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S oft matter, comprising complicated systems, gen-
erally assembles into mesostructures between the 

microscopic and macroscopic scales. Probing a rela-
tion between the characteristics and the interactions 
of the mesostructures could efficiently determine 
their functions. Beamlines TLS 23A1 and TPS 25A 
provide simultaneous small-angle and wide-angle 
X-ray scattering to capture information about self-as-
sembled hierarchical structures from angstrom to 
submicrometre scales. This section highlights four ar-
ticles, in terms of self-healing hydrogels, organic solar 
cells, chiral block copolymers and the superalignment 
of nanotubes, extracted from publications of NSRRC 
users in 2019. The developments of an understanding 
about both the mesostructures and their function-
ality are presented for medical and pharmaceutical 
research, polymer engineering and optoelectronic de-
vices from the use of X-ray scattering and diffraction. 
(by Wei-Tsung Chuang)
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Hierarchical Heredity on Self-Assembled Helices of 
Chiral Block Copolymers
The helical phase in chiral block copolymers (BCP) has been profoundly investigated in terms 
of homochiral evolution from molecular, to intrachain, interchain and mesodomain chirality.

T he self-assembly of BCP offers a unique route to create 
three-dimensional nanostructures via bottom-up approach-

es, such as lamellae, double gyroid, hexagonally packed cylin-
ders and BCC spheres in linear diblock copolymers. A chiral BCP, 
composed of one chiral block, can assemble into an atypically 
helical nanostructure, indicating that the chirality and helical 
entity have an inseparable relation. The design and synthesis 
of relevant BCP materials are, therefore, attempted actively 
toward a controllable domain size with cheap manufacture for 
varied applications in nanomaterials. The chirality is generally 
identified as the principal origin of the symmetry breaking. In 
natural systems, the transfer of chirality from protein-building 
blocks to twisted intermolecular arrangements–characterized 
by chirality on length scales much larger than those blocks–
underlies functional optical and mechanical structures found 
in organisms from insects to mollusks. Although the chirality 
transfer in chiral BCP is recognized to be an interesting topic, 
little is known about how a chiral assembly develops from the 
molecular level to a mesoscale structure.

Rong-Ming Ho (National Tsing Hua University) and Jing-Cherng 
Tsai (National Chung Cheng University) recently devoted their 
efforts to the investigation of self-assembly of chiral BCP.1 They 
utilized synchrotron-based small-angle X-ray scattering (SAXS) 
at TLS 23A1 and tomography with a transmission electron 
microscope to identify the formation of a helical phase in newly 
synthesized chiral BCP, poly(benzyl methacrylate)-b-poly(D-cy-
clohexylglycolide) (PBnMA-PDCG) and PBnMA-b-poly(L-cyclo-
hexyl glycolide) (PBnMA-PLCG). These chiral BCP, featuring a 
helical conformation of the chiral PLCG or PDCG blocks, can 
form unique helical nanostructures (a so-called helical phase), 
in which hexagonally packed PLCG or PDCG helices exist in the 
PBnMA matrix. To investigate systematically the mechanism of 
homochiral transfer, they reported further evidence of chiral 
interchain interactions with vibrational circular dichroism (VCD), 
consistent with some extent of handed skew configurations of 
chiral PLCG and PDCG segments in a melt state packing. The 
bulkier chiral side group of the chiral BCP (PDCG or PLCG) pro-
duces an increasedly persistent helical bias and also enhances 
the chiral anisotropy of intersegment forces. This condition en-
hances the thermodynamic stability of the helical phase relative 
to poly(styrene)-block-poly(L-lactide). 

