
S oft matter is generalized to complicated systems, 
including colloids, polymers, gels, liquid crystals 

and various biological materials. These materials 
generally assemble into mesostructures between the 
microscopic and macroscopic scales. The physical be-
havior of mesostructures is difficult to predict, directly 
from their atomic or molecular units, in particular, 
for liquid crystals and polymers. The characteristics 
and interactions of the mesostructures could deter-
mine their applications. Simultaneous small-angle 
and wide-angle X-ray scattering at TLS 23A and TPS 
25A provides a powerful tool to capture information 
about these hierarchical structures from angstrom to 
nano scales for soft materials.

This section highlights five articles, in terms of 
polymer thin-film transistor, twisted lamellae in 
polymer-banded spherulite, self-assembly block 
copolymers, polyurethane elastomers and the struc-
tural evolution of conjugated polymer thin films, 
extracted from publications of NSRRC users in 2017. 
The developments of understanding about both the 
mesostructures and the functionality of those soft 
materials are presented for biomedical engineering, 
polymer science, organic solar cells and optoelectron-
ic devices from the use of X-ray scattering and diffrac-
tion. (by Wei-Tsung Chuang)

Soft  
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In-Situ Probing Nanostructural Evolution During 
Spin-Coating
A top-down understanding of the nanostructural evolution provides new insights and inspires 
alternative strategy for the morphology control of polymer solar cells produced by spin coating.

P olymer solar cells (PSCs) with a bulk heterojunction 
(BHJ) structure have been widely explored for their 

basic application as photovoltaic device because of their 
potential to become a low-cost renewable energy source 
that is also mechanically flexible. In solar cells of this type, 
the electron donor and acceptor are mixed together, form-
ing a thin film of conjugated polymer/fullerene derivative 
blend. The morphology of the active layer of the BHJ thin 
film plays a key role in the device performance, which is 
formed by separation of the nanodomains of the conju-
gated polymer and fullerene phases. 

The spatial intercalation of nanoscale phase-separated 
polymer crystal (as donor) and fullerene cluster domains 

(as acceptor) in BHJ thin films can constitute an 
interpenetrating network for effective separa-
tion and subsequent transport of charge carriers 
toward their respective electrodes. At the TLS 
23A1 endstation (Fig.1) the simultaneous mea-
surements of the grazing incidence small-angle 
and wide-angle X-ray scattering (GISAXS/GI-
WAXS),1 coupled further to time-resolved UV-vis 
reflectance techniques provides unique insights 
into the morphology of thin film layers used 
in polymer photovoltaic devices. GIWAXS can 
probe the molecular arrangement of the materi-
al, including the crystal structure and the orien-
tation of the crystalline regions with respect to 
the electrodes. GISAXS can capture nanostruc-
tural features inside film, covering the length 
scale from subnanometer to several hundred 
nanometer. UV-vis reflectance further records 
the film thinning and layering process from 
several tens of micrometer down to a few nm. 
All relevant length scales of PSCs are detectable 
by combining time-resolved GISAXS/GIWAXS 
and UV-vis reflectance techniques at the TLS 
23A1 endstation. Although extensive studies 
and significant advances have been made in the 
understanding and manipulation of the mor-
phology of the active layers in thin films, the film 
morphology of solution-processed polymer elec-
tronic devices, during spin-coating, have long-
been speculated without concrete evidence due 
to a lack of appropriate methodology.

An international collaborative team led by Xin-
hui Lu (The Chinese University of Hong Kong) 
has reported a detailed GISAXS/GIWAXS analy-
sis for solution-processed organic photovoltaic 
devices to obtain the morphology and structural 
information of the active layer.2 Combining the 
fitting results of GIWAXS and GISAXS, GIWAXS 
provides detailed molecular level structural 
information of the active layer, such as lamellar 
spacing, π-π stacking spacing, crystallinity and 
molecular orientation, while GISAXS reveals 
the phase separation information of the bina-
ry and ternary films, including semicrystallites 
of conjugated polymers, fullerene cluster and 

Fig. 1: Schematic representation of a spin-coating system for time-re-
solved and synchronized GISAXS/GIWAXS measurements, inte-
grated further with UV-vis reflectance spectroscopy. [Repro-
duced from Ref. 1 and 2]
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intermixing domain. It is helpful to understand the 
phase separation and establish an overall picture of 
the nanoscale morphology in the films. Base on the 
result, the measurement technology was carried out 
to search for the reason of device improvement due 
to morphology differences. It would be interesting to 
try new ternary systems that can incorporate more 
high efficiency polymer to further improve the pho-
toabsorption.

