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hermal conversion through array
aggregation of metalloporphyrins in bismuth-
based coordination frameworks†

Liang He, a Jing He,a Er-Xia Chen*ac and Qipu Lin *abd

Materials capable of efficiently converting near-infrared (NIR) light into heat are highly sought after in

biotechnology. In this study, two new three-dimensional (3D) porphyrin-based metal–organic

frameworks (MOFs) with a sra-net, viz. CoTCPP-Bi/NiTCPP-Bi, were successfully synthesized. These

MOFs feature bismuth carboxylate nodes interconnected by metalloporphyrinic spacers, forming one-

dimensional (1D) arrays of closely spaced metalloporphyrins. Notably, the CoTCPP-Bi exhibits an

approximate Co/C distance of 3 Å, leading to enhanced absorption of NIR light up to 1400 nm due to

the presence of strong interlayer van der Waals forces. Furthermore, the spatial arrangement of the

metalloporphyrins prevents axial coordination at the centers of porphyrin rings and stabilizes a CoII-

based metalloradical. These characteristics promote NIR light absorption and non-radiative decay,

thereby improving photothermal conversion efficiency. Consequently, CoTCPP-Bi can rapidly elevate the

temperature from room temperature to 190 °C within 30 seconds under 0.7 W cm−2 energy power from

808 nm laser irradiation. Moreover, it enables solar-driven water evaporation with an efficiency of 98.5%

and a rate of 1.43 kg m−2 h−1 under 1 sun irradiation. This research provides valuable insights into the

strategic design of efficient photothermal materials for effective NIR light absorption, leveraging the

principles of aggregation effect and metalloradical chemistry.
Introduction

Light-to-heat conversion materials have garnered signicant
attention for their potential applications in biomedicine, actu-
ators, catalysis, and solar steam generation.1 Recent advance-
ments have led to the emergence of a diverse array of
photothermal materials, including carbon-based composites,
metal-based inorganic materials, organic molecules and poly-
mers, as well as inorganic–organic hybrids.2 The Jablonski
diagram illustrates that improving the photothermal effect
requires enhancements in the material's light absorption,
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17505
especially in near-infrared (NIR) absorption, as well as the
optimization of its non-radiative transition process, which
involves energy dissipation and simultaneous heat generation.3

In addition, radical-based materials offer unique benets for
achieving efficient photothermal conversion owing to the exis-
tence of unpaired electrons and their spin effects.4 However,
radicals are highly chemically reactive, making the actual
preparation of photostable photothermal materials with a wide
light absorption range challenging.

The self-assembly of organic molecules through aggregation
greatly facilitates the development of NIR photothermal mate-
rials by inducing a red-shied spectral absorption.5 Porphyrin,
a prototypical p-conjugated organic molecule, is increasingly
recognized as a promising candidate for photothermal conver-
sion due to its tunable optical properties and reactivity.6 While
monomeric porphyrin has limitations in terms of NIR absorp-
tion and photothermal conversion efficiency, the broadening
and red-shiing of the absorption peak can be achieved by
forming suitable aggregates through interactions such as p–p

stacking, electrostatic attraction, or hydrogen bonding.7 For
instance, compared to the head-to-head approach of porphyrin
H-aggregates, the head-to-tail conguration of J-aggregates
results in stronger electronic coupling between molecules,
leading to absorption redshi (Scheme 1).8 Additionally,
metallized porphyrin endows advantages for NIR light absorp-
tion. The coordination of metal ions in porphyrin rings can
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Enhanced light absorption caused by different ways of
porphyrinic aggregation.
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signicantly alter the orbital hybridization within the porphyrin
chromophore.4b,9 This modication may alleviate the spin
prohibition of porphyrin's Q bands, thereby enhancing light
absorption and causing red shiing. Furthermore, the presence
of metal ions in porphyrin rings can directly inuence axial
bonding and interactions between porphyrins in aggregates,
potentially boosting light absorption and stabilizing metal
radicals.

