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We have designed novel macromolecular coordination ligands (MCLs) by conjugation of thermo-
responsive polymers based on poly(N-isopropylacrylamide) (M, around 3 to 25 kg mol™) with 1,2,4-tri-
azole coordination sites. These triazole units were integrated into two fundamentally different MCL archi-
tectures via reversible addition—-fragmentation chain transfer polymerization following two synthetic strat-
egies: (I) The customized chain transfer agent 1-{[3-(4H-1,2,4-triazol-4-yl)propyllamino}-2-methyl-1-
oxopropan-2-yl dodecyl carbonotrithioate (DMP-APTRZ) was employed for hemi-telechelic MCLs with a
single triazole end group. () A tailored comonomer N-[3-(4H-1,2,4-triazol-4-yl)propyllmethacrylamide
(APTRZMAAM) provides access to multidentate MCLs with a controllable number of triazole side groups
along the polymer backbone. The thermally controlled variation of the MCL volume demand in aqueous
solution was exploited for reversible aggregate formation upon Fe?* complexation. Thermal response was
studied via UV/Vis turbidity measurements, aggregate dimensions were determined via DLS, while the
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1. Introduction

Reversible structure formation at the molecular and supramo-
lecular level is of fundamental relevance for vital processes in
living organisms, as for example showcased in the current
research highlights about liquid-liquid phase transitions of
dissolved proteins in membrane-less organelle formation.' ™
Such concepts also play an increasing role for the bio-inspired
design of modern materials and their implementation in
advanced technical applications. The underlying reversible
transitions are driven by variation of the intermolecular inter-
actions depending on the system conditions, such as tempera-
ture. This is exemplified by the aggregation behaviour of
thermoresponsive polymers or by the bonding strength
between ligand and central ion in coordination complexes.>®
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aggregate morphology was analyzed via customized TEM.

The combination of these two structure-forming classes is
expected to yield a synergistic behaviour that goes beyond the
characteristic properties of the individual building blocks,
which is the motivation for the present work.

The fundamental bonding motif in the class of metal com-
plexes is typically provided by an electron-donor-acceptor
arrangement (Lewis acid-base pair) between the central ion
and an appropriate ligand.”® If the inorganic or organo-
metallic coordination motifs occur repetitively as backbone-
forming elements in an extended macromolecular scaffold,
such structure is labelled coordination polymer;*>°™" in con-
trast, the term metallopolymer is defined as macromolecular
structures with an organic backbone, that integrates metal
complexes in the molecular framework.">™** If a single coordi-
nation site is localized at one end of the polymer chain, the
particular architecture is referred to as hemi-telechelic. This
structural concept was the basis for one of the two main strat-
egies that have been pursued in the present work to engineer
responsive polymer-metal complexes. The second architectural
strategy is targeting macromolecular structures with multiple
coordination sites distributed along the polymer backbone,
termed here as multidentate ligands. Upon coordination with
a metal centre, the formed complexes act as chemical network
junctions, resulting in molecular scaffolds known as metal-
organic coordination-networks."®

This journal is © The Royal Society of Chemistry 2021
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Functionalized triazole derivatives offer strong coordinative
interactions with numerous metal ions such as Fe**, Cu**, zn*",
Ag" and surfaces of nanoparticles."”*° They can be utilized as
antibacterial-, antitumoral-, and anti-fouling agents, pesticides,
herbicides, dyes, analytical reagents, and lubricants, beyond
some unique spin crossover (SCO) properties.®*** In particu-
lar, 1,2,4-triazoles exhibit three main coordination modes with
Fe** jons, comprising mono- and bidentate bindings, as well as
the more stable triple N'N*bridging mode.® In this latter geo-
metry, the octahedrally coordinated iron ions are bridged via tri-
azole rings and typically form an extended 1D-coordination
structure (usually insoluble in water). This reduces the electro-
static repulsion of the central ions (Fig. 1i) and has led to far
unprecedented SCO properties depending on the specific
details of counterions and the ligand structure.’ Synthetic
modification of the ligand in its 4-position furthermore allows
convenient tuning of the coordination properties, as documen-
ted for 1,2,4-triazole-1-yl-propylamine (APTRZ).>®

The introduction of polymeric building blocks for the afore-
mentioned coordination structures provides an elegant possi-
bility to tune the architectural details via the design of the
macromolecular framework (such as the chain lengths deter-
mined during synthesis),”® while tuning also their intrinsic
properties e.g. solubility. Few examples demonstrating the ver-
satility of polymeric ligands as building blocks to enable
complex functions are reported in the recent literature: (i)
mechanochromic sensors utilizing reversible metal-ligand dis-
sociation of telechelic coordination polymers,”” (ii) self-
healing polymers based on reversible triazole coordination,?®
(iii) metallocopolymer networks with designable multicoloured
photoluminescence.”® Beyond these examples, going one step
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further and endowing the polymer with thermoresponsive
behaviour enables additional dynamic control over the struc-
tural dimensions by an external temperature stimulus. The sol-
vation state of the responsive chain in aqueous solution can be
reversibly switched by the external stimulus of temperature,
inducing a coil-to-globule transition.>® For example, such
thermoresponsive switching of the swelling behaviour was pre-
viously demonstrated for a polymeric host-guest system via a
reversible complexation/decomplexation process of a cyclodex-
trin copolymer through molecular recognition.®" Various
systems based on macromolecular structures that combine
metal complexation and responsiveness have been reported in
the literature.'***>33 Inspired by this body of research, we
have chosen to study dynamic structure formation of novel
metal-polymer complexes based on metal-coordination motifs
with thermoresponsive polymer ligands.

For this purpose, a 1,2,4-triazole unit was conjugated with
thermoresponsive poly(N-isopropylacrylamide) (PNIPAAm) to
yield a LCST-type macromolecular coordination ligand (MCL)
for Fe** complexation. As one of the most studied examples
for thermoresponsive polymers, PNIPAAm in aqueous
solution shows a robust LCST transition near body tempera-
ture (32 °C) and is well-accessible via various synthetic
routes.>® Amongst these, reversible addition-fragmentation
chain transfer polymerization (RAFT)***® represents a power-
ful method to fabricate very defined polymers with controlled
molar mass and desired end group.’® The 1,2,4-triazole end
group was introduced by the chain transfer agent (CTA) via
RAFT polymerization in presence of 1-{[3-(4H-1,2,4-triazol-4-yl)
propylJamino}-2-methyl-1-oxopropan-2-yl ~ dodecyl carbono-
trithioate (DMP-APTRZ, section 3.1.1).
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Fig. 1 Schematics of the anticipated structural organization for short (a—d) and long (e—h) hemi-telechelic macromolecular coordination ligands
P3-25k (with triazole end groups) in dependence of iron(i) ion coordination and thermal variation of the solvation state. A one-dimensional arrange-
ment by N*,N2-bridging® of the 1,2,4-triazole units is illustrated for the divalent iron-polymer complexes (i). The triazole units are represented by

pentagons and the C12 alkyl chains by short red lines.
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For these thermoresponsive macromolecular coordination
ligands, the thermally-dependent solution- and coordination
behaviours were studied in presence of iron(n) ions via UV-Vis
spectroscopy, DLS and cryo-TEM. Particularly, a structure-
property relationship was established for the two distinct
architectures: the hemi-telechelic and multidentate design.

2. Experimental

2.1. Materials

The used solvents (ethanol, ethyl acetate, hexane, methanol
(98.5%, VWR), chloroform (99%, VWR), dichloromethane
(99.9%, Fisher Scientific)) were of technical purity unless
specified otherwise. The distilled water was obtained from
MilliQ apparatus (resistivity 182 MQ cm).
N-Isopropylacrylamide (99%, Acros Organics, recrystallized
from hexane/toluene (1:4)), carbon disulfide (99%, Sigma-
Aldrich), 2,2'-azobis[2-(2-imidazolin-2-yl)propane] dihy-
drochloride (98%, Wako Chemicals), 2-methacrylic acid (99%,
Sigma-Aldrich), formic hydrazide (98%, Alfa Aesar), triethyl
orthoformate (98%, Alfa Aesar), 3-aminopropan-1-ol (99%, Alfa
Aesar), triphenylphosphine flakes (99%, Alfa Aesar), diisopro-
pyl azodicarboxylate (94%, Alfa Aesar) and hydrazine monohy-
drate (>98%) were purchased from Alfa Aesar and stored under
inert atmosphere and in a dark place at 0-4 °C. Phthalimide
(99%, Alfa Aesar), L-ascorbic acid (99%, Alfa Aesar), azobisiso-
butyronitile (AIBN) (99%, Acros Organics), 4-(dimethylamino)-
pyridine (99.9%, Acros Organics), aqueous ammonia (25%,
Roth Chemicals), N,N'-dicyclohexylcarbodiimide (99%, Sigma-
Aldrich), 2-bromo-2-methylpropionic acid (>98%, Alfa Aesar),
3-(ethyliminomethyleneamino)-N,N-dimethylpropane-1-amine
(99%, Roth), THF (99.9%, Fisher Scientific), triethylamine
(99%, Alfa Aesar), 1-dodecanethiol (>98%, Sigma-Aldrich),
N-hydroxysuccinimide (98%, Alfa Aesar) were used as received.
Dioxane (98%, Roth Chemicals) was freshly distilled. Absolute
ethanol (99.9%, Sigma Aldrich), Fe(BF,),-6H,0 (99%, Sigma
Aldrich) were stored under inert conditions. Other dried sol-
vents were prepared through refluxing for one day under nitro-
gen over the appropriate drying agents (sodium-naphthalene
and benzophenone for THF, sodium-benzophenone and
calcium hydride for diethyl ether, calcium hydride for aceto-
nitrile, magnesium and iodine for methanol, sodium for
ethanol) and degassed before use. Solvents were stored in
glass ampoules under argon. 2{[(dodecylthio)carbothioyl]thio}-
2-methylpropanoic acid (DMP) and 2-{[(ethylthio)carbothioyl]
thio}-2-methylpropanoic acid (EMP) were synthesized and
checked via TLC, 'H- and *C NMR.

