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Bright and Switchable Whiteness in Macro-Crosslinked
Hydrogels

Amanda Eklund, Shanming Hu, Yuhuang Fang, Henri Savolainen, Haotian Pi, Hao Zeng,
Arri Priimagi, Olli Ikkala, and Hang Zhang*

Bright white color is often achieved in nature by the combination of
polydisperse scattering structures and high refractive index contrast between
the scatterer and the surrounding medium. Similarly, synthetic systems have
commonly utilized inorganic materials as the scattering centers to achieve
white color, which, however, lacks the ability to switch the optical properties.
While hydrogels capable of scattering light are utilized in applications such as
smart windows, their re�ection properties have remained limited due to the
low refractive index contrast between the polymer and water. As a result, thick
layers in the millimeter range are often required to achieve reasonable
whiteness. Here a hydrogel consisting of a temperature-responsive
poly(N-isopropylacrylamide) (PNIPAm) and chemically modi�ed agarose used
as a chemical macro-crosslinker is presented. The hydrogel exhibits high
whiteness at temperatures above the phase transition (��� °C). The
re�ectance at ��� nm is four times as high as for standard PNIPAm, and a
change in transmittance can be induced by laser pulses as short as �� ms.
The macro-crosslinked structure of this hydrogel provides superior re�ectance
at a lower thickness compared to reported hydrogel systems, enabling a
variety of potential applications including smart windows, responsive
displays, optical switches, and camou�age.

�. Introduction
Bright whiteness in materials has gained growing interest
due to the widespread potential applications in �elds ranging
from paints,[�] food,[�,�] and cosmetics[�,�] to screens,[�] radiative
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cooling,[�] and smart windows.[�] A white
appearance is a result of the materials� abil-
ity to evenly scatter all wavelengths of vis-
ible light.[�,�] This property is in�uenced
by the optical thickness of the material,[��	]
the refractive index di
erence at the scat-
tering interfaces[�] as well as the material
morphology.[�,	] Generally, white materials
have an anisotropic, disordered structure,
which leads tomultiple light scattering.[����]
To achieve maximal whiteness, tradi-

tional synthetic systems have relied on
approaches maximizing the refractive in-
dex di
erence between the material con-
stituents such as utilizing TiO�, which has
a high refractive index of ��.�.[�,��] In nat-
ural systems consisting of polymers with
a relatively low refractive index of ��.�,
white appearance is generally achieved by
photonic structures that maximize light
scattering.[�,�,��,��,��] Several synthetic sys-
tems have been developed that mimic
these porous structures and provide high
whiteness even at low thicknesses.[�,�,��,��]
However, the optical properties of these

systems tend to either be static, or lack su�cient refractive index
contrast to remain white when submerged in water.[�,��]
Using stimuli-responsive hydrogels that undergo phase sep-

aration under certain conditions has led to advances in im-
proving the scattering properties in hydrogel systems and poly-
mer solutions.[��] Both hydroxypropyl cellulose[�	���] (HPC) and
poly(N-isopropylacrylamide)[�,�����] (PNIPAm) are often used in
such contexts as they become opaque upon heating due to phase
transitions in solubility.[�,��] Commonly these systems are op-
timized for use in smart windows to regulate the indoor tem-
perature and reduce the amount of energy used for cooling by
blocking sunlight as temperature is increased above the transi-
tion temperature.[�,����
] Some systems are also designed to func-
tion as privacywindows during the night at lower temperature.[��]
However, due to the relatively low polymer content and low re-
fractive index contrast to water, higher thicknesses are generally
required in these systems compared to static dry materials.[	]
In this work, we present macro-crosslinked (MCL) PNIPAm

hydrogels based on chemically modi�ed agarose. The hydrogels
exhibit a high whiteness above their phase transition tempera-
ture at ��� °C, and high transparency at room temperature (RT).
This is achieved even at thicknesses commonly used in dry mate-
rials as a result of an optimal pore size distribution in the phase
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Figure �. Bright whiteness in macro-crosslinked hydrogels. a) Chemical composition of monomer N-isopropylacrylamide and the chemical crosslinker
acrylated agarose. b) Illustration of the polymerization process from a monomer solution to the macro-crosslinked hydrogel. c) Photographs of ��� µm
thick �lms of st. PNIPAm, ch-PNIPAm, and MCL PNIPAm hydrogel, showing the switching between the transparent state below the LCST) and the
white state above the LCST. d) Re�ectance spectra of ��� µm thick �lm of MCL, ch-PNIPAm, and st. PNIPAm at �� °C. The MCL hydrogel contained
�� wt.% NIPAm and � wt.% of acrylated agarose with an acrylation degree of ��%. Both ch-PNIPAm and st. PNIPAm contained �� wt.% of NIPAm,
and �.� mol.% of N,N�-methylenebisacrylamide as a crosslinker. �.� wt.% of agarose was used in the preparation of ch-PNIPAm. e) Comparison of the
MCL re�ectance at 
�� nm to previously published polymer-water systems based on PNIPAm and HPC. Full references can be found in Figure S�a and
Table S� (Supporting Information).

