
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

7:
47

:3
1 

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
Directional mass
aDepartment of Chemical Engineering, La

Tsinghua University, Beijing 100084, Peopl

mail.tsinghua.edu.cn
bDepartment of Physics, State Key Laborato

Tsinghua University, Beijing 100084, People
cDepartment of Chemical Engineering, The

Tsinghua University, Beijing 100084, People

† Electronic supplementary informa
10.1039/d1ra01904j

Cite this: RSC Adv., 2021, 11, 15387

Received 10th March 2021
Accepted 16th April 2021

DOI: 10.1039/d1ra01904j

rsc.li/rsc-advances

© 2021 The Author(s). Published by
transfer of azo molecular glass
microsphere induced by polarized light in aqueous
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Photoinduced mass transfer of azo polymer and azo molecular glass has been intensively investigated

under various light irradiation conditions simply using air as the ambient environment. In this work, in

order to understand the effects of the surrounding medium on the light-induced process, azo molecular

glass microspheres adhered on a substrate were immersed in water and different aqueous solutions, and

their mass transfer behavior was investigated by irradiation with linearly polarized light. The microspheres

in the aqueous media showed significant deformation through directional mass transfer upon light

irradiation and transformed into a series of shape-anisotropic particles as revealed by microscopic

observations. Compared with their counterparts upon light irradiation in air, the particles immersed in

the aqueous media exhibited larger elongation parallel to the substrate and higher shape anisotropy.

Optical simulation showed that this was caused by the alteration of the direction of the electric vibration

of the refracted light at the medium–microsphere interface, which controlled the mass transfer behavior.

On the other hand, the viscosity of the aqueous media showed no effect on the mass transfer process

induced by the irradiation. The photo-thermal effect on the mass transfer behavior was ruled out as the

thermal dissipation through a liquid is much more efficient than that through air. On the basis of this, this

methodology was also successfully employed in the photo-fabrication of anisotropic submicron-sized

periodic structures in aqueous medium. These observations can supply deep understanding of this

fascinating process induced by polarized light and extend the scope of its applications.
Introduction

Photoinduced mass transfer is an intriguing function of azo-
chromophore-containing so matter (i.e. azo polymer and azo
molecular glass), which has been intensively investigated for
understanding its mechanism and extending its applications in
different areas.1–9 Previous studies show that upon light irradiation
at an appropriate wavelength, the repeated trans–cis photo-
isomerization cycles of azo chromophores at themolecular level can
drive themacroscopicmassmigration of thematerials.1–6 This effect
was rst observed for the surface-relief-grating (SRG) formation on
the azo polymer lms upon exposure to the interference fringes
formed by two coherent laser beams.10,11 This type of mass transfer
is highly directional and preferentially occurs along the electric
boratory of Advanced Materials (MOE),
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vibration direction of the polarized light.12–16 The underlying
mechanism of the directional mass transfer has been actively
investigated from different aspects.17–27 Meanwhile, its application
has been demonstrated to implement the morphology and shape
manipulations of solid lms and nano/microstructures, which
include surface patterning,8,16,28–30 optical near-eld mapping,3,31,32

biomolecule immobilization,33 cell-guiding substrates,7,34–36 and
others. With all these progresses, understanding its mysterious
nature and broadening the platform for other applications are still
in the research frontier at the current stage.

Distinct from SRG formation induced by two interfering laser
beams, photoinduced deformation of microspheres of azo poly-
mer and azo molecular glass is actuated by a single beam or
uniform light eld.15,37–44 By irradiation with linearly polarized
light, the directional mass transfer can cause signicant elonga-
tion of the microspheres along the electric vibration direction of
the electromagnetic wave.37,38 Through this approach, shape-
anisotropic particles with diversied morphologies (e.g., ellip-
soidal, rod-like, mushroom-like and acorn-like ones) can be con-
trollably fabricated from the microspheres, and their three-
dimensional (3D) shapes can be dynamically manipulated in
a non-touched manner.39–45 This shape manipulation approach
can be applied in some appealing elds such as surface wettability
RSC Adv., 2021, 11, 15387–15399 | 15387
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Chart 1 Chemical structure of the azo molecular glass IAC-4.
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modication,39 photo-alignment of inorganic nanoparticles,42,43

and anisotropic light diffusers.45 The photoinduced deformations
of azo polymermicrospheres have been found to correlate with the
excitation wavelength,38 the microsphere size,42–44 and the azo
chromophore content.44 Azo molecular glass, a type of low-
molecular-weight amorphous organic material containing azo
chromophores, has recently been used as an ideal substance for
studying this type of light-induced behavior.39,40 The well-dened
chemical structure and the absence of chain entanglements of
polymers not only endow the azo molecular glass with sensitive
response to the light irradiation, but also simplify the analysis of
the correlation with structural factors.46–48 For this reason, the
microspheres and particlesmade of azomolecular glass have been
investigated to elucidate the effects of light wavelength,39 particle
size,39 and light polarization state.40

In most of the previous reports, the photoinduced mass
transfer and deformations of the microspheres, made of both
azo polymers and azo molecular glasses, have been investigated
under the air-ambient condition,15,37–45 few in gels,49 and in
elastomers.45,50 In the light irradiation process, using a medium
instead of air will alter the light refraction condition at the
interface. As the mass transfer occurs along the direction of the
electric vibration of the polarized light, the immersion medium
(or surrounding environment) could have important effects on
the results. Also, the medium will modify the transport envi-
ronment around the microspheres, such as heat dissipation
and diffusion, which could also show some inuences. Never-
theless, for a medium like gel or elastomer, the mechanical
strength of the medium is dominant over other factors such as
refractive index and thermal conductivity to show their effects.
Water as a good immersion medium has been typically used in
photo-lithography to enhance the resolution of nano-
fabrication,51 and in interferometric lithography to reduce the
minimum half-pitch.52 For light-responsive particles, the shape-
adaptability/recongurability in aqueous environment show
remarkable signicance for various biological technologies
such as drug delivery and vascular transportation.53,54 The study
of the photoinduced mass transfer of microspheres in aqueous
immersion media will be of benet to understanding the
intricate nature of the photoinduced mass transfer of azo
polymers and azo molecular glasses, and possible to offer an
efficient methodology for manipulating the so-matter archi-
tectures for many future applications. A preliminary experiment
about the photoinduced deformation of azo polymer colloidal
spheres trapped at water/glass interface has been briey re-
ported in a recent article by Loebner et al.50 However, the direct
comparison of particle deformations in air and in water was not
accomplished in the work since the irradiation wavelength
differs for both experiments (491 and 355 nm, respectively). To
our knowledge, a systematic study of the photoinduced mass
transfer behavior of the azo-chromophore-containing micro-
spheres in aqueous immersion media to fully understand their
inuences has not been reported in the literature yet.