Chun-Jen Su, U-ser Jeng and their co-workers of 
NSRRC have reported a detailed study3 of top-down 
nanostructural evolution during spin coating of thin 
film of conjugated polymer/fullerene derivative blend 
(poly(3-hexylthiophene)/[6,6]-phenyl-C61-butyric acid 
methyl ester). In this work, the developed on-line 
spin-coating with simultaneous GISAXS/GIWAXS, in-
tegrated further with time-resolved UV-vis reflectance 
spectroscopy, finally can provide critical structural ev-
idence for the long postulated mechanism on forma-
tion of the film structural features during spin-coating 
of solution-processed solar cell thin films. The results 
suggests that the PSC mixture undergoes vertical 
liquid-liquid phase separation over the transition 
from flow- to evaporation-dominance to generate a 
surface layering structure for mutually confined and 
intercalated nanodomains of aggregates of the fuller-
ene derivative and surface-oriented crystallites of the 
conjugated polymers during the early stage of spin 
coating. The mechanistic understanding of coupled 
vertical phase separation and local nano-segrega-
tion starting from the solution surface, rather than 
from the bulk spin-coting solution commonly be-
lieved previously, provides insights and alternative 
strategy to the morphology control of spin-coated 
polymer solar cells in particular and various na-
no-films in general. The developed approach with 
time-resolved UV-vis reflectance spectra allows 
simultaneously observation of film thinning and 
formation of nanostructure and crystalline struc-
tures, covering a wide range of length scale from 
micrometer, nanometer, to atomic length scale. 
This work significantly enhances a new concept 
of surface nano-layering effect in influencing the 

final film morphology of polymer-solar-cell thin films, 
and would be valuable for general solution processed 
functional thin films. (Reported by Chun-Jen Su)

This report features the work of: (1) Chun-Jen Su, U-Ser 
Jeng and their colleagues published in ACS nano. 
5, 6233 (2011) and  Adv. Energy Mater. 7, 1601842 
(2017); (2) Xinhui Lu and her co-workers published in 
J. Mater. Chem. A 5, 11739 (2017).

TLS 23A1   IASW – Small/Wide Angle X-ray Scattering 
• Grazing-incidence Small/Wide X-ray Scattering, UV-

vis Reflectance Spectroscopy, Thin Film Characteriza-
tion and Spin-coating

• Materials Science, Soft Matter, Polymer Science and 
Thin Film
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Proposed structural development during spin coating of a solution of P3HT/PCBM



Soft M
atter

A
CTIV

ITY
 REPO

RT  2017

042

Calligraphic Thin-Film Transistors
A facile approach to improving molecular alignment for high-performance thin film transistors.

S olution-processed, conjugated polymer thin film 
transistors (TFTs) have received considerable at-

tention due to their promising application in display 
backplanes and optoelectronic devices. Significant 
advance has been made in organic thin-film transis-
tors with a high charge carrier mobility as a result of 
the excellent microstructure of the thin films. These 
new films have a high co-planarity and preferred 
oriented polymer with proper side chains. Aligning 
polymer chain axis towards the source and drain elec-
trodes is crucial to further improve efficient charge 
transport.1 The secret of preparing a highly oriented 
polymer thin film is how to control the wetting (solu-
tion casting) and dewetting (evaporation) process. 
This is the advancing and receding of the three-phase 
contact line (TCL) at the front edge of the liquid film, 
when the polymer solution is deposited onto the 
substrate. Well-controlled advancing and receding of 
the TCL encourages sufficient directional self-assem-
bly process and facilitate the formation of optimal 
microstructure of the oriented films. Thus, developing 
a facile approach, that enables the aligning of poly-

mer chains on either large or small area, is needed. 
The ability of a technique to align the polymer back-
bones is evaluated by the crystalline morphologies 
of polymers and these can be further correlated to 
the device performance. Grazing-incidence wide-an-
gle X-ray scattering (GIWAXS) at TLS 01C2 is able to 
capture the nanostructures of D–A polymers in the 
polymer TFT devices.