separated state, which can be attributed to the larger and more
polydisperse pores using the agarose as the macro-crosslinker
compared to standard PNIPAm. Both the hydrogel re�ectance
and the switching ability are improved when compared to pre-
viously reported switchable hydrogel and polymer solution sys-
tems. This allows applications ranging from controllable re�ect-
ing screens,[�] deformable and optically switchable �lms, to opti-
cal switches.[��]

�. Results and Discussion
�.�. Switching of Bright Whiteness in a Macro-Crosslinked
Hydrogel

The MCL hydrogel is prepared using acrylated agarose as the
chemical crosslinker in a temperature-responsive PNIPAm net-
work. All components, shown in Figure �a, are dissolved in wa-
ter and polymerized at �� °C using UV-initiated free radical
polymerization,[��,��] which is above the gelation point of agarose
and the lower critical solution temperature (LCST) of the PNI-
PAm. An illustration of the resulting network structure is shown
in Figure �b. The structure enhances the hydrogel re�ectance
above the LCST compared to standard PNIPAm (st. PNIPAm),
as well as to a previously reported brightly white channeled PNI-
PAm (ch-PNIPAm) hydrogel.[�] This improvement can be seen
in the photographs in Figure �c and the re�ectance spectra in
Figure �d. While the MCL hydrogel shows a re�ectance between

Table �. CIELAB coordinates of the ��� µm thick hydrogel �lms.

Sample L* [lightness, �����] a* [green�red] b* [blue�yellow]

MCL 	�.	 ��.	� ��.�

ch-PNIPAm[�] 
�.� ��.� ���.�

st. PNIPAm �
.	 ��.� ��	.�

�
% and ��% across the visible wavelength spectrum at a thick-
ness of �

 µm, the re�ectance of ch-PNIPAm is between ��%
and �
%, and the st. PNIPAm between ��% and �
%. The ch-
PNIPAm and st. PNIPAm also have a blue hue due to higher re-
�ectance in the smaller wavelength range compared to the longer
wavelengths, while the MCL hydrogel exhibits uniform white-
ness. The di
erence in re�ective properties between these hydro-
gels was further studied by calculating their CIELAB coordinates,
which are presented in Table �. For a perfectly whitematerials the
lightness L* = �

, and the other coordinates that de�ne hue, a*
and b*, are close to zero.[��] It can be seen that the MCL hydrogel
has a higher lightness while also being less green or blue in its
hue compared to both ch-PNIPAm and st. PNIPAm.
Figure �e compares the MCL hydrogel with previously re-

ported hydrogel and polymer solution systems. The MCL hy-
drogel shows signi�cantly improved thickness-dependent re-
�ectance. The full references for the �gure are presented
in Figure S�a and Table S� (Supporting Information). The
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water-containing hydrogel and polymer solution systems are
based on PNIPAm[�,�����] and HPC.[�	���] The reported systems
have typical thicknesses between �

 and �
 


 µm with the
highest re�ectance at �

 nm shown by � mm thick ch-PNIPAm
at ��%.[�] TheMCL shows similar re�ectance of ��% at the thick-
ness of only �

 µm. On the other hand, the HPC solution pre-
sented by Connelly et al.[�	] shows re�ectance of ��% at the thick-
ness of �

 µm, ��
% less than the MCL hydrogel at the same
thickness.
In Figure S�a (Supporting Information), non-aqueous systems

are also presented for comparison. In the �gure, insect scales are
shown as reference materials in the top left corner of the �gure,
which provides extremely high re�ectance at small thicknesses
due to the higher refractive index contrast in such systems. Most
of the drymaterials consist of foam or dry polymer network struc-
tures, such as the cellulose-based nanocellulose �bril �lms,[��]
and the bio-inspired cellulose acetate structure.[��] Di
erent ma-
terials, such as �uoropolymers[�] and polyvinyl alcohol,[��] and
processing methods, such as carbon dioxide foaming[�] and
phase separation[��] of poly(methyl methacrylate) are used to
maximize the whiteness in these thin structures. The depen-
dence of re�ectance on the thickness of re�ecting layer can be
seen as the re�ectance increase from ��
% to 		% as the layer
thickness increases from �
 to �

 µm.

