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ABSTRACT: Materials that demonstrate near-infrared (NIR) absorp-
tion and can simultaneously convert the electromagnetic irradiation into
heat are promising for photothermal therapy. Traditionally, such a 300 nm
material is either pure inorganic, such as CuS, Ag,S, and carbon e
nanotube, or pure organic, such as polyaniline, polypyrrole, and ;g4 ceconds
conjugated polymers. Here we show that strong NIR photothermal
effect can also be achieved in inorganic—organic hybrid coordination

polymers (CPs) or metal—organic frameworks (MOFs). Our strategy is A . ‘ A HEAT
to construct CPs with inorganic Ag—S components that are interlinked 2./ ) @c
by the organic ligands into a higher-dimensional hybrid network. T i 4 H
Interestingly, the two resulting CPs, [Ag(Py-4-CSS)], 1 and [Ag,(Py-4- (1N

CSS) (Py-4-CSSS)], 2 (Py-4-CSS = pyridine-4-dithiocarboxylate; Py-4- (S

CSSS = pyridine-4-perthiocarboxylate), show disparate structures due

to the varied coordination mode of the pyridine group. For 1, the N atom coordinates to the Ag* center and forms a two-
dimensional square framework, while for 2, such a Ag—N bond is disconnected and forms only a one-dimensional structure.
Interestingly, this difference leads to the distinct absorption properties in the NIR region. Under 800 nm radiation, the
temperature of 1 can rise up to 24.5 °C in 3 min with photothermal conversion efficiency of 22.1%, which is about 2X that of
pure inorganic Ag,S material and among the highest compared to various known inorganic materials, for example, Au nanoshells
(13%), nanorods (21%), and Cu,_,Se nanocrystals (22%) irradiated with 800 nm light, while for 2, the NIR absorption is
absent. This result first demonstrates that the inorganic—organic hybrid approach can be applied to construct superior NIR
photothermal materials, but the control of the structure is vital. Here the coordinating nitrogen atoms in 1 are conceived to be
critical in promoting the charge transfer between the dithiocarboxylate ligands. To elucidate the response to NIR irradiation of
1, we measured the heat capacity and dielectric constant of 1 and also performed density functional theory calculations.
Significantly, the large dielectric constant and flat energy bands indicates 1 is much easier to be polarized and has a high electron
effective mass. Thus, unlike the pure inorganic material, such as Ag,S, in which electron and hole can quantum mechanically
combine to give off light, the joint-force of organic ligands in 1 effectively enhances polaronic recombination into heat.

H INTRODUCTION in NIR photothermal application. For instance, the inorganic

Narrow band gap semiconductors that enable the conversion ones are thermally more stable, while the organic ones are

of electromagnetic irradiation to heat' in near-infrared (NIR) easier to fold and extend. In addition to these properties,

windows (750—850 nm NIR-I and 1000—1320 nm NIR-II) strong NIR absorbance, excellent photostability, rapid
hold great promise in photothermal therapy.”™ Typical clearance,'* and additional functions (e.g., imaging capability’
inorganic NIR semiconductors include CuS,’ AgZS,lo and and drug loading capability") are also important targets of the
carbon nanotube,'’ while organic NIR semiconductors are design of NIR photothermal materials.
represented by polyaniline,'” polypyrrole,”” and donor—
acceptor (D—A) conjugated polymers."”” In fact, inorganic Received: October 9, 2018
and organic semiconductors show complementary advantages Published: April 30, 2019
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Coordination polymers (CPs), also known as metal—organic
frameworks (MOFs), are a class of inorganic—organic hybrid
materials with designable features of both organic linkers and
inorganic joints.">~'" CPs have been widely investigated in
various ag?lications like gas adsorption, luminescence, and
catalysis.">'” Recently, this class of materials have been used
for photothermal therapy. As demonstrated by Liu and Wu,
nanoscale MOF particles or sheets comprising photosensitizers
are very efficient at generating a strong NIR photothermal
effect,"**° but the main contribution of this effect is from the
organic ligands. In this paper, we show another design of an
efficient NIR photothermal converter by combining both
contributions from inorganic and organic components. As
Ag,S is a well-known inorganic semiconducting material for
NIR photoluminescence”’ and photothermal effect,'’ we
reason that the incorporation of effective Ag—S component
into CPs with conjugated organic linkers is promising for the
targeted materials.

However, to synthesize such a material is very challenging
due to the strong reactivity between silver(I) and sulfide. Even
the sulfur atom is part of the organic ligand it can be deprived
of by the Ag(I) ions and forms silver sulfide instead. To
prevent or delay such a reaction, previous efforts tried to use
some “tamed” thiol ligands containing one thiol group and
some electron-withdrawing function groups.””~>> Though
some CPs with Ag—S nodes, chains, and layers have been
obtained by this method, such Ag—S-based CPs are of light
colors, > indicating a large band gap and, thus, poor NIR
absorption. The wide band gap was known to be the effect of
quantum confinement owing to the small size of the Ag—S
components in these CPs. Compared to thiol, the
dithiocarboxylate group bearing the same charge but more
sulfur atoms may form bigger Ag—S components. Some known
silver dithiocarboxylate compounds do show relatively darker
colors, indicating the ability of absorbing long wavelength
irradiation.””**

