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Sessile droplet evaporation is a fundamental natural process that plays an important role in inkjet
printing-based two-dimensional (2D) thin-film fabrication. The deposit kinetics and the nature of the
deposition of microparticles are well-known; however, studies on nanoparticle-laden droplet evapora-
tion have only recently been reported by our laboratory. The unique chemical phenomena associated
with evaporating droplets need special attention in order to harness the potential of their applications.
Apart from the physical phenomena of fluid dynamics and nanoparticle movement, understanding the
chemistry on the surface of nanoparticles and chemical interactions between nanoparticles and solvent
in the deposits is of great importance. In our investigations, we have used surface-enhanced Raman
spectroscopy to monitor the deposition of chemically functionalized nanoparticles, chemical
interactions, and reactions on the surface of deposited nanoparticles at the three-phase contact line.
This review highlights the discovery of single-phase transitions in the deposition of plasmonic
nanoparticles of different sizes and initial concentrations, as opposed to the well-known gradual
deposition of microparticles. Importantly, the study led to the distinction between intrananoparticle and
internanoparticle plasmon-catalyzed reactions. The effect of the pH of the medium on the transition
Received 23rd February 2026, from single to multiple steps of deposition of nanoparticles and their distribution across the annulus of
Accepted 8th April 2026 the ring deposit constitutes important observations in this regard. A salient feature is the observation of
DOI: 10.1039/d6cc01128d anomalous 2D crystal formation upon evaporation of droplets of molecular solutions. Finally, this article
concludes by discussing the potential of the newly discovered chemistry of nanoparticle deposition for
rsc.li/chemcomm future research in liquid-based printing and 2D moiré superlattices.
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1. Introduction

Pursuing the chemistry of evaporating sessile droplets assumes
significance in the wake of current advancements in manufac-
turing sensors, catalysts, and biomedical devices by the utiliza-
tion of inkjet printing at various length scales.' While the
chemistry in microdroplets is currently a scientific focus,
especially in catalysis-free chemical reactions, studies on the
chemistry occurring in evaporating droplets have yet to gain
momentum. A sessile droplet is more than a system of evapo-
rating solvent and depositing particle: it is a sophisticated non-
equilibrium process that can provide a high order of temporal
and spatial control for the assembly of nanoscale particles
and molecules.*”® Moreover, sessile droplets can concentrate
solutes, drive local parameter gradients (such as concentration),
and direct nanoparticle assembly and orientation through
evaporation.” Therefore, an evaporating sessile droplet can
act as a ‘chemical micro-laboratory’ that allows precise moni-
toring of novel physical and chemical processes that are
difficult to observe in the bulk liquid or solid state. Beyond
the common air-liquid or solid-liquid interfaces, the charac-
teristics of droplets within the surrounding fluid or complex
colloids also represent areas of significant growth in indus-
trial techniques and biomedical engineering. For example, the
presence of external fluid introduces an extra degree of free-
dom, which has been useful for ‘breath-figure’-driven templat-
ing on evaporating polymer solution,® enhanced oil recovery by
manipulating droplets,” and targeted drug delivery using fat
drops through the bloodstream."® Thus, advanced research in
the field is of significance because the deposition kinetics and
the structure of the deposited nanoscale particles or molecules
(in the form of a ring, popularly known as the ‘“coffee ring”)
determine the application potential of the deposited entities.
Controlling the nature of the deposited structure is also impor-
tant for maximizing the application potential.
Evaporation-induced particle deposition is a complex and
fascinating phenomenon that bridges colloid science, fluid
dynamics, and surface and interface chemistry. This apparently
basic action is present in many natural processes, such as
mineral and salt deposits, dew and leaf patterns, and biofilm
formation, in industrial applications, such as in the inkjet
printing of electronics, flexible devices and wearables, and in
healthcare applications, such as printing of artificial cartilage,
skins and cellular structure."'™*® The particle or solid deposi-
tion during the evaporation of the solvent is strongly dependent
on particle size and shape, the nature of the solvent, the
morphology of the substrate, and temperature and humidity
conditions, which can drastically alter the deposition pattern
and dynamics.'®® Advances in experimental methods using
optical microscopy have enhanced our understanding of particle
motion, dynamics, and deposition.>* For example, horizontal
advective motion of micron-sized particles during the formation
of the ‘coffee ring’ was revealed by fluorescence microscopy and
videography.*® During the evaporation of the solvent, the physi-
cal state of the particles inside a sessile droplet changes from the
dispersion phase to deposited phase. It has also been found that
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the microparticles are transported from the bulk phase to the
pinned three-phase contact line (TPCL) due to enhanced eva-
poration of the solvent there.?® The transportation and deposi-
tion occur linearly with time, accompanied by a sudden jump at
the final leg of drying.>>*® The end result is the “coffee ring”
deposit.

On the other hand, such detailed examinations are important
for nanoparticle and molecular systems, owing to their impact
on applications such as biomolecular sensing, high-resolution
device fabrication, and solid-state plasmon catalysis.”” > Nano-
particles are often functionalized with small molecules serving
as ligands to improve their stability in the dispersion medium,
for organization into higher-order structures, and for practical
applications.>®*' The chemical nature of the ligand-stabilized
particles is key to their organization into higher-order hierarch-
ical structures and for functions such as molecular recognition
and sensing. Weak intermolecular forces, such as electrostatic
and van der Waals interactions, and weak chemical forces,
such as hydrogen bonding, play important roles in the afore-
mentioned functions.*? By altering the surface chemistry of the
particles, for example, through the incorporation of reactive
functional groups, the interactions between the particles can be
modulated, which may result in novel forms of deposition.>?

When the depositing nanoparticles carry reactive functiona-
lized molecules, the formation of chemical bonds between the
molecules on a nanoparticle surface or between two or more
nanoparticles results in altered deposition characteristics.
Furthermore, the chemical reactions on the surface of deposit-
ing nanoparticles before, during, and following deposition
may significantly influence the overall deposition mechanism.
Moreover, the deposition mechanism may vary depending on
the location at the TPCL; for example, depositions at the outer,
middle, and inner boundary of the ring could differ with
respect to their times as well as the nature of deposition.
Therefore, a deeper chemical understanding is necessary to
effectively modulate the evaporation-induced nanoparticle
deposition. Surface chemistry at the molecular level, such as
chemical interactions between the molecules on the particles,
interaction between the solvent and the surface of the particles
and chemistry of the solvent, are also key factors that influence
the deposition mechanism.

