
Soft matter, comprising complicated systems, generally 
assembles into mesostructures between the microscopic 

and macroscopic scales. Probing a relation between the 
characteristics and the interactions of these mesostructures 
could efficiently determine their functions. Small-angle and 
wide-angle X-ray scattering (TLS 23A and TPS 25A) and 
X-ray photoelectron spectroscopy (TLS 24A) can capture 
information about self-assembled hierarchical structures 
from angstrom to submicrometre scales. This section high-
lights four articles, in terms of orientation of π-conjugated 
polymer chains, iron-coordinating semiconducting poly-
mers, hierarchical superhelices and polymer crystallization, 
extracted from publications of NSRRC users in 2020. The 
developments of an understanding about both the meso-
structures and their functionality are presented for medical 
and pharmaceutical research, polymer engineering and 
optoelectronic devices from the use of X-ray scattering, 
diffraction and photoelectron spectroscopy. (by Wei-Tsung 
Chuang)
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Matter
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Molecular Orientation of a π-Conjugated Polymer Monolayer 
The face-on orientation dominates the surface-segregated monolayer, as revealed by NEXAFS 
and GIWAXS spectra.

A synthetic-polymer thin film plays a crucial role in the 
modern economy. Although many artificial-polymer- 

based technologies have been successfully integrated into 
industrial processes, electronic applications based on a 
conjugated polymer are still in a dawn. Many believe that 
π-conjugated polymers have the potential to revolutionize 
electronic technologies, as their peculiar properties can 
be engineered with a highly developed synthesis toolbox 
from polymer science. The charge-transport property of a 
π-conjugated polymer is governed by not only the chemi-
cal composition of the polymeric macromolecules but also 
their conformation inside the membrane. Intensive effort 
has consequently been devoted to manipulate the crystal-
linity and molecular orientation of the membrane. Among 
various approaches, the packing structure and molecular 
orientation of a surface-segregated monolayer are sus-
ceptible to molecular design, allowing its properties to be 
tailored from the bottom up.

In this report, Yaw-Wen Yang (NSRRC), Chain-Shu Hsu 
(National Chiao Tung University) and Keisuke Tajima (RIKEN 
Center, Japan) and their coworkers take advantage of the 
surface-segregated monolayers (SSM) forming mechanism 
to set up a monolayer of π-conjugated polymer. By replac-
ing the alkyl side chain of N2200 with a semifluoroalkyl 
chain, the surface energy of the product, named FNDIT2, is 
decreased (see Fig. 1(a) for the monomer structures). The 
difference in surface energy inside the spin-coated blended 

FNDIT2/N2200 film drives a phase separation, resulting in 
an enhanced surface concentration of FNDIT2 over that of 
N2200. Depth profiling of fluorine with X-ray photoelectron 
spectroscopy (XPS) etching experiment concluded that the 
thickness of the surface layer is about 1.8 nm. This condi-
tion indicates a single-layer thickness for the FNDIT2 over-
layer, as illustrated in Fig. 1(b).

The literature shows that the SSM mechanism can induce 
an ordered single-layer polymer with its π-conjugated 
plane oriented to the substrate surface in either face-on 
or edge-on or end-on manner, as illustrated in Fig. 2(a). 
For electronic applications, this orientation is of the ut-
most importance, as it strongly influences the anisotropic 
charge-transport properties. In this work, the π-plane ori-
entation about the surface region was characterized with 
near-edge X-ray absorption fine structure (NEXAFS) spectra. 
Quantum mechanics indicates that the X-ray absorbance 
depends on how well the electric-field vector overlaps with 
the participating molecular orbitals. As the initial state is a 
symmetrical C 1s orbital in this case, only the final state, the 
carbon π* orbital, accounts for the degree of such overlap. 
As the carbon π* orbital is perpendicular to the molecular 
π plane, a dependency between the electric-field vector 
and the molecular π-plane is established, formulated in this 
equation:                                                                    , in which I 
is absorbance, P is degree of polarization, which is 0.9 for 
the bending magnet used in the present experiment, θ is 

