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dy of photoinduced surface-relief-
gratings on azo polymer and azo molecular glass
films†

Xu Li, Hao Huang, Bing Wu, Chuyi Liao and Xiaogong Wang *

Photoinduced surface-relief-gratings (SRGs) on azo polymer and azo molecular glass films, caused by

trans–cis isomerization of azo chromophores, have attracted wide interest for their intriguing nature and

many possible applications in recent years. Understanding the mechanical properties of SRGs at the

nanoscale is critically important for elucidating their formation mechanism and exploring their

applications. In this work, a representative azo polymer (BP-AZ-CA) and a typical azo molecular glass

(IAC-4) were comparatively studied for the first time concerning their properties related to SRG

formation through a variety of methods. The results indicate that when inscribing SRGs on the films,

IAC-4 shows a much higher efficiency for forming SRGs relative to that of BP-AZ-CA. The overall

average moduli of SRGs measured by nanomechanical mapping techniques are obviously smaller

compared with the moduli of the corresponding films of both materials. The moduli at different regions

of SRGs are periodically varied along the grating vector direction for both BP-AZ-CA and IAC-4 gratings.

The moduli at the trough regions of SRGs are always larger than those of the crests, while the moduli at

the hillsides are the smallest. Distinct from BP-AZ-CA, even the moduli at the trough regions of IAC-4

SRG are smaller compared with that of the original film, and the ratio between the trough and crest

moduli is significantly larger for IAC-4. These results provide deep understanding of the SRG formation

mechanism and reveal the clear distinction between these two types of glassy materials for their SRG-

forming behavior, which are important for future applications.
1 Introduction

Polymers and amorphous molecular materials containing azo
chromophores, azo polymers and azo molecular glasses for
short, have attracted extensive interest for their intriguing
photo-responsive properties and many potential applications in
the past decades.1–8 Upon irradiation with light in a certain
wavelength range, the aromatic azo chromophores can undergo
trans–cis photoisomerization,1,4 which triggers the materials to
show a series of unique photo-responsive variations.9–15 Surface-
relief-grating (SRG) formation on azo polymer and azo molec-
ular glass lms is one of the most interesting properties.16,17

When exposed to two interfering laser beams, a sinusoidal
surface prole is formed on the lms as a consequence of
photo-induced mass transfer.2,4 The photoinduced mass trans-
fer typically occurs at a temperature far below the glass transi-
tion temperature (Tg) of the materials. SRGs and other surface
patterns at the level of hundreds of nanometers or even a few
oratory of Advanced Materials (MOE),
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tion (ESI) available. See DOI:

4778
microns can be inscribed on the lms to form one-dimensional
or multi-dimensional periodic structures, which show potential
for applications ranging from optics, photonics, and sensors to
cell-guiding substrates.6,9–11,18,19 Several models and theories
have been proposed to elucidate the mechanism of the SRG
formation.20–27 The mass transfer caused by the light irradiation
has been attributed to the free volume expansion,20,21 the elec-
tromagnetic gradient force of the light eld,22–24 the photoin-
duced orientation and the transport induced by the anisotropic
intermolecular interactions,25 the anisotropic diffusion of azo-
benzenes in polymer matrices,26 the mechanical stress caused
by the photoinduced orientation anisotropy of azobenzene
moieties,27 and others. The directional mass transfer has also
been observed on other micro/nano structures and micro-
spheres.28–30 Although it is generally agreed that the photoin-
duced trans–cis isomerization of azo chromophores plays
a critically important role in the mass transfer process, the
understanding of the mechanism is still a subject under
intensive investigations.

Azo polymers were rst used to demonstrate the SRG
formation,16,17 and have been intensively investigated since then
for basic understanding and possible applications.2,4,6,9,10 Azo
polymers commonly used in the investigations include
polyacrylates/methacrylates and epoxy-based polymers bearing
© 2021 The Author(s). Published by the Royal Society of Chemistry
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push–pull type azo chromophores.2,4–6,16,17 Distinct from azo
polymers, azo molecular glasses are amorphous organic mate-
rials with a much lower molecular weight.7,31–35 Azo molecular
glasses show the glass transition behavior similar to amorphous
polymers and exist in a stable amorphous state below the glass
transition temperature (Tg). Despite the similar amorphous
nature, azo molecular glasses are distinctly different from azo
polymers in several aspects, such as the well-dened molecular
structures, no chain entanglement, and mono-dispersed
molecular weight.7 These advantages make it possible to
investigate the SRG formation caused by photoinduced mass
transfer in an easily analysable way.31,33–35 Although both poly-
meric and molecular lms have been widely adopted for
investigations of SRGs, and it has been observed that SRGs can
be more efficiently formed on an azo molecular glass lm
compared with that of an azo polymer,34 a systematic study of
these two types of materials in respect of their SRG formation
and other related properties under the comparable conditions
has not been reported yet.

The methods commonly used for investigations on SRGs
include surface prole characterizations by an atomic force
microscope (AFM) and measurements of diffraction efficiency
(DE) during SRG formation by optical method.2,4 Thesemethods
report the SRG formation behavior through AFM images and
diffraction efficiency curves.16,17 Some specic methods have
also been used to investigate the SRG formations such as the
confocal Raman microspectroscopy,36,37 X-ray scattering
measurements,38 scanning near-eld optical microscopy,39

neutron reectometry.40 These methods have shed new light on
the fundamental understanding of SRG formation and photo-
induced mass transfer behavior. With the rapid recent devel-
opment, AFM has become a powerful tool for quantitative
nanomechanical investigation.41,42 Through mechanical inter-
action of the AFM tip with the sample surfaces, it provides great
potential to characterize nanomechanical properties of mate-
rials in various cases.43 Recently developed PeakForce Quanti-
tative Nanomechanical Mapping (PeakForce QNM or PF-QNM)
method allows the mapping of the nanomechanical properties
of a sample surface together with topography at a high spatial
resolution in a speed as fast as conventional tapping AFM
imaging.44–48 By this technique, the elastic moduli can be
derived from the force–indentation curves by using the different
proposed models, which has been applied in many kinds of
materials.46–50 Up to now, only few investigations have been re-
ported to characterize the surface nanomechanical properties of
SRGs by AFM.51–53 A study with the newly developed AFM tech-
niques is able to provide a signicant piece of the puzzle
missing in the previous study. Especially, this method together
with other analyses can pave a feasible way to compare the SRG
formation behavior of azo polymer with that of azo molecular
glass.

