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Abstract: With [TM(phen)3]2+ (TM = transition metal, phen = 1,10-phenanthroline) complex and N-
alkylated [(Me)-2,2-bipy]”" (Me = methyl, 2,2"-bipy = 2,2"-bipyridine) as cations, a series of hybrid
iodoargentates, namely, [TM(phen);],Agsl; (TM = Mn (1), Fe (2)), [Mn(phen),]Agsl; (3) and [(Me),-
2,2"-bipy].Agsli1 (4), have been solvothermally prepared and structurally characterized. Compounds 1-2
feature isolated windmill-shaped [Agsl;]* trimers based on [Agls] triangles, whereas compound 3
contains two-dimensional (2D) microporous [Ag5I7]2' layers composed of [Ags;l;] and [Agylis]
secondary building units (SBUs) based on [Agly] tetrahedra. In compound 4, the 2D [AgsI;;]* slab is
formed by alternating interconnection of two different types of [Ag;l;,] double chains via corner-sharing
with one-dimensional (1D) large channels occupied by the [(Me),-2,2-bipy]*" cations. The UV-vis
diffuse-reflectance measurements reveal that the title compounds possess semiconductor behaviors with
smaller band gaps of 1.85, 1.78, 1.89 and 2.03 eV, respectively. Sample 4 shows highly efficient
photocatalytic degradation activity over organic pollutant than N-doped TiO, (P25) under visible light
irradiation. Moreover, a possible mechanism for the stable photocatalytic activity is proposed based on
band structure calculation. Finally, the luminescent properties and thermal stabilities of the title

compounds are also studied.
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Introduction

Inorganic-organic hybrid metal halides have attracted much attention in the past several decades owing
to the fascinating anionic structural diversities and distinctive properties inheriting from the inorganic
and organic components, as well as potential applications in many fields, such as semiconducting,
luminescent, nonlinear optical, photochromic and thermochromic effects, etc.'® Among these hybrid
materials, the iodoargentates are especially attractive for their tunable structures due to the strong
affinity of Ag(I) for I" anion, myriad coordination geometries including linear Agl,, triangle Agl; and
tetrahedral Agly units as well as the semiconducting properties.”'> More interestingly, the tetrahedral
Agly unit features high self-assembly characterization and diversiform condensation modes including
corner-, edge- and face-sharing as well as weak Ag-—Ag interaction, termed argentophilicity.® Up to
now, many iodoargentate anionic networks with the general formula of (Agnl)™™ have been
synthesized and structurally characterized, such as zero-dimensional (0D) clusters of [Agsls]*, [Agslo]*,
[Agslio]”, [Agsli2]”, [Agsli5]7;7"'0 1D chains of [AgL], [Agals]”, [Agals]”, [Agsli]™, [Agsls]™;' ! 2D
layers of [Agls], [Agsls], [Agsle], [Ag11115]4' and three-dimensional (3D) frameworks of [Agl,],
[Agle]”, [Agsl]5, ete.'®!” In the assembly process of anionic iodoargentate networks, the organic
cations play one of the most important internal factors although some external factors including pH
value, solvent and reaction temperature also play indispensable roles. Hence, an effective strategy for the
rational design of valuable iodoargentate networks is to introduce proper organic cations into the hybrid
iodoargentates.

On the other hand, the functional hybrid has became more and more important in the rational design
of hybrid materials based on band structure design in addition to the crystal engineering, because that the
band structure belongs to the essential factor of photoelectric semiconductors. Recently, it is found that
the band structures of hybrid iodoargentates can be regulated by selecting proper organic cations. For
example, the aliphatic organic cations of (H,pipe)’™ (pipe = piperazine) and (Mesteda)’ (teda =
triethylenediamine) lead to the blue shifts of absorption edges for (H;pipe)os(a-Agl,) and

(Mesteda)o s(a-Agl,), whereas the conjugated (Haodpe)™™ (dpe = 1,2-di(4-pyridyl)ethylene) leads to the
3
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red shift of (Hydpe)os(B-Agl,) comparing with the f-Agl.''® As a matter of course, incorporation of
suitable functional organic cations in the controllable syntheses of hybrid iodoargentates has been
proved to be a valuable strategy based on not only crystal engineering but also band structure design.
Comparing with the frequently-used organic cations, such as alkylammonium or aliphatic amine, multi-
pyridine derivatives feature excellent electron accepting abilities and have been widely applied in the
photoelectric materials. Furthermore, these multi-pyridine derivatives are able to not only chelate the
TM ions to form complex cations but also be in situ N-alkylated into new organic cations. Especially,
the TM complex cations may enhance or improve the electronic, optical and magnetic properties of
hybrid materials arriving from the abundant d orbital electrons. But until now, only few TM complex
cations directed iodoargentates were reported comparing with those based on organic cations, for
example [Ni(2,2'-bipy)(THF).(H20):]1(Agi0l12)- 2DMF, [Cu(2,2'-bipy)s]Agsly, [Mn(4,4'-
bipy)(DMSO)s]2Agi L5, ete.”?!