To achieve this goal, we synthesized a new dithiocarboxylate
ligand, pyridine-4-dithiocarboxylate (Py-4-CSS™), using a
sulfurization reaction of aromatic methyl halide (Scheme
1).”” Reaction of sodium pyridine-4-dithiocarboxylate (Py-4-

Scheme 1. Synthesis of Py-4-CSSNa
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CSSNa) and AgNO; in mixed methanol/water solution at low
temperature produces a dark green crystalline solid product of
[Ag(Py-4-CSS)], 1 with high yield (Figure S3). Larger single
crystals of 1 for X-ray diffraction analysis were selected by
solvothermal treatment of Py-4-CSSNa and AgNOj; in the
presence of FeSO, and NaCl. Interestingly, some red crystals
of [Ag,(Py-4-CSS)(Py-4-CSSS)], 2 (Py-4-CSSS™ = pyridine-
4-perthiocarboxylate) appear along with 1 after the solvother-
mal reaction. The (—CSSS)~ group formed from oxidative
reaction of the dithiocarboxylate group has been observed
previously.”””" Remarkably, 1 shows obvious absorption and
exceptionally high photothermal response under NIR irradi-
ation.
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B EXPERIMENTAL SECTION

All reagents are commercially available and were used as received
without further purification.

Synthesis of Sodium Pyridine-4-dithiocarboxylate (Py-4-
CSSNa). Under an inert atmosphere, elemental sulfur (1.28 g, 40
mmol), sodium methoxide (3.24 g, 60 mmol), and methanol (100
mL) were added to a two-head flask charged with a stir bar, and the
mixture was stirred for 3 h in 70 °C oil bath. After cooling down, 4-
(chloromethyl)pyridine hydrochloride (3.28 g, 20 mmol) was added.
The mixture was then stirred for 9 h in a 90 °C oil bath. Then
methanol was removed from the resulting mixture under reduced
pressure, leaving a yellow solid. Dry tetrahydrofuran (THF; SO mL)
was added to dissolve the yellow solid, and the mixture was filtered
with cannula capped with filter paper under nitrogen. Orange solid
(2.48 g, 70% yield) was left after THF being removed from the filtrate
under reduced pressure, and the product was used without further
purification. Elemental analysis found C 40.21%, H 3.02%, N 7.47%, S
32.06%, matching the formula C;H,NS,Na(THF),,(H,0),, (calcd:
C 40.44%, H 3.09%, N 7.15%, S 32.71%). 'H NMR (400 MHz,
MeOD-d,): § 8.36 (m, 2H), 7.83 (m, 2H). 3*C NMR (100 MHz,
MeOD-d,): § 121.80, 149.03, 162.65.

Synthesis of Single Crystals of 1 and 2. Single crystals of 1 and
2 suitable for single crystal X-ray diffraction were obtained by a
solvothermal reaction under an inert atmosphere: FeSO,7H,0 (28
mg) and Py-4-CSSNa (18 mg) were mixed in DMF (2 mL) and
acetonitrile (1 mL), while silver nitrate (17 mg) and sodium chloride
(20 mg) were mixed in DMF (1 mL). The two suspensions were
mixed in a vial and cap sealed. The vial was heated in an oven at 80
°C for 2 days. After cooling down, several black crystals of 1 and red
crystals of 2 were isolated. With this method, we obtained big crystals
of 1 just once, and most of the time, we obtained crystals of 2 only,
and the characterizations of 2 were carried out with the single crystals
isolated.

Synthesis of Polycrystalline 1. Crystalline powder sample of 1
was synthesized by direct mixing aqueous solution of AgNO; and
methanol solution of Py-4-CSSNa in low temperature (ice bath). Py-
4-CSSNa (354 mg, 2 mmol) was dissolved in methanol under N,.
The solution was added to an aqueous solution of AgNO; (340 mg, 2
mmol in S0 mL of degassed water) in an ice bath under N,. Dark
green precipitate appeared immediately. The mixture was stirred for 2
h and the solid was isolated by filtration. The solid was washed with
water and THF and then dried under N, (419 mg). Powder XRD of
the crystalline sample of 1 matches well with that calculated from the
structure got by single crystal XRD analysis indicating the same
structure and pure phase of the crystalline sample (Figure SS).
Elemental analysis result of the powder (C 27.14%, H 1.90%, N
4.69%, S 22.81%) is close to the calculated component for formula
C¢H,NS,Ag(H,0),6(THF),, (C 27.44%, H 2.16%, N 5.00%, S
22.89%).

Synthesis of Polycrystalline 2. Under an inert atmosphere, Py-
4-CSSNa (36 mg, 0.2 mmol), elemental sulfur (4 mg, 0.1 mmol), and
acetonitrile (4 mL) were added to a glass vial charged with a stir bar,
and the mixture was stirred for 3 h on a heating plate of 85 °C. After
cooling down, an acetonitrile solution of AgNO; (34 mg, 0.2 mmol)
was added. The mixture was then stirred for 12 h at room
temperature, and the solid was isolated by filtration. The solid was
washed with water and THF and then dried under vacuum (40 mg,
yield 72%). Powder XRD of the crystalline sample matches well with
that calculated from the structure got by single crystal XRD analysis of
2, indicating the same structure and pure phase of the crystalline
sample (Figure S6). Elemental analysis result of the powder (C
25.74%, H 1.50%, N 5.09%, S 29.01%) is close to the calculated
component for formula C;,HgN,S;Ag, (C 25.90%, H 1.45%, N
5.04%, S 28.82%).

