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ABSTRACT
Copper(I)-catalyzed azide–alkyne cycloaddition (CuAAC) is promising as a reaction to synthesize functional polymers consist-
ing of 1,2,3-triazole units. Recently, we reported a series of dense 1,2,3-triazole polymers of 4-azido-5-hexynoic acid derivatives. 
Herein, we designed a new water-soluble dense 1,2,3-triazole polymer carrying amino acid residues in the side chains, that is, 
poly(N-(4-azido-5-hexynoyl)cysteine) (poly(AC)), bearing L-cysteine as a ligand for metal ions. CuAAC polymerization of a pro-
tected monomer followed by deprotection and neutralization yielded the sodium salt of poly(AC) (poly(AC)Na). The adsorption 
capacity of poly(AC)Na with Cd2+ was investigated with a colorimetric assay. Furthermore, the interactions for poly(AC) with 
group 12 metal ions (Zn2+, Cd2+, and Hg2+) were investigated using isothermal titration calorimetry (ITC) and transmittance 
measurements. Utilizing the colorimetric assay data, the Cd2+ adsorption capacity per unit weight of poly(AC)Na was evaluated 
to be 4–5 mmol g−1, comparable to those of Cd2+ adsorbents reported previously. The ITC data demonstrated that the interactions 
of poly(AC)Na with Zn2+, Cd2+, and Hg2+ were predominantly exothermic. Based on the ITC data, apparent dissociation con-
stants of interactions were roughly estimated to be in the order of 10−5–10−4 M, which are comparable to those for metal-binding 
biomolecules. The transmittance data indicated that the poly(AC)Na/CdCl2 system underwent phase separation.

1   |   Introduction

Click chemistry [1] has been utilized in a variety of fields, for 
example, organic synthesis [2], bioconjugation [3], and polym-
erization [4]. Copper(I)-catalyzed azide–alkyne cycloaddition 
(CuAAC) is one of the most useful reactions in click chemistry, 
which has been widely used for connecting a wide variety of 
organic skeletons [5], modification of biomolecules with func-
tional groups [6, 7], and synthesis of polymers with well-defined 
structures [8–13]. Aiming at the synthesis of polymers with well-
defined structures like proteins, our group has been focusing on 
CuAAC polymerization of 3-azido-1-propyne (AP) derivatives 
[14, 15], which possess azide and alkyne moieties linked with 
a carbon atom, to obtain dense triazole polymers. Yamasaki 

et al. [16] synthesized a monomer possessing a t-butyl carbox-
ylate group, that is, t-butyl 4-azido-5-hexynoate (tBuAH). The 
CuAAC polymerization of the monomer yielded poly(tBuAH) 
of Mw = 1.6 × 104, which is soluble in common organic solvents. 
We have synthesized a series of dense triazole oligomers [17] and 
polymers derived from 4-azido-5-hexynoate (AH) derivatives 
with various functional groups (e.g., carboxylic acid [18], amide 
[19], amine [20], hydroxy [20], nitrile [21], and alkyl groups [22]) 
in the side chains.

In this study, we report a new dense triazole polymer having 
N-substituted amino acid in the side chain. Amino acids are 
important as building blocks for proteins and are attractive 
functional groups to be introduced into the side chains of 
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dense triazole polymers. Figure  1 shows the chemical struc-
ture of the polymer used in this study. The monomer unit, 
N-(4-azido-5-hexynoyl)cysteine (AC) is polymerized to yield a 
polymer (poly(AC)). Poly(AC) is synthesized via CuAAC po-
lymerization of the protected monomer followed by deprotec-
tion. Poly(AC) carries 1,2,3-triazole, carboxylic acid, and thiol 
residues, which can serve as potential coordination sites for 
metal ions. The interaction of poly(AC) with metal ions in 
aqueous media is investigated in comparison with those of pre-
viously reported dense triazole polymers to clarify the effects 
of the thiol and carboxylic acid groups: poly(AH) [17] without 
cysteine thiol and poly(tBuAH) [16] without cysteine thiol and 
carboxylic acid.