o =

2.2. Analytical techniques

2.2.1. Gel-permeation-chromatography (GPC). The molar
mass distributions and the dispersities of the polymers were
measured by a GPC-system. It consists of a PSS-SECcurity
system Agilent Technologies 1260 infinity, equipped with a
PSS GRAM 100 A column and a 10 pm particle size pre-
column. A solution of DMAc with 0.1% LiBr was used as
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eluent. A sample volume of 20 pL was injected at temperature
of T= 60 °C. A flow rate of 1 mL min~" was adjusted. For cali-
bration, PMMA standards were used (Polymer Standard
Service, Mainz).

2.2.2. NMR measurements. The NMR spectra were
recorded by a Bruker Avance 400 spectrometer. While the "H
NMR measurements were carried out with a frequency of
300 MHz, 400 MHz and 500 MHz, the '*C NMR measurements
were done at a frequency of 100 MHz. All spectra were recorded
at room temperature Z.e. T = 20 °C. As internal standard, the
signals of the deuterated solvents (CHCl;: 'H: 7.26 ppm °C:
77.2 ppm; DMF: 'H: 2.75 ppm, 2.92 ppm, 8.03 ppm; DMSO:
'H: 2.50 ppm, C: 39.52 ppm; MeOD: 'H: 3.31 ppm, C:
49.0 ppm) were used. The chemical shifts were reported in
parts per million (ppm). The signals were assigned using the
MestReNova and SpinWorks 4.2 software.

2.2.3. Turbidity measurements. The lower critical solution
temperature (point of turbidity) was measured on an UV-Vis
spectrophotometer Thermo Fisher Scientific Evolution 220
equipped with a water-cooled Peltier element and an auto-
matic sample changer with stirring bar. Quartz cuvettes (10.0 x
10.0 mm) were used as measuring cells. By default, a 1 wt%
polymer in de-ionized water with 1 K min™" at a wavelength of
A =690 nm was used. The editing and fitting of the raw data
were carried out using the software Origin, with a nonlinear
curve Boltzmann fit. Before the characterization of the triazole
copolymer poly(NIPAAm-co-APTRZMAAmM)-EMP, the aqueous
mixture had to be heated above the cloud point to obtain a
clear, homogeneous solution.

2.2.4. Dynamic light scattering (DLS). The DLS measure-
ments were done with Malvern Zetasizer Nano ZS at different
temperatures in disposable PMMA-cuvettes. A 4 mW He-Ne
laser (633 nm) was used as light source. The hydrodynamic
radius was calculated at 173° angle using the intensity mode.
The editing and fitting of the raw data were carried out using
the software Malvern Zetasizer.

2.2.5. ATR-FTIR spectroscopy. The ATR-FTIR was recorded
by using the FTIR spectrometer of the type Bruker Tensor 27
equipped with an ATR unit. The measurements were per-
formed with 32 scans average and the evaluation of the spectra
was undergone with the software OPUS.

2.2.6. Differential scanning calorimetry (DSC). The DSC
measurements were done with TA Instruments Q 1000 V9.9
Build 303 under inert conditions (N,: 50 ml min™") with 10 K
min~' in TA Instruments hermetic aluminium pans. The
temperature depending measurements were done with the
temperature controller TC HO3.

2.2.7. High-performance liquid chromatography mass
spectrometry (HPLC-MS). The precise molar mass of the syn-
thesized monomer was determined by an HPLC-MS system. It
consists of an Agilent 1100 system equipped with auto
sampler, binary pump, InfinityLab Poroshell column (Agilent,
120 EC-C18, 4.6 x 50 mm, 2.7 um) and photodiode array detec-
tor connected to an Agilent G1946D quadrupole mass spectro-
meter (m/z = 100-650) with an electrospray ionization source
in the positive mode (70 V). A solution of water/acetonitrile

This journal is © The Royal Society of Chemistry 2021
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(95:5) with 0.1 vol% TFA was used as eluent. A sample volume
of 5 uL was injected at temperature of T = 20 °C. A flow rate of
0.4 mL min~" was adjusted. The editing and fitting of the raw
data were carried out using the software ChemStation and
Origin.

2.2.8. Transmission electron microscopy (TEM). For the
TEM investigations, great attention was dedicated to the struc-
ture-preserving preparation. Instead of the usual shock freez-
ing of cryo-TEM preparation, here, the samples were
embedded in a thin, amorphous matrix of trehalose in order
to minimize the changes in the sample structures. For this
purpose, the dispersion was applied to a holey carbon film
and mixed with a solution of trehalose and uranyl acetate.
Excess solution was blotted off with a filter paper to leave a
thin film of trehalose spanning the holes in the carbon film.
TEM micrographs were acquired with a Tecnai F20 operated at
an acceleration voltage of 200 kV. A detailed description can be
found in related references.®”*®

2.3. Synthesis

2.3.1. 3-(4H-1,2,A-triazol-4-yl)propan-1-amine (APTRZ): a
three-step synthesis. The 4-R-1,2 4-triazole derivative 3-(4H-
1,2,4-triazol-4-yl)propan-1-amine (APTRZ) was synthesized via
a three-step route inspired from previously reported
protocols,?*%*° but with impactful modifications to improve
the purification and the yield. In the first step, the intermedi-
ate 3-(4H-1,2,4-triazol-4-yl)propan-1-ol (HYPTRZ) is synthesized
through a modified Bayer synthesis,>>*® followed in the
second step with the synthesis of 2-(3-(4H-1,2,4-triazol-4-yl)
propyl)isoindoline-1,3-dione (PHTPTRZ) by a modified
Mistunobu reaction.”® In the final step, the deprotection of
phtptrz by hydrazine led to the free amine entity 3-(4H-1,2,4-
triazol-4-yl)propan-1-amine (APTRZ).>

Step 1. 3-(4H-1,2,4-Triazol-4-yl)propan-1-ol (HYPTRZ). A
mixture of triethyl orthoformate (18 mL, 108 mmol) and
formyl hydrazine (5.4 g, 90 mmol) in dry methanol (100 mL) is
refluxed for 6 hours under nitrogen atmosphere. Then 3-ami-
nopropanol (6.9 mL, 90 mmol) is added and the resulting solu-
tion is refluxed for additional 24 h. Subsequently, the mixture
is allowed to cool down to room temperature, and the resulting
crude product is recrystallized from dry ethanol and diethyl
ether mixture at low temperature (—32 °C). Finally, the moisture
sensitive white crystalline product is filtered off, washed with cold
diethyl ether, and dried under vacuum. Yield: 8.25 g (72%).
'H NMR (300 MHz, MeOD), § ppm: 8.56 (s, 2H, -N-CH—N), 4.27
(t, 2H, TRZ-CH,-), 3.56 (t, 2H, -CH,~OH), 2.04 (m, 2H, CH,~CH,~-
OH); "*C NMR (300 MHz, MeOD), § ppm: 144.8 (-N-CH=N),
58.9 (TRZ-CH,-), 43.3 (-CH,~OH), 33.0 (-CH,~CH,~OH).

Step 2. 2-(3-(4H-1,2,4-Triazol-4-yl)propyl)isoindoline-1,3-dione
(PHTPTRZ). Diisopropyl azodicarboxylate (9.7 mL, 49.45 mmol,
1.23 equivalent) is added with stirring in small portions to a
solution of triphenylphosphine (PPh;) (12.98 g, 49.45 mmol,
1.23 equiv.) in dry THF (60 mL) at 0 °C under argon, and the
mixture is stirred for 10 min. A suspension of phthalimide
(5.89 g, 40 mmol, 1 equiv.) and 4-(3-hydroxypropyl)-1,2,4-triazole
(HYPTRZ) (5.08 g, 40 mmol, 1 equivalent) in dry acetonitrile

This journal is © The Royal Society of Chemistry 2021
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(60 mL) is added to the reaction mixture at 0 °C, and the result-
ing mixture is stirred overnight at room temperature. The white
precipitate formed was collected using sintered funnel, washed
with cold THF and acetonitrile to obtain a white crystalline
powder. Yield: 8.45 g (82%). 'H NMR (500 MHz, DMF-D7), &
ppm: 8.62 (s, 2H, -N-CH=N-), 7.91-7.89 (m, 4H, H,,), 4.27 (t,
2H, TRZ-CH,-), 3.69 (t, 2H, -CH,-Pth), 2.23 (qi, 2H, ~CH,-
CH,-Pth), "*C NMR (500 MHz, DMF-D7), § ppm: 168.9 (-C=0),
143.9 (-N-CH=N-), 134.9 (~Ca,), 132.8 (-Cay), 123.5 (-Ca,), 42.8
(TRZ-CH,-), 35.4 (-CH,~Pth), 30.5 (-CH,~CH,~Pth).