Metal nanoparticles have the unique ability to host the
localized surface plasmon.>* The presence of resonant external
electromagnetic radiation of appropriate frequency results in
an enhancement of the local electric field in the vicinity of an
individual nanoparticle, which is referred to as localized sur-
face plasmon resonance (LSPR).** In addition, plasmonic ‘hot
spots’, with a higher localized electric field, are generated at the
interface of two adjoining nanoparticles.*® This amplified field
in the agglomerated or solid state boosts the photocatalytic
efficiency and significantly enhances Raman scattering.”
In the dispersion phase, the particles are far from each other,
and, thus, Raman scattering efficiency remains low, usually
preventing meaningful measurement results. On the other
hand, when the nanoparticles are deposited on a substrate
surface, plasmonic ‘hot-spots’ are generated that significantly
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enhance the scattering efficiency. Therefore, surface-enhanced
Raman spectroscopy (SERS) can be utilized to monitor nano-
particle deposition kinetics at the TPCL.*® Moreover, chemical
interactions on the surface of the nanoparticles can also be
monitored from the vibrational Raman signals of the func-
tional groups of the ligands stabilizing the nanoparticles.®”

An important question that is relevant here is to ask about
the nature and mechanism of depositions when droplets con-
taining molecular solutions are evaporated. Evaporation of a
molecular solution often produces crystalline materials. It has
recently been reported that molecular crystals can also generate
surface plasmon effects and, thus, could be probed by Raman
spectroscopy.*®*° Therefore, the evaporation-induced solidifi-
cation of molecules through deposition at the TPCL could be
probed using SERS, and a more in-depth understanding of such
depositions could be achieved. This is an open field that needs
attention and may bring new opportunities in understanding
molecular assembly formation, such as crystallization. Pursuing
such investigations could be considered important from the
standpoint of both fundamental science and technology.

This feature article introduces the recent discovery of a novel
deposition mechanism of surface-functionalized nanoparticles,
through a single-phase transition at the TPCL, as probed by
SERS.*° The functional groups of the molecules act as stabiliz-
ing agents for the nanoparticles in the dispersion and also as
chemical probes, giving rise to a significant Raman signal
intensity when the nanoparticles are deposited on the substrate
surface.*® This has led to the discovery of a new chemistry in the
form of distinctions between intrananoparticle and internano-
particle plasmon-catalyzed reactions, which is also reported
herein.*! Interestingly, the deposition characteristics are strongly
dependent on the initial pH of the nanoparticle dispersion; thus,
the photochemical reaction in the medium and in the deposits
led to a competition between them, resulting in multiple steps of
deposition and chemical reactions.*” In addition, the article
highlights the observations of anomalous 2D crystalline deposi-
tions of molecules following evaporation of droplets of their
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solutions.** Raman spectroscopic measurements also revealed
different vibrational features of molecules on the surface and
interior of the 2D crystals, which were further extended to 3D
crystals in order to unravel the generality of the differences
between surface molecular vibrations and those in the interior
of molecular crystals.*?

2. An overview of evaporation-
induced micron-sized particle
deposition

Evaporation of droplets is a general method to concentrate
dispersed particles into a desired deposition pattern. A com-
mon pattern formed by this process is the “coffee-ring”, where
dispersed particles are preferentially deposited at the edge of
the droplet, forming a ring-like stain, as shown in Fig. 1. Earlier
experiments on droplets were focused on the discovery of solvent
evaporation rate and solvent diffusion models. The droplet
can evaporate through a constant contact angle mode (with
decreasing contact radius) or a constant contact radius mode
(with decreasing contact angle).*** It has been reported that
the evaporating sessile droplet is always in a thermodynamic
non-equilibrium condition with the air, and the slightly higher
vapor pressure on the surface of the droplet than in the surro-
unding atmosphere drives the droplet to evaporate.*® The
inhomogeneous evaporation of the solvent from the surface
of a droplet is crucial for the movement of particles inside the
droplet. Geometrical and mathematical models for the evapora-
tion of solvent on a solid surface had also been proposed.*”*8
Later, the enhanced evaporation flux at the TPCL was explained
experimentally and theoretically.*® For a droplet pinned on a
substrate surface, the enhanced evaporation of the solvent
at the TPCL drives advective migration of the particles from
the center towards the contact line. Experimental evidence
obtained by Deegan, based on fluorescence microscopy mea-
surements and theoretical modeling, established that the number

Fig. 1 Schematic of the evaporation-induced “coffee-ring” deposition of micron-sized particles at the three-phase contact line of a droplet.
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of particles deposited at the contact line increases linearly with
time, with accelerated deposition in the final leg of the drying
of the droplet.>® Similar linear deposition of microparticles in wet
environments was found by Boulogne and coworkers.?® In general,
the particles are deposited uniformly across the annulus of
the ring.

2.1. Effect of substrate on solvent evaporation and particle
deposition

The droplet evaporation process is affected by a complex com-
bination of surface chemistry, fluid dynamics and heat transfer.
The evaporation rate of the solvent differs significantly and
becomes more complex when the liquid is placed on a solid
surface, as shown in Fig. 1, compared to that when a fully
spherical droplet is in free space. It has been found that a fully
spherical droplet having contact angle of 180° on a substrate
evaporates slower than the free-standing spherical drop
because of the presence of solid surface which hinders the
evaporation from below the droplet.’® It has also been
reported that the rate of evaporation of solvent is faster on a
hydrophilic substrate than on a hydrophobic surface.”* More-
over, substrate roughness plays a crucial role in the wetting
hysteresis and the evaporation time.>' Surface roughness also
determines the deposited pattern and droplet pinning. With
increasing substrate roughness, the contact angle decreases,
and the effective contact area between the substrate and
droplet increases.”” This leads to an increase in the evapora-
tion rate of the solvent and a strong capillary flow, making a
perfect coffee-ring deposition. This is why we used a commer-
cially available hydrophilic glass substrate in all our experi-
ments described below.
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3. Discovery of a phase-transition
driven deposition of nanoparticles

