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Synthesis and Functions of Dense Triazole Polymers 
 

Akihito Hashidzumea*, Masaki Nakahataa and Yuri Kamona  
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Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) yields 1,4-disubstituted 1,2,3-triazoles 
from azides and alkynes in the presence of copper(I) compounds.  Recently, we have been 
focusing on dense 1,2,3-triazole polymers as new functional polymers, which are synthesized by 
CuAAC polymerization of 3-azido-1-propyne (AP) derivatives.  The dense 1,2,3-triazole polymer 
of AP is insoluble in common organic solvents presumably because of strong dipole–dipole 
interactions of the dense 1,2,3-triazole backbone.  Thus, we synthesized a new AP derivative, t-
butyl 4-azido-5-hexynoate (tBuAH), which has a t-butyl (tBu) ester side chain, and polymerized 
by CuAAC to yield a dense 1,2,3-triazole polymer which is soluble in many organic solvents.  
tBuAH can be utilized for synthesis of stereoregular and sequence-controlled polymers because 
of the following features: (1) tBuAH possesses a chiral carbon at the 4-position, and the R- and 
S-isomers can be prepared by asymmetric reduction.  (2) The tBu ester of tBuAH can be converted 
to 4-azido-5-hexynoic acid (AH) derivatives carrying various side chains.  (3) Precursors of AH 
derivatives carrying a hydroxyl group, i.e., the precursor of azide residue, and a silyl-protecting 
group on the alkyne, can be used for stepwise CuAAC.  In this paper, we will review four 
generations of dense 1,2,3-triazole polymers we have synthesized recently (Figure 1) [1-8].   
 

 
Figure 1. Four generations of dense 1,2,3-triazole polymers.   
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Arabinogalactan (AG) is a variety of polysaccharides commonly found in plants or 

microorganisms. It is rich in galactose and arabinose residues but with high structural complexity 

because of multiple linkages on the galactan backbone, high possibility of branch substitution, and 

diversity of residues on the branches, etc. Many AGs from several plant materials have been 

studied over years in terms of their primary structures and functionalities. However, its 

conformation-related studies did not receive much attention probably because of obstacle to 

scattering technique choices since the molecular size of AGs is relatively small due to its low 

molar mass and high branching degree. This makes small-angle X-ray scattering (SAXS) become 

a suitable choice for studying the conformation of AGs in dilute solutions. 

In recent years, we isolated a 1,6-linked galactose-dominant AG from jasmine tea post-treatment 

waste (JSP-1a) [1]. Meanwhile, a larch tree arabinogalactan with a 1,3-linked galactan backbone 

(LAG60) and a linear 1,4-linked galactan with few arabinose residues (LG) were chosen for 

comparative analysis. The form factor P(q) was evalualted as a function of the magnitude q of the 

scattering vector with the aid of the Berry plots.  The resulting P(q) data were analyzed with the 

Kratky plot (Figure 1) to estimate their conformations in different solvents, including 0.1 M NaCl 

aqueous, HBSS(-), and dimethylacetamide/0.1 M LiCl. Furthermore, the corresponding 

triphenylcarbamates (LAGTPC and LGTPC) in tetrahydrofuran were also studied.  

Each polysaccharide could maintain similar conformation in different solvents or after 

derivatization, which was indicated by using the same fitting model but different parameters. JSP-

1a, LAG60, and LAGTPC could be fitted by the perturbed hyperbranched chain model, showing 

high flexibility of backbones and highly branched features. LG and LGTPC showed obvious linear 

flexible chain features, which could be fitted by the touched-bead worm-like chain model. Besides, 

the Flory viscosity factor in 0.1M NaCl aq of three polysaccharides proved their branched degree 

(LAG60: 6.42×1023 mol-1; JSP-1a: 4.42×1023 mol-1; LG: 1.70×1023 mol-1). 
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Figure 1: Kratky plots of JSP-1a, LAG60, LG, and corresponding triphenylcarbamates in solutions 
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Cured epoxy resin (CEP) is mainly synthesized by the polyaddition reaction of epoxy and 

amine, and are widely used as structural adhesives for automobiles, aircraft, and other applications. 

