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Abstract: Near-infrared (NIR) photocontrolled 

polymerization in aqueous media is promising for 

bioapplications. However, it typically suffers from low 

polymerization efficiency and requires high catalyst 

loadings due to the aggregated nature of the 

photocatalyst. Herein, we report a supramolecular 

strategy to overcome this limitation via host–guest 

complexation between an anionic photocatalyst and a 

cationic macrocycle. Spectroscopic and computational 

studies confirmed the formation of stable 1:1 host–guest 

complexes via synergistic electrostatic, π-π, and 
hydrophobic interactions. Supramolecular complexation 

effectively suppresses photocatalyst aggregation and 

significantly enhances oxygen tolerance and reaction 

kinetics, enabling high-throughput, open-to-air NIR-

mediated reversible addition-fragmentation chain-

transfer (RAFT) polymerizations to be conducted in 

aqueous media with excellent control over molecular 

weight and dispersity. High conversions and low 

dispersities were achieved even for polymerizations 

conducted through thick porcine tissue barriers, 

demonstrating excellent NIR penetration depth. This 

work provides a versatile supramolecular approach to 

enhancing photocatalyst performance, highlighting new 

avenues for precision polymer synthesis under 

biologically relevant conditions. 

Introduction 

Photocontrolled reversible deactivation radical 
polymerization (photo-RDRP) has emerged as a 
powerful strategy for the precision synthesis of 
advanced functional polymers, owing to its mild reaction 
conditions, excellent living character, and 
spatiotemporal control.[1] In particular, systems that 
integrate reversible addition-fragmentation chain 
transfer (RAFT) polymerization with various light 
activation pathways have proven to be exceptionally 
versatile and applicable to a wide range of monomers 
under diverse conditions.[2] However, most 
photocontrolled RAFT polymerizations typically rely on 
ultraviolet or visible light, which restricts their potential 
biological applications where deep tissue penetration 
and high biocompatibility are paramount. 

Near-infrared (NIR) light is ideally suited to address 
these limitations owing to its longer wavelength and 
proven biocompatibility.[3] Consequently, the 
development of NIR photocontrolled radical 
polymerization has attracted considerable interest.[4] 
Photoinduced electron/energy transfer RAFT (PET-
RAFT) is an extremely versatile approach that has 
attracted growing interest in precision polymer 
synthesis using a wide range of wavelengths, including 
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the NIR region.[5] The central challenge in this endeavor 
is the design of effective photocatalysts that can 
simultaneously deliver high polymerization rates, 
excellent control over the target molecular weight and 
dispersity, and good tolerance towards oxygen. Several 
NIR photocatalysts, including porphyrins,[5a, 6] 
phthalocyanines,[5c, 7] cyanines,[8] and methylene blue,[9] 
have been employed for this purpose. Nonetheless, 
such extensively conjugated compounds are typically 
prone to form aggregates in aqueous media, while 

resorting to organic co-solvents diminishes their 
suitability for biomedical applications. Although 
structural modifications can enhance water solubility, 
such approaches typically require laborious multi-step 
syntheses and purification.[7c] Therefore, developing 
simple, effective, and modular strategies to enable 
efficient, oxygen-tolerant NIR photocontrolled RAFT 
polymerization in aqueous media remains a significant 
challenge.

 

Scheme 1. (a) Schematic formation of a supramolecular NIR photocatalyst. Using a suitable macrocyclic host ensures that the photocatalyst 
forms a host–guest complex in aqueous solution, rather than aggregates. (b) NIR photocontrolled RAFT polymerization in aqueous media using 
such a supramolecular photocatalyst; chemical structures of the ZnPcS4

– photocatalyst, macrocyclic host molecules, and monomers used in 
this study.

