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ABSTRACT

Crystallization of poly(ethylene glycol) (PEG) greatly debase the quality of printing and coating during drying, where it is used as

a dispersant. In this work, we have investigated the drying process of aqueous droplet of poly(ethylene glycol) (PEG) as a function

of molecular weight (M,,). It shows that PEG would crystallize on a hydrophilic surface but form an amorphous deposit on a
hydrophobic surface at a humidity (RH) of 40% when M,, <5000 g/mol. However, PEG would crystallize regardless of the surface
and RH when M,, is above 10 000 and 20 000 g/mol. By regulating PEG concentration, molecular weight, and RH, the droplet
can be dried into an amorphous deposit for over 24 h. Raman spectroscopy and low-field nuclear magnetic resonance (LF-NMR)
indicate that the water molecules bound to PEG chains (M,, <5000 g/mol) under slow drying inhibit their crystallization.

1 | Introduction

The evaporation of droplets on solid surfaces is a fundamental
issue that underpins numerous industrial applications, including
inkjet printing [1], spray coating [2], pharmaceutical processing
[3], and functional surface fabrication [4]. The morphology of
the final deposit critically determines the performance, includ-
ing mechanical properties [5], biocompatibility [6], and optical
properties [7] of these applications. The drying behavior of surface
droplets has been extensively characterized. The “coffee-ring”
effect, first described by Deegan et al., occurs when outward
capillary flow transports solutes toward the pinned contact line,
creating ring-like deposits [8, 9]. This phenomenon is governed
by differential evaporation rates across the droplet surface, with
enhanced evaporation at the edge driving internal flow patterns
[10]. External conditions significantly influence this process:
substrate wettability controls contact line dynamics and evapo-
ration geometry [11], while ambient temperature and RH affect
evaporation kinetics and solute transport [12, 13].

© 2025 Wiley-VCH GmbH

The introduction of polymers alters droplet drying dynamics.
High molecular weight polymers increase solution viscosity,
modify internal flow patterns, and suppress the coffee-ring effect
through viscoelastic mechanisms [14, 15]. Due to the biocompati-
bility, non-toxicity, and exceptional protein-resistance properties,
PEG has found applications in biomedical devices, coatings [16-
18], where it was used as a dispersant to regulate viscosity and
colloidal stability [19, 20] or to control the deposition in dispersion
systems like ink [21] and coatings [22]. The controlled deposition
of PEG from evaporating droplets is therefore of considerable
technological importance. Polymer-solvent interactions, particu-
larly for PEG with its strong hydrogen bonding to water, create
concentration gradients that influence both flow behavior and
phase transition kinetics [23, 24]. Therefore, the evaporation
kinetics of polymer solutions is profoundly influenced by the
molecular weight of the polymer. High molecular weight polymer
usually reduces the evaporation rate since it increases viscosity
and decreases the molecular mobility [25, 26]. Recent theoretical
work demonstrates that polymer solution exhibits diffusion-
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limited evaporation dynamics, where the buildup of a high-
concentration polymer layer at the solution-air interface creates
an evaporation rate that scales with time [27]. Environmental
conditions significantly affect this process. The wettability of a
droplet on a substrate determines its contact line dynamics and
geometry [28], while RH and temperature control evaporation
rate and the time available for molecular reorganization [29].

For crystallizable PEG, the final deposit morphology depends on
the competition between crystallization and becoming glassy dur-
ing drying. When polymer concentration is above the saturated
concentration during evaporation, the polymer would either
undergo crystallization to form ordered structures or is kinetically
trapped in an amorphous or glassy state [30]. The crystallization
of polymer depends on its molecular mobility, nucleation barri-
ers, and the available time for chain organization [26]. Molecular
simulation reveals that an amorphous state emerges when the
dehydration rate exceeds that of polymer chains organizing into
ordered crystalline structures [31]. Environmental RH also plays
an important role. High RH can slow down the rate of water
removal, favorable for the amorphous formation by maintaining
molecular mobility while preventing effective nucleation [29].
Note that amorphous and crystalline polymers exhibit quite dif-
ferent mechanical, optical, and dissolution properties. However,
although polymer crystallization kinetics has been extensively
studied, the formation and stabilization of amorphous polymer
deposits remain largely unclear.

In this work, we have investigated the evaporation of an aqueous
PEG droplet. The factors determining the crystalline or amor-
phous state of the deposits were examined. We demonstrate that
the droplet can be dried into an amorphous deposit for a long time
by regulating the concentration and molecular weight of PEG as
well as RH. This study provides an approach to prepare crystalline
or amorphous polymer deposits by liquid droplet drying.

