
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 1

1/
10

/2
02

5 
3:

32
:4

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Temporal evolut
Department of Physics, Indian Institute of Te

India, 600036. E-mail: basudev@iitm.ac.in;

† These authors contributed equally as r

‡ These authors contributed equally as co

Cite this: RSC Adv., 2022, 12, 12988

Received 5th February 2022
Accepted 19th April 2022

DOI: 10.1039/d2ra00765g

rsc.li/rsc-advances

12988 | RSC Adv., 2022, 12, 12988–12
ion of viscoelasticity of soft colloid
laden air–water interface: a multiple mode
microrheology study

Merin Jose, †* Muruga Lokesh,†* Rahul Vaippully, Dillip K. Satapathy ‡*
and Basudev Roy ‡*

Mechanical properties of particle laden interfaces is crucial for various applications. For water droplets

containing soft microgel particles, passive microrheology studies have revealed that the dynamically

varying surface area of the evaporating drop results in a viscous to viscoelastic transition along the plane

of the interface. However, the behaviour of the medium orthogonal to the interface has been elusive to

study using passive microrheology techniques. In this work, we employ optical tweezers and birefringent

probe particles to extract the direction-resolved viscoelastic properties of the particle–laden interface.

By using special types of birefringent tracer particles, we detect not only the in-plane translational mode

but also the out-of-plane translational (perpendicular to the interface) and rotational modes. We first

compare different passive methods of probing the viscoelasticity of the microgel laden interface of

sessile drop and then study the modes perpendicular to the interface and the out-of-plane rotational

mode using optical tweezers based passive microrheology. The viscoelasticity of the interface using two

different methods, i.e., multiple-particle tracking passive microrheology using video microscopy and by

trapping birefringent tracer particles in optical tweezers, relying on different models are studied and

found to exhibit comparable trends. Interestingly, the mode orthogonal to the interface and the

rotational mode also show the viscous to viscoelastic transition as the droplet evaporates, but with lesser

viscoelasticity during the same evaporation time than the in-plane mode.
1 Introduction

Irreversible adsorption of colloids to uid interfaces is largely
exploited in stabilizing emulsions,1 where the high efficiency
stems from the high desorption energy (�103–104kBT) of the
colloids adsorbed to the interfaces.2,3 Although hard colloids
such as highly crosslinked polystyrene and silica particles are
generally used to stabilize emulsions, so colloids and proteins
are being widely explored only recently. Moreover, the adsorp-
tion and self-assembly of so colloidal particles at uid inter-
faces are ideal model systems to investigate a range of exciting
physics problems such as phase transitions in two-dimensions,
connement induced crystallization, glass transition and
assembly of binary mixture of particles.4–6

Understanding and controlling the adsorption kinetics of
so particles to uid interfaces and the physio-chemical prop-
erties of particle–laden interfaces are of primary relevance for
a wide range of technological applications spanning across
scientic disciplines such as biomedicine,7,8 cosmetics,9 food
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processing10 and paints and coatings.11,12 Remarkably, the use
of stimuli-responsive microgels endows the uid interfaces with
rich behaviour and unique functionalities, owing to their
tunability in soness and responsiveness to temperature, pH
etc.13 Such versatility has enabled microgel monolayers to be
used as substrates for cell culture and harvesting,14 in sensing,15

optics16 and patterning applications.17 Moreover, the transfer of
the colloidal monolayers to solid substrates nds applications
as lithography masks.18,19 In particular, the mechanical prop-
erties of the particle–laden interfaces is crucial in studies con-
cerning the stability of particle-stabilized emulsions and foams.
Investigating the rheological properties of the particle–laden
interfaces also provides insight into the thermodynamic and
hydrodynamic interactions between the particles.2,20 Rheolog-
ical properties of interfaces can be studied by subjecting them
to certain deformations such as a change in area or shape.21

Such dilatational and shear rheology measurement techniques
using Langmuir trough and rheometers require large sample
volumes. Microscopic methods such as particle tracking, on the
other hand, are relatively straightforward to perform. In the
particle tracking technique, video microscopy is used to record
the random thermal motions of multiple tracer particles. The
trajectories of the particles are obtained, and the relative mean
squared displacements are computed. A generalized Stokes–
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Einstein relation is then employed to extract the complex
viscoelastic moduli of the interface. In addition to such passive
microrheology measurements, forces or deformations can be
imposed via external sources.22 Micro-rheology using optical
tweezers serves as another technique and has an added
advantage that it can be used to measure the particle interac-
tions and the drag coefficient of the particle, provided that the
trap is calibrated.23