In contrast to complex organic synthesis, 
supramolecular host–guest interactions offer a highly 
modular and versatile platform for constructing 
functional assemblies, with broad applications in 
organic transformations, biomedical therapy, cellular 
imaging, and dynamic materials.[10] Inspired by these 
advances, we hypothesized that host–guest chemistry 

could provide a straightforward and versatile method to 
construct water-soluble supramolecular NIR 
photocatalysts, thereby improving photocatalytic 
efficiency and enabling efficient, oxygen-tolerant 
photocontrolled RAFT polymerization in aqueous media 
(Scheme 1). In this study, we employ biphen[3]arenes 
as macrocyclic hosts with cavities of tunable size to 
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form complexes with photocatalysts such as zinc 
phthalocyanine tetrasulfonate (ZnPcS4–) or tetra(4-
carboxyphenyl)porphyrin (TCPP). This supramolecular 
strategy enhances both oxygen tolerance and radical 
production efficiency, resulting in significantly 
accelerated polymerization kinetics while maintaining 
excellent control over aqueous polymerizations 
conducted under mild ambient conditions. 

Results and Discussion 

Formation of supramolecular photocatalyst 
biphen[3]arene–ZnPcS4– 

ZnPcS4– has been employed as a water-soluble 
photocatalyst to conduct NIR-mediated RAFT 
polymerizations in aqueous media owing to its strong 
NIR absorption and high triplet quantum yield.[5c] 
However, its tendency to aggregate in water 
significantly diminishes its catalytic performance.[11] We 
recently addressed this issue by constructing a 
supramolecular NIR photoenzyme, whereby 
complexation of ZnPcS4– with glucose oxidase (GOx) 
spatially confines this photocatalyst, enabling access to 
ultrahigh molecular weights at catalyst loadings as low 
as 50 ppb.[12] Herein, we explore an alternative 
supramolecular approach using biphen[3]arene 
macrocycles, which were chosen for their structural 
diversity, modularity, and multifunctionality.[13] The cavity 
size of these macrocycles can be tuned by varying the 
biphenylene length,[14] enabling them to form host–
guest complexes with targets ranging from small 
molecules[15] to complex macromolecules.[16] Three 
extended biphen[3]arene derivatives, each 
functionalized with twelve quaternary ammonium 
groups, were selected to investigate their complexation 
with ZnPcS4– through host–guest and electrostatic 
interactions. 

The catalytic efficiency of such biphen[3]arene–
ZnPcS4– complexes was first evaluated for the RAFT 
polymerization of N, N-dimethylacrylamide (DMA) using 
4-((((2-carboxyethyl)thio)carbonothioyl)thio)-4-
cyanopentanoic acid (CTPA) as a chain transfer agent 
(CTA) in the presence of air under NIR light irradiation 
(max = 738 nm; I = 60 mW cm–2). The photocatalyst is 
proposed to play dual roles in such polymerizations. 
More specifically, triplet oxygen (3O2) photosensitization 
by ZnPcS4– generates singlet oxygen (1O2),[5c, 17] which 