An international research team led by Chain-Shu 
Hsu (National Chiao Tung University) and Huan Liu 
(Beihang University) performed a detailed study of 
directional solution coating by the Chinese brush to 
improve the performance of polymer TFTs (Fig. 1(a)).2 
In their work, the Chinese brush enables directional 
wetting and detwetting confined by a micro-fibers 
array, which promises to guide the self-assembly of 
polymer chains via certain orientation during the 
brushing process. Two diketopyrrolopyrrole (DP-
P)-based conducting polymers (DPPDTT and DPPBT) 
were selected as donor-acceptor (D–A) c–polymers 
(Figs. 1(b) and 1(c)), to fabricate orientated polymer 

Fig. 1: (a) Schematic diagram of the brush-coating process. The chemical structures of the polymer (b) DPPDTT and (c) 
DPPBT. 2D GIWAXS pattern of the brush-coated (iii, iv) (d) DPPDTT and (e) DPPBT films. The corresponding in-
plane profiles of 2D GIWAXS patterns in (d) and (e). The pattern (iii) was recorded with the incident X-ray beam 
parallel (//) to the source-drain axis, whereas the pattern (iv) was recorded with the incident X-ray beam perpen-
dicular (┴) to the source-drain axis. [Reproduced from Ref. 2]

(a) (b) (c)

(d) (e)
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thin films due to their crystallinity and coplanar prop-
erties.

Alignment of conducting polymers in the thin films 
was revealed with a polarized light optical micro-
scope, an atomic-force microscope and GIWAXS 
(Figs. 1(d) and 1(e)).  Figures 1(d) and 1(e) show 2D 
GIWAXS patterns of the DPPDTT and DPPBT films of 
conducting polymers after annealing. Peaks at (100), 
(200) and (300) along the out-of-plane direction and 
one at (010) in the plane indicate an edge-on packing 
orientation of both DPPDTT and DPPBT crystals of the 
copolymers when the pattern (iii) was recorded with 
the incident X-ray beam parallel to the source-drain 
axis. However, the in-plane diffraction of (010) disap-
pears when the pattern (iv) was recorded with the in-
cident X-ray beam perpendicular to the source-drain 
axis. This result demonstrates that the brush-coating 
can align polymer backbone and molecular packing. 

The orientation of molecular packing dominates the 
electrical properties of the polymers. The brush-coat-
ed, conducting polymer films show a drastically 
enhanced hole mobility of 11.2 cm2V-1s-1 (Fig. 2(a)). 
When the brushing is not parallel to source-drain 
axis, the performance of the OTFT devices decreases to1.8 
cm2V-1s-1 (Fig. 2(a)). Thus, the ability of Chinese brush 
in generating highly oriented polymer film is attrib-
utable to the confined wetting and dewetting under 

directional stress, as schematically shown in Figs. 
2(b)–(e). A large mass of polymer solution can be 
dynamically balanced within the brush by the coop-
erative effects of the Laplace pressure difference FL, 
the asymmetrical retention force Fa and gravity G as 
shown in Fig. 2(b). Currently, the polymer chains are 
random distributed in the solution (Fig. 2(b)). When 
the brush moves at a certain speed V1, a directional 
stress is generated along the brushing direction (Fig. 
2(c)), as a cooperative effect between the solution 
shearing (FL) and the surface tension (Fγ) at each 
neighboring fibers (Figs. 2(c)–2(e)) and is confined 
between the fibers.  The number of parallel fibers in 
the brush plays a rather important role to modify the 
receding of the three-phase contact line via directions 
of multiple parallel Fγ, because the TCL can be divided 
by numerous parallel fibers into multiple short curves 
at each neighboring fibers (Figs. 2(c) and 2(e)). The 
directional stress on the polymer solution thus forces 
the polymer chain to be aligned at the edge of the 
TCLs (Fig. 2(e)). This is the crucial point to realizing 
highly oriented film and provides better controlla-
bility compared to other directional solution coating 
approaches available today. 