X-ray Crystallography. Single-crystal X-ray diffraction data
collection for 1 and 2 were conducted on a Bruker SMART APEX
II CCD diffractometer (Mo, 4 = 0.71073 A) at 296.15 K. The
structures were solved by direct methods and refined with a full-
matrix least-squares technique within the SHELXTL program
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package1® and Olex2.® All nonhydrogen atoms were refined
anisotropically. The hydrogen atoms were set in calculated positions
and refined using the riding model. For 1, attempts to locate and
model the highly disordered solvent molecules in the pores were
unsuccessful. Therefore, the SQUEEZE routine of PLATON>* was
used to remove the diffraction contribution from these solvents. For
1, P4/ncc, empirical formula C,,H (Ag,N,Ss, MW 104837, T =
296.15K,a=b=16.125(3) A, c=7.2075(12) A, a ==y =90°, V =
1874.1(8) A%, Z =2, p = 1.858 g-em™, y = 2.525 mm ™!, R, = 0.0306
for I > 26(I), wR, = 0.0787 for all data; for 2, P2,/n, empirical
formula C,,H,(Ag,N,S;;, MW 1112.49, T = 296.15 K, a = 11.861(5)
A b =7723(3) A ¢ = 33.601(15) A, & = 90°, B = 95.299(5)°, 7 =
90°, V=3065(2) A%, Z=4,p =2411 gem™, y = 3227 mm ", R, =
0.0626 for I > 26(I), wR, = 0.1238 for all data. The crystallographic
details are provided in Table S1. Selected bond distances and bond
angles are listed in Tables S2 and S3. Crystallographic data for the
structural analyses have been deposited at the Cambridge Crystallo-
graphic Data Center. CCDC reference numbers: 1819424 and
1821603. The crystallographic data for above compounds can be
found in the Supporting Information or can be obtained free of charge
from the Cambridge Crystallographic Data Centre via http://www.
ccde.cam.ac.uk/data_request/cif.

Powder X-ray Diffraction (PXRD). PXRD data were collected in
the reflection mode at room temperature on a Bruker D8 Advanced
X-ray diffractometer using Cu Ka (4 = 1.5418 A) radiation. The X-ray
tube operated at a voltage of 40 kV and a current of 40 mA.

Fourier-Transform Infrared (FT-IR) Spectroscopy. FT-IR
spectra were obtained using a Nicolet 6700 FT-IR spectrophotometer
with Smart iTR Attenuated Total Reflectance (ATR) Sampling
Accessory.

Raman Spectroscopy. Raman spectra were recorded on a Horiba
LabRAM HR Evolution Raman microscope with a laser of 785 nm.

Nuclear Magnetic Resonance (NMR) Spectroscopy. Solution
'"H NMR spectra were recorded on a 400 MHz Bruker super-
conducting magnet high-field NMR spectrometer at room temper-
ature.

Thermogravimetric Analyses (TGA). TGA measurements were
carried out in a flow of nitrogen using a Mettler Toledo TGA with a
heating rate of 10 °C/min. The curve of 1 shows 6.6% weight loss
before 232 °C, indicating a little solvent in the solid. The curve of 2
shows no obvious weight loss before 214 °C, corresponding to the
solvent-free structure revealed by the single crystal X-ray diffraction.

UV-vis-NIR Diffuse Reflectance Spectra. UV—vis-NIR diffuse
reflectance spectra were recorded with a Shimadzu UV-3600 UV—vis-
NIR spectrophotometer equipped with an integrating sphere. The
reflectance versus wavelength data generated were used to estimate
the band gap of the material by transforming reflectance to absorption
data according to the Kubelka—Munk equation: a/S = 1 -
R)*(2R)7!, where R is the reflectance and & and § are the absorption
and scattering coeflicients, respectively.

Transmission Electron Microscopy. Transmission electron
microscopy (TEM) studies were conducted on a Hitachi HT-7700
transmission electron microscope with an accelerating voltage of 100
kv.

Elemental Analysis. C, H, N, and S analysis was conducted on an
Elementar vario MACRO cube analyzer.

Photothermal Effect. Samples of 1 and Ag,S (250 mg) were
pressed into dense discs of 13 mm diameter with 100 kN normal
force. The samples are loaded on a white paper and the temperature
was measured with a Fluke Visual IR Thermometer. 800 nm laser
with power density of 0.754 W cm™ was generated with an infrared
diode laser at 800 nm (MDL-III-800—2.5W from Changchun New
Industries Optoelectronics Tech Co,. Ltd.).

Differential Scanning Calorimetry (DSC). DSC measurement
of 1 and Ag,S from 20 to 80 °C was performed in a Q200 Differential
Scanning Calorimeter from TA Instruments. Specific heat capacity
(Cp, J/(g’K) was calculated from the DSC data.

Dielectric Measurement. Dielectric constant measurement was
performed on a HIOKI 3532—50 LCR HiTESTER. Powder sample of
1 was pressed into a dense disc of 10 mm diameter and 0.9 mm
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height. Silver paste was used to connect the pellet sample to the
electrode probes.

