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A B S T R A C T

Smart surfaces and surface coatings have been attracting increasing interest in the last decades. In particular,
thin films assembled from microgels offer good control of morphology, elasticity and hydrophobicity thanks
to the high tunability of microgel mechanical properties and chemical composition. Among smart microgels,
Poly(N-isopropylacrylamide) (PNIPAM) based microgels are the most used systems for theoretical and experi-
mental studies and for nanotechnological applications. When used as building blocks to fabricate 2D assemblies,
they exhibit new properties offering many advantages for additional applications in different fields. Here we
report a systematic investigation of aqueous suspensions of soft PNIPAM microgels through Dynamic Light
Scattering (DLS), Small Angle X-ray Scattering (SAXS) and rheometry. Starting from these suspensions, optical
and morphological properties of PNIPAM microgel thin films deposited by spin-coating on a glass substrate at
different weight concentrations and deposition conditions are investigated through UV-Vis-NIR spectroscopy
and Atomic Force Microscopy (AFM). Homogeneous and smooth thin films of soft PNIPAM microgels were
obtained with high transparency in the whole wavelength range from the visible to the near-infrared region.
Moreover, their optical properties were correlated to microgel arrangement at the solid surface that can be
opportunely tuned by changing the spin-coating deposition parameters.
1. Introduction

Stimuli-responsive polymeric films are increasingly attracting inter-
est of the scientific community for their potential application in differ-
ent fields and as model systems for fundamental research. Alongside the
conventionally used hydrogels, microgel-formed thin films have been
recently proposed as an alternative that provides many advantages for
the functionalization of multiple surfaces [1]. In fact, they can be easily
prepared in a controlled fashion, tuning their chemical composition
and finally offering better mechanical properties. Microgels are roughly
spherical particles made of crosslinked polymer networks with colloidal
size, typically in the range between 100 nm and 1 μm, combining
the properties of colloids and polymers. In recent years, they have
become very popular due to their softness originating unusual phase
behaviours [2–5] and to the large variety of their medical [6,7] and
industrial applications [8]. They are used indeed for the fabrication
of optical and photonic devices [9–11], as smart materials for the
realization of sensors and bio-interfaces [12,13] or for their integration
in technological devices [14,15]. These promising materials can be
successfully exploited in cultural heritage conservation [16] and drug-
delivery [17], for tissue engineering [18] and temperature-responsive
cell sheet surfaces [19]. Their ability to easily tune and adjust an
interface makes microgels appealing smart materials for controlling
and studying how proteins, cells and tissues interact with a synthetic
interface, answering to the growing demand for smart solutions to
couple technological devices with biological systems.

Among the smart polymers for biomedical applications, Poly(N-
isopropylacrylamide) (PNIPAM) deserved some special attention since
it exhibits a typical coil-to globule transition at the lower critical so-
lution temperature (LCST) [20,21], becoming less hydrophilic in water
above 32 ◦C, very close to human body temperature. As a result of PNI-
PAM temperature responsiveness, PNIPAM-based microgels undergo a
sharp Volume Phase Transition (VPT) from a swollen hydrophilic state,
where particles are soft and compressible, to a shrunken state above 32
◦C (Volume Phase Transition Temperature, VPTT), with a reduction in
size due to solvent expulsion, as a consequence of the coil-to-globule
transition of NIPAM chains [22].

The great advantage of microgel-formed films is that they offer
really good control of morphology, elasticity, hydrophilicity and sub-
strate covering degree that may have dramatic effects for techno-
logical applications [23]. For example, recently, free-standing micro-
gel films were prepared, displaying tunable structural colour by the
swelling/deswelling of the microgels under external stimuli, such as
temperature [24]. Micro-structured films can be also exploited in the
biomedical field to control the adhesion, proliferation and detachment
2

of cell by tuning the microgel density [25], to evaluate the protein
repellence [26] or to prepare antibacterial surfaces combining PNIPAM
microgel with quaternary ammonium salts [27]. Moreover, microgel
thin films are useful model systems for investigating self-assembly and
phase behaviours of microgels at interfaces [28–31]. The soft nature of
microgels leads indeed to significant compressibility and deformations,
showing more complex behaviours than incompressible colloidal parti-
cles. However, in the last years, research on two-dimensional colloidal
assembly has been mainly focused on the microgels at liquid-liquid
or air–liquid interfaces [32–34], while microgel adsorption to solid
surfaces may lead to unexpected behaviours due to the interplay with
the substrate [35]. Indeed, for their technological applications, it is
imperative to achieve detailed information on how the solid interface
could affect the microgel behaviour or the film morphology.

