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Three new lanthanide coordination polymers with 4-(4,5-diphenyl-1H-imidazol-2-yl)benzoic acid
(H,PA), [Ln(HPA)3(H,0),]-2H,0 [Ln=Pr (1); Eu (2); Er (3)] were obtained by hydrothermal
syntheses and characterized by single crystal X-ray diffraction, elemental analysis, IR spectroscopy,
and powder X-ray diffraction. Complexes 1-3 are isomorphous 2-D supramolecular structures, in
which lanthanide ions are bridged by carboxyl groups of HPA™ to form 1-D chain structures, and
the chains are further linked to 2-D supramolecular structures by hydrogen bonds. HPA™ exhibit
chelating and p,-bridging coordination mode. The thermogravimetric analysis of 2 was carried out
to examine the thermal stability and the photoluminescence of 2 was investigated.

Keywords: 4-(4,5-Diphenyl-1H-imidazol-2-yl)benzoic acid; Lanthanide complexes; Supramolecular
network; Hydrothermal synthesis; Photoluminescence

1. Introduction

The architecture of supramolecular networks has aroused interest due to their structural
diversity and potential applications in magnetism, absorption, luminescence, and biologi-
cal activity [1-6]. In particular, much attention has been focused on the design and
synthesis of supramolecular coordination polymers based on multifunctional organic
ligands with N- and O-donors [7—10]. Such compounds are hydrogen-bond acceptors as
well as hydrogen-bond donors and good candidates for assembly of high-dimensional
3d, 4f, or 3d-4f supramolecular networks. Compounds with an imidazole ring system,
such as 2,4,5-triphenylimidazole (TPI) and its derivatives, have applications such as
pharmacological [11], photographic [12], electroluminescent [13], and optical materials
[14-16], the result of the large conjugated-system in TPI [17]. There are a few reports
on the structures of TPI and its derivatives [18, 19] and some transition metal complexes
with hydroxy-substituted TPI derivatives have been characterized [20-24].
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However, there are no reports on carboxylic acid-substituted TPI derivatives. The harder
oxygens of the carboxylic acid are expected to increase the ability of TPI to coordinate to
lanthanide ions according to “soft-hard acid-base theory” [25-27]. As compared to reports
on d-block transition metal ions, lanthanide supramolecular compounds are less common,
because the higher coordination numbers of lanthanides make it harder to control the
coordination chemistry, and thereby the expected structures of the products. However,
lanthanide supramolecular compounds exhibit promising magnetic and luminescence
properties as a consequence of the unique spectroscopic and electronic characteristics
associated with their 4f electron configuration [28]. More interest has been given to
lanthanide complexes recently [29-31].

Recently, our group prepared a series of TPI derivatives via the Radziszewski synthesis.
In the present work, Pr, Eu, and Er salts were selected as representatives of light, middle,
and heavy rare earth elements in the reaction with 4-(4,5-diphenyl-1H-imidazol-2-yl)ben-
zoic acid (H,PA) under hydrothermal conditions, in order to obtain new lanthanide coordi-
nation polymers.

2. Experimental
2.1. Materials and physical measurements

All materials and reagents except H,PA [32-34] were obtained commercially and used
without purification. C, H, and N elemental analyses were carried out with a Flash EA
1112 Elemental Analyzer. IR spectra were recorded with a Nicolet Avatar 360 FT-IR
spectrometer from 4000-400cm ' using KBr pellets. Powder X-ray diffraction (PXRD)
measurements were performed on a Bruker D8 Avance X-ray diffractometer using Cu Ko
radiation (A= 1.54056 A) at 40kV and 40 mA. Thermal stability studies were carried out on
a Pyris diamond TGA/DTA thermal analyzer. Fluorescence measurements were made on a
Hitachi FS-4500 fluorophotometer at room temperature.