A variety of spectroscopic techniques and theoretical models
are employed to unravel the impact of metalloporphyrin
aggregation on NIR light absorption enhancement. Neverthe-
less, the random arrangement and amorphous nature of most
multi-metalloporphyrin assemblies present challenges in
achieving a comprehensive understanding of the underlying
principles using these methods.10 Therefore, there is consider-
able interest in transitioning metalloporphyrin-based disor-
dered aggregates to crystalline phases, which offer well-dened
and customizable structures that allow for the investigation of
the role of metalloporphyrin aggregation mode in enhancing
NIR light absorption at the molecular or atomic scale.
Metalloporphyrin-based metal–organic frameworks (MOFs)
have emerged as a class of crystalline materials with potential
applications due to their precise spatial arrangement of
components, tunable structures, and excellent light harvesting
capabilities, rendering them an ideal platform for studying the
role of metalloporphyrin aggregation in photothermal conver-
sion.11 However, current design strategies for metalloporphyrin-
based MOFs primarily concentrate on optimizing porosity to
increase gas sorption or exposing active sites (e.g., metal-
loporphyrin centers) to enhance catalytic performance, oen
leading to the spatial separation of active centers and limiting
the investigation of metalloporphyrin stacking patterns in
MOFs.12

The efficient incorporation of densely packed metal-
loporphyrins into a MOF necessitates the selection of appro-
priate metal nodes and porphyrin ligands. The bismuth(III)
oxidation state proves particularly advantageous due to its high
coordination numbers and exible coordination environments,
enabling the creation of unique metal complexes with distorted
conformations of inorganic building blocks (IBUs).13 Addition-
ally, bismuth and its complexes are non-toxic, making them
appealing for diverse applications such as sea water desalina-
tion, medicine and biotechnology.14 Herein, we have success-
fully fabricated two bismuth–metalloporphyrin-based MOFs,
© 2024 The Author(s). Published by the Royal Society of Chemistry
denoted as MTCPP-Bi, TCPP = tetra(4-carboxyphenyl)
porphyrin, M = CoII and NiII, which consist of a one-
dimensional (1D) rod-like aggregation of Co/NiTCPP (Fig. 1).
The stacking pattern between porphyrins resembles the head-
to-tail pattern typical of J-aggregates, albeit forming a helix.
The strong Bi–O bonds and stacking force between adjacent
metalloporphyrin moieties impart excellent chemical tolerance
to MTCPP-Bi. Furthermore, the aggregation of metal-
loporphyrins and the abundance of CoII-based metalloradicals
contribute to the broad light absorption of CoTCPP-Bi,
extending into the NIR-II range. These attributes position
CoTCPP-Bi as a promising candidate for photothermal conver-
sion applications.
Results and discussion
Synthetic procedures

All the samples can be formed in capped vials (see the ESI† for
details). Their phase purities and formulas were conrmed by X-
ray diffraction (XRD), elemental and thermogravimetric anal-
yses, scanning electron microscopy (SEM), electron para-
magnetic resonance (EPR), Fourier transformed-infrared (FT-
IR) spectroscopy, ultraviolet-visible (UV-Vis) diffuse reection
spectroscopy, and uorescence spectroscopy (ESI†).
Structures and characterization of MTCPP-Bi