is subsequently reduced by triethanolamine (TEOA) to 
produce superoxide radical anion. This latter species 
undergoes dismutation to produce hydrogen peroxide, 
which is then photosensitized by ZnPcS4– to generate 
hydroxyl radicals, thereby initiating RAFT 
polymerization.[5c] Although all three biphen[3]arenes 
led to higher monomer conversions relative to the use 
of ZnPcS4– alone, WQP3 produced the fastest 
polymerization (Table S1; Figure S2). UV–visible 
spectroscopy studies revealed a large red shift in the Q-
band for each complex, with the largest absorbance 
enhancement observed for WQP3 (Figure S3). This 
suggests that WQP3 forms the most stable host–guest 
complex with ZnPcS4–, presumably because its cavity 
size is well suited for hydrophobic, π-π, and 
electrostatic interactions with ZnPcS4–.[15c, 18] Based on 
these observations, WQP3 was identified as the optimal 
host for further detailed investigation. The formation of 
the WQP3–ZnPcS4– complex was characterized by a 
combination of spectroscopic and computational 
studies. Titration of WQP3 into a ZnPcS4– solution 
induced significant spectral changes for the 
photocatalyst: its max was red-shifted from 635 nm to 
684 nm with substantially enhanced absorbance 
(Figure 1a). Analysis of the change in absorbance at 
684 nm versus the WQP3/ZnPcS4– molar ratio indicated 
the formation of a host–guest complex with a 1:1 
binding stoichiometry (Figure 1b). Conversely, titration 
of ZnPcS4– into a WQP3 solution gradually quenched 
the fluorescence of the macrocycle, yielding an 
association constant (Ka) of 3.18 × 107 M–1 (Figure 1c-
d)[19] and suggesting the formation of a relatively stable 
complex. Electrospray ionization mass spectrometry 
(ESI-MS) studies indicated an m/z peak corresponding 
to the 1:1 complex with a net charge of +8 (12 positive 
charges from WQP3 plus 4 negative charges from 
ZnPcS4–) (Figure 1e), which provides good evidence for 
the formation of a stable stoichiometric complex. 
Gaussian-accelerated molecular dynamics (GaMD) 
simulations[20] provided optimized conformations of the 
WQP3–ZnPcS4– complex (Figure 1f). WQP3 displays a 
cavity defined by the three p-quaterphenylene sides 
connected by methylene bridges at the meta-positions 
of the terminal benzene rings, with the twelve 
quaternary ammonium cations distributed around the 
main scaffold so as to minimize charge repulsion. The 
twisted ZnPcS4– plane faces one side of the WQP3; one 
of its four isoindole units is fully incorporated into the 
cavity, the two perpendicular isoindole units are located 
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Figure 1. Characterization of the host–guest complexation between WQP3 and ZnPcS4
–. (a) UV–visible absorption spectroscopy monitoring of 

WQP3 titration into a 10 μM ZnPcS4
– solution. (b) Plots of absorbance at 684 nm versus WQP3/ZnPcS4

– molar ratio. (c) Fluorescence 

spectroscopy monitoring of ZnPcS4
– titration into a 10 μM WQP3 solution (ex = 335 nm slit width: 5 nm, 5 nm). (d) Nonlinear least-square 

analysis to determine the association constant (Ka). (e) ESI-MS spectrum recorded for the WQP3–ZnPcS4
– complex. (f) Optimized molecular 

geometry indicated by GaMD simulation 

 
Figure 2. 1H NMR spectroscopy (500 MHz, 25 oC, DMSO-d6, number 
of scans: 128) studies of the titration of WQP3 into ZnPcS4

– (0.40 mM). 
(a) Evolution of ZnPcS4

– spectra on increasing the WQP3/ZnPcS4
– 

molar ratio. (b) ZnPcS4
– chemical structure with labeled protons. (c) 

Plot of the change in chemical shift (Δδ) for the ZnPcS4
– proton b (the 

most upfield split) versus WQP3/ZnPcS4
– molar ratio. (Under the NMR 

measurement concentration, ZnPcS4
– undergoes strong aggregation 

in D2O. This results in a drastic reduction in proton relaxation times, 
which prevents observation of the proton signals. In contrast, DMSO-
d6 can more effectively disrupt the π–π stacking interaction). 

just above two p-quaterphenylene sides, and the fourth 
isoindole unit points away from the host molecule. Each 
of the four anionic sulfonate groups of ZnPcS4– has a 
strong electrostatic interaction with the two nearest 
ammonium cations, as evidenced by their relatively 
short distances. This optimized geometry reveals that 
hydrophobic, π-π, and electrostatic interactions 
synergistically drive the formation of a stable host–guest 