In this study, we investigated the photoinduced deformation
of a type of azo molecular glass (IAC-4) microspheres in water
and aqueous solutions to elucidate the unique effect of the
immersion medium on the mass transfer behavior. For this
15388 | RSC Adv., 2021, 11, 15387–15399
purpose, IAC-4 microspheres with the monodispersed diameter
around 14.7 mm were fabricated and adhered on the silicon
substrate. When immersed in water and a series of aqueous
solutions with different refractive indices and viscosities, the
microspheres were subjected to the irradiation of the linearly
polarized light at 488 nm. The shape deformations as a result of
themass transfer were examined bymicroscopy on the obtained
particles. It was observed with interest that the mass transfer
could be induced in the aqueous media with high efficiency,
through which the IAC-4 microspheres were transformed into
shape-anisotropic particles in a well-controlled manner. The
three-dimensional (3D) morphology and surface atness of the
obtained particles were thoroughly characterized by the
microscopic observations. The refractive index was proved as
the dominant factor to control the photoinduced mass transfer
and shape deformation in different media. The related mech-
anism was elucidated through the optical calculation by
considering the light refraction and electric eld energy distri-
bution at the liquid–microsphere interface. On the other hand,
the viscosity of the immersion medium showed negligible
inuence on the shape evolution process. To step from the
understanding to a feasible methodology, the photoinduced
deformation was also tested using the submicron-sized periodic
structures of IAC-4. The patterns with the large shape-
anisotropy were obtained in the water immersion medium,
compared with those obtained in the air-ambient environment
under the same irradiation condition.

Experimental
Materials

The azo molecular glass (IAC-4, Chart 1) was synthesized
according to the previous report.48 The characterization results
of IAC-4 are shown in Fig. S1–S4 (in ESI†). Monodispersed IAC-4
microspheres with the averaged diameter of 14.7 � 0.1 mmwere
fabricated via the emulsion-solvent evaporation method in
a microuidic chip.40 Potassium thiocyanate (KSCN, 99%) was
purchased from Sigma-Aldrich. Poly(vinyl alcohol) (PVA) with
the hydrolysis degree of 98–99% and the averaged molecular
weight of 88 000–97 000 was purchased from Alfa Aesar.
Deionized water (resistivity > 18 MU cm) was obtained from
a Milli-Q water purication system. Other reagents and solvents
were purchased from commercial sources and used as received
without further purication.

Preparation of aqueous solutions

The aqueous solutions of KSCN with different concentrations
(30 wt%, 52 wt% and 70 wt%) were prepared at the temperature
© 2021 The Author(s). Published by the Royal Society of Chemistry
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of 25 �C under sonication, which were then ltered through 0.45
mm syringe membranes to remove the particulate impurities.
The aqueous solutions of PVA with different concentrations
(2.5 wt%, 5 wt% and 8 wt%) were prepared at the temperature of
90 �C under mechanical stirring for 12 h. Aer cooled down to
room temperature, the viscous PVA solutions were ltered
under reduced pressure to remove the particulate impurities.
The as-prepared solutions were all colorless and transparent
liquids, which could be stably stored in the sealed glass bottles
at the constant temperature (25 �C) for months. The physical
properties and image of the aqueous solutions are given in
Table S1 and Fig. S5 (in ESI†).
Immobilizing IAC-4 microspheres on substrate

Poly(butyl acrylate) (PBA), a so and sticky polymer at room
temperature, was served as an adhering layer to immobilize the
IAC-4 microspheres on the silicon substrate. The synthesis and
characterization of PBA are shown in ESI.† Before loaded with
the microspheres, a piece of the clean silicon wafer (in a rect-
angular shape of ca. 10 mm � 8 mm) was spin-coated with the
CHCl3 solution of PBA (2 wt%) at the spinning speed of
1000 rpm, which was then dried in a vacuum oven at 30 �C for
48 h. The thin lm of PBA with smooth surface was formed and
the thickness of the lm was about 900 nm. Then, a few drops of
water suspension containing IAC-4 microspheres were casted
onto the PBA-coated substrate. Aer le aside for several
minutes, the redundant liquid was gently removed from the
sample surface. This procedure ensured that the IAC-4 micro-
spheres were tightly adhered by the PBA layer and dispersed on
the substrate as isolated particles.
Light irradiation on IAC-4 microspheres in aqueous medium

Photoinduced mass transfer of IAC-4 microspheres was inves-
tigated by irradiation in an aqueous medium, where the
composition and concentration were purposefully predesigned.
In the process, a piece of the silicon substrate loaded with IAC-4
microspheres was immersed in the aqueous medium in an
open Petri dish. The height of liquid above the sample surface
was controlled to be about 8 mm for each case. A linearly
polarized laser beam (l ¼ 488 nm, Genesis CX 488-2000 SLM,
Coherent Corporation) was expanded with a spatial lter and
collimated by a plano-convex lens to generate a homogeneous
beam with the spot size of 20 mm in the diameter. Then, the
laser beam was reected by a 45� mirror to illuminate the
sample in the aqueous medium at normal incidence. The light
intensity on top of the aqueous medium (i.e., aer the 45�

mirror) was controlled to be 200 mW cm�2 for each case. To
benet the morphological characterization in the following
investigation, the long side of silicon substrate was parallel to
the electric vibration direction of the incident light (i.e., the long
axis of the elongated particles). Aer being irradiated for
a period of time, the sample was gently lied out of the aqueous
medium, rinsed with deionized water, and dried in ambient
conditions. For the control experiment where air served as the
surrounding medium, the sample was placed in a Petri dish
© 2021 The Author(s). Published by the Royal Society of Chemistry
without the immersion liquid and the other parts of the
procedure were the same.
Instrument and characterization