In particular, many parameters, such as microgel charge, pH, ionic
strength and microgel concentration of the aqueous solution, rotation
speed and type of deposition procedure, affect the microgel number
density and their arrangement on the substrate. Moreover, their degree
of spreading on the surface mainly depends on the balance between
microgel network elasticity, which is controlled by the cross-linking
density, and microgel-surface interactions. A well-chosen surface mod-
ification enables the control of the substrate hydrophilicity which
dictates the strength of the adsorption and allows for the adjustment
of a specific microgel conformation on different substrates [35]. At
the same time, the deposition method plays a crucial role on the
adsorption-induced deformation of microgels, leading to additional
degree of freedom in designing smart polymeric coatings [36]. Over the
past few decades a lot of fabrication techniques have been employed
to form films, such as dip coating [37], centrifugal deposition [38],
solvent evaporation [39] or layer-by-layer deposition [40] with many
disadvantages in controlling thickness, covering degree or the for-
mation of monolayer structures. In this framework, spin coating has
emerged as a very fast, cheap and easily accessible technique offer-
ing at the same time high reproducibility and homogeneity of the
surfaces [41,42].

At variance with previous works, in this paper (i) we perform a
systematic investigation of both aqueous suspensions and thin films of
very soft PNIPAM microgels by combining different techniques such as
Dynamic Light Scattering (DLS), Small Angle X-ray Scattering (SAXS)
and rheometry for microgels suspended in water, and UV–Vis-NIR
spectroscopy and Atomic Force Microscopy (AFM) for microgel-formed
films deposited on a solid substrate; (ii) we use highly concentrated
samples to investigate the formation of densely packed layers as a first
step towards the good control of pattern formation in thin films and (iii)
we exploit spin-coating at different weight concentrations and rotation
speeds to obtain a good control on the optical and morphological

properties of PNIPAM microgel thin films.
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2. Experimental methods

2.1. Materials

N-isopropylacrylamide (NIPAM), N,N’-methylene-bis-acrylamide
(BIS), potassium persulfate (KPS) (98% purity) were purchased from
Sigma-Aldrich. NIPAM monomer and BIS, used as cross-linker, were
recrystallized from hexane and methanol respectively, dried under
reduced pressure (0.01 mmHg) at room temperature and stored at
253 K. KPS, employed as initiator was used as received. All the other
solvents (Sigma Aldrich RP grade) were used as received. Ultrapure
water (resistivity: 18.2 MΩ∕cm at 25 ◦C) was obtained with Sarium®
ro Ultrapure water purification Systems, Sartorius Stedim. Dialysis
embrane, SpectraPor® 1, MWCO 6-8 kDa (Spectrum Laboratories,

nc., Piscataway, NJ, USA) was soaked in distilled water for 2 h and
hen thoroughly rinsed before use.

.2. Microgel synthesis

For the synthesis of the surfactant-free microparticles, 3.716 g of
IPAM and 0.065 g of BIS were solubilized in 230 mL of ultrapure
ater and transferred into a 250 mL four-necked jacketed reactor
quipped with condenser and mechanical stirrer. It should be noted that
he molar ratio BIS/NIPAM is equal to 1.3, that is a medium-low cross-
inker concentration, selected in order to obtain soft particles, that can
eform when absorbed on the surface but do not flatten completely,
s found out by Mourran et al. [43]. The solution was deoxygenated
y purging with nitrogen for 1 h and heated at 70 ◦C. The addiction
f 0.161 g of KPS, dissolved in 10 mL of deoxygenated water, started
he polymerization, that was stopped after 4 h. The resultant PNIPAM
icrogel was purified by dialysis with a MWCO 6-8 kDa membrane

gainst distilled water with frequent changes for two weeks. Through
ravimetric measurements, the final weight concentration C𝑤 of PNI-
AM microgel was determined to be ∼1%. To prepare samples at higher
oncentrations, a cycle of lyophilisation to dryness and redispersion in
2O (10 wt%) was performed. Samples at different concentrations were
btained by dilution from the solution at C𝑤 = 10%.