2   |   Results and Discussion

2.1   |   Synthesis and Characterization of Poly(AC)

Scheme  1 shows the synthesis and polymerization of the 
monomer used in this study. 4-Azido-6-(t-butyldimethylsilyl)
-5-hexynoic acid (1) was prepared according to the procedure 
reported previously [16, 19]. Compound 1 was coupled with a 
protected L-cysteine derivative, t-butyl S-trityl-L-cysteinate 
hydrochloride (H-Cys(Trt)-OtBu·HCl) via amide coupling [19] 
using 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride (EDC) to obtain compound 2. The t-butyldimethylsilyl 
(TBDMS) protecting group for the alkyne group was then depro-
tected with tetrabutylammonium fluoride (TBAF) to obtain 
the monomer (ACtBuTrt, 3). Compound 2 was characterized by 
1H and 13C NMR spectra (Figures S1, S2, respectively). The 1H 
NMR spectrum contains signals ascribable to the protons of tr-
ityl groups in the region of 7.4–7.2 ppm. The signals at 4.5 and 
4.2 ppm are assignable to the methine protons of cysteine and 
the TBDMS-AH residue, respectively. The signals in the re-
gion of 2.6–1.9 ppm are ascribed to the methylene protons. The 
spectrum also contains signals due to the methyl protons of 
TBDMS and O-t-butyl groups in the region of 1.4–0.1 ppm. Two-
dimensional (2D) NMR spectra, that is, correlation spectroscopy 
(COSY) (Figure  S3), heteronuclear single quantum coherence 
(HSQC) (Figure S4), and heteronuclear multiple bond connec-
tivity (HMBC) (Figure S5) are consistent with the attribution of 
signals in 1H and 13C NMR spectra. The electrospray ionization 
mass spectroscopy (ESI-MS) chart of 2 (Figure S6) shows a sig-
nal ascribed to the sodium adduct of 2 at m/z = 691.3107 (calcd. 
691.3109). ACtBuTrt (3) was characterized by 1H and 13C NMR 

spectra (Figures  S1, S2). The 1H NMR spectrum contains sig-
nals ascribable to the protons of trityl groups in the region of 
7.4–7.2 ppm. The signals at 4.5 and 4.2 ppm are assignable to the 
methine protons of cysteine and the AH residue, respectively. 
There is a signal due to the ethynyl proton at ca. 2.6 ppm, which 
overlaps with the signals of methylene protons in the region of 
2.6–1.9 ppm. The spectrum contains signals due to the methyl 
protons of O-t-butyl groups at 1.4 ppm, but no signals due to 
those of the TBDMS group. The ESI-MS chart of 3 (Figure S6) 
contains a signal due to the sodium adduct of 3 at m/z = 577.2252 
(calcd. 577.2244). These observations are indicative of the suc-
cessful synthesis of the monomer.

ACtBuTrt was then polymerized by CuAAC to obtain a dense 
triazole polymer carrying protected cysteine residues in the 
side chain (poly(ACtBuTrt)). O-t-Butyl and S-trityl groups were 
then deprotected to yield poly(AC). Figure 2 shows 1H NMR 
spectra for ACtBuTrt, poly(ACtBuTrt), and poly(AC). It should be 
noted here that signal c (the methine proton in ACtBuTrt) in the 
top spectrum was observed at δ = 4.5 ppm, whereas signal c 
(the methine proton in poly(ACtBuTrt)) in the middle spectrum 
was observed at a lower magnetic field (δ = 6.0 ppm), indicative 
of successful CuAAC polymerization [16]. The 1H NMR spec-
trum for the sample deprotected contains almost no signals as-
cribable to O-t-butyl (δ = 1.2 ppm) and S-trityl (δ = 7.4–6.9 ppm) 
groups, indicating that the deprotection reactions proceeded 
quantitatively (90% for O-t-butyl and 99% for S-trityl). The 13C 
NMR spectrum (Figure S8) exhibits signals ascribable to the 
carbonyl carbons in the region of 182–172 ppm. Signals due to 
the 1,2,3-triazole carbons are observed at ca. 145 and 122 ppm. 
There are signals assignable to the methine and methylene 
carbons in the region of 65–25 ppm. These observations are 
indicative of the formation of poly(AC). The poly(AC) sam-
ple was then dialyzed against water and neutralized using 
sodium hydroxide (NaOH) to obtain a water-soluble polyan-
ion in the form of sodium salt (poly(AC)Na). The Mw values 
were determined to be 1.6 × 104 and 2.7 × 104 for poly(AC) and 
poly(AC)Na, respectively, by size exclusion chromatography 
(SEC) measurements (Figure  S9). These values indicate no 
significant difference in the Mw of non-neutralized and neu-
tralized samples. It was not possible to remove the Cu catalyst 
completely by the chelating agent, for example, tetrasodium 
ethylenediaminetetraacetate (EDTA·4Na) and N,N,N′,N″,N″-
pentamethyldiethylenetriamine (PMDETA) (data not shown) 
[16, 19]. As the experimental section described, the elemental 
analysis data exhibited that the poly(AC) sample contained ca. 
10 mol% Cu ion per monomer unit, indicating that ca. 90% of 
the AC units are free from Cu ions. Thus, it is likely that there 
was only a small effect of the residual Cu ions on the results 
reported in the following subsections.