CoTCPP-Bi and NiTCPP-Bi were prepared using the sol-
vothermal method, with a detailed protocol provided in the ESI
(Section S1.2†). Single-crystal X-ray diffraction (XRD) analysis
revealed that both CoTCPP-Bi and NiTCPP-Bi share an identical
framework structure, possessing a three-dimensional (3D)
structure with twofold interpenetration, aligned with the P21212
space group (Fig. 1a and Table S1†). During the solvothermal
procedure, CoII or NiII metalated the porphyrinic macrocycles
(TCPP) at their centers to be MTCPP that served as a four-
connection square planar node (Fig. 1c), linking with four-
connection [Bi(COO)4] IBUs to create a sra-net (Fig. 1d and
S1†). The molar ratio of CoII/NiII-to-BiIII was determined as 1 : 1
through site occupancy renement, considering the distinct X-
ray scattering factors and coordination environments of the
metals. Metal content was validated by inductively coupled
plasma-mass spectrometry (ICP-MS), element mapping images
(Fig. S4†), energy dispersive spectroscopy (EDS) (Fig. S5 and
S6†), and Fourier-transform infrared spectroscopy (FT-IR)
(Fig. S7†). X-ray photoelectron spectroscopy (XPS) conrmed
the local coordination environment of MII in MTCPP-Bi (Fig. S8
and S9†). The N1s XPS of CoTCPP-Bi showed identical binding
energies (1087 eV) to CoTCPP, in contrast to the notable shis
in metal-free TCPP. Additionally, the Co2p binding energies for
CoTCPP and CoTCPP-Bi remained consistent at 692 eV and
708 eV, respectively, with the Co2p binding energy peak absent
in unmetallized TCPP. Similarly, the binding energies of N and
Ni in both NiTCPP and NiTCPP-Bi samples are nearly identical,
with Ni positioned at 855 eV and 872 eV, and N at 398 eV
(Fig. S10†). These ndings attest to the successful metallization
of TCPP by CoII or NiII during the in situ synthesis of MTCPP-Bi.
Chem. Sci., 2024, 15, 17498–17505 | 17499
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Fig. 1 (a) Crystal structure of MTCPP-Bi viewed along the c axis. (b) Side view and (c) top view of 1D rod-like aggregation of MTCPP in MTCPP-Bi,
illustrating the orbital overlap area between neighbouring porphyrin macrocycles. (d) Twofold interpenetrated network with sra topology. (e)
Hirshfeld surface analysis and fingerprint plots for CoTCPP-Bi. M = Co/Ni in (a) and (c).
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The unusual spatial arrangement of metalloporphyrins
contributes to the specic twist angle and parallel orientation of
IBUs within the interwoven networks, generating a continuous
1D rod-like aggregation facilitated by offset p–p interactions
(Fig. 1b and c).

The close proximity of adjacent metalloporphyrins enhances
p–p interactions, resulting in a substantial increase in inter-
layer orbital overlap. Noteworthily, a strong interaction exists
between the metal cobalt at the core of the porphyrin ring and
the pyrrole b-carbon of the axially neighboring porphyrin layer,
evidenced by a compressed metal–carbon (Co/C) distance of
only 3 Å (Fig. S2†). This distance is signicantly smaller than the
Ni/C distance in the NiTCPP-Bi (minimum, 3.3 Å). In addition,
the Co/C distance is shorter than the standard van der Waals
contact observed in prior studies between graphite layers (3.4 Å)
and adjacent porphyrins (>3.2 Å).15 As unveiled through inves-
tigations in the crystal database CCDC, the discovery of M/C
contact within porphyrin aggregates marks a new nding.
However, this distance is too long to denote coordination
interaction, as it exceeds the length of robust M–C covalent
bonds found in compounds like alkyl cobalamins (1.99–2.03
Å),16 as well as Co–C (C60, <2.7 Å)17 in the neutral complexes of
fullerenes with metal-incorporating porphyrins. To gain deeper
insights into the interlayer interactions in CoTCPP-Bi, density
functional theory (DFT) calculations were utilized to examine
the noncovalent interactions (NCIs) between adjacent metal-
loporphyrins in CoTCPP-Bi. Real-space visualization of both
attractive and repulsive interactions in the structure, based on
electron density, indicates that neighboring metalloporphyrins
exhibit interlayer van der Waals interactions involving the
porphyrin rings and peripheral benzene rings (Fig. S11†).
Additionally, the analysis of density of states (DOS) displays
a signicant overlap between adjacent layers within the
17500 | Chem. Sci., 2024, 15, 17498–17505
bonding region, indicating pronounced interlayer interactions
(Fig. S12†). Fingerprint maps and further analysis of these
interactions suggest that the stronger van der Waals forces
originate from the metal-mediated interaction, specically
between cobalt and carbon (Fig. 1e). The electrostatic potential
(ESP) analysis demonstrates that the presence of Co causes
distortion in the electron density at the porphyrin core, and the
aggregation of cobalt porphyrins facilitates a cohesive
arrangement of 1D porphyrin arrays (Fig. S13†). In brief, the
theoretical investigation underscores that the unique stacking
pattern of metalloporphyrins engenders robust interlayer van
der Waals interactions, indicative of a strong intermolecular
interaction among neighboring metalloporphyrinic linkers and
holding promise in elucidating the electronic and optical
properties of the underlying porphyrin assemblies.