In summary, helical nanostructures of chiral BCP display helices 
at various structural levels–from the molecular to the mesod-
omains–are controlled by their inter- and intramolecular chi-

Fig. 1: (a) Chemical structure of poly(benzyl meth-
acrylate)-b-poly(D-cyclohexylglycolide) 
(PBnMA-PDCG). (b)−(c) SAXS profiles of 
PBnMA-PDCG and PBnMA-PLCG, respective-
ly. (d)−(e) Three-dimensional TEM reconstruc-
tion of helical domains from PBnMA-PLCG 
and PBnMA-PDCG, respectively. [Reproduced 
from Ref. 1] 
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Fig. 1: Glycol chitosan (GC) and N-carboxyethyl chitosan (CEC) 
were cut into two pieces and stuck back next to each 
other. All hydrogels later recovered their shape and 
could be picked up with tweezers without breaking, 
showing the self-healing behavior. [Reproduced from 
Ref. 1]

rality. This homochiral evolution hence sheds light 
on the transfer mechanisms that link chiral structure 
across these length scales in self-assembling materi-
als. (Reposted by Rong-Ming Ho, National Tsing Hua 
University)

This report features the work of Rong-Ming Ho, Jing-
Cherng Tsai and their collaborators published in Proc. 
Natl. Acad. Sci. USA 116, 4080 (2019). 

TLS 23A1  IASW – Small/Wide Angle X-ray Scattering
•  SAXS
•  Soft Matter, Block Copolymers, Self-assembly,  

 Chirality
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Transfromer: Self-Healing Hydrogels 
Smart structures of hydrogels can automatically repair damage in varied environmental con-
ditions according to actuation properties.

Self-healing hydrogels are artificial substances with 
three-dimensional networks, which have built-in 

smart structures to allow automatic repair of dam-
age to themselves with neither external diagnosis of 
the problem nor human intervention. Self-healing 
hydrogels can thus adapt to varied environmental 
conditions according to their sensing and actuation 
properties, because they contain reversible dynamic 
bonds, such as hydrogen bonds, Schiff base, Diels−Al-
der reaction, boronate ester bonds, host−guest chem-
istry, hydrophobic interactions, ionic interactions and 
metal−ligand coordination. Hydrogels are able to 
absorb water or biological fluids in large proportions, 
and thus have the advantages of biocompatibility, 
biodegradability, injectablity and porous structure to 
be utilized as soft scaffolds for cells in tissue engineer-
ing and for surgical operation in a minimally invasive 
way. Because of their poor mechanical strength and 
the fragile nature of the hydrogels, the feasibility of 
applying these hydrogels is, however, still limited. 
Hydrogels with desirable chemical compositions and 
tunable mechanical strength have been designed 
with various synthetic strategies.

Shan-Hai Hsu (National Taiwan University) and her 
collaborators has devoted to an investigation in the 
fields of biomaterials, polyurethane, tissue engineer-
ing and nanomaterials. Recently, that group reported 
chitosan-based hydrogels with an ability of self-heal-
ing for biomedical applications.1 Chitosan is generally 
nontoxic, biocompatible, biodegradable and bacte-
riostatic, satisfactory for utilisation in many pharma-
ceutical and medical applications. The observation of 
macroscopic self-healing of the hydrogels is shown 
in Fig. 1. The cut semi-disc pieces of the hydrogels 
can merge into an integrated circular piece of the 

hydrogels and recover the mechanical stability after 
several decade minutes. All healed hydrogels could 
be picked up and shaken with tweezers without 
breaking, indicating that the self-healing hydrogels 
retain great strength. The workers utilized small-an-
gle X-ray scattering in situ combined with a rheom-
eter (Rheo-SAXS) at TLS 23A1 and ultra-small-angle 
X-ray scattering (USAXS) at TPS 25A to probe the 
structure of the hydrogels and their dynamics. From 
the SAXS results (Figs. 2(a), 2(c) and 2(e)), the hy-
drogels show a typical mechanism of nucleation and 
growth for the three chitosan-based hydrogels. The 
critical nucleation sizes of the three hydrogels were 
observed from the SAXS profiles. The time-resolved 
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USAXS profiles revealed that the 
various hydrogels feature varied 
fractal structures and aggregation 
behaviors (Figs. 2(b), 2(d) and 
2(f)). The reaction-limited aggre-
gation is affected by the Schiff 
reaction from the amino groups 
and aldehyde groups of the glycol 
chitosan (GC) hydrogels, whereas 
the diffusion-limited aggregation 
is attributed to the formation of 
hydrogen bonds and negative 
charges in the N-carboxyethyl 
chitosan (CEC) hydrogels. A hypo-
thetical model of nucleation and 
growth for the chitosan self-heal-
ing hydrogels is illustrated in Fig. 
2(g). (Reported by Shan-Hai Hsu, 
National Taiwan University)    

This report features the work of 
Shan-Hai Hsu and her collabora-
tors published in ACS Macto Lett. 
8, 1449 (2019). 