complex. We further investigated their complexation 
behavior via 1D and 2D 1H NMR spectroscopy. Titration 
of WQP3 into ZnPcS4– induced clear splitting patterns 
for the three proton signals of ZnPcS4– due to their 
differing microenvironments (Figure 2a). The 
photocatalyst's protons b and c and the macrocycle's 
skeleton protons both shifted upfield while 
simultaneously becoming broader (Figure S12) owing 
to the mutual shielding effect for face-to-face stacking 
between the aromatic rings of the host and guest.[21] 2D 
nuclear overhauser effect spectroscopy (NOESY) also 
indicated the close spatial proximity between the 
skeleton protons of WQP3 and those of ZnPcS4– (Figure 
S13), strongly supporting the inclusion of ZnPcS4– into 
the cavity of WQP3. However, proton a assigned to 
ZnPcS4– exhibited a more complex pattern with both 
upfield and downfield splits. While the upfield shift is 
attributed to a cavity shielding effect, the downfield 
signal is primarily due to strong electrostatic interactions 
of the anionic sulfonate with the ammonium cation and 
intramolecular hydrogen bonding interactions. The 
combination of multiple deshielding and shielding 
effects ultimately leads to the complex splitting pattern 
of proton a. A spectrum acquired on a 600 MHz NMR 
instrument at 80 oC provided a 1:2:1 integral ratio for 
each set of proton signals of ZnPcS4– (Figure S14), 
corroborating the host–guest geometry indicated by 
GaMD simulation: one isoindole unit of ZnPcS4– inserts 
deeply into the WQP3 cavity and experiences the 
strongest shielding effect, two isoindole units are 
positioned near the cavity with moderate shielding, and 
the fourth isoindole unit remains largely outside the 
cavity with minimal shielding. Quantitative analysis of 
the changes in chemical shift for the ZnPcS4– protons 
indicated complexation at a 1:1 host–guest molar ratio 
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(Figure 2c), which is consistent with the visible 
spectroscopy titration data. 

NIR photocontrolled polymerization mediated by 

supramolecular photocatalyst 

After a comprehensive understanding of WQP3–
ZnPcS4

– complexation, we compared the DMA 

polymerization kinetics in a sealed microtiter plate 

without deoxygenation using ZnPcS4
– alone and the 

WQP3–ZnPcS4
– complex under NIR light irradiation 

(max = 738 nm; I = 60 mW cm–2). When targeting a 

degree of polymerization (DP) of 500, the complex 

(WQP3/ZnPcS4
– molar ratio = 1:1) produced a 

significantly higher conversion compared to ZnPcS4
– 

alone (79% vs. 53%) within 12 h (Table S2). Although 

both systems exhibited excellent pseudo-first-order 

kinetics, a significantly faster polymerization rate was 

observed for the 1:1 complex, with a more than two-fold 

increase in the apparent rate constant (kp
app: 0.137 h–1 

vs 0.064 h–1) (Figure 3). This confirms the higher 

catalytic efficiency of the supramolecular photocatalyst. 

Moreover, gel permeation chromatography analysis 

using a multi-angle laser light scattering detector (GPC-

MALLS) revealed that the experimental number-

average molecular weight (Mn) closely matched the 

theoretical values, as well as narrow, monomodal 

molecular weight distributions (Ð = 1.05). These results 

clearly demonstrate that the supramolecular 

photocatalyst can indeed accelerate the polymerization 

kinetics while maintaining excellent control. 

 

Figure 3. Kinetic studies for DMA polymerizations obtained using 
ZnPcS4

– and WQP3–ZnPcS4
–. (a) Pseudo-first-order plots of 

ln([M]0/[M]t) versus time. (b) Plots of molecular weight and dispersity 
versus conversion. (c-d) Corresponding GPC traces recorded for the 
PDMA homopolymers. Polymerization conditions: [DMA]/[CTPA] = 
500, [TEOA] = 0.19 M, [ZnPcS4

–] = 0.24 mM (50 ppm relative to 
monomer), [WQP3] = 0.24 mM, monomer content = 50% v/v, solution 
volume = 260 μL, air volume = 80 μL, 28 oC, NIR light (max = 738 nm; 
I = 60 mW cm–2). 