Our laboratory recently discovered that nanoparticles dispersed
in an evaporating sessile droplet are deposited at the TPCL
through a single transition from dispersion to the deposit
phase.”® The thermal stability of the substrate and its surro-
undings is important because the cooling effect on the droplet
surface is dependent on the thermal properties of the sub-
strate.>® It was also found that, upon decreasing the surrounding
atmospheric pressure, the droplet evaporation rate increased.’*
Hence, before carrying out the evaporation-induced nanoparticle
deposition experiments, the temperature and humidity of
the surrounding environment were kept constant in an air-
conditioned room. The mechanism of deposition was pursued
using SERS with sodium 4-mercaptobenzoate (NaMBA) as the
chemical probe, which functionalized plasmonic gold nano-
particles (AuNPs) in aqueous dispersions. Before the coffee-ring
formation experiment, the AuNPs were functionalized with
NaMBA. The MBA ions easily attached to the surface of
the AuNPs through the formation of strong Au-S bonds.>
We observed coffee-ring formation of NaMBA attached AuNPs
(NaMBA@AuUNPs) under ambient conditions at the TPCL. Stu-
dies on the kinetics of concentration- and size-dependent
particle deposition, and consequent chemical changes sur-
rounding the deposited nanoparticles, revealed novel phenom-
ena that were fundamentally different from the mechanism of
micron-sized particle deposition. In a similar vein, deposition
of molecular crystals from droplets of their solutions was
investigated. The experimental setup that was used is presented
schematically in Fig. 2.

N,

Fig. 2 Schematic of the experimental setup for measuring the coffee-ring formation and related Raman scattering. Reproduced with permission from

ref. 40; Copyright 2023, the American Chemical Society.
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The Raman scattering peak at 1078 cm™ ', which represents
a combination of C—C aromatic ring breathing and C-S
stretching vibrations, was selected to monitor the deposition
of the nanoparticles at the TPCL.?® In particular, changes in the
intensity of the peak over time were used to quantify the
measurements. During the initial 25 min of evaporation, the
Raman signal intensity was negligible (Fig. 3B). Thus, the signal
due to the dispersed particles was absent, making it easier to
follow the depositions. Although droplet height and contact
angle decreased linearly with time (Fig. 3A), a significant
increase in peak intensity occurred at 27.5 min (Fig. 3B), reach-
ing a maximum at 30 min (Fig. 3C), which was followed by a
gradual decrease until 42.5 min. The signal then dropped
sharply when the droplet fully evaporated at 45.0 min. Such
behavior was typical of dispersions containing spherical parti-
cles of a particular size when the droplets were evaporated on a
glass slide under identical experimental conditions.

Initially, as the droplet evaporates, particles are transported
to the TPCL by capillary flow. This would theoretically lead to a
steady, monotonous increase in particle concentration at the
TPCL. Consequently, a continuous rise in signal intensity or
linear deposition of particles could be observed. Solid deposi-
tion not only increases the particle concentration but also
makes plasmonic ‘hot-spots’ around the nanoparticles in aggre-
gates.”® These ‘hot spots’ greatly amplify the Raman signal,
explaining the significant increase in intensity observed in a
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short time window that is commensurate with the transition
from a liquid dispersion to a solid deposit. Therefore, the
deposition of nanoparticles at the TPCL follows a ‘phase
transition’, which is fundamentally different from the micro-
particle deposition mechanism.

Importantly, the drop in the signal intensity following the
phase transition is linked to the loss of water, as water is a
superior dielectric for SERS compared to air.>” To confirm this,
a separate experiment was conducted in which water was added
back to the dried ring at the same spot on the TPCL. As shown
in Fig. 3D, the signal intensities returned to their original high
values upon rehydration and then decreased again after the
water evaporated. The experiment confirmed that the presence
of water directly influences the SERS signal intensity, and the
loss of signal following drying of the droplet was due to the loss
of water surrounding the nanoparticles.

3.1. Nanoparticle concentration- and size-dependent
deposition kinetics

It is reported that, in a mixture of two different-sized particles,
the solid at the outermost boundary of the ring deposit mainly
consists of smaller particles.®® This technique is utilized to
separate particles of different sizes through the formation of
coffee rings.”® In addition, dispersed particle concentration
and ambient humidity are known to affect the microparticle
deposition kinetics and patterns.'®>* Our recent results using
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Fig. 3 (A) Plot of variation in the contact angle and droplet height with time. Black lines are linear fits. (B) Raman spectra of an evaporating droplet
containing NaMBA-AuNP-2 at a fixed spot on the three-phase contact line recorded at different times. (C) Plot of the intensity of the 1078 cm™ Raman
peak vs. time, with the Boltzmann fitting of sigmoidal growth shown as a red curve. (D) SERS spectra of NaMBA-AuNP-2 in wet and dry conditions and
after subsequent addition of water and redrying. The spectra were recorded at the same spot of a coffee ring. Reproduced with permission from ref. 40;

Copyright 2023, the American Chemical Society.
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Fig. 4 Time-dependent intensity variation of the 1078 cm~* Raman peak
of evaporating droplets containing AuNPs at (i) 10 nM, (i) 2.5 nM, and
(i) 1.25 nM initial concentrations and the corresponding fitted curves marking
the phase transition regions, (iv), (v), and (vi), respectively. Reproduced with
permission from ref. 40; Copyright 2023, the American Chemical Society.

the chemical probe on the surface of AuNPs of different con-
centrations and sizes revealed novel results about the deposi-
tion kinetics. Experiments were conducted using 25 nm AuNPs
(AuNP-2) at initial concentrations of 10 nM, 2.5 nM and
1.25 nM. The time-dependent Raman signal intensities at
1078 em ™" for the three different initial AuNP concentrations
are shown in Fig. 4. The times at which the maximum intensity
and hence the phase transition occurred were 24.0 min,
32.9 min, and 41.5 min for the 10 nM, 2.5 nM, and 1.25 nM
concentrations, respectively. Using initial AuNP concentrations
of 10 nM, 2.5 nM, and 1.25 nM, we calculated the phase
transition concentrations to be 11.18 + 2.86 uM, 12.23 +
0.27 uM, and 15.37 % 3.52 uM, respectively. The average phase
transition concentration for the 25 nm AuNP was determined to
be 12.93 + 3.17 uM, representing the transition from the
dispersed to the solid phase.

