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Abstract
A new Er3?-cluster-based 2D coordination polymer with the formula {[Er(SSA)�(H2O)2]�(H2O)}n (SSA = 5-sulfosalicylic

acid), complex 1, has been successfully synthesized via hydrothermal method and structurally characterized by elemental

analysis, FT-IR, UV, single crystal and powder X-ray diffraction. Complex 1 reveals the Erbium atom is coordinated to eight

oxygen atoms by four symmetry-related SSA ligands and two coordinated water molecules to form a distorted square-

antiprismatic geometry. The photoluminescence spectrum of the complex 1 display intense pink emission with CIE chro-

maticity coordinates (0.540, 0.250). The complex 1 emit NIR luminescence at 1535 nm, which corresponds to the 4I13/2–4I15/2

transition of Er3? ion. Moreover, its full width at half maximum values is 113 nm. This complex can potentially be applied to

polymeric erbium-doped optical amplifiers, planar waveguides or infrared OLEDs.
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Introduction

Recently, researchers have interest on lanthanide com-

plexes since their particular photo-physical properties [1]

and also their interesting magnetic behaviors [2–5].

Regarding their luminescent features, Ln3? ions having

particular properties due to their electronic configurations

and energetically f-levels leads to the narrow line emission

of some Ln3? complexes in the near infra-red range.

Preparing strong absorbing luminescent materials with

Ln3? ion has an importance for researchers in this respect.

However, the 4f–4f transition of the Ln3? ions is partially

prohibited, so the absorption and photoluminescence by

itself are quite small in contrast to that the luminescence

lifetime is long [6–9]. This limitation forces the low

absorption density of Ln3? doped inorganic materials [10].

Through energy transfer, Ln3? may be excited to over-

thrown this disadvantage by using appropriate organic

ligands in their complexes. Two ways of energy transfer

are that of direct coordination of an exciting multi-con-

stituent molecule with a plurality of donor atoms, or of

coordination of a simple ligand covalently linked to an

excited molecule. In addition, an appropriate ligand to be

designed or chosen for the formation of coordination

polymers use to improve specific properties such as flexi-

bility and versatile attachment modes [5]. The carboxylate

ligands are chosen to be a perfect candidate as they con-

stitute a good coordination with the lanthanides due to the

‘hard-soft acid–base’ concept. Lanthanide complexes show

intense luminescence properties because the aromatic car-

boxylic groups are well fluorescent chromophores. Con-

taining three potential coordination groups (–COOH,

–SO3H and –OH), the 5-sulfosalicylic acid (SSA) ligand, is

an important example of the multidentate O-donor ligand
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and allows for the synthesis of very different complexes,

exhibiting strong coordination ability. The oxygen atoms of

the three different chelating groups that SSA ligand can act

as hard bases being strongly coordinated to the Ln3? ion

acting as acids [5, 11]. Due to a good fit with the energy of

the Er3? ion, SSA is a highly suitable coupling ligand for

Er3? ions, and at the same time, the related Er3? complex

exhibits NIR emission.

Lanthanide complexes which show NIR-luminescence

have increasingly charmed attention due to their promising

applications such as medicine, biomedical analysis, laser

systems, optical amplification and telecommunication net-

works [1, 12]. Especially, the NIR luminescence Er3?-

complexes is of significance because of the emission at

about 1550 nm which corresponds to the spectral region

used in long-distance optical fiber telecommunications

[13–15]. Recently, our research group and others have been

studied on the Eu3?, Dy3? and Tb3?-based complexes

emitting in the visible range [16–23], whereas the Er3?

containing complexes with near-infrared (NIR) lumines-

cent properties are less developed [1, 2]. In view of the

recent important progress on the structure, NIR lumines-

cence of the Er3? complexes, the synthesis and structural

characterizations, and luminescent properties of a new

Er(III)-cluster-based 2D coordination polymer with 5-sul-

fosalicylic acid (SSA) ligand is presented here.