Intrigued by the diverse structural topologies and potential photoelectric behaviors of these hybrid
materials, we undertook systematic studies in the hybrid iodoargentates based on multi-pyridine
derivatives. Here, we adopted in situ generated [TM(phen);]*" complex and [(Me),-2,2-bipy]*" as
cations leading to four new hybrid iodoargentates, namely, [TM(phen);],Ags:l; (TM = Mn, Fe),
[Mn(phen),;]Agsl; and [(Me),-2,2'-bipy],Agsl;;. The UV-vis diffuse-reflectance measurements reveal
that the compounds possess proper semiconducting behaviors and visible light absorption, which lead to
the highly efficient heterogeneous photocatalytic activity under visible light irradiation for compound 4.

Herein, we report their syntheses, crystal structures, band structures and photocatalytic properties.

Experimental Section

Materials and Methods All analytical grade chemicals employed in this study were commercially
available and used without further purification. N-doped TiO, (P25) was synthesized following the
previously reported method, that is, by treating commercially available TiO, in the NH3 (67%)/Ar

atmosphere at 550°C for 10 hours.”> Elemental analyses were performed using a German Elementary
P y p g
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Vario EL III instrument. The solid state UV—vis spectra were measured at room temperature using a PE
Lambda 900 UV/vis spectrophotometer in the wavelength range of 200—800 nm. Thermogravimetric
analyses were carried out with a Mettler TGA/SDTA 851 thermal analyzer under N, atmosphere with a
heating rate of 10 °C-min”. The photoluminescence measurements were carried out on a FLS920
fluorescence spectrophotometer equipped with a continuous Xe-900 xenon lamp and a wF900
microsecond flash lamp.

Syntheses of Compounds 1-2. A mixture of KI (1.5 mmol), Mn(CH3;COQO),*4H,0 (0.5 mmol), Agl
(1 mmol), phen (1.5 mmol), hydroiodic acid (1 mL) and acetonitrile (4 mL) was sealed in a 15-mL
Teflon-lined stainless container, which was heated at 140 °C for 6 days, and then cooled to room
temperature. The product contained block-shaped dark red crystals of 1 (yield: 27% based on Ag) and
indefinite yellow powder. The crystals of 1 were selected by hand, washed with distilled water and
ethanol, and then dried in the air. Elem. Anal. Calcd for C7,N,H4sMn,Agsl; (1): C, 35.98%; H, 2.01%;
N, 6.99 %; found: C, 35.90%; H, 1.91%; N, 7.09 %. Compound 2 was synthesized in the analogous
manner to that of 1 with FeSO4¢7H,0 instead of Mn(CH3COO),*4H,0. The dark red crystals of 2 were
obtained in yield of 25% based on Ag. Elem. Anal. Calcd for C;,N,HasFe,Agsly (2): C, 35.96%; H,
2.01%; N, 6.99 %; found: C, 35.88%; H, 2.09%; N, 6.95 %.

Synthesis of Compound 3. The mixture of KI (I mmol), Mn(CH3;COQO),*4H,0 (0.5 mmol), phen
(1.5 mmol), Agl (3 mmol), hydroiodic acid (1 mL) and acetonitrile (4 mL) was sealed in a 15-mL
Teflon-lined stainless container, which was heated at 140 °C for 6 days, and then cooled to room
temperature. The product contained dark red crystals of 3 and some yellow powder. The crystals were
selected by hand, washed with distilled water and ethanol, and then dried in the air. The yield of the
compound 3 is 0.158 g (13%) based on Ag. Elem. Anal. Calcd C34NgH24MnAgsl; (3): C 21.37%, H
1.19%, N 4.15 %. Found: C 21.28%, H 1.29%, N 4.26 %.

Synthesis of Compound 4. Mixture of KI (2 mmol), 2,2'-bipy (0.5 mmol), Agl (4 mmol), HI aqueous
solution (1.0 mL), and methanol (4.0 mL) was sealed in a stainless steel reactor, and then was reacted on

the same condition as those of compounds 1-3. Subsequently, orange-red crystals of 4 were obtained and

5
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washed with ethanol with yield of 35% based on Ag. Elem. Anal. Calcd for Cy4sN4HasAg71;1: C, 11.42%,
H, 1.12%, N, 2.22 %; found: C, 11.33%, H, 1.23%, N, 2.17 %.