In this work, an azo polymer (BP-AZ-CA) and an azo molec-
ular glass (IAC-4) were synthesized as the typical representatives
of azo polymers and azo molecular glasses. The properties of
BP-AZ-CA and IAC-4 related to the SRG formation were
systematically investigated by several methods for comparison.
Their SRG formation behavior was investigated by inscribing
© 2021 The Author(s). Published by the Royal Society of Chemistry
gratings with interfering laser irradiation. The surface modulus
distributions in different areas of the SRGs were determined by
the AFM PeakForce QNM technique. The corresponding force–
indentation curves at different positions of the SRGs were also
obtained by the ramp method, enabling the comparison of the
mechanical modulus variations in the crest and trough areas for
the SRGs formed aer the different time of light irradiation. The
nanomechanical measurements supply valuable information of
the local structures “frozen” in the xed positions of gratings as
consequences of the mass transfer and molecular orientation.
For the rst time, the distinctive differences between the two
types of glasses are revealed by comparing the SRG formation
behavior of these two azo amorphous materials. The results can
provide a deep insight into the mechanism of SRG formation
and solid basis for applications of the materials.
2 Experimental
2.1 Materials

Isosorbide, 4-nitrobenzoyl chloride, aniline, and p-amino-
benzoic acid were purchased from Sigma-Aldrich. Cinnamoyl
chloride and N,N-di(hydroxyethyl)aniline were purchased from
Alfa Aesar. Diglycidyl ether of bisphenol-A (MW ¼ 392) was
purchased as a commercial product from Shell Company.
Deionized water (resistivity > 18.25 MU cm) was obtained from
a Millipore water purication system. Glass slides were treated
with the H2SO4/30% H2O2 (7 : 3) mixture (caution: this solution
is extremely corrosive) for 3 h, rinsed with acetone and washed
with plenty of deionized water for several times. Unless other-
wise stated, all chemicals and solvents were purchased
commercially and used directly without further purication.
The synthesis and characterization details of BP-AZ-CA and IAC-
4 have been reported in the previous articles,34,54 which can also
be seen in the ESI.†
2.2 Characterization

The 1H NMR spectroscopic measurements were performed at
25 �C using a JEOL JNM-ECA600 NMR spectrometer (Japan, 600
MHz for proton) with tetramethylsilane (TMS) as the internal
standard in dimethyl sulfoxide-d6 (DMSO-d6) or chloroform-
d (CDCl3) solution. The Fourier transform infrared (FT-IR)
spectra were obtained on a Nicolet Magna-IR 560 spectropho-
tometer (Thermo Fisher, USA) at a resolution of 4 cm�1, where
the samples were incorporated in KBr powder and then pressed
into thin IR-transparent disks. The wavenumber range for the
measurement was 400–4000 cm�1. A total of 32 scans were
averaged per sample to ensure high signal-to-noise ratios. The
ultraviolet-visible (UV-Vis) spectra of the samples were deter-
mined by an Agilent Cary 8453 UV-Vis spectrophotometer (USA).
The number average molecular weight and poly-dispersity index
(PDI) of BP-AZ-CA were determined using a gel permeation
chromatograph (GPC, Shimadzu, Japan), which was equipped
with a RID-20A refractive index detector, a LC-20AD liquid
chromatograph and a CTO-20AC column oven. The measure-
ment was carried out at 25 �C using THF as eluent with a ow
rate of 1.0 mL min�1 and the molecular weight was calibrated
RSC Adv., 2021, 11, 34766–34778 | 34767
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with polystyrene standards. The differential scanning calorim-
etry (DSC) and thermogravimetric analysis (TGA) of the samples
were performed utilizing TA Instruments DSC Q2000 and TGA
Q5000 systems (USA) with a heating rate of 10 �C min�1 under
nitrogen atmosphere. The SEM images were acquired in a eld
emission scanning electron microscope (FE-SEM) with InLens
detector from Zeiss Corporation (GeminiSEM 500, Germany). A
high-vacuum (3 � 10�6 mbar, approximately) condition was
adopted, while the samples were imaged with an electronic high
tension (EHT) of 15.0 kV. Nanoindentation tests were per-
formed on a Nano Indenter G200 (Keysight) system using
a Berkovich-type diamond indenter tip. The maximum inden-
tation depth was 500 nm with a loading rate of 10 nm s�1. The
BP-AZ-CA and IAC-4 lms for nanoindentation tests were
prepared by dip-coating the N,N-dimethylformamide (DMF)
solutions (10 wt%) of the materials onto clean glass slides,
evaporating solvents at 60 �C and drying in a vacuum oven for
48 h. The lm thickness was larger than 10 times of the
maximum indentation depth, which ensured the absence of
substrate effect. To determine the photothermal effect of the
sample lms upon laser irradiation, the surface temperatures of
the lm areas with different diameters during the irradiation
were measured by an infrared thermal imager (Guide Sensmart
Tech Co., Ltd, T120).
2.3 Photoinduced surface relief gratings

BP-AZ-CA and IAC-4 were dissolved in anhydrous DMF to obtain
homogeneous solutions of 10% w/v. The solutions were ltered
through 0.45 mm membranes and spin-coated onto the clean
glass slides with the spin-coating speed of 800–1000 rpm and
the time of 30 s. The spin-coated lms were dried under vacuum
at 50 �C for 24 h to remove the residual solvent. The experi-
mental setup for inscribing the surface relief gratings is similar
to that reported in the previous literatures.16,17 The SRGs were
obtained by exposing the solid lms to interfering p–p polarized
laser beams (l ¼ 488 nm, 100 mW cm�2). The linearly polarized
beam of laser (Genesis CX 488-2000 SLM, Coherent Corpora-
tion) was expanded with a spatial lter and collimated by
a plano-convex lens to generate a homogeneous beam with the
spot size of 6 mm in the diameter. The spatial periods (p) of the
gratings were controlled according to the following equation,55

p ¼ l

2sinq
(1)

where l is the wavelength of the writing beams, and q is the
incident angle (set at 10�, or 7�) of the Lloyd mirror. The trough
depths of the gratings were adjusted by the irradiation time.