The surface or liquid-air interface of a sessile droplet usually
tends to flatten into an ellipsoid shape due to gravity. The
mathematical model of ellipsoidal-cap geometry, consider-
ing droplet base radius, contact angle, and height, has been
invoked to explain the solvent evaporation rate, change in drop
volume, and surface area with time.** In our evaporation-
induced coffee-ring formation experiments (mentioned in ref.
40 and in this section), the radii of the sessile droplets were
maintained below the capillary length of the water droplet,
such that the effect of gravity was negligible. Moreover, accord-
ing to the reported results, a small droplet with a contact angle
of less than 90° evaporates in constant contact radius mode and
maintains its spherical cap shape.®® Although the proposed
ellipsoidal model is more accurate, we utilized the spherically
capped droplet model given in ref. 40 to calculate the volume of
the TPCL region where NPs were depositing.
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Fig. 5 Time-dependent intensity variation of the 1078 cm~* Raman peak
of evaporating droplets, each containing 5 nM of NaMBA-capped (i)
15.4 nm AuNPs, (i) 25.3 nm AuNPs, and (iii) 36.4 nm AuNPs and the
corresponding Boltzmann fitted curves marking the phase transition
regions (iv), (v) and (vi), respectively. Reproduced with permission from
ref. 40; Copyright 2023, the American Chemical Society.

During droplet evaporation, the phase-transition time at the
TPCL varied with the size of the AuNPs. For 15.4 nm (AuNP-1)
particles, the phase transition occurred at 45.7 min, while for
25.3 nm (AuNP-2) and 36.4 nm (AuNP-3) particles, the phase
transition times were at 38.2 min and 29.4 min, respectively
(Fig. 5). The difference in phase transition times for different
particle sizes can be attributed to two main factors: (i) particle size-
dependent diffusion behavior and (ii) packing fraction in the solid
deposit. Consequently, smaller particles diffuse more strongly.®*
During evaporation, faster diffusion increases the time required
for smaller nanoparticles to accumulate at the TPCL and reach the
required critical concentration for deposition. The packing fraction
of spherical particles decreases as the diameter increases.®* Fewer
large particles are needed to reach a certain packing fraction and
transition from the dispersed medium to the solid deposit.
Because of this, the largest AuNPs reached the critical concen-
tration for phase transition much sooner than the medium-sized
AuNPs, which, in turn, deposited earlier than the smallest AuNPs.
We observed the concentrations required for the phase transition
of 15.4 nm AuNPs to be 146.10 + 20.99 uM and for 36.4 nm AuNPs
to be 3.21 + 0.12 pM. The experiment with the 25.3 nm AuNPs
showed a phase-transition concentration of 14.84 + 1.33 pM,
which matches our findings mentioned in the previous section.

4. Distinction between
intrananoparticle and internanoparticle
plasmon-catalyzed reactions

In chemistry, intramolecular and intermolecular reactions dif-
fer in their kinetics, dynamics, and product selectivity, often

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/d6cc01128d

Published on 11 April 2026. Downloaded on 6/17/2026 8:25:01 PM.

ChemComm

influenced by stereochemistry.**” Understanding these differ-
ences has been crucial for developing multi-step industrial
chemical production.®®®® In the case of aggregated nanoparticle
surfaces, two possible scenarios - interparticle and intraparticle
catalytic reactions - exist. Controlled assembly of nanopar-
ticles bearing substrates in the reacting medium can provide a
suitable configuration for the molecules to react with each other.
Therefore, most of the reported reactions on nanoparticle sur-
faces are interparticle in nature, which has applications in the
formation of assemblies of nanoparticles.”® The photochemical
oxidative dimerization of 4-aminothiophenol (4-ATP) on a nano-
particle surface is a versatile and well-studied reaction that can
occur depending on various conditions.” The most common
dimerization product is 4,4’-dimercaptoazobenzene (DMAB),
formed through the coupling of the two aromatic rings via an
N=N bond.?® Recently, the interparticle reaction of 4-ATP to
DMARB, following organization of an end-to-end assembly of Au
nanorods, has been reported.”* During evaporation of the drop-
let, nanoparticles bearing shells of water come close to each
other at the TPCL. Phase transition also implies the formation of
a plasmonic ‘hot-spot’ at a certain time when molecule-laden
nanoparticles come to the closest proximity possible.*® At this
moment, plasmonic photodimerization of 4-ATP through intra-
particle mode is possible on the surface of the nanoparticles,
and, at the last step of drying, we can monitor the interparticle
dimerization after complete loss of the water shell around the
4-ATP between every nanoparticle. In other words, enhanced
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solvent evaporation at the TPCL drives the loss of solvent
molecules from the deposited aggregated nanoparticles. In this
regard, the water molecules hydrogen-bonded to the 4-ATP
molecules on the same nanoparticle move out first, leading to
the intrananoparticle dimerization reaction. This is followed by
the loss of water hydrogen-bonded to two or more nanoparticles,
leading to an internanoparticle reaction. The above conclusions
are substantiated by the experimental evidence presented in the
following two sections.

4.1. Isotope effect on the deposition kinetics of nanoparticles
functionalized with chemically reacting molecules

In the experimental study, using a setup similar to that in Fig. 2 and
a dispersion at pH 7.0, we probed the evaporation of droplets at the
TPCL containing 4-ATP-attached spherical silver nanoparticles
(ATP@AgENPs) by Raman spectroscopy.** The incident laser beam
also acted as the photon source to initiate the plasmon-catalyzed
photochemical dimerization. The phase transition leading to
deposition of AgNPs and the product DMAB formation (or N—N
bond formation) were monitored by following the intensity change
of the 1078 ecm ™" (combined C=C and C-S stretching vibration
mode) and 1434 cm™' (N=N stretching mode) Raman peaks,
respectively, with time.”” To examine the kinetic isotope effect of
the chemical reaction during evaporation, we used H,O and D,O
solvents. The Raman spectra recorded at different times and the
Raman signal intensity change with time for the evaporating dro-
plets of ATP@AgNPs in H,0 and D,O solvents are shown in Fig. 6.
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Fig. 6 (A) and (B) Raman spectra at the TPCL of an evaporating droplet at different times for an ATP@QAgNP dispersion in H,O and (C) corresponding

variations of (i) 1078, (ii) 1434, and (iii) 946 cm~! Raman peak intensities with time. Linear fittings of the variations of intensities with time for 1434 cm

-1

(iv) and (v) and 946 cm™! (vi) and (vii) peaks in panel (C). (D) and (E) Raman spectra at the TPCL of an evaporating droplet at different times for an
ATP@AgGNP dispersion in D,O and (F) corresponding variations of (i) 1078, (i) 1434, and (i) 949 cm~* Raman peak intensities with time. Linear fittings of
the variations of intensities with time for the 1434 cm™ (iv) and (v) and 949 cm ™~ (vi) and (vii) peaks in panel (F). Reproduced with permission from ref. 41;