Crystallographic Studies. Single crystals of the title compounds were collected on a Bruker SMART
CCD-based diffractometer (Mo Ka radiation, A = 0.71073 A) at room temperature. The absorption
corrections were applied using a multi-scan technique. The structures of title compounds were solved by
direct method and refined by full-matrix least-square on F* using the SHELXL-97 program.” All non-
hydrogen atoms were refined with anisotropic thermal parameters, and the hydrogen atoms of organic
molecules were generated theoretically onto the carbon atoms and refined isotropically with fixed
thermal factors. In compound 4, the Ag(1), Ag(2) and Ag(6) atoms featured slightly disorder over two
positions with refined occupancies of 0.84(7), 0.80(4), 0.80(7) for Ag(1a) Ag(2a) and Ag(6a) positions,
respectively. Hence, these atoms will be used to discuss the crystal structure in this paper. The
crystallographic data for all the compounds are listed in Table 1 and important bond lengths are listed in
Tables S1-S3. More details on the crystallographic studies are given in Supporting Information.

Calculation Detail. The density of state (DOS) of compound 4 was calculated by density functional
theory (DFT) using the crystallographic data with the CASTEP code, which used a plane-wave basis set
for the valence electrons and norm-conserving pseudopotential for the core electrons. The number of
plane waves included in the basis were determined by a cutoff energy of 320 eV. Pseudoatomic
calculations were performed for Ag-4d'%5s', 1-55*5p°, C-25"2p*, N-25s"2p” and H-1s'. Other calculating
parameters and convergence criteria were set by the default values of the CASTEP code, for example, an
energy convergence tolerance of 1.0 x 10 eV.

Powder X-ray diffraction. The powder X-ray diffraction (PXRD) patterns of the ground powder of
14 were collected at room temperature on a X Pert-Pro diffractometer using Cu Ka radiation (4 =
1.5406 A) in the 26 range of 5-80°. PXRD patterns were in good agreement with the simulated patterns
generated using the CIF documents of each refined structure (Fig. S6). The broad peaks mainly

originated from the excessively small amount of experimental sample. Furthermore, inferior crystal
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qualities and relative larger particle sizes of the powder also decreased the measurement accuracies.

However, this did not affect the results of subsequent physical properties.

Photocatalytic Activity Measurements. The photocatalytic activity of as-prepared sample 4 was
evaluated by the degradation of Crystal Violet (CV) and Rhodamine B (RhB) as model dye pollutants
under visible light irradiation from a 50 W Xe lamp. The cut-off filter was used to remove all
wavelengths less than 400 nm and more than 780 nm ensuring irradiation with visible-light only. In a
typical process, 30 mg sample 4 was added to a 30 mL of 4x 10” mol'L" solution of CV and RhB,
respectively, and the mixture was magnetically stirred in the dark for 10 hours to ensure adsorption
equilibrium between the catalyst and solution before irradiation, and then the solution was exposed to
visible light irradiation. After a given irradiation time, 4 mL of the mixture was continually taken from
the reaction cell and the catalyst was separated from the suspension by high-speed centrifugation. The
temporal changes of concentration for CV and RhB solution were monitored by examining the

intensities of the maximal absorption at 589 and 552 nm in UV-Vis spectra, respectively.

Results and Discussion

Syntheses Aspects. Compounds 1-3 were solvothermally synthesized in the mixed solvent of HI and
acetonitrile, whereas compound 4 was obtained in HI and ethanol solution. In the syntheses of
compounds 1-3, the dosage ratio of transition metal and Agl played key role due to the nearly same
reaction conditions. The low ratio will led to the formation of compounds 1-2, and high one resulted in
the produce of compound 3, which was also in agreement with their chemical compositions. In the
solvothermal reaction, the TM ions were in situ chelated by phen ligands into [TM(phen)s;]*" complex
cations, and [(Me),-2,2'-bipy]*" cations was also in situ generated due to the acidic environment. The
similar in situ reactions had also been reported in many inorganic-organic materials.”>® Furthermore,
the KI was added in the reaction not only used as the source of I' but also effectively increase the
solubility of Agl, which played a very important role in the formation of the title compounds.