2 | Materials and Methods
2.1 | Materials

PEG samples with molecular weights of 1000 g/mol (PEG-1K),
5000 g/mol (PEG-5K), 10 000 g/mol (PEG-10K), and 20 000 g/mol
(PEG-20K) were purchased from Shanghai Macklin Biochem-
ical Co. and used as received without further purification. 11-
mercapto-1-undecanol (HS(CH,),,OH, 97%) and 1-dodecanethiol
(CH,(CH,),;SH, 98%) were from the same supplier. Deionized
(DI) water with a resistivity of 18.2 MQ cm was used to prepare
all aqueous solutions. PEG solutions were prepared at concentra-
tions ranging from 20 to 500 mg/mL (corresponding to 2-50 wt.%)
to investigate concentration effects on drying behavior.

2.2 | Surface Preparation

Glassslide (76.2 X 25.4 X 1.2 mm, SAGA, China) was cleaned using
piranha solution (98% H,SO,: 30% H,0,, 7:3 v/v) at 90°C for 2 h
followed by sonication in ethanol and deionized water for 10 min
to remove organic contaminants. After drying under nitrogen,
the slide was sputter-coated with a 3-nm titanium adhesion layer
followed by a 3-nm gold layer using a Denton Desk V sputter

system (Figure Sla,b). Self-assembled monolayer (SAMs) [32]
was prepared by immersing the gold-coated substrate in 1.0 mm
solution of either 1-dodecanethiol (for hydrophobic surface) or
11-mercapto-1-undecanol (for hydrophilic surface) in ethanol for
24 h at room temperature, the resulting surface had water contact
angle of 95° + 2° (hydrophobic, —CH, terminated) and 46° + 2°
(hydrophilic, —OH terminated), respectively (Figure Slc-e).

2.3 | Observation of the Droplet Drying Process

Droplet drying experiments were conducted in a controlled-
environment chamber with programmable temperature and RH
control (Figure 1a). PEG solution droplets (0.5 uL) were deposited
on the prepared glass surfaces using a micropipette. After droplet
deposition, drying was monitored by optical microscopy at 25°C
under RH of 20%, 40%, and 60%. Monitoring continued for up to
10 min or until the droplet volume no longer changed.

The side (TD-4KHU, 2.0 pm/pixel, SANQTID, China) and
bottom-mounted (UC30S, 2.0 um/pixel, MOKOSE, China) cam-
eras simultaneously capture time-lapse images at a rate of
1 frames/s to map the morphological evolution of the deposits.
The side camera captures variations in the droplet contact angle,
while the bottom camera records changes in the radius of the
basal circle, thereby allowing the calculation of droplet volume
variations using Equation (1):

V= % X [(L x (1 —cos@))2 X <l - L(1 —cos@))]

sin6 sinf sin6
®

where 6 is the contact angle, and r is the radius of the basal circle.

2.4 | Polarized Light Microscope

The state of the PEG droplets after drying (30 min after deposi-
tion) was observed through a polarized light microscope (Axio
Scope Al, Zeiss), capturing time-lapse images with an exposure
duration of 125 ms. Evaporation-induced crystallization in PEG
droplets manifests a two-level optical birefringence phenomenon,
which is absent in the non-crystalline state. The percentage of
crystalline area within the total deposited area was defined as
the ratio of the area exhibiting birefringence through polarized
imaging to the total deposition area of the droplet through bright
field imaging.

2.5 | InSituX-Ray Scattering Measurements

X-ray diffraction (XRD) studies of the sediments were conducted
on an X’pert Powder X-ray diffractometer using CuKa radiation
(1 =1.5418 A) with a diffraction angle range of 10 to 90 degrees.
2.6 | Raman Spectroscopy

Molecular structure analysis was performed using a LabRAM
Aramis Raman spectrometer (HORIBA Jobin-Yvon) with a
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FIGURE 1 |

Experimental setup for real-time imaging of PEG droplet drying dynamics. (a) Schematic diagram of the controlled-environment

chamber equipped with dual-view imaging systems (side-view and bottom-view) for droplet evaporation studies. (b) Substrate configurations: hydrophilic

glass (—OH terminated) and hydrophobic glass (—CH; terminated). (c) Representative side-view and bottom-view images of a PEG-5K droplet on

hydrophilic and hydrophobic substrates during the drying process. (d) Averaged evaporation rate during drying of 0.5 uL. PEG droplets with different

molecular weights on both substrate types. (e) Averaged evaporation rate during drying of PEG-5K droplets with varying volumes on both substrate

types. For panels (c-d), conditions are held constant at 25°C and 40% RH, with a PEG concentration of 60 mg/mL for all molecular weights.