This work significantly enhances our understanding 
of the mechanisms involved in brush coating con-
ducting polymers, advancing our knowledge about 
how the advancing and receding of the three-phase 

Fig. 2: (a) Mobility distribution for the OTFT devices prepared by both brush-coating and spin-coating methods by using two kinds of 
substrates (G-s: nano-grooved substrate; F-s: flat substrate). The cartoons illustrate the brushing direction (green lines), groove 
direction (purple lines) and Au (yellow lines). Schematic cartoons of controllable polymer solution transfer process: (b) the static 
brush and (c) the moving brush with polymer solution, where the polymer solution was kept in a quasi-steady state under 
multiple forces. (d) The side-view cartoon of the brush-coating process, where the direction stress aroused by conical fibers and 
shearing were clearly shown. (e) The top-view cartoon of the TCLs aroused by fibers array, where multiple meniscus-shaped 
TCLs were generated because of the surface tension within two neighboring fibers, which helps to generate the direction stress 
along the fibers. [Reproduced from Ref. 2]

(a) (b) (c)

(d) (e)
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contact line (TCL) influences the alignment of poly-
mer backbone and hole mobility. Such findings en-
able us to control molecular packing for polymer TFT. 
(Reported by Fang-Ju Lin, National Taiwan University)

This report features the work of Chain-Shu Hsu, Huan 
Liu and their co-workers published in Adv. Mater. 29, 
1606987 (2017).

TLS 01C2  SWLS – X-ray Powder Diffraction

•  GIWAXS 
•  Materials Science, Thin films, Soft Matter, Polymer
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Handedness of Twisted Lamellae in Banded 
Spherulite
Systematic study of the helicity of twisted lamellae in the banded spherulite of chiral polylactide

I n this article, we present important work of Rong-Ming Ho (Nation-
al Tsing Hua University)1 and his coworkers, which demonstrates 

a systematic study of a banded spherulite resulting from lamellar 
twisting due to imbalanced stresses at oppositely folded surfaces 
for isothermally crystallized chiral polylactides and their blends with 
poly(ethandiol) (PEG). The handedness of the twisted lamella in band-

Fig. 1: Observation of banded spherulites of (a) PLLA and (b) PDLA isothermally 
crystallized at 110 oC with a polarized-light microscope (PLM) and a gypsum 
plate. Vertical sections (red delimited rectangular areas in (a) and (b)) of (c) 
PLLA and (d) PDLA spherulites examined with PLM. The sample was rotated 
along the y axis in the right-handed positive sense during the PLM observa-
tion. [Reproduced from Ref. 1]

ed spherulite was determined with 
a polarized-light microscope (Fig. 1). 
With the same growth axis along the 
radial direction evident from mi-
cro-beam wide-angle X-ray diffraction 
(WAXD) of isothermally crystallized 
samples at various temperatures (Fig. 
2), the twisted lamellae of chiral poly-
lactides (poly(L-lactide) (PLLA) and 
poly(D-lactide) (PDLA)) display oppo-
site handedness. The split-type Cotton 
effect on the C=O stretching motion 
of vibrational circular dichroism (VCD) 
spectra serves to determine the helix 
handedness (i.e., conformational chi-
rality) (Fig. 3(a)). The results indicate 
that the conformational chirality can 
be defined by the molecular chirality 
through intramolecular chiral interac-
tions. Moreover, the preferred sense 
of the lamellar twist in the banded 
spherulite corresponds with the twist-
ing direction identified in the C–O–C 
vibrational motion of VCD spectra, 
reflecting the role of intermolecular 
chiral interactions in the packing of 
polylactide helices (Fig. 3(b)). Similar 
results were obtained in the blends of 
chiral polylactides and polyethandiol 
(PEG, a polymer compatible with poly-
lactide), indicating that the impact of 
chirality is intrinsic regardless of the 
particular crystallization conditions. 
In contrast to chiral polylactides, the 

(a)

(c)

(b)
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spectrum of the crystalline stereocomplex that associates PLLA and 
PDLA shows VCD silence. The spectral results are consistent with 
the morphological observations. No banded spherulites were ob-
served in the stereocomplex crystallites because of the symmetric 
packing of mirror L- and D- chain conformations in the fold surfac-
es and the crystallite core. (Reported by Hsiao-Fang Wang, Nation-
al Tsing Hua University)

This report features the work of Hsiao-Fang Wang, Ming-Chia Li, 
Rong-Ming Ho, and their co-workers published in Macromolecules 
50, 5466 (2017).

TPS 25A     Coherent X–ray Scattering
TLS 07A1   IASW X–ray  Scattering
•  Microbeam Wide-Angle X-ray Diffraction 
•  Material Science, Soft Matter, Polymer Physics 

Reference
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Lotz, M.-C Li and R.-M. Ho, Macromolecules 50, 5466 (2017).