Crystal Structures
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Structures of [TM(phen);],Ags;l; (TM = Mn (1), Fe (2)). Single-crystal X-ray diffraction analyses
revealed that compounds 1-2 belong to the isostructural phases. Hence, compound 1 is taken as the
example to depict their crystal structures. In the asymmetric unit of compound 1, there is one
crystallographically independent Mn®" ion, one Ag" ion, two I ions as well as one phen ligand. The
Ag(1) ion is coordinated by three I" ions with a planar [Agls] triangle coordination environment with I-
Ag-1 angles of 122.78(4)° and 118.61(2)°. The Ag-I bond distances of 2.7266(7)-2.8755(9) A are
comparable with those of reported hybrid iodoargentates, such as [HCP]Agyl5, [MC]Ag1;, etc.'®"?
Relatively speaking, the planar [Agls] triangle is seldom founded in hybrid iodoargentates comparing
with the [Agly] tetrahedron.”” Three [Agl;] units are self-condensed via sharing one terminal I(1) atom
to form an isolated [Ag3I7]4' trimer (Fig. 1a). It should be noted that three [Agl;] triangles do not locate
at the same plane in [Agsl;]* trimer but feature a windmill shape with dihedral angle of 43.89°. The
neighboring [Ags1;]* trimers feature parallel stacking model along the a- and b-axis in an approximate
plane, which is separated by the [Mn(phen)3]2+ complex cations along the c-axis (Fig. 1c).

Structure of [Mn(phen);]>Agsl7 (3). Compound 3 crystallizes in the triclinic space group P-1 (No. 2).
The asymmetric unit consists of two crystallographically independent Mn*", ten Ag", fourteen I ions and
six phen ligands. All the Ag" ions are coordinated by four I atoms with slightly distorted tetrahedral
environments. The Ag-I bond distances fall in the range of 2.7687(13)-2.9980(15) A, which are
according with those of Agly tetrahedra in other hybrid iodoargentates, such as Zn(en);Agls,
[HCP]Agl;, [MC]AgLs, [BPBJAgsl;, etc.”™®2° As shown in Fig. 2a, each Ag(7)Li, Ag(9)l; and
Ag(10)l4 tetrahedron is condensed via edge-sharing to form a triangular [Agsl;] trimer with three outside
I(1) atoms, which is similar to the [Cusl;] unit in [De-DABCO],[Me-DABCO]Cuy;1;7.%% On the other
hand, each Ag(1), Ag(2), Ag(3), Ag(4), Ag(6) and Ag(8) tetrahedron is interconnected via edge-sharing
to form a cricoid [Aggl 3] unit with one centered I(14) atom and three outside I atoms (Fig. 2b). The
Ag(5) atom further cap the [Aggl 3] unit via Ag-I bonds to form the [Agsl;3] SBU, which has not been
reported in hybrid iodoargentates until now. In the [Agsl;] and [Agl 3] SBUs, there are abundant weak

Ag--Ag bonds of 2.7868(16)-3.3560(16) A, which are shorter than the sum of the van der Waals radii of
8
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Ag' (3.44 A), indicating the presence of weak argentophilic interactions.”” The [Agsl;] trimers and
[Agsli3] units as new SBUs are interconnected via sharing the terminal iodine atoms to form the novel
2D [AgsI;])* layer along the ab-plane with a (6,3) topological network (Fig. 2c). As a result, the 2D layer
contains a [Agolg] 18-membered ring with an approximate hexagonal cross-section of 6.834 x9.677 A*
presented along the c-axis. In the 2D [Ag5I7]2' layer, each [Agsl;] trimer connects three [Ag;l;3] units
and vice versa for each [Agyl;3] unit, that is, both [Ags;l;] and [Agyl;3] unit act as three-connected nodes
to form the 2D microporous [Ag5I7]2' layer. These 2D layers feature stacking arrangement in parallel

mode along the c-axis and separated by the [Mn(phen)s]*" complex cations (Fig. 2d).

It is worth noting that the tetrahedral [Agls] unit often undergoes a variety of self-condensation to
form polyanionic units including clusters or oligomers as SBUs, such as [Ag4Ig]4', [Ag519]4', [AgsLio]”,
[Ag6112]6', etc. However, most of the SBUs are self-condensed to form 1D anionic chains, such as
[Agde]”, [Agsh]™, [Agelo]”, [Agslin]", [Agiolia]”, [Agiolis]*, ete.'™"" Occasionally, these SBUs can
also be interlinked to form 2D microporous layers, for example, 2D [Agl3]" and [Ag5Ig]3' layers are
composed of [Ag4Ig]4' and [Ag5110]2' SBUs with approximately quadrangular [Aggls] and [Agels] rings,
respectively.'*>*'* Undoubtedly, the 2D [Agsl;]* reported here based on [Agsl;] and [Agsl;3] building
blocks represents a new microporous layer with large size pore in hybrid iodoargentate chemistry, which
further indicates the unique structural directing effects of TM complex cations.