785 nm laser and 10x objective lens (numerical aperture 0.10).
Spectra were recorded in the range of 2600-3600 cm™ with two
accumulations and 30 s per scan to monitor changes in polymer
conformation and water coordination during the drying process.

2.7 | Low-Field NMR (LF-NMR)

Water dynamics in PEG solutions were characterized using a
Bruker mq20 bench-top NMR spectrometer operating at 20 MHz.

The Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence was
employed to measure spin-spin relaxation times (T,). Measure-
ments were performed at 25°C with 1600 data points per scan,
eight scans averaged, and a repetition delay of 15 s. The CONTIN
algorithm was used for T, distribution analysis to distinguish
between free and bound water components using the equation
below:

M) =) Ije(_#f) )
J
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where [; is the signal intensity of component j, and its corre-
sponding spin-spin relaxation time is represented as T,. The
distribution of T} is characterized by the optimal relaxation time.
The peak area is defined as the sum of all intensity values across
the distribution. Apparent evaporation time was further defined
as the time required for the droplet to go from its initial PEG
concentration to that used in LF-NMR under specific conditions:

Apparent evaporation time = 14 3)
PP P ~ Evaporation rate

where V' is the volume evaporated to the corresponding concen-
tration, the evaporation rate was measured by our experiments
shown in Figure 1.

3 | Results and Discussion

3.1 | Characterization of the Droplet Drying
Process

A dual-view imaging system (side-view and bottom-view) was
used to monitor droplet evaporation, with precisely controlled
ambient RH and temperature to regulate evaporation rates
(Figure 1a). Substrate wettability determines contact line dynam-
ics during drying (Figure 1b). On hydrophobic surfaces, reduced
wetting produced distinct evaporation profiles compared to
hydrophilic substrates [33]. Dual-view imaging tracked contact
angle and base area changes throughout drying, suggesting that
PEG droplets tend to crystallize on the surface of hydrophilic
substrates and form an amorphous state on hydrophobic surfaces
(Figure 1c). Real-time side-view images suggest the droplet
contact angles decreased with increasing PEG concentration on
both substrates using this imaging apparatus (Figure S2 and
Videos S1 and S2). In particular, droplets (volume: 0.5 pL) of
PEG solutions (initial concentration: 60 mg/mL) with varying
molecular weight were imaged on both substrate types and dried
at 25°C, 40% relative RH. On hydrophilic substrates, PEG droplets
initially showed pinned contact lines (~40° contact angle, 800-
900 pm radius) for 130-150 s, followed by depinning with
two-phase evolution: constant contact angle (80 s), then linear
decrease (70 s) with concurrent radius reduction to ~600 pm
(Figure S2a-c and Video S1). In particular, PEG-20K droplets
crystallized immediately after contact angles reached 12° without
depinning. On hydrophobic substrates, evaporation was more
complex (Figure S2d-f and Video S2). Initial pinning lasted 150-
180 s with linear contact angle decrease at constant radius (~85°
contact angle, 500-600 um radius). When contact angles reached
critical values, contact lines retracted through rapid jumping
motions, establishing new pinning positions [33]. This cycle
repeated multiple times, producing stepwise radius reduction
and sawtooth-like contact angle variations. The longer pinning
duration on hydrophobic surfaces results from slower droplet
shape changes [34, 35]. Meanwhile, PEG-5K droplets of different
volumes showed similar evaporation behaviors: single pinning on
hydrophilic surfaces vs. multiple pinning phases on hydrophobic
surfaces (Figure S3).