A He–Ne laser beam (l ¼ 632 nm, JDW-3, Peking University)
was incident perpendicularly to the central position of the
prepared surface relief gratings. The light intensity exhibited
the Gaussian distribution in the beam cross section with
a diameter of 2 mm, and the total intensity was measured to be
1.2 mW using a silicon photodiode (Thorlabs, 400–1100 nm).
Two silicon photodiodes (Thorlabs, USB Power Meter PM16-
120, 400–1100 nm) were adopted to measure the light intensi-
ties of the zero-order (I0) beam and rst-order (I1) diffraction
34768 | RSC Adv., 2021, 11, 34766–34778
beam during the SRG inscribing process. The signals were
nally transmitted to a computer and processed with Power
Meter Driver Switcher soware (Thorlabs), through which the
light intensities were recorded in a real-time manner. The
diffraction efficiency is dened as DE ¼ I1/I0.
2.4 Atomic force microscope (AFM) measurement

The atomic force microscope (AFM) images were acquired by
using a scanning probe microscope (Dimension Icon AFM,
Bruker, USA) equipped with a Nanoscope V controller and
NanoScope 8.15 soware in the PeakForce Quantitative Nano-
mechanical Mapping (PF-QNM) mode. The heating controller
and cooling water circulation device were applied to control the
temperature of the sample stage. The measurements for the BP-
AZ-CA and IAC-4 lms at heating condition were performed at
the temperature in the range of 30–150 �C in nitrogen atmo-
sphere, while the measurements for the SRGs were carried out
at room temperature under ambient condition. According to
Bruker's protocol,45,56 the ceramic cantilever holder and the
probe RTESP-300 (Bruker) were used for operation under heat-
ing condition, while the standard cantilever holder and the
probe RTESPA-525 (Bruker) were used for operation at room
temperature. The deection sensitivities of the cantilevers were
calibrated using a sapphire standard provided in the PF-QNM
kit, and their spring constant k was calculated using the Sader
method.57 The tip radius R of the probe was calibrated by the
relative method on a polystyrene test sample (Bruker, PS Film,
2.7 GPa). The spring constant k of cantilevers used in this work
was 32–40 N m�1 for RTESP-300 probes and 125–160 N m�1 for
RTESPA-525 probes. The tip radii R of the RTESP-300 and
RTESPA-525 probes were found to be in the range of 8–15 nm
and 20–50 nm, respectively. Before the scanning process, the
scan size was set to 0 nm and the peak force setpoint was set to
10 nN for the purpose of protecting the probe tip aer being
engaged to contact the sample surface. The ScanAsyst auto gain
was set to on, so that the feedback gain value was dynamically
and automatically controlled by the soware, resulting in good
sample tracking. Another critical parameter to protect the probe
tip is that the peak force engage setpoint was set to 0.05 V. Since
the RTESP-300 and RTESPA-525 probes both have stiff cantile-
vers with large spring constants, the relatively small value for
the peak force engage setpoint can avoid excessive interaction
between the tip and the sample during the engage process,
which may cause damage to the probe tip. The peak force set-
points used in PF-QNM measurements at room temperature
were 500 nN for BP-AZ-CA and 300 nN for IAC-4, respectively. An
appropriate peak force setpoint is important for the AFM
measurement in PF-QNM mode. On the one hand, too large
peak force setpoint may damage the sample or the tip. On the
other hand, if the peak force setpoint is too small, the probe tip
may dri out of contact with the sample and will be unable to
track the surface. The vertical oscillation frequency of the probe
during the measurements was equal to 2 kHz with an amplitude
of 50 nm. The lateral scanning rates were 0.5 Hz for images
smaller than 5 � 5 mm2 and 0.2 Hz for images larger than 5 � 5
mm2 at a digital resolution of 256 � 256 pixels. As the scan size
© 2021 The Author(s). Published by the Royal Society of Chemistry
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was gradually increased, the scan rate needed to be reduced to
obtain high-quality images. For example, the scan rate was set
to 0.2 Hz when the scan size was 10 � 5 mm2 in this study and
the tip velocity became 4.0 mm s�1. Under the AFM PeakForce
QNM mode, the force spectroscopies at different specic posi-
tions of the SRGs were measured by ramping along with the
“Point and Shoot” application in the NanoScope soware
(version 8.15). The trigger mode was set to be relative, and the
trig thresholds used for the ramp measurements were 800 nN
(for BP-AZ-CA) and 500 nN (for IAC-4), respectively. The ramp
rate was 1 Hz (default), and the ramp size was set to be 100 nm.

3 Results and discussion

The structures of BP-AZ-CA and IAC-4 are shown in Fig. 1a and
b, respectively. BP-AZ-CA is an epoxy-based polymer covalently
bearing push–pull type azo chromophores in each repeating
unit. IAC-4 is a molecular amorphous material containing
a core of isosorbide moiety bearing two push–pull type azo
chromophores and peripheral cinnamate groups. BP-AZ-CA and
IAC-4 were synthesized according to the previous reports,34,54

and characterized by 1H NMR and FT-IR. The spectra are given
in Fig. S1 and S2 (ESI†) together with the related properties
listed in Table S1 (ESI†). As reported in the previous articles,
both materials show good performance for forming SRGs under
the light irradiation.34,54,58 Fig. 1c shows the schematic diagram
of the SRG-writing set-up upon exposing the lms to the p–p
interfering pattern formed by two linearly polarized laser beams.
The prepared SRGs were characterized by AFM to map the
nanomechanical properties of the surface and give the topo-
graphic proles as well, as shown in Fig. 1d. The spectral and
thermal characteristics of the materials are presented in Section
3.1. Although SRGs can be well inscribed on both BP-AZ-CA and
Fig. 1 (a) Chemical structure of the azo polymer (BP-AZ-CA). (b) Chemic
of the optical set-up for inscribing the surface relief gratings on the fi

measurement.

© 2021 The Author(s). Published by the Royal Society of Chemistry
IAC-4 lms through mass transfer below the glass transition
temperature, some important distinctions can be observed for
their properties as discussed in the sections below in details.

3.1 Spectral and thermal characteristics

As containing push–pull type azo chromophores, both BP-AZ-
CA and IAC-4 show absorption bands in the visible light
region, centered at almost the same wavelength (Fig. 2a and S3,
ESI†). The maximum absorption wavelengths (lmax) of BP-AZ-
CA and IAC-4 in DMF are 440 nm and 443 nm, respectively.
Their extinction coefficients (3) at l ¼ 488 nm are 22.0 L
g�1 cm�1 (BP-AZ-CA) and 29.6 L g�1 cm�1 (IAC-4), which are also
in the same order of magnitude. Fig. 2b and c show the DSC
heating curves of BP-AZ-CA and IAC-4, which conrm the
amorphous nature of the twomaterials. As shown in the gures,
the Tg of BP-AZ-CA is 155 �C, which is markedly higher than that
of IAC-4 (63 �C). This difference is attributed to the fact that BP-
AZ-CA is a high-molecular-weight polymer with chain entangle-
ment, which largely hinders the movement of chain segments
until a high temperature. The number-average molecular weight
of BP-AZ-CA was estimated to be 17 000 with the polydispersity
index of 1.8 (Fig. S4, ESI†), while that IAC-4 is a compound with
the molecular weight of 1289.4. Nevertheless, the thermal
decomposition stability is not directly correlated with the
molecular weights. The thermal decomposition temperature (Td,
dened as 5% mass loss temperature) of IAC-4 is 335 �C, while
that of BP-AZ-CA is 250 �C (Fig. S5, ESI†), which indicates IAC-4 is
more stable against thermal degradation at high temperature.