In this paper, we use optical tweezers to record the passive
thermal motion of the optically trapped particles. The trans-
lational mode along the interface obtained using the optical
tweezers is used to study the evolution of the viscoelastic
moduli in the interface plane and compared with results ob-
tained via multiple particle tracking using video microscopy. In
addition, the use of optical tweezers to study the rheological
properties of the particle–laden interface enables us to extract
the translational mode that is perpendicular to the interface as
well as the out of plane rotational mode of the probe particles.24

However, these rotational modes are generated by the Brownian
motion and are detected by the use of birefringent particles with
structural anisotropy.

We probe the mechanical properties of the air–water inter-
face loaded with intramolecular crosslinked polymeric particles
composed of poly(N-isopropylacrylamide) (p-NIPAM). These
microgel particles adsorb onto interfaces spontaneously.25

Unlike hard colloids, these so particles, on adsorption, get
deformed or attened, being subject to the interfacial tension.
The extent to which an individual microgel particle deforms at
the interface is dictated by its internal elasticity and the avail-
able interfacial area.26 We use a simple model system to study
the assembly of microgel particles and the properties of the so
particle monolayer at the interface. A droplet dispersed with the
microgel particles is placed on a glass substrate and allowed to
evaporate. Multiple particle tracking passive microrheology
using video microscopy has shown that the microgel laden
interface undergoes a viscous to viscoelastic transition upon
evaporation.27

Viscoelastic properties of particle–laden interfaces has
profound importance in determining the stability of emulsions
stabilised by particles (Pickering emulsions) that nds appli-
cations in varied elds. It is insightful to realize that to get
a complete picture of the viscoelasticity, not only the in-plane
mode, but also the orthogonal mode should be taken into
consideration. We study the viscoelasticity of interface laden
with so microgel particles that deform and atten at the
interface. The resultant lateral stretching of these particles
leads to a non-uniform distribution of polymer density along
the interfacial plane and orthogonal to it. It is imperative in our
experiments, that we observe a higher viscoelasticity measured
along the in-plane mode compared to the orthogonal mode.
Although a complete understanding of the underlying mecha-
nism requires detailed studies, we believe that the present work
emphasizes the need to understand different viscoelastic
modes for interfaces laden with microgel particles.

In general, the mechanical properties of monolayer uid
interfaces responding to external stimuli are characterised by
different modes of interfacial viscoelasticity.28,29 A cartoon of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
particle laden air–water interface has been shown in Fig. 1(a).
These modes30 have been shown in Fig. 1(b)(i–v). Motions (i),
(ii), and (iv) are shear deformations of the specimen, whereas
motions (iii) and (v) correspond to changes in volume of the
specimen. The elastic constant for motion (i) is the surface
tension (s) and the elastic constant for motion (iii) is the dila-
tional elasticity (3d),31 which is the static elasticity. The shear
viscosity in the motion (iv) is referred to as surface viscosity and
has been the most extensively studied rheological parameter.
However, very little is known about the rheological parameters
arising from the motions (i) (also called the capillary-gravity
mode), (ii) and (v), neither has any complete quantitative
theory been developed. It is here that we reiterate that our out-
of-plane rotational mode studies the cases (i) and (ii), while the
vertical translational mode studies the mode in (v).32

We conrm the evolution of the viscoelasticity of the inter-
face using optical tweezers along the in the plane and out of
plane modes. Interestingly, we see that the out of plane rota-
tional mode also shows evolution of viscoelasticity of the
interface. In addition, the change in relative polymer viscosity
with respect to the solvent in different modes conrms that the
evolution of the viscoelasticity of the interface has lesser change
in out of plane translational and rotational modes as compared
to in the plane translational mode.