2.2. Synthesis of 1-3

2.2.1. [Pr(HPA)3(H,0),]-2H,0 (1). A mixture of 0.025mM Pr,0;, 0.05mM
CoCl,6H,0, 0.05mM H,PA, and 0.2mM 0.65M NaOH in 10 ml water was sealed in a
25ml Teflon-lined stainless reactor and heated at 170°C for 72h under autogeneous
pressure. The reaction mixture was then cooled to 120°C at 10°C/h, followed by slow
cooling to room temperature, upon which the desired product appeared as light blue block-
shaped crystals (2.89 mg, 4.7% yield). Anal. Calcd for CscHs3PrNgO;o (1231.1): C, 64.39;
H, 4.34; N, 6.82%. Found: C, 64.78; H, 4.98; N, 7.15%. IR data (KBr pellet, v/cmfl):
3436 (m) v(H,0), 3067 (m) W(C-H), 1568 (versus) v(C=0), 1500 (w), 1418 (m), 1250 (s),
1082 (m), 816 (m), 772 (m), 697 (w) W(CgHg).

2.2.2. [Eu(HPA);(H,0),]:2H,0 (2). The synthesis of 2 was similar to that of 1 except
that Eu,03 and ZnCl,"4H,0O were used instead of Pr,O; and CoCl,, and the reaction
temperature was decreased to 160 °C. Upon cooling to RT, the desired product appeared as
colorless thomboid-shaped crystals (3.95 mg, 6.4% yield). Anal. Calcd for CggHs3EuNgO g
(1242.1): C, 63.81; H, 4.30; N, 6.76%. Found: C, 63.38; H, 4.46; N, 7.03%. IR data
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Table 1. Crystal data and refinement parameters for 1-3.

Complex 1 2 3

Empirical formula C56H53PrN6010 C66H53EUN5010 C66H53EI'N6010
Formula weight 1231.05 1242.10 1257.40

T (K) 291(2) 291(2) 291(2)

Crystal system Triclinic Triclinic Triclinic

Space group Pl Pl Pl

alA 9.575(9) 9.576(6) 9.545(8)

blA 13.157(12) 13.243(9) 13.138(11)
c/A 25.374(2) 25.231(17) 25.251(2)

a/® 99.961(10) 100.051(7) 100.042(10)
p° 96.982(10) 96.909(7) 96.785(10)

y/° 100.027(10) 100.431(7) 100.019(10)
V(A% 3062.2(5) 3060.0(3) 3034.2(2)

VA 2 2 2

0 range (°) 2.44-25.50 2.43-25.50 2.45-25.50

u (mm~") 0.858 1.087 1.446

F (000) 1260 1268 1278

D, (mgm~>) 1.335 1.348 1.376
Goodness-of-fit on F2 (e-A %) 0.998 1.013 1.025

No. data collected 22,957 22,785 19,824

No. unique data 11,316 11,285 10,950

Rint 0.0330 0.0297 0.0289

Ry, wR, [I>20(])] 0.0460, 0.1346 0.0319, 0.0855 0.0379, 0.0936
R, wR, (all data) 0.0583, 0.1440 0.0390, 0.0893 0.0470, 0.1000
Largest diff. peak and hole (e:A7%) 1.442, —0.494 1.040, —0.637 1.124, —0.619

(KBr pellet, v/em™"): 3431 (m) v(H,0), 3062 (m) w(C-H), 1571 (versus) v(C=0), 1503
(w), 1421 (m), 1253 (m), 1078 (m), 825 (m), 774 (m), 699 (w) v(CsHy).

2.2.3. [Er(HPA)3(H,0),]:2H,0 (3). The synthesis of 3 was also similar to that of 1
except that Er,Os; was used instead of Pr,Os;. Upon cooling to RT, the desired product
appeared as light pink block-shaped crystals (3.01 mg, 4.8% yield). Anal. Caled for
CecHs3ErNgO o (1257.4): C, 63.04; H, 4.25; N, 6.68%. Found: C, 63.29; H, 4.37; N, 7.03%.
IR data (KBr pellet, viem™"): 3423 (m) v(H,0), 3059 (m) w(C-H), 1572 (versus) v(C=0),
1503 (w), 1422 (m), 1248 (m), 1083 (m), 825 (m), 762 (m), 692 (w) v(CcHp).

