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Abstract: [Sn(OSO3)2(TPyHP)](HSO4)2·8H2O (1), an ionic Sn(IV)-porphyrin complex, was prepared
by reacting [Sn(OH2)2TPyP] with dilute sulfuric acid. X-ray structural analysis revealed that the
zwitterionic [Sn(OSO3)2TPyHP]2+ species consists of two anionic axial Sn–O–SO3 units and four
peripheral pyridinium moieties, with an overall dicationic charge balanced by two hydrogen sulfate
(HSO4

−) counter-anions. Ionic hydrogen bonding between the oxygen atoms of axial sulfato ligands
and the peripheral pyridinium groups of adjacent Sn(IV)-porphyrin cations led to the formation of a
1D channel filled with counter-anions and water molecules. The supramolecular self-assembly of
1 was further characterized using various spectroscopic techniques, including 1H NMR spectroscopy,
elemental analysis, ESI-mass spectrometry, UV-vis spectroscopy, fluorescence spectroscopy, FT-IR
spectroscopy, thermogravimetric analysis (TGA), and powder X-ray diffractometry. The zwitterionic
[Sn(OSO3)2TPyHP]2+ complex is a structurally well-defined complementary scaffold involved in
supramolecular self-assembly. This novel class of ion-assembled metalloporphyrin is a potential
functional porphyrin material used in ion exchange applications.
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1. Introduction

The supramolecular assembly of metalloporphyrins with unique structures and
functions provides important insights into developing photoelectronically active mate-
rials [1–9]. Noncovalent intermolecular interactions, such as hydrogen bonding [10,11],
π-π stacking [12–14], and metal–ligand coordination [15–18], have mainly been used for
the supramolecular assembly of metalloporphyrins. In contrast, ionic assembly is usu-
ally achieved via the association of separate ionic species with opposite charges [19]. We
studied the ionic assemblies of charged Sn(IV)-porphyrin complexes in order to develop
photofunctional porphyrin nanomaterials. Octahedral Sn(IV)-porphyrin geometry is a
very attractive skeleton that can be used for constructing self-assembled metalloporphyrin
arrays, as cooperative interactions between axial ligands and peripheral functional groups
in such complexes create interesting supramolecular arrays [20–26]. Herein, we report the
supramolecular self-assembly of zwitterionic Sn(IV)-porphyrin complexes. X-ray crystal-
lographic analysis revealed that intermolecular hydrogen bonding between cationic pyri-
dinium groups and axially coordinated sulfato ligands is responsible for the self-assembly
of the zwitterionic Sn(IV)–porphyrin complex.

2. Results and Discussion

The axial hydroxo ligands of Sn(IV)-porphyrins were easily acidolyzed by oxyacids
to adopt new oxyanion ligands [27,28]. Sn(OH)2TPyP reacted with H2SO4 in a water–
acetone mixture to form [Sn(OSO3)2(TPyHP)](HSO4)2·8H2O (1) (Scheme 1); the details of
this reaction are provided in the Experimental section. Complex 1 was fully characterized
using various spectroscopic techniques, including X-ray crystallographic analysis, 1H
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NMR spectroscopy, elemental analysis, ESI-MS, solid-state and solution-phase UV-vis
spectroscopy, fluorescence spectroscopy, FT-IR spectroscopy, thermogravimetric analysis
(TGA), and powder X-ray diffractometry (XRD).
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Scheme 1. Preparation of 1.

2.1. X-ray Crystal Structure Analysis

A block-shaped violet single crystal of 1 suitable for X-ray crystallography was
readily obtained via the slow diffusion of acetone into a 1% acidic solution (H2SO4) of
Sn(OH)2TPyP; 1 was crystalized in a monoclinic system in the I 2/a centrosymmetric space
group. Detailed crystallographic data and structural refinement parameters are provided
in Table S1, with selected bond lengths and angles listed in Table S2.