Having proven that the supramolecular 
photocatalyst can enhance catalytic efficiency and 
accelerate polymerization kinetics, we sought to further 
optimize this platform for high-throughput 

experiments.[22] This strategy employs oxygen to 
generate hydroxyl radicals[1j, 23] and the inherent oxygen 
tolerance can be utilized for benchtop screening of 
reaction parameters within microvolumes. Thus, the 
headspace air volume, concentrations of TEOA, 
ZnPcS4– and WQP3 were systematically varied to 
understand their effects on the polymerization rate and 
degree of control (Figures S18–S19, Tables S4–S5). 
Each of these reaction parameters was positively 
correlated with monomer conversion until a plateau 
value was reached. Moreover, increasing the 
WQP3/ZnPcS4– molar ratio beyond 1:1 can drive the 
complexation equilibrium, further enhancing the 
polymerization rate. To maximize this effect while 
minimizing materials consumption, the following 
conditions were determined to be optimal and used for 
further studies: headspace volume = 170 μL, TEOA 
concentration = 0.19 M, ZnPcS4– loading = 50 ppm 
(relative to monomer), WQP3/ZnPcS4– molar ratio = 2:1. 

 

Figure 4. Kinetic studies for the DMA polymerizations conducted 
under sealed condition (without deoxygenation) and open-to-air 
condition using WQP3–ZnPcS4

–. (a) Pseudo-first-order plots of 
ln([M]0/[M]t) versus time. (b) Plots of molecular weight and dispersity 
versus conversion. (c-d) GPC traces recorded for the PDMA 
homopolymers obtained during the corresponding polymerization 
process. Polymerization conditions: [DMA]/[CTPA] = 500, [TEOA] = 
0.19 M, [ZnPcS4

–] = 0.24 mM (50 ppm relative to monomer), [WQP3] 
= 0.48 mM, monomer content = 50% v/v, solution volume = 170 μL, 
air volume = 170 μL, 28 oC, NIR light (max = 738 nm; I = 60 mW cm–

2). 

Kinetic studies were then conducted under 
optimized conditions without deoxygenation in both 
sealed and open systems (Figure 4). When using the 
supramolecular catalyst, both systems achieved near-
quantitative conversion within 8 h, in contrast to the 34% 
conversion observed with ZnPcS4– alone (Table S7, 
entry 6), thus confirming the significantly enhanced 
polymerization efficiency under optimized conditions. 
Despite an induction period (~1.8 h) due to the presence 
of a relatively large air volume (air/solution = 1:1 v/v), 
both systems exhibited excellent pseudo-first-order 
kinetics, indicating a constant radical concentration 
during the polymerization. A higher polymerization rate 
was observed for the open-to-air system compared to 
the sealed system (kpapp: 0.51 h–1 vs. 0.43 h–1). This is 
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because more oxygen is available for the generation of 
hydroxyl radicals in the former case. Furthermore, both 
systems provided excellent polymerization control with 
closely matched experimental and theoretical molecular 
weights and low dispersities (Ð = 1.02). This 
demonstrates that the supramolecular photocatalyst 
can significantly accelerate the rate of polymerization 
while maintaining excellent control even if such DMA 
polymerizations are conducted in open reactors. 

Subsequently, we applied this high-throughput 
synthesis platform to various alternative monomers, 
including N-acryloylmorpholine (NAM), N-(2-
hydroxypropyl) methacrylamide (HPMA), and 
poly(ethylene glycol) methyl ether acrylate (PEGA), 
poly(ethylene glycol)methyl ether methacrylate 
(PEGMA) (Table S8, Figure S20–S21). Near-
quantitative conversions were observed for each 

monomer except for HPMA, which is a methacrylamide 
with a relatively low kp value. GPC analysis indicated 
good agreement between theoretical and experimental 
molecular weights and narrow molecular weight 
distributions; the relatively high dispersity (Ð = 1.32) 
observed for PPEGA is attributed to steric congestion 
and a chain transfer to polymer side reaction for this 
acrylate monomer.[23a, 24] In addition, chain extension 
from a PDMA190 precursor (Mn = 19 kg mol–1, Ð = 1.04) 
with a second portion of DMA monomer yielded a 
homopolymer with a higher molecular weight and low 
dispersity (Mn = 158 kg mol–1, Ð = 1.13). GPC analysis 
revealed a clear shift to lower elution time with no 
detectable tailing or shoulder, indicating the absence 
any unreacted precursor polymer owing to premature 
termination. These results demonstrate that the polymer 
chains prepared using this synthesis platform possess 
excellent chain-end fidelity (Figure S22, Table S9).