TPS 25A   Coherent X-ray Scat- 
                  tering
TLS 23A1  IASW – Small/Wide  
 Angle X-ray Scattering
•  SAXS, USAXS
•  Soft Matter, Chemistry,  

 Hydrogels

Reference
1. Y. J. Lin, W. T. Chuang, S. H. Hsu, 

ACS Macro Lett. 8, 1449 (2019).

Fig. 2: SAXS and USAXS profiles for (a)−(b) GC hydrogel, (c)−(d) CEC-L hydrogels and 
(e)−(f) CEC-H hydrogel. (g) Schematics for the gelation mechanisms of various 
self-healing hydrogels. [Reproduced from Ref. 1]     
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Spontaneous Superalignment of Nanotubes in a 
Dilute Solution
A new concept produces highly ordered nanotubes with controllable separations in a dilute 
and spacer-free system via the synergistic effects of the solvation and the rotational constraints.

O ne application of interest in the precisely controlled self-assembly of ordered nanomaterials is its full po-
tential in nanolithography technology.1 In general, ordered colloidal arrays can be easier to produce either 

with repulsive colloids at large concentrations (e.g., 68 vol% for a body-centered cubic system) or on introducing 
spacer molecules for attractive colloids at moderate concentrations. Here, the spacer molecules (e.g., surfactants 
or acids or polymers) play a critical role in preventing coagulation, suppressing Brownian motion and organizing 
nano-objects to form an ordered structure. How to achieve highly ordered superstructures or colloidal crystals in 
a dilute solution without spacer molecules is, however, a great challenge.

Chi-Chung Hua (National Chung Cheng University) and his co-workers hypothesized that preserving the inter-
particle repulsion while also suppressing the Brownian motion of particles is the key to achieve ordered colloi-
dal crystals in dilute and spacer-free solutions.2 As shown in Fig. 1(a), the agglomeration can be avoided with 
effective solvation effects, which leads to the stabilization of the nanoparticles in the solution, but forming an 
ordered phase in the dilute solution cannot be achieved by the solvation effects alone. It is conceivable that, be-
cause of the small density of the particles (corresponding to a "gas"), the particles can move freely according to 
Brownian diffusion; the entropy favors a disordered state. To overcome this limitation, they had an excellent idea 
to diminish the degrees of freedom of the particle motion, i.e., the additional rotational constraints through the 
asymmetric shape of objects, as shown in Fig. 1(b). For nanotubes with effective solvation, a loss of solvation 
shell when adjacent tubes become too near can introduce inter-tubular repulsive forces, constrain the rotational 
motion of the nanotubes and subsequently lead to an ordered colloidal phase.

Hua’s group used a simple system comprising only highly hydrophilic aluminosilicate nanotubes (AlSiNT, also 
known as synthetic imogolite) and water, with no spacer molecule nor external force, to demonstrate their idea. 
At this point, small-angle X-ray scattering (SAXS) at TLS 23A1 provides a powerful tool to study the self-assem-

Fig. 1: (a) Illustration of possible solution phases for nano-object suspensions via varied solvation degree and dimensionality of the 
objects. (b) Schematic of spontaneously ordered nanotubes via synergistic solvation effects and rotational constraints. [Repro-
duced from Ref. 2]
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bly of ordered nanomaterials. As 
shown in Fig. 2(a), the SAXS data 
reveal the formation of highly 
ordered hexagonal packing in a 
dilute aqueous solution of AlSiNT 
(1.0 wt%). The tube diameter of 
AlSiNT is about 2 nm; the inter-tu-
bular distance of the hexagonal 
structure is ~20 nm. The scatter-
ing structure factors, as shown in 
Fig. 2(b), demonstrate that such 
an inter-tubular distance of the 
hexagonal structure is tunable 
via control of the concentration 
and the length of the nanotubes. 
The stature of all four Bragg sig-
nals decreases with decreasing 
concentrations and disappears 
abruptly below concentration 
0.85 wt%, indicating a sharp 
transition from the hexagonal 
structure to the nematic phase 
(Fig. 2(b) inset). There is hence 
a critical inter-tubular distance 
associated with the geometry of 
the nanotubes. Moreover, the 
group used a cryo-TEM to visualize 
directly the ordered phase and un-
dertook a simulation of the molec-
ular dynamics (all-atom MD and 
coarse-grained MD) to achieve an 
atomistic understanding.