�.�. In�uence of Hydrogel Composition on the Light Re�ectance

The e
ect of the di
erent compositions on the hydrogel re-
�ectance is presented in Figure �. The hydrogels were chemi-
cally attached between two silanized glass slides using para�lm
as spacer to prevent dehydration and shrinking during measure-
ment. A control sample containing only water instead of hydrogel
is shown in the �gure to estimate contribution to re�ectance. The
e
ect of monomer concentration is presented in Figure �a�c. It
can be seen that the highest re�ectance of ��% at �

 nm can
be reached when using �� wt.% of NIPAm, whereas both �

and �
 wt.% of the monomer result in a lower re�ectance. High-
est switching between the two re�ectance states, �Re�ectance =
�
%, is also reached using the �� wt.% monomer concentration.
On the other hand, agarose concentration does not have a large

e
ect on hydrogel re�ectance as is shown in Figures �d�f. While
hydrogels containing either � or �.� wt.% of agarose reach ��%
re�ectance at �

 nm, the � wt.% of agarose results in slightly
higher re�ectance compared to the other concentrations at �


and �

 nm. Similar trend is also seen in re�ectance switching, as
lower concentrations of agarose results in the higher re�ectance.
Figure �g�i show the e
ect of the acrylation degree of agarose

on hydrogel re�ectance. The degree of acrylation refers to the
feed ratio of the acryloyl chloride to the available hydroxymethyl
groups in agarose during acrylation process. The �H-NMR spec-
tra of acrylated agarose and degree of substitution calculated
from NMR spectra are shown in Figure S� and Table S� (Sup-
porting Information), respectively. In this manuscript, degree of
acrylation is used for consistency due to large errors of degree
of substitution at low feed ratios. At all wavelengths, ��% acryla-
tion degree results in the highest re�ectance with the maximum
at ��% at �

 nm. The second highest re�ectance (�����%) can
be reached using �
% acrylation, while samples prepared using

either �
 or �
% acrylation have a lower re�ectance (between �
�
��% and �����%, respectively). The e
ect of di
erent acrylation
degrees on the re�ectance switching is similar but the di
erence
between samples is more pronounced.
The e
ect of agarose type on re�ectance is studied in Figure S�

(Supporting Information). It can be seen that the type of agarose
also a
ects the re�ectance in the gel, which di
er in their
chemical composition, melting point, network structure, and gel
strength. Overall, the agarose A� shows one of the highest re-
�ectance compared to other types of agarose, while being easily
processable due to itsmoderatemelting point at �� °C. Therefore,
A� is used throughout this manuscript.
As is common with scattering materials, the thickness of the

re�ecting layer plays a very large role in the resulting re�ectance
as can be seen in Figure �a�c. The highest re�ectance of ��% is
reached with the �

 µm thick sample. Figure S�b (Supporting
Information) presents the di
erence between the high and low
re�ectance states as a function of material thickness for di
er-
ent material systems. Full references can be found in Figure S�
and Table S� (Supporting Information). The MCL hydrogels also
demonstrate highest switching in re�ectance at the presented
thicknesses compared to reported systems.

�.�. Characterization of Hydrogel Microstructure

The hydrogel porosity is studied in more detail to determine
the correlation between the microscopic structure and the high
whiteness. The microstructure is analyzed by scanning electron
microscopy of freeze-fractured and lyophilized hydrogels in liq-
uid nitrogen after equilibration at RT or at �
 °C. At �
 °C,
the MCL hydrogel has the same re�ectance as at �
 or �
 °C
(Figure S�, Supporting Information), indicating unchanged mi-
croscopic structures. �
 °C was therefore used to prevent the
MCL hydrogel from transitioning back to transparent state dur-
ing the preparation process for lyophilization. SEM images of
the freeze-dried st. PNIPAm and MCL hydrogel are presented
in Figure �a,b,d,e, respectively. The pore densities, i.e., the num-
ber of pores of a certain diameter per unit area in the SEM im-
ages, are presented in Figure �c,f. For st. PNIPAm the pore den-
sity maximum is reached at RT, while in the case of the MCL
hydrogel, the largest pore density is detected at �
 °C. The de-
creased pore density of st. PNIPAm at high temperature is due
to the phase separation leading to the collapse of dissolved poly-
mer chains into hydrophobic domains.[�,��,��]
In the case of MCL, the phase transition leads to the forma-

tion of a large number of pores with a diameter between �

 and
�

 nm. This may be attributed to the use of agarose as macro-
crosslinker that brings about larger andmore polydisperse pores,
as has been shown previously where the molecular weight of
the crosslinker has a large e
ect on the microporosity in the hy-
drogel network.[��] Such porous structure allows more e�cient
water transportation and the formation of smaller pores during
phase transitions and thus higher whiteness, similar to previ-
ously reported ch-PNIPAm, though based on a di
erent network
design.[�]
In highly scattering materials, the optimal size of scattering