Fig. 2:  Micro-beam WAXD two-dimensional patterns of a banded spherulite for PLLA (a) and PDLA (b) 
isothermally crystallized at 130 oC from a melt. [Reproduced from Ref. 1]

Fig. 3:  (a) VCD and corresponding FT-IR absorption spectra of 
polylactides in dilute CH2Cl2 solution (concentration 2 wt%). 
VCD and corresponding FTIR absorption spectra of (b) 
C–O–C vibrations of PLLA and PDLA in the amorphous and 
crystalline states isothermally crystallized at 110 oC for 6 h. 
[Reproduced from Ref. 1]
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Fig. 1:  (a) Morphology characterization of the block copolymer/homopolymer (PS22k-b-
PDMS21k/hPS24k) blend in the bulk state by SAXS measurements. (b) AFM images of 
PS22k-b-PDMS21k/hPS24k blend thin films with different blending ratios. (c) SEM and TEM 
characterizations of the block copolymer/homopolymer (PS22k-b-PDMS21k/hPS24k) blends 
with different blending ratios confined in cylindrical AAO nanopores before and after 
the selective etching process. [Reproduced from Ref. 1]

Self-Assembly of Macromolecules  
in Nano-Sized Pores
Tuning the microphase separation of block copolymer nanostructures using homopolymer 
additives.

I n our daily life, many structured colors and surface 
properties of materials are caused by the self-as-

sembly of molecules. Depending on their intrinsic 
molecular architectures and compositions, block 
copolymers (BCPs) can self-assemble into a variety of 
highly ordered microphase-separated nanostructures. 
This diversity makes them one of the most investigat-
ed self-assembled materials. These self-assembled 
mesoscopic structures can be utilized in many differ-
ent applications such as optoelectronics, drug deliv-
ery, and membranes with selectivity. In recent years, 
there has been extensive interest in the field of nano-

science regarding the studies of block copolymers in 
confined nano-geometries, particularly in cylindrical 
nanopores. When confined in cylindrical nanopores, 
the geometric and energetic confinement will both 
dominate the morphology transition process and 
induce frustration on the block copolymer nano-
structures. This in turn will lead to the formation of 
unusual, novel morphologies, which have not been 
characterized in the bulk or thin film state.

Although the fabrication of one-dimensional block 
copolymer nanostructures confined in cylindrical na-

(a)

(c)
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no-geometries can be achieved, the versatility of morphologies is still 
restricted by a few parameters, such as the intrinsic volume fractions 
of polymer segments, the geometry of the nanopores, and the inter-
facial tensions of materials used.

A research team led by Jiun-Tai Chen (National Chiao Tung Uni-
versity) has demonstrated the morphology control of block co-
polymer nanostructures by introducing homopolymer additives. 
In this work, the morphologies of lamellae-forming BCP (polysty-
rene-block-polydimethylsiloxane) (PS22k-b-PDMS21k) in different states 
(bulk, thin film, and confined in cylindrical nanopores) are controlled 
by the amounts and the molecular weights of homopolystyrene (hPS) 
introduced.1 By altering the blending ratios, transitions in the mor-
phology have been observed. A concentric lamellar phase changes to 
a multihelical morphology, and finally to spherical-like morphology. 
By introducing hPS with different molecular weights, the compatibil-
ity between block copolymer and homopolymer can subsequently 
change, leading to different morphology transitions of the polymer 
nanostructures. It should also be noted that various porous poly-

styrene (PS) nanostructures can also 
be generated by applying a selective 
etching process.

By fixing the molecular weight of ho-
mopolystyrene (hPS24k) and controlling 
the blending ratio, the morphology 
transitions of the block copolymer/
homopolymer blends can be tuned. 
First, small angle X-ray scattering 
(SAXS) at TLS 23A1 was used to char-
acterize the microphase separation of 
the block copolymer/homopolymer 
blends in the bulk state. The relative q 
values gradually change from 1:2:3:4 
to 1:2:√7 (Fig 1(a)), which indicate 
the morphology transfers from lamel-
lar structure to a hexagonal-packed 
cylindrical morphology. Then, for 
the block copolymer/homopolymer 
blends in a thin film state, atomic 
force microscopy is performed to 
observe and characterize the surface 
morphologies and the microphase 
separation of the block copolymer/
homopolymer (Fig. 1(b)). As shown 
in Fig. 1(c), when confined in anodic 
aluminum oxide (AAO) nanopores, 
one-dimensional block copolymer/ho-
mopolymer nanostructures are creat-
ed. By altering the blending ratios, the 
morphologies gradually transfer from 
concentric lamellar morphology, to 
multihelical morphology, and finally to 
spherical-like morphology. These mor-
phologies, especially the multihelical 
morphology, are unique and different 
from those seen in the bulk and thin 
film samples, which we contributed 
to the confinement effect provided by 
the AAO nanopores.