Step 3. 3-(4H-1,2,4-Triazol-4-yl)propan-1-amine (APTRZ).
Triazole derivative 2-(3-(4H-1,2,4-triazol-4-yl)propyl)isoindo-
line-1,3-dione (PHTPTRZ) (5 g, 19.51 mmol) and NH,NH,-H,O
(5 mL, 103.17 mmol) in 100 mL of ethanol were heated to
reflux for 4 hours. After removal of the phthalhydrazide by fil-
tration at room temperature, the solvent was removed under
reduced pressure to give pale-yellow oil. To ensure that all
phthalhydrazide was removed, 50 mL of acetonitrile was added
and kept at —32 °C overnight, then the resulting precipitate
was filtered and the filtrate concentrated to afford the pure oil.
Yield: 1.98 g (81%). 'H NMR (300 MHz, CDCl;, shown in
Fig. S1f), § ppm: 8.17 (s, 2H, -N-CH=N-), 4.15 (t, 2H,
TRZ-CH,-), 2.71 (t, 2H, -CH,-NH,), 1.89 (m, 2H, ~-CH,~CH,~
NH,), 1.26 (br s, 2H, NH,), "*C NMR (300 MHz, CDCl), § ppm:
143.0 (-N-CH=N-), 42.5 (TRZ-CH,-), 38.3 (-CH,-NH,), 33.7
(-CH,-CH,-NH,).

2.3.2. Active ester 2,5-dioxopyrrolidin-1-yl 2-{[(ethylthio)
carbonothioyl]thio}-2-methylpropanoate (DMP-NHS).
Previously, 2{[(dodecylthio)carbothioyl]thio}-2-methyl-
propanoic acid (DMP) was synthesized according to a modified
procedure of Postma et al. (Fig. $2).*' Then, NHS (1270 mg,
11.00 mmol) was added to a solution of DMP (2 g, 5.50 mmol),
EDC (1.280 g, 8.25 mmol) and TEA (0.556 g, 5.50 mmol) in
DCM (100 mL) under inert atmosphere with rigorous stirring
in a two-neck flask and further stirred for two days at room
temperature. The reaction status was monitored using the TLC
(silica gel, CH,Cl,:CHCl;: MeOH:NH; = 80:13:6:1,
R¢{DMP-NHS) = 0.3). The reaction mixture was concentrated
and the crude product was purified by column chromato-
graphy (silica gel, EtOAc) to obtain the DMP-NHS as a yellow-
ish solid after drying. Yield: 1535 mg (60%). 'H NMR
(400 MHz, CDCl;, shown in Fig. S3at), § ppm: 0.88 (t, 3H,
-CH,-CH3), 1.25-1.39 (m, 18H, —(CH,)y-CHs), 1.68 (p, 2H,
-CH,-CH,~(CH,)y-), 1.87 (s, 6H, -C~(CHs),), 2.81 (br. s, 4H,
-NHS) and 3.30 (t, 2H, -CS;-CH,-). - "*C NMR (100 MHz,
CDCl;, shown in Fig. S3bt), 6 ppm: 14.1 (-CH,-CHj;), 22.7
(-CH,-CH3), 25.6 (-NHS), 27.8 (<(CH,)s-), 29.0 (-(CH,)s-), 29.1
({CHa)s), 294 (-(CHy)), 295 (-(CHy)), 29.6 (-(CHy)so),
29.6 (<(CH,)g-), 31.9 (-CH,~CH,~CHj3), 37.2 (-CS;~CH,-), 54.2
(-C~(CH3),), 168.6 (-COO-, -CONH-) and 218.7 (-CS;-). - IR
(shown in Fig. $47): 1734 cm™" and 1777 cm™" (5-membered
imide ring).

2.3.3. 1-{[3-(4H-1,2,4-Triazol-4-yl)propyl ]amino}-2-methyl-1-
oxopropan-2-yldodecyl carbonotrithioate (DMP-APTRZ)

Via active ester. DMP-NHS (520 mg, 1.13 mmol) and APTRZ
(142 mg, 1.13 mmol) were dissolved in dry dichloromethane

Polym. Chem., 2021, 12, 5598-5612 | 5601
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(50 ml) in a two-neck flask under argon atmosphere. TEA
(114 mg, 1.13 mmol, 156 pL) was added to the above solution
and the reaction mixture was continued to stir for 24 hours.
The TEA-salts were removed by extraction with water (50 mL)
and the organic phase was concentrated under reduced
pressure. The impurities of DMP were removed by column
chromatography (silica gel, EtOAc: hexane = 3: 1) and the pure
product was obtained after a change of eluent (silica gel,
CH,Cl, : CHCl; : MeOH : NH; = 80:13:6:1, iodine indicator,
R{DMP-APTRZ) = 0.44). Since DMP-APTRZ interacts strongly
with the silica gel during column chromatography, the basic
eluent mixture CHCl3/MeOH/NH; (13:6:1) was required to
isolate the product. The product phase was concentrated
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(DMP-APTRZ) = 0.26). The product phase was concentrated to
dryness. Yield: 695 mg (95%).

2.3.4. RAFT polymerization of poly(NIPAAm)-DMP-APTRZ.
The starting precursors DMP-APTRZ, AIBN and NIPAAm were
dissolved in freshly distilled dioxane (15 mL) and placed in a
Schlenk-tube in the molar ratios of
[DMP-APTRZ]: [AIBN]: [NIPAAm]| indicated in Table 1. The
reaction mixtures were degassed by a fivefold cycle of vacuum
and argon flux to eliminate the dissolved oxygen. The reactions
were performed in a preheated sample holder at a temperature
of 70 °C. The polymerizations were quenched after 24 hours by
air and cooling with ice. The polymers were precipitated from
ice cold diethyl ether or hexane.

Table 1 Feed quantities of initiator, CTA and monomer for the RAFT homopolymerizations of the hemi-telechelic ligands

[NIPAAm], : [DMP-APTRZ], : [AIBN], AIBN/mg (umol) DMP-APTRZ/mg (pmol) NIPAAm/mg (mmol)
15.0:1:0.1 4.3 (26.4) 250 (529) 896 (7.98)
25.0:1:0.1° 1.3 (7.9) 75 (159) 448 (3.97)
25.0:1:0.1 2.6 (15.9) 150 (317) 896 (7.98)
50.0:1:0.1° 0.4 (2.6) 25 (53) 298 (2.64)
100.0:1:0.1° 0.4 (2.6) 25 (53) 600 (5.28)
150.0:1:0.1° 0.4 (2.6) 25 (53) 900 (7.92)
150.0:1:0.1 0.9 (5.3) 50 (106) 1793 (15.95)

“Polymers were precipitated in hexane instead of diethyl ether.