Copyright 2024, the American Chemical Society.
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Similar to the previous sections, the 1078 cm ™" Raman peak started
to appear after 39.0 min (Fig. 6A) and 45 min (Fig. 6D) evaporation
time from droplets of H,O and D,0, respectively. The intensity of
the 1078 cm ™! peak increased sharply in both cases, representing
the phase transition of ATP@AgNPs from dispersion to deposit at
the TPCL (Fig. 6C and F). As shown in Fig. 6C and F, the product
formation or the peak at 1434 cm™ " started to appear 1.0 min after
the start of the phase transition. Then, the intensity of the
1434 cm™ " peak jumped in two steps, from 40.0 min to 41.0 min
and from 44.0 min to 46.0 min in H,O (Fig. 6C), and from 46.0 min
to 48.5 min and from 51.0 min to 55.0 min in D,O solvent (Fig. 6F).
Therefore, the dimerization product, DMAB, formed in two steps
after the phase transition. The rate of DMAB formation in the 1st
step was higher than that in the 2nd step in H,O; however, both
rates were comparable in D,O.

4.2. Two-step release of H-bonded water molecules and
subsequent product formation

When the 4-ATP dimerization reaction is carried out in water,
water molecules that are H-bonded to the amine group of the 4-
ATP molecules that are attached to the nanoparticles should be
released prior to the reaction. The thiol group remains bonded
to the nanoparticle surface during the process. As the DMAB
formation reaction proceeds in two steps, as discussed before, the
release of H-bonded water molecules ought to be a two-step
process; one prior to intrananoparticle dimerization and the
second prior to internanoparticle dimerization of 4-ATP. Thus,
while monitoring the progress of 4-ATP dimerization at the TPCL
of the evaporating droplet containing ATP@AgNP, detachment
kinetics of the H-bonded water molecules from 4-ATP can also be
simultaneously distinguished in the two reaction steps.

Interestingly, we also observed the appearance and then disap-
pearance of a peak at 946 cm™ ' in H,0 and 949 cm™ " in D,0, as
shown in Fig. 6C and F, respectively. In both cases, the intensity of
these two peaks suddenly increased during the nanoparticle phase
transition time window, followed by a two-step decrease in intensity.
The initial step of lowering intensity was faster than the 2nd step of
lowering intensity. Density functional theory (DFT) calculations
revealed that these two Raman signals were due to the collective
vibration of 4-ATP and H-bonded solvent molecules.*® During
droplet evaporation, the bulk solvent molecules continuously leave
the system; hence, there is an outward pull of the solvent molecules
from the surface of the nanoparticles to the bulk. H-bonding energy
calculations by the DFT method suggested that the faster step of
lowering the peak intensity was because of the cleavage of the
H-bonded solvent molecules from the 4-ATP molecules that were
attached to the 4-ATP molecules of the same nanoparticle prior to
intrananoparticle 4-ATP dimerization. The slower 2nd step
decrease of the intensity was due to the loss of internanoparticle
solvent molecules that were H-bonded to 4-ATP molecules from two
AgNPs, leading to internanoparticle 4-ATP dimerization.*!

4.3. Mechanisms of intrananoparticle and internanoparticle
reactions

The process begins with the ATP@AgNPs undergoing a phase
change from a dispersed state to a solid deposit. In the solid,
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individual AgNPs are close to each other, but still surrounded
by a shell of solvent molecules in the milieu of the evaporating
droplet (Fig. 7A). As the droplet evaporates, the solvent mole-
cules located between and H-bonded to the intrananoparticle
4-ATP molecules on each AuNP surface move toward the bulk of
the droplet (Fig. 7C). This is followed by intrananoparticle
DMAB formation (Fig. 7D) in the presence of the probe radia-
tion, while internanoparticle solvent molecules remain within
the plasmonic ‘hot-spot’ regions (Fig. 7E). Next, these remain-
ing internanoparticle solvent molecules move to the bulk
(Fig. 7F), allowing for internanoparticle DMAB formation
(Fig. 7G). The final steps involve the evaporation of the remain-
ing bulk solvent molecules (Fig. 7H), leaving behind a comple-
tely dry deposit of DMAB-attached AgNPs (DMAB@AgNPs)
(Fig. 7). The droplet evaporation-induced particle deposition
technique is the only possible way reported so far for the
distinction of intrananoparticle and internanoparticle plasmon-
catalyzed reactions. The ratio of the intrananoparticle and inter-
nanoparticle 4-ATP dimerization was 3.0 and 1.8 in H,0 and D,0
medium, respectively.

5. Three distinct pH-controlled
stepwise depositions across the
annulus of the ring

Surface chemical functionalization is important in tailoring
nanoparticles for a wide range of applications that require
enhanced stability, emergent physical and chemical properties,
improved biocompatibility and environmental friendliness.***?
The precision in the arrangements of functionalized nano-
particles into well-defined arrays is important in the field of
droplet-based printing technology for device fabrication.”® The
applications of those functionalized nanoparticles are remark-
ably influenced by the properties of the chemical environment
in which they are present. In aqueous dispersions, the pH of
the medium is a major factor controlling the stability and
reactivity of the nanoparticles.”*”® Moreover, the kinetics of
the evaporation-induced particle deposition and subsequent
chemical reaction may also be influenced at the three distinct
boundary regions of the TPCL, namely, the outer, middle and
inner boundaries. The capillary forces, interfacial tension and
viscous forces dictate how microparticles are transported to
and deposited at the TPCL.”” However, for functionalized
nanoparticles in a chemically reacting medium with hydrogen
bonds between the solvent and the surface-attached molecules,
the deposition process is more complex, and conventional
techniques cannot follow the deposition as well as the chemical
reactions simultaneously. By utilizing SERS, the effects of pH
on the dimerization of 4-ATP on the AgNP surfaces (interfaces)
and the different depositions across the annulus of the ring
have been monitored simultaneously.**

5.1. Effect of pH on deposition mechanism

At pH 7.0, the ATP@AgNPs were deposited through a single
phase transition and, following this, the DMAB formation was

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 (A) Two-dimensional schematic of two ATP@AgNPs with solvent shells connected through H-bonds, with (B) the cross-sectional area indicated
in panel (A), showing the solvent network attached to 4-ATP between the two AgNPs. (C) Loss of intrananoparticle solvent molecules (marked) between
4-ATP molecules closest to the NP surface. (D) Intrananoparticle DMAB formation. (E) Cross-section area showing internanoparticle solvent molecules
attached to 4-ATP through H-bonds. (F) Loss of internanoparticle solvent molecules (marked). (G) Internanoparticle DMAB formation. (H) Representation
of DMAB@AgNP with bulk solvent molecules in the surroundings. (I) Fully dried DMAB@AgGNP. Reproduced with permission from ref. 41; Copyright 2024,

the American Chemical Society.