.3. Preparation of thin films

PNIPAM microgel films were prepared using a standard spin-coater
Polos SPIN150i/200i infinite). Glass substrates were ultrasonically
leaned with Milli-Q water and ethanol with any previous modification
f the surface. Before using, substrates were rinsed and stored in
thanol.

50 μL of aqueous suspensions of PNIPAM microgel at three different
eight concentrations (C𝑤 = 1%, 3%, 5%) were deposited on glass

ubstrates (25 mm × 25 mm; at zero rotation) and spin-coated through
two-steps deposition process. In the first step the spin speed (𝜔1) was

et at 500 rpm or 1500 rpm while the spin speed of the second step
𝜔2) was set at 2500 and 5000 rpm. The different deposition protocols
re reported in Table 1.

.4. Characterization

ynamic light scattering. DLS measurements were performed with a
ulti-angle setup in the time range between 10−6 s and 1 s. A solid

tate laser with wavelength of 642 nm (power of 100 mW) and single
ode collecting fibres at five different scattering angles (𝜃 = 30◦,
0◦, 70◦, 90◦, 110◦) were used. Time autocorrelation functions were
herefore simultaneously acquired at 5 different scattering vectors 𝑄 =
4𝜋n/𝜆) sin(𝜃/2) by calculating the intensity autocorrelation function
2(𝑄, 𝑡) = ⟨𝐼(𝑄,0)𝐼(𝑄,𝑡)⟩

⟨𝐼(𝑄,0)⟩2
at different wavevectors. Intensity autocorrelation

unctions are well described by the Kohlrausch-Williams-Watts expres-
ion [44,45] 𝑔2(𝑄, 𝑡) = 1 + 𝑏[𝑒−(𝑡∕𝜏)𝛽 ]

2
, where 𝑏 is the coherence factor,
3

𝜏 is an ‘‘effective’’ relaxation time and 𝛽 describes the deviation from 2
Table 1
Spin speeds of the first and second steps of the deposition
protocols for thin films of PNIPAM microgels spin-coated on
a glass substrate.

Protocol 𝜔1 (rpm) 𝜔2 (rpm)

1 1500 2500
2 1500 5000
3 500 2500
4 500 5000

the simple exponential decay (𝛽 = 1), usually found in monodisperse
systems, giving a measure of the relaxation time distribution due to the
intrinsic sample polydispersity. DLS measurements were performed in
the temperature range 𝑇 = 20–40 ◦C at low weight concentration (C𝑤
= 0.01%) to obtain the hydrodynamic diameters.

Small-angle X-ray scattering. SAXS experiments were performed at the
high brilliance beamline ID02 of the European Synchrotron Radia-
tion Facility (ESRF) in Grenoble, France, to probe length scales from
nanometers to microns. Form factors of PNIPAM microgels at tem-
perature below (𝑇 = 26 ◦C) and above (𝑇 = 38 ◦C) the VPTT
were obtained by subtracting background contribution to the sample
scattering intensity at low weight concentration (C𝑤 = 0.1%). SAXS
data were fitted through the well known ‘‘fuzzy sphere’’ model [46]
plus a Lorentzian contribution 𝜉 [47]:

𝑃 (𝑄) ∝

{

[

(𝑠𝑖𝑛(𝑄𝑅) −𝑄𝑅 𝑐𝑜𝑠(𝑄𝑅))
(𝑄𝑅)3

𝑒𝑥𝑝
(

−(𝜎𝑄)2

2

)]2

+
[

𝐼𝐿(0)
1 + (𝜉𝑄)2

]

}

(1)

here 𝑅 is the radius of the core particle, the parameter 𝜎 is the
‘fuzziness’’ of the particle interface and 𝜉 is the correlation length re-
ated to the mesh size accounting for the intraparticle inhomogeneities.
he overall radius of the microgel particle is then given by 𝑅𝑆𝐴𝑋𝑆 =
+2𝜎 [48]. Radius polydispersity (PD) was accounted for with a Schulz
istribution.