Metalloporphyrins typically aggregate in a 1D manner;
however, the structures of MTCPP-Bi exhibit open square
channels with aperture dimensions of 9.1 × 5.8 Å2. Pore char-
acteristics were assessed using PLATON soware, revealing
small solvent-accessible voids with a volume of 1953 Å3,
accounting for 21.1% of the unit cell volume. Despite pre-
activation to remove lattice solvents, N2 adsorption–desorp-
tion isotherms of MTCPP-Bi at 77 K showed no detectable
uptake, which could be attributed to blockage of porous chan-
nels by residual guest molecules, rendering the MOF inopera-
tive for N2 sorption. Nonetheless, the permanent porosity of the
representative CoTCPP-Bi was validated through CO2 capture
measurements at 195 K, demonstrating a type-I isotherm
indicative of microporous behavior (Fig. S14†). The Brunauer–
Emmett–Teller (BET) surface area of CoTCPP-Bi was deter-
mined to be 464 m2 g−1. CoTCPP-Bi maintains structural
integrity in aqueous solutions spanning a pH range of 3 to 12
(Fig. S15†), and remains stable in some common organic
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04063e


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 4
:5

8:
06

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
solvents such as methanol, N,N-dimethylformamide (DMF),
acetonitrile, toluene, n-hexane, and acetone, as conrmed by
powder XRD (PXRD) (Fig. S16†). Its thermal stability, evaluated
using thermogravimetry (TG) and temperature-dependent
PXRD, suggests that the framework of CoTCPP-Bi remains
intact when exposed to air up to 300 °C (Fig. 2a and S17†).

To explore the inuence of metallization and aggregation
modes of porphyrins on light absorption, we chose a 2D layered
structure named Bi-TCPP for comparative testing (Fig. S3†).18 In
Bi-TCPP, which is composed of TCPP organic ligands and Bi3+

inorganic nodes, only interlayer van der Waals interactions
occur between the peripheral benzene ring and the central
porphyrin rings due to the dislocated assignment of neigh-
boring layers. The UV-Vis-NIR absorption spectra of powdered
samples, including TCPP, TCPP-Bi, NiTCPP, CoTCPP, NiTCPP-
Bi, and CoTCPP-Bi, are depicted in Fig. 2b. Compared to the
monomeric TCPP, TCPP-Bi shows a noteworthy enhancement
in light absorption up to 800 nm. Both the metalloporphyrin
Co/NiTCPP and their assemblies, Co/NiTCPP-Bi, exhibit
absorption peaks that extend into the NIR-II region (1400 nm).
To further clarify the impact of metallization, Importantly, the
absorption intensity of CoTCPP-Bi is greatly higher than that of
the nickel-metalized samples. This expanded absorption range
of CoTCPP-Bi closely matches the energy distribution of
sunlight (AM1.5 G simulated sunlight), effectively covering
a substantial portion of the solar spectrum (Fig. S18†). The
presence of CoII and the short distance between the metal-
loporphyrin linkers may contribute to this outcome. Prior
research indicates that the spin-allowed d–d transition of
cobalt, characteristic of a CoII complex, enhances the NIR
absorption of the sample.19 we conducted liquid mapping on
light absorption and spectral absorption tests in a DMF solution
(Fig. 2c). Compared with TCPP and TCPP-Bi, the changes in the
position and quantity of the Q-band peaks of CoTCPP, NiTCPP,
CoTCPP-Bi, and NiTCPP-Bi aer metallization could be attrib-
uted to the asymmetry induced by the metal centers. The
absorption spectra of TCPP-Bi, CoTCPP-Bi, and NiTCPP-Bi
display a wider range of absorption compared to TCPP,
CoTCPP, and NiTCPP. This broadening is partly attributed to
the distinct molecular arrangements in solution: TCPP,
CoTCPP, and NiTCPP are present as individual molecules in
Fig. 2 (a) Temperature-dependent PXRD patterns of CoTCPP-Bi under a
TCPP, TCPP-Bi, NiTCPP, CoTCPP, NiTCPP-Bi, CoTCPP-Bi, and the solar

© 2024 The Author(s). Published by the Royal Society of Chemistry
DMF, whereas TCPP-Bi, CoTCPP-Bi, and NiTCPP-Bi are
dispersed as aggregates, which introduces scattering effects.
Density functional theory calculations, and EPR
characterization