3.2 Surface-relief-grating (SRG) formation behavior

Upon irradiation with interfering laser beams, the lm surfaces
of azo polymers and azo molecular glasses can undergo mass
al structure of the azomolecular glass (IAC-4). (c) Schematic illustration
lms. (d) Schematic illustration of the atomic force microscope (AFM)

RSC Adv., 2021, 11, 34766–34778 | 34769
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Fig. 2 (a) UV-vis spectra of BP-AZ-CA and IAC-4 (films and DMF
solutions). (b) DSC curve of BP-AZ-CA. (c) DSC curve of IAC-4. The
heating rate for the DSC measurements was 10 �C min�1 in nitrogen
atmosphere.

Fig. 3 (a) Typical AFM 3D-view images of surface relief gratings
inscribed on BP-AZ-CA (up) and IAC-4 (down) films (100mW cm�2, 30
min). (b) Amplitude variations of SRGs with the spatial period (p) of
1400 nm formed on BP-AZ-CA and IAC-4 films at different irradiation
time. (c) Changes of optical diffraction efficiency recorded in situ
during the SRGs formation process. The spatial period (p) of the grating
is 1400 nm.
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migration to form SRGs, which is one of the most fascinating
characteristics of the materials. Typically, the SRG formation
behavior is characterized by observation of the surface prole
variations and measurement of diffraction efficiency (DE) of the
gratings during SRG formation.2,4 In this work, the BP-AZ-CA
and IAC-4 spin-coated lms with the thicknesses in the range
of 600–750 nm (Fig. S6, ESI†) were prepared and used to
inscribe SRGs. The surface proles of SRGs formed on the lms
were characterized by AFM, and their DE variations during the
SRG formation process were recorded in situ with two optical
power meters. Fig. 3a shows the three-dimensional (3D) images
of the SRGs on the BP-AZ-CA and IAC-4 lms aer irradiation
with the interfering p–p polarized laser beams (l ¼ 488 nm, 100
mW cm�2) for 30 min. The SRGs formed on the surfaces show
the signicantly different amplitudes for the BP-AZ-CA and IAC-
4 lms, where the value for the IAC-4 grating is much higher.
The cross sections of SRGs formed on the BP-AZ-CA and IAC-4
34770 | RSC Adv., 2021, 11, 34766–34778
lms at different time are given in Fig. S7 and S8 (ESI†). The
amplitude variation with the irradiation time is given in Fig. 3b,
where the growth rate is much higher for IAC-4. The results all
indicate that SRG can be much more efficiently formed on the
IAC-4 lm than BP-AZ-CA under the same irradiation condi-
tions. Fig. 3c shows the corresponding real-time DE of the SRGs
with a spatial period of 1400 nm upon the light irradiation. The
DE of SRG of IAC-4 also increases more rapidly than that of BP-
AZ-CA. The diffraction efficiency variation of the grating is
dependent on the grating amplitude.59,60 The DE has the
correlation with the grating amplitude as below,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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DEf

����J1
�
2pDnd

l

�����
2

(2)

where J1 is the 1st order Bessel function, Dn is the refractive
index modulation, d is the grating amplitude, and l is the light
wavelength.55 The DE variations also indicate that the SRG can
be much more efficiently formed on lm of the azo molecular
glass than that of the azo polymer under the same irradiation
conditions.

It can be concluded from the above results that IAC-4
demonstrates a signicantly higher efficiency for forming
SRGs upon the light irradiation as compared to BP-AZ-CA.
Although, the Tg of IAC-4 (63 �C) is much lower than that of
BP-AZ-CA (155 �C), the temperature increases of the lms
originated from the photothermal effect by laser irradiation are
less than 10 �C at room temperature, proved through simula-
tion and experimental measurement (Table S2, Fig. S9 and S10,
ESI†). This limited temperature increase upon the light irradi-
ation is consistent with the previous report.61 It means that the
SRGs on the BP-AZ-CA and IAC-4 lms are formed below their
Tgs. For BP-AZ-CA with the high molecular weight, the ability of
segment motion is greatly hindered by the chain entanglement.
As a small molecule without such chain interaction, IAC-4
possesses markedly higher molecular mobility upon light irra-
diation. The light-induced motions of IAC-4 need to overcome
a lower energy barrier, while much more energy is demanded to
disentangle the chain segments and drive themassmigration of
BP-AZ-CA to form SRGs. As a result, SRG formation on BP-AZ-CA
lm needs a relatively long irradiation time and shows the
slower growth rate. The reasons for the two materials to show
signicantly different SRG-forming characteristics will be
further discussed in Section 3.7.
3.3 Analysing moduli via Derjaguin–Muller–Toporov (DMT)
model

Both the lms and SRGs formed on the BP-AZ-CA and IAC-4
lms were investigated by the nanomechanical measurements
with AFM. Successful measurement of the elastic properties of
materials by AFM requires a suitable probe tip/cantilever
assembly, since the calculation of elastic modulus has certain
requirements for the indentation depth of the sample. Besides
that, the cantilever needs a sufficient spring constant to prevent
excessive deformation during contact, and the probe tip must
be rigid enough to avoid signicant deformation of itself.62 The
normal working range of the probe RTESPA-525 used in this
study is 1 GPa to 20 GPa,45,56 which is compatible with the
measured sample moduli at room temperature. Thus, the probe
RTESPA-525 was mainly adopted for the current AFM PF-QNM
measurement based on the Bruker's protocol, to ensure that
the measured moduli are more accurate. The images obtained
in AFM experiments were processed through the NanoScope
Analysis (Bruker) soware. In the AFM PeakForce QNM mode,
a series of force–indentation curves were obtained through
PeakForce Tapping technology, and then the force curves were
tted and analyzed using the Derjaguin–Muller–Toporov (DMT)
model.63 As shown in Fig. 4a, this model assumes a deformation
© 2021 The Author(s). Published by the Royal Society of Chemistry
(d) that is much smaller compared to the tip radius, providing
spherical contact shape of the tip. In addition, this model
considers an adhesion between the tip and the surface.64,65