centers is ��

��

 nm for visible light.[�,�,�] On the other hand,
this size has also been shown to produce a more blue hue in the
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Figure �. In�uence of composition on the switchable re�ectance. a) Re�ectance spectra at di�erent monomer (NIPAm) concentrations at �� °C and
room temperature (RT). b) Re�ectance at �� °C as a function of monomer content at di�erent wavelengths. c) Re�ectance switching (�Re�ectance)
between �� °C and RT as a function of monomer content at di�erent wavelengths. d) Re�ectance spectra at di�erent agarose concentrations at �� °C
and RT. Degree of acrylation of agarose was ��%. e) Re�ectance at �� °C as a function of agarose content at di�erent wavelengths. Degree of acrylation
of agarose was ��%. f) Re�ectance switching (�Re�ectance) between �� °C and RT as a function of agarose content at di�erent wavelengths. Degree of
acrylation of agarose was ��%. g) Re�ectance spectra at di�erent acrylation degrees at �� °C and RT. h) Re�ectance at �� °C as a function of acrylation
degree at di�erent wavelengths. i) Re�ectance switching between �� °C and RT as a function of acrylation degree at di�erent wavelengths. Unless
otherwise stated, all the hydrogels were measured as ��� µm thick �lms chemically attached between two glass slides with the monomer solutions
containing �� wt.% NIPAm and � wt.% of agarose with the degree of acrylation of ��%.

material, and pores with a diameter between �

 and �

 nm re-
sult in a whiter appearance.[��,�	] The drawback of the increased
pore size is that it leads to a decreased number of scattering cen-
ters and thus less e�cient scattering.[�	] It can be expected that
the high scattering properties of the MCL hydrogel above the
LSCT are a result of a much larger pore density than that in st.
PNIPAm, which allows for more scattering interfaces, combined
with the average pore diameters between �

 and �

 nm, closer
to the optimal range for visible light.[�,�,�]

�.�. Phase Transition Kinetics

The phase transition kinetics of the MCL hydrogel is studied us-
ing photothermal heating to induce fast local temperature jumps
and thus phase changes in the hydrogels. The �

 µm thick hy-
drogel �lms were prepared with a solution of gold nanoparticles
(AuNPs) (diameter ��.
 – �.� nm, Figure S�, Supporting Infor-
mation) to enable photothermal heating.[�,�
] Laser irradiation at
��� nm, close to the absorbance peak of the AuNPs, is used to
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Figure �. E�ect of thickness on the hydrogel re�ectance. a) Re�ectance spectra at di�erent �lm thicknesses at �� °C and RT. b) Re�ectance at �� °C as
a function of hydrogel �lm thickness at di�erent wavelengths. c) Re�ectance switching between �� °C and RT as a function of hydrogel �lm thickness at
di�erent wavelengths. All of the hydrogels were chemically attached between two glass slides with the monomer solutions containing �� wt.% NIPAm
and � wt.% of agarose with the acrylation degree of ��%.

induce photothermal heating, and a laser at ��� nm is used to
probe the changes in transmittance as illustrated in Figure �a,b.
The heating beam is switched on and o
 and the ratio of the two
states is changed to study the e
ect of the illumination duration
and the average laser power on the hydrogel transmittance. The
average laser power Pavg is de�ned as:

Pavg = P
 �
ton

ton + to

(�)

where P
 is the laser power (�

 mW), ton is the duration of the
irradiation pulse, and to
 is the length of time between the laser

pulses.[�] Transmittance of �

% was de�ned as the transmit-
tance at RT before the start of the experiment.
Figure �c presents the e
ect of ton on the transmittance, which

ranged from �

 to �
 ms. The average power during the mea-
surement was kept constant at �� mW. As the pulse duration de-
creases, the amplitude of the oscillation decreases in the case of
theMCL hydrogel. This is due to insu�cient heating/cooling du-
ration to reach equilibration of the phase transition for shorter
pulses, which leads to less transparency changes. Figure S�a,b
(Supporting Information) shows the e
ect of the ton on the ampli-
tude of transmittance change at di
erent Pavg, showing a similar
trend of the amplitude increasing at increasing ton.

Figure �. SEM images of freeze-fractured hydrogels. st. PNIPAm at a) RT and b) 
� °C. MCL hydrogel at d) RT and e) 
� °C. All scale bars are � µm.
Pore densities as a function of the Feret diameter measured from the images of c) st. PNIPAm and f) MCL at 
� °C (HT) and RT.

Adv. Optical Mater. ����, ������	 ������� (
 of 	) ' ���� The Authors. Advanced Optical Materials published by Wiley-VCH GmbH










