Chemical Engineering Journal 494 (2024) 152929

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

ELSEVIER

t.)

Check for

Tunable coffee-ring patterns of sessile suspension droplets through silica ol
particle encapsulation with thermo-responsive block copolymers

Seong Hwan Kim %! Yoon Huh a’l,mBaek Sung Park ?, Kevin Injoe Jung?, You-Yeon Won ",
Joona Bang® , Hyun Wook Jung "

& Department of Chemical and Biological Engineering, Korea University, Seoul 02841, Republic of Korea
b Davidson School of Chemical Engineering, Purdue University, West Lafayette, IN 47907, United States

ARTICLE INFO ABSTRACT

Keywords:

Coffee-ring effect

PMMA-b-PNIPAM block copolymer

Silica particles

Droplet drying

Thermo-responsive polymer

Multi-speckle diffusing wave spectroscopy

Silica (Si) particles coated with poly(methyl methacrylate-b-N-isopropylacrylamide) (PMMA-b-PNIPAM) block
copolymers (Si-PM-PN particles) were engineered to mitigate the coffee-ring effect (CRE) frequently encountered
during the drying process of particulate suspensions. Leveraging the thermo-responsive transition between the
hydrophilic and hydrophobic states of PNIPAM, with its lower critical solution temperature (LCST) around 32 °C,
enabled precise adjustment of the CRE. Through microrheological analysis using multi-speckle diffusing wave
spectroscopy and observation under an optical microscope, the dynamic behaviors of Si-PM-PN particles in
sessile suspension droplets during drying were scrutinized both below and above the LCST. Above the LCST, the
Si-PM-PN particles exhibited hydrophobic characteristics, with some migrating toward the center along the
droplet interface, resulting in a more uniform particle distribution post-drying. Conversely, below the LCST, the
homogeneously dispersed Si-PM-PN particles displayed rapid Brownian motion, contributing to a pronounced
CRE. This approach, involving the surface treatment of particles with thermo-responsive polymers, effectively

altered the droplet pattern by modulating particle interactions with the air-water interface.

1. Introduction

Inkjet printing of particulate suspensions is essential for
manufacturing various electronic devices, including inorganic thin films
and patterned functional nanoparticles or quantum dots for displays.
This process involves the dissolution or dispersion of functional mate-
rials, jetting, drying, and UV or heat curing [1,2,3,4,5]. However,
colloidal particles tend to migrate during solvent evaporation, leading to
non-uniform particle distribution, commonly known as the coffee-ring
effect (CRE) [6,7]. This effect manifests as a concentrated accummula-
tion of particles at the edge of a sessile suspension droplet. As the solvent
evaporates faster at the droplet edge due to its larger surface area per
unit volume, capillary flow occurs, drawing solvent from the center
toward the edge. Consequently, particles are carried outward by this
flow and aggregate at the periphery, resulting in an irregular ring-like
particle structure upon drying. This unintended particle arrangement
can compromise the quality of the final coating products.

Various methods have been proposed to mitigate the CRE during
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suspension drying. These include: (i) preventing contact line pinning
with superhydrophobic surfaces or electrowetting [8,9,10,11,12,13],
(ii) disturbing capillary flow towards the contact line using Marangoni
flow or electroosmosis [14,15,16,17,18], and (iii) impeding solute par-
ticle transport to the contact line by modulating interfacial interactions
between particles or between particles and interfaces [19,20,21,22].
Among these approaches, adjusting interfacial interactions is particu-
larly versatile as it does not rely on external forces. Surface-modified
particles are especially effective in this regard, as the affinity of parti-
cles to adjacent particles or the air-water interface can be altered by the
properties of the functional materials attached to the particle surface,
thereby influencing the final droplet patterns [23].

Amphiphilic block copolymers (BCPs) present promising options for
treating particle surfaces due to the inherent stability of self-assembled
BCP structures [24,25,26]. Moreover, encapsulating particles with
amphiphilic BCPs is straightforward using the solvent exchange method,
yielding BCP/particle assemblies with a hydrophobic core and a hy-
drophilic shell [27,28]. Several BCP/particle hybrids, such as poly
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(ethylene oxide)-poly(n-butyl acrylate)/Au nanorods [27], poly
(ethylene glycol)-poly(n-butyl acrylate)/CaWO4 nanoparticles [29], and
poly(lactic acid)-poly(ethylene glycol)/Fe3O4 nanoparticles [30], have
been successfully prepared using this technique. Furthermore, stimulus-
responsive BCPs, including thermo-, pH-, or light-responsive variants,
have been employed to encapsulate particles, such as poly(ethylene
oxide)-poly(trans-N-(2-ethoxy-1, 3-dioxan-5-yl) acrylamide)/fluores-
cein isothiocyanate-lysozyme [31] and poly(styrene)-poly(4-
vinylpyridine)/Au nanoparticles [32]. However, the majority of these
BCP/nanoparticle assemblies have been applied in drug delivery or
diagnostic applications, with limited focus on particulate suspension
coatings, which is the main focus of our study.