2.2   |   Cd2+ Adsorption Capability and Loading 
Capacity

The interactions of poly(AC) with metal ions were studied in 
terms of the adsorption of metal ions to the polymer in aque-
ous solutions. Here, the interactions of the poly(AC)Na and 
poly(AH)Na samples with Cd2+ were investigated by estimat-
ing the Cd2+ removal capability and loading capacity of the 
polymer samples using a colorimetric assay (Figure  3). The FIGURE 1    |    Chemical structure of poly(AC).
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amount of Cd2+ adsorbed was evaluated using poly(AC)Na, 
poly(AH)Na, and poly(tBuAH) [16] (Figure  3a). As shown 
in Figure  3b, a solution of poly(AC)Na or poly(AH)Na, or a 
suspension of poly(tBuAH) was mixed with a Tris–HCl buf-
fer (10 mM, pH 7.4) containing Cd2+, followed by stirring for 
1 h and centrifugation at 3500 rpm in the ultrafiltration device 
(MWCO = 1 kDa). It should be noted here that almost no poly-
mer chains passed through the filter under these conditions 
(Figure  S10). The molar concentration of Cd2+ (CCd) in the 
filtrate was determined using a colorimetric assay based on 
cadion as a Cd2+-specific dye. Plots in Figure 3c demonstrate 
CCd in the filtrate after the ultrafiltration of a mixed solution in 
the absence and presence of poly(AC)Na, poly(AH)Na (0.0001, 
0.001, 0.01, and 0.1 g L−1), or poly(tBuAH) (0.1 g L−1). As can 
be seen in the plots, CCd in the filtrate is smaller at a higher 
polymer concentration, indicative of the adsorption of Cd2+ to 
the polymer samples. The bar graphs in Figure 3d display the 
molar amount of Cd2+ adsorbed per unit weight (qCd in mmol 
g−1, see Figure  S11 for calculation) of the polymer samples. 
This graph indicates that the maximum values for poly(AC)Na 
and poly(AH)Na (qCd = 4.8 and 10 mmol g−1, respectively) at 
Cp = 0.0001 g L−1 are comparable to or larger than those re-
ported to date for other bio-based [23–26], inorganic [27–30], 
organic [31–34], and hybrid materials [35–41]. It is noteworthy 

that the qCd value for poly(AH)Na is higher than that of ze-
olite nanoparticles coupled to poly(vinyl alcohol) nanofibers 
(7.5 mmol g−1) [42], which is the largest adsorption capacity to 
date [43]. On the other hand, Cd2+ ions were removed com-
pletely at Cp ≥ 0.1 g L−1. This Cp value is comparable to those of 
previous works [43, 44].

To discuss from a molecular perspective, the amount of Cd2+ 
adsorbed per monomer unit (q'Cd in mol mol−1) was estimated by 
multiplying qCd (in mmol g−1) by the molar mass of the monomer 
unit (Figure 3e). The q'Cd value of poly(AH)Na was larger than 
that of poly(AC)Na. It should be noted here that these q'Cd values 
are higher than the ratios of Cd2+ to the monomer unit at which 
the charge of Cd2+ is neutralized by the thiolate and carboxylate 
residues (1 for poly(AC)Na and 0.5 for poly(AH)Na). These data 
indicate that not only thiol and carboxylic acid residues but also 
1,2,3-triazole residues serve as metal binding sites [45].