Based on the above observations, droplets spread more on
hydrophilic surfaces compared to hydrophobic surfaces, increas-

ing contact area and accelerating water removal. Meanwhile,
the evaporation rates decrease with increasing PEG molecular
weight and concentration on both substrates (Figure 1d), while
the evaporation rates increase with droplet volume (Figure 1e).
As shown in Figure S2c, the volume of the droplets of PEG-
5K, PEG-10K, and PEG-20K slightly changed after 309, 269,
and 180 s, respectively, and the droplet began to crystallize
on the hydrophilic substrates. In contrast, the volume of the
droplet of PEG-1K remained unchanged after 330 s but formed
an amorphous deposit. A distinct difference in crystallization
behavior was observed on hydrophobic substrates: PEG-10K and
PEG-20K began to crystallize at a later time, i.e., 433 and 354 s,
respectively; whereas PEG-1K and PEG-5K stabilized in volume
after 450 s and remained amorphous. (Figure S2f). These molec-
ular weight-dependent behaviors result from increased solution
viscosity that creates diffusion barriers, hindering water transport
to the evaporation interface [14]. The volume effect reflects the
direct relationship between surface area and evaporation flux,
where larger droplets provide greater evaporation area [34].
High polymer concentrations further enhance this viscosity-
controlled transport mechanism, particularly pronounced for
longer polymers [36].

3.2 | Deposition Patterns of PEG Droplets After
Drying

Deposition patterns of dried droplets were analyzed using
bottom-view bright-field and polarization imaging after the
side-view images showed no further volumetric changes for
over 30 min. Different molecular weights under different RH
conditions yielded distinct final states: PEG-1IK and PEG-5K
remained amorphous, while PEG-10K and PEG-20K crystallized.
Especially, PEG-1K did not crystallize under all tested conditions
(Figure S4), whereas PEG-10K and PEG-20K crystallized con-
sistently (Figures S5 and S6). Among all the samples, PEG-5K
showed intermediate behavior with variable outcomes (Figure 2).
This molecular weight dependence on crystallization ability
aligns with the reported critical molecular weight thresholds for
PEG crystallization [35].

In Figure 2, both RH and initial PEG concentration modulated
final deposit states through evaporation kinetics for PEG-5K. At
low RH (RH = 20%), rapid water loss promoted crystal forma-
tion by concentrating polymer chains quickly, the proportion
of crystallization area reached 100% for all the samples with
varying initial concentration on hydrophilic surfaces, whereas on
hydrophobic surfaces, despite the occurrence of crystallization, it
remained generally limited. As concentration increases from 2%
to 10%, the percentage of crystalline area increased from 45% to
83%. In addition, for RH = 40%, PEG-5K with an initial concen-
tration of 6 wt.% crystallized on a hydrophilic surface, but formed
an amorphous deposit on a hydrophobic surface. Even at a higher
concentration of 10 wt.%, the percentage of crystalline area was
consistently lower on hydrophobic surfaces than on hydrophilic
surfaces. For higher RH (RH = 60%), an amorphous deposit also
formed on hydrophilic surfaces for concentrations of 2 and 6 wt.%,
which may be attributed to the reason that slowed evaporation
extends the time for chain reorganization and hinders crystal-
lization (blue regions in Figure 2). A lower initial concentration
of 2 wt.%) increased intermolecular spacing, which suppressed
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FIGURE 2 | Phase diagram of PEG-5K droplet crystallization as a functions of concentration and RH. (a) Crystalline (orange) and non-crystalline

(blue) regions for PEG-5K droplets on hydrophilic (upper panel) and hydrophobic (lower panel) substrates. The right-hand value shows the percentage
of crystalline area within the total deposited area. Bright-field micrographs (white background) and polarized light images (black background) show
representative deposit morphologies. Deposition area corresponding to concentration on hydrophilic (b) and hydrophobic (c) surfaces. XRD patterns of
the deposition regions of PEG droplets (25°C, 40% RH, 6 wt.%) on hydrophilic (d) and hydrophobic (e) surfaces.

nucleation efficiency, resulted in an amorphous deposit on both
hydrophilic and hydrophobic surfaces. At a high concentration
(10 wt.%), nucleation efficacy was enhanced by the increased
molecular density, it crystallized at all RH. With the RH increased
from 20% to 60%. the percentage of crystalline area decreased
from 83% to 26% on the hydrophobic surface. Meanwhile, the
deposition area expanded with increasing concentration on both
hydrophilic and hydrophobic surfaces, which accelerated the
evaporation rate and promoted crystal formation (Figure 2b,c;
Figures S4b,c-Séb,c). Consequently, increasing concentration
promotes crystallization, whereas high RH facilitates amorphous
deposit. To obtain detailed structural information, XRD were
applied to analyze the deposition patterns formed from 6 wt.%
PEG droplets dried under 40% RH conditions. The amorphous
deposits exhibit broad and diffuse diffraction peaks characteristic
of disordered structures. In contrast, the crystalline deposits
display two distinct Bragg diffraction peaks at approximately
19.2° and 23.3° (20). The sharp peak profiles and well-resolved
baseline separation confirm the formation of long-range ordered,
highly oriented crystalline structures (Figure 2d,e). The crystal-
lization behavior observed here reflects the competition between
solvent removal rate and polymer chain ordering kinetics [37].