Poly(N-isopropylacrylamide) (PNIPAM), composed of hydrophilic
amide and hydrophobic isopropyl groups, exhibit remarkable thermo-
responsive behavior [33]. Below its lower critical solution tempera-
ture (LCST) of approximately 32 °C, PNIPAM displays hydrophilic
characteristics and remains in a coil state, while above the LCST, it
transitions to a hydrophobic state and adopts a globular conformation
[34,35]. PNIPAM microgels, in particular, exhibit unique behavior
during suspension evaporation; their amphiphilic nature leads to the
adsorption at the air-liquid interface, altering particle coating patterns
away from typical coffee-ring depositions [36,37,38,39]. Despite these
observations, the potential of PNIPAM’s thermo-responsive properties
for modulating the CRE remains largely unexplored. Therefore,
leveraging PNIPAM as the outer shell of BCP/particle assemblies could
offer an effective approach to controlling the drying dynamics of sessile
suspension droplets in inkjet coating processes.

In this study, we employ particles coated with thermo-responsive
BCPs to regulate the drying pattern of particle suspensions via temper-
ature modulation. Initially, silica (Si) particles were encapsulated within
a poly(methyl methacrylate-b-N-isopropylacrylamide) (PMMA-b-PNI-
PAM) BCP shell formed through a solvent exchange process, yielding Si-
PM-PN particles. The encapsulation of Si particles with BCPs and the
thermo-responsive behavior of Si-PM-PN particles in colloidal suspen-
sions were validated using transmission electron microscopy (TEM),
dynamic light scattering (DLS), and surface tension measurements using
a tensiometer. Changes in the mobility of Si-PM-PN particles at different
time scales during suspension drying, influenced by the thermo-
responsive properties of the PNIPAM chains, were monitored via
multi-speckle diffusing wave spectroscopy (MSDWS) under various
temperature conditions. Furthermore, the movement of Si-PM-PN par-
ticles within a sessile droplet during drying was observed using an op-
tical microscope. The resultant particle arrangement after suspension
drying was examined using scanning electron microscopy (SEM) and a
noncontact surface profiler.

2. Materials and methods
2.1. Synthesis of PMMA-b-PNIPAM block copolymers

The PMMA-b-PNIPAM block copolymer was synthesized via revers-
ible addition-fragmentation chain-transfer (RAFT) polymerization, as

illustrated in Fig. 1 [40,41]. The molecular weights and block pro-
portions of the components in PMMA-b-PNIPAM were tailored to ensure
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stable coverage on particle surfaces and to exhibit notable thermo-
responsive behaviors [42,43]. Initially, a mixture of methyl methacry-
late (MMA, monomer, MW = 100.121 g/mol, DAEJUNG, Siheung-si,
Republic of Korea), 2,2-azobis(isobutyronitrile) (AIBN, radical initi-
ator, MW = 164.21 g/mol, Sigma-Aldrich, St. Louis, MO, USA), 4-cyano-
4(phenylcarbonothioylthio)pentanoic acid (CPCP, RAFT agent, MW =
279.38 g/mol, Sigma-Aldrich, St. Louis, MO, USA), and toluene (DAE-
JUNG, Siheung-si, Republic of Korea) was prepared in a reaction vessel.
The molar ratio of the monomer, radical initiator, and RAFT agent was
set to 200/0.1/1, with the mass of toluene equivalent to that of the MMA
monomer. The vessel was sealed using a latex stopper with two needles
installed for gas substitution, and then filled with Ar gas through the
inlet needle. Subsequently, the vessel was heated to 70 °C, and the
mixture was stirred for 2 h and 15 min. After the reaction, the PMMA-
RAFT was precipitated in cold hexane (DAEJUNG, Siheung-si, Repub-
lic of Korea) and then dried in a vacuum oven (OV-01, Jeio Tech, Dae-
jeon, Republic of Korea). The resulting PMMA-RAFT was analyzed by
gel permeation chromatography (GPC, Waters 1515 pump, Water 2414
refractive index detector, Waters Corp., Milford, MA, USA), yielding a
number-average molecular weight (M) of 4,000 g/mol and a poly-
dispersity index (PDI) of 1.11 (Table 1).