Fig. 1:  (a) Molecular structure of the monomer unit of N2200 and 
FNDIT2. (b) A FNDIT2/N2200 surface-segregated monolayer. 
[Reproduced from Ref. 1]
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Fig. 2:  (a) Schematic diagram of the NEXAFS experiment geometry. (b) 
Schematic diagram of molecular π-plane orientations. [Repro-
duced from Ref. 1]
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incident angle of the X-ray beam, γ is the tilt angle of the 
molecular π-plane; A is an arbitrary proportional parameter. 
The set-up is illustrated in Fig. 2(b). Figure 3 depicts the 
dependency of the C 1s-π* absorbance on the angle of 
incidence of the X-rays. The fitting outcome for tilt angle 
γ in the π-plane is 44o, which corresponds to a distorted 
face-on orientation. Thermal annealing at 260 oC further 
flattens γ to 42o. In contrast, γ from the pure N2200 sample 
is 52o, which indicates an edge-on configuration; it turns 
5o more upright upon the same thermal annealing. Even 
though the annealing treatment further rectifies the orien-

Fig. 3:  Angularly dependent C 1s-π* absorbance of N2200 and FNDIT2/
N2200 SSM. TA stands for “thermal annealing”. [Reproduced from 
Ref. 1]

tations, the fact that it does not disturb the film integrity 
also demonstrates the thermostability. As a complement to 
NEXAFS spectra, grazing-incidence wide-angle X-ray scat-
tering (GIWAXS) measurements showed that the π-plane 
of the FNDITN2/N2200 SSM has a ratio 1:2 of edge-on to 
face-on. This result is derived from the crystalline part of the 
specimen, as only the crystallites contribute to the diffrac-
tion signal.

“The interface is the device,” pointed out by Herbert Kroemer, 
the 2000 Nobel laureate in physics. For decades, interface 
engineering has been a major task for the development of 
science and technology. The work presented here demon-
strates a synthetic route for a π-conjugated polymer mono-
layer with a characteristic π-plane orientation. The com-
bination of NEXAFS and GIWAXS spectra also effectively 
determines such an orientation. It carves a path for forging 
functional organic/metal or organic/organic interfaces to 
build layered composite structures used in organic electron-
ic devices. (Reported by Dr. Bo-Hong Liu)

This report features the work of Yaw-Wen Yang, Chain-Shu 
Hsu, Keisuke Tajima and their collaborators published in J. 
Mater. Chem. A 8, 6268 (2020).

TLS 24A1  BM – (WR-SGM) XPS, UPS, XAS, APXPS
• XPS
• Soft Materials, Chemistry, Conjugated Polymers
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Iron-Coordinating π-Conjugated Semiconducting Polymer
Rational side-chain engineering was performed on a semicrystalline semiconducting conjugated 
polymer based on DPP to incorporate metal-chelating moieties without disruption of the π-con-
jugation.

C onjugated polymers constitute an intriguing class of materials, particularly promising to replace silicon as semiconduct-
ing materials in next-generation stretchable and portable electronics. This ability is due not only to their inherently ef-

fective charge-transport properties but also to their solubility in common organic solvents, opening new avenues for solution 
deposition and fabrication of electronic devices at large scale and decreased cost. Their favourable optoelectronic properties 
have been exploited so far to fabricate various electronic devices, including organic photovoltaics and organic light-emitting 
diodes. In more recent years, new strategies and approaches for a conjugated polymer, directly developed through chemical 
design and material engineering, have been utilized to increase the charge-transport and device efficiencies. Among other 
approaches, the utilization of supramolecular chemistry is particularly promising to enhance the packing interaction between 
polymer chains. Although hydrogen bonds have been used to improve the charge transport and the softness of diverse con-
jugated polymers, there have been few examples of polymer designs based on metal-chelation chemistry.1-3

This work by Yu-Cheng Chiu (National Taiwan University of Science and Technology), Simon Rondeau-Gagné (University of 
Windsor, Canada), Bi-Hsuan Lin (NSRRC) and their joint team members focuses on the use of dynamic metal-ligand (M-L) 
interactions to influence the electronic properties of a high-performance conjugated polymer, as illustrated in Fig. 1. Through 
metal chelation, diverse parameters can be fine- tuned, including the optoelectronic properties, solubility in organic solvents 
and stability of the materials. These non-covalent interactions can also be further explored, through use of a plethora of 
ligand motifs that have been developed, in tandem with an appropriate metal salt. 