Light transmittance spectra of the aqueous media were obtained
using an Agilent 8453 UV-vis spectrophotometer in a quartz
cuvette with the optical path of 1 cm. The refractive index of
aqueous medium (nme) at the Fraunhofer D-line (l ¼ 589.3 nm)
was measured by an Abbe refractometer (WAY-2W, Shanghai
Shenguang Instrument Co., Ltd). Concerning the optical disper-
sions of these liquids are negligible in the visible range (Table S1
in ESI†), themeasured nme can be regarded as the refractive index
at the laser wavelength (l ¼ 488 nm). The viscosity of aqueous
medium (hme) was measured by an Ubbelohde viscometer at the
temperature of 30 �C. The inner diameter of the capillary was 1.07
mm. Before measurements, the viscometer was calibrated using
several standard liquids with known viscosities, and the details
can be seen in ESI (Fig. S6†). The glass transition temperature
(Tg) of IAC-4 was measured by differential scanning calorimetry
(TA instruments DSC 2920) with a heating rate of 10 �C min�1 in
nitrogen atmosphere. The refractive index (nazo) and extinction
coefficient (kazo) of IAC-4 were measured by an ellipsometer
(SE850, Sentech Instruments) at the incident angle of 70�. The
lm samples for the ellipsometry were prepared by spin-coating
the CHCl3 solution of IAC-4 (3 wt%) onto the silicon wafer and
vacuum drying at 45 �C for 24 h. Nanoindentation tests were
performed on the Nano Indenter G200 (Keysight) system using
a Berkovich-type diamond indenter tip. The maximum indenta-
tion depth was 1000 nm with the loading rate of 10 nm s�1. The
lm samples for the nanoindentation tests were prepared by dip-
coating the DMF solution (5 wt%) of IAC-4 onto clean glass slides,
evaporating solvents at 80 �C and drying at a vacuum oven. The
morphologies of the IAC-4 microspheres and deformed particles
were obtained using a Gemini300 (Zeiss Corporation) scanning
electron microscope and observed from two orthogonal views
(front-view and top-view). The accelerating voltage and the aper-
ture size were 5 kV and 60 mm, respectively. Before SEM obser-
vations, the samples were sputtered with a thin layer of gold with
the thickness of about ten nanometers to enhance the conduc-
tivity. To acquire the front-view SEM images, the samples were
vertically adhered onto the upright wall of a cross-sectional stage,
and the long side of silicon substrate (i.e., the elongation axis of
deformed particles) was orientated in the horizontal direction.
The optical microscopic (OM) images of the IAC-4 microspheres
and deformed particles were obtained on a Nikon LV 100POL
microscope in the reection mode and captured by a Nikon DS-
2 CCD camera. The objective lens with the numerical aperture
(NA) of 0.55 and magnication of 50� was used.
Results and discussion

The monodispersed azo molecular glass (IAC-4) microspheres
with the diameters of 14.7 � 0.1 mm were used for the investi-
gation. Compared with the azo microspheres with smaller and
larger sizes (sub-micron and hundred-micron),37,44 these ten-
micron-sized IAC-4 microspheres exhibit the richness of the
RSC Adv., 2021, 11, 15387–15399 | 15389
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Fig. 1 (a) Experimental setup for investigating the photoinduced deformation of IAC-4 microspheres in the aqueous medium. (b) Schematic
diagram of themorphology characterization of the deformed particles from the top-view and the front-view. The Cartesian coordinate system is
indicated in each figure.
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photoinduced deformation patterns,39,40 which is favorable for
investigating the mechanisms of the mass transfer and for
demonstrating unique functionalities as well. The experimental
setup used here is illustrated in Fig. 1a, where the IAC-4
microspheres were loaded on a piece of the silicon substrate
immersed in an aqueous medium. The substrate was pre-coated
with a thin sticky layer of PBA that could tightly immobilize the
IAC-4 microspheres on the substrate when immersed in the
aqueous medium (Fig. S7 in ESI†). The microspheres were
illuminated by a collimated and linearly polarized laser beam (l
¼ 488 nm) with the homogeneous intensity of 200 mW cm�2 at
normal incidence. Aer being irradiated for a period of time
and then properly dried, the asymmetric morphologies of the
photo-deformed particles were characterized by SEM from two
orthogonal directions (the top-view and front-view, Fig. 1b) to
uncover the photoinduced mass transfer behavior. The top-view
SEM was taken in the direction of the propagation of the laser
beam (the negative z direction), which tells the shape variation
in the x–y plane. The front-view SEM was taken along the y-axis,
which was orthogonal to both the propagation direction (the�z
axis) and the electric vibration direction (the x-axis) of the
Fig. 2 (a–f) Top-view SEM images of the IAC-4 particles, (a and b) the mi
polarized light irradiation for 1 h in air (c and d) and in water (e and f). The im
different magnifications. The coordinate system is indicated in (e), whic
dimensions (L and S) of the deformed particles after irradiated in air (gray c
of L and S is illustrated in the inset of (g).

15390 | RSC Adv., 2021, 11, 15387–15399
polarized light, and it presents the morphologic changes in the
x–z plane. In addition, the reection-mode OM observations
from the top-view were adopted to quantitatively characterize
the anisotropic attening of the upper part of the particles.
Through these ways, the photoinduced mass transfer behavior
of IAC-4 microspheres in various immersion media, including
water and aqueous solutions with different refractive indices
and viscosities, was systematically studied by examining the
morphologies of the deformed particles and comparing with
that obtained in the air-ambient condition (the control). Optical
analysis and calculation were also conducted to provide a deep
understanding of the mechanism as discussed below in details.
Effect of aqueous immersion medium

Before the light irradiation, the IAC-4 microspheres exhibit the
uniform spherical shape and monodispersed size, as veried by
the top-view SEM images (Fig. 2a and b, captured with different
magnications). Aer the linearly polarized light irradiation in
air for 1 h (Fig. 2c and d), the microspheres were signicantly
elongated along the electric vibration direction of the polarized
crospheres before irradiation, (c–f) the deformed particles after linearly
ages in (a, c and e) and (b, d and f) were respectively captured with two
h can be applied to the other panels. (g) Variation of the anisotropic
olor) and water (red color) for the different time periods. The definition

© 2021 The Author(s). Published by the Royal Society of Chemistry
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light (parallel to the x-axis), and the deformed particles exhibit
the spindle-like morphologies from the top-view. The photoin-
duced elongation is originated from the directional mass
transfer of azobenzene-containing materials, which has been
well documented in the literature.37–45 To our surprise, the IAC-4
microspheres immersed in water generate a more signicant
deformation upon the irradiation with the same light intensity
(Fig. 2e and f). To quantitatively compare the deformation
degrees in air and water, we measured the sizes along the long
axis (L) and short axis (S) of the spindle-like structures in the
top-view SEM images. The averaged sizes, obtained from the
statistics of at least 30 particles for each data point, are shown
in Fig. 2g as a function of the irradiation time. Beneted from
the monodispersed size of microspheres and the stable inten-
sity of laser, the photo-deformed particles exhibit uniform
shapes (Fig. 2c–f) and small deviations (seen form the error bars
in Fig. 2g), which ensures the accuracy and reliability of the
measurements. For the same irradiation period, the IAC-4
microspheres immersed in water show the obviously larger
elongation along the long axis (L) than that obtained in air,
which indicates an enhanced mass transfer efficiency in this
direction. The mean elongation rate (DL/Dt) within the irradi-
ation period of 2 h is calculated to be 7 mmh�1 for that obtained
Fig. 3 (a–d) Front-view SEM images of the photo-deformed IAC-4 partic
d) for 1 h, (a and c) air-ambient, (b and d) immersed in the KSCN solution
be applied to the other panels. (e and f) Upper surface profiles (right half) o
for (e) 0.5 h and (f) 1 h, compared with the surface profile of the micros
aqueousmedium on tuning the photoinduced deformation direction. (h)
in the two orthogonal directions.

