Single layer lamellae have a thickness of ~ 6 nm, while much thicker
multilayers can be seen for samples annealed for 48 h (Figure 3g and S2). Note that the formation
of 2D crystals after long time of annealing at 21 °C on water surface can also be observed in
samples from 10 pL 0.03 wt.% fast ECWS (Figure 3h). Lozenge shaped overgrowth with a screw
dislocation can be seen for ribbon-shaped crystals, suggesting significant chain rearrangement

during the annealing process.
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Figure 3. AFM images of 10 kDa PLLA crystals formed by fast ECWS at 21 °C by adding 100
puL of 0.003 wt. % PLLA/toluene solution to the water surface. (a-g) were collected 1 min (a), 15
min (b), 24 h (c) 30 h (d) 36 h (e), 42 h (f), and 48 h (g) after adding the polymer solution. (h)
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represent samples after extensive annealing (48 h) of the polymer crystals on the water surface
using 10 pL of 0.03 wt. % PLLA/toluene solution.

Transmission electron microscopy (TEM) experiments were conducted to determine the
chain orientation in these crystals. The filament morphology can be clearly seen under TEM. The
SAED pattern shows a pair of (110) diffraction spots corresponding to the long axis of the filament,
indicating that the polymer chains are orthogonal to the fibrillar direction, which is perpendicular
to the (110) plane. This observation is consistent with the slow ECWS results. However, the 2D
crystals formed after extensive annealing on the water surface produce a [00/] zone diffraction
pattern based on the a phase PLLA unit cell (orthorhombic unit cell with a=1.0683 nm, b=0.6170
nm and ¢ (chain axis) = 2.8860 nm,** as shown in Figure 4¢-d. The above AFM and TEM results
clearly suggest that on the water surface, 2D flat-on crystals are thermodynamically more stable,
and the 1D filaments are formed due to the confinement of the water surface, which forces the
PLLA chains to lie down on the water surface prior to crystallization. This effectively changes the
crystallization pathway and leads to 1D crystals. The 1D-2D transition involves a chain orientation
change and might be facilitated by the trace amount of free polymer chains on the water surface.
The PLLA chains appear to have sufficient mobility at 21 °C on the water surface, and rearrange

their orientation upon extensive (48h) annealing, forming 2D flat-on crystals.
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Figure 4. TEM images of the 10 kDa PLLA filaments collected 15 min after adding polymer
solution (a) and its corresponding SAED pattern (b). (c) the 2D lamellar morphology for sample
collected 48 h after adding the polymer solution. (d) SAED pattern of (c).

A few research groups have investigated classical PLLA crystallization on the water
surface using the LB technique (C-LB).%®“* As listed in Table 1, there are similarities and
differences between C-LB and ECWS. Specifically, in C-LB, the organic solvent (toluene in this
case) is removed before the LB process, while the solvent plays a crucial role in determining the
crystallization pathway in ECWS. Therefore, C-LB deals with a polymer monolayer while ECWS
is a quasi-2D system, which allows for more complex polymer structural and morphological
evolution. The crystallization process in C-LB is triggered by laterally reducing the surface area
of the polymer monolayer. However, ECWS relies on the increased polymer concentration in the
solution and at the liquid/liquid interface upon solvent evaporation. Note that ECWS can be

conducted using an LB-trough when the compressing process is not applied.

To quantitatively compare C-LB (compression induced crystallization) and the ECWS

(evaporation induced crystallization) processes, 10 kDa PLLA solution was added to an LB trough,
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and a monolayer of PLLA in a 2D gas state was formed. An LB isotherm was obtained at 21 °C
by laterally compressing the film as shown in Figure 5. The isotherm is consistent with previously
reported results.*®** The surface pressure I gradually increases as the area per PLLA repeating
unit increases. A plateau was obtained in the range of 0.13-0.17 nm?/ru, corresponding to a surface
pressure of ~ 8.9 mN/m. These observations are consistent with the literature reports.**“* Four
samples were collected onto pre-cleaned glass slides using a Blodgett-Schaefer-type method, at
the surface pressure of 1, 3, 7, and 9 mN/m, for AFM imaging. As shown in Figure Sb-e, at 1
mN/m, no obvious polymers were collected. Round particulate objects with a lateral dimension of
50 nm and thickness of 1nm can be seen at 3 mN/m. The round objects became anisotropic with
an aspect ratio of 0.35 (~21 nm and 60 nm in width and length, respectively) at 7 mN/m. And
aligned 1D filaments are seen at 9 mN/m. In the fast ECWS experiment, we used the initial
polymer concentration/quantity to mimic the LB process as shown in Figure 5f-i. The total amount
of polymer used was determined based on the targeted polymer surface area per repeating unit,
and 10 uL 0of 0.01, 0.03, 0.05, and 0.1 wt. % of PLLA toluene solutions were utilized for ECWS.
The 0.01 wt.% ECWS sample shows particles with a lateral size of 50nm and a height of ~ 1.5 nm.
Uniform 1D filaments are seen for 0.03 and 0.05 wt. % samples, and these 1D filaments are ~ 3
nm in height. Complex, multilayered films are seen for 0.1 wt.% samples, and there are seemingly
both 1D and 2D crystals. The multi-layered and 2D lamellae are more obvious and abundant in the

1 wt.% ECWS samples, shown in Figure 5g, h.
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Figure 5. AFM images of 10 kDa PLLA crystals formed by fast ECWS in beaker and
crystallization on LB at 21 °C (a) was the T1—A isotherm of the monolayer with the compression
rate of 0.05 mm/s. Arrows corresponding the AFM images b-e. (b-e¢) were AFM height images of
the LB monolayer deposited on glass slide with the LS type method at the 11 of (b) 9mN/m, (c)

7mN/m, (d)3mN/m and (e) ImN/m. (f-1) were AFM height images of the thin layer formed by fast
evaporation ECWS with the concentration of (f) 0.1wt.%, (g) 0.05wt.%, (h) 0.03wt.%, and (1)
0.01wt.%.