First-Principles Calculations. We perform first-principles calcu-
lations based on density functional theory (DFT) im6plemented in the
Vienna Ab Initio Simulation Package (VASP),** using projector
augmented wave (PAW) pseudopotentials®” and a plane wave basis
set with an energy cutoff of 500 eV. We choose the strongly
constrained and appropriately normed (SCAN)** meta-GGA func-
tional®® for structural optimization and electronic structure calcu-
lations. The 10 X 6 X 6 and 4 X 4 X 8 Monkhorst—Pack k-point
grids*® are used to sample the Brillouin zone for bulk a-Ag,S and
coordination polymer [Ag(Py-4-CSS)], 1, respectively. All atomic
structures are fully relaxed until the Hellmann—Feynman force on
each atom is less than 1 meV/A and residual stress less than 0.1 kbar.

B RESULTS AND DISCUSSIONS

Crystal Structures. Single crystal X-ray diffraction analysis
revealed 1 features a layered structure (Figure 1). Each

(b)

P
&f \ : - ; .i.
k('.\ . v K

Figure 1. Packing diagram (a), interlayer Ag--S interactions (b), the
single layer (c), and the SBU (d) of 1. Color codes: silver, dark blue;
sulfur, yellow; nitrogen, light blue; carbon, gray; hydrogen, white.

silver(I) ion coordinates two sulfur atoms and one nitrogen
atom to generate a “T” shape [AgS,N] fragment. The Ag—S
bond length (2.43 A) and Ag—N bond length (2.53 A) are in
the normal range.”® The distance of the two silver ions in the
dimer is 3.04 A, much shorter than twice of the van der Waals
diameter (3.44 A) of silver atom and close to the bond length
in silver metal (2.89 A). The short Ag-+-Ag distance indicates
argentophilicity"' in the dimers, which are bridged by four Py-
4-CSS™ ligands in the ab plane to construct a [4,4] square
network.

The [Ag(Py-4-CSS)], layers stack in a ABAB relation along
¢ axis, leaving one-dimensional (1D) cylindrical pores with a
van der Waals diameter of ~S A. Interestingly, between
neighboring layers, there are extensive Ag---S weak interactions
(with distances shorter than 3.3 A), which connect the [AgS,],
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dimers into a novel [Ag,S,], chain (Figure 1b). Pyridine rings
between adjacent layers stack in a head-to-tail fashion along
the ¢ axis. The centroid---centroid contacts between the
pyridine rings are about 3.64 A, while displacement angles
are around 28.4° (Figure S4). Such orientations of the
aromatic rings indicate proper z—r interactions between the
layers, which may significantly contribute to the interlayer
charge transport and thus affect the optical and electrical
properties of 1 (see below).

The single crystal X-ray diffraction data of 2 reveals a 1D
chain structure, crystallizing in the space group of P2,/n. The
asymmetric unit (Figure 2a) consists of four Ag' ions

Figure 2. Asymmetric unit (a), (Ag,S;o)e chain (b), interchain Ag---S
interactions (c), and 3D packing diagram (d) of 2.

coordinated by terminal sulfur atoms from two Py-4-CSS™
and two Py-4-CSSS™ ligands. Unlike that in 1, nitrogen atoms
of both ligands in 2 do not coordinate to the Ag" ions. The
units repeat and form a [Ag,S,,], chain along the b axis
(Figure 2b). Intrachain Ag—S bond lengths vary from 2.47 to
2.80 A, while the adjacent Ag---Ag distances vary from 2.89 to
3.30 A, forming 1D argentophilicity along the chain. The
[Ag,S0], chains pack closely along the a axis, with the shortest
interchain Ag--S distance down to 3.00 A, while the packing
along the ¢ axis is much looser, by only van der Waals forces
(Figure 2¢,d). IR and Raman spectra also support the existence
of perthilcarboxylate groups in 2. In the IR spectrum of 2
(Figure S12), the major peak at 1038 cm™ (v(CS,)) is slightly
shifted to high energy with respect to the corresponding peak
(1025 ecm™) in spectrum of 1, as repeatedly found for
perthiocarboxylates in comparison with the corresponding
dithioderivatives.”” In the Raman (Figure S13), a strong peak
at 466 cm™" indicates the S—S group in 2.*

Light Absorption. UV—vis-NIR diffuse reflectance spectra
of Py-4-CSSNa, 1, and 2 were measured and transformed into
the absorption spectra using the Kubelka—Munk function**

6604

(Figure 3). For Py-4-CSSNa, there is only one major
absorption band before 600 nm and peaking at about 400
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Figure 3. Derived absorption spectra of 1 (black), 2 (red), and Py-4-
CSSNa (blue). Inset: calculated band gaps of 1 for direct (b) and for
indirect (c).