Subsequently, N-isopropylacrylamide (NIPAM, MW = 113.16 g/mol,
Sigma-Aldrich, St. Louis, MO, USA) was added to the ends of the PMMA-
RAFT chains. NIPAM, AIBN, and PMMA-RAFT were dissolved in toluene
at a molar ratio of 200/0.1/1 in a reaction vessel filled with Ar gas. The
vessel was then heated to 80 °C using an oil bath, and the mixture was
stirred for 36 h. After the reaction, the resulting PMMA-b-PNIPAM-RAFT
copolymer was precipitated in cold diethyl ether (DAEJUNG, Siheung-si,
Republic of Korea) and subsequently dried under vacuum. Finally, the
RAFT end groups were removed by reacting with an excess amount of
AIBN. The M,, and PDI of the final PMMA-b-PNIPAM (PM-PN) BCP were
determined to be 11,500 g/mol and 1.09, respectively, using GPC
(Table 1). The molar ratio between the PMMA and PNIPAM blocks in the
PM-PN BCP was confirmed to be 1:2 through 'H nuclear magnetic
resonance (NMR) spectroscopy (500 MHz FT-NMR spectrometer,
Bruker, Billerica, MA, USA) (Fig. 2), consistent with the GPC results
(Table 1). The temperature-dependent behaviors of PM-PN BCPs in
water were investigated in the form of micelles, and detailed experi-
mental methods and results are provided in Sections S1.1 and S1.2 of the
Supplementary Material.

2.2. Encapsulation of silica particles with PMMA-b-PNIPAM block
copolymers through solvent exchange

2.2.1. Determining solvent composition for the solvent exchange method
For the solvent exchange method, DI water and acetone (DAEJUNG,

Table 1
Number-average molecular weight (M,) and polydispersity index (PDI) of
PMMA-RAFT and PMMA-b-PNIPAM.

Property PMMA-RAFT PMMA-b-PNIPAM
M, (g/mol) 4,000 11,500
PDI (M,,/M,) 111 1.09
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Fig. 1. Schematic representation of PMMA-b-PNIPAM synthesis via RAFT polymerization.
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Fig. 2. 'H NMR spectra of synthesized PMMA-b-PNIPAM.

Siheung-si, Republic of Korea) were chosen to facilitate the formation of
an encapsulating PM-PN layer, with inner PMMA segments and outer
PNIPAM segments. This choice was made because PMMA is soluble only
in acetone, while PNIPAM is soluble in both solvents. To determine the
suitable range of solvent compositions for the formation of PM-PN BCP
assemblies or micelles, samples were prepared by dissolving 0.06 g of
PM-PN BCPs in acetone, followed by the gradual addition of water. The
total volume of the solvent mixture was 3 mL, and the volume fraction of
water varied from 0.1 to 0.9. Subsequently, the samples’ apparent states
were observed, and the hydrodynamic diameters of the PM-PN BCPs in
the solvent mixtures were measured using DLS (BI-200SM, Brookhaven
Instruments, Holtsville, NY, USA) after dilution with a solvent mixture of
the same composition [27], as illustrated in Fig. 3. It was verified that
PM-PN BCP assemblies or micelles were formed between 0.5 and 0.9 of
the water volume fraction for 0.06 g of PM-PN BCPs in a 3 mL water/
acetone mixture.

2.2.2. Encapsulation of silica particles via the solvent exchange method
Si particles with a diameter of 1 pm (NanoCym, Scottsdale, AZ, USA)
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Fig. 3. (a) Apparent states and (b) hydrodynamic diameter results of PMMA-b-
PNIPAM in water-acetone mixture as a function of water volume fraction.

were encapsulated with PM-PN BCPs through a self-assembly process
driven by solvent exchange using water and acetone (7:3 volume ratio of
solvent mixture) as the solvent medium, as depicted in Fig. 4 [27,28].
Initially, 0.06 g of PM-PN BCPs were added to 0.9 mL of acetone to
prepare the PM-PN BCP solution, and 0.02 g of Si particles were
dispersed in the solution using an ultrasonic processor (VC-505, Sonics
and Materials, Newtown, CT, USA). Subsequently, 2.1 mL of DI water
was slowly added to the mixture at a rate of 0.05 mL/min under mag-
netic stirring at 1,200 rpm. Following the addition of DI water, the
mixture was sonicated with an ultrasonic processor for 30 min in a
cooling bath and then stirred with a magnetic bar at 1,200 rpm for 4 h.
The resulting Si particles encapsulated with PM-PN BCPs (Si-PM-PN
particles) underwent purification through a centrifugation process, fol-
lowed by re-dispersion in DI water and centrifugation again to remove
any residual PM-PN BCP assemblies. Finally, the Si-PM-PN particles
were dispersed in DI water to obtain a suspension of 3 wt%. It is note-
worthy that the concentration of the Si-PM-PN suspension was deter-
mined based on the initially added mass of Si particles, focusing solely
on the encapsulating BCP layer, in comparison with a Si suspension with
the same concentration of 3 wt%, as outlined in detail in Table 2. The
experimental methods and results for characterizing the Si-PM-PN par-
ticles are described in Sections S2.1 and S2.2 of the Supplementary
Material.