Experimental Section

Experimental Equipment and Conditions

All purchased chemicals were provided by commercial

sources and used without further purification. Elemental

(C, H, N) analyses were carried out using a LECO, CHNS-

932. FT-IR analysis was performed on Perkin-Elmer

Spectrum 65. Solid state absorption spectra were recorded

on Ocean Optics Maya 2000Pro UV–vis Spectrometer. The

photoluminescence measurements were recorded using an

ANDOR SR500i-BL Photoluminescence Spectrometer

with Nd:YLF laser. The laser wavelength was kept con-

stant at 349 nm and 1.3 mJ and 5 ns pulse width energy per

pulse were applied to the laser source. Powder X-ray

diffraction (PXRD) data were gathered using a Bruker-

AXS D8-Advance diffractometer with Cu-Ka radiation

(k = 1.5418 Å).

Single crystal X-ray diffraction data were collected

using a Xcalibur, Eos diffractometer with graphite

monochromated Mo-Ka radiation (k = 0.71073 Å) at

293 K. The structure was resolved by direct methods with

the SHELXS program [24] and refined with full-matrix

least-squares on F2 using the SHELXL program [25] using

the OLEX2 software [26]. The hydrogen atoms were

positioned using idealized geometry and non-hydrogen

atoms were refined anisotropically. The crystal structure of

complex 1 was determined as a non-merohedral twin with

the final ratio of the twin domains being 0.829(8):0.171(8).

The refinement was performed with SHELXL using the

data in HKLF5. During refinement of the crystal structure,

we have seen the relatively high thermal parameters for

some atoms (C1–C7 and O1–O8). The EADP/DFIX/

DANG/SADI commands in the OLEX2 software were

used to restrain the parameters of these atoms. These two

factors (twin and disorder in the structure of complex 1)

could contribute for an increase in the R-values (R1 = 0.11,

wR2 = 0.29) for the crystal structure of complex 1. Detail

of the supramolecular p-interactions was calculated PLA-

TON 1.17 program [27]. Crystal data and structure

refinement details are listed in Table 1. Schematic repre-

sentation of the complex 1 is shown in Scheme 1.

Synthesis

Er(NO3)3�5H2O, (0.1 mmol) and sulfosalicylic acid

(0.0254 g, 0.1 mmol) were dissolved together in 20 mL of

distilled water. The pH of the mixture solution was set to

4–5 by adding NaOH solution (1 mol L-1). The mixture

was put into a bomb equipped with a Teflon liner (45 mL)

and heated 140 �C for 5 days. After the reactant mixture

was slowly cooled to the room temperature, the crystals

were drawn out and cleaned using distilled water. Anal.

Calcd for C7H7ErO8S�H2O (1): Calcd. C, 19.26; H, 2.08%;

Found: C, 19.29; H, 2.06%, Yield: 63%.

Table 1 Crystal data and structure refinement information for com-

plex 1

Chemical formula C7H7ErO8S�H2O

Formula weight 436.46

Crystal system Monoclinic

Space group P21/n

Unit cell dimensions a = 7.4776 (11) Å

b = 8.8209 (14) Å b = 93.244(11)�
c = 16.6385 (17)

V/Å3 1095.7 (3)

Z 4

qcalc/g cm-3 2.65

l/mm-1 7.89

Crystal size (mm) 0.19 9 0.14 9 0.07

Reflections collected 2041

Independent reflections 1440

Goodness–of–fit on F2 1.05

R indices [I[ 2r(I)] R1 = 0.11, wR2 = 0.29
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Result and Discussion

Infrared Spectroscopy

The IR spectrum of the complex 1, as well as the spectrum

of the SSA ligand, are shown in Fig. S1. The broadband

observed at 3345 cm-1 for complex 1 is due to m(O–H)

vibration associated with the coordinated water molecule

[11]. The absorption peak located at 1728–1616 cm-1 was

absent in the spectrum of the complex. The absence of this

vibration peak in the complex indicates that the SSA ligand

is purified from the protons [3]. The vibration of

1603 cm-1 is related to mas(COO) and the peak at

1326 cm-1 corresponds to ms(COO) [28]. 1508 cm-1 is the

result of the (C–C) skeleton [11]. The sulphonate group

R-SO3 leads characteristic absorption peaks of m(S–O)

vibrations in the range of 1070–1300 cm-1 and the m(C–S)

peaks are found in the region of 995–1070 cm-1 [3]. The

difference of 277 cm-1 between asymmetric and sym-

metric vibration peaks of carboxyl groups in the complex 1

shows that the carboxylic groups are coordinated with the

metal ion in the chelate mode [29, 30]. Moreover, the band

of 644 and 988 cm-1 may be caused by C–H out-of-plane

bending vibration of phenyl group [31].