© 2021 The Author(s). Published by the Royal Society of Chemistry
in water medium, 1.4-fold of that obtained in air (4.9 mm h�1).
On the other hand, the shrinkage along the short axis (S) of the
particles is much smaller and the difference between these two
compared cases is negligible (Fig. 2g). It indicates that except
the change results from the photoinduced mass transfer, the
water immersion medium does not cause the shape variation by
swelling or other effects.

Above result shows that by employing water as the immer-
sion medium, the particles with larger shape-anisotropy (char-
acterized by L/S), compared with that obtained in air, can be
photo-fabricated under the same irradiation condition. It has
reason to believe that the difference is caused by the higher
refractive index of water (1.333) relative to that of air (1). To
conrm this point, the photoinduced mass transfer in an
immersion medium with a higher refractive index than water
was tested. The KSCN solution (70 wt%) with the higher
refractive index (1.491) was selected as the immersion medium.
This inorganic salt solution is a colorless liquid with the low
viscosity,55 low density and high optical transparency (nearly
100%) resemble to deionized water (Table S1 and Fig. S5 in
ESI†). Moreover, it does not corrode or swell the IAC-4 micro-
spheres (Fig. S7 in ESI†). Fig. 3a–d show the front-view SEM
images of the photo-deformed particles aer irradiation for
les after irradiation with linearly polarized light, (a and b) for 0.5 h, (c and
(70 wt%). The Cartesian coordinate system is indicated in (a), which can
f the xOz cross-section of the deformed particles after laser irradiation
phere before irradiation. (g) Schematic illustration of the effect of the
Schematic illustration of the effect of nme on themass transfer behavior

RSC Adv., 2021, 11, 15387–15399 | 15391
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0.5 h and 1 h in air and the KSCN solution (70 wt%), where the
image of the original IAC-4 microspheres can be seen in Fig. S8
(in ESI†). As the top-view SEM images given in Fig. 2 only show
the deformations viewed from one direction, the front-view SEM
images are shown here to give a comprehensive view of the
deformations. The mushroom-like morphologies of the
deformed particles indicate that the photoinduced deformation
mainly occurs on the upper parts of the particles. This
phenomenon is originated from the strong optical absorption
ability of IAC-4 (Fig. S4†).40 Under the 488 nm light irradiation,
the upper surface layer with a thickness less than 1 mm absorbs
most of the incident light and the signicant mass transfer only
occurs in this part, while the inner part and lower half of the
ten-micron-sized microsphere show no observable deforma-
tion. As revealed in Fig. 3c and d, the immersion medium does
not obviously inuence the deformation region, while it
signicantly changes the deformation direction of the upper
surface parts. In the air-ambient condition (Fig. 3c), the upper
part of microsphere is not only elongated parallel to the x-axis
but also bent towards the substrate (deformed in the �z direc-
tion) to a larger extent, indicating the mass transfer can be
decomposed to the migrations in these two directions. When
the microsphere is irradiated in KSCN solution (70 wt%),
although the shape elongation parallel to the x-axis is signi-
cant, the deformation in the �z direction is reduced (Fig. 3d).
Compared with the former case (Fig. 3c), the upper cap of the
mushroom-like particle in Fig. 3d is more extended parallel to
the substrate plane, but shows a less bending curvature towards
the substrate.

To give a more convincing comparison, the front-view SEM
images of IAC-4 microsphere (Fig. S8 in ESI†) and deformed
particles (Fig. 3a–d) are compared by their surface proles
(Fig. 3e and f). The microsphere center is dened as the origin
O(0,0,0), and the outlines thus correspond with the surface
proles in the xOz cross-section of the particles. For the irra-
diation time of 0.5 h (Fig. 3e) and 1 h (Fig. 3f), the upper parts
show the larger deformations parallel to the substrate (the x-
axis) and smaller deformation towards the substrate (the �z-
axis) in the KSCN solution compared with those obtained in air.
It means that the employment of the aqueous medium
enhances the mass transfer parallel to the x-axis and reduces
that in the �z direction. In other words, the aqueous solution
tunes the deformation direction by modifying the mass transfer
scales in these two directions (Fig. 3g and h). Our previous work
shows that the light refraction at the interface between air and
the microsphere can generate the z-component of the electric
eld vibration of the transmitted wave, which drives the mass
transfer in the�z direction.40 Therefore, adjusting the refractive
index of the immersion medium (nme) can cause the obvious
change of the photoinduced mass transfer behavior. The effect
of nme can be more clearly seen by the reection-mode OM as
discussed in the following section.
Fig. 4 (a) Schematic illustration about the formation of the bright spot
in OM images. (b–d) Reflection-mode OM images, (b) the IAC-4
microspheres before the light irradiation, (c) the deformed particles
after linearly polarized light irradiation for 1 h in air, (d) in the KSCN
immersionmedium (70wt%). The Cartesian coordinate system and the
definitions of L and LB are indicated in (c).
Quantitative characterization of photo-induced mass transfer

As shown in Fig. 3e and f, the surface curvatures of the
deformed particles are obviously different when irradiated with
15392 | RSC Adv., 2021, 11, 15387–15399
the polarized light in the aqueous immersion medium,
compared with that obtained in the air-ambient condition.
However, as the observation direction of the front-view SEM is
parallel to the substrate plane, particles could be clearly imaged
only one at a time, and it is difficult to carry out statistics
requiring a large amount of imaged samples. Therefore, we
established a more satisfactory method based on the reection-
mode optical microscopy (OM) to quantitatively characterize
both the anisotropic shapes and surface curvatures of photo-
deformed particles obtained in different conditions.