2.2.4. X-ray crystallography. Single crystal X-ray data of 1-3 were collected using a Bru-
ker APEX-II area-detector diffractometer with graphite-monochromated Mo—Ka radiation
(A=0.71073 A). Semi-empirical absorption corrections were applied using SADABS [35].
The structures were solved by direct methods [36] and refined by full-matrix least squares on
F?* using SHELXL-97 [37]. All non-hydrogen atoms were refined anisotropically. The car-
boxyl and water hydrogens were located from difference Fourier maps and the other hydro-
gens were placed in geometrically calculated positions. In 2, the occupancy of the interstitial
water O4 and OS5 is 0.5. Crystal data and refinement parameters are listed in table 1.

3. Results and discussion
3.1. Synthesis and structural descriptions

Use of PrCls;, EuCly; and ErClsy as the starting materials instead of Pr,O;, Eu,O;, and
Er,03, respectively, did not provide complexes 1-3. Likewise, when ZnCl, and CoCl,
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Table 2. Selected bond lengths (A) and angles (°) of 1-3.

1 2 3

Pr(1)-O(1)#1 2.372(4)  Bu(1)-0(1) 24923)  Ex(1)-0(1) 2.247(3)
Pr(1)-0(3) 2.526(3)  Eu(1)-0(6) 2313(3)  Er(1)-0(3) 2.521(3)
Pr(1)-0(5) 2.375(3)  Eu(1)-O(8) 23122)  Er(1)-0(5) 2.259(3)
Pr(1)-O(7) 2.545(4)  Eu(1)-O(10) 2.566(3)  Ex(1)-0(7) 2.400(3)
Pr(1)-0(2) 2462(2)  Eu(1)-0(2) 2462(2)  Er(1)-OQ2)ys 2.283(3)
Pr(1)-0O(4) 2.309(3)  Bu(1)-O(7)#1 2.3093)  Er(1)-0(4) 2.408(3)
Pr(1)-O(6)#2 2416(4)  BEu(1)-O(9)%3 2353(3)  Er(1)-O(6)#5 2.249(3)
Pr(1)-O(8) 2.5203)  Eu(1)-O(11) 24742)  Er(1)-0(8) 2.444(3)
0(2)-Pr(1)-0(3) 7743(12)  O(1)-Eu(1)-0(2) 71.1509)  O(1)»-Erx(1)-0(3) 79.04(12)
0(2)-Pr(1)-O(4) 74.59(16)  O(1)-Eu(1)-0(6) 75.62(11)  O(1)-Er(1)-O(4) 75.40(11)
0(2)-Pr(1)-0(5) 150.37(14)  O(1)-Eu(1)-08 138.79(9)  O(1)-Er(1)-0(5) 150.71(12)
0(2)-Pr(1)-0(6)#2  77.69(18)  O(1)-Eu(1)-O(10) 129.54(9)  O(1)-Er(1)-0(7) 70.61(12)
0(2)-Pr(1)-0(7) 7137(13)  O(1)-Eu(1)-0(11) 144.75(9)  O(1)-Er(1)-0(8) 139.19(12)
0(2)-Pr(1)-0(8) 137.47(15)  O(1)-Eu(1)-O(7)#1 70.44(9)  O(1)-Er(1)-O(6)#5  83.65(13)
O(1)#1-Pr(1)-0(2) 106.88(16)  O(1)-Eu(1)-O(9}#3  78.43(10)  O(1)-Er(1)-O(2)#4 106.69(12)
0(3)-Pr(1)-O(4) 50.32(10)  O(2)-Eu(1)-0(6) 80.84(10)  O(3)-Er(1)-O(4) 52.57(10)
0(3)-Pr(1)-0(5) 74.93(12)  O(Q)-Eu(1)-0(8) 70.8509)  O(3)-Er(1)-0(5) 74.45(12)
0(3)-Pr(1)-O(7) 146.00(13)  O(2)-Eu(1)-O(10) 145.75(9)  O(4)-Er(1)-0(7) 130.03(10)
0(3)-Pr(1)-0(8) 131.53(10)  O(2)-Eu(1)-O(11) 130.40(8)  O(4)-Er(1)-0(8) 143.69(12)
O(3)-Pr(1)-(6)#2 82.58(14)  O(2)-Eu(1)-O(7)#1 137.82(10)  O(4)-Er(1)-O(6)#5 130.35(12)
O(1)#1-Pr(1)-O(3) 127.90(14)  OQ2)-Eu(1)-O(9#3  76.42(11)  OQ#4-Er(1)-04)  79.12(11)
O(4)-Pr(1)-0(5) 79.63(13)  O(6)-Eu(1)-0(8) 83.19(10)  O(5)-Er(1)-O(7) 138.21(12)
O(4)-Pr(1)-0(7) 129.28(11)  O(6)-Eu(1)-O(10) 79.73(9)  O(5)-Er(1)-O(8) 69.44(12)
O(4)-Pr(1)-0(8) 146.55(14)  O(6)-Eu(1)-O(11) 129.24(10)  O(5)-Er(1)-O(6)#5 103.38(12)
O(4)-Pr(1)-O(6)#2 129.14(15)  O(6)-Eu(1)-O(7)#1 105.61(11)  OQ)#4-Er(1)-0(5)  81.25(13)
O(#1-Pr(1)-0(4)  80.04(13)  O(6)-Eu(1)-O(9)#3 149.84(11)  O(7)-Er(1)-0(8) 71.76(11)
0(5)-Pr(1)-O(7) 137.90(13)  O(8)-Eu(1)-0(10) 79.04(10)  O(3)-Er(1)-O(7) 145.50(12)
0(5)-Pr(1)-0(8) 71.07(12)  O(8)-Eu(1)-O(11) 74.8809)  O(3)-Er(1)-O(8) 129.23(11)