nm. While the absorption spectrum of 1 has a second strong
peak at ca. 650 nm compared to the Py-4-CSSNa compound,
indicating the unambiguous effect of coordination with the
silver(I) ions. However, there is sharp decrease between 650
and 750 nm, which is intriguingly followed by a long tail until
1000 nm. Though the major absorption lies before 750 nm the
wide absorption band between 750 and 1000 nm is in NIR
region and indicating a characteristics of narrow band gap
semiconductor with possible photothermal effect under NIR
radiation. Though compound 2 also shows distinct absorption
features compared to the Py-4-CSSNa, there is no absorption
above 700 nm for 2, indicating 2 is non-NIR active.
Nevertheless, 2 has an optical absorption edge of about 620
nm (2.0 eV), which also falls in the semiconductor region.
Compound 1 has an obvious narrower energy gap compared
with Py-4-CSSNa, compound 2 and some other silver
dithiocarboxylate compounds with Ag—S chains.” It rules
out simple reasons, including ligand absorption and quantum
confinement effect of Ag—S component for the long-wave-
length absorption of 1. In inorganic semiconductors, weak
absorption tail indicates an indirect band structure or defect
energy levels between bands. Two possible band gaps of 1 can
be calculated, respectively, from the optical spectra, giving 1.2
eV for indirect band gap and 1.7 eV for direct band gap. The
DFT calculation reveals a direct band structure, but it should
be careful to accept a direct band gap of 1.7 eV. In
coordination compounds, weak absorption can also be caused
by interligand or intraligand charge transfer. The weak
absorption of 1 from 750 to 1000 nm may be caused by the
enhanced charge transfer from the dithiocarboxylate group to
the nitrogen donor of the pyridine ligand, namely, CSS — N.
Such a charge transfer scheme is presented along with DFT
simulated charge density contour plot for 1. As shown in
Figure 4, in the ground state pyridine ligand especially nitrogen
donor accumulates larger amount of electron charge than the
dithiocarboxylate group. However, the coordinated N is still a
stronger electron accepting center,*® though it has larger Bader
charge than other atoms (N:6.35 vs S:6.09 ¢). The above-
mentioned charge-transfer circumstance is absent in 2 because
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Figure 4. DFT calculated real space charge density contour plot and
corresponding electron transfer routes in 1 (red circles indicate
electron-rich domains; blue circles indicate electron-accepting
centers; blue arrows indicate the transfer direction).

the N atoms in both Py-4-CSS and Py-4-CSSS ligands do not
coordinate to the silver(I) ions. Moreover, higher dimension of
the Ag-CSS-Py network and 7—7 interactions in 1 are also
possible favorable factors for the low electron excitation
energy.

Electrical Conductivity. To reveal the electric conductiv-
ity of both compounds two-probe electrical resistivity
measurements were carried out on pressed pellets of 1 and
2. The conductivity of 1 at room temperature is 1.1 X 107" S/
cm, while that of 2 is 5.5 X 107'° S/cm (Figure S15), which
corroborates that both 1 and 2 are semiconductors.

Photothermal Effect. As compound 2 has no absorption
in the NIR region, we performed a photothermal measurement
only for 1 by measuring the temperature change of a pellet
sample under an 800 nm laser radiation of 0.5 W cm™. As
shown in Figure Sa, a quick temperature increase (12 °C in
first 15 s) of 1 demonstrates positive photothermal response.
Temperature of the sample nearly reach equilibrium within
180 s when the laser was turn off and the maximum
temperature difference (AT,,.) of 1 is 24.5 °C. For
comparison, we also tested the photothermal effect of the
bulk Ag,S sample with the same mass (250 mg) and found that
both the temperature increasing rate (9 °C in first 15 s) and
AT,... (17.0 °C) are lower than those of 1.

Differential Scanning Calorimetry (DSC). DSC meas-
urements were performed on both samples of 1 and Ag,S
(Figure Sb). In the temperature window of 20—80 °C, the
specific heat capacity of 1 is in the scope of 1.02—1.25 J/(g'K),
which is nearly twice the Ag,S sample (around 0.7 J/(g-K)**).
According to the definition of specific heat capacity (C,),

C, = Q/(m X AT) (1)
where Q is heat (J) and m is mass (g). As the masses of both
samples are the same, the higher Q is consistent with higher
(AT, X CP), indicating much more heat was generated in 1
during the irradiation. Thus, in this comparison, 1 shows
higher photothermal conversion efficiency than bulk Ag,S.
Though the DSC measurement of 1 indicates exothermic
change above 50 °C, TGA plot shows 1 is stable up to 200 °C
(Figure S14).

Photothermal Conversion Efficiency. With the informa-
tion on the absorbance, photothermal temperature, and the
heat capacity, we can get a coarse photothermal conversion
efficiency 7 of 1 according to the previous method,"” because

daT

mC,—

dt = Q—s - Qloss
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Figure S. Temperature variation of 1 (filled circle) and Ag,S (empty
circle) under the radiation 800 nm laser (a) and temperature-
dependent heat capacity of 1 (filled circle) and Ag,S (empty circle)
(b).

where m and C, are the mass and heat capacity of the solid,
respectively; while Q, is the photothermal heat energy input by
irradiating, and

Q,=1I(1-R)y 3)

where I is the laser power and R is the reflectance at the
excitation wavelength of 800 nm. Q. is thermal energy lost to
the surroundings which is nearly proportional to the linear
thermal driving force

Qloss = hS(T - Tsurr) (4)

where h is the heat transfer coeflicient, S is the surface area of
the container, and Ty, is the surrounding temperature. When
the temperature reaches the maximum, the system is in

balance. So,

Qs = Qloss = hS(Tmax - ’I;urr) (5)

For 1, (Tyax — Tsuy) is 24.3 K. The conversion efficiency # can
be deduced according to
- M
I(1 - R) (6)

In order to get the hS, a dimensionless driving force 6 is
introduced as follows:

_ T - ’I;urr
Tmax - ’I;url’ (7)
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Derive @ with respect to T and substitute the result into eq 2
and we get

do _ Q, _ hSe

dt  mC(T, — Ty mC, (8)
When the laser is off, Q, = 0, therefore,

a0 hSO

&t G, )
And by integration,

mC
t= —h—s"’ln 0 (10)

So hS can be calculated from the slope of the plot of cooling
time versus In 6 (Figure S10). For 1, hS is 0.0067 J/(Ks).
According to eq 6, the conversion efficiency # for 1 is finally
calculated to be 22.1%, which is among the highest compared
to various known inorganic materials (e.g, Au nanoshells
(13%), nanorods (21%), and Cu,_,Se nanocrystals (22%)
irradiated with 800 nm light.*) The photothermal conversion
efficiency of the bulk sample of Ag,S also was calculated to be
9.5% (Figure S11). Under 800 nm irradiation, the absorption
ratio (1 — reflectance) of 1 and Ag,S are 0.737 and 0.947,
respectively, which indicates the absorption of 1 is weaker than
that of Ag,S.