The role of metalloporphyrin aggregation in light absorption
was further investigated through DFT calculations. The molec-
ular geometry was optimized using the PBE0 functional. Fig. 3a
clearly illustrates the proles of the singly occupied molecular
orbitals (SOMO) and singly unoccupied molecular orbitals
(SUMO) for both the a and b spins of CoTCPP and CoTCPP-Bi.
For the open-shell CoTCPP and CoTCPP-Bi, the majority of
frontier orbitals are ligand-centered, and the calculated low
energy bands primarily arise from p–p* transitions. Addition-
ally, the contribution of cobalt to SUMO (b) suggests the
involvement of d orbitals of the central metal in light absorp-
tion. This phenomenon is also noted in CoTCPP-Bi, where the
aggregation of cobalt porphyrins promotes orbital overlap,
reducing the band gap between SOMO and SUMO. The calcu-
lated band gap decreases from 2.89 eV for CoTCPP to 2.54 eV for
CoTCPP-Bi, broadening the spectral region to sunlight. These
results emphasize the signicant inuence of metalloporphyrin
aggregation behavior on electronic spectra.

To further examine the electronic structures of CoTCPP and
CoTCPP-Bi, electron spin density was computed using the
Multiwfn program (Fig. 3b). Analysis of spin distributions
uncovered a predominance of single electrons on the central
cobalt, followed by cobalt-coordinated nitrogen atoms, indi-
cating the existence of a CoII-based metalloradical. Bulk
samples were subjected to variable-temperature continuous-
wave X-band EPR spectroscopy, showing a signal at approxi-
mately 3300 G with g = 2.00 at 100 K, as depicted in Fig. 3c.
Similar signals have been observed in other porphyrins and
associated with organic p-radicals based on carbon and
nitrogen.20 Notably, cobaltous-porphyrin is a low-spin CoII-
complex with a lone unpaired electron in the 3d orbital, making
this unpaired electron highly sensitive to alterations in the axial
coordination of the metal ion. External molecules like O2

induce a distortion of the coordination and adjust the oxidation
state of Co, potentially forming Co–O2 adducts identied as
CoIII superoxo (O2

−c) species.21 In addition, ligating molecules
ir atmosphere. (b) UV-Vis-NIR absorption spectra of powder samples of
spectral irradiance (AM 1.5 G), and (c) their solutions in DMF.

Chem. Sci., 2024, 15, 17498–17505 | 17501
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Fig. 3 (a) Frontier molecular orbital diagrams of CoTCPP and CoTCPP-Bi. (b) Spin density maps of CoTCPP and CoTCPP-Bi. (c) EPR spectra of
solid-state samples of TCPP, CoTCPP and CoTCPP-Bi collected at 100 K.
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such as oxygen increase the electron density on Co, akin to the
effect of an N base in cobaltous–porphyrin systems. Conse-
quently, the solid-state sample based on cobaltous porphyrin
exhibits remarkable instability; storage in air or some common
solvents can result in the absence or alteration of EPR signaling.
Prior studies have typically shielded cobaltous porphyrins from
axial ligation by storing them in a vacuum or under an inert
atmosphere, or by embedding them in solid-state diamagnetic
matrices.4,22 In this work, the hyperne coupling between
unpaired electrons and the I = 7/2 59Co nucleus in CoTCPP-Bi
produces a distinct eight-line splitting signal, characteristic of
a well-known CoII-based metalloradical,23 whereas CoTCPP
displays a weaker signal related to the CoII metalloradical.
Comparison of experimental and theoretical data enabled the
determination of spin-Hamiltonian parameters: S = 1/2, gt =

2.3, gk = 2.03, consistent with values previously reported for the
CoII center with a four-coordination environment, as indicated
by XRD. Accordingly, the CoTCPP-Bi powder was intentionally
exposed to air for an extended period, resulting in the obser-
vation of an intense radical signal, which could be ascribed to
the closely spaced metalloporphyrinic arrays within the model.
This is supported by the more prominent CoII-based metal-
loradical signal in CoTCPP-Bi compared to CoTCPP. Heating
CoTCPP-Bi results in a singular broad resonance signal, while
lower temperatures yield amore complex pattern with split peak
formations (Fig. S19†). Conversely, the free-radical signal peaks
with g = 2 consistently dominated in the samples TCPP and
17502 | Chem. Sci., 2024, 15, 17498–17505
CoTCPP (Fig. S20 and S21†). CoTCPP-Bi serves as a model
capable of stabilizing single-electron spins in the CoII center by
preventing axial coordination.