heological measurements. Rheological measurements were performed
hrough a rheometer Anton Paar MCR102, with a cone–plate geometry
diameter=24.964 mm, cone angle = 1.998◦, truncation = 104 μm).
emperature was controlled using a Peltier system and solvent evap-
ration was avoided thanks to an evaporation blocker and an isolation
ood. Before measurements, samples were pre-sheared at shear rate 𝛾̇
500 s−1 for 30 s in order to erase any mechanical history. Viscosity
easurements were carried out at constant temperature of 25 ◦C in

he shear rate range 10−3–104 s−1. Data reproducibility was tested for
ach sample. Viscosity curves of PNIPAM microgels can be described
hrough the Cross model:

0 = 𝜂∞ +
𝜂0 − 𝜂∞
1 + ( 𝛾̇

𝛾̇𝐶
)𝑚

(2)

where 𝜂0 and 𝜂∞ are the zero and infinite shear rate limiting viscosities
espectively, m a power exponent, 𝛾̇𝐶 is an intermediate critical shear
ate that marks the onset of shear thinning and whose inverse is

characteristic relaxation time, 𝜏𝐶 , of the system. The generalized
volume fraction 𝜁 occupied by PNIPAM microgels, can be expressed
in terms of concentration C𝑤 as 𝜁 = 𝑘𝐶𝑤 [49,50] where 𝑘 in dilute
conditions, is estimated from the relative viscosity 𝜂𝑟𝑒𝑙 =

𝜂0
𝜂𝑠

using the
Einstein–Batchelor equation:
𝜂0
𝜂𝑠

= 1 + 2.5𝑘𝐶𝑤 + 5.9(𝑘𝐶𝑤)2 (3)

UV-Vis-NIR spectroscopy. The hemispherical transmittances of PNIPAM
microgel thin films were measured by the UV-Vis-NIR spectrophotome-
ter Perkin Elmer Lambda 1050+ equipped with an integrating sphere.
Measurements were performed in the wavelength range 𝜆 = (220–

000) nm at 1 nm resolution and room temperature for thin films
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Fig. 1. Temperature behaviour of the (a) intensity autocorrelation functions from and (b) hydrodynamic diameter of PNIPAM microgels suspended in water at low weight
concentration (C𝑤 = 0.01%) as obtained from DLS measurements.
of PNIPAM microgels at three weight concentrations (C𝑤 = 1%, 3%,
5%) on glass substrate, obtained by following the deposition protocols
reported in Table 1. Moreover, temperature behaviour of the hemi-
spherical transmittance was investigated by performing measurements
at four temperatures in the range between 𝑇 = 26 ◦C and 𝑇 = 48 ◦C.
Data reproducibility was tested for each sample.

Atomic force microscopy. Atomic force microscopy (AFM) was per-
formed using a hybrid system made of a commercial head (SMENA,
NT-MDT), home-built electronics and a digital lock-in amplifier (Zurich
HF2LI). All images were taken in noncontact mode, in air ambient
conditions, with commercial MikroMasch cantilevers HQ:NSC35 (nom-
inal force constant from 5.4 to 16 N/m and resonance frequency from
130 to 300 kHz). For topography, autocorrelation function and Fourier
transformation statistical analysis the open source software Gwyddion
was used.

3. Results and discussion

The swelling behaviour of PNIPAM microgels was characterized
from the hydrodynamic diameter D𝐻 obtained through DLS measure-
ments at low weight concentration as a function of temperature. In
the high dilution limit, where interparticle interactions is negligible,
the hydrodynamic diameter of the particles can be estimated from
relaxation time 𝜏 of the intensity correlation functions g2(𝑄, 𝑡), reported
in (Fig. 1(a)), using the Stokes-Einstein relationship:

𝐷𝐻 =
𝑘𝐵𝑇
3𝜋𝜂𝐷𝑡

(4)

where k𝐵 is the Boltzman constant, 𝑇 is the sample temperature, D𝑡
is the translational diffusion coefficient obtained through the relation
𝜏 = 1/Q2D𝑡 and 𝜂 is the sample viscosity that can be approximated
with the solvent one. The temperature behaviour of the hydrodynamic
diameter 𝐷𝐻 (Fig. 1(b)) shows the VPT at 32 ◦C typical of PNIPAM
microgels from a swollen to a shrunken state with a swelling coefficient
𝛼 = 𝐷𝐻 (20 ◦C)

𝐷𝐻 (40 ◦C) = 2.2 that confirms the really soft nature of the obtained
microgels.