2.3   |   Isothermal Titration Calorimetry (ITC) 
Measurements

Since the colorimetric assay data were indicative of the in-
teractions of poly(AC)Na samples with Cd2+, the interaction 

SCHEME 1    |    Synthesis of t-butyl N-(4-azido-5-hexynoyl)-S-tritylcysteine (ACtBuTrt (3)) and CuAAC polymerization of 3 followed by deprotection 
to obtain poly(AC).
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of poly(AC)Na with metal ions was investigated by ITC from 
the thermodynamic perspective. Here we chose divalent 
metal ions of group 12 elements (Zn2+, Cd2+, and Hg2+). It 
is known that Zn is an essential metal element, whereas Cd 
and Hg are highly toxic heavy metal elements [46]. Figure 4 
shows plots of the additional thermal power (dQ/dt) against 
time and of the enthalpy change (ΔH) against the molar ratio 
of metal ion/monomer unit (r) obtained by the ITC data for 
poly(AC)Na (Figure 4a) and poly(AH)Na (Figure 4b) titrated 
with 10 mM MCl2 (M = Zn, Cd, and Hg) in a Tris–HCl buffer 
(10 mM, pH 7.4). The ΔH data were fitted using the one or two 
independent model. Table  1 summarizes the interaction pa-
rameters obtained. Notably, the data for poly(AC)Na titrated 
with ZnCl2 and CdCl2 were fitted using site #1 with a negative 
ΔH (exothermic, i.e., enthalpy-driven) in the former stage and 
site #2 with a positive ΔH (endothermic, i.e., entropy-driven) 
in the latter stage. The data for HgCl2 were fitted using site #1 
with a negative ΔH (exothermic). In the enthalpy-driven pro-
cess, poly(AC) chains may adsorb Zn2+, Cd2+, and Hg2+ ions 
through electrostatic interaction. In the entropy-driven pro-
cess, on the other hand, counterions and hydrated water mol-
ecules may be released from poly(AC) chains upon interaction 
with Zn2+ and Cd2+ ions, followed by intra- and interpolymer 
aggregations. It should be noted here that the apparent KD val-
ues for poly(AC) with Zn2+ and Hg2+ are in the order of 10−5–
10−4 M, which are larger than those for phytochelatin, metal 
ion-binding polypeptides (γGlu-Cys)n-Gly (n = 2–11) used by 

plants [47], and those for phytochelatin analogs, for example, 
(αGlu-Cys)4-Gly [48]. The apparent KD values for poly(AC) are 
comparable to those for glutathione [47], a monomer of phy-
tochelatin, and random peptides mimicking phytochelatin, 
oligo(Glu-co-Cys) [49].

The interactions of poly(AC)Na with metal ions are compared 
with those of poly(AH)Na [18] to clarify the effect of the thiol 
group in the cysteine residue. (Here, poly(tBuAH) [16] was 
not used due to its poor solubility in water.) The ΔH data for 
poly(AH)Na titrated with ZnCl2, CdCl2, and HgCl2 were fitted 
using the two independent models. Table 1 also summarizes the 
interaction parameters obtained. Notably, the ΔH values for sites 
#1 and #2 are negative (exothermic) and positive (endothermic) 
for ZnCl2, CdCl2, and HgCl2.

Intriguingly, the interaction of poly(AC)Na with Hg2+ does 
not involve an endothermic (entropy-driven) process. It is 
thus likely that poly(AC)Na chains capture Hg2+ through 
the electrostatic interaction of free carboxylate and thiolate 
groups with these ions. Notably, the titration curves for the 
poly(AC)Na/HgCl2 and poly(AH)Na/HgCl2 systems show 
spikes throughout the titration. This is presumably because 
of the larger heat of dilution for HgCl2 compared to those for 
ZnCl2 and CdCl2 in a Tris–HCl buffer (Figure  S12), which 
causes excess heat feedback from the ITC system. Overall, 
the calorimetric data supported that both poly(AC)Na and 

FIGURE 2    |    1H NMR spectra for ACtBuTrt (top), poly(ACtBuTrt) (middle), and poly(AC) (bottom) (DMSO-d6). EA: ethyl acetate.

 26424169, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pol.20240752 by T

he U
niversity O

f O
saka, W

iley O
nline L

ibrary on [18/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



5 of 10

poly(AH)Na interact with Zn2+, Cd2+, and Hg2+. The interac-
tions of poly(AH)Na with the metal ions are predominantly 
endothermic, whereas the interaction of poly(AC)Na are pre-
dominantly exothermic.