0(5)-Pr(1)-O(6)#2 108.80(14)  O(7)#1-Eu(1)-O(8) 150.39(9)  OG)-Er(1)-0(6)#5  79.72(11)
O(#1-Pr(1}-0(5)  82.40(15)  O(8)-Eu(1)-O(9)#3 107.28(10)  OQ)#4—Er(1)-0(3) 128.86(11)
O(7)-Pr(1)-0(8) 7031(12)  O(10)-Eu(1)-0(11)  51.688)  O(4)-Er(1)-0(5) 78.68(11)
0(6#2-Pr(1}-O(7)  77.97(14)  O(7#1-Eu(1)-O(10)  74.98(10)  O(6#5-Er(1)>-O(7)  80.97(12)
O(#1-Pr(1)-O(7)  7531(15)  O(O#3-Eu(1)-O(10)  129.48(10) OQ)#4-Er(1)-O(7)  76.91(12)
0(6)#2-Pr(1)-0(8)  76.98(17)  O(T#1-Eu(1)-O(11)  77.94(9)  O(6#5-Er(1)-O(8)  75.40(13)
O(#1-Pr(1)-O(8)  80.42(13)  O(9#3-Eu(1)-O(11)  80.89(10)  OQ)#4-Er(1)>-O(8)  79.29(12)
O(#1-Pr(1)-O(6)#2  149.52(17)  O(TH#1-Eu(1)-O(9)#3  79.47(11)  OQ)#4-Ex(1)-O(6)#5  150.51(13)

Symmetry operations: #1 —x+1, —y+1, —z+1; #2 —x, —y+1, —z+1; #3 —x+2, —y+1, —z+1; #4 —x+1,
—y+2, —z+1; #5 —x, —y+2, —z+1.

were not added in the syntheses, crystals were not obtained. Both ZnCl, and CoCl, can in
principle form complexes with the ligand, however, when only ZnCl, and CoCl, were
added as the starting materials without any Ln,Os, no crystals were obtained. While the
addition of ZnCl, and CoCl, may be responsible for the low yields of 1-3, their presence
is crucial for the production of crystalline material.