In the reection-mode OM, the light source illuminates the
IAC-4 particles from above (for the top-view), and the objective
lens collects the light reected from the upper surface to form
the image. As illustrated in Fig. 4a, the specular reection light
from the top region (the white color) of the microsphere can be
collected by the lens and projected to the image plane. This
region is shown as a circular bright spot homocentric to each
microsphere in the OM image (Fig. 4b), where the white color is
attributed to the signal saturation of CCD caused by the high
reectivity. On the other hand, the specular reection light on
the peripheral region of microsphere (the red color part in
Fig. 4a) is beyond the maximum collectable light cone of the
objective lens. This region is imaged solely through the diffu-
sion reection with a lower reectivity, which presents the red
color in OM image (Fig. 4b) due to the selective optical
absorption of IAC-4 (Fig. S4 in ESI†). For the objective lens
operated in air (without oil immersion), the half-angle of the
maximum collectable light cone (qc) is determined by the
numerical aperture (NA),56,57

sin(qc) ¼ sin(2qin) ¼ NA (1)

where qin is the incident angle on the edge of bright spot
(Fig. 4a). In our experiment, NA of the objective lens was 0.55,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) L, (b) LB and (c) LB/L of the photo-deformed particles after
the linearly polarized light irradiation for 1 h, plotted versus the
refractive index of the immersion medium (nme).
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and qin was calculated to be 16.7�. For the spherical surface (see
the illustration in Fig. 4a), the length of bright spot (LB) and the
diameter of microsphere (L) are correlated with qin following the
relationship,

(LB/L)sphere ¼ sin(qin) (2)

According to our measurements, LB/L of the IAC-4 micro-
spheres in OM images shows the averaged value of 0.293 �
0.004, well agrees with the theoretical prediction (sin(qin) ¼
0.287). Consequently, the bright spot corresponds with a rela-
tively at region on the upper surface of a microsphere, where
the incident angle (the intersection angle between the normal of
microsphere surface and the normal of substrate) is less than
qin¼ 16.7�. Noteworthy, this criterion is also valid for the photo-
deformed particles with non-spherical surfaces, which is proved
in Section 5.2 in ESI.†

Fig. 4c and d show the reection-mode OM images of the
photo-deformed particles aer the linearly polarized light irra-
diation in air and the KSCN solution for 1 h, where the particles
obtained in the liquid immersion condition was properly rinsed
and dried before the observation. Accompanied with the
photoinduced shape elongation, the bright spots are also
signicantly stretched parallel to the x-axis and transformed
into the spindle-like shapes, which are more obvious for the
irradiation in the KSCN immersionmedium (Fig. 4d) than those
obtained in the air-ambient condition (Fig. 4c). As the bright
spot represents a relatively at surface region of a particle, its
size expansion upon irradiation reveals the directional surface
attening of the IAC-4 microspheres caused by the mass
transfer. Quantitatively, the surface attening degree of
deformed particles can be characterized by LB/L, i.e., the size
ratio between the at region and the whole particle in the x-axis,
as illustrated in Fig. 4c. For the spherical surface and a planar
surface, LB/L is 0.287 and 1, respectively. The LB/L values of
photo-deformed particles increase with the irradiation time
(Fig. S9†), which are quantitatively correlated with the surface
attening process upon the polarized light irradiation.

By this method, the photoinduced deformation and surface
attening of IAC-4 microspheres were investigated upon the
light irradiation in air, water and KSCN solutions (30 wt%,
52 wt% and 70 wt%). These surrounding environment and
media show an ascending order of refractive index (nme) from 1,
1.333, 1.394, 1.448 to 1.491. The length of the deformed particle
(L), the length of bright spot (LB) and their ratio (LB/L), which
respectively reect the photoinduced deformation parallel to
the x-axis, the size expansion of top at region and the surface
attening degree, were measured from the OM images and
averaged from the statistics of at least 30 particles. The results
indicate that as nme increases from 1 to 1.491, L, LB, and LB/L all
gradually increase for the irradiation time of 1 h for instance
(Fig. 5). The measurements for a shorter irradiation time of
0.5 h are given in Fig. S10 (in ESI†), which appear similar to the
above results. The positive correlation between nme and the
deformation scale parallel to the x-axis (Fig. 5a) coincides with
the top-view SEM observation (Fig. 2g). As shown in Fig. S11 (in
© 2021 The Author(s). Published by the Royal Society of Chemistry
ESI†), these two characterization methods are highly consistent
with each other. On the other hand, the reection-mode OM can
supply information of the surface attening, which could not be
obtained by the top-view SEM. Considering L of the deformed
particle and LB of the bright spot are both measured along the
long axes (Fig. 4c), the ratio LB/L represents the atness of the
surface prole in the xOz plane. The larger value of LB/L
observed in the high-nme medium (Fig. 5c), i.e., the reduced
curvature of the surface in the xOz cross-section, corresponds to
the enhanced mass transfer parallel to the x-axis and the
reduced mass transfer scale in the �z direction. These results
were also observed from the upper surface proles for the xOz
cross-section of the photo-deformed particles (Fig. 3e and f),
both of which are highly consistent with each other.
Inuence of viscosity of aqueous immersion medium

The above results demonstrate that the photoinduced mass
transfer behavior of the IAC-4 microspheres in the aqueous
immersion media is quite distinct from that observed in the air-
ambient environment. For a liquid immersion medium, the
viscosity could be an important factor to inuence the mass
transfer behavior. Water used as the immersion medium has
the viscosity of 0.797 mPa s.58 In order to investigate the
possible inuence of the medium viscosity (hme), three PVA
immersionmedia (2.5 wt%, 5 wt% and 8 wt%) with hme of 9.316,
RSC Adv., 2021, 11, 15387–15399 | 15393
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Fig. 7 (a) L, (b) LB and (c) LB/L of the photo-deformed particles after
the linearly polarized light irradiation for 0.5 h, plotted versus the
viscosity of medium (hme).
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89.87 and 791.5 mPa s were adopted, which are much higher
than that of water. On the other hand, the immersion media
possess the similar refractive indices with deionized water
(Table S1, ESI†) and exhibit high optical transparency (nearly
100%) in the visible light region (Fig. S5a, ESI†), which can
avoid the possible inuences of these factors.