2 Theory

An incompressible low Reynolds number viscoelastic medium
can be shown to have a frequency-dependent viscosity33 in
a medium comprising of a solvent and a polymer solute34 dis-
solved in it. The expression has been found to be given by eqn
(1) derived from the Stokes Oldroyd-B model for linear micro-
scopic viscoelasticity,35 and is also known as the generalized
Maxwell model.36,37

mðuÞ ¼ ms þ
mp

�iulþ 1
; (1)

where ms is the zero Hz frequency solvent viscosity, mp is the
zero Hz frequency polymer viscosity and l is the relaxation time
of the polymer suspended in the solvent. This expression is very
similar to the Jeffery's model38 with the coefficients labelled
differently. Thus the viscosity of the solution at zero frequency
would be, m0 ¼ ms + mp (upon putting u ¼ 0 in eqn (1)). Solving
for the power spectral density (PSD) of an optically trapped
particle in this viscoelastic uid, we get39

hxðuÞx*ðuÞi ¼ 2kBT

g0

0
BB@
�
1þ mp

ms

�
l2

þ u2

1
CCA

"�
k

g0l
� u2

�2

þ u2

�
k

g0

þ 1

l

�
1þ mp

ms

��2
#

(2)

The term k indicates the trap stiffness and g0 is the drag
coefficient for only the solvent. The expression for the g0 is
given by,
RSC Adv., 2022, 12, 12988–12996 | 12989
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Fig. 1 (a) An aqueous sessile drop containing soft microgel (p-NIPAM) and probe particles. The amphiphilic microgel particles are spontaneously
adsorbed to the air–water interface. A tracer particle (large grey sphere) placed in a p-NIPAM monolayer network near the interface depicting
translational (black arrows) and out of the plane rotational (red arrow) motion. (b) Different possible motions of a monolayer at an interface.
Motions (i), (ii) and (iv) represent shear deformations of the interface whereas motions (iii), (v) represent compression modes leading to a net
change in volume. (c) Schematic of the experimental setup showing the detection system and trapping laser beam at the air–water interface of
a sessile water droplet.
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g0 ¼ 6pmsa0 (3)

where, a0 is the radius of the tracer particle placed in the
medium. In order to correlate the above expression with
experimentally obtained power spectral density curves of
translational motion, we rewrite the eqn (2), as

hxðuÞx*ðuÞi ¼ y0

þ b2A

0
BB@
�
1þ mp

ms

�
l2

þ u2

1
CCA

"�
k

g0l
� u2

�2

þ u2

�
k

g0

þ 1

l

�
1þ mp

ms

��2
# ;

(4)

where the A coefficient indicates the amplitude in of volts2 Hz�1

and the calibration factor is given as b in (m volt�1) quite akin to
the conventional calibration factor for normal media.40 The y0
constant is then added to the power spectra density to account
for system noise oor. The calibration factor (b) for the trans-
lational signal is related to temperature as
12990 | RSC Adv., 2022, 12, 12988–12996
b2A ¼ 2kBT

g0

(5)

Thus, the calibration factor b (ref. 40 and 41) is then given as

b ¼
ffiffiffiffiffiffiffiffiffiffiffi
2kBT

Ag0

s
(6)

Fitting the PSD with this eqn (4), we can extract the values of

relative viscosity
�
ms þ mp

ms

�
of solution, polymer relaxation time

constant (l), the trap stiffness k and the calibration factor b. The
calibration factor indicates how to scale between the V2 Hz�1 to
nm2 Hz�1 and thus, reducing the number of tting parameters,
we could normalise the curve to 1 to nd all other parameters
and then come back to this parameter later. We are making an
attempt to apply a theory that works well for bulk linear visco-
elastic medium to a viscoelastic interface comprising of water
with polymer particles.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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For multiple-particle tracking passive microrheology, the X-
an Y-coordinates of four tracer particles were simultaneously
detected as a function of time and the relative Mean Squared
Displacement (MSD) determined.42 The MSD was then assumed
to be a function of the form

MSD ¼ h(D~rij(t + s) � D~rij(t))
2i ¼ 8Dsa, (7)

where, s is the delay time (also called lag time, which is the time
between the two positions taken by the particle while
computing the MSD), D is the diffusion coefficient, a is the
diffusion exponent, D~rij(t + s) and D~rij(t) respectively are the
separation between two tracer particles i and j at times t + s and
t. From eqn (7), we can further write,

log(MSD) ¼ a log s + log 8D. (8)

Here, the diffusion coefficient (D) and the diffusion exponent
(a) are extracted as the antilog of intercept and slope respec-
tively (see eqn (8)). It may be noted here that this model for MSD
given in eqn (7) is different from the generalised Maxwell
model.