2.3. Temperature-dependent behavior of Si-PM-PN particles in suspension

2.3.1. Hydrodynamic diameters of Si and Si-PM-PN particles in
suspensions

To explore the temperature-dependent behavior of the Si-PM-PN
particles in an aqueous medium, the hydrodynamic diameters of both
the Si and Si-PM-PN particles were measured multiple times at 25 and
40 °C, representing temperatures below and above LCST, respectively.
DLS was employed for measurements including DLS intensity correla-
tion functions, while ensuring a single scattering event by diluting the
samples. For measurements at 40 °C, the sample was heated and then
diluted before analysis. Also, the size anlysis of the Si-PM-PN particles
near the LCST of PNIPAM was conducted, with detailed results described
in Section S3 of the Supplementary Material.

2.3.2. Microstructures in Si and Si-PM-PN suspensions

The microstructures in the Si and Si-PM-PN suspensions at 25 and
40 °C were examined using TEM (Tecnai 20, FEI, Hillsboro, OR, USA)
and correlated with the hydrodynamic diameter measurements. Diluted
samples, identical to those used for the hydrodynamic diameter mea-
surements, were deposited onto plasma-cleaned TEM grids and allowed
to dry under atmospheric conditions.

2.3.3. Real-time surface tension measurement of Si and Si-PM-PN
suspensions with changing temperature
The surface tensions of the Si and Si-PM-PN suspensions were
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Fig. 4. Schematic illustration of encapsulating Si particles with PMMA-b-PNIPAM using solvent exchange method.
captured speckle images comprising 960 x 1,280 pixels with a time
;‘able 12t' £ Si and SiPM.PN particl. . interval of 0.03 s. Note that speckle image patterns were more influ-
ormuiations of 5t and SI-TA-HN particle Suspensions. enced by the mobility of particles near the top surface of a sessile droplet
Suspension Si Si-PM-PN due to the nature of this speckle interferometry technique [46]. The
Si particle (g) 0.02 0.02 images obtained from the CMOS line scan camera and CCD were inter-
PM-PN BCP (g) - 0.0584 preted using the autocorrelation function and the inertia moment of the
DI water (g) 0.64 0.64 matrix [46,47,48,49], respectively.
Concentration (wt%, with respect to Si particle) 3 3

measured in real-time by varying the temperature using a tensiometer
(DCAT11, Data Physics, Filderstadt, Germany) equipped with a ther-
moplate (TPi-SX, Tokai Hit, Fujinomiya, Japan). A platinum-iridium
plate measuring 10 mm in length, 19.9 mm in width, and 0.2 mm in
thickness was immersed in the samples at 25 °C for 240 s. The tem-
perature was then increased to 40 °C at a rate of 0.3 °C/s for 50 s and
maintained for 1,510 s. Surface tension was measured every 0.2 s
throughout the 1,800 s duration, and the measurement was repeated
several times to ensure the reliability of the data.

2.4. Characterization of Si and Si-PM-PN particle motions in suspension
droplets during drying using multi-speckle diffusing wave spectroscopy
(MSDWS)

2.4.1. Measurement of particle motion with MSDWS

Particle mobility was analyzed using MSDWS on both short (less than
107! s) and long time scales (greater than 10° s), and the analysis were
repeated several times to ensure the robustness of data [44,45]. For
MSDWS measurements, 1 pL sessile droplets of the Si and Si-PM-PN
suspensions were deposited on a glass substrate and maintained at
temperatures of 25 and 40 °C during drying under a constant relative
humidity of 33 %. The droplets were illuminated with light from a
temperature-stabilized laser (DPGL-2200, Jinsung Laser, Daejeon, Re-
public of Korea) with a wavelength of 532 nm, an output power of 200
mW, a beam diameter of 1 mm, and the TEMOO beam mode. The scat-
tered light was captured using two types of cameras: a CMOS line scan
camera and a charge-coupled device (CCD), allowing investigation of
particle motions on short (f-relaxation) and long time (o-relaxation)
scales, respectively. The CMOS line scan camera (spL-4096-39 km,
Basler Vision Technologies, Ahrensburg, Germany) with a frame rate of
38.6 kHz provided a speckle line image of 4,096 pixels. Temporal lines
with a time interval of 26 ps were aligned vertically to form images of
4,096 x 4,096 pixels for a lag time of 0.1 s. Conversely, a CCD (Prosilica
GC1290C, Allied Vision, Stadtroda, Germany) with a frame rate of 33 Hz

2.4.2. Interpretation of fast Brownian motion using autocorrelation
function

The fast Brownian motion, known as fg-relaxation, of particles in
suspension droplets during drying plays a critical role in determining the
final droplet patterns. Speckle images captured with a CMOS line scan
camera in a short lag time allow for the qualitative analysis of fast
Brownian motion using the autocorrelation function (g — 1), as defined
in Eq. (1).