The molecular structure of the zwitterionic Sn(IV)-porphyrin unit in 1 revealed that
the Sn(IV) atom is octahedrally coordinated (Figure 1). The equatorial plane was formed
by four N atoms of the porphyrin ring, whereas the axial positions were occupied by the O
atoms of the two sulfato ligands. The axial sulfato ligand bonded to the Sn(IV)-porphyrin
center was symmetrically equivalent. In a previous report, the reaction of Sn(OH)2TPyP
with a 1% nitric acid solution led to the formation of a hexa-cationic [Sn(OH2)2TPyHP]6+

species [23] balanced by six NO3
− anions. In this case, the axial hydroxyl and pyridine

groups were protonated to form a hexa-cationic [Sn(OH2)2TPyHP]6+ species stabilized
by six nitrate counter-anions. Unlike HNO3, treatment with H2SO4 was shown to form
axial Sn–O–SO3 bonds in 1. Consequently, two anionic axial Sn–O–SO3 and four cationic
pyridinium peripheral moieties formed a zwitterionic [Sn(OSO3)2TPyHP]2+ species. The
overall dicationic charge was balanced by two hydrogen sulfate (HSO4

−) counter-anions.
The two equivalent Sn–N bonds were determined to have lengths of 2.079(2) and

2.082(2) Å. The average bond length was slightly shorter than that observed for the
[Sn(OH2)2TPyHP]6+ species (2.083 Å). The axial Sn–O bond was determined to have a length
of 2.103(2) Å, which is similar to that observed for [Sn(TPP)(CH3SO3)2] (2.1184(18) Å) [29].
The O–S bond (1.5362(16) Å) in the Sn–O–SO3 moiety was differentially longer than the
other O–S bonds (1.4575(17), 1.4572(16), and 1.4698(17) Å) in the sulfato ligand, and signifi-
cantly longer than that (1.5077 (19) Å) in [Sn(TPP)(CH3SO3)2].
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Figure 1. ORTEP diagram of the zwitterionic Sn(IV)–porphyrin complex formulated as
[Sn(OSO3)2TPyHP]2+ in 1 drawn at a 50% probability level. All hydrogen atoms, except those
on the pyridinium moieties, were omitted for clarity purposes. Color code: red, O; blue, N; cyan, Sn;
gray, C; yellow, S; white, H.

The zwitterionic nature of [Sn(OSO3)2TPyHP]2+ was found to be a key factor in the
supramolecular assembly of 1. As shown in Figure 2, the anionic sulfato ligand acted as a
hydrogen-bonded acceptor and interacted with the cationic pyridinium group (hydrogen-
bonded donor) of the adjacent porphyrin moiety. The distances from the axial oxygen atom
of the sulfato ligand to the hydrogen-bonded pyridinium nitrogen (O4···H4–N4) in the
adjacent Sn(IV)-porphyrin complex were estimated to be 1.820 Å (O4···H4) and 2.698 Å
(O4···N4), with the O4···H4–N4 angle determined to be 175.05

◦
. Ionic hydrogen bonding

between the anionic axial sulfato ligand and cationic pyridinium peripheral groups of the
adjacent Sn(IV)-porphyrin complex led to a networked structure during the self-assembly
of zwitterionic [Sn(OSO3)2TPyHP]2+. The overall dicationic charge of the Sn(IV)-porphyrin
complex was balanced by two hydrogen sulfate (HSO4

−) counter-anions.
As shown in Figure 3, 1 exhibited a 1D network packing structure. More importantly,

the overall combination of the 1D network structures of 1 led to an open network with 1D
channels of uniform pore size (10 × 8 Å). The channels were occupied by counter-anions
and water molecules (Figure 4), and this channeled porous structure was expected to
facilitate anion exchange.