The new conjugated polymer system is based on diketopyrrolopyrrole (DPP) semiconducting π-conjugated polymers contain-
ing benzimidazole pyridine (MeBZIMPY) pincer ligands in the side chains of the polymer. These ligands facilitate the com-
plexation of Fe(II), to generate a metal-coordinated polymer, which was completely characterized with various techniques to 
evaluate the optoelectronic properties of the new materials. Importantly, metal complexation by the conjugated polymers 
was found to be particularly challenging. As a result, X-ray fluorescence spectra and X-ray near-edge absorption spectra 
experiments for the semiconducting thin film were undertaken at TPS 23A to confirm that Fe was successfully coordinated in 
the ligands, as shown in Fig. 2. (see next page). The selection of this specific salt is due to its vast exploitation in M-L systems, 
which are utilized in polymer catalysis, bioimaging, fluorescence, dielectric systems, and chemical or mechanical sensors. The 
selection of the pincer ligand was due to its ability to be functionally tuned through the amines present in the benzimidazole 
pendant arms. Functionalizing these areas allows for changes in solubility to occur, making this system more easily process-
able. (Reported by Yu-Cheng Chiu, National Taiwan University of Science and Technology)

Fig. 1:  DPP-based polymer with methylben-
zimidazole (MeBZIMPY) ligand-con-
taining side chains for coordination of 
Fe(II). [Reproduced from Ref. 2] 
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This report features the work of Yu-Cheng Chiu, Simon Rondeau-Gagné and their collaborators published in J. Mater. Chem. C 
8, 8213 (2020).

TPS 23A  X-ray Nanoprobe
• XRF, XANES
• Materials Science, Semiconducting Polymer, Organic Transistor, Metal Coordination
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Fig. 2:  (a) X-ray fluorescence spectra (full spectra) of SiO2, P(DPPTVT-MeBZIMPY), P(DPPTVT-MeBZIMPY)-Fe and PMAAFE standard; (b) X-ray fluorescence 
spectra of SiO2, P(DPPTVT-MeBZIMPY), P(DPPTVT-MeBZIMPY)-Fe and PMAAFE standard expanded in region 6−8 keV. The spectra have been nor-
malized relative to the Si Kα signal; (c) fluorescence yield (FY) Fe K-edge X-ray-absorption near-edge structure (XANES) spectra of SiO2, P(DPPTVT- 
MeBZIMPY), P(DPPTVT-MeBZIMPY)-Fe and PMAAFE standard, and (d) fluorescence-yield Fe K-edge XANES spectra of SiO2, P(DPPTVT- MeBZIMPY), 
P(DPPTVT-MeBZIMPY)-Fe and PMAAFE standard expanded in region 7.110–7.124 keV. [Reproduced from Ref. 2] 
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Hierarchical Superhelices from Achiral Polymers
Artificial periodic helical nanostructures on a sub-optical wavelength scale have been demon-
strated to have prominent optical properties for application of metamaterials.   

A helix is a fascinating structure in nature; from DNA 
to cell, tissues are related to the helical structure, but 

helical structures exist typically in a chiral system. Herein, 
Wei-Tsung Chuang (NSRRC), Yeo-Wan Chiang (National Sun 
Yat-sen University) and I-Ming Lin (National Sun Yat-sen 
University) proposed a novel concept of focal asymmetry 
to fabricate hierarchically helical structures from nanome-
ter to submicrometer scale in the self-assembly of achiral 
dendron-jacketed block copolymers (DJBCP). As shown in 
Fig. 1, to create the focal asymmetry in dendrons, they syn-
thesized two positional isomers of dendrons featuring two 
amphiphilic tails at the 3,4- and 3,5-positions of the benzoic 
acids, which behave as asymmetric and symmetric den-
drons (denoted aD and sD), respectively. The ortho-position 
poly(2-vinylpyridine) (P2VP) in polystyrene-block-poly(2- 
vinylpyridine) (PS-b-P2VP) and the para-position poly(4-vin-
ylpyridine) (P4VP) in polystyrene-block-poly(4-vinylpyridine) 
(PS-b-P4VP) respectively represent asymmetric and sym-
metric concepts in the supramolecular dendron-jacketed 
blocks. Through hydrogen-bonding interactions, aD and 
sD units can be grafted to the P4VP blocks and the P2VP 
blocks, resulting in DJBCP of four types with varied levels of 
asymmetry. 