2.4   |   Transmittance Measurements

The interactions of poly(AC)Na and poly(AH)Na with Zn2+, 
Cd2+, and Hg2+ were also studied by transmittance measure-
ments in a Tris–HCl buffer (10 mM, pH 7.4). Figure  5 shows 
the transmittance at 500 nm (%T500) for the poly(AC)Na/
MCl2 and poly(AH)Na/MCl2 systems as a function of r (i.e., 
the molar ratio of metal ion/monomer unit). Here the concen-
tration of the polymer was fixed at 0.80 g L−1 (2.9 and 4.6 mM 
for AC and AH units, respectively). In the poly(AC)Na/ZnCl2 
system (Figure  5a), %T500 is almost constant independent of 
r. In the poly(AC)Na/CdCl2 and poly(AC)Na/HgCl2 systems 

(Figure  5a), on the other hand, %T500 decreases with r. These 
observations indicate that interpolymer aggregates were formed 
through complexation of poly(AC)Na with Cd2+ and Hg2+. It 
should be noted here that %T500 commences to decrease rap-
idly at r ~ 0.3 for the poly(AC)Na/CdCl2 system. The %T500 de-
crease is indicative of phase separation at r > 0.3, in which the 
endothermic event was observed in the ITC measurement. In 
the poly(AH)Na/ZnCl2 system (Figure 5b), %T500 commences to 
decrease significantly at r ~ 0.2, indicative of phase separation at 
r > 0.2. In the poly(AH)Na/CdCl2 and poly(AH)Na/HgCl2 sys-
tems (Figure  5b), on the other hand, %T500 seems to decrease 
slightly with r.

3   |   Conclusion

In this study, we have designed and synthesized a new dense tri-
azole polymer with cysteine in the side chains. The water-soluble 

FIGURE 3    |    (a) Chemical structures of polymers for Cd2+ ion adsorption measurements. (b) Schematic illustration of the ultrafiltration experi-
ments and colorimetric assay to determine the Cd2+ concentration in the filtrate. (c) The concentration of Cd2+ in the filtrate (CCd) and (d) the amount 
of Cd2+ bound to 1 g of polymer (qCd) for poly(AC)Na, poly(AH)Na and poly(tBuAH) as a function of polymer concentration (Cp). (e) The number of 
Cd2+ bound to the monomer unit (q'Cd) for poly(AC)Na and poly(AH)Na as a function of Cp.
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polymer, poly(AC)Na, was obtained by CuAAC polymerization 
of the monomer carrying N-substituted cysteine with protected 
thiol and carboxylic acid groups, followed by deprotection and 
neutralization. The interactions of poly(AC)Na with Cd2+ ions 
and group 12 metal ions (Zn2+, Cd2+, and Hg2+) in aqueous solu-
tions were investigated using the colorimetric assay and ITC 
measurements, respectively. The maximum values of Cd2+ ad-
sorption capacity (qCd) for both the poly(AC)Na and poly(AH)Na 
samples were comparable to or higher than those for the Cd2+ 
adsorption materials reported previously, whereas the amount 
needed for complete removal of Cd2+ ions was comparable to 
those of previous works. The number of Cd2+ ions adsorbed 
per monomer unit was larger than that predicted for simple 
metal–ligand (thiol and carboxylate) interactions, indicating 
that not only the cysteine residues but also the dense triazole 
polymer backbone serves as binding sites for Cd2+ ions. The 
ITC data indicated that the interactions of poly(AC)Na with 
metal ions were predominantly exothermic, contrasting with 
those of poly(AH)Na, which carries no cysteine thiol groups. 

The transmittance data indicated that phase separation oc-
curred upon the complexation of poly(AC)Na with Cd2+ and 
poly(AH)Na with Zn2+, respectively.

4   |   Experimental Section

4.1   |   Measurements

1H, 13C, and 2D (COSY, HSQC, HMBC) NMR measurements 
were carried out on a JEOL JNM ECA500, ECS400, or Bruker 
AVANCE NEO 700  spectrometer at 25°C using chloroform-d 
(CDCl3), deuterium oxide (D2O) or dimethyl sulfoxide-d6 
(DMSO-d6) as a solvent. Chemical shifts were referenced to 
the signal due to tetramethylsilane (0 ppm for 1H and 13C) for 
CDCl3 and DMSO-d6, and to the signal due to HOD for D2O 
(4.79 ppm at 25°C and 4.31 ppm at 70°C). MS data were ob-
tained on a ThermoFisher Scientific Orbitrap XL using an ESI 
source. Methanol was used as a solvent. Internal calibration 