completed in two steps (Fig. 8A and B). As discussed earlier, the
initial faster product formation was intrananoparticle DMAB
formation and the slower 2nd step corresponded to internano-
particle DMAB formation.** Interestingly, different results were
obtained at pH 8.4 and 9.4. At pH 8.4, Raman signal intensity
increased in six steps during the time intervals 32.0 min to
32.75 min, 33.75 min to 34.25 min, 35.75 min to 36.75 min,
37.0 min to 38.25 min, 39.0 min to 39.75 min, and 40.25 min to
41.0 min (Fig. 8C and D). These stepwise jumps in signal
intensity indicated a multistep deposition process, where the
nanoparticles were deposited from the dispersed phase to the
solid at the TPCL. As the 4-ATP dimerization reaction rate is
higher at pH 8.4 compared to that at pH 7.0, DMAB formation
at the TPCL of the droplet of ATP@AgNPs at pH 8.4 also
simultaneously occurred in six steps, accompanying the phase
transitions. At pH 9.4, a single phase transition was noticed
from 30.5 min to 33.5 min, indicated by a sudden jump in
intensities of the 1078 cm ™' and 1434 cm™ ' Raman peaks
(Fig. 8E and F). Unlike at lower pH values, the DMAB product
(indicated by the 1434 cm™' peak) formed earlier, from
25.0 min to 29.0 minutes, in the dispersion itself before deposi-
tion had occurred (Fig. 8F(iii)). This early DMAB formation is

This journal is © The Royal Society of Chemistry 2026

attributed to the high pH, which accelerates the dimerization of
4-ATP. Consequently, the phase transition involved the deposi-
tion of DMAB-coated AgNPs (DMAB@AgNPs) at the TPCL from
the dispersion phase.

5.2. Dependence of the nanoparticle deposition kinetics on
the location of the probe area

In order to understand the kinetics as well as the deposition of
the nanoparticles across the locations corresponding to the
annulus of the ring, Raman measurements were carried out at
three distinct probe areas, namely, the outer, middle, and inner
boundaries.*”> At pH 7.0, in all three spots, the nanoparticles
were deposited in a single phase transition from dispersion to
deposit, followed by intrananoparticle and internanoparticle
dimerization of 4-ATP.** At pH 9.4, all the 4-ATP molecules on
the surface of the AgNPs were dimerized in the dispersion
medium long before the phase transition.”” At this pH, a single
phase transition of DMAB@AgNPs was also observed at the
three probe areas. However, at pH 8.4, the number of phase
transitions and depositions at three probe areas differed. SERS
measurements revealed that, at the outer and inner boundaries
of the TPCL, three phase transition steps were observed, which
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Fig. 8 Raman spectra at different times recorded at the TPCL of evaporating droplets containing ATP@QAgNP dispersions at (A) pH 7.0, (C) pH 8.4, and
(E) pH 9.4. Variation of (i) 1078 cm~! and (i) 1434 cm ™ Raman peak intensities with time for evaporating droplets containing ATP@QAgNPs at (B) pH 7.0,
(D) pH 8.4 and (F) pH 9.4. The graphs (i) and (iv) in (B), (iii) to (viii) in (D), and (iii), (v) to (vii) in (F) are linear fittings of the variations of 1434 cm~! Raman peak
intensities with time. The graph (iv) in (F) is a Boltzmann fitting of the variations of the 1434 cm™ Raman peak intensity with time. The inset in (F) is an
expanded view of the range from 23 to 30 min. Reproduced with permission from ref. 42; Copyright 2025, the American Chemical Society.

is lower than the six phase transitions or deposition steps at the
middle of the TPCL.** In order to further confirm the different
number of phase transitions and the step-by-step deposition at
the three probe areas, AFM measurements were also pursued on
the deposit after each phase transition step. The results supported
the measurement outcome of SERS on the same spots.

Analysis of the solid deposit at pH 8.4 revealed that its
height and width both increased with each phase transition.
The deposit height profile plots after each phase transition
(Fig. 9A) show a step-by-step increase in deposit height, which
was particularly monotonous for the first four steps (Fig. 9B).
After the fourth step, the increase in height became less
significant. In contrast, the width of the deposit increased
linearly with each of the six phase transitions (Fig. 9C). When
probed at the outer edge of the deposit, the height was observed
to have increased only until the third deposition step, as

9782 | Chem. Commun., 2026, 62, 9773-9788

marked in Fig. 9A. At the inner boundary, the last three phase
transitions caused the deposit to grow in width (Fig. 9A). At the
middle of the deposit, however, all six phase transitions were
clearly identified through SERS measurements, as both height
and width changes were measurable. The significant increases
in both height and width during the 2nd and 3rd steps
indicated that a larger number of nanoparticles were deposited
during these two steps.

5.3. Mechanism of reacting nanoparticles deposition at the
three pH values

Our experiments suggested that the deposition kinetics of
ATP@AgNPs at the TPCL are highly dependent on the pH of
the dispersion. The deposition process, shown schematically
in Fig. 10, is influenced by three key factors: (i) the rates of
advective flow of ATP@AgNPs, which were nearly the same at

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 (A) Height profile diagrams of the dried deposits for the number of phase transitions mentioned in the legends. Raman probe areas are
highlighted. Bar diagrams with fitted curves of the (B) height of the deposit and (C) width of the deposit plotted against the phase transition step number.
Reproduced with permission from ref. 42; Copyright 2025, the American Chemical Society.