More details on the changes in shape and size across the VPT can
be obtained by performing SAXS measurements in the high dilution
limit (C𝑤 = 0.1%). Fig. 2 shows the form factors of PNIPAM microgels
measured at temperatures below (𝑇 = 26 ◦C) and above (𝑇 = 38 ◦C) the
VPTT. The bumps appearing at 38 ◦C, in the shrunken state, confirm
the existence of a volume phase transition with particles resembling the
hard-sphere form factor. Least-squares fitting to the SAXS data through
Eq. (1) returned values of D𝑆𝐴𝑋𝑆 = (602 ± 10) nm at T=26 ◦C and
D𝑆𝐴𝑋𝑆 = (342 ± 4) nm at 𝑇 = 38 ◦C with a really low polydispersity
(PD=10% at 26 ◦C and PD=3% at 38 ◦C). In the swollen state we found
4

Fig. 2. SAXS form factors of PNIPAM microgels at C𝑤 = 0.1% at 𝑇 = 26 ◦C and
𝑇 = 38 ◦C. Solid lines are fits through the ‘‘fuzzy sphere’’ model (Eq. (1)).

Fig. 3. Viscosity as a function of shear rate at 𝑇 = 25 ◦C for PNIPAM microgels at four
concentrations (symbols), lines are fits to the data through the Cross model of Eq. (2).
Inset: Relative viscosity as a function of weight concentration at 𝑇 = 25 ◦C. Data are
fitted through the Einstein–Batchelor model of Eq. (3).

small but finite values of the fuzziness indicating that these soft micro-
gels still have the typical fuzzy-sphere structure with a homogeneous
polymer distribution and a rather large value of the average mesh size
𝜉 = (24 ± 2) nm. Interestingly, below the VPTT the diameters from
SAXS data are significantly smaller than those from DLS measurements
with the ratio 𝐷𝑔∕𝐷𝐻 ≈ 0.7, as expected for soft particles. On the
other hand, at temperature above the VPTT, SAXS diameters are in
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Fig. 4. (a) Hemispherical transmittance of thin films of PNIPAM microgels at different weight concentrations C𝑤 = 1%, 3% and 5% spin-coated through protocol n.1 compared with
the transmittance of the bare glass substrate (dashed line). Inset: hemispherical transmittance spectra for the PNIPAM microgel thin film at C𝑤 = 3% at the indicated temperatures.
Hemispherical transmittance spectra of thin films of PNIPAM microgels at C𝑤 = 3% spin-coated on glass substrate at (b) 1500 rpm and (c) 500 rpm spin speed in the first step
and two different spin speeds in the second step. Dashed lines are the transmittance spectra of the bare glass substrate.
Fig. 5. AFM images on (a) 24 × 24 μm2 and (b) 6 × 6 μm2 area of a film of PNIPAM microgels at C𝑤 = 1% deposited on glass.
good agreement with the hydrodynamic diameter from the DLS and the
external fuzziness almost disappears, since microgel particles are in the
shrunken state with a likely hard-sphere behaviour. These differences
between SAXS and DLS sizes can be ascribed to the polymeric nature of
the microgel particles with a low-density corona surrounding the more
crosslinked core with higher polymer density.

To investigate the viscous behaviour of the microgel suspensions
used for thin film deposition, rheological measurements of PNIPAM
microgels at four different concentrations (C𝑤 = 1%, 3%, 4% and 5%)
and 𝑇 = 25 ◦C were performed. Viscosity measurements are reported in
Fig. 3 showing a decrease of viscosity with increasing shear rate, typical
feature of shear thinning fluids and increasing viscosity values with
increasing concentration. Data are well described by the Cross model
of Eq. (2). In order to determine the generalized volume fraction 𝜁 ,
the inset of Fig. 3 reports the relative zero-shear viscosity measured at
low concentrations in dilute regime (C𝑤 = (0.2–0.6)%). A fit through
the Einstein–Batchelor model of Eq. (3) allows to get the value k =
(21.0 ± 0.6) and the volume fractions at 𝑇 = 25 ◦C that are found to be
𝜁 = 0.21, 0.63, 0.84 and 1.05 at C𝑤 = 1%, 3%, 4% and 5%, respectively.