Viscoelastic properties of the interface were then determined
by using the generalized Stokes–Einstein relation (GSER),43

�
D~r2ðsÞ� ¼ 2kBT

3pas ~GðsÞ ¼
8Da!

saþ1
;

where, hD~r2(s)i is the Laplace transform of themeasuredMSD, kB
is the Boltzmann constant, T is temperature in Kelvin, a is radius
of the tracer particle, s is the Laplace frequency in rad s�1 and
~G(s) is the frequency-dependent viscoelastic modulus.44 ~G(s) was
transformed into Fourier domain by substituting s¼ iu to obtain
G*(u). The elastic and the loss modulus were obtained respec-
tively as the real and imaginary parts of the complex viscoelastic
modulus, G*(u) ¼ G0(u) + iG00(u).45 We note that, G0 and G00 obey
the Kramers–Kronig relations, they are not two independent
functions, and both can be determined from the single, real
function ~G(s). However, the Laplace transform is valid at lower
frequencies and to obtain complex viscoelastic modulus G*(u) at
higher frequencies we t the data to a function, typically used to
understand glassy dynamics of hard sphere colloids43 ~G(s)¼ g1 �
g2s

�0.55 + g3s
0.3 + g4s

0.5 + g5s and extract the non-negative tting
parameters gis. In the context of a hard sphere colloidal glass, the
rst three terms are indicative of the cage dynamics, as suggested
by mode coupling theories;46 they take into account the plateau
and a low-frequency relaxation. The fourth term is associated
with the predicted high-frequency elastic modulus,47 while the
h term corresponds to the high-frequency viscosity of the
suspension. The applicability of this scheme is tested for several
distinctly different complex uids such as suspension silica
particles in ethylene glycol, entangled polymer solution and oil-
in-water microemulsions.43 This procedure establishes
a general relationship between the MSD of the particles and the
bulk rheological properties of the complex uid.43 Under this
scheme, the elastic compression/dilation modulus is given by
E(u) ¼ E0(u) + iE00(u) which can then be written as E(u) ¼ E0(u) +
iuhi (ref. 48 and 49) where, hi is the interfacial viscosity. Then
© 2022 The Author(s). Published by the Royal Society of Chemistry
tan
�
qp
� ¼ uhi

E0 ¼ G00

G0 :

Here it may be noted that G00(u) ¼ hiu,50,51 such that G0(u) ¼
E0(u). Here, qp is the phase angle. The elastic modulus applies to
the case of dynamic systems while the shear storage modulus is
for quasi-static systems. In the limit of small amplitude oscil-
latory systems, the moduli are identical.

But, E0 is related to the surface pressure48,52 as

E
0 ¼ �A dP

dA
(9)

where, A is the area of the interface. This can then be simplied
as

G0 ln(A0/A) ¼ DP (10)

Thus,

DP ¼ G0(u)ln(A0/A) (11)

The surface area (A) of the sessile water droplet is calculated
using eqn (12)

A ¼ 2pr2

ð1þ cos qcÞ (12)

where, r is the radius of the water droplet and qc is the contact
angle.
3 Materials and methods

p-NIPAM microgel particles were synthesized by precipitation
polymerisation reaction.53 The reagents, N-isopropylacrylamide,
NIPAM (Sigma Aldrich), N,N0-methylenebisacrylamide, MBAA
(Sigma Aldrich) and potassiumperoxodisulfate (KPS) were used
without further purication. The NIPAM monomer (0.25 g) and
the crosslinker MBAA (0.025 g) were dissolved in 15 mL de-
ionized (DI) water (resistivity – 18.2 MU cm, Millipore), the
solution was stirred under nitrogen atmosphere and heated in
a water bath maintained at a temperature of 70 �C. Then, KPS
(0.02 g) dissolved in 5 mL DI water was added to initiate the
polymerization reaction. The reaction was allowed to continue
for 7–8 hours and then the reaction mixture was cooled to room
temperature. The synthesised particles were subjected to six
cycles of centrifugation and redispersion in DI water. The
monolayer concentration (CML, dened as the particle concen-
tration such that a uniform monolayer deposit spanning the
entire circular base area of the droplet forms aer complete
evaporation54) for the microgel particles, determined by per-
forming a series of trial experiments by diluting the mother
solution to the desired concentration was found to be 0.02 wt%.