under vacuum to dryness. Yield: 78-93%. "H NMR (400 MHz,
CDCl;, shown Fig. S5af), 6 ppm: 0.88 (t, 3H, -CH,-CH,),
1.26-1.38 (m, 18H, —(CH,)y-CHj3), 1.65 (p, 2H, —-CH,-CH,-
(CH,)s-), 1.70 (s, 6H, ~-C~(CHs),), 1.97 (m, 2H, -CH,~CH,-
TRZ), 3.27 (m, 4H, ~CH,~CS3-, ~CH,~(CH,),~TRZ), 4.07 (t, 2H,
-CH,-TRZ), 6.71 (br.s, 1H, -CONH-) and 8.23 (s, 2H, -TRZ).
3C NMR (100 MHz, CDCl;, shown in Fig. S5bt), § ppm: 14.3
(-CH,-CH3), 22.9 (-CH,-CHj), 26.0 (-C-(CHa),), 27.9
(-(CHa)), 29.1 (-(CHy)g-), 292 ((CH)s), 29.5 (~(CH,)s), 29.6
(-(CHo)s), 297 (-(CH,)s), 29.8 ((CHy)s), 29.8 (-(CH)so),
32.0 ((-CH,-CH,-CH;, -CH,-CH,-TRZ), 37.3 (-CH,-CS;-,
-CH,~(CH,),-TRZ), 43.2 (-CH,-TRZ), 57.3 (-C~(CHj;),), 143.0
(-TRZ), 173.4 (-CONH-) and 221.3 (-CS;-). TGA: Tg. = 389.4 K
- DSC: T, = 286.75 K (1.41 ] g71), Ty = 330.85 K (86.15J g7 1).
Via direct coupling. The triazole derivative APTRZ (174.5 mg,
1.39 mmol) was added to the dichloromethane (150 mL) solu-
tion containing excesses of 66% EDC (358.2 mg, 3.08 mmol)
and 10% DMP (560 mg, 1.54 mmol) in a two-neck flask under
argon flux. The 4-(dimethylamino)-pyridine (186.4 mg,
1.54 mmol) was then added to the reaction mixture with con-
tinuous stirring for two days at room temperature. The salts of
4-(dimethylamino)-pyridine were removed by threefold extrac-
tion from 1 M HCI (150 mL), water (150 mL) and 1 M NH;
(150 mL), and the organic phase was concentrated under
reduced pressure. The excess of pyridine salts was removed by
short-column chromatography (silica gel, EtOAc:hexane =
3:1) and the dark yellowish solid was obtained by an eluent
change (CHCl3: MeOH:NH; = 13:6:1, iodine indicator, Ry,
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The solid products were collected using centrifugation and
dried under reduced pressure. LCSTs and molar mass distri-
bution of the polymers were determined (Table 3). The pres-
ence of the end groups was confirmed by '"H NMR measure-
ments. Yield: 87-94%. 'H NMR (400 MHz, CDCl;, shown in
Fig. S101), § ppm: 0.87 (t, 3H, CH;-DMP), 1.13-4.16 (back-
bone), 6.40 (amide of NIPAAm), 8.48 (br. s, 2H, -TRZ).

2.3.5. N-[3-(4H-1,2,4-Triazol-4-yl)propyl Jmethacrylamide
(APTRZMAAm). Methacrylic acid (MAA) (683.3 mg, 7.94 mmol)
and N,N'-Dicyclohexylcarbodiimid (DCC) (1965.1 mg,
9.52 mmol) were dissolved in chloroform (10 mL) and stirred
for 15 min. A solution of APTRZ (400.0 mg, 3.18 mmol), pre-
pared in chloroform (10 mL), was added dropwise to the reac-
tion mixture within 10 minutes under vigorous stirring. The
conversion was monitored via TLC (silica gel, EtOH, FeBr,/
bromcresol green indication, R{APTRZMAAm) = 0.8). After
48 h, the mixture was concentrated via rotary evaporation and
extracted fivefold with water (50 mL). The combined aqueous
phase was washed thrice with CHCl; (150 mL), concentrated
by freeze drying (not to complete dryness), to avoid heating,
and further used as aqueous stock solution. The concentration
was quantified by "H NMR by integrating the product and
solvent peaks. The NMR spectra of the pure product, as shown
in the ESI,} were recorded from a briefly dried sample in
CDCl;. Yield: 263 mg (43%). HPLC-MS (water/acetonitrile
(95:5), shown in Fig. S6¢c and dt): 4.76 min, M = 195.1 g
mol™", "H NMR (500 MHz, CDCl;, shown in Fig. S6at) § ppm:
1.97 (s, 3H, H,C=CR-CHj), 2.08 (quin, J = 6.7 Hz, 2H, -CH,~

This journal is © The Royal Society of Chemistry 2021
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CH,-CH,-TRZ), 3.37 (q, J = 6.2 Hz, 2H, -CONH-CH,-CH,-),
4.11 (t, J = 6.9 Hz, 2H, -CH,-CH,-TRZ), 5.35 (s, 1H, H,C=CR-
CH;), 5.74 (s, 1H, H,C—CR-CH3), 6.80 (br. s., 1H, H,C=C-
CH;-CONH-CH,-), 8.30 (s, 2H, -CH,-TRZ), "C NMR
(126 MHz, CDCl;, shown in Fig. S6b¥), § ppm: 18.7 (H,C=CR-
CH;), 31.2 (-CH,~CH,-CH,-TRZ), 36.4 (-CONH-CH,-CH,-),

43.0 (-CH,-CH,-TRZ), 120.0 (H,C=CR-CH3), 139.6
(H,C=CR-CHj), 142.9 (-CH,-TRZ), 169.1 (H,C=C-CH;-
CONH-CH,-).

2.3.6. RAFT  copolymerization of  poly(NIPAAm-co-

APTRZMAAm)-EMP. The precursors AIPC, RAFT agent EMP
and NIPAAm were dissolved in a mixture of water/methanol
(1:1) (1 mL) and placed in a Schlenk-tube with varying molar
composition with ratio of [monomers],: [EMP],:[AIPC], =
25:1:0.1 (Table 2). The methanol solution (1.5 mL) of
APTRZMAAmM was added to the reaction mixtures, which then
were degassed by a fivefold freeze thaw cycle. The reactions
were performed in a preheated sample holder at a temperature
of 55 °C. The polymerizations were quenched after 24 hours by
air und ice cooling. The polymers were precipitated twice in
ice cold EtOAc. The solid products were collected using cen-
trifugation, dissolved in distilled water and freeze-dried. The
LCSTs and molar mass distributions were determined
(Table 4). The quantification of the APTRZ units was deter-
mined by '"H NMR measurements. Yield: 58-63%. '"H NMR
(500 MHz, CDCl;, shown in Fig. S127), 5§ ppm: 0.88-3.55 (CTA,
backbone), 3.99 (br. s, isopropyl of NIPAAm -CH-(CHj;),), 4.19
(br. s, -CH,-TRZ), 5.75-7.25 (amide of NIPAAm) 8.55 (br. s,
-APTRZMAAM).

Table 2 Feed quantities of initiator, CTA, and monomers for the RAFT
copolymerizations of the multidentate ligands

[APTRZMAAM Jgeca/ AIPC/ EMP/mg  APTRZMAAm/ NIPAAm/
mol% mg (pmol) (pmol) mg (mmol) mg (mmol)
5.0 2.38 (7.4) 16.47 (73.5) 16.8 (0.09) 196.6 (1.74)
10.0 2.38(7.4) 16.47 (73.5) 33.6(0.17) 188.3 (1.66)
15.0 2.38(7.4) 16.47 (73.5) 50.4 (0.26) 177.4 (1.57)
2.3.7. General complexation procedure for DLS. A 0.1 wt%

(1.0 wt% for copolymers) aqueous solution of the polymer
sample was prepared. Unless specified otherwise, for the inves-
tigation of the complexation process a tenfold molar excess of
Fe(BF,),-6H,0 stock-solution with ascorbic acid (1 mol%) was
added to the polymeric solutions and mixed homogeneously.
The hydrodynamic radii of the polymeric solutions were ana-
lysed by DLS. Depending on the respective cloud points of the
polymers and complexes, the temperatures of the measure-
ments were adjusted to study the aggregation below and above
their LCSTs: by default, 7= 22 °C and T = 35 °C for homopoly-
mers and T = 20 °C and 7 = 60 °C for copolymers were
adjusted. The copolymer solutions were heated above their
cloud point and cooled down before the measurements.

2.3.8. General complexation procedure for shorter poly-
mers. A 3 wt% solution of a polymer sample (M, <5 kg mol™")

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

was prepared in absolute ethanol under inert conditions. A
tenfold molar excess of ethanolic Fe(BF,),-6H,0 stock-solution
with traces of ascorbic acid was added to the polymeric solu-
tions and mixed homogeneously. The precipitation was col-
lected via centrifugation, washed trice with absolute ethanol
and dried under reduced pressure.

3. Results and discussion

3.1. Synthesis

3.1.1. Preparation of the triazole CTA by coupling of DMP
with APTRZ. Successful RAFT polymerization of PNIPAAm with
2-dodecylsulfanylthiocarbonylsulfanyl-2-methyl propionic acid
(DMP) has previously been reported in the literature.** In
order to introduce a coordination site for Fe?" ions, the car-
boxylic group of DMP (1) was modified here by coupling with
1,2,4-triazole-1-yl-propylamine (APTRZ 3) as ligand offering
several coordination modes (Fig. 1 and Fig. S18b/d/ff). Two
different coupling strategies were compared: (i) a two-step
approach via the DMP-NHS ester with a total yield of 58%
(with reference to DMP) and (ii) a direct EDC coupling with a
yield of 95% (see Scheme 1).

S NHS i 0
—»
EDC
o o
A I B S>§( "
OH DCM 0
1 2d 2 0
H,N H,N
~\~\ 3 TEA
o N\ oC
12h| N
DCM P
a4 N
2d s N
H M b
/("1)35 S N~ N\
o}

Scheme 1 Functionalization of the chain-transfer agent DMP (1) by
APTRZ (3).

The molecular structure of the target compound 1-{[3-(4H-
1,2,4-triazol-4-yl)propyl Jamino}-2-methyl-1-oxopropan-2-yldo-
decyl carbonotrithioate (DMP-APTRZ) was confirmed by 'H
and *C NMR measurements (ESI, Fig. S5a/bt) with the pres-
ence of the characteristic signals for the 1,2,4-triazole group
(*H: 2 H, s, 8.23 ppm, >C: 143.0 ppm) and the amide proton
(*H: 1H, t, 6.71 ppm). Direct EDC coupling was preferred over
the NHS route based on the good yield of product (4) and the
convenience of that procedure.