Fig. 6a and b show the front-view SEM images of the photo-
deformed particles aer the linearly polarized light irradiation
for 0.5 h with water and the PVA solution (5 wt%) as the
immersion media. Even in the highly viscous liquid, the
photoinduced mass transfer can still occur for the upper part of
microsphere. As the mushroom-like particles in Fig. 6a and
b show nearly the same morphology, it has reason to believe
that the mass transfer scale and direction are not affected by
hme. The mass transfer scale and direction were quantitatively
characterized by the deformation and surface attening of the
microspheres aer the irradiation with water and three PVA
solutions as the immersion media and in air as well. The
parameters (L, LB and LB/L) were obtained from the reection-
mode OM images, where two typical OM images are shown in
Fig. 6c and d. As shown in Fig. 7, these parameters of the
deformed particles obtained in the aqueous immersion media
(the right colored region in Fig. 7) are all larger than those ob-
tained in air. However, for the four aqueous media with hme

covering three orders of magnitude, the deformation efficiency
parallel to the x-axis (Fig. 7a), the size expansion of top at
region (Fig. 7b) and the surface attening degree (Fig. 7c) are
the same within admissible errors. These results quantitatively
prove that the viscosity of the immersion media has no
detectable inuence on the mass transfer behavior. The results
given in Fig. 7 also indicate that other factors related to viscosity
variation of the immersion media, such as coefficients of
Fig. 6 (a and b) Front-view SEM images and (c and d) reflection-mode
OM images of the photo-deformed particles after linearly polarized
light irradiation in (a and c) deionized water and (b and d) PVA solution
(5 wt%) for 0.5 h. The Cartesian coordinate systems are labeled in each
panel. The images were taken after rinsed with deionized water and
dried in ambient conditions.

15394 | RSC Adv., 2021, 11, 15387–15399
thermal conductivity and diffusion, show no detectable inu-
ence. All these variations related to the transport environment
at the interface and in the media seem to have no inuence on
the mass transfer behavior. One common characteristic of the
above aqueous media is that their nme values are in the same
range (from 1.333 to 1.345). The photoinduced mass transfer
behavior in these immersion media appears to be the same, as
characterized by the shape elongation (Fig. 7a) and the surface
attening degree (Fig. 7c) of the deformed particles, but is
obviously different than that obtained in air (nme ¼ 1). This
result is accordant with the results presented in the above
sections. The mechanism behind the unique effect of nme will
be discussed in the following section.

Effect of aqueous media on refracted light in microsphere

To understand the effect of the refractive index of the immer-
sion media, the propagation direction of refracted light and
electric eld energy distribution at the interface of IAC-4
microspheres with the media were analyzed by the optical
calculation. The xOz cross-section showing the most signicant
deformation of the microsphere was selected for the calcula-
tion. As shown in Fig. 8a, the propagation of the 488 nm linearly
polarized light is represented by a unit vector k0 in the �z
direction and the electric eld E0 in the x-axis. Due to the
normal incidence at the air–medium interface, the light
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Schematic illustration about the light refraction and electric field variation at the microsphere interface, where k and E respectively
represents the propagation direction and electric field of the light. (b) E2x

2 and (c) E2z
2 at the interface between medium and IAC-4 microsphere

versus x upon light irradiation in air and KSCN solution (70 wt%). The values were normalized with E0
2, and the incident angle (q1) on the

microsphere surface is plotted on the top. (d) E2x
2 and (e) E2z

2 at the interface between the medium and the deformed particles versus x after the
light irradiation in air and KSCN solution (70 wt%) for 1 h. The calculation used the cross-sectional profiles shown in Fig. 3f.
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propagation direction (represented by the unit vector k1) and
electric eld (E1) in the immersion medium are parallel to k0
and E0. At the curved upper surface of the microsphere, the light
is refracted at the medium–microsphere interface and the
refracted light (i.e. transmitted into the microsphere) has the
electric eld (E2) with the x-component (E2x) and z-component
(E2z). As the diameter of microsphere (ca. 14 mm) is much larger
than the light wavelength (l ¼ 488 nm), the light refraction is
calculated by Snell's law,56

nme sin(q1) ¼ nazo sin(q2) (3)

where q1 and q2 are the incident angle and refracted angle at the
medium–microsphere interface, and nazo is the refractive index
(the real part) of IAC-4. Measured by ellipsometry, nazo is 1.946
at the wavelength of 488 nm (Fig. S4†), which is larger than all
nme values used in this work. Therefore, according to eqn (3), q2
is smaller than q1 (Fig. S12 in ESI†). The angle q1 � q2 denes
the deviation of the propagation direction (k2) of the trans-
mitted light from the �z direction, which is also the intersec-
tion angle between E2 and the x-axis, as illustrated in Fig. 8a.
The amplitude of E2 (i.e., the amplitude of transmitted electric
eld at the microsphere surface) is calculated by,

E2 ¼ t21 � t10 � E0 ¼ 2nme cosðq1Þ
nazo cosðq1Þ þ nme cosðq2Þ

2

1þ nme

E0 (4)

where E0 is the amplitude of the electric eld of the incident
light in air. The amplitude transmission coefficients, t21 ¼ E2/E1
for the medium–microsphere interface and t10 ¼ E1/E0 for the
air–medium interface, are obtained using Fresnel law.56 The
detailed procedure is given in ESI.† Due to the reection at the
interfaces, t21 and t10 are both less than 1, whose values depend
© 2021 The Author(s). Published by the Royal Society of Chemistry
on nme. By decomposing E2 into the x- and z-components, the
amplitudes of E2x and E2z are obtained,

E2x ¼ 2nme cosðq1Þ
nazo cosðq1Þ þ nme cosðq2Þ

2

1þ nme

cosðq1 � q2ÞE0 (5)

E2z ¼ 2nme cosðq1Þ
nazo cosðq1Þ þ nme cosðq2Þ

2

1þ nme

sinðq1 � q2ÞE0 (6)

As the light intensity is proportional to the square of electric
eld amplitude, E2

2, E2x
2 and E2z

2 represent the intensity of
transmitted light and its energy distributions in the x- and z-
directions at the medium–microsphere interface. According to
eqn (4)–(6), there is a relationship E2x

2 + E2z
2 ¼ E2

2 and E0
2 has

a constant value as the light intensity was xed (200 mW cm�2)
in the experiments.