From these results on PNIPAM microgel suspensions, three weight
concentrations were selected for film deposition. Thin films were ob-
tained by spin-coating a volume V = 50 μL of aqueous suspensions
of PNIPAM microgel at C𝑤 = 1%, 3% and 5% on a glass substrate.
Four different double-step deposition protocols were used alternatively
changing the spin speed of the first (𝜔1 = 500 rpm and 1500 rpm) and
the second (𝜔2 = 2500 rpm and 5000 rpm) step (see Table 1) in order
to investigate the effects of weight concentration and deposition rate
on the film optical and morphological properties. For their application
in many thin-film devices, high-transparency in a wide part of the
visible and the near-infrared spectral region is required indeed. To
this aim the obtained thin films were characterized through UV-Vis-
NIR spectrophotometry, in the range of wavelengths between 220 nm
and 2000 nm. Fig. 4(a) shows the hemispherical transmittance spectra
5

at room temperature of the films at different weight concentrations,
deposited by following protocol n.1, as an example. The measured
spectra show that highly transparent films are obtained regardless
of concentrations with transmittance values above 90% in the whole
wavelength range from Vis to NIR. Their spectral behaviour follows that
of the bare glass substrate suggesting a film thicknesses of the order of a
few hundreds nanometers. Moreover, the slightly higher transmittance
with respect to glass suggests that the refractive indices of the microgel
films are lower than that of the bare substrate. In the inset of Fig. 4(a)
the hemispherical transmittances in the wavelength range 𝜆 = (350–
800) nm for PNIPAM microgel films at C𝑤 = 3% and four temperatures
in the range 𝑇 =(26–48) ◦C are reported. The slight changes in the
transmittance spectra do not affect the high optical transparency of the
films.

However, the optical properties of thin films are expected to depend
on the deposition conditions that govern in turn particle arrangement
on the surface. Hemispherical transmittances of thin films spin-coated
at 𝜔1 = 1500 rpm decreases with increasing 𝜔2 (Fig. 4(b)), probably due
to an increase of the refractive index. On the other hand, hemispherical
transmittances of thin films spin-coated at 𝜔1 = 500 rpm do not depend
on the second step spin speed (Fig. 4(c)), suggesting the formation of
layers with comparable refractive index and therefore packing fraction.
It is worth noting that, except for the films obtained at 𝜔1 = 1500
rpm and 𝜔2 = 5000 rpm, film transmittances are always higher than
that of the glass substrate. On the other hand, the lower hemispherical
transmittance observed in this latter film can be correlated to a pertur-
bation of the refractive index possibly due to an increase of the packing
density, as better explained in the following.

Optical properties of thin films generally depend on morphological
parameters, such as packing density and roughness [51]. Therefore,
the morphological properties of microgel-formed thin films were in-
vestigated via atomic force microscopy to understand how sample
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Fig. 6. AFM images on a 12 × 12 μm2 area for films of PNIPAM microgels at (a) C𝑤 = 1%, (b) C𝑤 = 3% and (c) C𝑤 = 5% grown on glass by following the same deposition
protocol (1500 rpm spin speed in the first step and 2500 rpm spin speed in the second step). (d) Behaviour of the mean grain size from grain analysis of the AFM images as a
function of the volume fraction obtained from rheological measurements.
concentration and growth conditions affect microgel arrangement at
the surface.

Fig. 5 reports AFM images for a film of PNIPAM microgels at
𝐶𝑤 = 1% spin-coated on glass substrate through the double step
protocol n.1. From AFM measurements one can observe the formation
of homogeneous and smooth films with microgels arranged in a typical
hexagonal close packed structure with flower-like configurations with
six neighbours. However, few defects with seven neighbours can be
observed with the central microgels experiencing less pressure which
leads to a lower lateral compression and therefore a flattening of the
microgels onto the substrate.