3.1.2. RAFT homopolymerization of hemi-telechelic poly
(NIPAAmM)-DMP-APTRZ  with  triazolyl end  group.
Homopolymerization of NIPAAm was performed in presence
of the novel chain transfer agent DMP-APTRZ in dioxane, ana-
logously to a reported procedure, but with AIBN initiation at
70 °C (Scheme 2).**
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Scheme 2 RAFT homopolymerization of NIPAAm (7) with the triazole
chain transfer agent DMP-APTRZ (4).

The "H NMR spectrum (shown in ESI, Fig. S10%) confirms
the presence of the terminal CTA-moiety at the polymer chain
end (characteristic triazole signal at ca. 8.5 ppm). The isolated
hemi-telechelic polymers (8) are characterized by narrow molar
mass distributions (P = 1.12-1.34) and possess the targeted
chain-lengths (M, = 3.1-24.8 kg mol™"), corroborating full
control over the RAFT polymerization process with
DMP-APTRZ (4). The corresponding physical data, like
monomer : CTA : initiator feed ratios, experimental (M,) and
theoretical molar mass (M eo), degrees of polymerization
(Xy), cloud points (T¢), dispersities (P), and yields are summar-
ized in Table 3. All pNIPAAm samples (P3k-P25k) show the
typical thermoresponsive behavior in aqueous solution with
the transition temperatures being only slightly affected by the
triazole end group (32.9-34.8 °C, see Fig. 2a and b).

View Article Online
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ponding APTRZ monomer N-[3-(4H-1,2,4-triazol-4-yl)propyl]
methacrylamide (APTRZMAAm) (6) was obtained by direct coup-
ling of methacrylic acid to the primary amine group of APTRZ
with N,N-dicyclohexylcarbodiimide (DCC) in the absence of an
auxiliary base. The yield was 43% after workup (Scheme 2). DCC
was preferred over EDC or CDI as condensation agent since
workup is facilitated by the insolubility of the formed N,N'-
dicyclohexylurea in water, while the other reagents and products
were readily soluble under such conditions (Scheme 3).

It is worthwhile to note that the neat triazole monomer (6)
after drying becomes insoluble in water, suggesting strong
hydrogen bonding. The brownish resin was only very slowly
soluble in a solvent mixture of H,O and MeOH (1:1). Thus,
the aqueous product phase from the workup was only partially
concentrated by incomplete freeze drying and used as stock
solution. The purity of the product was confirmed with a
chiefly dried sample by TLC measurements, HPLC-MS (shown
in ESI, Fig. Séc and df), 'H and C NMR measurements
(shown in Fig. S6a and bt). The molecular structure of the
target compound (6) was notably corroborated by the NMR
signals of the chemically equivalent methylene groups from
the 1,2,4-triazole moiety (‘H: 8.26 ppm, s, 2H, *C: 142.9 ppm
in ESI, Fig. S6a and bf), the amide (*H: 6.76 ppm, br. s, 1H,
13C: 169.1 ppm in ESI, Fig. S6a and b) and the methacrylate

Table 3 Theoretical and experimental number-average molar mass (M,,), degree of polymerization (X,,), cloud point (T,), dispersity (P) and sample
code of the hemi-telechelic macromolecular coordination ligands with triazole end groups

[NIPAAm], : [CTA], : [T]o My, theo/kg mol ™" (X;,) My exp“/kg mol ™ (X,,) TL/eC p° Yield/% Sample code
15:1:0.1 2.2 (15) 3.1(21) 34.7 1.38 68 P3k
25:1:0.1 3.3(25) 3.9 (30) 33.4 1.27 94 P4k
50:1:0.1 6.1 (50) 6.9 (57) 32.9 1.38 92 P7k
100:1:0.1 11.8 (100) 12.3 (104) 34.1 1.34 87 P12k
150:1:0.1 17.5 (150) 23.3 (199) 34.8 1.12 86 P23k
150:1:0.1 17.5 (150) 24.8 (212) —° 1.19 60 P25k

“Values determined by GPC measurement. ? Values determined by turbidity measurements. ¢ Values not determined.

3.1.3. Preparation of the triazole monomer APTRZMAAm.
While the triazole CTA above provides a coordination site at
the chain end of the polymer ligand, a triazole-substituted
monomer allows the introduction of multiple coordination
sites along the backbone (Fig. 4 and ESI, Fig. S18c/e/gt). The
resulting graft architecture is expected to have a substantial
influence on the coordination behaviour upon interaction with
Fe** ions. An acrylamide fragment was chosen for the APTRZ
monomer, as the copolymerization parameters were expected
to be very close to NIPAAm.

Unfortunately, all coupling attempts of APTRZ to acrylic acid
via various synthetic strategies were unsuccessful, which is
described in details in the ESI chapters 1.5.1-1.5.3.1 This is assu-
mingly caused by a Michael addition as side reaction. Instead,
methacrylic acid was selected as monomer fragment since the
Michael addition is expected to be supressed by steric hindrance
of the methyl group adjacent to the double bond. The corres-

5604 | Polym. Chem., 2021, 12, 5598-5612

1) DCC, 15 min, r.t.

o 2) HZN/\/\N/\\\N 8
\§N/ \’H‘\N/\/\N/\
OH H N
CHCl l/
48 h, r.t N
5 6

Scheme 3 Synthesis of the coordination monomer APTRZMAAm (6).

double bond (*H: 5.36 ppm, 1H, 5.74 ppm, 1H; *C: 120.0 ppm
and 139.9 ppm).

3.1.4. RAFT copolymerization of multidentate poly
(NIPAAmM-co-APTRZMAAm)-EMP with triazolyl side chains. The
triazole monomer APTRZMAAm (6) could be successfully copo-
lymerized with N-isopropylacrylamide (depicted in Scheme 4)
via the RAFT method, allowing precise control over the ratio of
coordination sites (5-15 mol%) along the copolymer backbone.

This journal is © The Royal Society of Chemistry 2021
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Scheme 4 RAFT copolymerization of APTRZMAAm (6) and NIPAAm (7)
with the chain transfer agent EMP.

T
9

The reaction was performed in a mixture of water/MeOH
(1:1) to allow homogeneous dissolution of all reaction part-
ners, including the very polar APTRZMAAm and the less polar
CTA EMP. Here, EMP was chosen over DMP due to the shorter
alkyl chain, which provides solubility in the polar reaction
medium. Yields for all copolymerizations with EMP were in
the range of 55-69%, similar to the homopolymerization of
NIPAAmM with DMP-APTRZ as CTA. Analysis of the multidentate
ligands by gel permeation chromatography indicated success-
ful copolymerization via the RAFT mechanism by a unimodal,
narrow molar mass distribution (P = 1.09-1.10, shown in
Table 4).
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hemi-telechelic polymers poly(NIPAAm)-DMP-APTRZ with tri-
azole end group were designed to serve as bulky ligands with
thermally switchable steric demand for iron ion (Fe*") coordi-
nation in aqueous solution (Fig. 1 and ESI, Fig. S18d/ff). The
volume demand of the ligand can be further tailored via the
synthesis by varying the chain-length (M, = 3.1-24.8 kg mol ™).

Before discussing the experimental details of the complexa-
tion studies, we may first introduce the proposed model carefully
established by considering the potential interaction motives
between the respective molecular components. These inter-
actions encompass the following substantiated components:

(1) The pivotal motive for structure formation emerges from
the attraction mediated through the coordinative bond
between the Fe*'-center and the triazole nitrogen, as sketched
in Fig. 1i.°

(2) Secondly, the repulsion by steric demand of the polymer
chain is known to be a function of the degree of polymeriz-
ation X,, (Fig. 1a/e) and of the temperature-dependent swelling
state (LCST volume transition), as represented in the schemes
of Fig. 1c/d and g/h, respectively.

(3) In addition, the steric repulsion of the hydrophilic
polymer chains in the swollen state (below the LCST) can be
thermally switched to an attraction between now hydrophobic
chain segments in the collapsed state (above the LCST). This is

Table 4 Feed and incorporation ratios of APTRZMAAmM monomer, theoretical and experimental number average molar mass (M,), degree of
polymerization (X,), cloud point (T,), dispersity (P) and sample codes for the multidentate copolymer ligands (9) with varying numbers of triazole

side chains

[APTRZMAAm]/mol% M theo My exp”

Feed Incorporated” kg mol™" (X,,) T./°C pP Yield/% Sample code
5.0 4.1 3.2 (25) 4.8 (36) 36.6 1.07 69 C4.8k5%
10.0 7.6 3.3(25) 4.9 (33) 39.1 1.08 60 C4.9k10%
15.0 13.8 3.4 (25) 4.6 (33) 44.7 1.10 55 C4.6k15%

“ Determined by 'H NMR. ? Determined by GPC measurement.