pH 7.0, 8.4 and 9.4, as evidenced by the starting of phase
transition at nearly same time of evaporation,** (ii) pH-
dependent photochemical dimerization of 4-ATP, and (iii) pH
dependent kinetic stability of ATP@AgNPs in the dispersions,
which we confirmed from zeta potential measurements.*> With
increasing pH values, the ATP@AgNP dispersion became kine-
tically more stable.*” The deposition kinetics of ATP@AgNPs at

pH 7.0 were straightforward and are discussed in the previous
section. ATP@AgNPs are initially deposited as a solid due
to their lower kinetic stability (Fig. 10) and DMAB formation
starts in two steps (Fig. 10) after the formation of plasmonic
‘hot-spots’ in the solid deposit due to the otherwise lower rate
of chemical reaction. At pH 8.4, due to the moderately higher
reaction rate of 4-ATP and the dispersibility of ATP@AgNPs,
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Fig. 10 Two-dimensional schematics of the (A) dispersion of ATP@QAgNPs at the TPCL at pH 7.0, (B) deposited ATP@AgNPs after phase transition at
pH 7.0, (C) AgNP deposits after the intrananoparticle DMAB formation at pH 7.0, (D) AgNP deposits after the internanoparticle DMAB formation at pH 7.0,
and (E) dispersed ATP@QAgNPs at the TPCL at pH 8.4. The AgNP deposits after the (F) 1st, (G) 2nd, (H) 3rd, (1) 4th, (J) 5th, and (K) 6th phase-transition steps
and simultaneous DMAB formation around AgNPs. Schematic of the (L) dried DMAB@AgNP deposit at pH 8.4. Two-dimensional schematics of the
(M) dispersed ATP@AgNP at the TPCL at pH 9.4, (N) dispersed DMAB@AgNPs after photochemical reactions of ATP@QAgNPs at the TPCL at pH 9.4,
(O) deposited DMAB@AgNPs at the TPCL after single-phase transition at pH 9.4, and (P) dried DMAB@AgNPs deposited at pH 9.4. Reproduced with
permission from ref. 42; Copyright 2025, the American Chemical Society.
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they remain in the dispersed phase for a sufficiently long time
for photochemical dimerization immediately after they reach
the TPCL (Fig. 10E). After that, these newly formed product
assemblies were deposited at the TPCL, resulting in a sudden
jump in Raman signal intensities at both 1078 cm™' and
1434 cm ™', The deposition process at pH 8.4 was observed in
multiple steps. Subsequent steps (steps 2-6) demonstrated a
sharp rise in the Raman peak intensity (Fig. 8D), particularly in
steps 2 and 3, indicating a greater number of particles arriving
and reacting faster at the TPCL. This multistep deposition
process, as shown in Fig. 10F-K, is driven by photochemical
reactions at the TPCL, leading to the agglomeration and
sequential deposition of the nanoparticles. As evidenced from
the AFM measurements, during the first three steps shown in
Fig. 10F-H, both the height and width of the deposit grew
significantly as large numbers of nanoparticles were deposited
at the outer and middle boundaries. After the 4th step, the
deposition of nanoparticles was shifted to the middle and inner
boundaries (Fig. 10I). During the step-by-step deposition, the
droplet height also decreased due to evaporation of solvent,
and, after the 4th step, the solid deposit height reached its
maximum value and the movement of more nanoparticles on
top of the already deposited solid was not possible. Therefore,
during the 5th and 6th steps, the width of the deposit increased
significantly. At pH 9.4, as is obvious from Fig. 8F(iii), the rate
of DMAB formation was fast, and the dispersion was kinetically
stable, so that nearly all the 4-ATP molecules on the ATP@AgNP
surface dimerized into DMAB, forming DMAB@AgNPs in the
dispersion medium at or near the TPCL, as shown in Fig. 10N.
Here, intrananoparticle and internanoparticle reactions could
not be distinguished. Because of high dispersibility at pH 9.4,
most of the particles deposited in one major phase transition
after reaching a certain particle concentration. Hence, we
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observed one such major phase transition step in Fig. 8F(iv),
which is represented schematically in Fig. 100.

6. Droplet evaporation-induced
anomalous two-dimensional
molecular crystallization

The development of low-dimensional materials is important for
next-generation technological applications, such as flexible
electronics, quantum materials, advanced sensors, chemical
catalysis and theranostics.”®®* Molecular crystals have shown
potential applications in the formation of SERS substrates
with selectivity and specificity, and in the fabrication of two-
dimensional (2D) moiré superlattices for sensing, catalysis, and
quantum materials.*®?%#*"8¢ Despite the numerous methodol-
ogies that are known for three-dimensional (3D) crystal growth,
techniques for systematically growing one-dimensional or 2D
molecular crystals from solution remain a challenge and are
not yet fully developed. Recently, we developed a method for
achieving 2D molecular crystal growth by using evaporation-
induced deposition at the TPCL of a droplet starting from a
solution of the molecule.*? Crystallization of the organic mole-
cules methyl orange (MO) and methylene blue (MB) was pur-
sued by evaporating sessile droplets of solutions of each
molecule on a glass slide. The crystallization process was
monitored at the TPCL by following a jump in the Raman
signal intensity of the analyte molecule due to solidification
from the solution phase and deposition of microcrystals, as
shown in Fig. 11."

For further analysis of the nature of the solid deposit and to
determine the molecular arrangements, powder X-ray diffrac-
tion measurements on the thin film after complete evaporation
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Fig. 11 Schematic of the Raman spectroscopic measurements at the TPCL of the evaporating droplet, leading to evaporation-induced crystallization of
the dissolved molecules. Reproduced with permission from ref. 40; Copyright 2025, the American Chemical Society.
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Fig. 12 (A) Powder XRD pattern of the bulk MO crystal (black), the MO
powder (red), and the MO thin film (blue) obtained after evaporation of a
droplet of MO solution. (B) Crystal structure of MO after refinement of the
powder XRD pattern of the thin film. Gray, white, light blue, red, yellow,
and violet atoms represent C, H, N, O, S, and Na atoms, respectively.
(C) Powder XRD patterns of the bulk MB crystal (black), MB powder (red)
and the MB thin film (blue) obtained after evaporation of droplets of MB
solution. (D) Crystal structure of MB after refinement of the powder XRD
pattern of the thin film. 2D layer-by-layer arrangement of (E) MO and (F)
MB molecules in the crystal. Brown, white, pale blue, red, light yellow and
green atoms are C, H, N, O, S and Cl atoms, respectively. Reproduced with
permission from ref. 43; Copyright 2025, the American Chemical Society.

were carried out. As shown in Fig. 124, it is clear that the XRD
pattern of the MO thin film consisted of only one major
diffraction peak at 4.2° (26). Powder XRD measurement of the
MB thin film revealed only one major diffraction peak at 5.7°
(20) and two minor reflections at 9.3° and 11.3° (Fig. 12C). The
existence of only one major peak implied the selective growth of
only one crystalline plane. After comparing the powder XRD
data of the thin films with the bulk 3D crystals, it was found
that only the (100) plane grew for both the MO and MB thin
films. Theoretical refinement using the experimentally
obtained XRD data confirmed the layer-by-layer arrangements
of both MO and MB molecules in the thin film (Fig. 12B and D).