As previously stated, the formation of robust and precisely
arranged aggregations of the compound CoTCPP-Bi diminishes
the energy gap between the S0 and S1 states, allowing for
increased light absorption in the NIR region. Fig. S22† illus-
trates that the reduced bandgap of CoTCPP-Bi no longer
matches the energy level of visible uorescence, leading to
uorescence quenching, which promotes the conversion of NIR
light into thermal energy. Moreover, the maintenance of air-
stable functionality in organic conjugated radicals is vital for
photothermal conversion, given their general susceptibility to
oxygen. However, when these radicals are integrated into well-
designed materials or systems, they can retain their function-
ality in air, which is essential for their practical application in
photothermal devices. The effective aggregation of cobalt
porphyrins produces plentiful and vigorous CoII-based metal-
loradicals that can attenuate radiative transitions, thus inten-
sifying non-radiative processes.
Photothermal conversion performance

Leveraging its outstanding structural stability, UV-Vis-NIR
absorption, and the abundance of CoII-based metalloradicals,
CoTCPP-Bi appears to possess remarkable photothermal
conversion properties. Fig. 4a shows the temperature change of
CoTCPP-Bi powder when exposed to a 0.7 W cm−2 808 nm laser
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Photothermal conversion curves of TCPP, CoTCPP, CoTCPP-Bi, TCPP-Bi, NiTCPP, and NiTCPP-Bi under irradiation of a 0.7 W cm−2