Structure of [(Me),-2,2'-bipyl.Ag7l;; (4). Compound 4 crystallizes in the triclinic space group P-1
(No. 2) and presents a 2D [Ag7111]4' slab directed by [(Me)z-2,2'-bipy]2+ cations. The asymmetric unit of
4 has 14 crystallographically independent Ag” ions, 22 T ions and four [(Me),-2,2"-bipy]*" molecules.
All the Ag" ions are tetrahedrally coordinated by four iodine atoms with normal Ag-I bond distances of
2.7136(12)-3.1116(12) A, which are close to those of compounds 1-3. As shown in Fig. 3a, the 2D
[Agsl14]” anionic slab is built from two different types of [Agsl;»] double chains (marked as A and B

types) interconnected via corner-sharing.
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In the A-type [Agsl;2] chain, each Ag(1)l, Ag(2)Ls, Ag(7)Ls, Ag(10)ls and Ag(12)l4 tetrahedron is
initially self-condensed via edge-sharing to form an open [Agsl;o] unit, which is evidently different from
the [Agsl;o] SBU in [Tb(DMSO)g]Q[Agzls][Ag5Ig].21a The neighboring [Agsl;o] units are bridged by the
Ag(3)ly tetrahedrons via sharing three outside iodine atoms (I(1), I(4) and 1(13) atoms) to form a [Agel;,]
single chain along the a-axis. At the other hand, two Ag(8)l tetrahedra are aggregated into a [Agyls]
dimer, each of which bridge two parallel [Ageli2] single chains via sharing the four outside iodine atoms
to form a ladder shaped [Agsli2] double chain along the a-axis. Such connectivity also leads to a large
ring with an approximate quadrangular cross-section of 7.759 x 16.176 A presented along the b-axis. In
the B-type [Agli2] chain, each Ag(4)ls, Ag(5)ls, Ag(6)ls, Ag(9)ls and Ag(14)l, tetrahedron also forms
the same open [Agsl;o] unit as that in A-type chain. But the neighboring [Agsl;] units are interlinked by
Ag(13)]4 tetrahedra in the opposite direction to that of A-type chain into another type of [Agsl;z] single
chain. Subsequently, such two parallel [Agel;>] chains are also bridged by the [Agyl¢] dimers composed
of two Ag(11)I, tetrahedra to form the B-type of [Agsl;2] double chain, which also contains the large
[Agiol15] ring with approximate quadrangular cross-section of 7.112 x 12.999 A?. These two different
types of [Agsl;,] double chains are interlinked via corner-sharing to form the 2D anionic [Ag7111]4' slab
in the ab-plane with 1D large tunnel among the A- and B-type double chains (Fig. 3a). There are also
abundant weak Ag--Ag bonds with distances of 2.9658(17)-3.3323(14) A, which are close to those of
compound 3. The 2D [Ag7111]4' slabs feature parallel stacking along the c-axis, and the [(Me),-2,2'-

bipy]*" cations occupy the 1D tunnels as well as the space among the slabs (Fig. 3b).

Thermal Stabilities Thermal stabilities of compounds 1-4 were investigated by the
thermogravimetric analyses (TGA) under nitrogen atmosphere in the temperature range of 30-800 °C.
As shown in Fig. S2, the TGA curves of compounds 1 and 2 feature the two-step weight loss of all phen
lignads in the range of about 225-540 °C and 250-520 °C, respectively, with total weight losses of
50.05 % and 44.23 %, which are close to the theoretical values of 44.99 % and 44.96 %. Compound 3

starts to decompose at about 200 °C and do not achieve the balance until to 800 °C, which may be due to

10
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that the decomposition of complex cations simultaneously leads to the complete collapse and
volatilization of the iodoargentate anionic networks. From about 180 to 300 °C, compound 4 has a one-
step weight loss of 14.65 % (theoretical value of 14.76%), corresponding to the loss of all organic
cations per formula. After the major weight loss, compound 4 continues to slowly lose weight at 650 °C
and does not achieve the balance to 800 °C.