Crystallographic analysis revealed that 1-3 are isomorphous, so only the crystal struc-
ture of 2 is described here in detail. Selected bond lengths and angles are listed in table 2
and hydrogen bond data are listed in table 3. In 1-3, HPA™ adopts two coordination
modes, as shown in scheme 1.

3.2. Crystal structure of 2

In 2, there are one crystallographicaly independent Eu®*, three HPA ™, two coordinated and
two lattice waters in the asymmetric unit, as shown in figure 1. The monodeprotonated
HPA™ have three orientations; for convenience, HPA™ with N1, N3, and N5 (figure 1) are
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Scheme 1. Coordination modes of 4-(4,5-diphenyl-1H-imidazol-2-yl)benzoic acid in 1-3.

Figure 1. The coordination environment of Eu®>" in 2 with 50% probability thermal ellipsoids. All hydrogens
and the two benzene rings on the imidazole ring are omitted for clarity.

named as HPA?, HPA®, and HPAS, respectively. As shown in scheme 1, HPA® and HPA®
adopt u,-bridging coordination, linking two Eu®* cations with Eu---Eu distances of 4.908
and 4.810 A, respectively, while HPA® exhibits chelating coordination to one Eu®".

Eu’" is coordinated to eight oxygens and displays a distorted triangular dodecahedral
geometry. Ol and O2 are from two waters, O6, O7A, 08, O9B, 010, and O11 are
from five HPA™, of which carboxyl O6 and O7A are from two HPA®, O8 and O9B
are from two HPAP, and the other two carboxyl oxygens (O10 and O11) are from one
HPA®. The Eu-O,. (O, monodentate carboxylate) bond lengths for 06, O7A, O8,
and O9B are 2.313(3), 2.309(3), 2.312(2), and 2.353(3) A, respectively, and the Eu—O,
(Oce, chelating carboxylate) bond lengths for O10 and OI1 are 2.566(3) and 2.474(2)
A, respectively. The Eu-O,, (O,, water) bond lengths for O1 and O2 are 2.492(2) and
2.462(3) A, respectively. While Eu-O,,. bond lengths are essentially equivalent, there is
a discernible difference in the Eu—O,. bond lengths because the chelating carboxylate is
asymmetrically bound. The average Eu-O,, bond length is longer than that of Eu—Oy,,
but shorter than that of Eu-O., and in general, the range of Eu—-O bond Ilengths,
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HPA®

HPA®

HPA*

HPA"

(b) HPA®

Figure 2. (a) View of the helical chain structure of 2 linked by carboxylates of HPA® and HPA® along the b
axis; all the atoms except Eu®" and the carboxylates of HPA® and HPA® are omitted for clarity; (b) view of the
pinwheel structure of 2 along the a-axis; all the hydrogens are omitted for clarity; (c) view of the H-bonding
connectivity among 1-D chains.

2.3-2.8A, are in accord with the values in previously reported Eu(Ill) complexes
[38-40]. The chelating carboxylate angle, O..—Eul-O,, is small, 51.68(7)°. The cisoid
O-Eu-O angles are between 70.44(9) and 83.19(10)°, and the transoid O—Eu—O angles
are between 129.24(10) and 150.39(9)°. The only exceptions are O6—Eul-O7A and
O8-Eul-09B angles, which are 105.61(11) and 107.28(10)°, respectively. All these
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angles are within the range of those observed for Eu(Ill) complexes with O-donor
ligands [41, 42].