The passive microrheology of the microgel-laden air–water
interface of the sessile droplet was performed using tracer
polystyrene (PS) particles (ThermoScientic, Cat No. 4010A).
The particles are 1 mm in diameter. For the particle tracking
experiments, 1 mL of the droplet containing p-NIPAM microgel
particles at the monolayer concentration (0.02 wt%) was mixed
RSC Adv., 2022, 12, 12988–12996 | 12991
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Fig. 2 The plot depicts the variation of contact angle in degrees (red)
and diameter in mm (blue) of the sessile water droplet as a function of
time (t) during evaporation. The diameter remains constant for most of
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with 1 mL of tracer PS particles at very low concentration
(0.005 wt%). The tracer particle movement at the apex of the
droplet was observed and recorded using an Olympus IX71
inverted optical microscope (transmission mode). Relevant
frames of the video were extracted using the ImageJ soware
and the MSD is obtained by using a in-house developed
MATLAB® routine. For calibration, we use the Thorlabs optical
tweezers kit OTKB/M55 as shown in the Fig. 1(c). An Olympus
UPlanFLN 100� objective with 1.3 Numerical Aperture (NA) was
used to focus the laser spot to about 1 mm diameter. The illu-
mination aperture of the objective was overlled. At this
diffraction-limited spot, a 1 mm diameter RM257 (Merck)
particle was trapped, and a Nikon E-Plan 10�/0.25 NA
condenser was used to collect the forward scattered light. The
laser was a 1064 nm wavelength diode laser from Lasever with
a maximum power of 1.5 W. The forward scattered light was
made incident onto a Quadrant Photo Diode (QPD from Thor-
labs Inc.) and the data was obtained at the rate of 10k samples
per second. The sample illumination was done from the top via
a dichroic mirror using a visible LED, and another dichroic
mirror was used to combine the trapping laser with the visible
light. A CMOS camera (Thorlabs Inc.) was used to get the
images.

We prepare the spherical liquid crystalline particles,56 by
heating 150 mL de-ionized water to 75 �C and 50 mL ethanol
(with 99% purity) to 55 �C simultaneously. We then add 20 mg
of RM257 (Merck) powder to the ethanol aer it reaches 55 �C. A
magnetic stirrer was used to dissolve the powder properly and
get a clear solution. When the powder gets dissolved, we add the
whole RM257-ethanol solution in a dropwise manner to the de-
ionized water while keeping the temperature at 75 �C. The color
of this 200 mL solution is milky white. We then cover the
beaker's opening with aluminum foil bearing perforations, and
wait while all the ethanol has been evaporated and the solution
becomes 150 mL again. Thereaer, we cool the solution and
store. The resultant birefringent micro-spheres are about 1 mm
in size, with a standard deviation of about 0.2 mm. We can get
bigger particles upon increasing the amount of RM257 powder
in the same amount of ethanol or by slowing down the evapo-
ration rate.

The birefringent microspheres solution was added to p-
NIPAM solution at monolayer concentration. A 2 mL drop of
this solution was gently placed on a coverslip as shown in Fig. 1
and allowed to evaporate till height of the interface falls below
200 mm (working distance of our objective). As the evaporation
progresses a p-NIPAM monolayer begins to form at the inter-
face. Here, we trap the birefringent particle to measure the
changes in the power spectral density of parallel and perpen-
dicular modes to the interface along with out of the plane
rotational modes.

We use two different techniques to perform rheology,
namely use the video camera to detect position of tracer parti-
cles to nd the G0 and G00, and, the position and orientation
measurement of the particle at high resolution using optical
tweezers to nd the passive thermal response of the tracer to
Brownian motion.
12992 | RSC Adv., 2022, 12, 12988–12996
4 Results and discussions

First, we discuss the evolution of the surface of the microgel
loaded droplet subject to evaporation. The surface serves as the
substrate for our experiments wherein, the microgel assembly
takes place and the viscoelastic property is investigated. The
sessile droplets placed on hydrophilic substrates like the glass
substrate used in the present study typically exhibit a constant
contact radius (CCR) mode of evaporation. The droplets stay
pinned to the substrate for the majority of the drying time.
Consequently, the interfacial area of the droplet shrinks with
the loss of the solvent due to evaporation. The time evolution of
the diameter and the contact angle of the microgel loaded
sessile droplet during the evaporation process is shown in
Fig. 2. As can be inferred from the gure, the droplet evaporates
in a CCR mode for about 75% of the total evaporation time. The
area of the sessile water droplet surface was initially 2.89 mm2

while it reduced to 2.65 mm2 aer t/T ¼ 0.3.
Initially, as the number density of microgels is less on the

surface of the air–water interface, a tracer birefringent particle
can be trapped on the interface and would show a Lorentzian
power spectral density,57,58 as shown in Fig. 3(a) and (b). This is
about 2 minutes from the time of placing the droplet on glass
and amounts to a t/T ¼ 0.1, where T is the total time for evap-
oration for a 3 mL droplet which is about 20 min. As time
progresses, the number density of microgels on the surface
increases and the interface starts to become viscoelastic in both
the X (along the interface) and Z (perpendicular to the interface)
directions. This is shown in Fig. 3(c) and (d) with t/T ¼ 0.2 and
Fig. 3(e) and (f) with t/T ¼ 0.3. Here the data was taken over
a single 5 second segment of time series and not averaged.