2.2. Spectroscopic Characterization

The 1H NMR spectrum of 1 in D2O (Figure S1) revealed that the β-pyrrolic protons
resonate as a singlet at 9.58 ppm. On the other hand, the pyridine protons appeared as
a doublet at 9.40 ppm (for the 2,6 positions) and 9.12 ppm (for the 3,5 positions). The
molecular formula of the [Sn(OSO3)2TPyHP]2+ unit and its dication characteristics were
confirmed by ESI-mass spectrometry (Figure S2). The peak with m/z 466.05 was assigned
to [Sn(OSO3)2TPyHP]2+(theoretically required 466.025), while that with m/z 129.36 was as-
signed to [Sn(OH2)2TPyHP]6+ (theoretically required 129.24). We also obtained satisfactory
elemental analysis data (C, H, N, and S) for 1 following evacuation.
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The optical properties of 1 were examined both in the solid and solution phases. The
UV-visible absorption spectrum of the aqueous solution showed a sharp Soret absorption
band at 415 nm, with Q bands at 514, 552, and 588 nm (Figure S3a). This absorption
characteristic was almost identical to that of [Sn(OH)2(TPyP)], which appeared at 415, 514,
553, and 589 nm. This meant that the stability of the Sn-O bond for the two complexes was
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not different in solution. On the other hand, the solid-state spectrum showed very broad
absorption bands with a strong Soret absorption band at around 430 nm and Q-bands in
the 540–690 nm range (Figure S3b). The fluorescence spectra of 1 are shown in Figure S4;
while 1 shows emission bands at 600 and 647 nm in aqueous solution, a single emission
band was observed at 645 nm in the solid state (Figure S4).
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The Fourier transform infrared (FT-IR) spectrum of 1 is shown in Figure S5. The
absence of a characteristic O-H stretching peak for Sn-OH (~3600 cm−1) was consistent
with the X-ray crystal structure of 1. Characteristic S-O stretching and bending peaks
were observed at 1150 and 575 cm−1, which confirmed the presence of hydrogen sulfate
anions. The thermal stability of crystalline 1 was examined by thermogravimetric analysis
(TGA) (Figure S6); 1 lost approximately 10 wt% of its weight when heated to 100 ◦C, which
was likely due to the removal of clathrate water molecules. The framework of 1 seemed
to be thermally stable to ~350 ◦C, since substantial weight was only lost above ~400 ◦C.
The powder XRD patterns of 1 shown in Figure S7 indicated that the crystallinity and
framework were virtually maintained even after drying treatment. The slight discrepancy
compared to the simulated pattern was probably due to the loss of solvent molecules.

3. Materials and Methods

Commercially available chemicals were used without further purification. Trans-
dihydroxo[5,10,15,20-tetrakis(4-pyridyl)porphyrinato]Sn(IV) ([Sn(OH)2(TPyP)]) was pre-
pared using a previously reported procedure [21]. Elemental analysis was performed using
a ThermoQuest EA 1110 analyzer (Thermo Fisher Scientific, Waltham, MA, USA). 1H NMR
spectra were obtained using a Bruker BIOSPIN/AVANCE III 400 spectrometer at 293 K
(Bruker BioSpin GmbH, Silberstreifen, Rheinstetten, Germany). Electrospray ionization
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(ESI) mass spectra were recorded using a Thermo Finnigan linear ion trap quadrupole
mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). UV-Vis absorption
spectra were obtained using a Shimadzu UV-3600 spectrophotometer (Shimadzu, Tokyo,
Japan). Fluorescence spectra were acquired using a Shimadzu RF-5301PC fluorescence spec-
trophotometer (Shimadzu, Tokyo, Japan). FT-IR spectra were obtained using a Shimadzu
FTIR-8400S spectrophotometer (Shimadzu, Tokyo, Japan). Thermogravimetric analysis
(TGA) was performed using an Auto-TGA Q500 instrument (TA Instruments, New Castle,
DE, USA). Powder X-ray diffractometry (XRD) was performed using a Bruker AXS D8
Advance powder X-ray diffractometer (Bruker, Billerica, MA, USA).