FIGURE 4    |    Plots of differential thermal power (dQ/dt, DP) versus time and enthalpy (ΔH) versus the molar ratio (r) of metal ions versus monomer 
unit by titrating (a) poly(AC)Na (0.80 g L−1) or (b) poly(AH)Na (0.40 g L−1) in the cell with ZnCl2 (10 mM), CdCl2 (10 mM), or HgCl2 (10 mM) in the 
syringe. The best-fit curves for ΔH data using the one or two independent models are shown (solid red lines).
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of ESI-MS was carried out using the monoisotopic peaks of 
sodium adducted ion of diethylphthalate (m/z 314.1410), pro-
tonated ion of di-2-ethylhexylphthalate (m/z 391.2843), and so-
dium adducted ion of di-2-ethylhexylphthalate (m/z 413.2662). 
SEC experiments were carried out at 25°C on an HPLC system 
(CBM-20A/LC-20 AD/SIL-10AXL/DGU-20A3R/CTO-20 AC/
RID-20A (Shimadzu, Kyoto, Japan)) equipped with an Asahipak 
GF-1G 7B guard column and an Asahipak GF-7 M HQ column 
(Resonac, Tokyo, Japan), using a Tris–HCl buffer (10 mM) as the 
eluent at a flow rate of 0.7 mL min−1. The molecular weights were 
calibrated with the ReadyCal-Kit poly(ethylene glycol (PEG)/
poly(ethylene oxide) (PEO) (PSS Polymer Standards Service 
GmbH, Mainz, Germany). Sample solutions were filtered with 
a DISMIC-13HP PTFE 0.20 μm filter just prior to injection. ITC 
measurements were carried out with a MicroCal PEAQ-ITC 
using aqueous solutions using a Tris–HCl buffer (10 mM, pH 7.4) 
as a solvent. The ITC data were analyzed using the Nanoanalyze 
software (TA instruments, New Castle, DE, USA). Adsorption 
of Cd2+ to the polymer in solution was investigated as follows. 
A Tris–HCl buffer solution (10 mM, pH 7.4) containing polymer 
and CdCl2 was stirred for 1 h and was filtered through an ul-
trafiltration device (molecular weight cut off (MWCO) = 1 kDa). 
The concentration of Cd2+ in the filtrate was determined ac-
cording to the protocol of the Spectroquant Cadmium Test kit 
(Merck, Darmstadt, Germany) using a Spectroquant Prove 600 
UV-visible spectrophotometer (Merck, Darmstadt, Germany). 
Transmittance measurements were carried out with a UV-2600 
spectrometer (Shimadzu, Kyoto, Japan) using a 1.0 cm path 
length quartz cuvette.

4.2   |   Materials

Hexane, diethyl ether, ethyl acetate, tetrahydrofuran (THF), 
dimethyl sulfoxide (DMSO), methanol, acetic acid (AcOH), 
aqueous HCl (1 M), NaOH, ZnCl2, CdCl2, HgCl2, tris(hy-
droxymethyl)aminomethane, CDCl3, and DMSO-d6 were pur-
chased from FUJIFILM Wako Pure Chemical Corp. (Osaka, 
Japan). A solution of TBAF in THF (1 M), EDC, and PMDETA 
were purchased from Tokyo Chemical Industry Co. Ltd. (Tokyo, 
Japan). Citric acid, N,N-diisopropylethylamine (DIPEA), 
1-hydroxybenzotriazole (HOBt), trifluoroacetic acid (TFA), di-
chloromethane (DCM), N,N-dimethylformamide (DMF), tet-
rasodium ethylenediaminetetraacetate (EDTA·4Na), sodium 

TABLE 1    |    Fitting parameters determined using the ITC data in Figure 4.