To create adhesives with higher adhesive strength, it is important to understand the failure 

mechanism of adhesive including the structure changes in the microscale from the microscale to 

the macroscale. In this study, the mechanical properties of single-lap joints (SLJ) with low-

crosslinked CEP and the structure changes of multiscale of the adhesive layer during lap shear 

deformation process are analyzed using lap shear test, 

digital image correlation (DIC) analysis and 

synchrotron μ-beam small-angle X-ray scattering 

(SAXS) mapping measurements. 

A commercially available epoxy resin (Epon828, 

Polysciences, Inc.) with a chemical structure of 

diglycidyl ether of bisphenol A, and 2-phenyl-

ethylamine (2-PEA, f = 2), a primary monoamine, 

were used for polymerization of CEP. [Amine] / 

[Epoxy] = 1 and adhered two stain-less steel (SUS304) 

substrates. SLJ was prepared by curing at 100 °C for 

24 hours. The sample name was denoted as CEP-2-

PEA-SLJ. The macroscopic and microscopic structure 

changes during the lap shear deformation process were 

evaluated using DIC analysis and synchrotron 

radiation μ-beam SAXS mapping measurements. 

Figure 1 shows the strain maps of CEP-2-PEA-SLJ 

obtained from the DIC analysis. With increasing 

strain, the local strain in the adhesive layer also 

increased and large deformations occurred at the edge 

positions. This suggests that stress concentration 

occurred at the edge of the adhesive layer.  

Figure 2 shows SAXS patterns of the CEP-2-PEA-SLJ adhesive layer at various positions 

during lap shear deformation process. In the initial state, streaks from the substrate were observed 

near the adherend region. At γ = 1.5, a new scattering pattern near the adherend corners, possibly 

originating from the craze and fibrils, was observed in a direction tilted from perpendicular to the 

adherend. It is considered that internal structure changes occurred in the stress concentration 

region and crazes were formed. Furthermore, the stress values decreased during the SAXS 

mapping measurements. It is suggested that stress relaxation occurred due to the formation of 

crazes in the adhesive layer and plastic deformation. 
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Figure 2 : SAXS patterns of CEP-2-PEA-SLJ 
during lap shear deformation.  

 
Figure 1 : Strain maps in CEP-2-PEA-SLJ. 
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The thermoresponsive behavior of star-branched poly(N-isopropylacrylamide) (sPNIPAM) in 

an aqueous solution has been investigated using synchrotron-radiation small angle X-ray 

scattering (SAXS) and electrophoretic light scattering. The temperature-induced formation of 

spherical nanoparticles with narrow size distribution in sPNIPAM solutions at different 

temperatures (15 - 55°C) was investigated. The samples contained different end groups: carboxyl, 

hydroxyl, and benzyl. Unlike linear PNIPAM, sPNIPAM solutions remained transparent even at 

high temperatures, above the phase separation temperature of linear PNIPAM. 

At elevated temperatures (45 °C 

and above), the formation of nano-

sized spherical particles with 

aggregation numbers between 10 and 

50 was observed, regardless of the 

end group. The stability of these 

particles was attributed to 

electrostatic repulsion, as indicated 

by the negative ζ potential measured 

at high temperatures. Interestingly, 

this stability was reduced in the 

presence of NaCl, resulting in 

turbidity of the solution.  

Comparative studies between 

constant and rapid heating processes 

showed that rapid heating resulted in 

more uniform nanoparticle 

formation, probably due to spinodal decomposition, a dominant mechanism under such rapid 

heating conditions (Figure 1). This process produced narrower size distributions compared to 

constant heating. The resulting internal polymer mass concentrations (cin) of the nanoparticles 

were calculated to be between 0.14 and 0.36 g cm−3. 

These results suggest that the star-shaped structure of sPNIPAM plays a critical role in 

temperature-induced nanoparticle formation, providing a method for controlled nanoparticle 

fabrication. Similar behaviors have recently been observed for comb-branched PNIPAM and star-

like PNIPAM micelles.  We will also present our recent results on the nanoparticle formation 

behavior of these polymers. 
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Figure 1.  Double logalithmic plots of the form factor P(q) of 

sPNIPAM in water after rapidly heated in water and shcematic 

representation of formation of nanoparticles from star branched 

polymer in water.   
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A body-centered cubic (BCC) lattice is a crystal unit cell structure observed in various materials 

including metals, inorganics, and polymers. The deformation behavior of the BCC lattice in metals has been 