Optical Properties The solid-state optical diffuse reflection spectra of the compounds 1-4 were
measured from powder samples at room temperature. The absorption spectra calculated from the diffuse
reflectance data by using the Kubelka—Munk function are plotted in Fig. 4. Extrapolation of the linear
portion of the absorption edges give the optical band gaps of 1.85, 1.78 and 1.89 eV for compounds 1-3,
respectively, which are accordance with their colors of dark red. The band gap of compound 4 is
estimated as 2.03 eV corresponding to the orange-red color. The slightly larger band gap of 4 than those
of compounds 1-3 mainly due to the different contributions of TM complexes and organic cations,
respectively. Obviously, all the title compounds have smaller band gaps and exhibit red shifts of the
absorption edge compared with the bulk f-Agl (2.81 eV), and similar red shifts have also been reported
in some hybrid iodoargentates containing conjugated organic cations, such as [HCP]AgI; (1.89 eV),
[MCP]Ag4ls (2.63 eV) and (Hadpe)Ag,Ls (1.99), ete.'**!12

The luminescent spectrums of the compounds 1, 3 and 4 in solid state are investigated on crystalline
samples at room temperature with the results shown in Fig. S3. When excited at 260 nm, compounds 1,
3 and 4 give strong emissions with Ay.x = 520, 570 and 600 nm, respectively. These luminescent
properties are  similar to those of hybrid iodoargentates, such as  [Ni(2,2'-
bipy)(THF),(H,0),](Agi0l12)*2DMF (447 and 518 nm), (BPO)Agsl; (569 nm), (pql)Ag:lz (599 nm),
(npql),Agsls (563 and 614 nm), etc. 2712 In the structures of compounds 1, 3 and 4, there are not
covalent bonds between the cations and iodoargentate skeletons. Hence, these emission bands can be
assigned to the mixture of iodide(X)-to-metal charge transfer (XMCT) and metal centered states (Ag-5s
or 5p to Ag-4d) modified by the weak Ag---Ag interactions, which have been investigated and proved

by the molecular orbital calculations for some related hybrid iodoargentates.30

11
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Photocatalytic Properties The narrow band gaps of compounds 1-4 encourages us to investigate the
photocatalytic activities, which were evaluated by the degradation of CV and RhB as model dye
pollutant under visible light irradiation at room temperature. Before the photocatalytic experiments,
neither the photolysis experiment without photocatalyst nor the catalytic experiment without light
irradiation showed any observable decrease in CV and RhB concentration with time. After the powder
sample 4 was added to the solution of CV or RhB, the mixture was magnetically stirred in the dark for
10 hours to achieve absorption equilibrium between the photocatalyst and CV or RhB molecule. Under
the visible light irradiation, the absorption spectra of residual CV and RhB solution gradually decrease
with the increasing of reaction time, which is also demonstrated by the changes in the color of the
solution (Fig. 6). Hence, the monotonic decrease of absorbance intensities indicates that the CV and
RhB molecules are photodegraded by sample 4 under visible light illumination. Under the same
conditions, samples 1-3 feature strong absorption or slightly photodegradation effects for CV and RhB,
and only the photocatalytic activity of sample 4 was studied in detail.

The plots of C/Cyof CV and RhB solutions versus irradiation time for compound 4 are given in Fig. 5,
where C and Cjrepresent the remnant and initial concentrations of organic dyes, respectively. Under the
photodegradation action of sample 4, the degradation ratio of CV reaches 94% exposed to the visible
light irradiation for 30 min, and then achieves nearly 100% after 50 min resulting in complete
decolorization (Fig. 5b). For RhB solution, sample 4 also shows evident photodegradation activity and
about 95% of RhB is decomposed after visible light irradiation for 60 min (Fig. 5d). At the same time,
we studied the photodegradation property of photocatalyst N-doped P25 for comparing under the
completely same condition, and the results show that more than 71 % of CV and 62 % of RhB are still
alive after irradiation for 60 min. Obviously, sample 4 features higher photodegradation activity than N-
doped P25 for CV and RhB dye pollutant under visible light irradiation. To further accurately evaluate
the photocatalytic activities of the sample 4 and N-doped P25, we study the kinetic process of
photodegradation reaction by calculating the relationship between Ln(Cy/C) and reaction time. The

results show that all the Ln(Cy/C) values follow the linear relationships over the reaction time, that is, all