The relative viscosity of the polymer particle laden interface
with respect to the solvent gradually increases as indicated in
the Fig. 3. Interestingly, the in-plane translational mode has
higher viscoelasticity than the mode orthogonal to the interface
during the same evaporation time span. There is a qualitative
change in the power spectrum too as the Lorentzian (indicating
low viscoelasticity) paves the way for more viscoelastic spectra
for the same particle.
the evaporation whereas, the contact angle changes gradually.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The temporal evolution of viscoelasticity obtained using the
power spectral density (PSD) of X (parallel to the interface) on left and Z
(perpendicular to the interface) on right panel. (a) and (b) are initial
PSDs of X and Z respectively at low concentration of p-NIPAM fit to
a Lorentzian (black, t/T¼ 0.2). The PSDs (c) (t/T¼ 0.4), (e) (t/T¼ 0.6) of
X and (d) (t/T ¼ 0.4), (f) (t/T ¼ 0.6) of Z recorded at 2 minutes interval
each from the initial PSDs (a) and (b) respectively deviates from
a Lorentzian to Oldroyd-model indicating a clear change in relative
viscosity of the polymer particles with respect to solvent (mp/ms) from
0–2 for X and 0–0.29 for Z.

Fig. 4 Snapshot of tracer PS particles at the air–water interface of
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We nd that the in-plane mode has higher viscoelasticity
than the mode orthogonal to the interface. We conjecture this
by taking into account the non-uniform distribution of polymer
density along the interface and orthogonal to it, owing to the
microgel deformation at the interface. The adjacent microgels
at the interfacial plane interact through the dangling polymer
chains at their periphery, forming an elastic network,26 thus
contributing to the in-plane viscoelasticity and possibly making
it higher than that of the orthogonal mode.

To study the viscoelastic properties of the microgel laden
interface using multiple particle tracking passive micro-
rheology, we rst extract the X–Y tracks of the tracers. Using
video microscopy, we bring the tracer particles into focus. The
tracers used are 1 mm diameter polystyrene particles. Unlike the
p-NIPAM microgel particles that get spontaneously adsorbed to
the air–water interface of the sessile droplet, the PS particles
themselves do not have any affinity to adsorb to the interface.
However, some PS particles get randomly trapped on the p-
NIPAM interfacial network. Also, as the evaporation
© 2022 The Author(s). Published by the Royal Society of Chemistry
progresses, the descending interface captures some of the PS
particles present within the bulk of the droplet. Thus, the
number of tracers on the interface increases with time. We
focus on the tracers that are present at the apex of the droplet.
The apex of the drop is relatively at compared to other regions;
thus, the region in focus can be considered to be the X–Y plane.
The video during the entire evaporation process is recorded,
keeping the apex of the drop in focus. Since the droplet is
subject to evaporation, the interface keeps descending, and so
the microscope objective has to be continuously adjusted to
keep the tracer particles in focus. Relevant frames of the video at
different t/Ts are extracted, containing at least four tracer
particles in focus as shown in Fig. 4. The X–Y trajectories of
tracer particles at t/T ¼ 0.1, 0.5 and 0.8 are shown in Fig. 5.
Initially, the particles exhibit Brownian motion along the X–Y
plane, as evident from the trajectory recorded at t/T ¼ 0.1. The
interface can be considered predominantly viscoelastic liquid at
this stage as the tracer trajectory is comparatively uncon-
strained. But with time, the tracer motion at the interface gets
more and more constrained, as can be seen from the trajectory
recorded at t/T ¼ 0.5. The particle movement is largely con-
strained on the interface plane towards the penultimate evap-
oration stage, with the p-NIPAM network almost completely
immobilising the tracer. At this stage, the interface behaves as
predominantly a viscoelastic solid (or gel).