well elucidated, whereas that of polymers remains unclear. We used a microphase-separated copolymer 

with randomly oriented grains wherein spherical phases are packed in the BCC lattice. The strain value of 

polymer showed much larger than for metals and inorganics. Small-angle X-ray scattering measurement 

reveald that the copolymer showed affine deformation under a strain of 1.8.  Atomic force microscope 

revealed that spectacular rearrangement as shown below and “push-and-shove” deformation occurred 

localy. To the best of our knowledge, these structural changes have not yet been observed in other materials 

with the BCC lattice. These differences in the behavior of metals  
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Two-dimensional nanosheets obtained by layered materials can possess liquid crystalline 

nature and some of them also develop structural coloration by periodic structuring in liquid [1]. 

One of the classical nanosheet systems that develop structural coloration is the antimony 

phosphate nanosheet system reported by Gabriel et al [2].  

However, the stability of the inner structure 

and coloration have scarcely been investigated. In 

this study, we investigate the time evolution of 

structures in the suspension of antimony phosphate 

nanosheet systems using UV-visible spectrometry 

and small-angle X-ray scattering [3]. 

We noticed the color of antimony 

phosphate colloid changes with time; The color of 

the 10 g L-1 antimony phosphate colloid is green as 

prepared and it turns to blue 1 month later. The 

structural change in the colloid was trucked by 

SAXS. Figure 1 is a representative SAXS profile 

series of time evolution of antimony phosphate 

colloid, which shows a peak shift to a wider angle 

with time. This indicates that the basal spacings 

between nanosheets decrease with time. A similar 

tendency was confirmed for other samples at lower 

concentrations (isotropic or biphasic region). The 

sample at lamellar phase did not show the time 

evolution of the inner structure. Thus antimony 

phosphate nanosheet systems re-organize their 

inner structures, especially in isotropic or biphasic 

regions.  
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Figure 1. Time evolution of SAXS profiles after 

sample dilution of nanosheet colloids of 10 g L-1.  
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Hydration plays a crucial role in regulating the dispersion behavior of biomolecules in water, 

particularly in how pH-sensitive hydration water network forms around proteins. This study 

investigates the conformation and hydration structure of type-I tropocollagen using small- and 

wide-angle X-ray scattering (SWAXS) and molecular dynamics (MD) simulations. SWAXS data 

for type-I tropocollagen in a pH 2 solution were collected at the 3.0 GeV Taiwan Photon Source 

-National Synchrotron Radiation Research Center, employing an integrated online size exclusion 

chromatography (SEC) system alongside UV-Vis absorption and refractive index spectrometers. 

[1].  The SWAXS data in the range of 0.002 – 0.1 Å⁻¹ were fitted using the worm-like chain 

(WLC) model in conjunction with power law scattering (q⁻² and q⁻¹), as illustrated in Figure 1. 

The results reveal that tropocollagen exhibits a significant softening conformation in solution, 

transitioning from its rod-like structure in tissues to a worm-

like conformation, characterized by a reduced radius of 

gyration of 50 nm and a persistent length of 34 nm. The 

higher q data in the range of 0.06 – 2.5 Å−1, characterized 

by two humps at 𝑞0  and 𝑞1, were calculated using the 

GROMACS-SWAXS with the MD simulation of a 

truncated tropocollagen (~ 13 nm in length) [2]. The 

SWAXS calculations further establish a hydration water 

network characterized by a 2.8Å  free-water exclusion zone 

where water molecules are all hydrogen-bonded to the 

densely distributed polar groups on the tropocollagen 

surfaces. These first-layer water molecules are bridged by 

outer water molecules extending up to 4 Å  from the protein 

surfaces, forming an extensive hydration shell that 

encapsulates the protein. 
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Figure 1: The experimental SWAXS data 

for the tropocollagen solution at pH 2 are 

well characterized by power law scattering, 

fitting to the worm-like chain (WLC) 