It is worth noting that all the particles have heights of the order
of tens of nanometers indicating a high compression of the microgel
that is reduced by more than 80% with respect to the collapsed state
diameter. This demonstrates the extreme softness and deformability of
these microgels at very low cross-linker concentration, a fact that offers
the possibility to obtain very thin films up to a few tens of nanometers
in monolayer configurations.

However particle deformation and, more in general, particle ar-
rangement on the surface, can be controlled through the concentration
of the deposited suspension, that means by the microgel density, and by
the rotation speed during the deposition process. In Fig. 6 AFM images
on a 12 × 12 μm2 area for thin films of PNIPAM microgels at C𝑤 = 1%,
3% and 5% and the same deposition conditions are reported. Statistical
quantities obtained from their analysis are reported in Table 2. From
these results we can speculate that the Root Mean Square (RMS)
roughness decreases with weight concentrations, while grain number
and grain density slightly increase with increasing C𝑤. Moreover, the
slight decrease of the mean grain size with 𝐶𝑤, or equivalently with
the volume fraction, can be correlated to lower interparticle distances
with increasing packing fraction (Fig. 6(d)). We can better visualize
6

Table 2
Statistical quantities obtained from AFM images for thin films of PNIPAM microgels at
C𝑤 = 1%, 3% and 5% deposited trough protocol n.1.
𝐶𝑤 RMS Roughness Grain Grain density Mean grain size
𝐶𝑤 (nm) number (μm−2) (nm)

1% 4.7 ± 0.5 591 4.1 395 ± 4
3% 3.9 ± 0.8 644 4.5 368 ± 4
5% 2.0 ± 0.5 726 5.1 336 ± 3

this behaviour by considering two neighbouring microgel particles in
the film at 𝜁 below and above the Hard-Sphere close packing volume
fraction (𝜁 = 0.64). At 𝜁 = 0.21 microgels remain nearly spherical
while at 𝜁 = 1.05 the particles lose their shape as they facet and
deform. However, at these conditions, any interpenetration between
neighbouring particles is observed.

The effect of rotation speed on the morphological properties of
microgel films was investigated by alternatively changing the spin
speed of the first (500 rpm and 1500 rpm) and the second (2500 rpm
and 5000 rpm) steps.

In Fig. 7 the AFM images on a 12 × 12 μm2 area for thin films of PNI-
PAM microgels at fixed weight concentration (C𝑤 = 3%) and different
deposition protocols are reported, together with the two-dimensional
autocorrelation (2D-ACF) and the Fast Fourier Transform (FFT) images
calculated over the sample area marked by yellow squares. Statistical
quantities were obtained from analysis of AFM images and are reported
in Table 3.

Average values of the height distribution do not depend on the
rotation speed of the second step but they seem to be hugely affected
by the rotation speed of the first step. These results suggest a complex
interplay between rotation speeds of the double step protocols in
controlling microgel arrangement at the surface that, to the best of
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Fig. 7. AFM images on a 12 × 12 μm2 area of PNIPAM microgel films deposited by following (a) protocol n.1 (𝜔1 = 1500 rpm and 𝜔2 = 2500 rpm), (d) protocol n.2 𝜔1 = 1500
rpm and 𝜔2 = 5000 rpm, (g) protocol n.3 (𝜔1 = 500 rpm and 𝜔2 = 2500 rpm) and (l) protocol n.4 (𝜔1 = 500 rpm and 𝜔2 = 5000 rpm); (b, e, h, m) 2D-ACF and (c, f, i, n) FFT
images of the selected regions in the relative AFM images. 𝐿 is the characteristic spacing related to the maximum in the FFT.
Table 3
Statistical quantities obtained from AFM images for thin films of PNIPAM microgels at C𝑤 = 3% deposited by following different protocols.
𝜔1 𝜔2 Average height RMS roughness Grain Grain density Mean grain size
(rpm) (rpm) (nm) (nm) number (μm−2) (nm)