Crystal Structure Description

Single crystal X-ray diffraction analysis shows that com-

plex 1 crystallizes in monoclinic system with space group

P21/n, forming a two-dimensional coordination polymer.

The asymmetric unit of complex 1 is composed of one Er3?

cation, one sulfosalicylate trianion and two coordinated

water molecules and one lattice water molecule. The

molecular structure of complex 1, showing the metal atom

coordination environment by some atomic numbering used

in the present work, is presented in Fig. 1. Each Erbium

atom is coordinated to eight oxygen atoms by four sym-

metry-related SSA ligands and two coordinated water

molecules to form a distorted square-antiprismatic geom-

etry. The Er–O bond distances are in the range of 2.25(2)–

2.57(2) Å and the O–Er–O angles are in the range of 53.8

(7)�–155.2 (3)� (Table 2). All bond distance and angles

resemble in those reported earlier structures [1, 12, 32, 33].

The SSA ligand serves as l4-bridge to link four Erbium

ions, by a bidentate chelating-bridging mode of the car-

boxylate, a bidentate bridging mode of the sulfonate, and a

monodentate mode of the hydroxyl group. The carboxylate

group is in a l3-g2:g1 bridging coordination mode: two

oxygen atoms are chelating one Er3? ion, and one of the

oxygen atoms is bridging two Er3? ions (Scheme 1).

Complex 1 is an Er3?- cluster-based 2D coordination

polymer and the shortest intermolecular Er…Er separations

are 4.503, 8.071 and 9.858 Å in the 2D framework

(Fig. 2b). The adjacent 2D frameworks are connected by

O–H…O hydrogen bonds between the coordinated and

lattice water molecules (Table 3). These hydrogen bonds

play the key role in the construction of 3D supramolecular

network (Fig. 2a). The stability of the structure of the

complex 1 has been utilized by these hydrogen-bonds and

p–p interactions (Fig. 3).

Prior to the spectroscopic and photoluminescence stud-

ies, a powder X-ray diffraction (PXRD) experiment has

been carried out to investigate the purity of complex 1. The

PXRD results showed that the peak positions match well

with those from the simulated PXRD patterns on the basis

of single-crystal structure data (Fig. S2).
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Scheme 1 Schematic representation of the polymeric complex 1

Table 2 The selected bond lengths (Å) and bond angles (�) for

complex 1

Er1—O1 2.32 (2) Er1—O6ii 2.25 (2)

Er1—O2 2.37 (2) Er1—O7ii 2.28 (2)

Er1—O3 2.34 (2) Er1—O7iii 2.57 (2)

Er1—O4i 2.32 (2) Er1—O8iii 2.39 (2)

O1—Er1—O2 139.9 (7) O6ii—Er1—O1 77.5 (7)

O1—Er1—O3 143.6 (8) O6ii—Er1—O2 141.5 (7)

O1—Er1—O7iii 76.9 (7) O6ii—Er1—O3 79.2 (8)

O1—Er1—O8iii 77.2 (7) O6ii—Er1—O4i 121.9 (8)

O2—Er1—O7iii 107.7 (8) O6ii—Er1—O7iii 86.4 (7)

O2—Er1—O8iii 74.9 (8) O6ii—Er1—O7ii 76.3 (8)

O3—Er1—O2 71.1 (7) O6ii—Er1—O8iii 136.7 (8)

O3—Er1—O7iii 74.2 (7) O7ii—Er1—O1 115.6 (8)

O3—Er1—O8iii 102.2 (8) O7ii—Er1—O2 77.2 (8)

O4i—Er1—O1 73.5 (8) O7ii—Er1—O3 85.0 (8)