Consequently, the DMT model is well adapted to the hard
material surfaces, which is the case of our samples. Fig. 4b
shows a sample of the force curve as a function of time recorded
by AFM, including the jump-to-contact point (B), PeakForce
point (C), and adhesion point (D). Fig. 4c shows the same data
as Fig. 4b but with the force plotted as a function of the tip–
sample separation, where the separation is calculated from the
Z piezo position and the cantilever deection aer eliminating
the time variable.45 The reduced Young's modulus, E*, was thus
obtained through tting the retract curve (green line in Fig. 4c)
with the equation,

Ftip ¼ 4

3
E*

ffiffiffiffiffiffiffiffiffi
Rd3

p
þ Fadh (3)

where Ftip is the force on the tip, Fadh is the adhesion force
between the sample and the tip or the force at the point of pull-
off of the AFM probe, R is the tip end radius, and d is the
indentation depth (the so-called tip–sample separation at the
position of 0 nm corresponds to the maximum d). The adhesion
force (Fadh) can be found from the force–indentation curves
(Fig. 4c). The reduced Young's modulus (E*), directly calculated
from the force–indentation retract curve, is also called DMT
modulus. This modulus is related to the sample elastic modulus
(E) by the following equation:

E* ¼ E

1� n2
(4)

where n is the Poisson ratio of sample. The v values for both
materials (BP-AZ-CA and IAC-4) in our work were set to be the
default of 0.3 for simplicity purpose.

As shown in Fig. 4d and e, there is no force on the tip when
the probe is far away from the sample (point A). As the probe tip
approaches the BP-AZ-CA or IAC-4 lm, the van der Waals
attractive force overcomes the cantilever stiffness and the tip is
pulled to the sample surface (point B, the so-called jump-to-
contact as shown in Fig. 4b). At this time, the force curve is
recorded as a negative value. Then the tip stays on the surface of
the sample, and the force increases until it reaches the Peak-
Force (force setpoint), at which the deformation (indentation
depth) of the sample reaches its maximum value (point C). To
obtain appropriate deformation of the sample, different peak
forces were used for BP-AZ-CA (500 nN) and IAC-4 (300 nN),
respectively. The deformations of BP-AZ-CA or IAC-4 lm in the
PF-QNMmeasurements were controlled in the range of 3–5 nm,
which was illustrated in Fig. 4d and e. Then the probe starts to
withdraw, and the force decreases until it reaches aminimum at
point D. This minimum force is the adhesive force produced by
the interaction of the probe tip with BP-AZ-CA and IAC-4
sample. Finally, aer the tip comes off the sample surface, the
force curve is close to zero again as there is only a weak long-
range force (point E). As for the mechanical properties
through the AFM PF-QNM measurements and the force–
indentation curves analysis, the DMT elastic moduli were ob-
tained to be 6.1 � 0.4 GPa for BP-AZ-CA lms and 4.2 � 0.3 GPa
RSC Adv., 2021, 11, 34766–34778 | 34771
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Fig. 4 (a) Schematic diagram of the nanoindentation deformation between the probe tip and the sample surface in the DMTmodel. (b) A sample
of force curve as a function of time measured by AFM, including the stages (B) jump-to-contact, (C) peak force, (D) adhesion. (c) Force–
indentation demonstration curves measured by AFM: the blue curve is the extend force when the tip approaches sample, the red curve is the
retract force when the tip withdraws, the green section in the red curve is the modulus fit region for the DMT model. (d and e) Typical force–
indentation curves of BP-AZ-CA (d) and IAC-4 (e) extracted from the PeakForce QNMmeasurements by AFM. (f) Nanoindentation curves of BP-
AZ-CA and IAC-4.
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for IAC-4 lms (Fig. 4d, e and S11, ESI†). The mechanical
properties of these two azo materials are in the same order of
magnitude, but the DMT elastic modulus of BP-AZ-CA is
signicantly higher than that of IAC-4. This result is also
conrmed by the nanoindentation test (Fig. 4f), the Young's
moduli obtained by the measurements are 5.6 � 0.1 GPa for BP-
AZ-CA lms and 4.0 � 0.2 GPa for IAC-4 lms, respectively. The
Young's moduli measured by the two aforementioned methods
are very close within the error range, which proves the accuracy
and reliability of the AFM PeakForce QNM technology in
measuring nanomechanical properties. The signicantly higher
elastic modulus of the azo polymer can be attributed to the
chain entanglement, which needs a higher stress to unjamming
the glassy state for deformation.
Fig. 5 Relationship between the DMT modulus of BP-AZ-CA film (a)
and IAC-4 film (b) versus temperature. The error bar is the standard
deviation from five measurements.
3.4 Effect of temperature on DMT moduli of BP-AZ-CA and
IAC-4

The temperature dependence of the elastic moduli measured by
AFM can supply further information of the molecular mobility
of the materials. The force spectroscopy curves of BP-AZ-CA and
IAC-4 at heating process were measured by ramping the probe
onto the sample surface in the AFM PeakForce QNMmode, and
their DMT moduli varying with temperature were obtained. To
avoid possible by-effect in the heating process, such as causing
the metal coating of the probe cantilever to fall off, the probe
RTESP-300 without aluminum coating was used under the
heating condition and the measurements were carried out at
temperature below 150 �C. Due to the drastic variation in
mechanical property of the IAC-4 aer heating, in order to
obtain appropriate deformation of the sample at different
temperatures, the trig thresholds in the relative trigger mode (or
34772 | RSC Adv., 2021, 11, 34766–34778
the peak forces) applied for the ramp measurements of IAC-4
were set to be 3–300 nN. The measurements at each tempera-
ture were repeated for at least 5 times, and the tted modulus
value was taken by average. As shown in Fig. 5a, the DMT
© 2021 The Author(s). Published by the Royal Society of Chemistry
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modulus of BP-AZ-CA reduces gradually during the heating
process from 30 to 150 �C, indicating its thermal expansion and
density decrease, for which the stress needed to cause the
deformation decreases accordingly. For comparison, the DMT
modulus of IAC-4 was measured under the same condition in
the range of 30–150 �C (Fig. 5b). The DMT modulus of IAC-4
decreases slightly from 4.19 GPa to 3.96 GPa when heating
from 30 to 50 �C before the temperature reaches its Tg (63 �C).
This effect caused by the volume expansion is similar to that of
BP-AZ-CA. However, when the temperature rises above Tg, its
modulus drops dramatically. As the temperature of the sample
rises to 120 �C, the DMT modulus of IAC-4 decreases to less
than 20 MPa.