 

Figure 5. Photopolymerizations conducted through porcine skin. (a) Schematic illustration of the photocontrolled polymerization conducted 

through three layers of porcine skin (overall skin thickness = 15 mm) under the irradiation of either NIR light (I0 = 80 mW cm–2, max = 738 nm) 

or yellow light (I0 = 80 mW cm–2, max = 595 nm). (b) Monomer conversions achieved after 14 h. (c) GPC traces recorded for the PDMA 
homopolymers obtained after the corresponding polymerization. Polymerization conditions: [DMA] = 50% v/v, [DMA]/[CTPA] = 500, [TEOA] = 

0.19 M, [ZnPcS4
–] = 0.24 mM (50 ppm relative to DMA), [WQP3] = 0.72 mM, solution volume = 170 μL, head space volume = 170 μL, 28 oC.

NIR photocontrolled polymerization conducted 
through porcine skin 

To evaluate the potential of this supramolecular 

NIR photocatalyst for practical bioapplications, 

polymerizations of DMA were conducted using different 

light sources at the same light intensity (80 mW cm–2) 

using porcine skin (5.0 mm) as a physical barrier. When 

one or two layers of porcine skin were used as the 

barrier, both NIR (max = 738 nm) and yellow (max = 595 

nm) light irradiation produced relatively high monomer 

conversions with slightly higher conversions being 

observed in the former case (Figure S25). However, 

when three layers of porcine skin (overall thickness = 15 

mm) were used as a barrier (Figure 5a), the yellow light 

exhibited extremely low penetration efficiency (0.2%), 

which was insufficient to drive effective polymerization 

(only 46 conversion). In contrast, using NIR light led to 

superior tissue penetration capability, achieving 10% 

transmittance and 90% conversion, which is markedly 

higher than that obtained for the equivalent 

polymerization conducted using ZnPcS4
– alone (18% 

conversion, see Figure 5b). GPC analysis indicated 

that a low-dispersity PDMA homopolymer with a 

predictable molecular weight was still achieved for the 

NIR-mediated polymerization even in the presence of a 

thick barrier when the supramolecular photocatalyst 

was used (Figure 5c). These results illustrate the 

excellent capability of NIR light to penetrate thick 

biological barriers and further validates the enhanced 

catalytic performance of the supramolecular complex. 

Mechanistic understanding 

The photocatalyst ZnPcS4– plays dual roles of 
deoxygenation and polymerization initiation, while its 
complexation with WQP3 significantly enhances the 
polymerization rate and oxygen tolerance. To reveal the 
effect of host–guest complexation on the reaction 
kinetics of the key mechanistic steps (Figure 6a), we 
analyzed the consumption of 3O2, the generation of 1O2, 
and the production of hydroxyl radicals. As monitored 
using an oxygen optical fiber sensor,[12] the dissolved 
oxygen was consumed within 40 s when the reaction 
solution was irradiated with NIR light in the presence of 
WQP3–ZnPcS4–, whereas it took 20 min for a solution 
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containing ZnPcS4– alone to reach a similar oxygen 
level (Figure 6b). This indicates that the 
supramolecular photocatalyst dramatically accelerates 
the oxygen photosensitization process. The resulting 
1O2 was detected by a spectrophotometric assay using 
9,10-anthracenedipropionic acid (ADPA) as a specific 
probe (Figure 6c).[5c] This protocol indicated a 
significantly faster rate of 1O2 generation for the 
supramolecular photocatalyst (k = 0.14 min⁻1) 
compared to that for ZnPcS4– alone (k = 0.06 min⁻1) 
(Figure 6d). The production of hydroxyl radicals 
(Figure S27) was monitored via electron paramagnetic 