18



Morphological comparison between the crystals formed by C-LB and ECWS demonstrates
that the structural evolution of these two processes is similar, despite the intrinsic differences of
these two methods highlighted in Table 1. In both cases, nucleation and growth of 1D crystalline
filaments are observed at similar areas per repeating unit, suggesting that the ECWS can be used
as an alternative method to C-LB for investigating crystallization on water surface. One major
difference between the C-LB and the fast ECWS is that at a relatively high concentration such as
0.1 or 1 wt. %, 2D lamellae, which are absent in the C-LB, are formed. 2D lamellae are also seen
in slow ECWS at the very end of the evaporation process. They are attributed to the crystallization
in the organic phase or from polymers with less confinement/more facile desorption from the water
surface. To this end, 10 pL, 0.03 wt. % of 2 kDa and 100 kDa PLLA were also used for fast ECWS,
and the results are shown in Figure 6. The images in Figure 6a-c reveal that, for 2 kDa PLLA,
the majority of crystals are 2D lamellae; some are lozenges, and some are irregular. A small fraction
of the samples shows 1D filament morphology. In the case of 100 kDa PLLA, the majority of
crystals are 1D filaments. Interestingly, the sample collected at 1 min clearly shows particles
chaining in one direction, leading to 1D filament morphology. For samples collected at 15 min and
24 h, relatively smooth 1D filaments are seen. This observation is consistent with the slow ECWS
results that a biphasic morphology consisting of 1D filaments and 2D lamellae are formed for 10
kDa and 100 kDa sample crystallization at 21 °C. The dominance of 2D crystals formed in 2 kDa
samples is attributed to the easier collective desorption of ester groups from the water surface due
to shorter polymer chains (hence fewer ester groups than 10 kDa and 100 kDa PLLA). Therefore,
desorption of the ester groups generates upright chain conformation, which leads to 2D flat-on

lamellae crystals, as shown in Figure 6d,h.
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Figure 6. Molecular weight effect in fast ECWS. AFM images of polymer crystals formed using
10 pL 0.03% PLLA toluene solutions where PLLA MW is 2 kDa (a-c) and 100 kDa (e-g). The
samples were collected at different time points, i.e. 1 min (a, €), 15 min (b, f), and 24 h (c, g), after

adding the PLLA solution. (d, h) schematics of polymer chains confined on water surface for low
MW (d) and high MW (h) PLLA.

One noticeable difference between the fast and slow ECWS is that for 10 kDa PLLA, fast
ECWS led to 1D filaments while slow ECWS produced 1D filaments in the early stage and a
biphasic morphology consisting of both 1D and 2D crystals in the late stage of the growth. This
can be explained by the increasing polymer solution concentration in the late stage of slow ECWS.
Once the concentration is greater than the saturation concentration of the polymer, crystallization
in the solution could occur with little confinement from the water surface, leading to 2D lamellae.
In fast ECWS, the evaporation rate is fast and crystallization in solution does not take place. Fast
ECWS was also conducted at different temperatures (0, 60, and 80 °C in addition to the 21 °C
previously discussed). Crystallization rate should gradually increase with decreasing temperature.
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Figure 7 shows that at both 0 °C, similar to Figure 1, 1D filaments are formed. Detailed analysis
shows that at 0 °C, uniform height of ~ 2 nm is achieved after 1 min of deposition, and the thickness
retains when compared with the 15 min sample. For 21 °C, we observed bimodal distribution of
height at 1 min, and the height becomes uniform at 15 min. This small difference may be attributed
to the faster crystallization rate at 0 °C. Granular appearance of the filaments is also evident in
Figure 7a,d, confirming that the 1D filaments are formed by merging of 0D clusters. At 60 °C, the
1D filaments are also seen, with a greater thickness (5 nm) and more separated. This is likely due
to the slower crystallization at a higher temperature, allowing for polymer chains to laterally
diffuse so that crystals can merge into larger bundles. Similar observation was seen in slow ECWS.
At 80 °C, only clusters were seen, suggesting that the temperature is too high for PLLA to

crystallize on water surface.
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Figure 7. Temperature-dependence of PLLA crystals in ECWS. (a-f) AFM images and the
corresponding height profiles of the PLLA crystals formed using 10 uL of 0.03 wt.% PLLA
solution on the water surface at 0 °C (a,d), 60°C (b,e), and 80 °C (c,).
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Conclusions

We investigated the ECWS of PLLA using fast evaporation method and compared the
results with slow evaporation in chamber and crystallization on water surface in an LB trough. Our
data show that, contrary to the 1D filament and 2D sheet biphasic morphology observed using
slow (7 h) evaporation, only 1D PLLA crystalline filaments are formed for fast evaporation (15
min). The fast evaporation results are consistent with those obtained from the crystallization of
PLLA on LB trough. For fast ECWS and crystallization in LB, rapid solvent evaporation ensures
strong confinement of water surface to the PLLA molecules. The 1D filaments are formed by
particle-mediated crystal growth. The PLLA crystalline morphology can be tuned by the polymer
concentration, crystallization temperature, and polymer molecular weight. Post annealing on water
surface shows that 1D filaments could transfer into 2D lamellae, indicating that the 2D lamellae

are the thermodynamically more stable phase.
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