In order to further confirm the three 
special morphologies (concentric 
lamellar morphology, multihelical 
morphology, and spherical-like mor-
phology) of one-dimensional block 
copolymer/homopolymer nanostruc-
tures, a solution of hydrofluoric acid 
is applied to remove, selectively the 
Si-containing polydimethylsiloxane 
domains.2,3 After this selective etching 
process, porous PS nanostructures 
with regular concentric and helical 
nanopores can be formed. The block 
copolymer/homopolymer nanostruc-

Fig.2:  TEM images and the corresponding morphology diagram of the block 
copolymer/homopolymer (PS22k-b-PDMS21k/hPS) blend nanostructures with 
controlling homopolymer (hPS) molecular weights and blending ratios. 
[Reproduced from Ref. 1]
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“I WILL BE BACK! – THE RETURN OF RUBBER:” A 
New Mechanism to Overcome the Dilemma of 
Shape Fixing and Recovery in Biodegradable  
Polyurethane Elastomer
 Structural characteristics of shape-memory polyurethane elastomer dominate the 
shape-memory effect while retaining the elasticity.

T his is a story about the come back of rubber.

tures with spherical-like morphology, is however difficult 
to generate because the polydimethylsiloxane nano-
spheres are encapsulated in the polystyrene matrix (Fig. 
1(c)).

For further investigation of the effect of homopolymer 
(polystyrene) on the microphase-separated morphologies 
of one-dimensional block copolymer/homopolymer nano-
structures, various molecular weights of homopolymer 
were applied. In this way, the compatibility between block 
copolymer and homopolymer could be tuned. Here, ho-
mopolymers with three different molecular weights (4.7, 
24, and 820 kg/mol of polystyrene, which are referred to 
as hPS4.7k, hPS24k, and hPS820k, respectively) are applied to 
the polymer blends. Transition electron microscopy was 
used to characterize the morphology of the block copo-
lymer/homopolymer nanostructures and corresponding 
diagrams are constructed (Fig. 2). As the molecular weight 
of homopolymer increases, the compatibility and misci-
bility between the homopolymer and block copolymer 
decreases, leading to the domination of macrophase-sepa-
ration over microphase-separation, which would not gen-
erate morphology transitions. For the block copolymer/
small-molecular-weight homopolymer (hPS24k) nanostruc-
tures, multihelical morphology and spherical morphology 
with higher ordering of polydimethylsiloxane spheres can 
be observed. While for the block copolymer/high-molec-
ular-weight homopolymer (hPS820k) nanostructures, only 
concentric lamellar morphologies can be obtained, and 
a macrodomain of high-molecular-weight homopolymer 
(hPS820k) is also observed, as indicated by the red arrow in 
Fig 2.

This work demonstrates the control of micro-
phase-separated morphologies of block copo-
lymer/homopolymer nanostructures by tuning 
the blending ratios and the molecular weights 
of homopolymer. In addition, three special 
morphologies (concentric lamellar morpholo-
gy, multihelical morphology, and spherical-like 
morphology) can be obtained. These unique 
one-dimensional nanostructures mighty be fur-
ther utilized by refilling with functional metals 
or organic dyes for the applications of sensing 
and drug delivery. (Reported by Jiun-Tai Chen, 
National Chiao Tung University)

This report features the work of Ming-Hsiang 
Cheng, Jiun-Tai Chen and their co-workers pub-
lished in ACS Appl. Mater. Interfaces 9, 21010 
(2017)

TLS 23A1   IASW – Small/Wide Angle X-ray  
                  Scattering 

•  SAXS 
•  Polymer Science, One-dimensional (1D) Nano-

structures, Soft Matter 
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Rubber, more formally known as an elastomer, is a category of materials that respond to a force with instan-
taneous or temporary deformation. This feature indicates also that an elastomer is quite absent-minded, i.e. it 
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and poly-lactic-acid diol (PLLA diol) in ratio 
8:2 in the soft domains, and the third is 
that with PCL diol and PLLA diol in ratio 6:4 
in the soft domains. These three materials 
are abbreviated as PCL100, PCL80LL20 and 
PCL60LL40, respectively. 