12
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the photodegradation process belong to the first-order kinetic reactions (Fig. S4a and S5a). The
corresponding rate constants obtained from the linear fitted method of sample 4 (91 x 10~ and 39 x 107
min™) are found to be 13.8 and 4.6 times larger than the N-doped P25 (6.6 x 10~ and 8.3 x 10” min™)
for CV and RhB, respectively. As recyclability for photocatalyst is a general requirement for potential
application, cyclic experiments for CV and RhB were carried out, and the sample was collected after the
first cycle usage to carry out subsequent degradation. It is found that there is only slight decrease of
about 5% in the catalytic efficiency over three cycles, which is maybe due to the little loss of powder
sample in the collection process (Fig. S4b and S5b). Finally, the XRD pattern of recovered sample after
photodegradation is still in agreement with those of as-prepared sample as well as the simulated data,
which indicates that the basic structure remain unchanged and sample 4 can be used as stable visible
light responding photocatalyst for organic dye destruction (Fig. S5d). Similar photocatalytic effects have
also been observed in some hybrid iodoargentates and iodocuprates directed by organic or transition
metal complex cations, such as [De-DABCO];[Me-DABCO]Cuy 117, [Co(phen)s](Agsls)-2CH3CN,
[TM(phen); 2 AgiilisH,O (TM = Co, Cu), [TM(phen);hAgisli; (TM = Co, Cd), (Hpy)Agl,
(Hpy),dmf-Aggls, (Hpy)-HoO-Agsls, (Hpy)Agsls, K[TM(2.2-bipy);]Agslii (TM = Mn, Fe, Co, Ni, Zn),
[TM(2,2-bipy)21],Cusls (TM = Mn, Cu) and K[Mn(2,2-bipy)s]>Cuel;1, etc.”™

The evident and stable photocatalytic activity for sample 4 requires an effect way of separating the
electron-hole pair generated by visible light irradiation. Hence, we calculate the band structure of
compound 4 based on the DFT method to gain insight the possible photocatalytic mechanism. As shown
in Fig. 6, the valence band just below the Fermi level of compound 4 (the top of the valence band) is
mainly contributed by the 5p state of I and the 4d state of Ag mixed with a little C-2s and -2p orbitals,
and the conduction band just above the Fermi level in the range of 2.1-3.2 €V is mainly derived from the
C-2p and N-2p orbitals. Therefore, the electron transition of compound 4 mainly occurs between the
anionic 2D [Ag7111]4' slabs and conjugated organic cations. In the typical photocatalytic process, the
hybrid sample 4 can be excited to produce the electron-hole pairs under visible light irradiation.

According to the band structure calculation, the holes move to the anionic [Ag7111]4' slabs, and electrons

13
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migrate to the conjugate [(Me),-2,2"-bipy]*" cations. The holes of anionic [Agsl;;]* layers will
correspond to the oxidation of I" to alive I° atom, which is able to oxide the organic pollutants and hence
become reduced to I ions again. In general, the photogenerated electrons of [(Me),-2,2'-bipy]*" cations
are expected to be trapped by O, in the solution to form superoxide ions (-O,") and other reactive oxygen

31-32

species. Hence, the transfer of electrons to organic cations enables hybrid iodoargentate of [(Me),-

2,2'-bipy]Agzli; to be more stable than Agl under irradiation because of the lower electron concentration

in the 2D [Ag7];,]* slabs.

Conclusion

In conclusion, a series of inorganic—organic hybrid iodoargentates based on TM complex and organic
cations have been solvothermally synthesized, structurally and optically characterized. The prepared
hybrid iodoargentate of [(Me),-2,2'-bipy]Ag;1;; display enhanced visible light absorption and excellent
photodegradative ability for organic contaminant. The dramatic and stable visible light responding
photocatalytic performance of hybrid iodoargentate should be attributed to the combination effect of
optical active organic cation and iodoargentate network. On the one hand, the introduction of conjugated
organic cations leads to the narrow band gap of hybrid iodoargentate than f-Agl. On the other hand, the
photoinduced electrons are able to easily transfer to the conjugated organic cations leading to the
stability of hybrid iodoargentate under visible light irradiation. Further studies on the structural

regulation and structure—photocatalytic property relationship are in progress in our group.
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Captions for figures

Fig. 1. Ball-and-stick representations of [Ag3I7]4' unit (a) as well as the packing arrangement along the
c-axis (b), and the structure of compound 1 along the b-axis (c).

Fig. 2. Detailed view of the [Agsl;] trimer (a), [Agsl;3] unit (b), 2D [Ag5I7]2' layer (c) and the stacking
structure of compound 2 along a-axis (d). The green and red mode represents the [Agsl;] and [Agyl;s3]

unit, respectively, one for clarity.

Fig. 3. The formation schema of 2D [Ag41»]* layer (a) and view of the structure of compound 4 along
the a-axis (b).

Fig. 4. Solid-state optical absorption spectrum of compounds 1-4.

Fig. 5. Absorption spectra of the solution of CV (a) and RhB (c) in the presence of sample 4 under the
visible light irradiation, photodegradation ratios of CV (b) and RhB (d) by sample 4 monitored as the
normalized change in concentration as function of irradiation time.