To gain a more quantitative understanding, we further
calculate the relative mean squared displacements of the tracers
at the interface at different times. The advantage of using
relative MSD rather than absolute MSD is that the error in MSD
due to collective motion of the interface arising from dri or air
currents can be rectied. The relative MSDs of the tracers at the
interface near the apex of the droplet at different evaporation
times are shown in Fig. 6(a). The slope of the MSD plot is nearly
one at the early stage of evaporation and decreases gradually,
approaching zero with time. Fig. 6(b) shows the viscoelastic
moduli calculated using the generalised Stokes–Einstein equa-
tion. The loss moduli values are higher than the elastic moduli
values at t/T ¼ 0.3. The trend reverses at t/T ¼ 0.8, with higher
elastic moduli values than the loss moduli values. Thus, we
observe a clear viscoelastic liquid to solid (or gel) transition in
the mechanical properties of the air–water interface of the
sessile droplet loaded with p-NIPAM microgel particles in line
with previous studies. The p-NIPAM microgel particles
a sessile droplet during evaporation (t/T ¼ 0.5). Scale bar: 5 mm.
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Fig. 5 Trajectories of the tracer PS particles at different stages of evaporation (t/Ts) of the sessile droplet. Here, T is the total time of evaporation.
The trajectories of the tracer polystyrene particles present near the apex of the drop are recorded using video microscopy.

Fig. 6 (a) The relative MSDs of tracer PS particles measured at the air–
water interface of sessile drop containing microgel particles at
different times t during the evaporation. Here, T is the total time of
evaporation. The slope of the MSD plot is nearly one at the early stages
of drying and progressively decreases to zero with evaporation. (b) The
viscoelastic moduli of the microgel laden air–water interface of the
sessile drop determined using the GSER. The closed symbols corre-
spond to the elastic moduli and the open symbols to the loss moduli at
two different evaporation times t. Here, T is the total time of evapo-
ration. At the early stage of drying (t/T ¼ 0.3) the interface is viscous as
G00(u) > G0(u) whereas, towards the end of evaporation (t/T ¼ 0.8), the
interface turns predominantly viscoelastic with G0(u) > G00(u).

Fig. 7 The graphs depicts the power spectral density (green) of pitch
(out of plane rotation) rotational mode fit to (a) a Lorentzian (black)
during initial stage of evaporation and (b) is fit (black) using Oldroyd-
model during the later stage of evaporation (t/T ¼ 0.6) indicating
a clear change in the viscoelasticity characterized by the ratio of
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possessing inherent surface-active behaviour adsorb to the air–
water interface of the sessile drop within a fewminutes aer the
drop is placed on the substrate. Initially, the interfacial area is
large, and the microgel adsorption still maintains the visco-
elastic liquid nature of the interface. As time progresses, the
adsorbed microgels form a network that spans the entire
interfacial area. This is due to more microgel particles popu-
lating the interface and the shrinking interfacial area. The
12994 | RSC Adv., 2022, 12, 12988–12996
interfacial network layer of the microgels makes the tracer
movement highly constrained.

In order to probe the out of plane rotational mode we employ
optical tweezers. Here, we trap a birefringent particle close to
the interface and record the power spectral density. The power
spectral density for the pitch rotational mode has been specied
in Fig. 7. As the number density of p-NIPAM particles increases,
the PSD changes from Lorentzian to Oldroyd-model. The ratio
mp/ms changes from 0 (only water, no p-NIPAM particles) initially
to 0.13 aer 6 minutes (t/T ¼ 0.5) of evaporation. This indicates
the onset of higher viscoelasticity even in this mode of motion,
although the extent of viscoelasticity is lesser than in-plane and
orthogonal modes in the same duration of evaporation time.

Generally, the viscoelasticity of an air–water interface is
estimated by assuming that the MSD is a power law. However,
the power law is indeed an approximation. We tried to use
a more general model for viscoelasticity derived from the rst
principles for a bulk linear viscoelastic material to the case of an
interface of a water droplet laden with polymeric particles.
Thus, we compare the viscoelastic moduli of the surface
computed from the generalised Maxwell's model with that
computed directly from video tracking, assuming a power law
for the MSD. Fig. 8 shows the comparison of the viscoelastic
moduli of the interface computed by the generalized Maxwell's
model in closed symbols and by the video tracking method in
open symbols. The generalised Maxwell's model (or the Jeffery's
model) works well for bulk linear viscoelastic systems. We make
polymer viscosity to solvent viscosity (mp/ms).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Comparison of viscoelastic moduli of the microgel-laden air–
water interface of sessile drop measured using optical tweezers
(closed symbols) and video camera (open symbols). The elastic moduli
(G0) and loss moduli (G00) were measured at evaporation time t such
that t/T ¼ 0.3 corresponding to final stage of evaporation.
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an attempt to use it for viscoelastic interfaces with elasticity
coming from polymeric particles suspended in water. We nd
that the trends are qualitatively similar but have quantitative
differences which may be explained by the fact that these are
two entirely different models. Moreover, generalised Maxwell's
model assumes linear viscoelasticity while the actual system
might have become non-linear, but yet better than assuming
a power law for the MSD. Initially, the system is more viscous
than elastic which is when the generalised Maxwell's model
matches well. But as the elasticity increases, and the system
becomes more elastic than viscous, the model breaks down.