It is well known that for a polymer, the modulus will enter
the rubbery plateau if the temperature is further increased aer
the glass transition.66 In this temperature range, the polymer
chains undergo the short-range diffusional motions of the
segments. On the other hand, the long-range cooperative
motions of chains are still restricted by the existence of the
strong local interactions between the neighboring chains,
which is known as the entanglement for a linear polymer.66

However, above nanomechanical investigation indicates that no
such rubbery plateau exists for IAC-4 due to the lack of the
network formed by the chain entanglement. Therefore, the
extremely low modulus is observed aer the glass transition,
which indicates the high mobility of the molecules. When
activated by the light irradiation, the motions only need a much
smaller driving force.
3.5 Nanomechanical properties of SRGs

The AFM PeakForce QNM technology enables quantitative
measurements of nano-scale material properties involving the
morphology and nanomechanical modulus of the sample at the
Fig. 6 (a–d) Height maps and corresponding DMT modulus distribution
cm�2): (a) BP-AZ-CA, p¼ 1400 nm, 10min; (b) IAC-4, p¼ 1400 nm, 10mi
The scanning range of the above AFM images is 10 � 5 mm2. (e and f) D

© 2021 The Author(s). Published by the Royal Society of Chemistry
same time. To better understand the similarities and differ-
ences between BP-AZ-CA and IAC-4 for their SRG formation
behavior, the surface topological structure and nano-scale
modulus distribution of SRGs prepared on these two types of
lms were examined by the AFM PeakForce QNMmeasurement.
It provides us with high-resolution modulus distribution maps
of SRGs, so that we can more clearly observe DMT moduli in
different regions of SRGs. The probe RTESPA-525 with
a nominal tip curvature radius (R) of 8 nm was used in this
measurement. The size of the AFM probe tip was much smaller
than the periods of SRGs, as conrmed by the SEM images of
the probe (Fig. S12, ESI†). The force curves were tted and
analyzed to obtain the elastic moduli of the materials using the
DMT model, which required a sufficient sample deformation
(usually $2 nm). As explained previously, the probe RTESPA-
525 is suitable for BP-AZ-CA and IAC-4 with Young's modulus
ranges of 1–20 GPa. Fig. 6a–d show the height maps and DMT
modulus distribution maps of SRGs with the periods of
1400 nm and 2000 nm formed on BP-AZ-CA and IAC-4 lms
upon laser irradiation (100 mW cm�2) for 10 min and 30 min,
respectively. The periodic variations of the nanomechanical
moduli in the grating vector direction of SRGs can be clearly
seen from Fig. 6a–d. For both BP-AZ-CA and IAC-4, the moduli
of SRGs demonstrate a periodic distribution corresponding to
their morphological proles. The moduli at the trough regions
of SRGs are always higher than those of the crests, while the
moduli at the areas between the crest and trough regions
(hillsides) are the smallest. The trough regions of SRGs corre-
spond to the highest light intensity regions of interference
patterns formed by laser beams. Notably, for the SRGs prepared
on both BP-AZ-CA and IAC-4 lms, the overall averaged moduli
are smaller than the correspondingmoduli of the initial lms as
shown in Fig. 6e and f.
maps of SRGs formed on the films after the laser irradiation (100 mW
n; (c) BP-AZ-CA, p¼ 2000 nm, 30min; (d) IAC-4, p¼ 2000 nm, 30min.
MT modulus histogram curves of SRGs for (e) BP-AZ-CA; (f) IAC-4.

RSC Adv., 2021, 11, 34766–34778 | 34773
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By the “Point and Shoot” procedure in the NanoScope so-
ware, the AFM probe can be precisely moved to the desired
positions in a scanning image. This allows us to carry out
a single point force spectroscopy measurement at a specic
position on the sample surface. To further conrm the above
experimental results, the single-point ramp force mode was also
used to measure the respective force–indentation curves at the
selected positions (the cross mark in Fig. 7) within one period of
SRGs, and the corresponding elastic moduli were calculated by
DMT model with NanoScope soware. Both the DMT modulus
distribution map and the single point force spectroscopy
measurement reveal the nanomechanical modulus variation
along the grating vector direction of SRGs, which are observed
for BP-AZ-CA and IAC-4 lms and for two different grating
periods (1400 nm and 2000 nm). As shown in Fig. 7a–d, the
modulus variations of SRGs at different specic positions
within one period are highly consistent with the results ob-
tained by the continuous scanning of the PeakForce QNM
mode. That is, the moduli at trough regions of SRGs are higher
than the crest moduli, and the regions with lowest moduli are
located at the hillsides of the SRGs.
3.6 Crest and trough moduli of SRGs varied with irradiation
time

As mentioned above, the crest and trough regions are two
characteristic positions in the SRGs with the relatively high
Fig. 7 AFM height cross section maps and DMT modulus obtained fro
selected specific positions (the cross mark in the 2D-view figures) every
1400 nm, 10 min; (b) IAC-4, p ¼ 1400 nm, 10 min; (c) BP-AZ-CA, p ¼ 2

34774 | RSC Adv., 2021, 11, 34766–34778
moduli. To gure out the modulus variations in these two
regions with the irradiation time, the nanomechanical moduli
at these two regions were measured aer the lms were exposed
to the interfering fringes of the laser beams for different time
periods. The SRGs were inscribed on BP-AZ-CA and IAC-4 lms
under p–p linearly polarized interference laser irradiation (100
mW cm�2). The force spectroscopy curves at the crest and
trough positions of SRGs inscribed on BP-AZ-CA and IAC-4 lms
at different irradiation time were measured using single-point
ramp force mode. To ensure the reliability of the results, the
force–indentation curves were measured for three times at more
than 10 different crest and trough positions for each SRG
sample, and the average elastic moduli were tted and calcu-
lated by the DMT model with the NanoScope soware.