Slower evaporation on hydrophobic surfaces provides extended
time for chain mobility, but insufficient concentration gradi-
ents can prevent effective nucleation, resulting in amorphous
state formation under specific RH-concentration combinations
[38]. Similarly, small-volume PEG-5K droplets (0.25, 0.5 uL)
on hydrophobic surfaces exhibited amorphous deposit behav-
ior, while larger droplets (1 uL) crystallized (Figure S3g). This
volume-dependent crystallization still correlates with evapora-
tion rate differences, namely large-volume droplets demonstrate
a higher evaporation rate, which accelerates the nucleation
of PEG molecular chains and promotes more rapid crystal
formation.

3.3 | Molecular Dynamics During Droplet Drying
Revealed by Raman Spectroscopy and Low-Field
NMR

To investigate molecular-level changes of PEG and water during
drying, PEG-5K droplets (0.5 uL, 6 wt.%) were deposited on
substrates with different wettability and analyzed by Raman spec-
troscopy at 25°C and 40% RH in Figure 3. As shown in Figure 3a,b,
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FIGURE 3 | Real-time Raman spectroscopy analysis of PEG-5K droplet drying dynamics (25°C, 40% RH, 6 wt.%). Time-lapse morphology and

corresponding Raman spectra (2600-3600 cm™!) during droplet evaporation on (a-d) hydrophilic (—OH) and (e-h) hydrophobic (—CH,) surfaces. Spectra

track molecular conformational changes. Scale bar: 500 um.

bright-field micrographs (white background) and polarized light
images (black background) were recorded at multiple represen-
tative stages during droplet evaporation on hydrophilic surfaces.
The spectra revealed two characteristic peaks: —CH, stretching
vibrations at 2892 cm™! from PEG segments and —OH stretching
vibrations at 3292 cm™ from water molecules [39] (Figure 3c,g).

In Figure 3d, for PEG-5K, no —CH, peak appeared initially
(5 min), while the —OH peak remained strong, while PEG-1K
showed no detectable —CH, peaks throughout drying, consistent
with its non-crystalline state (Figure S7a-d). The absence of the
—OH peak suggested that the amount of PEG molecules in the
illumination area of Raman spectroscopy were not enough to
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weights. Bound water components in PEG solutions in dependence of apparent evaporation time on hydrophilic (e) and hydrophobic (f) surfaces for

varying PEG molecular weights. It was noted that apparent evaporation time was defined as the time required for the droplet on a specific surface to go

from its initial PEG concentration to that used in LF-NMR under specific conditions based on the evaporation rate measured in Figure 1.

be detected. From Figure 3c,d, the —CH, peak emerged and
increases gradually with the progress of crystallization (~6 min),
coinciding with a significant reduction in the —OH peak due
to water loss on hydrophilic surfaces. PEG-10K showed similar
behaviors to that of PEG-5K (Figure S8a-d). PEG-20K exhibited
similar crystallization timing but weaker —CH, signals, likely due
to thin crystalline layers below Raman detection limits (Figure
S9a-d).

On hydrophobic substrates, bright-field micrographs (white back-
ground) and polarized light images (black background) recorded
several typical moments during the evaporation of a droplet,
spherical droplet geometry slowed evaporation and altered depo-
sition patterns (Figure 3e,f). Notably, —CH, peaks appeared
earlier across all molecular weights, even in non-crystalline
states. PEG-1K developed detectable —CH, peaks after 5 min
despite remaining amorphous (Figure S7e-h). Similarly, PEG-
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5K showed —CH, peaks at 5 min without crystallizing, with
both spectroscopic signatures persisting after 24 h (Figure 3g,h).
In contrast with Figure 3d,h showed the —OH peak slightly
decreased, while the —CH, peak slightly increased for droplets on
hydrophobic surfaces, with the relatively slow evaporation rate
of water, and PEG did not rapidly become more concentrated
either, so this peak did not change much. For crystalline PEG-10K
and PEG-20K, the —CH, signal increased while the —OH signal
decreased (Figures S8e-h and S9e-h). It should be noted that at
the late stage of drying, the —CH, peak appeared earlier and was
stronger on hydrophobic surfaces than on hydrophilic surfaces,
because hydrophilic droplets spread into thinner films, leaving
less PEG within the illumination spot of the Raman spectroscopy,
which may remain undetectable.