O4i—Er1—O2 75.1 (8) O7ii—Er1—O4i 72.9 (7)

O4i—Er1—O3 142.9 (8) O7ii—Er1—O7iii 155.2 (3)

O4i—Er1—O7iii 131.9 (7) O7ii—Er1—O8iii 146.9 (7)

O4i—Er1—O8iii 83.0 (7) O8iii—Er1—O7iii 53.8 (7)

Symmetry codes: (i) -x?1/2, y - 1/2, -z?1/2; (ii) -x?1, -y?1,

-z?1; (iii) x - 1/2, -y?3/2, z - 1/2
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Photo-Physical Study

The solid-state UV–Visible absorption spectra of the free

ligand (SSA) and complex 1 are shown in Fig. 4. The

broad absorption bands observed at kmax = 307 nm and

kmax = 395 nm are for the ligand and at kmax = 450 nm for

the complex 1, respectively. The two broad absorption

bands on the spectrum for the free ligand (SSA) can be

assigned to the p–p* electronic transitions from the

ground-state level (S0) to the excited level (S1) of the

ligands [22]. The broad absorption band of the complex 1 is

red shifted and this shows stabilization of the ligand orbi-

tals after complex formation [34–36].

Due to their potentially variable applications in chemi-

cal sensors and photochemistry, emissive coordination

compounds are of great interest. To be able to identify the

whole emission and energy-transfer process of the complex

1 and its free ligand (SSA) in the UV–visible and NIR

region, the solid-state photoluminescence (PL) measure-

ments have been taken at room temperature under the

excitation at 349 nm. The emission spectrum of the free

ligand (SSA) (see Fig. S3) displayed a broad navy-blue

emission peak at kmax = 466 nm which may be assigned to

the n ? p* or p ? p* electronic transition (ILCT)

[37–39]. The PL spectrum of the complex 1 in the visible

and NIR region while it has excited at 349 nm, many

characteristic emission bands for Er3? ion have occurred in

Fig. 1 a The molecular structure of complex 1. Lattice water molecule is omitted for clarity. b The coordination environment of the Er3? atom

Fig. 2 a The hydrogen bonds interaction between adjacent clusters contributed a three-dimensional framework of complex 1. b View of the two-

dimensional layer of complex 1 in ac plane
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both regions as indicated Fig. 5 and Fig. S4. In the UV–Vis

region; five emission bands at kmax = 420, 524, 550, 658

and 700 nm are attributed to the f–f transition 4F5/2?
4I15/2,

2H11/2?
4I15/2, 4S3/2?

4I15/2, 4F9/2?
4I15/2, 4F7/2?

4I13/2,

respectively [1, 23, 40]. In the NIR region; three emission

bands at kmax = 809, 1116, and 1535 nm are attribute to the

f–f transition 4I9/2?
4I15/2,

4I11/2?
4I15/2, and 4I13/2?

4I15/2,

respectively [30, 41, 42]. Complex 1 shows characteristic

NIR emission band centered at 1535 nm which corre-

sponds to that the wavelength of the low-loss transmission

window in telecommunication fibers [15, 43, 44]. In

addition, its FWHM is 113 nm, which is much wider than

the other reported Er3? complexes [40, 45]. So the

complex 1 would have the potential applications in the

optical amplification field.