resonance (EPR) spectroscopy using 2,2,6,6-
tetramethylpiperidinooxy (TEMPO) as a radical trap 
(Figure 6e).[25] These experiments showed that the rate 
of radical trapping was dramatically accelerated in the 
presence of the supramolecular photocatalyst 
compared to that when using ZnPcS4– alone (reaction 
rate coefficient, k = 3.51 h⁻1 vs. 0.10 h⁻1) (Figure 6f). 
This 35-fold increase in reaction rate is attributed to the 
combined effect of accelerated 1O2 generation and 
photosensitized H2O2 decomposition, thus providing 
good evidence for the much faster polymerization 
kinetics in tandem with superior oxygen tolerance.

 

Figure 6. Mechanistic analysis of the superior oxygen tolerance and accelerated kinetics conferred when using the WQP3–ZnPcS4
– 

supramolecular photocatalyst compared to ZnPcS4
– alone. (a) Proposed NIR photocatalysis-mediated initiation mechanism, with the red color 

denoting key species for detection. (b) Oxygen consumption measured by an oxygen probe. (c) Spectrophotometric assay for 1O2 formation via 
ADPA oxidation. (d) Kinetic plots for ADPA oxidation by 1O2. (e) EPR spectra monitoring hydroxyl radical formation via TEMPO trapping. (f) 
Kinetic plots for hydroxyl radical trapping by TEMPO. Reaction conditions: [TEOA] = 0.19 M, [ZnPcS4

–] = 0.24 mM, [WQP3] = 0.48 mM, [ADPA] 
= 0.33 mM, [TEMPO] = 0.50 mM. 

Extension to WQP3–TCPP supramolecular 
photocatalyst 

To demonstrate the modularity and versatility of our 

new supramolecular approach, we extended the 

concept to another photocatalyst, tetra(4-

carboxyphenyl)porphyrin (TCPP). This metal-free, 

porphyrin-based compound has been used in the form 

of particulate aggregates to perform NIR-mediated 

photoinduced electron transfer-RAFT (PET-RAFT) 

polymerization in aqueous media.[4j] We hypothesized 

that transforming such TCPP aggregates into host–
guest complexes could significantly enhance its 

catalytic efficiency and thus enable a faster PET-RAFT 

polymerization to be achieved even at reduced catalyst 

loadings. 

The disaggregation efficacy of the three 

biphen[3]arenes was evaluated via fluorescence 

spectroscopy. TCPP has a strong propensity to undergo 

aggregation in aqueous solution, resulting in 

pronounced fluorescence quenching.[4j, 26] Gratifyingly, 

all three macrocycles restored the intrinsic fluorescence 

of TCPP, with the largest enhancement being observed 

for WQP3 (Figure S29). This suggests that WQP3 forms 

a stable, well-defined host–guest supramolecular 

complex with TCPP via hydrophobic, π-π, and 

electrostatic interactions. 1H NMR spectroscopy studies 

confirmed inclusion of TCPP within the WQP3, as 

evidenced by upfield shifts in proton signals assigned to 

both TCPP and WQP3 that simultaneously became 

broader, owing to the mutal shielding effect between the 

host and guest molecules (Figure 7b). Visible 

absorption spectroscopy studies indicated the formation 

of a 1:1 host–guest complex (Figure 7c–d). 

Furthermore, fluorescence titration data (Figure S30), 
1H NMR titration experiments (Figure S33), and 

molecular docking studies (Figure S34) are consistent 
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with the formation of a stable, water-soluble WQP3–
TCPP supramolecular complex.