There are two major possible directions for the photo-
induced electron—hole pairs: radiative recombination for
luminescence and nonradiative recombination giving heat.
Unlike Ag,S, known for strong photoluminescence, 1 does not
show obvious photoluminescence in our measurement,
indicating more light converts into heat.

In theory, nonradiative electron—hole recombination (giving
off heat instead of light) requires phonons, and different
coordination polymers certainly can have different phonon
dispersion and electron—phonon coupling, depending on the
exact atomic structure. Electron and hole separated by photon
absorption can couple with phonons and form electron
polaron and hole polaron. If there is an organic component,
the polaronic reconstruction is very conspicuous and fast.”'
While naked electron and naked hole in a normal inorganic
band material (like Ag,S) can recombine quantum mechan-
ically, to give off light, electron polaron and hole polaron can
no longer radiatively recombine, because they are dressed by
much heavier phonons (this reduces their energy and is an
energy downhill process) and can only move classically. Then,
as they are not far apart, they are Coulombically attracted, and
it is much easier for electron polaron and hole polaron to just
come together and annihilate the charges and disperse the
phonons as heat. Here are some basic trends: (a) the higher
polarizability, the stronger the trend of polaronic reconstruc-
tion; (b) the more flat band (higher electron effective mass),
the stronger the trend of polaronic reconstruction; (c) the
easier/faster polaronic reconstruction of charge carriers, the
more the nonradiative electron—hole recombination compared
to radiative recombination. Therefore, the dielectric measure-
ment and calculation of electronic band structure were carried
out.

Dielectric Constant. At room temperature (25 °C), the
dielectric constant in different frequency was determined by
measuring the capacitance of a pellet sample of 1. The
dielectric constant of 1 shows obvious frequency dependence.
Dielectric constants of 1 in 60, 100, 1000, 10000, and 100000
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Hz are 45, 38, 26, 18, and 14 (Figure 6). The values are much
high than 6, known for Ag,S.
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Figure 6. Frequency dependence of the real part (black) and
imaginary part (red) of dielectric permittivity (¢,”) (a) and the
corresponding dielectric loss tangent (D) (b) of 1.

Electronic Band Structures. We further investigate the
electronic properties of 1 using first-principles calculations, and
the comparison between 1 and a-Ag,S bulk is also presented.
We fully optimize the crystal structure for 1. The comparison
between experimental and DFT optimized lattice parameters,
bond lengths, and angles of system 1 are summarized in Tables
S1 and S2 of the Supporting Information, respectively. The
overall good agreements between experimental and simulated
results are obtained. Figure 7 displays our calculated energy
band structures and PDOS for two compounds. a-Ag,S is a
semiconductor with pronounced hybridization between Ag-Ss
and S-3p orbitals throughout the entire valence and
conduction bands. In 1, besides Ag—S hybridization, the
strong orbital overlap between Ag-Ss and N-2p indicates the
effective charge transfer within Ag—N bonds. It is noted that
we do not found a good match between our calculated and
experimentally measured energy band gaps for a-Ag,S and 1,
owing to the band gap error from GGA exchange-correlation
functional.”> We predict both a-Ag,S and 1 as direct gap
semiconductors, but with distinct energy dispersion features:
a-Ag,S exhibits the strong energy dispersions (1-2 eV)
around the valence band maximum and conduction band
minimum, while the almost flat valence and conduction bands
indicate the high carrier effective mass and poor carrier
mobility in 1.
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Figure 7. Calculated energy band structures and projected density of
states (PDOS) for a-Ag,S bulk (a) and 1 (b).

B CONCLUSION

To summarize, we demonstrate a 2D Ag-dithiocarboxylate
based CP exhibits stronger NIR photothermal effect compared
to the pure inorganic material Ag,S. The near-infrared
photothermal conversion efficiency of 1 reaches 22.1% in 3
min, which is among the highest compared to various known
inorganic materials, for example, Au nanoshells (13%),
nanorods (21%), and Cu,_,Se nanocrystals (22%). This result
shows the inorganic—organic hybrid materials, which can
combine high polarity and flat energy band structures are
advantageous for efficient photothermal conversion.
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Scheme S1. Syntheses of the crystals of 1 and 2

S _SNa DMF, CH3CN
Ny, 2 days
W 182
+ NaCl
FeSO4e7H20

Figure S1. Single crystals of 1

Figure S2. Single crystals of 2.
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Figure S3. TEM image of the crystalline 1.