To further probe water dynamics during droplet drying, we used
low-field NMR to measure the relaxation time of water molecules
as the concentration increased in the droplet. From the above
results, both PEG-1k and PEG-5k droplets can end up amorphous
deposit, a state where most free water has evaporated while
hydrogen-bonded bound water forms a shell around each PEG
chain [24].

The drying process can be modeled as a continuous increase of
PEG concentration within the binary system. NMR relaxation
time measurements (T,) effectively captured the dynamic behav-
ior of both components as functions of concentration (Figure 4a).
T, relaxation distinguished two distinct proton populations:
exchangeable protons from free water molecules (T, ~2771 ms)
and non-exchangeable protons from bound water (T,, ~542 ms)
influenced by hydrogen bonding [40, 41]. It should be noted
that the T,, signal was attributed to the bound water instead
of protons on EG. This is because T, from protons on EG was
commonly smaller than 200 ms [24] and comparably weak in
contrast of the protons on bound water due to a much lower ratio
of EG. In PEG solutions with \concentration ranging from 10 to
50 wt.%, the molar ratio of EG units varies between 22 to 2.4.
As the PEG chain becomes longer, both T,; and T,, decreases,
indicating that the hydration layer becomes more tightly bound
(Figure 4b,c). Tighter binding promotes PEG chain rearrange-
ment, whereas looser binding hinders rapid reorganization of
chains [24]. Previous results were reported that My, does not
change how many waters can bind per EG unit, but it does
change the binding structure of those water molecules near the
chain [24].

In addition, the corresponding peak area was defined as the
sum of the intensities at all collected data points within in the
peak, representing the total content of free water and bound
water, respectively (Figure S10a-f). As the droplet dries and
PEG concentration rises, free water decreases and bound water
increases. Meanwhile, as the molecular weight of PEG increases,
the overall content of bound water decreases (Figure 4d; Figure
S10). Before drying, bound water forms a hydration layer that
keeps PEG chains apart and limits their motion. Similar to
the trends of T,; and T,,, the free water evaporates and the
ratio of bound water rises correspondingly as PEG concentra-
tion increases (Figure 4d). A higher amount ratio of bound
water appears for shorter polymer chains, preventing them from
coming close for crystallization.

Furthermore, “apparent evaporation time” was defined as the
time required for the droplet to go from its initial PEG concen-
tration to that used in LF-NMR under specific conditions (i.e.,
faster evaporation on hydrophilic surfaces or slower evaporation
on hydrophobic surfaces). It is deduced as the ratio of the
evaporation amount of water in droplets to the evaporation rate
of PEG droplets with different molecular weights on hydrophilic
(Figure 4e) and hydrophobic (Figure 4f) surfaces based on
Figure 1d (see Methods). As shown in both Figure 4e(f, as
the molecular weight of PEG increases, the overall content of
bound water decreases. Meanwhile, bound water remains upon
hydrophobic surfaces (Figure 4f) with a slower evaporation rate
so that chains cannot get close, giving an amorphous deposit.
In contrast, bound water amount decreases with fast drying (i.e.,
upon hydrophilic surfaces in Figure 4e), chains come closer, and
crystallization is more likely. These results provide molecular
evidence supporting the observed drying behaviors: the bound
water was strongly affected by the molecular weight of PEG, as
short chains promote a high degree of hydration with more bound
water; Meanwhile, hydrophilic surfaces promote rapid water
evaporation and reduce bound water formation thus favoring
crystallization, while hydrophobic surfaces retain bound water
particularly for short chains, making them more likely to form
amorphous state.

4 | Conclusion

This study demonstrates systematic control over crystalline vs.
amorphous deposit formation in drying PEG droplets through
manipulation of molecular weight, RH, concentration, and sub-
strate wettability. In particular, the molecular weight of PEG plays
acritical role in the final deposit state by binding different amount
of water near it. PEG-1K consistently forms amorphous deposits,
while PEG-10K and PEG-20K readily crystallize under all tested
conditions. PEG-5K exhibits tunable behavior: hydrophilic sur-
faces promote crystallization through rapid water removal, while
hydrophobic surfaces at elevated RH favor amorphous formation
by retaining bound water that disrupts polymer chain ordering.
These findings provide a framework for engineering polymer
deposits with controlled phase distributions in printing, coating,
and biomedical applications.
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