In conclusion, Hua’s group pro-
posed that constraining the rota-
tional motion of low-dimensional 

Fig. 2: (a) SAXS scattering data of an AlSiNT solution (1.0 wt%). The sharp features 
correspond to nanotubes in a hexagonal packing. (b) Structure factors of vari-
ous tube concentrations show a tunable inter-tubular distance. The inset shows 
small concentrations that produce only either a nematic phase (0.5 wt%) or a 
disordered network (0.1 wt%). [Reproduced from Ref. 2]

nanotubes utilizing solvation-induced repulsive forces can achieve a 
spontaneously well-aligned colloidal superstructure with tunable in-
ter-tubular distances in dilute and spacer-free solutions. They produced a 
novel method to manipulate an ordered superstructure and to challenge 
the existing 5-nm node lithography and nanorobotics. (Reported by Che-
Min Chou, National Taiwan University)

This report features the work of Chi-Chung Hua and his co-workers pub-
lished in Phys. Rev. Lett. 123, 238002 (2019).

TLS 23A1  IASW – Small/Wide Angle X-ray Scattering 
•  SAXS
•  Materials Science, Self-assembling Nanotubes
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High Performance of Organic Solar Cells Based on 
Matching Donor-Accepter Pairs 
A fluorinated heptacyclic dithienocyclopentacarbazole non-fullerene acceptor was synthe-
sized to be blended with donor polymers with complementary absorption and energy levels 
well matched. Control of molecular orientation in donor/accepter solar cells exhibited higher 
power-conversion efficiencies.

Solution-processable organic solar cells (OSC) with 
a treatment of bulk heterojunctions can achieve 

large power-conversion efficiencies (PCE) and resolve 
an increasing demand for renewable energy. Being 
a function of open-circuit voltage (VOC), short-circuit 

current (JSC), and fill factor (FF), PCE values above 11% 
were obtained on utilizing fullerene derivatives (e.g., 
PC61BM and PC71BM) as electron acceptors owing to 
their superior electron mobility and isotropic charge 
transport, when paired with p-type polymers featur-
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ing suitable energy levels. Fullerene derivatives have, 
however, intrinsic drawbacks to adjust the absorption 
ranges and energy levels, tendencies to undergo 
thermally induced aggregation, and large production 
costs. Alternatively, non-fullerene acceptors (NFA) 
possess numerous benefits to tune the absorption 
range and energy levels and to improve the morpho-
logical stability. The structural optimizations of NFA 
have led to higher PCE of OSC than those containing 
fullerene derivatives. 

Chain-Shu Hsu (National Chiao Tung University) 
and his collaborators synthesized a new NFA, i.e., 
DTC(4Ph)-4FIC, featuring two additional fluorine 
atoms on each side of the terminal IC units as n-type 
accepter.1 OSC with a conventional device architec-
ture of ITO/PEDOT:PSS/active layer/PFN-Br/Al were 
fabricated employing J71, PBDB-T and PBDB-TF as 
p-type polymers (donor). These structures are exhib-
ited in Fig. 1(a). Three p-type polymers, J71, PBDB-T 
and PBDB-TF were utilized in tests of the photovoltaic 
performance of the acceptors. They demonstrate that 

DTC is a promising scaffold for the development of 
high-performance NFA possessing outstanding com-
patibility with current benchmark p-type polymers 
using by UV−vis absorption spectra, highest occupied 
molecular-orbital (HOMO)/lowest unoccupied mo-
lecular-orbital (LUMO) energy levels obtained from 
cyclic voltammetry (CV) measurements and grazing 
incidence wide-angle X-ray scattering (GIWAXS). 