Figure 2 presents transmission-electron-microscope (TEM) 
images of the self-assembled nanostructures obtained from 

the four types of DJBCP with a constant PS volume fraction, 
0.23, so the PS domains (bright area in TEM images) are sur-

Fig. 1:  Schematic representation of hierarchical helical assemblies of supramolecular DJBCP induced 
on controlling the asymmetric chemical structures of the dendrons and the interactive 
hydrogen-bonding (H-bonding) sites of the diblock copolymers. [Reproduced from Ref. 1] 

Fig. 2:  TEM micrographs of films as cast of (a) PS-b-P4VP(aD)0.5, (b) 
PS-b-P4VP(sD)0.5, (c) PS-b-P2VP(sD)0.75 and (d) PS-b-P2VP(aD)0.3. 
After staining with I2, the dendron-jacketed blocks and PS blocks 
appear dark and bright, respectively. [Reproduced from Ref. 1] 

rounded by dendron-jacketed blocks 
(dark area in TEM images). The helical 
structures appeared in the three types 
of DJBCP with asymmetric compo-
nents, which are PS-b-P4VP(aD)0.5, 
PS-b-P2VP(aD)0.3 and PS-b-P2VP(sD)0.75 
(here, 0.5, 0.3 and 0.75 represent the 
molar fraction of aD or sD to P4VP or 
P2VP unit); PS-b-P4VP(sD)0.5 with both 
symmetrical components formed a 
cylindrical structure. Combining the 
above result, as long as it contains an 
asymmetric element, the helical struc-
ture can be produced.

As shown in Fig. 3, PS-b-P4VP(aD)0.5 
was selected for small-angle X-ray 
scattering (SAXS) with oscillatory- 
shearing alignment in situ at TLS 
23A1. A highly ordered SAXS pattern 
reveals a highly oriented and ordered 

(a)

(b)

(c)

(d)
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Fig. 3:  (a) 2D SAXS pattern of PS-b-P4VP(aD)0.5, recorded under shear align-
ment in situ using a rheometer; the inset in the upper-right corner is 
a selected magnified zone. (b) 1D SAXS profile integrated along the 
equatorial direction of the 2D SAXS pattern in (a). (c) 1D SAXS profile 
integrated from the cross pattern in (a). (d) Azimuthal angle scan from 
first-order diffraction of the cross pattern. (e–g) TEM images of PS heli-
ces with adjustable curliness, obtained at grafting ratios x = (e) 0.3, (f) 
0.4 and (g) 0.5 in PS-b-P4VP(aD)x. [Reproduced from Ref. 1]

= 0.3–0.5) in PS-b-P4VP(aD)x. Upon increasing the 
grafting ratio, the corresponding apparent curliness 
was increased, as evident in the TEM micrographs 
(Figs. 3(e)–3(g)). This effect means that the degree 
of helical curliness can be hierarchically transmitted 
across various length scales in the DJBCP system. 
Notably, such adjustable curliness is rarely observed in 
BCP-based helical structures.

In summary, this work shows the first discovery of 
helical structures with tunable curliness triggered 
from the focal asymmetry in an entirely achiral system 
of DJBCP through hydrogen-bonding interactions. 
(Reported by I-Ming Lin, National Sun Yat-sen Univer-
sity and Wei-Tsung Chuang)

This report features the work of Wei-Tsung Chuang, 
Yeo-Wan Chiang and their coworkers published in J. 
Mater. Chem. C 8, 1923 (2020). This paper was select-
ed as the inside front cover of Issue 6. [Cover image 
reproduced by permission of Wei-Tsung Chuang and 
The Royal Society of Chemistry from J. Mater. Chem. C, 
2020, 8, 1923, https://doi.org/10.1039/C9TC06135E.]

TLS 23A1  IASW – Small/Wide Angle X-ray 
Scattering
• SAXS
• Materials Science, Chemistry, Condensed-matter 
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structure. The distance between two helices and a pitch length 
estimated from the diffraction positions are ca. 140 and 125 nm, 
respectively, which are consistent with the TEM image. In Fig. 
3(d), the azimuthal scan of the first-order diffraction of the cross 
pattern reveals that the helical angle (twisting power) of the PS 
helix is approximately 50o, as estimated from the angle enclosed 
between the arms of the cross. The twisting power of the PS 
helixes becomes adjustable on controlling the grafting ratio (x 
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Relation Between Melting Behavior and Phase Transi-
tions in Polymer Crystallization
A relation between the crystalline lamellar thickness and the melting temperature is revealed by 
small- and wide-angle X-ray scattering.  