808 nm laser. Inset: IR-thermal images of CoTCPP-Bi under irradiation of a 0.7 W cm−2 808 nm laser. (b) Heating and cooling cycles for TCPP,
CoTCPP and CoTCPP-Bi under different energy power 808 nm lasers. (c) Temperature variations for CoTCPP-Bi and some typical solid-state
photothermal materials reported under an 808 nm laser of 0.7 W cm−2. (d) Photothermal conversion behavior of PU and CoTCP-Bi-loaded PU
foams under 1 sun light irradiation (1 kW m−2). (e) Water evaporation curves with pure water, PU foam and CoTCPP-Bi-loaded PU under
simulated sunlight with an intensity of 1 kW m−2 (1 sun). (f) Evaporation rate and efficiency for CoTCPP-Bi-loaded PU in five cycles.
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for 50 seconds, monitored by an IR thermal camera. Upon laser
exposure, the temperature swily rose from room temperature
(rt) to approximately 150 °C within just 10 seconds, peaking at
190 °C within 30 seconds. Subsequently, upon deactivation of
the laser, the temperature rapidly dropped back to ambient
levels. Under a comparable experimental setup, TCPP demon-
strated a modest maximum temperature of 62 °C, while
NiTCPP, TCPP-Bi, CoTCPP, and NiTCPP-Bi exhibited a notably
higher maximum temperature of 81 °C, 94 °C, 130 °C, and 140 °
C, respectively. These results suggest that the introduction of
metallized porphyrins and denser organization of metal-
loporphyrins have led to an improved photothermal perfor-
mance. Additionally, the temperatures of TCPP, CoTCPP, and
CoTCPP-Bi consistently increased as the irradiation power of
the 808 nm laser increased, spanning intensities of 0.1, 0.3, 0.5,
and 0.7 W cm−2 (Fig. 4b and S23†). It is noteworthy that the
temperature variations displayed a strong linear relationship
with the laser's power density, demonstrating exceptional
thermal regulation capabilities (Fig. S24†). These ndings
emphasize the remarkable photothermal conversion efficiency
of CoTCPP-Bi, surpassing that of most recently reported MOFs
and other types of materials with NIR photothermal trans-
formation (Fig. 4c and Table S2†).2a,24 Following ten cycles of
laser irradiation on CoTCPP-Bi, with the laser being on and off
alternately aer each cycle, no notable photobleaching or
temperature loss was detected via photothermal assessment
(Fig. S25†). Furthermore, PXRD analysis conrmed the reten-
tion of its crystalline structure in the sample, signifying the
excellent photostability of CoTCPP-Bi (Fig. S26†).
© 2024 The Author(s). Published by the Royal Society of Chemistry
Interfacial solar vapor generation (ISVG) technology is
a sustainable, environmentally friendly, and low-carbon alter-
native for seawater and wastewater treatment, offering a prom-
ising replacement for conventional desalination and
purication techniques like reverse osmosis and ultraltra-
tion.25 Upon exposure to xenon lamp irradiation (1 kW m−2,
ltered to match the AM1.5 G solar spectrum), the CoTCPP-Bi
powder, with its enhanced NIR light absorption, registers
a temperature rise from ambient to a peak of 60 °C. Conversely,
the TCPP-Bi powder achieves a maximum temperature of 40 °C
under the same experimental parameters (Fig. S27†). The
impressive photothermal conversion capabilities of CoTCPP-Bi
prompt us to assess its suitability for solar-driven water evapo-
ration. Specically, 30 mg of CoTCPP-Bi powder was loaded
onto a commercially available white hydrophilic porous poly-
urethane (PU) to produce a brownish-black PU sponge. This
sponge served as a foundation for establishing an efficient
interfacial evaporation system, positioned atop the water to
facilitate heat transfer (Fig. S28 and S29†). The solar–thermal
conversion competence of CoTCPP-Bi@PU was recorded using
an IR thermal camera under continuous irradiation of simu-
lated sunlight (AM1.5 G, one sun with the light intensity of 1 kW
m−2) for 30 minutes (Fig. S30†). The results revealed the effec-
tiveness of CoTCPP-Bi@PU in promoting energy conversion at
the water–air interface, as evidenced by the surface temperature
of CoTCPP-Bi@PU reaching 45 °C while oating on the water,
signicantly higher than the pure PU temperature of 27 °C
(Fig. 4d). Aer one hour, the water temperature rose and
equilibrated at 32.2 °C (Fig. S31†). Mass change experiments
were conducted to evaluate the efficacy of solar-driven water
Chem. Sci., 2024, 15, 17498–17505 | 17503
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evaporation, involving time dependent water with PU foam and
CoTCPP-Bi@PU (Fig. 4e and S32†). Under 1-sun exposure under
ambient conditions, the evaporation rate of CoTCPP-Bi@PU
reached 1.43 kg m−2 h−1 and 98.5% solar-driven water evapo-
ration efficiency (h), signicantly outperforming PU (0.2 kg m−2

h−1) and pure water (0.1 kg m−2 h−1), as well as other photo-
thermal materials (Table S3†).24a,f,25,26 The average solar-driven
water evaporation efficiency (h) for CoTCPP-Bi@PU was deter-
mined to be 94% over ve cycles (Fig. 4f).

Conclusions

In conclusion, we synthesized a novel crystalline solid, through
the combination of metalloporphyrin linkers with bismuth–
carboxylate nodes. The stable CoII-based metalloradical species
and the robust aggregation of metalloporphyrins in CoTCPP-Bi,
caused by p–p stacking between neighboring metal-
loporphyrins, impart strong absorption capabilities to the
material in the NIR region. Consequently, under an energy
density of 0.7 W cm−2 using an 808 nm laser, CoTCPP-Bi
demonstrates remarkable photothermal conversion efficiency,
achieving a temperature rise from rt to 190 °C within 30
seconds, and efficient solar-driven water evaporation, with an
efficiency of 94% and a rate of 1.43 kg m−2 h−1 under 1 sun
irradiation. This work highlights the potential for developing
materials with superior photothermal conversion and NIR light
absorption abilities by enhancing the aggregation and stabili-
zation of metalloradical moieties. Furthermore, the integration
of functional photothermal materials opens up new possibili-
ties for the consolidation of photothermal water evaporation
with multifunctional applications, thereby improving the
versatility and efficiency of photothermal technologies.
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M. E. Matter, L. Čamdžić and E. E. Stache, Angew. Chem.,
Int. Ed., 2023, 62, e202308648; (h) O. Shelonchik,
N. Lemcoff, R. Shimoni, A. Biswas, E. Yehezkel, D. Yesodi,
I. Hod and Y. Weizmann, Nat. Commun., 2024, 15, 1154.