Table S1 Crystal data and structure refinement for 1 and 2. Simulated results for 1 are
also listed after slash for comparison.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

al®

Bl

v

VIA

z

Pecalc/ g cm3
ulmmt

F(000)
Reflections collected
Rint

Data/ parameters
GOF

R1, WR2 [1> 26(1)]

R1, wR2 (all data)

1
C24H16Ag4N4Ss
1048.37
296.15
tetragonal
P4/ncc
16.125(3)/ 16.0111
16.125(3)/ 16.0111
7.2075(12)/ 7.0950
90/ 90
90/ 90
90/ 90
1874.1(8)/ 1818.83
2
1.858
2.525
1008.0
8244
0.0259
1220/48
1.022
0.0306, 0.0744

0.0418, 0.0787

2
C24H16Ag4N4S10
1112.49
296.15
monoclinic
P2i/n
11.861(5)
7.723(3)
33.601(15)
90
95.299(5)
90
3065(2)

4
2.411
3.227
2144.0
24415
0.0664
5302/379
1.113
0.0626, 0.1113

0.1103, 0.1238
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Table S2 Selected bond lengths (A) and angles (9 for 1. Corresponding simulated
results of 1 are also listed in parenthesis for comparison.

bond length (A) angle angle degree (9
Agl-Agl? 3.0439(9) (3.0546) | S1-Agl-Agl® 85.359(18) (83.87)
Agl-S1° 2.4259(8) (2.4190) | S1™-Agl-Agl* 85.359(18) (83.87)
Agl-S1 2.4259(7) (2.4190) S1-Agl-S1° 170.72(4) (167.75)
Agl-N1° 2.531(3) (2.4747) S1-Agl-N1° 94.641(18) (96.13)
Ag1%-N1 2.530(3) (2.4747) S1°-Ag1-N1° 94.641(18) (96.13)
N1%-Agl-Agl* | 180.000(14) (180.00)
21/2-X,3/2-Y +Z; °1-Y ,1-X,1/2-Z; “1/2-Y 1+ X,+Z; -1+Y,1/2-X +Z

Table S3 Selected bond lengths (A) and angles (9 for 2.

bond length (A) angle angle degree angle angle degree angle angle degree angle angle degree
Ag3-Agd | 3.0152(16) | Agd-Ag3-Ag2 | 104.21(5) | S8-Agd-Ag3 58.(42(7) S2-Agl-Ag2 86.(02(8) S1-Ag2-S9° 147.552(12)
Ag3-Agl | 2.8865(18) | Agl-Ag3-Agh | 161.96(5) | S8-Agd-Agl® | 50.62(7) | S2-Agl-S&® | 108.42(11) | Agl-S2-Ag3 | 68.73(9)
Ag3-Ag2 | 3.2985(19) | Agl-Ag3-Ag2 | 57.87(4) | S8-Agd-Ag2® | 106.33(8) | S8>-Agl-Ag3 | 162.24(8) | Agd-S8-Ag3 | 66.59(8)
Ag3-S2 | 2.562(3) | S2-Ag3-Ag4 | 123.74(8) | S8-Ag4-S5 | 113.40(10) | S8>-Agl-Agd® | 53.47(8) | Agl™-S8-Ag3 | 134.18(13)
Ag3-S8 | 2.799(3) | S2-Ag3-Agl | 55.46(8) | S5-Ag4-Ag3 | 54.98(7) | S8™-Agl-Ag2 | 105.44(8) | Agl*-S8-Agd | 75.92(9)
Ag3-S5 | 2.689(3) | S2-Ag3-Ag2 | 80.12(8) | S5-Ag4-Agl® | 152.25(7) |S10°-Agl-Ag3| 91.11(9) | S7-S8-Ag3 | 111.25(16)
Ag3-S4 | 2.589(4) | S2-Ag3-S8 | 95.51(10) | S5-Agd-Ag2® | 139.56(8) |S10°-Agl-Agd®| 85.67(8) | S7-S8-Agd | 102.93(15)
Agd-Agl®| 3.2486(18) | S2-Ag3-S5 | 121.45(10) | S9-Ag4a-Ag3 | 124.56(8) |S10>-Agl-Ag2| 86.72(9) | S7-S8-Agl® | 101.79(16)
Ag4-Ag2®| 2.8866(18) | S2-Ag3-S4 | 150.68(11) | S9-Agd-Agl® | 80.84(8) | S10°-Agl-S2 | 146.32(12) | Ag3-S5-Agh | 66.68(8)
Ag4-S8 | 2.691(4) | S8-Ag3-Agd | 54.99(7) | S9-Ags-Ag2* | 55.21(8) | S10°-Agl-S8° | 105.22(11) | Ag2-S5-Ag3 | 77.10(9)
Ag4-S5 | 2.795(3) | S8-Ag3-Agl | 140.35(8) | SO-Ag4-S8 | 122.61(10) |Aga>-Ag2-Ag3| 120.96(5) | Ag2-S5-Agh | 134.89(13)
Ag4-S9 | 2.551(3) | S8-Ag3-Ag2 | 151.54(8) | SO-Ag-S5 | 95.40(10) |Agd>-Ag2-Agl| 66.77(4) | S3-S5-Ag3 | 103.01(15)
Ag4-S6 | 2.573(3) | S5-Ag3-Agd | 58.34(7) | S9-Agd-S6 | 148.93(11) |Agl-Ag2-Ag3| 54.19(4) | S3-S5-Agd | 111.31(15)
Agl-Agd®| 3.2486(18) | S5-Ag3-Agl | 105.41(8) | S6-Agd-Ag3 | 82.20(8) | S5-Ag2-Ag3 | 52.62(8) | S3-S5-Ag2 | 102.07(15)
Agl-Ag2 | 3.0141(18) | S5-Ag3-Ag2 | 50.29(7) | S6-Agd-Agl® | 109.52(8) | S5-Ag2-Agd® | 160.64(8) | Ag2-S9-Agd | 69.12(9)
Agl-S2 | 2.552(3) | S5-Ag3-S8 | 113.33(10) | S6-Ag4-Ag2® | 104.22(9) | S5-Ag2-Agl | 104.11(8)
Agl-S8 | 2589(3) | S4-Ag3-Agd | 81.49(9) | S6-Aga-S8 | 83.39(10) | S9*-Ag2-Ag3 | 115.18(8)
Agl-S10° | 2.467(4) | S4-Ag3-Agl | 105.64(9) | S6-Ag4-S5 | 87.88(10) |S9"-Ag2-Ag4®| 55.67(8)
Ag2-Agd®| 2.8866(18) | S4-Ag3-Ag2 | 110.12(9) |Ag3-Agl-Ags®| 122.67(5) | S9°-Ag2-Agl | 85.88(8)
Ag2-S5 | 2.603(3) | S4-Ag3-S8 | 87.46(11) |Ag3-Agl-Ag2| 67.93(4) | S9™-Ag2-S5 | 108.16(11)
Ag2-S® | 2.538(3) | S4-Ag3-S5 | 83.20(10) |Ag2-Agl-Agd®| 54.74(4) | S1-Ag2-Ag3 | 85.29(9)
Ag2-S1 | 2.465(4) |Ag3-Agd-Agl?| 104.77(5) | S2-Agl-Ag3 | 55.80(8) | S1-Ag2-Ag4® | 92.70(10)
S3-S5 | 2.025(4) |Ag2*-Ag4-Ag3| 163.17(5) | S2-Agl-Ag4® | 116.00(8) | S1-Ag2-Agl | 87.11(9)
S7-S8 | 2.027(5) |Ag2*-Ag4-Agli 58.50(4) | S2-Agl-Ag2 | 86.08(8) | S1-Ag2-S5 | 104.15(12)
44X, 1+Y +Z; P+ X,-1+Y,+Z
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centroid-centroid contact: 3.639 A
Plane distance: 3.200 A