Fig. 8b and c show E2x
2 and E2z

2 at the medium–microsphere
interface versus x (x ¼ R sin q1, R ¼ microsphere radius) upon
light irradiation in air (nme¼ 1) and KSCN solution (70 wt%, nme

¼ 1.491). The calculation results for other immersion media
with the different nme values are shown in Fig. S13 in ESI.† The
result indicates that the increase of nme (from 1 to 1.491) causes
a signicant increase of E2x

2 (Fig. 8b and S13b in ESI†) and
decrease of E2z

2 (Fig. 8c and S13c in ESI†) at the medium-
microsphere interface. Consequently, the mass transfer
parallel to the substrate (the x-axis) is enhanced and that
towards the substrate (the �z axis) is reduced in the aqueous
immersion media with the high nme values. According to eqn
(4)–(6), the inuences of nme on E2x

2 and E2z
2 include two parts,

i.e., t21t10 and q1 � q2, which represent the optical transmittivity
through the two interfaces and the refraction at the medium–

microsphere interface, respectively. Firstly, as the refractive
RSC Adv., 2021, 11, 15387–15399 | 15395
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indexes of the aqueous immersion media are between air and
IAC-4 (nair < nme < nazo), the media play a role of refractive-index
matching layer between the air andmicrosphere, which reduces
the overall reection loss at the interfaces and increases the
transmittivity. As shown in Fig. S13a (in ESI†), the ratio E2

2/E0
2,

equal to (t21t10)
2, shows a slight increase with nme, indicating

the more light energy can be received by the microsphere
through the high-nme medium. However, this effect is less
important compared with the effect of the q1 � q2 variation. In
fact, the distinct light refraction behavior at the microsphere
interface in different immersion media is the crucial factor to
affect the mass transfer. As shown in Fig. S12b (in ESI†), with
increasing nme (decreasing the difference with nazo), q1 � q2 is
obviously decreased and the travelling direction of the refracted
light (k2) is closer to the�z axis (the direction of k0). As the light
is a transverse wave, the vibration direction of E2 is then closer
to the x-axis (the direction of E0), which causes the increased x-
component (E2x) and the reduced z-component (E2z). Conse-
quently, E2x

2 of the refracted light is obviously larger for the
microsphere and deformed particle in the aqueous immersion
media than that in air, where E2x

2 is more sensitive to the nme

increase than E2
2 (Fig. S13a and b in ESI†). The calculation of

the deformed particles shows the similar results (Fig. S14 and
S15 in ESI†).
Discussion

The morphological characterizations by the top-view SEM, the
front-view SEM and the reection-mode OM comprehensively
demonstrate that the photoinduced mass transfer behavior of
the IAC-4 microspheres in the aqueous immersion media is
distinct from that observed in the air-ambient condition. Under
the same irradiation condition (wavelength, intensity and irra-
diation time), employing an aqueous medium with larger nme

enhances both the shape elongation (Fig. 2g and 5a) and the
surface attening (Fig. 3e, f and 5c) of the IAC-4 microspheres.
The variations result from the enhanced mass transfer parallel
to the x-axis and the reduced mass transfer in the �z direction
caused by the increased nme (Fig. 3g and h). To the best of our
knowledge, this effect of the immersion medium and its
mechanism have not been reported in the literature yet.

Based on above calculation, the effect caused by the
immersion media can be attributed to the variation of the light
refraction behavior at the medium–microsphere interface. It
has been well documented that the photoinduced mass transfer
of azo polymer and molecular glass in air-ambient environment
occurs along the direction of the electric vibration of the
polarized light.12–21 Based on the observations of the current
study and above calculation, we argue that in the aqueous
media, the photoinduced mass transfer also occurs in the
direction of the electric vibration of the polarized light. In the
medium with the larger nme, the mass transfer along the
vibration direction of E2 occurs in a direction closer to the x-
axis, i.e. it shows less deformation towards the substrate
(Fig. 3g). The results given in Fig. 2–5 can be well explained by
considering the variations of E2x

2 and E2z
2 (Fig. 8b and c).

According to the calculation results (Fig. S16 in ESI†), E2x
2 and
15396 | RSC Adv., 2021, 11, 15387–15399
E2z
2 of the refracted light are rapidly attenuated with the trav-

elling distance in the microsphere due to the strong optical
absorption of IAC-4. The light penetration depth is much
smaller than the microsphere diameter and is not affected by
nme variation, which agree well with the scales of deformation
regions observed from the front-view SEM (Fig. 3a–d). For the
refracted light in the microsphere, the direction of the electric
vibration is not changed, while the amplitude rapidly declines
to 0 in the upper layer of the microsphere (Fig. S16 in ESI†).
Therefore, E2x

2 and E2z
2 at the microsphere surface represent

the light energy absorbed by IAC-4 in the unit time to cause the
mass transfer in the x and �z directions. As shown in Fig. 8b
and c, the E2x

2 increase and E2z
2 decrease can be more clearly

seen for the angle q1 in the range from 30–70�, which controls
the morphology of the deformed particles. As a consequence,
aer the light irradiation for a same time period, the photo-
deformed particles obtained in the aqueous medium possess
the attened upper surface (Fig. S14b and d in ESI†), compared
with those obtained in the air-ambient condition (Fig. S14a and
c in ESI†). As shown in Fig. 8d and e, upon light irradiation in
the KSCN solution (70 wt%) for 1 h, the tendency of E2x

2

increase and E2z
2 decrease can also be seen for the deformed

particles, compared with those obtained in the air-ambient
condition. For a shorter irradiation time of 0.5 h, the similar
result can be observed (Fig. S15 in ESI†). These calculations can
rationalize the observations that the aqueous media enhance
the shape deformation parallel to the x-axis and supply some
deep understanding. Although using longer irradiation time
under ambient air can produce particles with different shapes,39

the deformations similar to those in the aqueous immersion
media can hardly be produced due to the variations of E2x

2 and
E2z

2 caused by the media.
Except the effect of refractive index discussed above, the

observations of this study also give other important insights
into the mass transfer process. The thermal dissipation through
a liquid is much more efficient than that of air due to the higher
coefficient of thermal conductivity and higher heat capacity.
Therefore, the photo-thermal effect can be avoided and negli-
gible in the aqueous immersionmedia compared that under the
air-ambient condition. By using different types of aqueous
media, i.e., deionized water, KSCN solutions with different
concentrations and PVA solutions with different concentra-
tions, the properties such as viscosity, density (Table S1 in ESI†),
coefficient of thermal conductivity and coefficient of diffusion
are considerably altered. However, these variations show no
detectable inuence on the photoinduced mass transfer
behavior. This conrms that the mass transfer is solely caused
by the light and this effect is not sensitive to the transport
conditions at the medium–microsphere interface and in
medium.
Photoinduced deformation of IAC-4 microarrays in water