Fig. 6. Total and partial DOS of compound 4.
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Table 1. Crystal Data and Structure Refinements for compounds 1-4.

Compound

Chemical
Formula

FW
Space
group
a/A

b/A

c/A

al’

pl*

°

V(A%

Z

Deaied
(grem™)
Temp (K)
pu (mm™)
F(000)

Reflections
collected

Unique
reflections

Reflections
(I>2a(1))
GOF on F*

Ri, wR,
(I>20(]))"
Ry, wR;

(all data)
Apmax
(e/A)

Apmin
(e/A)

1

C7oN1pHagMno Agsl;

2403.01

R-3¢ (No. 167)

15.1789(4)
15.1789(4)
58.192(4)
90

90

120
11611.1(9)
6

2.062

293(2)
3.903
6755

25579

2959

2688

1.055

0.0435/0.1445

0.0483/0.1493

1.687

-1.282

2
C7oNioHagFerAgsly
2404.83

R-3¢ (No. 167)

15.1612(16)
15.1612(16)
58.187(9)
90

90

120
11583(3)

6

2.069

293(2)
2.069
6768

28574

2933

2702

1.068

0.0375/0.1486

0.0403/0.1518

1.882

-1.367

3
C36NsH24MnAgsl;
2023.20

P-1 (No. 2)
14.7523(14)
14.7794(14)
27.291(3)
76.7800(10)
86.8430(10)
60.3180(10)

5020.6(8)
4

2.677

293(2)
6.491
3652

57677

22542

14925

1.045

0.0520/0.1453

0.0883/0.1623

2.979

-1.936

"Ry = X||Fo| Fl/ZIFo), wRy = {ZW[(Fo) -(F) T/Zw[(Fo)' T

21

4
C2aN4HygAg711
2523.49

P-1 (No. 2)
11.3960(14)
18.948(2)
23.015(3)
100.4410(10)
94.9510(10)
100.2270(10)

4773.6(10)
2

3.511

293(2)
9.948
4448

56436

21694

15857

1.023

0.0399

0.0915

2.884

-2.356



Ag

Ag1

CrystEngComm

Ag1

1323x991mm (96 x 96 DPI)

Page 22 of 36



Page 23 of 36 CrystEngComm

1323x991mm (96 x 96 DPI)



CrystEngComm Page 24 of 36

1323x991mm (96 x 96 DPI)



Page 25 of 36 CrystEngComm

Ag10

1323x991mm (96 x 96 DPI)



CrystEngComm Page 26 of 36

1323x991mm (96 x 96 DPI)



Page 27 of 36 CrystEngComm

1323x991mm (96 x 96 DPI)



Page 28 of 36

CrystEngComm

1323x991mm (96 x 96 DPI)



Page 29 of 36

CrystEngComm

Single chain

dimer

Single chain \

[Ag,1;,]* layer

297x209mm (300 x 300 DPI)



Page 30 of 36

CrystEngComm

ol ot
.,Vav\ N
Sa=2

<
AT

)
Llr‘—,,.‘a 74" &7
()

3 e Al
'4\ ’/v"“ (3

‘.va: PN pd

/ )

\ 'A' <

Y,

ARTRMY, %
(J

/ -~ - /'
5=k

e’

V

1323x991mm (96 x 96 DPI)



Page 31 of 36 CrystEngComm

a/S (arb. unit)

a/S (arb. unit)

200 300 400 500 600 700

Wavelength (nm)

v LA B S S S B L B A s p

1.5 20 25 30 35 40 45 50 55 6.0
Energy (eV)

-]

0

297x209mm (300 x 300 DPI)



CrystEngComm

Absorption

—— (Omin
———10min
——20min
-30min
———40min
50min
—— 60min

300

400 500 600
Wavelength (nm)

297x209mm (300 x 300 DPI)

700

Page 32 of 36



Page 33 of 36

CrystEngComm

0 10 20 30 40 50 60
Time (min)

297x209mm (300 x 300 DPI)



CrystEngComm Page 34 of 36

Absorption

400 450 500 550 600 650
Wavelength (nm)

297x209mm (300 x 300 DPI)



Page 35 of 36

CrystEngComm

—e—without photocatalyst

1.0
0.8
0.6
(=]
&
o 0.4-
0.2
J=0=P25
0.0 4=2=com 4
. v T
0 10

20 30 40
Time (min)

297x209mm (300 x 300 DPI)

50

60



CrystEngComm

DOS (states/eV)
2
]
5 &

300
308 F—"Tomal
-15 -10 5 0
Energy (eV)

297x209mm (300 x 300 DPI)

Page 36 of 36