displacement angle: 28.43°

Figure S4. n-x stacking centroid—centroid contact and displacement angle in 1.
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Figure S5. Powder XRD patterns of 1. (a) calculated pattern of 1; (b) experimental
pattern of a crystalline sample of 1.
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Figure S6. Powder XRD patterns of 2. (a) calculated pattern of 2; (b) experimental
pattern of a crystalline sample of 2.
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Figure S7. UV-Vis-NIR diffuse reflectance spectra of 1 (black), 2 (red), Py-4-CSSNa
(blue).

S8



100

R%

0
400 600 800 1000 1200 1400 1600
Wavelength / nm

Figure S8. UV-Vis-NIR diffuse reflectance spectra and the derived absorption spectra
of AgeS.
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Figure S9. Tauc plot of Ag>S. The direct band gap of A>Sis 1.1eV.
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Figure S10. Cooling time versus Ing of 1 and linear fit.
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Figure S11. Cooling time versus Ind of Ag>S and linear fit.
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Figure S12. IR spectra of Py-4-CSSNa(a), 1 (b) and 2 (c).
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Figure S13. Raman spectra of 1 and 2.
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Figure S14. TGA plots of 1 (black) and 2 (red).
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Figure S15. Plots of current density versus electric field strength (J—E curves) for 1
(black dots) and 2 (red dots) at 298 K.
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Figure S16. PXRD patterns of 1: (a) calculated; (b) as-made sample and (c) sample
stored in air for three days.
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Figure S17. IR spectra of 1: (a) as-made sample and (b) sample stored in air for three
days.
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Figure S18. PXRD patterns of 2: (a) calculated; (b) as-made sample and (c) sample
stored in air for three days.
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Figure S19. IR spectra of 2: (a) as-made sample and (b) sample stored in air for three
days.
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NazS treatment of 1 and 2.

Na2S (50 mg), a sample of 1 or 2 (20 mg) and methanol (2 mL) were mixed in a glass
vial with stir for 30 minutes. The suspension was then filtered and the filtrate (i.e. 1-
extractl or 2-extractl) was used for mass spectroscopy. Pieces with m/z=154.08 were
found in both samples, indicating existence of Py-4-CSS". However, the pieces of Py-
4-CSSS’ (calculated m/z=185.95) were not found in 2-extractl, indicating the ligand
IS not stable in such a treatment.

Na2S (50 mg), a sample of 1 or 2 (20 mg) and methanol-d4 (0.6 mL) were mixed in a
glass vial with stir for 30 minutes. The suspension was then filtered and the filtrate
(i.e. 1-extract2 or 2-extract2) was used for NMR analysis. The NMR spectrum of 2-
extract2 is the same with that of Py-4-CSSNa and 1-extract2 (Figure S20), which also
indicated the instability of Py-4-CSSS- in the NaS treatment.
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Figure S20. NMR spectra of Py-4-CSSNa (a), 1-extract2 from NazS treatment (b) and
2-extract2 from Na.S treatment (c).
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