(In(tw + 7)In(tw))

gz(tW,r)—lzm_l v

Here, I, represents the light intensity at the n-th pixel, (---), denotes the
ensemble average over the pixels, and t, and 7 denote the drying time
and lag time, respectively. g2 — 1 in Eq. (1) at each drying time was
normalized to achieve an initial value of unity.

2.4.3. Analysis of particle mobility on long time scales using the inertia
moment of the matrix

The transient variation of particle motion on long time scales, known
as a-relaxation, during drying is crucial as it relates to the structural
rearrangements of particles, which are challenging to analyze on short
time scales (B-relaxation) [44]. Particle motion over long time scales can
be interpreted using the inertia moment (IM) of the matrix
[46,47,48,49]. Initially, the center row, comprising 1,280 pixels in each
speckle image captured by a CCD at intervals of 0.03 s, was selected as
representative data for the corresponding capture time. These repre-
sentative rows were then aligned in the vertical direction for 5 s to form
images comprising 165 x 1,280 pixels at each capture time. The pixels
were converted to digits from 0 to 255 based on their brightness, and the
co-occurrence matrix (COM) was formed, as shown in Eq. (2)

COM = [Ny] 2)
Here, Ny represents the number of occurrences of brightness value i at a

pixel in all rows, except the last row, and the brightness value j at a pixel
in the same column in the next row of the speckle image of 165 x 1,280
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pixels. If the particles exhibit higher mobility, the diagonal terms in the
COM become less crowded. For convenience, the COM was normalized
by dividing the value in each row by the sum of the corresponding rows
to form a modified COM (MCOM), as shown in Eq. (3)

N;

. 3)
2N

MCOM = M; =

The distribution of My with respect to the diagonal terms in the MCOM
can be interpreted using IM, as in Eq. (4).

M=} My(i—j)* )

The IM values during drying were normalized from O to 1 using Eq. (5).
If the transient variation in particle motion is significant, the normalized
IM (IMy) approaches unity.

IM; — IMmin

IMy=——— %)
0 IMmax - IMmin

2.5. Observation of Si and Si-PM-PN suspension sessile droplets during
and after drying

2.5.1. Observation of Si and Si-PM-PN sessile suspension droplet edges
during drying

To observe particle movement in a sessile droplet during drying, 1 pL
sessile droplets of the dilute Si and Si-PM-PN suspensions (0.15 wt%)
were placed on a glass substrate, where the temperature was controlled
using a thermoplate (TPi-SX, Tokai Hit, Fujinomiya, Japan). The edges
of the droplets were observed using an optical microscope (MCX500,
Micros Austria, Gewerbezone, Austria). The temperature and relative
humidity were maintained at the same values as those described in
Section 2.4.1.
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2.5.2. Dried patterns of Si and Si-PM-PN sessile suspension droplets

1 pL sessile droplets of the Si and Si-PM-PN suspensions (3 wt%) were
deposited onto the glass substrate, and the substrate was then placed on
the hot plate to maintain the specified temperature during drying under
a constant relative humidity condition, as described in Section 2.4.1.
The dried droplet patterns were observed using SEM (S-4800, Hitachi,
Tokyo, Japan) and their 2-D profiles were obtained using a non-contact
surface profiler (Contour GT-K, Bruker, Billerica, MA, USA).

3. Results and discussion

3.1. Temperature-dependent behaviors of Si and Si-PM-PN particles in
suspension

3.1.1. Microstructures in Si and Si-PM-PN suspensions

Surface modification of Si particles with PM-PN BCPs was achieved
through a solvent exchange method. This method leverages the inter-
play between two factors: (i) the tendency of PM-PN BCPs to form mi-
celles due to the low solubility of PMMA in water, and (ii) hydrogen
bonding between the carbonyl group (C = O) in PMMA and the silanol
group (—SiOH) on the Si particle surface [50,51]. This process resulted
in Si-PM-PN particles with thermo-responsive properties akin to PNI-
PAM (Figs. S1, S2, and S5). Fig. 5 depicts the hydrodynamic diameters of
Si and Si-PM-PN particles measured at 25 and 40 °C using DLS, along
with TEM observations of their microstructures. Note that the sample at
40 °C was prepared through heating and subsequent dilution. In the Si
suspension, particles consistently exhibited a hydrodynamic diameter of
approximately 1 pm with a narrow distribution (Fig. 5a). This diameter
remained unchanged across temperatures, consistent with the rapid
decay of the intensity correlation function at the early lag time (Fig. S6).
TEM imaging revealed a clean particle surface (Fig. 5c). Conversely, in
the Si-PM-PN suspension at 25 °C, the hydrodynamic diameter was

(c) Si 25 °C
400 nm 100 nm

(d) Si-PM-PN 25 °C

'

400 nm 100 nm

(e) Si-PM-PN 40 °C

Fig. 5. (a) Particle size distributions and hydrodynamic diameters, (b) schematic illustrations, and (c)-(e) TEM images of Si and Si-PM-PN particles at 25 and 40 °C.