The presence of the characteristic signals for the triazole
group in the "H NMR spectra of (9) (ESI, Fig. S121) confirmed
successful copolymerization of APTRZMAAm (8.55 ppm for tri-
azole and 6.52 ppm for amide) with NIPAAm (3.98 ppm for ter-
tiary isopropyl proton) in the desired ratios, which are within
the acceptable range of the theoretically anticipated values. As
expected, the cloud temperature rises systematically with
increasing amount of hydrophilic APTRZMAAm repeat units
for aqueous copolymer solutions (Fig. 5a) in comparison to a
PNIPAAM-DMP homopolymer reference (M, = 10 kg mol™")
without triazole units.

3.2. Systematic study of the aggregation behaviours upon Fe**
complexation

3.2.1. Morphology switching of the thermoresponsive
hemi-telechelic ligands in presence of Fe>'. Inspired by the
published knowledge about Fe*"-triazole complexation,®?° the

This journal is © The Royal Society of Chemistry 2021

illustrated in Fig. 1c/d and Fig. 1g/h with the accompanying
coil-to-globule transition.>*

(4) Lastly, van der Waals attraction emanates from the
hydrophobic dodecyl substituents from the CTA units at the
polymer chain ends (Fig. 1b/f).

In essence, the solution behaviour of the macromolecular
coordination ligands is governed by the temperature-dependent
balance of the various afore-mentioned types of interactions. In
the following section, the proposed structure models and mor-
phological changes are discussed in the context of thermal and
coordinational dependencies for the small and large MCLs
(Fig. 1). The elemental structural units are sketched as building
blocks for the larger scattering objects. This hypothetical repre-
sentation is markedly corroborated by the experimental data
(DLS, UV-Vis, TEM) as discussed hereafter.

The small polymer ligand (M, <4 kg mol™", Fig. 1a) with a
low number of repeat units (X,, < 25) possess a pronounced
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amphiphilic character due to the hydrophobic dodecyl group
of the CTA on one end, and the hydrophilic triazole head
group on the other chain end. In Fig. 1b, the micellar aggrega-
tion of the small MCL in aqueous solution below the cloud
point at 22 °C is depicted, with the dodecyl chains forming the
hydrophobic core due to their van der Waals attraction and the
hydrophilic triazole head groups residing at the surface of the
micelles in contact with the water phase (supported by DLS,
Fig. 2¢, black curve). After addition of iron(u) tetrafluoroborate
to the polymer ligand below the cloud point (22 °C), larger
aggregates are formed by the iron-polymer complexes, as illus-
trated in Fig. 1c. The increase in aggregation size is driven by
attractive forces due to complex formation between the iron
ions and multiple triazole head groups, uniting multiple chain
ends (evidenced by Fig. 2, red curve). The exact structure of the
coordination sphere is currently not known for our MCLs
due to the intrinsic difficulties in the characterization of
such coordination process in aqueous solution. Based on the
known complexation motives of 1,2,4-triazoles, an extended
1D-coordination structure is yet conceivable via a triple N'N*-
bridging mode with octahedrally coordinated iron ions
(Fig. 1i) as subunits inside the larger scattering objects.® Such
a postulated 1D association motive is depicted in Fig. 1d for
the collapsed polymer ligand at 35 °C with a reduced steric
demand, which is further enhanced by the hydrophobic attrac-
tion between the polymer chain segments above the T.. This
hydrophobic attraction may result in further aggregation of the
1D elements into larger scattering objects, as suggested by the
DLS data (red curve) in Fig. 2, which eventually leads to pre-
cipitation of the short chain samples.

A comparable picture can be drawn for the larger MCLs (M,
>4 up to 23 kg mol™!) in Fig. 1e. Below the turbidity point at
22 °C, the longer polymer chains are well hydrated and thus
reduce the relative influence of the hydrophobic dodecyl end
groups, yielding an overall weaker amphiphilic character. Yet,
the DLS trace in Fig. 2 (black curve) points to a micellar aggre-
gation of these chains. Upon addition of iron(u) salt, the tri-
azole head groups are expected to coordinate with the metal
centers (sketched in Fig. 1g), but only few chains can effec-
tively associate via complex formation in the core due to the
higher steric demand of the longer polymer ligands (compare
Fig. 2). Like in the case of shorter chains above the T, at 35 °C,
an extended 1D coordination structure can be realized for the
large polymer ligands (Fig. 1h). A binding motive via the triple
N'N*-bridging mode (Fig. 1i) may become possible by the
reduced volume demand of the collapsed chains with their
hydrophobic attraction above the phase transition temperature
(see Fig. 2, red trace).

In the following section, the obtained experimental data are
systematically correlated to the above anticipated structure
models.

3.2.2. Switchable aggregation of the hemi-telechelic poly
(NIPAAm)-DMP-APTRZ ligands. To investigate the thermal
response of the metal-polymer complex in aqueous medium,
polymer solutions with a concentration of 0.1-1.0 wt% were
combined with ten times higher amounts of Fe(BF,), and
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traces of ascorbic acid (to prevent oxidation of Fe>*). The MCLs
P3k and P4k with lower molecular mass precipitated at room
temperature upon addition of the Fe®" salt, but since the iron
polymer complexes do not crystallize, they are unfortunately
not suitable for X-ray diffraction analysis. In contrast, the Fe**-
complexes with polymers of higher molar mass (P7k, P12k,
and P23k) were fully soluble at low temperature below their
cloud points (all <35 °C) and precipitated at higher tempera-
tures. For all samples, the variation of the temperature-depen-
dent aggregation behaviour in solution was studied by DLS,
TEM, and turbidity measurements.

Turbidity measurements. Determination of the cloud point by
turbidity measurements (confer to Fig. 2a and b) delivers infor-
mation about the temperature-dependent aggregation process
of the thermoresponsive macromolecular coordination ligands
by increasing turbidity due to intra- and intermolecular chain
aggregations caused by the coil-to-globule transition.” The
cloud point temperature is determined by the inflection point
in the turbidity curve (in ESI, Table S11) and reveals the influ-
ence of the APTRZ triazole end group. This moiety is hydro-
philic and leads to a slightly raised cloud point in pure water
by stronger polymer-solvent-interactions (¢f. Fig. 2a) in com-
parison to the parent carboxylic acid end group.** The
complex shape of the turbidity curves above the transition is
attributed to kinetic effects during the reorganization process
of the colloidal structures upon polymer aggregation.

Upon addition of the divalent iron salt Fe(BF,),, the shorter
polymer ligands (M, < 3 kg mol™", X,, < 15) precipitate abruptly
at all investigated temperatures. The larger polymer ligands
form homogeneous, clear solutions in the presence of Fe**
below the cloud point (T¢). Above T, polymer phase separation
causes clouding of the solution, attributable to an attractive
coordination force that leads to a substantial growth of the
scattering objects. Generally, a decrease of the T, (Fig. 2a and
b) is observed upon coordination of the APTRZ moieties with
Fe”" ions. The difference in T, between the liquid media with
and without iron ions becomes larger with a decrease in the
molar mass of the polymers (depicted in ESI, Table S1,f
ATws0mme(m = 0.9-4.5 K). These results suggest that the shorter
chains can more efficiently participate in an extended coordi-
nation structure with the Fe** ions in the hydrated state at
lower temperatures, which also leads to their preferential
precipitation.

Dynamic light scattering measurements. Dynamic light scatter-
ing (DLS) of 0.1 wt% hemi-telechelic polymer solutions was
employed to follow the effect of complex formation by vari-
ation of the aggregation state upon addition of Fe*" ions. For
that purpose, a tenfold molar excess of Fe(BF,),-6H,O with
respect to triazole end groups was added with traces of
ascorbic acid to the aqueous medium. The results for the
short ligand P4k and the long ligand P23k are depicted in
Fig. 2, while the complete data set for all polymer systems is
provided in the ESI, Fig. S137 (including samples with inter-
mediate chain lengths). The size distribution analysis is based
on a mathematical fit assuming a spherical aggregate shape,
which may not be realistic for the complex aggregate mor-

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Temperature-dependent turbidity measurements by UV/VIS-spectroscopy for the cloud point determination of (a) the hemi-telechelic MCLs
with short chain P4k and (b) with long chain P23k as 1 wt% aqueous polymer solution (transmission measured at v = 550 nm) and after the addition
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determination of the iron ion-sensitive aggregation behaviours in pure aqueous solution (black) and in presence of iron(i) ions (red) with 0.1 wt%
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phologies observed via TEM measurements (Fig. 3) for some
samples. Since the focus lies on the relative changes in aggre-
gation behaviour under different experimental conditions, the
exact aggregate geometry is not relevant here.