1500 2500 33.1 ± 1.5 3.9 ± 0.8 644 4.5 368 ± 4
1500 5000 27.3 ± 3.2 6.4 ± 1.2 748 5.3 317 ± 3
500 2500 12.2 ± 1.4 3.7 ± 0.5 702 4.9 343 ± 3
500 5000 13.6 ± 1.1 3.9 ± 0.4 749 5.1 331 ± 3
our knowledge, was not previously deeply investigated. On the other
hand, really smooth thin films were obtained at all the deposition
conditions, with higher values of the RMS roughness in the film spin-
coated at the highest rotation speeds in both the first and the second
step (𝜔1 = 1500 rpm and 𝜔2 = 5000 rpm). At the same time, only in
this case slight differences in grain number, grain density and mean
grain size are noteworthy. This behaviour could be probably ascribed to
higher packing fractions that may also explain the lower hemispherical
transmittance (Fig. 4(b)) as a consequence of the increase in the film
refractive index.

Information on the microgel arrangement at the surface can be
clearly visualized by looking at the 2D-ACF that contains the periodic
patterns characterizing the original AFM one. At the same time, FFT
is particularly useful to identify any repeating patterns since, when
transformed into Fourier space, any periodicity in the real image is
represented at a certain radial distance from the centre. Bidimensional
ACFs of the AFM images reveal isotropic patterns with indication of
a texture only in the film obtained by protocol n.2 (𝜔1 = 1500 rpm
and 𝜔2 = 5000 rpm) and reported in Fig. 7(d). In this case the 2D-ACF
image shows the existence of domains with patterns of periodic and
ordered structures that can be related to ripple ridges due to microgel
organization at the solid surface. At these deposition conditions, the
monodisperse microgels start to arrange themselves into many poly-
cristalline domains with preferential growing directions. The FFT of
this image shows a four-fold symmetry with short characteristic lengths
related to the maximum in the FFT (L=(430 ± 62) nm), that indicate
particles self-assembling into crystalline structures with the (100) plane
parallel to the glass surface. On the other hand, an indication of a three-
fold symmetry is observed in all the others films (Fig. 7(a), (g) and (l))
whose 2D-ACF and FFT images indicate rather isotropic patterns with a
7

likely dependence of the characteristic lengths 𝐿 on the rotation speed.
The rather isotropic morphologies of these films could explain their
really high transparency whose hemispherical transmittances show
higher values than those of the glass substrate.

We demonstrated that spin coating is a powerful technique to obtain
thin films whose optical properties can be opportunely controlled by
changing deposition protocol parameters. Moreover we showed that the
use of highly soft and compressible microgels at very low cross-linker
concentration offer the possibility to obtain very thin films up to a few
tens of nanometers in monolayer configurations. These results suggest
a very complex arrangement of the microgels on a solid substrate that
needs further investigation.

4. Conclusions

In this work, we investigated thin films of PNIPAM microgels,
with a typical fuzzy-sphere structure, spin-coated on glass substrate at
different weight concentrations and deposition conditions to explore
the possibility to control microgel arrangement and spreading onto a
solid surface. Dynamic Light Scattering, Small Angle X-ray Scattering
and rheometry provided a full characterization of aqueous suspensions
of really soft PNIPAM microgels, while UV-Vis-NIR spectroscopy and
Atomic Force Microscopy were exploited for investigating the optical
and morphological properties of microgel-formed thin films. By fol-
lowing a double-step deposition protocol, we obtained homogeneous
and smooth thin films with high transparency in the whole wave-
length range from the visible to the near-infrared region. The obtained
transmittance spectra indicate the formation of films with very low
thickness of the order of few hundreds nanometers where microgels
arrange in a typical close-packed hexagonal structure with a reduction
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v

of their height by more than 80% of their hydrodynamic diameter
in the shrunken state. However, packing density and film topography
can be changed through the spin speed of the deposition protocol. We
found that isotropic patterns in thin films may be correlated to their
high transmittance. The formation of domains with periodic patterns
and preferential directions may induce a decrease in the hemispher-
ical transmittance ascribable to a higher film refractive index. These
results suggest a complex interplay between optical and morphological
properties of microgel-formed thin films that opens the way to further
investigation and innovative solutions for their application as optical
or biomedical devices.
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