Polymer/metal ion

Site #1 Site #2

KD/M N ΔH/kJ mol−1 ΔS/J mol−1 K−1 KD/M N ΔH/kJ mol−1 ΔS/J mol−1 K−1

Poly(AC)Na/Zn2+ 5.5 × 10−5 0.10 −3.4 70 2.6 × 10−4 0.19 14 73

Poly(AC)Na/Cd2+ 3.5 × 10−4 0.14 −8.7 37 5.8 × 10−5 0.40 1.7 87

Poly(AC)Na/Hg2+ 2.7 × 10−5 0.11 −4.8 72 — — — —

Poly(AH)Na/Zn2+ 1.1 × 10−4 0.28 −18 15 8.8 × 10−5 0.31 20 1.4 × 102

Poly(AH)Na/Cd2+ 2.3 × 10−5 0.29 −7.2 65 2.5 × 10−5 0.21 9.0 1.2 × 102

Poly(AH)Na/Hg2+ 1.4 × 10−4 0.29 −47 −85 1.3 × 10−4 0.29 47 2.3 × 102

FIGURE 5    |    Transmittance at λ = 500 nm (%T500) for (a) the poly(AC)
Na/MCl2 and (b) poly(AH)Na/MCl2 systems as a function of r, the molar 
ratio of metal ion/monomer unit, in a Tris–HCl buffer (10 mM, pH 7.4). 
The polymer concentration was fixed at 0.80 g L−1 (2.9 and 4.6 mM for 
AC and AH units, respectively). M = Zn (blue circle), Cd (red square), 
and Hg (green triangle).
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bicarbonate (NaHCO3), sodium chloride (NaCl), sodium sul-
fate (Na2SO4), and copper(I) bromide (CuBr) were purchased 
from Nacalai Tesque Inc. (Kyoto, Japan). H-Cys(Trt)-OtBu·HCl 
was purchased from Watanabe Chemical Industries Co. Ltd. 
(Hiroshima, Japan). All the reagents were used without purifi-
cation. For thin layer chromatography (TLC) analysis through-
out this work, Merck precoated TLC plates (silica gel 60 F254) 
were used. The products were purified by column chromatog-
raphy using silica gel 60 (Nacalai Tesque, spherical, neutrality). 
4-Azido-6-(t-butyldimethylsilyl)-5-hexynoic acid (Scheme  1-1) 
was prepared according to previous reports [16, 19].

4.3   |   Synthesis and Characterization of Monomers 
and Polymers

4.3.1   |   Synthesis of t-Butyl N-(4-Azido-6-
(t-Butyldimethylsilyl)-5-Hexynoyl)-S-Tritylcysteinate (2)

EDC (88 mg, 0.46 mmol), HOBt (73 mg, 0.48 mmol), and DIPEA 
(92 μL, 0.53 mmol) were added to a solution of 4-azido-6-(t-b
utyldimethylsilyl)-5-hexynoic acid (1) (0.11 g, 0.41 mmol) in 
DCM (5.0 mL) and the mixture was stirred at 0°C for 15 min. 
H-Cys(Trt)-OtBu·HCl (0.18 g, 0.40 mmol) was added to the mix-
ture. After stirring at room temperature for 30 h, the organic 
phase was washed with saturated NaHCO3 (3 × 90 mL), satu-
rated NaCl (3 × 20 mL), and dried with Na2SO4. After remov-
ing the volatile fractions, the product was purified by column 
chromatography using a mixed solvent of hexane and ethyl ac-
etate (3/1, v/v) as an eluent. Volatile fractions were removed to 
obtain 2 as a pale yellow oil (194 mg, 0.29 mmol, 78%). 1H NMR 
(500 MHz, [D]chloroform, 298 K, TMS): δ 7.43–7.36 (m, 6H, Ar 
H), 7.33–7.25 (m, 6H, Ar H), 7.25–7.17 (m, 3H, Ar H), 5.94 (dd, 
J = 7.8, 3.4 Hz, 1H, amide NH), 4.55–4.48 (m, 1H, CH), 4.25–4.21 
(m, 1H, CH), 2.63 (dd, J = 12.0, 5.4 Hz, 1H, CH2), 2.51 (dd, 
J = 12.0, 4.5 Hz, 1H, CH2), 2.32 (t, J = 7.3 Hz, 2H, CH2), 2.06–1.92 
(m, 2H, CH2), 1.44 (s, 9H, CH3), 0.95 (s, 9H, CH3), 0.14 (s, 6H, 
CH3). HRMS (ESI) m/z: [M + Na]+ calcd for C38H48N4NaO3S, 
691.3109; found, 691.3107.