The bulk molecular packing was characterized with a 
GIWAXS measurement, for which the orientation was 
determined on comparing the azimuthal distribution 
of diffraction intensity (010) between the in-plane 
and out-of-plane directions. The orientation of the 
DTC(4Ph)-4FIC neat film possesses a face-on prefer-
ence, like J71, PBDB-T and PBDB-TF neat films, as Figs. 
1(b)−1(d) show. As depicted in Fig. 1(h), the grain 
sizes derived from diffraction (100) of J71, PBDB-T 
and PBDB-TF are 76.6, 92.4 and 118.6 Å, respectively. 
Diffractions (010) of DTC(4Ph)-4FIC, J71, PBDB-T and 
PBDB-TF neat films are located at qZ = 1.43, 1.55, 1.56, 
1.66 Å−1, respectively. 

Fig. 1: (a) Chemical structures; 2D GIWAXS patterns of (b) J71, (c) PBDB-T, (d) PBDB-TF, (e) J71:DTC(4Ph)-4FIC, (f) PBDB- T:DTC(4Ph)-
4FIC, (g) PBDBTF: DTC(4Ph)-4FIC and (h) the corresponding 1D line cuts from neat films and blends. [Reproduced from Ref. 1]
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The neat film of PBDB-TF possesses the largest grain 
and strongest π−π interaction, which is ascribed to 
the fluorine interaction. Figures 1(e)−1(g) exhib-
it diffractions (010) at larger qZ after introducing 
DTC(4Ph)-4FIC into the films, indicating an increased 
π−π interaction, despite that diffractions (010) of 
DTC(4Ph)-4FIC and p-type polymers overlap. Close 
π−π stacking d-spacing promotes delocalization of 
π-electrons, resulting in increased carrier mobility and 
JSC. Figure 1(h) shows that the π−π stacking d-spac-
ings of J71:DTC(4Ph)-4FIC, PBDB-T:DTC(4Ph)-4FIC and 
PBDBTF: DTC(4Ph)-4FIC are 4.1, 3.6 and 3.6 Å, respec-
tively. As determined by diffraction (100) using the 
Scherrer equation, the grain sizes of J71:DTC(4Ph)-
4FIC, PBDB-T:DTC(4Ph)-4FIC, and PBDB- TF:DTC(4Ph)-
4FIC are 123.2, 136.6 and 153.3 Å, respectively. The 
large grain size of the PBDB-TF:DTC(4Ph)-4FIC blend 
is likely to diminish interfacial traps between donor/
acceptor-rich domains and suppresses charge recom-
bination, resulting in FF 75.7%. As the phase separa-
tion with a fibrillar structure in J71:DTC(4Ph)-4FIC and 
PBDB-TF:DTC(4Ph)-4FIC blends is more pronounced, 
exciton dissociation is facilitated, thus promoting the 
FF values of J71:DTC(4Ph)-4FIC (73.42%) and PBDB-
TF:DTC(4Ph)-4FIC (75.70%) to surpass that of PBDB-
T:DTC(4Ph)-4FIC (71.10%).

In summary, DTC(4Ph)-4FIC displays superior compat-
ibility with J71, PBDB-T and PBDB-TF as evident from 

the corresponding PCE values > 10%. Notably, the 
conventional device based on PBDB-TF:DTC(4Ph)-4FIC 
achieves PCE 13.15%, with VOC 0.95 V, JSC 18.29 mA 
cm−2, and FF 75.7%, which benefit from the low-lying 
HOMO of PBDB-TF and low bimolecular recombina-
tion of charge. Moreover, the inverted devices con-
taining PBDBTF:DTC(4Ph)-4FIC with C-PCBSD as CIL 
afford PCE 13.36%, with VOC 0.94 V, JSC 20.20 mA cm−2 
and FF 70.42%. This application of the cross-linkable 
C-PCBSD interlayer provides a new approach to ob-
tain inverted OSC with high performance. The further 
structural optimization of DTC-based NFA and the 
development of compatible p-type polymers would 
ultimately result in fullerene-free OSC with PCE ap-
proaching the theoretical limit. (Reported by Hong-
Cheu Lin, National Chiao Tung University)

This report features the work of Chain-Shu Hsu, Jian-
hui Hou and their co-workers published in ACS Appl. 
Mater. Interfaces 11, 31069 (2019).
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