After synthesis of the three elastomers, 
experiments1 were conducted to verify 
their shape memory. A standard memory 
test was performed with U-bending, as 
summarized in Fig. 2. Materials were cut to 
4 cm × 0.05 cm and maintained at 50 oC for 
5 min to make a U shape. This shape was 
retained at -18 oC for 10 min to implant 
the memory (fixation); we measured angle 
θA to calculate the shape fixation ratios. 
After the installation of the memory, we 
put the material at 50 oC for 5 min again to 
make it revert to the predesigned shape, 
and we measured angle θB to calculate the 
shape-recovery ratios. 

The shape-fixation and recovery ratios for 
the three model polymeric elastomers are 
shown in Table 1. PCL100 showed small 
fixation but large recovery ratios; i.e. it 
exhibits the nature of a rubber, and was 
lacking memory. PCL80LL20 shows large 
fixation but small recovery ratios; i.e. it can 
be easily installed, but is difficult to revert. 
Finally, PCL60LL40 shows appropriate fix-
ation and recovery ratios, characteristic of 
shape-memory materials. The results reveal 
that the various elastic soft domains give 
rise to varied shape-meqmory properties. 
Only the latter polymer has overcome the 
dilemma of fixation and recovery for an 
elastomer with both fixation and recov-
ery ratios greater than 80%. In particular, 
this polymer demonstrated almost 100% 
recovery in water at 37 oC. Why? To reveal 
the secret of the shape-memory effect in 
polyurethane, we conducted small- and 
wide-angle X-ray scattering combined with 
a tensile tester in situ. 

We conducted the tensile test first on 
PCL100, for which we observed a large 
maximum in the WAXS profile, which 
means that the structure of PCL diol is 
amorphous i.e. the entire molecular struc-

Fig. 1:   (a) Rubber is composed of many spring-like molecules. (b) The 
shape-memory materials require a brick-like crystalline domain to fix 
the shape. [Reproduced from Ref. 1]

generally does not remember its previous shape. Expressed al-
ternatively, because elastomers do not memorize a shape, they 
can alter their shape freely according to the instructing force 
applied to them. According to this point of view, elastomers 
are philosophically in contrast to shape-memory materials. This 
concept is explained in Fig. 1.

Fig. 2:  Evaluation of the shape-memory process. [Reproduced from Ref. 1]

Making rubber remember is not, however, entirely impossible. 
Shape memory is a valuable characteristic, especially of mate-
rials used in medicine. Imagine having a small device enter the 
body as a result of minimally invasive surgery and then having 
the device expand in situ to repair a defective body part! It is 
thus highly valuable to have a shape-memory elastomer that is 
also biodegradable so that no secondary surgery is required to 
remove it from the body!

One key to develop such a biodegradable elastomer is to use 
the polymer polyurethane, which is a broad-category polymeric 
rubber material. A polyurethane molecule has soft domains 
that contribute to elasticity; we can make this part biodegrad-
able. The remaining challenge is to give it memory. How can we 
make polyurethane resume the predesigned shape and, at the 
same time, let it remain free to alter shape as rubber?

The key point is the switch. When the switch is off, it is elastic 
with a shape-changing possibility; when the switch is on, it 
reverts to the shape that is preinstalled. To identify the critical 
reason for the rubber to memorize, we prepared three distinct 
materials: one is polyurethane with pure polycaprolactone diol 
(PCL diol) in the soft domains; the second is that with PCL diol 
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ture is like a big spring. As we released 
the spring, it recovered its shape 
immediately; for that reason PCL100 
exhibited no significant shape fixation. 
PCL80LL20 exhibited sharp maxima 
in its WAXS profile; these maxima 
defined the crystallinity of PCL and 
PLLA, which can serve as bricks in the 
structure. The maxima of PCL shifted at 
the stretching stage. In contrast to the 
SAXS profile, the circular pattern trans-
formed to elliptical from the initial 
stage; we thus believe that the random 
bricks are arranged in the same direc-
tion, which we call orientation at the 
stretching stage. At the recovery stage, 
the SAXS profile retained the elliptical 
pattern, which means that the orient-
ed bricks did not revert to the initial 
state. PCL60LL40 showed PLLA crys-
tallinity in its WAXS profile; this crys-
tallinity exhibited no significant varia-
tion at each stage. The SAXS pattern 
demonstrated a diamond shape at 
the stretching stage and the recovery 
stage, which means that the bricks re-
mained oriented during the stretching 
stage, but the PLLA oriented bricks did 
not interfere with the recovery of the 
material. Data curves of WAXS/SAXS 
are illustrated in Fig. 3. Based on these 
observations, we conclude that the 
installation of the shape is controlled 
with the brick structure, and the rever-
sion effect is influenced by the spring 
structure. PCL and PLLA oriented crys-
tallinity can both fix the shape, where-
as the amorphous PCL chains assist the 
reversion effect. The PCL crystallinity 
induced amorphous PCL to acquire 
oriented PCL crystallinity (indicated by 
the diminished maximum in the WAXS 
profile), but the PLLA crystallinity did 
not influence the amorphous PCL. The 
spring structure can hence help recov-
er the shape in the case of PCL60LL40.