As seen in the schematic diagram for sensitization

mechanism of the Er3? ion by SSA ligand, lanthanide-

sensitization processing consists of three steps (Fig. 6). The

first step, the SSA ligand absorbs the energy and is excited

to the singlet (S1) excited state. The second step is that the

energy of the (S1) excited state is transferred to its triplet

(T1) level via intersystem crossing (ISC). In this process,

the usual path for energy transfer from the SSA ligand to

Er3? ion causes S1?T1 ISC from the single state to triplet

state. The last step for the whole energy-transfer process is

in the SSA ligand which is improved by the coordinated

heavy erbium ion and subsequent energy transfer from T1

Table 3 Hydrogen-bond

geometry (Å, �) and the distance

between ring centroids [Å] for

complex 1

D–H…Aa D–H H…A D…A D–H…A Symmetry

O1–H1A���O7 0.85 2.33 3.04 142 - 1/2 ? x, 3/2 - y, - 1/2 ? z

O1–H1A���O8 0.85 2.49 2.93 113 - 1/2 ? x, 3/2 - y, - 1/2 ? z

O1–H1B���O5 0.85 2.32 2.72 110 - 1 ? x, y, z

O1–H1B���O6 0.85 2.19 2.85 135 1 - x, 1 - y, 1 - z

O2–H2A���O9 0.85 2.45 3.22 151 3/2 - x, 1/2 ? y, 1/2 - z

O2–H2A���O8 0.85 2.55 2.89 105 - 1/2 ? x, 3/2 - y, - 1/2 ? z

O2–H2B���O4 0.86 2.54 2.85 103 1/2 - x, - 1/2 ? y, 1/2 - z

O2–H2B���O6 0.86 1.80 2.62 158 - 1/2 ? x, 1/2 - y, - 1/2 ? z

O9–H9A���O8 0.85 2.19 2.96 151 x, - 1 ? y, z

O9–H9B���O1 0.85 2.14 2.80 134 1/2 - x, - 1/2 ? y, 1/2 - z

Cg(I)���Cg(J) Cg���Cg

Cg(1)���Cg(1) 3.69 1 - x, 1 - y, 1 - z

Cg(1)���Cg(1) 4.07 2 - x, 1 - y, 1 - z

aD donor, A acceptor, Cg(I) plane number I (= ring number in () above), Cg–Cg distance between ring

centroids (Å), Cg (1) C2–C3–C4–C5–C6–C7

Fig. 3 p���p interaction in the complex 1

Fig. 4 The Solid state UV–Visible spectra of the ligand (SSA) and

the complex 1
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to energy levels of Er3? ion, resulting in the characteristic

emissions of the sensitized Er3? ion [32, 46].

Conclusion

We have successfully synthesized and structurally charac-

terized by a new Er3?-cluster-based 2D coordination

polymer, {[Er(SSA)�(H2O)2]�(H2O)}, complex 1. The

crystal structure and properties of the complex 1 have been

studied by single-crystal X-ray diffraction and

spectroscopic techniques. These studies show that each

Er3? atom has eight coordination and adopts a distorted

square-antiprismatic geometry with four oxygen atoms

from carboxylate groups, two oxygen atoms from sulfonate

group and two oxygen atoms from coordinated water

molecules. It may easily be concluded from the solid-state

photoluminescence measurements that, utilizing sensitiza-

tion processing due to strong intramolecular energy trans-

fer from SSA ligand. The emission spectrum of the

complex 1 reveals intense bright pink emission in the

visible region and also typical emission of Er3? in the NIR

regions. As well-known effect that Er3? ion, via an intra-4f

shell transition from its first excited state (4I13/2) to the

ground state (4I15/2), shows characteristic emission cen-

tered at 1535 nm providing that complex 1 has emission in

the telecommunication wavelength standard at 1.5 lm. The

complex 1 may have some potential applications like

optical communication network and other technological

areas.

Supplementary Material

FT-IR spectra of the ligand (SSA) and the complex 1

(Fig. S1), X-ray powder diffraction pattern of the complex

1 (Fig. S2), The solid-state photoluminescence spectrum of

the ligand (SSA) (Fig. S3), the solid-state photolumines-

cence spectrum of the complex 1 in 600–950 nm region

(Fig. S4). CCDC- 1832453 contains the supplementary

crystallographic data for the complex 1. This data can be

obtained free of charge from The Cambridge

Fig. 5 Room temperature solid-state photoluminescence spectrum of

the complex 1 (inset: the corresponding emission spectrum in the NIR

region (1000–1700 nm). The upper-left photo is the photoluminescent

image of the complex 1 while excited at 349 nm and bottom-right

photo is its CIE chromaticity diagram image

Fig. 6 Schematic diagram for sensitization mechanism of the Er3? ion by SSA ligand
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Crystallographic Data Center Via http://www.ccdc.cam.ac.

uk/data_request/cif.
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