T he equilibrium melting temperature of a crystallisable 
polymer, defined as the melting temperature of an 

infinitely thick crystal, is an important thermodynamic prop-
erty for polymers, which acts as the reference temperature 
to define the degree of supercooling, i.e., the driving force 
of crystallization. In general, the melting temperature is 
depressed with the crystallization temperature range, when 
an A/B random copolymer is introduced as non-crystalliz-
able comonomer units (B) into the crystallizable homopoly-
mer (A). There are two conditions for the distribution of the 
comonomer units in the crystalline structure: one is that the 
comonomer units are fully excluded from the crystalline 
structure, raising the concentration of comonomer units in 
the amorphous phase; the second is that the comonomer 
units are nondiscriminatingly incorporated into the crystal-
line lattice, resulting in a uniform composition in the crystal-
line and amorphous phases.

To clarify how the lamellar thickness affects the crystal melt-
ing in the copolymer systems, An-Chung Su (National Tsing 
Hua University) constructed the melting behavior for α and 
β crystals of syndiotactic poly(styrene-stat-3-methylstyrene)  
(sPS-3MS) and poly(styrene-stat-4-methylstyrene)  
(sPS-4MS) random copolymers with varied comonomer 
proportions, using simultaneous synchrotron small- and 
wide-angle X-ray scattering (SAXS/WAXS) heating profiles 
in situ.1 These measurements were made at TLS 23A1.  
Figures 1(a)–1(c) show the simultaneous SAXS/WAXS 
heating profiles of the cold-crystallized sPS-5%3MS spec-
imen (for varied crystallization temperatures, Tc) at rate 2 
°C min−1. The lamellar peak position shifts from qc = 0.036 
to 0.027 Å−1, corresponding to a long period (Lp) increased 
from Lp = 17 to 23 nm, i.e., a specimen cold-crystallized at 
higher temperature exhibits a greater interparticle distance 
between nanograins. Upon heating, the lamellar peak in 
each profile shifts successively to smaller q positions and 

Fig. 1:  (a−c) SAXS heating profiles of sPS-5%3MS cold-crystallized specimens at rate 2 °C min−1. Representative deconvoluted WAXS profiles for sPS-
5%3MS cold-crystallized specimens at temperatures (a) 220, (b) 230 and (c) 240 °C. [Reproduced from Ref. 1]
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becomes broader, which represents an increased Lp and 
a weakened nanograin spatial correlation (i.e., structure 
factor). The SAXS profiles exhibit a power-law scattering 
profile I(q) ~ qP with P = -3.2 before reaching 270 °C, indi-
cating that the molten state has a fractal structure with a 
fractal dimension ca. 3. The evolution of the normalized 
relative crystallinity of α and β crystals upon heating; rep-
resentative deconvoluted WAXS profiles are illustrated in 
Figs. 2(a)−2(c). As revealed by WAXS profiles, the cold-crys-
tallized sPS-5%3MS specimens all exhibited an α-dominant 
structure, whereas a higher Tc results in sharper reflections, 
implying more perfectly ordered crystals formed at a higher 
Tc. Upon heating, the intensity of the reflections progres-
sively decreases and finally exhibits amorphous halo profiles 
after reaching ca. 266 °C.

In this work, the SAXS and WAXS results consistently show 
that the polymorphic behavior of sPS-3MS and sPS-4MS 
depends on the crystallization condition, whereas the 
presence of comonomer (especially 4MS) units tends to 
suppress more strongly the formation of β crystals in melt 

crystallization; the level of suppression enhances with in-
creasing comonomer content. Based on the experimentally 
constructed melting behavior, here the corresponding Tm° 
of the sPS α or β crystal with varied 3MS and 4MS content 
was determined; the Sanchez−Eby theory2 was introduced 
to interpret these observations from the viewpoint of ther-
modynamics. (Reported by Wei-Tsung Chuang)

This report features the work of An-Chung Su and his collab-
orators published in Macromolecules 53, 3059 (2020).

TLS 23A1  IASW – Small/Wide Angle X-ray Scattering
• SAXS, WAXS
• Materials Science, Chemistry, Condensed-matter Physics

References
1. P. H. Chen, S. J. Lin, J. C Tsai, U. S. Jeng, A. C. Su, Macro- 

molecules 53, 3059 (2020).
2. I. C. Sanchez, R. K. Eby, Macromolecules 8, 638 (1975). 