In Fig. 2, the DLS curves are shown for the short MCL P4k
(M, < 4 kg mol ™", X, < 25) at a temperature (22 °C) below T, in
pure water (black curve) and in Fe** solution (red curve). In
pure water, the broad decay of the autocorrelation curve
reflects the presence of several coexisting aggregation species
with substantially different dimensions (thus, for this case, no
size distribution analysis is included in the inset - refer to ESI,
Fig. S14t for related details). Even for the smallest of these
scattering species, the diameter typically lies between D), =
15-21 nm (ESI, Fig. S13 and S14t). This suggests the presence
of micellar aggregates composed of several polymer chains for
the given experimental degrees of polymerization X, = 20-200.
Micellization is facilitated by the asymmetric chain structure,
with one end carrying a hydrophobic dodecyl chain located in
the micelle core, while the other end features a hydrophilic tri-
azole unit at the micelle periphery in contact with water, as
discussed above in section 3.2 (Fig. 1b). Addition of Fe*" ions
evokes in the DLS trace (Fig. 2, red curve) an additional slow
mode at higher correlation times corresponding to larger scat-
tering objects. At the same time, an insoluble precipitate is
forming (in particular for the shortest MCL). Under these con-
ditions, the system is out of thermodynamic equilibrium, and
thus the DLS methodology may not be appropriate to deter-
mine absolute object dimensions. Nevertheless, such DLS
measurements can still be consulted as indicator for the aggre-
gation tendency of the polymer systems. These observations
suggest that upon iron ion complexation the attractive forces
between the triazole units lead to a reorganization of the
aggregate architecture, in which the complex units are loca-
lized in the core cluster (sketched in Fig. 1b and c). Such
complex clusters may serve as building blocks for the larger
aggregates formed over time. Precipitation is commonly
observed for Fe** complexation with triazole derivatives that
carry no or only small substituents.** The shorter polymer
chains (P3k and P4k) below the T, seem to have a sufficiently
small space requirement to allow an unconstrained N*,N*brid-
ging coordination mode (Fig. 1i) even in their swollen state.

In Fig. 2, the DLS curves for the largest polymer ligand
P23k below the T. show no significant difference in water
(black) or Fe*" solution (red). Both are characterized by a fast
diffusion process with a single-exponential decay. The data
suggest presence of well-defined micellar aggregates with
unimodal size distribution of Dy, ,, oc ~20 nm that consist of
few polymer chains (Fig. 1f). This behaviour is in stark con-
trast to the observations for the short MCLs P3k and P4k, that
show a change of aggregation size upon iron addition. For the
larger ligands P7k and beyond, no effect of Fe** ions on aggre-
gate size is found in the DLS measurements (Fig. S13bt). In
pure water below the cloud point, the large ligand P23k pos-
sesses a strong hydrophilic character that induces steric repul-
sion between neighbouring polymer chains. In comparison to
the small hydrophobic dodecyl end group localized in the
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micelle core, the larger polymer coil volume prevents the for-
mation of voluminous spherical micelles with high aggrega-
tion numbers. This interference is schematically presented in
Fig. 1f and supported by detailed DLS analysis in ESI,
Fig. S14.1 Addition of iron(u) ions assumedly leads to a reor-
ganization of the aggregates induced by the complexation with
the triazole end groups without changing the overall dimen-
sions of the scattering objects. As multiple triazole units coor-
dinate several iron ions and the resulting iron-triazole com-
plexes usually are insoluble in aqueous media, we reasonably
assume that the binding sites are localized in the core of the
micelles (Fig. 1g and h). Again, the steric demand of the large
polymer coils would be responsible for the smaller number of
chains per micelle indicated by the DLS data. Thus, such
volume demand of the ligands prevents the formation of
extended 1D coordination structures associated with N',N*-
bridging mode.

When heating the polymer solutions above the transition
temperature T, the chains undergo a volume transition and
contract as solvent molecules are expelled from the polymer
coil. The DLS curve in Fig. 2 shows a single-exponential decay
of the shorter polymer P4k in pure water above the cloud point
temperature T.. The thermally induced coil-to-globule tran-
sition leads to a narrower size distribution of the scattering
objects, corroborating their well-defined dimensions. At T =
35 °C in presence of Fe** ions, the monoexponential autocorre-
lation curve shifts to longer correlation times and indicates an
increase in the dimensions of the scattering objects from
Dpy,0 = 315 nm in pure water to Dy p. = 1375 nm for P4k.
Apparently, the attractive forces between the collapsed chains
are further enhanced by the coordination processes.

The monoexponential DLS correlation curves of the larger
MCL P23k above T, are presented in Fig. 2. In pure water, the
aggregate dimensions substantially increase from Dy, oc
~20 nm upon heating to Dy, 35 o.c = 117 nm as a consequence of
the stronger attraction of the collapsed, hydrophobic polymer
chains. Interestingly, the longer polymer ligand displays only
about half the aggregate diameter compared to the shorter
MCL P4k under identical conditions (Dh,HZO =315 nm in pure
water above T.). This effect is attributed to the increased coil
volume of the longer P23k polymer chains, which arrange with
their triazole end groups at the micelle periphery, while the
hydrophobic dodecyl groups of the opposite chain ends are
localized inside the micelles. Steric crowding with increasing
polymer chain length leads to smaller aggregate numbers
(Fig. S13ct) with reduced scattering object dimensions. The
addition of iron(u) salt above T, shifts the DLS curve (Fig. 2) to
even longer correlation times, demonstrating a coordination-
induced growth of the scattering object dimensions to an
apparent diameter of Dy, = 1375-2555 nm. This temperature-
dependent aggregation process is reversible upon thermal
cycling (Fig. S15bt), which further supports the schematic
switching between the coordination structures in Fig. 1g/h.

TEM measurements. The effect of the coordination processes
(Fig. 1c/d and g/h) on the aggregation structure was addition-
ally investigated with a customized TEM method, utilizing tre-
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Fig. 3 TEM-images of the short macromolecular coordination ligand
P3k dried from a 0.1 wt% aqueous solution for varying the temperature
from 22 °C (a and c) to 40 °C (b and d) and without (a—b)/with (c—d)
presence of Fe?*.

halose as immobilization matrix and staining with uranyl
acetate.®® This particular method allows to image polymer
structures isolated from aqueous solution, in analogy to cryo-
transmission electron microscopy, to corroborate and further
validate the results from DLS (Fig. 2 and Fig. S13f) and
UV-Vis-spectroscopy (Fig. 2a and b). The shortest and longest
hemi-telechelic MCLs (P3k in Fig. 3 and P23k in ESI,
Fig. S167) were chosen for the TEM investigations, as they pro-
vided the most distinct thermoresponsive coordination beha-
viours (in accordance to Fig. 2).

The short polymer P3k (Fig. 3a) isolated from pure water
(T =22 °C) below the T.. showed spherical to elliptical aggregates
with dimensions of 20-30 nm, in overall agreement with the
DLS data (D, = 15 nm, refer to P4k in Fig. 2). The aggregates
are randomly distributed throughout the hydrophilic trehalose
matrix, with a slight preference to localize at the hydrophobic
carbon surface of the TEM grid at higher temperature of T =
40 °C above T, (Fig. 3b). This indicates their increased hydro-
phobic character. A noteworthy peculiarity under these con-
ditions is the internal lamellar structure of the aggregates with
a width of 30 to 90 nm and an average periodicity of 5-10 nm
(Fig. 3b). Again, the data are in accordance with the DLS
observations (overall scattering object dimensions: TEM:
150-400 nm, DLS: 316 nm).

Addition of Fe** to the aqueous medium at low temperature
(T = 22 °C) results in an increase of the P3k aggregate dimen-
sions to 50-100 nm with irregular shapes. The enhanced ten-
dency to aggregate in presence of Fe*" ions is again in agree-
ment with the multiple scattering species observed in the DLS
measurements (compared to Fig. 2c¢ and S13bt), which
implicitly hints to the formation of triazole-iron complexes.
When the temperature of the P3k-Fe*" system is raised above
T. to 40 °C (Fig. 3d), yet another substantial reorganization
becomes evident in the TEM images with a combined for-
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mation of extended, interconnected globular and fibrillar
structures. The observations are congruent with the DLS data
(Fig. 2) and support the hypothesis of extended 1D coordi-
nation structures.

For comparison, the TEM images with the long MCL P23k
are provided and discussed in detail in the ESI (Fig. S167). The
visualized aggregate structures under the different experi-
mental conditions are again in good agreement with the
results from the DLS measurements and fit the theoretical
models outlined in Fig. 1.