Finally, we estimate the excess pressure of the microgel-
laden interface. As discussed previously, there is a reduction
in the interfacial area of the drop upon evaporation, evident
from Fig. 2. This amounts to an excess pressure DP ¼
0.00005 ln(2.89/2.65) ¼ 4.3 mN m�1. This can be compared with
72 mN m�1 of surface tension of water. Moreover, the force due
to this excess pressure on a particle of 1 mm diameter at the
interface is then 4.3 � (2p� 0.5) pN ¼ 4 pN. This force is acting
on the particle from all the radial directions at the interface.

5 Conclusions

To conclude, we ascertain the viscoelasticity of the air–water
interface of a sessile droplet laden with p-NiPAM microgels
along with some tracer particles. These tracer particles are
either highly crosslinked polystyrene or birefringent particles.
Using these tracers, we nd that the modes parallel to the
interface, perpendicular to the interface and the out-of-plane
rotational mode of the particle with respect to the interface.
As the evaporation progresses, the interface area decreases and
all the modes clearly shows a gradual viscous to viscoelastic
transition. We probe it with two different techniques, multiple-
particle tracking passive microrheology using video microscopy
and by trapping birefringent tracer particles in optical tweezers.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The multiple-particle tracking method captures the rheological
properties on themode parallel to the interface while the optical
tweezers can also be used to nd information about the trans-
national mode parallel to the interface. We compare the rheo-
logical properties of the interface estimated from the two
methods for the mode parallel to the interface using different
models; the video camera tracking data is tted to an MSD of
the form of a power law, while the PSD from the optical trapping
is tted to the generalised Maxwell's model. We nd qualitative
agreements but with some quantitative differences. Interest-
ingly, the in-plane translational mode possesses higher visco-
elasticity than the mode orthogonal to the interface considering
the same evaporation time span.59 We also estimate that the
excess pressure of the interface in the direction parallel to the
interface increases by about 4 pN at t/T ¼ 0.3.
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10 H. D. Silva, M. Â. Cerqueira and A. A. Vicente, Food Bioprocess
Technol., 2012, 5, 854–867.

11 J. Keddie and A. F. Routh, Fundamentals of Latex Film
Formation: Processes and Properties, Springer Science &
Business Media, 2010.
RSC Adv., 2022, 12, 12988–12996 | 12995

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00765g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 1

1/
10

/2
02

5 
3:

32
:4

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
12 H. M. Van Der Kooij, G. T. Van De Kerkhof and J. Sprakel,
So Matter, 2016, 12, 2858–2867.

13 J. Vialetto, F. Camerin, F. Grillo, S. N. Ramakrishna,
L. Rovigatti, E. Zaccarelli and L. Isa, ACS Nano, 2021, 15,
13105–13117.

14 Y. Xia, X. He, M. Cao, C. Chen, H. Xu, F. Pan and J. R. Lu,
Biomacromolecules, 2013, 14, 3615–3625.

15 J. Kim, S. Nayak and L. A. Lyon, J. Am. Chem. Soc., 2005, 127,
9588–9592.

16 S. Tsuji and H. Kawaguchi, Langmuir, 2005, 21, 8439–8442.
17 J. Peng, D. Zhao, X. Tang, F. Tong, L. Guan, Y. Wang,

M. Zhang and T. Cao, Langmuir, 2013, 29, 11809–11814.
18 B. M. Rey, R. Elnathan, R. Ditcovski, K. Geisel, M. Zanini,

M.-A. Fernandez-Rodriguez, V. V. Naik, A. Frutiger,
W. Richtering, T. Ellenbogen, et al., Nano Lett., 2016, 16,
157–163.
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