Fig. 8a–d show the DMT modulus variations over the irra-
diation time at the crests and troughs of SRGs with the periods
of 1400 nm and 2000 nm, respectively. Two important obser-
vations can be obtained from the results. First, the DMT
modulus variations at the crests and troughs of SRGs for the BP-
AZ-CA and IAC-4 lms are quite different. For BP-AZ-CA, the
DMT moduli at the troughs of the prepared SRGs are higher
than that of the lm and increase gradually, while moduli at the
crests are lower than that of the lm and decrease with the
irradiation time. In contrast, the DMT moduli at the crests and
troughs of SRGs on the IAC-4 lm are lower than that of the lm
and decrease with increasing irradiation time. The DMT
m single-point force–indentation curves by the ramp method at the
100 nm within one period of SRGs (100 mW cm�2): (a) BP-AZ-CA, p ¼
000 nm, 30 min; (d) IAC-4, p ¼ 2000 nm, 30 min.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a–d) DMTmodulus variations obtained by the rampmethod at the trough and the crest positions (the red cross mark in Fig. 7) of SRGs: (a)
BP-AZ-CA, p¼ 1400 nm; (b) BP-AZ-CA, p¼ 2000 nm; (c) IAC-4, p¼ 1400 nm; (d) IAC-4, p¼ 2000 nm. (e and f) Variations of the modulus ratios
of the trough to the crest positions: (e) p ¼ 1400 nm; (f) p ¼ 2000 nm.
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modulus at the trough is reduced slightly upon irradiation,
while that at the crest decreases more obviously as the irradia-
tion time increases. Second, for both BP-AZ-CA and IAC-4, the
trough moduli of the SRGs are always higher than the crest
moduli and their difference increases with irradiation time. To
make a quantitative comparison, the modulus ratio is dened
as RE¼ Et/Ec, where Et and Ec are the average DMTmoduli at the
troughs and the crests of SRGs, respectively. Fig. 8e and f show
the modulus ratio (RE) of BP-AZ-CA and IAC-4 SRGs with
different spatial periods (1400 nm and 2000 nm) varying with
the irradiation time in the SRG formation. The results show that
the RE values increase with the irradiation time for both BP-AZ-
CA and IAC-4, but the increase rate is obviously higher for IAC-4.
The RE value of SRG of BP-AZ-CA at 30 min is around 1.16, while
that of IAC-4 is up to around 1.28 aer the light irradiation for
the same time.
Fig. 9 (a) Schematic diagram of mass transfer to form surface relief
gratings on the azo-chromophore-containing materials upon p–p
linearly polarized interference irradiation. (b) Polarization states and
amplitude variations of laser beams in the film plane as a function of
the phase difference F ¼ 2px/L under two interference mode, the
right circularly polarized light/left circularly polarized light (RCP/LCP)
and p-/p-polarized light.
3.7 Mechanism and comparison

The results reported above can provide new insights into the
mechanism of SRG formation and the intrinsic difference
between the azo polymer and azo molecular glass for their SRG
formation behavior. The formation of SRGs is attributed to the
directional mass transfer along the direction of the electric
vibration of the polarized light.2,4,6,9 When two p-polarized laser
beams are superimposed to form the interference fringe,
a periodic distribution of light intensity is achieved with the
polarization mode shown in Fig. 9a. The irradiation with the
light causes the mass transfer from the high intensity regions to
the low intensity regions.22,23 The regions corresponding to the
troughs of SRGs are the areas with the high light intensity. Since
BP-AZ-CA and IAC-4 contain the similar push–pull type azo
chromophores, the driving force to cause SRG formation is
comparable for these two materials, but the responses of the
materials to light irradiation are quite different. As shown in
© 2021 The Author(s). Published by the Royal Society of Chemistry
Fig. 2b and c, BP-AZ-CA has a much higher Tg compared with
that of IAC-4. The glass transition occurs at the temperature
when the thermal energy is roughly equal to the potential
energy barriers to the segment rotation and transition.66 It
means that the potential energy barriers for the segment
motions are much higher for BP-AZ-CA compared with the
molecule motion and transition of IAC-4. The nanomechanical
investigation indicates that IAC-4 has the extremely low
modulus aer the glass transition (Fig. 5), as there is no chain
entanglement for the IAC-4 molecules. Therefore, when
unjammed by light irradiation, the motions of IAC-4 molecules
need a much smaller driving force. These observations can
provide rationale for the much high efficiency for IAC-4 to form
SRGs as shown in Fig. 3.
RSC Adv., 2021, 11, 34766–34778 | 34775

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06111a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
O

ct
ob

er
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

11
:3

3:
34

 A
M

. 
 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
As the mass transfer and submicron-scale relaxation are
relatively slow processes, the local structures are essentially
“frozen” in the xed positions of the formed gratings. The
nanomechanical measurements on SRGs can supply the valu-
able information of the variations caused by the light irradia-
tion. As shown by DMT modulus histogram curves in Fig. 6e
and f, SRGs are covered by a large proportion of areas with the
lower moduli compared with that of the original lm. This
observation is consistent with the free volume expansion
model.20,21 As the light irradiation causes repeated trans–cis
isomerization cycles with the recurrent changes of azo chro-
mophore conjugation length and dipole moment, it shows the
effect to increase the free volume and mobility for both IAC-4
and BP-AZ-CA. The signicantly lower moduli of IAC-4
compared with those of BP-AZ-CA before and aer light irradi-
ation indicate the higher fraction of the free volume existing in
the molecular glass, which results in the greater mobility under
the light irradiation. As shown in Fig. 8c and d, the DMTmoduli
at the crests and troughs of SRGs prepared on the IAC-4 lm are
all lower than that of the lm and decreases with increasing
irradiation time. These results indicate that the free volume
expansion is necessary to accomplish the macroscopic mass
transfer, which is also a point to show critical difference
between an azo polymer and an azo molecular glass. On the
other hand, as the moduli were measured aer switching off the
irradiation, the modulus decrease could not account for the free
volume increase in the dynamic process under the light irra-
diation. Meanwhile, the free volume expansion caused by the
light irradiation is not a process owing to photothermal effect.
This point is conrmed by the measured and calculated
temperature increases upon the light irradiation, which is less
than 10 �C for a macroscopic area (Table S2, Fig. S9 and S10,
ESI†).

Comparing the DMT moduli at different regions of SRG can
supply further clues to understand the grating formation
mechanism. Aforementioned results show that the moduli at
trough regions of SRGs are higher than the crest moduli, and
the regions with lowest moduli are located at the hillsides of the
SRGs (Fig. 6 and 7). The low moduli at the sloping sides of the
gratings can be explained by the gradient force theory.22,23