The sample for 40 °C was prepared by heating and subsequent dilution.
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slightly larger and exhibited a narrow distribution, approximately 1.2
pm (Fig. 5a). This corresponds to the rapid decay of the intensity cor-
relation function at a slightly later lag time (Fig. S6). This slight increase
in diameter could be attributed to the homogeneous encapsulating PM-
PN BCP layer (Figs. 5d, S3, and S4). The hydrophilic amide group of
PNIPAM fostered interactions with water molecules via hydrogen
bonding, resulting in a well-dispersed Si-PM-PN suspension. Upon
increasing the temperature to 40 °C, surpassing the LCST of PNIPAM, the
hydrodynamic diameter notably increased, accompanied by a signifi-
cantly broader distribution (Fig. 5a). Additionally, the intensity corre-
lation function started to decay slowly at a much later lag time (Fig. S6).
This phenomenon occurred due to aggregation of some Si-PM-PN par-
ticles via hydrophobic interactions arising from the coil-to-globule
transition of the PNIPAM chains, disrupting hydrogen bonding be-
tween water and the amide group (Figs. 5b and 5e) [52]. Notably,
shrinkage of the PM-PN BCP coating layer was negligible (Fig. 5e). This
observation is comparable to the layer at 25 °C (Fig. 5d), because TEM
imaging was conducted in the dried state under vacuum [53,54].

3.1.2. Air-water interfacial activity of Si and Si-PM-PN particles in
suspension

To investigate the impact of the thermo-responsive PNIPAM layers
on the air-water interfacial activity of Si-PM-PN particles in suspension,
real-time measurements of surface tensions were conducted for DI
water, 3 wt% Si suspension, and 3 wt% Si-PM-PN suspension with
changing temperature, and comparisons were made (Fig. 6). For DI
water, the surface tension slightly decreased from 72 to 70 mN/m as the
temperature increased from 25 to 40 °C due to the weakening of cohe-
sive forces caused by volume expansion from higher molecular thermal
activity [55]. Similarly, the Si suspension displayed a comparable sur-
face tension behavior, indicating that particles were not predominantly
present at the air-water interface. However, in the case of the Si-PM-PN
suspension, the surface tension value was initially lower and continued
to decrease as the temperature rose to 40 °C. This suggests that Si-PM-PN
particles moved and were adsorbed at the air-water interface above the
LCST of PNIPAM [56,57]. The adsorption of particles originates from the
strong affinity of the hydrophobic PNIPAM chains for the air-water
interface [58].

3.2. Drying behavior of Si and Si-PM-PN sessile suspension droplets as a
function of temperature

3.2.1. Dynamics of Si and Si-PM-PN particles during drying of suspension
droplets on short time scales
Particle mobility for 1 pL-sized 3 wt% Si and Si-PM-PN suspension

76 50
g 74 +
= e e e e e e e e m - — 40
Z | —
72 0]
c I
o)
.g 70 = 30 §
[
< esf 5
b |- - - Temperature 20
g —— Water O
66 - .
03) |—Si
—— Si-PM-PN
64 T T T T T 10
0 300 600 900 1200 1500 1800
Time (s)

Fig. 6. Real-time surface tension variations of water, 3 wt% Si, and 3 wt% Si-
PM-PN suspensions with changing temperature.
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droplets during drying on short time scales was assessed using MSDWS
and qualitatively analyzed using an autocorrelation function, as depic-
ted in Figure S7. To compare them, the characteristic time, when the
autocorrelation function curve for each drying time decreased to 0.6,
was plotted (Fig. 7) [44,59,60]. With increasing drying time, the auto-
correlation functions gradually decreased, and the characteristic time
increased accordingly due to solvent evaporation, constraining the space
for rapid particle movement. Towards the end of the drying stage, the
autocorrelation function remained at a constant value of unity, indi-
cating particle jamming due to solvent removal.