HPA? and HPA® alternate along the Eu chain, linking Eu®" cations into right and left
helical chains united at Eul (figure 2(a)). The repeating unit can be described as
(-Eul-07-C1-06-Eul-09-C23-08-),, and the pitch of the helix is the same as the
length of the g-axis (9.576 A). Viewed along the a-axis, every chain looks like a pin-
wheel (figure 2(b)). Eu®" cations reside at the centers of the pinwheel, and the ligands
fall into six groups, well arranged in six rows around the Eu’". Pinwheel structures [43—
45] are not very common, however, the pinwheel structure of 2 is similar to lanthanide
complexes with 2,2-diphenyldicarboxylate (dpdc) [43], where [Eu,(dpdc);(H,0),] consists
of two crystallographically independent Eu®" ions with a Eu—Eu distance of 4.459 A.
Each dpdc bridges three Eu®", resulting in an infinite polymer chain, and every chain
looks like a pinwheel when viewed along the ¢ axis. Like 2, the Eu®" cations also reside
at the center of the pinwheel and the dpdc ligands fall into three groups, well distributed
around the Eu®" centers.

There are multiple hydrogen bonds in 2 (table 3), including the O—H- - -O hydrogen bonds
between coordinated water and carboxyl O of HPA® (O- - -O distances of 2.753 and 2.754 A),
O-H---O hydrogen bonds between waters (O---O distance of 2.667-2.816A), N-H-- N
hydrogen bonds between imidazole rings of HPA® and HPA® (N- - -N distances of 2.863 and
3.140 A), and N-H- - -O hydrogen bonds between the imidazole ring of HPA® and a coordi-
nated water. It is via these hydrogen bonds that the 1-D chain structures are constructed into a
2-D supramolecular structure. The Eu—Eu distance between the planes is 8.46 A.

The mean Ln-O distances in 1-3 are 2.467, 2.410, and 2.351 A, respectively,
and decrease with increasing lanthanide atomic number, consistent with the lanthanide
contraction [46].

3.3. Powder X-ray diffraction and TG analysis of 2

The experimental powder X-ray diffraction pattern of 2 (figure 3) closely matches that cal-
culated from the single-crystal X-ray diffraction structure, indicating the phase purity of 2.

The thermogravimetric (TG) curve of 2 exhibited two weight loss steps between 40 °C
and 800 °C. The first weight loss of 6.1% from 40 to 103 °C corresponded to loss of four
waters per asymmetric unit (Caled: 5.8%). The compound was, thereafter, stable at 420 °C;

20 )

Figure 3. (a) Experimental PXRD pattern of 2; (b) simulated PXRD of 2.
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Figure 4. Emission spectrum of 2 corresponding to the *Dy— "F; (J=0-4) transitions; Jex.=385nm, 7=293 K.

the second weight loss of 65.4% (Calcd: 65.8%) occurred from 420 to 800 °C, correspond-
ing to the removal of the organic groups and providing the final Eu,0O5 residue.

3.4. Fluorescence of 2

Complex 2 emitted strong red light when excited by ultraviolet light. Figure 4 shows the
luminescence spectrum of 2 excited with 385 nm light at 293 K. The five peaks in figure 4
correspond to SDy—"Fo, Dy—"F;, *Do—F,, *Dy—F3, and *Dy—'F, transitions of Eu’".
The °Dy—F, transition induced by the electric dipole is hypersensitive to the coordination
environment of Eu®*, while the *Dy—'F, transition is due to a magnetic dipole fairly
insensitive to the environment of the cation. The intensity ratio, I (5D0—>7F2/5D0—>7F D
is ca. 1.72, which indicates that Eu®" in 2 is not located at an inversion center and that the
symmetry of Eu’" is low [47].

4. Conclusion

Three new lanthanide supramolecular complexes with 4-(4,5-diphenyl-1H-imidazol-2-yl)
benzoic acid have been synthesized and characterized. Ln>" cations were bridged by HPA ™~
into a helical chain structure and the chains are further connected to a 2-D supramolecular
structure by multiple hydrogen bonds. TG analysis of 2 showed that loss of water does not
affect the thermal stability of 2.

Supplementary material

Figures of the IR spectra for 1-3 and the TGA curve of 2. The crystallographic data for
the structures have been deposited with the Cambridge Crystallographic Data Center,
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CCDC Nos. 902932-902934 for 1-3. Copies of the data can be obtained free of charge on
application to The Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax: +44
1223 336 033; E-mail: deposit@ccdc.cam.ac.uk or www: http://www.ccde.cam.ac.uk).
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