3.1. Synthesis of [Sn(OSO3)2(TPyHP)](HSO4)2·8H2O (1)

[Sn(OH)2(TPyP)] (154.0 mg, 0.20 mmol) was dissolved in 1% aqueous sulfuric acid
(3 mL), and acetone (30 mL) was layered over for slow diffusion at room temperature. The
solution was allowed to stand for 7 d in the dark, which produced block-shaped violet
crystals of 1 suitable for X-ray crystallography. The dark-violet crystalline compound was
collected by filtration, washed twice with acetone, and air-dried. Yield: 210 mg (83%). 1H
NMR (400 MHz, D2O): δ 9.58 (s, 8H, H-pyrrole), 9.40 (d, J = 6.5 Hz, 8H, H2,6-pyridine), and
9.12 (d, J = 6.3 Hz, 8H, and H3,5-pyridine). FT-IR (KBr pellet, ν/cm−1): 3110 (w), 3070 (w),
2780 (br), 2580(br), 1630 (vs), 1500 (s), 1230 (s), 1150 (w), 1100 (w), 1030 (vs), 995 (w), 840 (s),
790 (s), 725 (w), 650 (w), and 570 (vs). UV–vis (H2O, nm): λmax (log ε) 415 (4.73), 514 (3.04),
552 (3.68), and 588 (2.98). UV–vis (solid, nm): λmax 430, 522, 570, and 609. Emission (water,
nm): λnm 600 and 647. Emission (solid, nm): λnm 645 (br). Elemental analysis of the
evacuated sample: anal. calcd. for C40H30N8O16S4Sn (%): C, 42.68; H, 2.69; N, 9.95; S,
11.39; and R, 33.29. Found: C, 42.37; H, 2.86; N, 9.77; S, 12.27; and R, 32.73. ESI-mass: m/z
466.05 for [Sn(OSO3)2TPyHP]2+ (required: 466.025) and m/z 129.36 for [Sn(OH2)2TPyHP]6+

(required: 129.24).

3.2. X-ray Crystal Structure Determination

A single crystal of 1 suitable for X-ray analysis was collected using Paraton-N hy-
drocarbon oil on a glass fiber and mounted on a Bruker APEX-II CCD diffractometer
equipped with a graphite monochromated Mo Kα (l = 0.71073 Å) radiation source and a
CCD detector. The data were collected at 130 K under a cold flowing N2. The structure
was solved using direct methods and refined with the full-matrix least-squares method
using the SHELXTL package [30,31] and graphical works using the Olex2 software package
(version 1.5) [32]. Crystallographic and additional data collection and refinement details
are summarized in Table S1. Non-hydrogen atoms were refined using anisotropic thermal
parameters. The hydrogen atoms bonded to carbon and nitrogen were included at their
geometric positions and given thermal parameters equivalent to 1.2 times those of the
atoms to which they were attached. The hydrogen sulfate counter-anions and clathrate
water molecules were refined without hydrogen atoms owing to their positional disorder.
The final full-matrix least-squares refinement of F2 converged to R1 = 0.0335 (all data) and
wR2 = 0.0835 (I > 2σ(I)), with a GOF = 1.061.

4. Conclusions

We studied supramolecular self-assembly based on a zwitterionic Sn(IV)porphyrin ob-
tained by reacting [Sn(OH2)2TPyP] with sulfuric acid. X-ray crystallography revealed that
the zwitterionic [Sn(OSO3)2TPyHP]2+ complex consists of two anionic axial Sn–O–SO3 units
and four peripheral pyridinium moieties. The overall dicationic charge was balanced by
two hydrogen sulfate (HSO4

−) counter-anions. Ionic hydrogen bonding between the oxy-
gen atom of the axial sulfato ligand and the pyridinium peripheral groups of the adjacent
Sn(IV)–porphyrin complex led to the formation of a 1D channel filled with counter-anions
and water molecules. The supramolecular self-assembly was fully characterized using
various spectroscopic techniques, including 1H NMR spectroscopy, elemental analysis,
ESI-mass spectrometry, UV-vis spectroscopy, fluorescence spectroscopy, FT-IR spectroscopy,
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thermogravimetric analysis, and powder XRD. The zwitterionic [Sn(OSO3)2TPyHP]2+ com-
plex is a structurally well-defined complementary scaffold involved in supramolecular
self-assembly. Our findings provide new opportunities for the development of functional
porphyrin materials used in ion exchange applications.

Supplementary Materials: Table S1: Crystallographic data and structure refinement for 1; Table S2:
Selected bond lengths and angles in 1; Figure S1: 1H NMR spectrum of 1; Figure S2: ESI-mass
spectrum of 1; Figure S3: UV-Vis spectra of 1; Figure S4: Fluorescence spectra of 1; Figure S5: FT-IR
spectrum of 1; Figure S6: TGA thermogram of 1; Figure S7: Powder XRD pattern of 1.
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