 

Figure 7. Characterization of host–guest complexation between WQP3 and TCPP. (a) TCPP alone forms aggregates in aqueous solution but 
the WQP3 macrocyclic host binds with TCPP to form a water-soluble supramolecular complex. (b) 500 MHz 1H NMR spectra recorded at 25 oC 
for WQP3 (0.8 mM), WQP3/TCPP = 1:1 (0.8 mM), TCPP (0.8 mM) (PB buffer/DMSO-d6 = 37:13, 0.2 M) PB buffer prepared in D2O, pH = 7). (c) 
Spectrophotometric monitoring of WQP3 titration into a TCPP solution ([TCPP] = 10 μM). (d) Plots of absorbance at 421 nm versus 
WQP3/ZnPcS4

– molar ratio. 

 

Figure 8. (a) Reaction scheme for DMA polymerization using WQP3–TCPP or TCPP alone. (b) Pseudo-first-order plots of ln([M]0/[M]t) versus 
time. (c) Plots of molecular weight and dispersity versus conversion. Polymerization conditions: [DMA] = 30% v/v, [DMA]/[CTPA] = 1000, [TEOA] 
= 5.82 mM, [TCPP] = 0.29 mM (200 ppm), [WQP3] = 0.58 mM, solution volume = 1.5 mL, argon atmosphere, 20 oC, NIR light (max = 730 nm; I 
= 120 mW cm–2).

 

 

To validate the enhanced catalytic efficacy, we 
used the WQP3–TCPP supramolecular photocatalyst to 
conduct the NIR-mediated PET-RAFT polymerization of 
DMA in water (Figure 8a). A photocatalytic mechanism 
using TCPP has been proposed in the literature,[2a] and 

a similar mechanism is presented in Figure S35 using 
the WQP3–TCPP supramolecular photocatalyst. Again, 
the WQP3–TCPP supramolecular photocatalyst 
exhibited no induction period and faster polymerization 
kinetics compared to TCPP alone. Importantly, 
excellent control was retained even at this accelerated 
polymerization rate as indicated by the pseudo-first-
order kinetics, linear increase of Mn with conversion, 
and narrow molecular weight distributions (Figure 8). 
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Overall, these results demonstrate the modularity and 
versatility of our new supramolecular strategy for 
enhancing the performance of NIR photocatalysts. 

Conclusion 

We have developed a highly effective 
supramolecular strategy to enhance the performance of 
NIR photocatalysts for RAFT polymerization in aqueous 
media. By leveraging the tunable cavity size and 
cationic functionality of biphen[3]arene macrocycles, 
particularly WQP3, we constructed well-defined 1:1 
host–guest complexes driven by synergistic 
hydrophobic, π-π, and electrostatic interactions. This 
supramolecular assembly was confirmed by UV–visible, 
fluorescence, NMR and ESI-MS studies, as well as 
GaMD simulations. The resulting WQP3–ZnPcS4– 
supramolecular photocatalyst enables NIR-mediated 
RAFT polymerization to be conducted in aqueous 
solution under ambient conditions with significantly 
enhanced rates, superior oxygen tolerance, and 
excellent control over the target molecular weight and 
dispersity. This polymerization platform is also 
amenable to high-throughput synthesis in microvolume 
reactors and retains high efficiency for polymerizations 
conducted through relatively thick biological barriers. 

This supramolecular approach is highly modular and 
can be extended to other photocatalysts such as TCPP, 
leading to similarly enhanced catalytic performance for 
RAFT polymerization. This study reports a 
straightforward and versatile strategy for improving the 
efficiency of NIR photocontrolled polymerization. Our 
supramolecular approach not only overcomes the 
problem of catalyst aggregation but also establishes a 
robust and oxygen-tolerant platform for precision 
polymer synthesis under NIR irradiation, thus 
significantly expanding the toolbox for precison 
synthesis in the context of both biological and advanced 
materials applications. 
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Host–guest supramolecular photocatalysts constructed from NIR photocatalysts and quaterphen[3]arenes are 
developed for RAFT polymerization in aqueous media, resulting in significantly enhanced polymerization efficiency 
and oxygen tolerance with retained polymerization control. 

 