3 M. Chen, X. Zhang, J. Liu, F. Liu, R. Zhang, P. Wei, H. Feng,
M. Tu, A. Qin, J. W. Y. Lam, D. Ding and B. Z. Tang, ACS
Nano, 2020, 14, 4265.

4 (a) X. Chen, H. Xie, E. R. Lorenzo, C. J. I. V. Zeman, Y. Qi,
Z. H. Syed, A. E. B. S. Stone, Y. Wang, S. Goswami, P. Li,
T. Islamoglu, E. A. Weiss, J. T. Hupp, G. C. Schatz,
M. R. Wasielewski and O. K. Farha, J. Am. Chem. Soc., 2022,
144, 2685; (b) H. Gao, X. Zhi, F. Wu, Y. Zhao, F. Cai, P. Li
and Z. Shen, Angew. Chem., Int. Ed., 2023, 62, e202309208.

5 L. Zhao, X. Ren and X. Yan, CCS Chem., 2021, 3, 678.
6 C. Preston-Herrera, S. Dadashi-Silab, D. G. Oblinsky,
G. D. Scholes and E. E. Stache, J. Am. Chem. Soc., 2024,
146, 8852.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04063e


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 4
:5

8:
06

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
7 (a) F. Würthner, T. E. Kaiser and C. R. Saha-Möller, Angew.
Chem., Int. Ed., 2011, 50, 3376; (b) Y.-Z. Chen, Z. U. Wang,
H. Wang, J. Lu, S.-H. Yu and H.-L. Jiang, J. Am. Chem. Soc.,
2017, 139, 2035.

8 Q. Zou, M. Abbas, L. Zhao, S. Li, G. Shen and X. Yan, J. Am.
Chem. Soc., 2017, 139, 1921.

9 (a) T. Yamaguchi, T. Kimura, H. Matsuda and T. Aida, Angew.
Chem., Int. Ed., 2004, 43, 6350; (b) B. Guo, G. Feng,
P. N. Manghnani, X. Cai, J. Liu, W. Wu, S. Xu, X. Cheng,
C. Teh and B. Liu, Small, 2016, 12, 6243; (c) Q. Yin,
E. V. Alexandrov, D.-H. Si, Q.-Q. Huang, Z.-B. Fang,
Y. Zhang, A.-A. Zhang, W.-K. Qin, Y.-L. Li, T.-F. Liu and
D. M. Proserpio, Angew. Chem., Int. Ed., 2022, 61,
e202115854.

10 (a) C. Röger, Y. Miloslavina, D. Brunner, A. R. Holzwarth and
F. Würthner, J. Am. Chem. Soc., 2008, 130, 5929; (b)
S. Ganapathy, S. Sengupta, P. K. Wawrzyniak, V. Huber,
F. Buda, U. Baumeister, F. Würthner and H. J. M. de
Groot, Proc. Natl. Acad. Sci. U. S. A., 2009, 106, 11472.

11 X. Zhang, M. C. Wasson, M. Shayan, E. K. Berdichevsky,
J. Ricardo-Noordberg, Z. Singh, E. K. Papazyan,
A. J. Castro, P. Marino, Z. Ajoyan, Z. Chen, T. Islamoglu,
A. J. Howarth, Y. Liu, M. B. Majewski, M. J. Katz,
J. E. Mondloch and O. K. Farha, Coord. Chem. Rev., 2021,
429, 213615.

12 L. Yang, P. Cai, L. Zhang, X. Xu, A. A. Yakovenko, Q. Wang,
J. Pang, S. Yuan, X. Zou, N. Huang, Z. Huang and
H.-C. Zhou, J. Am. Chem. Soc., 2021, 143, 12129.

13 (a) Z. Wang, Z. Zeng, H. Wang, G. Zeng, P. Xu, R. Xiao,
D. Huang, S. Chen, Y. He, C. Zhou, M. Cheng and H. Qin,
Coord. Chem. Rev., 2021, 439, 213902; (b) E. P. Gómez-
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