According to the theory, the gradient force is largest in the
slopes of the grating. The stress and deformation can increase
the mobility in a glass and force them to become more
dynamically homogeneous.67,68 The low moduli in the sloping
regions evidence the free volume increase caused by the forced
motion, where the macroscopic temperature is still much lower
than Tg. The crest regions have the higher moduli compared
with those of the hillsides are consistent with previous
studies.51,52 It has been attributed to the increase in density in
the crest regions,51 as the regions correspond to the dark fringes
of the interfering light eld and are under compression from
the sloping sides with the highest gradient force to cause mass
transfer. On the other hand, the troughs of SRGs are formed in
the areas corresponding to the highest light intensity, the
material at these regions migrate along the direction of light
polarization to form crests in the regions with the lowest light
intensity. Although the most effective trans–cis isomerization of
34776 | RSC Adv., 2021, 11, 34766–34778
azo chromophores initially occurs in the trough regions due to
the high light intensity, the chromophores in the regions will
quickly align in the direction perpendicular to the electric
vibration direction of the linearly polarized light due to the
angular hole burning and redistribution effects.4–6 Therefore,
the high moduli in the trough regions are believed to be caused
by the chromophore orientation and related intermolecular
rearrangement. As p–p polarization mode used in this study is
distinct from the orthogonal circular polarization mode
(Fig. 9b), the exact regions with the highest moduli are
different.52,53 Nevertheless, the highest moduli regions all
correspond to the regions with the high molecular orientation.
The enhanced orientation will increase van der Waals interac-
tion between neighbored molecules and the local stiffness.52

Results given in Fig. 8 show that the crest moduli decrease but
the RE values increase with the irradiation time. This observa-
tion can be attributed to the reduced compression pressure
from the sloping sides due to the increase of the grating
amplitude. Moreover, the increase rate of the RE is obviously
higher for IAC-4 compared with that of BP-AZ-CA. Besides the
reduced moduli in the crest regions, it could also be related to
the higher efficiency of the photo-induced orientation for an azo
molecular glass compared with that of an azo polymer.69

Above results indicate that the mass transfer and SRG
formation are processes related to the free volume increase,
which is a necessary condition for the segment and molecule
motions. This trend is similar to the case for an organic material
to exhibit the higher mobility at increased temperature.
However, a distinct difference is that the free volume increase
caused by the light irradiation is not due to a simple thermal
effect. In this case, the mass transfer depends on the driving
force of light irradiation to cause the mobility increase in the
regions with the high stress, which results in the low density
and moduli in the regions. Meanwhile, the photo-induced
orientation of the azo chromophores and related structure
rearrangement also inuence the local rigidity. The signicantly
higher efficiency for IAC-4 to form SRG is attributed to the
higher proportion of the free volume and no entanglement of
polymer chains. For perspective of application, an azo polymer
such as BP-AZ-CA is more suitable for applications to endure the
temperature variation. At the temperature above Tg (63 �C), IAC-
4 enters the viscous ow state, while BP-AZ-CA is still glassy
until 155 �C. On the other hand, the difference between the Tg
and the Td of IAC-4 is 272 �C, much larger than that of BP-AZ-CA
(less than 100 �C). Therefore, IAC-4 possesses a larger thermo-
formable temperature range, which endows it with a promising
thermal-processing opportunity. As an example, by means of
so-lithographic hot embossing at 110 �C with elastomeric
poly(dimethylsiloxane) (PDMS) molds, the periodic sub-micron
hexagonal pillar and hole arrays could be fabricated on IAC-4
lms, which is described in ESI (Fig. S13†).

4 Conclusions

In this study, for the rst time, the surface-relief-grating (SRG)
formation behavior of azo polymer and azo molecular glass was
studied by a directly comparative manner. The azo polymer (BP-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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AZ-CA) and azo molecular glass (IAC-4) were synthesized and
their properties related to the SRG formation were measured
and compared. The investigations showed that IAC-4 forms SRG
in a much more efficient manner compared with the capability
of BP-AZ-CA. Under the same irradiation condition with p–p
interfering laser beams, the SRGs with much higher amplitudes
are formed on the IAC-4 lms as compared with those on the
BP-AZ-CA lms. The AFM PeakForce QNM method was used to
quantitatively characterize the surface morphology and nano-
mechanical properties of SRGs. Aer being irradiated with the
interfering laser beams, the overall average moduli of SRGs
obviously decrease as compared with the initial moduli of the
corresponding lms for both BP-AZ-CA and IAC-4. This trend is
observed to be more signicant for IAC-4 compared with BP-AZ-
CA. Distinct from BP-AZ-CA, the moduli in the trough regions of
SRG formed on IAC-4 lm are lower compared with that of the
original lm. It evidences the free volume increase is more
signicant for IAC-4 compared with BP-AZ-CA as no chain
entanglement exist in the azo molecular glass. The moduli in
different regions of the SRGs are periodically varied along the
grating vector direction for both BP-AZ-CA and IAC-4 gratings.
The moduli at trough regions of SRGs are higher than the crest
moduli, and the regions with lowest moduli are located at the
hillsides of the SRGs. The low moduli in the sloping regions are
attributed to the free volume increase caused by the larger
driving force in the regions, which is consistent with the
gradient force model. The moduli at the crest positions of the
SRGs are higher than those at the sloping sides, indicating the
compression caused by the signicant mass transfer in the
sloping sides, which result in the higher density in the crest
regions. Although the high rate of the trans–cis isomerization
initially occurs in trough regions of SRGs with the highest light
intensity, the chromophores in the regions quickly align in the
direction perpendicular to the electric vibration direction of the
polarized light. Therefore, the high moduli in the trough
regions correspond to the effect of the high degree of the
molecular orientation. The increase of the modulus ratio (Et/Ec)
with the irradiation time could be caused by the reduced
compression from the sloping sides due to the increase of the
grating amplitude and the increased orientation in the trough
regions in the process. The more signicant increase in the
modulus ratio for IAC-4, compared with that of BP-AZ-CA,
indicates a higher degree orientation for IAC-4 in the trough
regions. Due to the characteristics of the high free volume
proportion and no chain entanglement restriction, IAC-4 shows
much lower moduli above the glass transition temperature and
the good thermal processing performance, which is suitable for
hot embossing to prepare micro/nano-scale patterns for further
photo-processing applications. Above results clearly indicate
that although the free volume increase is a necessary condition
for the mass transfer and SRG formation, the free volume
increase behavior as a response to light irradiation is obviously
different for azo polymer and azo molecular glass. The obser-
vations are of benet to deeply understand the SRG formation
mechanism and unjamming transition processes of organic
glassy materials with the low and high molecular weight.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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32 E. Ishow, C. Belläıche, L. Bouteiller, K. Nakatani and
J. A. Delaire, J. Am. Chem. Soc., 2003, 125, 15744–15745.

33 M.-J. Kim, E.-M. Seo, D. Vak and D.-Y. Kim, Chem. Mater.,
2003, 15, 4021–4027.

34 M. C. Guo, Z. D. Xu and X. G. Wang, Langmuir, 2008, 24,
2740–2745.

35 R. Walker, H. Audorff, L. Kador and H.-W. Schmidt, Adv.
Funct. Mater., 2009, 19, 2630–2638.
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