At 25 °C, the Si-PM-PN particles exhibited relatively lower mobility
than that of the Si particles (Figs. S7a and S7c¢), evident from the higher
characteristic time values in the Si-PM-PN suspension droplet (Fig. 7).
This was primarily attributed to the encapsulating BCP layer on the Si-
PM-PN particle, which increased particle size and reduced mobility
(Figs. 5a and 5d). At 40 °C, the autocorrelation function decreased more
rapidly during the early drying stage, and lower characteristic times
were measured in both suspension droplets compared to those at 25 °C
(Figs. S7b and S7d). This acceleration was due to the high substrate
temperature inducing greater thermal motion of the particles initially.
Additionally, Si-PM-PN particle mobility was slightly lower than that of
Si particles during drying. Besides the encapsulating BCP layer, some Si-
PM-PN particle aggregates, formed due to hydrophobic interactions at
temperatures above the LCST of PNIPAM (Figs. 5a, 5e, and S5), can be
considered an additional factor reducing mobility. However, if the ag-
gregates sediment during drying, the autocorrelation functions for the
Si-PM-PN droplet at 40 °C would decay much slower [59]. Thus, when
considering that the characteristic times of the Si-PM-PN particles at
both 25 °C and 40 °C increased at the same ratio compared to those of
the Si particles (Fig. 7), it is reasonable that the particle behavior in the
Si-PM-PN suspension droplet at 40 °C was not primarily influenced by
sedimentation.

3.2.2. Dynamics of Si and Si-PM-PN particles during drying of suspension
droplets on long time scales

The temporal evolution of particle motion in 1 pL-sized 3 wt% Si and
Si-PM-PN suspension droplets during drying over long time scales was
delineated by IM, patterns, as depicted in Fig. 8. Two distinct drying
phases emerge from these patterns: the compacting and air-invading
stages [49]. During the compacting stage, the IM, value escalated
with drying progression due to the particles exhibiting swift motion
propelled by intensified capillary flow [61,62,63]. Conversely, in the
air-invading stage, solvent flow to the menisci in small pores becomes

Si  Si-PM-PN

10%F25°C —=— —=—

T T

Characteristic time (s)

Drying time (min)

Fig. 7. Characteristic times, when the autocorrelation functions decreased to
0.6, for 1 pL-sized 3 wt% Si and Si-PM-PN suspension droplets during drying at
25 °C and 40 °C.
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Fig. 8. Normalized inertia moment (IMy) of the matrix of 1 pL-sized 3 wt% Si and Si-PM-PN suspension droplets during drying at (a) 25 °C and (b) 40 °C.

dominant owing to capillary pressure [64,65,66]. Consequently, the IM,
value rapidly decreased to 0 by the absence of bulk flow. At 25 °C,
during the compacting stage, IMy values for the Si-PM-PN suspension
droplet mirrored those of the Si suspension droplet (Fig. 8a), indicating
that particles experienced outward capillary flow in both suspensions.
Notably, at 40 °C, the Si-PM-PN suspension droplet exhibited higher IM,
values compared to the Si suspension droplet during the compacting
stage (Fig. 8b), implying that Si-PM-PN particles could exhibit greater
mobility over long time scales. Therefore, besides being influenced by
outward flow during droplet drying, another factor might promote
particle mobility. It is conceivable that in this measurement, the
behavior of particles near the air-water interface played a significant
role in shaping the IM, patterns as mentioned in Section 2.4.1. Conse-
quently, it is plausible that at 40 °C, Si-PM-PN particles underwent rapid
motion near the air-water interface, which was consistent with the
surface tension measurements (Fig. 6).

3.2.3. Particle movement in Si and Si-PM-PN suspension droplets

To physically interpret particle motion and correlate the mobility of
Si-PM-PN particles at 40 °C (Fig. 8b), the edges of 1 pL-sized Si and Si-
PM-PN suspension droplets, diluted to 0.15 wt%, were primarily
observed using an optical microscope after 3 min of drying (Supple-
mentary Videos 1-4). For the Si suspension droplet at both 25 and 40 °C,
and the Si-PM-PN suspension droplet at 25 °C, particles continuously
migrated toward the droplet edge due to outward capillary flow (Sup-
plementary Videos 1-3). However, in the Si-PM-PN suspension droplet

180 s

Si-PM-PN 40 °C | 186 s

Si-PM-PN 40 °C | 204 s

198 s

Si-PM-PN 40 °C

Si-PM-PN 40 °C 210 s

at 40 °C, some particle aggregates were observed to adsorb onto the
air-water interface and move toward the center along the interface by
inward flow, while other particles were still influenced by outward flow
(Fig. 9 and Supplementary Video 4). This occurred because the adher-
ence of particles at the air-water interface, combined with the temper-
ature gradient, induces a large surface tension gradient along the droplet
interface, which is sufficient to initiate an inward flow [15,16,18].
Consequently, this movement resulted in the high Si-PM-PN particle
mobility measurement at 40 °C over long time scales (Fig. 8b). Note that
high temperature alone cannot be considered the sole factor affecting
droplet patterns through the induction of inward flow, such as thermal
Marangoni flow [15,16], in the system. This is evidenced by the absence
of inward flow observed in the Si suspension droplet at 40 °C (Supple-
mentary Video 2).