Using the tensile tester in situ linked 
with the TLS 23A1 SAXS facilities, a 
brand new mechanism for the rever-
sion of biodegradable rubber was 
unveiled. First, the amorphous PCL 
chains constitute the element that is 
responsible for the reversion. Second, 
the oriented crystalline PLLA chains are 
the main element that is responsible 

Polyurethane 
samples

Cycle 1 Cycle 2

Fixation (%) Recovery (%) Fixation (%) Recovery (%)

PCL100
PCL80LL20
PCL60LL40

36 ± 3.4
100 ± 0

74.5 ± 5.0

100 ± 0
38.8 ± 7.5
87.2 ± 3.8

41.6 ± 7.1
100 ± 0

80.5 ± 5.2

88.8 ± 2.3
28 ± 3.5 

85.9 ± 4.4
(~100% in water at 37 oC)

Table 1:  Shape-fixation and recovery ratios of each material. The shape- 
memory test was performed with two cycles. [Reproduced from 
Ref. 1]

Fig. 3:  (a) For WAXS/SAXS in situ, the film was installed on the tensile tester. 
Two-dimensional (2D) SAXS and WAXS patterns were recorded during the 
shape-memory test in situ for (b) PCL100, (c) PCL80LL20 and (d) PCL60LL40. 
[Reproduced from Ref. 1]

(a)

(b)

(c)

(d)
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for the memorization; switching the memory is hence 
based on the orientation instead of the degree of 
crystallinity. Third, molecules of water provide an ex-
tra driving force for the reversion, instead of tempera-
ture (a thermal switch) alone. Fourth, the oriented 
PLLA chains do not interfere with the elasticity of the 
entire polyurethane molecule; i.e., this rubber with 
an effective memory is still a rubber! Finally, all these 
soft chain elements are biodegradable, thanks to the 
modular structural versatility of polyurethane! Just 
plug in your design. The story of this new mechanism 
is portrayed in Figs. 4 and 5. The story is incomplete: 
the design of the biodegradable shape-memory 
elastomer (PCL60LL40) has practical applications. A 
sequel to this story, concerning the practical use in 
prospectively filling a bone defect and other biomed-
ical applications, will be published in 2018. (Reported 

by Shan-hui Hsu, National Taiwan University)

This report features the work of Shan-Hui Hsu and her 
co-workers published in ACS Appl. Mater. Interfaces 9, 
5419 (2017).

TLS 23A   IASW – Small/Wide Angle X-ray Scattering 
•  SAXS and WAXS in situ 
•  Soft Matter 
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TLS 23A1 Small/Wide-angle X-ray Scattering

Fig. 4:  (a) Schematics of polyurethane elastomer that consists 
of soft domains and hard domains. Soft domains might 
be chosen from biodegradable and crystalline polymeric 
materials (such as PLLA) for complete degradation to 
occur subsequently in a human body. (b) The crystalline 
soft domains (black blocks) serve as the fixing elements 
during the shape deformation processing. [Reproduced 
from Ref. 1]

Fig. 5:  The new mechanism revealed in this work for the 
shape-memory and recovery process under air at 50 
OC (i.e. thermal switch = 50 OC). The amorphous PCL 
segments in polyurethane are responsible for recovery; 
the oriented PLLA segments act as the fixing element. 
[Reproduced from Ref. 1]

(a)

(b)