3.2.3. Iron(u) capture by the multidentate poly(NIPAAm-co-
APTRZMAAm)-EMP ligands. In order to synthetically realize a
multidentate ligand architecture, a novel NIPAAm copolymer
integrating a triazole-containing monomer (APTRZMAAmM) was
synthesized (as described in sections 2.3 and 3.1.4) to endow
the polymer backbone with multiple triazole coordination
sites (contrary to the hemi-telechelic MCLs). For this multiden-
tate ligand poly(NIPAAm-co-APTRZMAAmM)-EMP, the iron(u) ion
coordination behaviour was studied and compared to the
hemi-telechelic poly(NIPAAm)-DMP-APTRZ. In absence of iron
ions, an increase of the scattering object dimensions is
observed for the multidentate ligand in aqueous solution
when raising the temperature above the 7. (in analogy to the
hemi-telechelic MCLs discussed above). In presence of Fe*"
ions, the scattering objects further grow, as the multidentate
design provides the possibility for numerous physical cross-
links between neighbouring chains via ion coordination of the
triazole side groups, which structurally results in an extended
coordination network architecture characteristic for a metallo-
polymer. The thermal response of the PNIPAAm copolymer
segments is maintained even in the coordination network, as
the experimental data suggest (Fig. 5). When crossing the
characteristic solution temperature 7., the chain segments
between the crosslink points swell or collapse upon water
exchange induced by the phase transition (Fig. 4c/d).

Turbidity measurements. The effect of the triazole comono-
mer APTRZMAAm in the multidentate MCL architecture on
the thermal response was studied for copolymer solutions by
turbidity measurements. As an interesting side note, the as-
synthesized copolymer in water had to be initially heated
above the phase transition and cooled down in order to obtain
a clear solution. This suggests a kinetic hindrance of the sol-
vation process by strongly interacting chains in the dry state.
With increasing incorporation of APTRZMAAm (5-15 mol%) in
the copolymers C5k5%-C4k15%, the cloud point shifts to
higher temperatures from 36.6 to 44.7 °C (Fig. 5a). This shift
reflects the polar character of the APTRZMAAmM comonomer,
which increases the overall hydrophilicity of the copolymer
and the corresponding transition temperature 7.

After addition of the iron salt Fe(BF,),-6H,0, T, drops in
relation to the triazole content of the copolymer (AT, =
0.6-12.7 °C, Table 5 and Fig. 5a, b). While soluble in pure
water above their T, all copolymers precipitated upon addition
of the Fe** salt. For C4.2k15% with the highest APTRZAAm
content of 15%, precipitation occurred even below the cloud
point (20 °C). The ill-defined turbidity curves for 10% and
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Fig. 5 Cloud point determination by turbidity measurements of multidentate MCL solutions (1 wt%) with varied triazole monomer contents
C4.8k5%, C4.7k10%, and C4.2k15% (a) in pure water (transmission measured at v = 550 nm) and (b) in presence of tenfold molar excess of Fe?* ions
with respect to triazole units (transmission measured at v = 740 nm). DLS measurements of the iron-ion-dependent change of scattering object
dimensions for C4.6k15% solutions (1 wt%) with and without iron ions (c) below and (d) above T..

Table 5 Colloidal structure formation and thermoresponsive behaviour
15% APTRZMAAm contents are attributed to larger flakes of of the multidentate MCLs poly(NIPAAm-co-APTRZMAAmM)-EMP with

polymer precipitates that circulated through the light beam in  respect to molar mass M, cloud point (Tc), and average of the apparent

the stirred cuvette. The observed behaviours clearly indicate hydrodynamic diameter at 20 and 60 °C

the increased attraction between the copolymer chains with

2+
higher content of triazole coordination sites in the presence of 0 £ =
FEZJr ions. Sample Mn/kg T, heat/ Dy, 20 oc/ Dy, 60 oc/ T, heat/ Dy, 20 oc/ Dy, 60 oc/
DLS measurements. DLS measurements were performed with ~ ¢°de mol™ °C nm nm °c nm nm
aqueous solutions of the multidentate MCLs at a concentration  c4.8k5% 4.8  36.6 459 106” 3100 35.9 1400 9500
of 1.0 wt% before and after addition of Fe(BF4),-6H,O salt at C4.9k10% 4.9  39.1 255 2700 33.1 1500 56007
C4.6k15% 4.6  44.7 220 2000 324 1700 4800°

different temperatures, in analogy to the experiments with the
hemi-telechelic MCLs. The here reported average dimensions “Precipitation occurred. ” Two scattering species present.
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serve predominantly as indicator for structural changes of the
scattering objects, since exact values depend on the specific
experimental conditions and may be subject of variation due to
kinetic effects. Fig. 5c and d show the autocorrelation curves for
the triazole-rich copolymer ligand C4.2k15% (complete data set
for all copolymers in the ESI, Fig. S177). At low temperature of
20 °C (below T.) in pure water, the DLS trace (black curve) in
Fig. 5¢ with a monoexponential decay is characterized by slower
scattering objects with well-defined dimensions (D, =
220-460 nm, Table 5). This indicates micellar aggregation,
where the triazole groups are expected to be in contact with the
water phase (Fig. 4b). Under these conditions, all copolymer
MCLs responded sensitively to the addition of iron(u) ions by an
increase of the scattering object dimensions in dependence of
the triazole content (red curve, Dy, = 1400-1700 nm; Fig. 5¢ and
d). This significant size increase suggests a strong Fe**-induced
attraction between the chains and the formation of coordi-
nation networks, as illustrated in Fig. 4c. Raising the tempera-
ture of the aqueous copolymer solution above T. to 60 °C
results in larger scattering object dimensions of Dy =
2000-3100 nm (black curve in Fig. 5d, data summarized in
Table 5). Under these conditions, the copolymers turn hydro-
phobic and assemble into colloidal scattering objects. These
tend to smaller diameters with larger numbers of hydrophilic
triazole units per polymer chain (¢f. ESI, Fig. S177). In presence
of Fe*" salt (red curve), the colloidal scattering objects further
grow in size (Dy, = 4800-9500 nm, Table 5), and an insoluble
precipitate is formed for all ligands (refer to Fig. 4d).

The obtained results for the multidentate MCL poly
(NIPAAm-co-APTRZMAAmM)-EMP show a marked variability in
their colloidal behaviour and thermal response upon the
addition of Fe*" salt. This extreme change in properties is
associated with the formation of a coordination network in
presence of Fe** ions according to the hypothetical picture in
Fig. 4. As the copolymers yield very large scattering objects
upon Fe®* salt addition and partially precipitate, no TEM
investigations were attempted.

4. Conclusion

We successfully demonstrated the novel concept of endowing
thermoresponsive polymers with an Fe**-coordinating 1,2,4-
triazole unit to thermally switch the complex structure of
these macromolecular coordination ligands (MCL) in aqueous
solution. Such smart building blocks are inspired by two
macromolecular architectures based on a (I) hemi-telechelic
MCL with triazole end group and (II) a multidentate MCL
with multiple triazole substituents along the polymer back-
bone (ESI, Fig. S18t). The thermoresponsive polymer seg-
ments can change their solvation state and interactions in
solution upon temperature variation, which consequently
alters the overall chain conformation and volume demand.
This thermal trigger presents the basis to dynamically influ-
ence the complexation behaviour via the switchable coil
dimensions of the polymer.

This journal is © The Royal Society of Chemistry 2021
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A convenient access to these MCLs is provided by the RAFT
polymerization method, which allows introduction of the tri-
azole end group through modification of the chain transfer
agent, or as side groups by copolymerization with the appro-
priate triazole comonomer. These two complementary syn-
thetic strategies provide the advantage (a) to fine tune the posi-
tion and number of the coordination units in the polymer
backbone, and (b) to control the MCL chain length and tailor
their intrinsic thermoresponsive properties such as solvation
and aggregation behaviour.

Both types of architectures feature the following fundamen-
tally different aggregation properties depending on tempera-
ture and Fe**-coordination.

The hemi-telechelic ligands poly(NIPAAmM)-DMP-APTRZ below
their LCST phase transition allow a clear distinction of the iron-
induced aggregation behaviour with respect to the molecular
mass. The MCLs with shorter polymer chains (M, < 6.9 kg
mol™") showed an increase of the scattering object dimension
in DLS upon addition of iron salt, which is attributed to an
extended complex formation. In contrast, the larger MCLs did
not reveal such effect in presence of Fe** ions. This suggests
that the bulkiness of the solvated chains prevents association
into larger complex structures. Notably, the coil collapse above
the phase transition temperature in pure water leads to larger
aggregates independent of the MCL chain lengths. Under these
conditions, addition of Fe®" causes a further significant increase
of the aggregate dimensions for all MCLs. This corroborates the
particular steric impact on the coordination of the iron centres
by the collapsed MCLs with reduced volume demand.

In contrast, the multidentate ligands poly(NIPAAm-co-
APTRZMAAmM)-EMP show a growth in aggregate dimension for
both a temperature increase and iron salt addition. The
assumed network formation upon iron complexation is sup-
ported by the fact that the systems precipitate above the phase
transition. Interestingly, the multidentate ligand with the
highest triazole content (15 mol%) precipitates even at lower
temperatures, evidencing a denser network.

All these results further consolidate the large potential of
thermoresponsive MCLs as versatile building blocks in the
development of novel multifunctional hybrid materials and as
sophisticated scaffolds for reversible assembly processes. The
observed dual responsiveness to variations in temperature and
presence of metal ions may be exploited in thermoresponsive
ion catch-release systems, for sensing, and for catalytic appli-
cations in aqueous media.'"*>*¢
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