model, and GROMACS-SWAXS 

calculations across a wide q range (0.002 - 

2.5  Å−1 ). The inset highlights the two 

humps of 𝑞0 and 𝑞1. 
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Block copolymer solutions yield ordered lattice structures through microphase separation. The 
morphology depends on the volume fraction of the two phases which is modulated by the polymer 
concentration and selectivity of the solvents. We reported a lyotropic microphase separation in 
concentrated aqueous solutions of a double zwitterionic diblock copolymer (PCB2-b-PSB4), 
which is composed of a poly(carboxybetaine methacrylate) (PCB2) and a poly(sulfobetaine 
methacrylate) (PSB4) (Figure 1).1) The morphology 
depended on the polymer concentration due to the limited 
water capacity of the PSB4 phase. This copolymer can be 
regarded as a new type of molecular compartment that is 
valid for biomedical platforms. In this paper, the phase 
behavior of the double zwitterionic PCB2n-b-PSB4m 
diblock copolymer aqueous solutions was mapped out to 
address the insights into the unique microphase separation 
due to the specific interactions of zwitterions.  

The phase assignment and determination of the 
lattice structure geometry were conducted by small 
angle X-ray scattering (SAXS). The SAXS profiles of 
the PCB2n-b-PSBXm aqueous solutions exhibits 
multiple peaks, and the scattering vector of peaks 
depended on the polymer concentration (f) and volume 
fraction of PSB4 chain (fPSB). The lattice structure 
transformed from periodic two phase lamellar to 
hexagonal packed columnar due to the volume 
expansion of PCB2 phase. The f vs fPSB phase diagram 
showed order-order transition boundaries with vertical 
above f = 0.44 while with negative slope below 
indicating that water exhibited polymer concentration-
dependent selectivity, which is neutral above threshold 
polymer concentration but selective towards PCB2 
below the threshold (Figure 2). This work advanced our 
understanding of the microphase separation of 
zwitterionic block copolymers and it was valid for novel 
molecular design of aqueous functional materials.  
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Figure 2. Polymer concentration, f, vs 
volume fraction of PSB4 in the block 
copolymers, fPSB4, phase diagrams for (A) 
PCB2n-b-PSB4m diblock copolymer 
aqueous solutions at 25°C. 

Figure 1. Chemical structure of PCB2n-
b-PSB4m and the aqueous solution. 
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  Inorganic nanosheets obtained by 

exfoliation of layered crystals are 

known to form intriguing colloidal 

liquid crystals (LCs). They have 

been applied for fabrication of 

anisotropic polymer composite 

materials, structural color materials, 

etc. However, large polydispersity in 

lateral size of the nanosheets limited 

precise design of self-assembled 

structures and materials design.  

  Here, we demonstrate that very 

unusual mesophases are reversibly 

formed by self-assembly of anionic 

monodisperse nanosheets (mNS) in 

combination with various cationic species (Fig. 

1).[1] In an as-prepared tetramthylammonium 

(TMA)/mNS aqueous dispersion, mNSs with 

the thickness of 0.65 nm and the lateral size of 

14 nm were isotropically and uniformly 

dispersed. As [mNS] and [TMA] increased, 

one-dimensional columnar nanofibers (ColNF) 

formed; the ColNF was composed of alternating 

stacking of TMA and mNS with the periodic 

distance of 1.7 nm as revealed by small angle X-

ray scattering (Fig. 2) and transmission electron 

microscopy. The ColNFs formed fluid 

columnar nematic LC phase as observed by 

crossed polarizer observation. Crystalline 

fibrous bundles of ColNF were also formed. 

The formation and dissociation of these 

mesophases were reversible and controllable by 

many factors such as solvent composition, kind 

of interlayer cations, and temperature. 
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Figure 2 SAXS patterns of the aqueous mNS 

dispersion with varied concentrations of mNS and 

TMA. The dotted lines are simulated data. 

 
Figure 1 Schematic drawings of mNS and ColNF and crossed 

polarizer image of the ColNF dispersion that formed nematic LC 

phase.  
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Let us consider polymer gels based not on cross-linked linear chains but molecular brushes.
They can be described by three parameters,  namely degree of polymerization (or length for
brevity) of the backbone strand M, length between side-chains  m, and length of side-chains  n.
Having two more adjustable parameters over simple gels we can hope for a possibility to adjust
gel properties, e.g. swelling ratio and osmotic modulus, as needed for applications.

Figure: Geometry parameters of a branched gel.