This journal is © The Royal Society of Chemistry 2026
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Furthermore, the layer-by-layer structures of both MO and MB
were seen in their respective crystals, as shown in Fig. 12E
and F. The layers are stacked in a 2D fashion. Importantly, the
2D crystal structures differed from their 3D counterparts. For
example, the MO 2D crystal belongs to the P2,/c space group,
with lattice parameters 20.0 A (a), 9.3 A (b) and 8.3 A (c), but the
cell parameters of the 3D MO crystals are 22.11 A (a), 10.34 A (b)
and 8.3 A (c). Moreover, the diffraction at 4.2° (20) for the (100)
plane is shifted to 4.46° for the 3D crystal and the MO
molecules in the adjacent layers are perpendicular to each
other. For MB, the 2D crystal is composed of parallel layers of
MB molecules.

7. Different vibrational signatures of
molecules at the surface and interior
of the crystals

Raman measurements on the surface and interior of the 2D
crystals revealed that the vibrational characteristics of mole-
cules at the surface and interior were different.*> When the
evaporation-generated crystals were etched either by laser light
or mechanically, the Raman signal intensities increased for
both MO and MB. In other words, the signal intensities for the
interior vibrations were higher than those on the surfaces. In
addition to the intensity enhancement, peak position shifts of
several vibrational modes were observed. This phenomenon
was also confirmed from DFT calculations of the Raman
spectra using the optimized structures of the molecule at the
surface and interior of each crystal. In case of MO 2D crystal, in
the experimental spectra as shown in Fig. 13A, the Raman
peaks at 932, 1120, 1152, 1202, 1317 and 1394 cm ™' were red-
shifted to 923, 1117, 1143, 1195, 1313 and 1389 cm ™, respec-
tively. All these Raman peaks have a common J(C-H) vibra-
tional mode.*® The DFT-optimized structure suggested that the
extent of the C-H- - -O interaction is higher for molecules in the
interior of the 2D crystal compared to those at the surface.
The greater extent of the C-H---O interactions is the main
reason for the redshift of the Raman signal on moving from the
surface to the interior, which was also confirmed by the
calculated Raman spectra shown in Fig. 13B.*” Our further
studies of the MB 2D crystal revealed that the Raman signal
corresponding to »(C-N) at 1398 ¢cm ™' was red shifted to
1393 cm™ ' on moving from the surface to the interior. The
C-N bond length (1.41 A) on the inside of the MB 2D crystal was
higher than the C-N bond length of 1.35 A at the surface of the
crystal. This increased bond length resulted in the redshift of
the vibrational Raman mode.®® However, in the case of the 3D
crystal of MO, the Raman peak at 1116 cm™ ", corresponding to
the »(Ph-N) + §(C-H) vibration at the surface, was blueshifted
to 1119 cm ™" in the interior, due to the shortening of the Ph-N
bond length in the interior (1.397 A) relative to the 1.407 A bond
length at the surface.”>®® Similar to the MB 2D crystal, in the
case of the MB 3D crystal, due to the increase in the C-N bond
length on going from the surface to the interior, the Raman
peak at 1397 em ™", corresponding to the 1(C-N) vibration, was
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Fig. 13 (A) Experimental Raman spectra and (B) calculated Raman spectra, showing different peak positions of MO on the (i) smooth surface of the
crystal and (ii) etched surface or inside the crystal. Reproduced with permission from ref. 43; Copyright 2025, the American Chemical Society.

redshifted to 1390 cm ™ on moving from the surface to the
interior.*>®® The results indicated that the surface vibrations
of a molecular crystal (either 2D or 3D) are fundamentally
different from those in the interior of the crystal.

8. Conclusions

Our laboratory’s exploration of the chemistry of evaporation-
induced particle deposition, as reported herein, has greatly
improved our understanding of the deposition kinetics of
nanoparticle systems. The deposition characteristics of nano-
particles at the TPCL of evaporating droplets were monitored
using the vibrational characteristics of molecules used for
the chemical stabilization of the surface of nanoparticles. For
the first time, utilizing SERS as a spectroscopic probe for the
functionalized molecules, we discovered that the nanoparticles
in a non-reacting environment follow a single phase transi-
tion from dispersion to deposition during the evaporation of
nanoparticle-laden sessile droplets. The generation of plasmo-
nic ‘hot-spots’, which is reflected in the sudden rise in SERS
intensity for the solid deposit, played a crucial role in distin-
guishing the two separate phases. However, there was a pH-
dependent behavior that revealed the possibility of multiple
phase transitions in the deposition steps. The deposition
kinetics of plasmonic nanoparticles also helped in understanding
novel chemical phenomena around the nanoparticles. For example,

9786 | Chem. Commun., 2026, 62, 9773-9788

the distinction between intrananoparticle and internanoparticle
photochemical reactions was discovered by following the phase
transition behavior. Additionally, 2D crystals of MO and MB
molecules could be made by the droplet evaporation-induced
deposition technique. Further analysis by Raman spectroscopy
also suggested that the surface of the crystals is different from
the interior at the molecular vibrational level.

The discovery of novel phase-transition behavior of nano-
particles at the TPCL during ‘coffee-ring’ pattern formation
significantly broadens our chemical understanding of natural
fundamental processes. This remarkable progress can be used
to obtain new information about other heterogeneous chemical
reactions around the surface of nanoparticles. The ability to
separate intra- and internanoparticle plasmonic reactions pro-
vides a blueprint for adaptive manufacturing. Future visions
involve the use of evaporation-driven mechanisms for creating
self-repairing surfaces and inkjet-printed SERS substrates with
optimized ‘hot-spots’. Our research on the effect of pH and
surface functionalization will provide chemical clues to repro-
ducible printing of particles through the evaporation of drop-
lets. The transition of the molecular solution inside droplets
into highly ordered 2D crystals is expected to be useful for the
production of organic flexible displays and wearable biosensors.
These studies of nanoparticle deposition leading to ‘coffee-ring’
formation could spur new discoveries in liquid-based printing,
forensics, and agriculture. The droplet evaporation-induced 2D
crystallization may be an important technique for the facile

This journal is © The Royal Society of Chemistry 2026
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preparation of molecular moiré superlattices that are turning
out to be as important as quantum matter. Thus, the potential
of the field is open to exploration.
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