In the above sections, the ten-micron-sized IAC-4 micro-
spheres were employed as a substance to investigate the
photoinduced mass transfer in various aqueous media. For
the microspheres, the spherical surface covers the full range
© 2021 The Author(s). Published by the Royal Society of Chemistry
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of incident angle (0–90�), and the large size restricts the
deformation to solely occur in the upper region. These
features are helpful to elucidate the mass transfer behavior
related to the light refraction at the medium–microsphere
interface. In this part, we further prove that the under-
standing of the effect of the immersion medium is not
limited to this specic type of structures. To demonstrate the
applicability to other cases, the photoinduced deformation in
the water immersion medium was tested using the
submicron-sized pillar arrays (Fig. 9a) and hole arrays
(Fig. 9b) of IAC-4, which show the periodic structures
arranged in the hexagonal lattice. The IAC-4 microarrays were
fabricated by a so-lithography hot-embossing method,16

and the procedure is described in ESI.† The light irradiation
setup was the same as that used for IAC-4 microspheres
(Fig. 1a), except the light intensity (aer the 45� mirror) was
set to be 20 mW cm�2 as the sizes of the topographic struc-
tures were much smaller. Fig. 9c–f show the top-view SEM
images of the pillar and hole microarrays aer the irradiation
with the linearly polarized light (488 nm) in air and deionized
water for 8 min. SEM images of the structures aer the light
irradiation for different time periods are shown in Fig. S17 in
ESI.†

As shown in the images, the circular cross-sections of the
cylindrical pillars are transformed into the elliptical shapes
aligned parallel to the x-axis due to signicant elongation
parallel to the electric vibration direction of incident light
(Fig. 9c and e), while the round holes were contracted in this
direction and transformed into the elliptical holes aligned
parallel to the y-axis (Fig. 9d and f). These anisotropic defor-
mations are both originated from the directional mass transfer
of IAC-4, while the different morphologies are attributed to the
distinct deformation patterns of the pillars and holes (Fig. S18
Fig. 9 Top-view SEM images of the IAC-4 structures, (a) micron-pillar a
SEM images of the IAC-4 microarrays after the 488 nm linearly polarized
Light intensity was fixed to be 20 mW cm�2 for each case. The Cartesian
panels.

© 2021 The Author(s). Published by the Royal Society of Chemistry
in ESI†). Although these variations can be seen for both air and
water medium, the IAC-4 microarrays in the water immersion
medium (Fig. 9e and f) show the more signicant deformation
in the x–y plane and exhibit the larger shape-anisotropy than
that obtained in the air-ambient condition (Fig. 9c and d) under
the same irradiation condition. This observation is further
conrmed by the quantitative measurements of the aspect ratio
(L/S) of the photo-deformed microarrays obtained at different
irradiation periods (Fig. S19, in ESI†). The effect of the water
immersion medium to enhance the photoinduced deformation
coincides with that observed for the ten-micron-sized IAC-4
microspheres. As discussed above, the aqueous medium with
larger nme than air decreases q1 � q2 value at the interface
between the medium and the ten-micron-sized particles, which
increases the E2x

2 and enhances the mass transfer efficiency in
the x-axis. Concerning that the structural sizes of IAC-4 pillars/
holes in the arrays are in the same order of magnitude with the
light wavelength (l ¼ 488 nm), the above light refraction theory
cannot be applied mechanically. On the edges of the
submicron-sized structures, the light diffraction and scattering
can cause the depolarization effect and other changes.3,31,56

Compared with air, water shows a smaller refractive-index
difference with IAC-4 (nair < nme < nazo), which both reduces
the reection loss on the interfaces and weakens the depolar-
ization effect on the edges. As more light energy was received by
the IAC-4 microarrays in water medium to generate the mass
transfer along the electric vibration of incident light (in the x-
axis), the more signicant shape variations in x–y plane were
thus observed. Therefore, it is proved that the photo-fabrication
based on the mass transfer in aqueous immersion medium is
not limited to the microspheres and can be applied to many
other cases.
rrays, (b) micron-hole arrays fabricated by soft-lithography. Top view
light irradiation in air (c and d), in deionized water (e and f) for 8 min.
coordinate system is indicated in (f), which can be applied to the other
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Conclusions

In summary, the photoinduced mass transfer of ten-micron-
sized IAC-4 microspheres was investigated in water and other
aqueous solutions to understand the effects of the immersion
media on this intriguing process caused by polarized light
irradiation. In contrast to the conventional air-ambient cases,
the light irradiation was carried out in the deionized water,
KSCN solutions with different refractive indices (nme) and the
PVA solutions with different viscosities (hme) as the immersion
media. Upon the linearly polarized light irradiation at 488 nm
for a period of time, the IAC-4 microspheres immersed in these
media (water and aqueous solutions) all manifested signicant
shape deformation through the directional mass transfer. The
photo-deformed particles with the asymmetric morphology and
anisotropic dimension were characterized by SEM from two
orthogonal views (the top-view and front-view) to uncover the
shape evolution and mass transfer behavior in different
immersion media, which were compared with those obtained
from the irradiation in ambient air. In addition, the photo-
induced surface attening was also investigated using the
reection-mode OM in a quantitative manner, which supported
the SEM observations and supplied deep insight into the
process as well. The experiments and calculation indicate that
the photoinduced deformation occurring in the upper parts of
IAC-4 microspheres can be decomposed into the mass transfer
parallel to the substrate (the x axis) and that towards the
substrate (the�z axis). Increasing the refractive index nme (from
1 to 1.491) enhances the shape elongation parallel to the x-axis
and reduces the deformation in the �z direction, which lead to
the different morphologies of the deformed particles. In
consequence, under the same irradiation conditions, the
particles subjected to the irradiation in the aqueous media
exhibit the larger elongation parallel to the substrate plane, and
possess themore attened upper surfaces, compared with those
obtained in air-ambient condition. The aqueous media change
the light refraction behavior and the direction of the electric
vibration of the polarized light in the microspheres and
deformed particles as well. Increasing nme of the medium
increases E2x

2 and reduces E2z
2 of the electric eld, which

correspondingly affects the mass transfer direction. On the
other hand, the viscosity hme of the aqueous media (in a range
from 0.797 to 791.5 mPa s) shows no detectable effect on the
mass transfer behavior, and other factors related to the use of
different types of the immersion media also show no effect on
the process. Another noticeable change caused by using the
aqueous immersion media is that the photo-thermal effect on
the mass transfer behavior is ruled out as the thermal dissipa-
tion through a liquid is much more efficient than that through
air. The method to induce mass transfer with irradiation in
aqueous immersion media is not limited to the ten-micron-
sized microspheres, where its applicability is also demon-
strated by using the submicron periodic structures of IAC-4.
This work not only supplies deep understanding of the mass
transfer behavior in various immersion media, but also
develops a new methodology for the shape manipulation of
15398 | RSC Adv., 2021, 11, 15387–15399
nano/micro-structures in the aqueous media under light
irradiation.
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