In this contribution we review predictions of a scaling theory of branched gels in a good solvent
and their comparison with Monte Carlo simulations [1–2]. Four interesting regimes according to
{n,m} values are expected, namely either hollow or filled gel mesh and each either with partially
or  fully  stretched  spacers  of  length  m.  The  scaling  exponents  with  respect  to  geometry
parameters {M,n,m} are predicted for each regime. The swelling ratio is predicted to pass thru a
maximum  and  osmotic  modulus  thru  a  minimum  as  n/m ratio  increases  at  fixed  M.  The
simulations used Hamiltonian Monte Carlo method with up to 105   coarse-grained particles in
NPT ensemble. The agreement of simulations and scaling theory predictions is fair despite the
limited range of accessible {M,n,m} parameters for simulations as theory assumes all of them
going to infinity.
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Improving the physical properties of rubber products requires controlling the homogeneity of the 

network structures. However, the crosslinking structures of sulfur cross-linked rubber are 

typically inhomogeneous. In our experiment, two types of rubber samples, an effective 

vulcanization (EV) system (SBR1, SBR 100/ZnO 3/stearic acid 1/tetramethylthiuram disulfide 4) 

and a conventional vulcanization (CV) system (SBR2, SBR 100/ZnO 3/stearic acid 1/sulfur 2/1,3-

diphenylguanidine 4), with controlled sulfur crosslinking structures were prepared. We evaluated 

the changes in the inhomogeneous structure and network structure of each rubber sample swollen 

by toluene-d8 upon each sulfide bond cleavage using small angle neutron scattering (SANS) 

measurements and fitting of their profiles. SANS measurement was performed at the SANS-J 

spectrometer at JRR-3[1]. Fig. 1 shows SANS profiles of sample rubber. For CV system, sulfur 

bond cleavages—disulfide bonds and polysulfide bonds—resulted in a stepwise decrease in the 

highly crosslinked domain size and a stepwise increase in the network mesh size. In contrast, the 

network mesh size did not change much due to the bond cleavage for EV system. This is consistent 

with the results of crosslinking density measurement by the swelling method. This work will 

enable the development of rubber products with precisely controlled network structures. 
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Fig. 1. SANS profiles of rubber samples; (left) SBR1, (right) SBR2. Dashed lines indicate Debye-Bueche term 

and dotted lines indicate Ornstein-Zernike term, which are obtained by curve fitting of SANS profiles. 
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 Ion channels are integral membrane proteins that regulate ion permeation across cell 

membranes. Recently, synthetic ion channels have gained attention for their potential as 

substitutes for natural ion channels and as anticancer agents. [1] However, conventional synthetic 

ion channels, typically small molecules, face several challenges, including rapid clearance 

through renal filtration when administered intravenously.[2] Additionally, their poor water 

solubility often necessitates the use of organic solvents for membrane incorporation, limiting their 

practical in vivo applications. Therefore, the development of novel artificial ion channels that 

differ from peptide- or supramolecular-based systems is urgently needed.  

 We have previously reported that amphiphilic polymers with poly(propylene oxide) (PPO) 

as the hydrophobic segment enable the permeation of small water-soluble molecules when 

incorporated into liposomes in aqueous solvents.[3] Despite the hydrophobic nature of PPO, the 

hydrophobic PPO layer retains a certain amount of water,[4] which enabling the permeation of 

water-soluble compounds. Based on this, we hypothesized that this structure could also allow ions 

to partition within the hydrophobic layer, thus functioning as an artificial ion channel.  

In this study, we synthesized an amphiphilic 

block polymer (OGlu-b-PPO2.5K) consisting of 

pegylated oligo(glutamic acid) as the hydrophilic 

segment and PPO as the hydrophobic segment to 

develop an artificial ion channel suitable for in vivo 

applications. The self-assembly behavior of OGlu-b-

PPO2.5K was examined using transmission electron 

microscopy, and small-angle X-ray and neutron 

scattering, revealing the formation of spherical bilayer 

vesicles with 22.5 vol% water content in the PPO 

layer. The HPTS and potassium green assays 

demonstrated that the polymer, when incorporated 

into DOPC liposomes or cancer cells, facilitates ion 

permeation across membranes. Moreover, the 

incorporation of this polymer into cancer cells induced 

apoptosis (Figure 1).  
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Figure 1: Schematic illustration of OGlu-b-

PPO2.5K incorporated into cancer cells inducing 

cell death due to ion permeation. 
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