4.3.2   |   Synthesis of t-Butyl N-(4-Azido-5-Hexynoyl)-S-
Tritylcysteinate (ACtBuTrt, 3)

AcOH (0.23 mL, 4.0 mmol) was added to a solution of 2 (2.66 g, 
3.98 mmol) in THF (70 mL) at −20°C under a nitrogen atmo-
sphere. The solution was stirred for 10 min, and a solution of 
TBAF in THF (1 M, 5.3 mL, 5.3 mmol) was added to the solu-
tion dropwise. After stirring for 50 min, the reaction mix-
ture was allowed to warm to room temperature with stirring 
for 21 h. An aqueous solution of 10% citric acid (30 mL) was 
added to the reaction mixture. The product was extracted with 
ethyl acetate (3 × 50 mL). The organic phases were combined, 
and the combined organic layer was washed with saturated 
NaHCO3 (3 × 10 mL) and saturated NaCl (5.0 mL). The organic 
layer was dried with Na2SO4. After filtration, volatile frac-
tions were removed under reduced pressure. The product was 
purified by column chromatography using a mixed solvent of 
hexane and ethyl acetate (4/1–1/1, v/v) as an eluent. After re-
moving the solvents, ACtBuTrt (3) was obtained as a pale yellow 
oil (1.45 g, 2.62 mmol, 66%). 1H NMR (500 MHz, [D]chloroform, 

298 K, TMS): δ 7.42–7.32 (m, 6H, Ar H), 7.31–7.22 (m, 6H, Ar 
H), 7.22–7.15 (m, 3H, Ar H), 5.89 (d, J = 7.8 Hz, 1H, amide NH), 
4.52–4.44 (m, 1H, CH), 4.21 (td, J = 6.8, 2.3 Hz, 1H, CH), 2.60 
(ddd, J = 12.1, 5.5, 2.9 Hz, 2H, CH2), 2.56 (d, J = 2.3 Hz, 1H, CH), 
2.30 (t, J = 7.4 Hz, 2H, CH2), 2.04–1.94 (m, 2H, CH2), 1.41 (s, 9H, 
CH3). HRMS (ESI) m/z: [M + Na]+ Calcd for C32H34N4NaO3S, 
577.2252; Found, 577.2244.

4.3.3   |   Synthesis of Poly(ACtBuTrt)

CuBr (53 mg, 0.37 mmol) was added to a solution of ACtBuTrt 
(1.6 g, 2.8 mmol) in dry DMF (3.8 mL). The reaction solution was 
stirred at 60°C for 48 h. After the reaction mixture was cooled 
down to room temperature, the solvent was removed under 
reduced pressure. The residue was dissolved in ethyl acetate 
(50 mL) and washed with 0.5 M EDTA·4Na aqueous solution 
(3 × 50 mL). The organic layer was dried with Na2SO4. After fil-
tration, volatile fractions were removed under reduced pressure. 
The polymer obtained was purified by reprecipitation three 
times using a pair of DMF (2.0 mL) and diethyl ether (40 mL) as 
good and poor solvents. After drying under reduced pressure, 
the polymer was obtained as a brown powder (1.07 g, 67%).

4.3.4   |   Synthesis of Poly(AC)Na

TFA (27.5 mL) and water (28.8 μL) were added to poly(ACtBuTrt) 
(466 mg) and the mixture was stirred at 80°C for 48 h. After the 
reaction mixture was cooled down to room temperature, the 
solvent was removed under reduced pressure. The polymer ob-
tained was purified by reprecipitation three times using DMF 
(2.0 mL) and a mixed solvent of hexane and diethyl ether (1/1, 
v/v) (40 mL) as good and poor solvents to remove TFA and by-
products of deprotection. A Tris–HCl buffer (10 mM, pH 7.4, 
10 mL) was added to the precipitate, and the mixture was fil-
tered to extract the water-soluble fraction of the polymer. The 
filtrate was dialyzed against water using a dialysis membrane 
(MWCO = 1 kDa) for 14 h. After removing the solvent, poly(AC) 
was recovered as a dark brown solid. Poly(AC) was mixed with 
aqueous NaOH (0.1 M, 1.04 mL). After removing the solvent, 
poly(AC)Na (20 mg, 9%) was obtained. Anal. Calcd for poly(AC) 
sample: (​C9​H​12​N4​O​3S​)0​.89​(C​13​H​20​N4​O​3S​)0​.1​(C​28​H2​6N​4​O3​S)​
0.​01(H2O)1.5(CuO)0.1: C 38.48, H 5.37, N 18.72; Found: C 38.47, H 
4.87, N 16.95 (ash 6.79).

4.3.5   |   Neutralization of Poly(AH)

Poly(AH)Na was prepared according to the same procedure as 
that of poly(AC)Na. Poly(AH) (10.9 mg), aqueous NaOH (0.1 M, 
0.71 mL). Yield: 7.7 mg, 62%.
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