3.2.4. Dried patterns of Si and Si-PM-PN suspension droplets

SEM images and cross-sectional 2-D profiles of the 1 pL-sized 3 wt%
Si and Si-PM-PN sessile suspension droplets dried at both 25 and 40 °C
are presented in Fig. 10. For the Si suspension droplets dried at both
temperatures, the CRE was pronounced due to outward capillary flow,
resulting in a high edge height compared to the center height (Figs. 10a,
10b, and 10c). Additionally, in the Si-PM-PN suspension droplet dried at
25 °C, the CRE remained prominent (Figs. 10d and 10f). However, at
40 °C, the droplet pattern underwent a significant change, exhibiting a
more uniform distribution (Figs. 10e and 10f). This change is attributed
to increased particle migration toward the center during drying, leading

192 s Si-PM-PN 40 °C

Si-PM-PN 40 °C

Fig. 9. Optical snapshots capturing the edges of 1 pL-sized Si-PM-PN suspension droplets during drying at 40 °C. The samples were diluted to 0.15 wt%.
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Fig. 10. SEM images capturing 3 wt% Si suspension droplets at (a) 25 °C and (b) 40 °C, along with (c) 2-D profiles of the droplets. SEM images of 3 wt% Si-PM-PN
suspension droplets at (d) 25 °C and (e) 40 °C, along with (f) their respective 2-D profiles.
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Fig. 11. Schemes depicting the drying processes of Si-PM-PN suspension droplets at (a) 25 °C and (b) 40 °C.
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to an elevated height in the central region and a decreased height at the
edge, as discussed in Section 3.2.3. Therefore, a high temperature above
the LCST of PNIPAM induced a change in the droplet pattern due to the
thermo-responsive behavior of the Si-PM-PN particles.

3.3. Mechanism of Si-PM-PN suspension droplet drying as affected by
temperature

Based on drying behaviors and droplet patterns, the drying process of
Si-PM-PN suspension droplets at 25 and 40 °C can be elucidated in five
steps, as portrayed in Fig. 11. In the initial drying stage, particles
migrated to the edge due to outward capillary flow in both cases. At this
point, the thermo-responsive characteristics of the PNIPAM brushes on
the Si-PM-PN particles did not significantly alter the drying behavior. At
25 °C, particle accumulation at the edge persisted until drying was
complete, resulting in a pronounced coffee-ring pattern (Fig. 11a).
However, at 40 °C (Fig. 11b), as more particles accumulated near the
edge after sufficient drying time, the increased hydrophobicity of the
PNIPAM brushes caused particles to position themselves at the air-water
interface and aggregate [58]. Subsequently, a high surface tension
gradient induced by the relatively high temperature and air-water
interfacial particles prompted the migration of interfacial particles to-
ward the central region along the droplet interface, while the solvent
continued to evaporate during drying. Ultimately, a uniform droplet
pattern emerged, deviating from the typical strong coffee-ring pattern.

4. Conclusion

Thermo-responsive Si-PM-PN particles were engineered by encap-
sulating Si particles with PM-PN BCPs using a solvent exchange method
to tailor coffee-ring patterns. Their thermo-responsive behaviors in
suspension were validated with DLS, TEM, and a tensiometer at two
different temperatures (25 and 40 °C), below and above the LCST,
respectively. At 40 °C, the BCP coating layer contracted, leading to ag-
gregation of the Si-PM-PN particles, while the dispersion of Si-PM-PN
particles remained uniform at 25 °C. Additionally, as the temperature
increased from 25 to 40 °C, the Si-PM-PN particles were observed to
adsorb onto the air-water interface by hydrophobic interactions. The
drying behaviors of Si and Si-PM-PN suspension droplets at 25 and 40 °C
were investigated using MSDWS. The autocorrelation functions
throughout the drying process indicated that Si-PM-PN particles
exhibited slower motion on short time scales due to the encapsulating
layer at both temperatures. However, the inertia moment of the matrix,
describing particle mobility on long time scales, revealed that Si-PM-PN
particles exhibited greater movement compared to Si particles at 40 °C,
suggesting additional behavior of Si-PM-PN particles near the air-water
interface at this temperature. For a detailed analysis, the edge of the
suspension droplet was examined using an optical microscope. At 40 °C,
it was confirmed that Si-PM-PN particles adsorbed at the air-water
interface due to increased hydrophobicity and migrated toward the
central region along the interface due to surface tension gradients
originating from the temperature and particles at the air-water inter-
face. Consequently, the droplet pattern of the Si-PM-PN suspension
transitioned from a pronounced coffee-ring pattern at 25 °C to a more
uniform pattern at 40 °C. Our approach, utilizing thermo-responsive
particles, holds promise for particulate suspension applications where
coffee-ring patterns are undesired.
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