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Two ligands for coordination compounds incorporating benzimidazole moieties, namely 1,1'-
butane-1,4-diylbis(5,6-dimethyl-1H-benzimidazole) and 1,1’-butane-1,4-diylbis(1H-benzimi-
dazole), are synthesized and then characterized both experimentally and theoretically. Their
structures are studied by single crystal X-ray diffraction, UV-Vis spectroscopy, and FT-IR
spectroscopy. The optimized geometries, vibrational frequencies, vertical excitation energies
of the two ligands are calculated using the (TD)DFT/B3LYP/TZVP method. The calculated re-
sults reproduce the experimental data. Additional bonding information about the coordinated N
atoms in the two ligands is obtained by FMO and NBO analysis to investigate the substitute-
group effect on the coordination ability. The results confirm that the ligand with electron-
donating methyl groups on the benzimidazole moieties has a stronger coordination ability.

Keywords: coordination polymer, benzimidazole, crystal structure, DFT, NBO.

INTRODUCTION

A coordination polymer (CP), also called the metal organic framework (MOF), was first systema-
tically studied by Australian chemist R. Robson in around 1990 [ 1, 2 |. Nowadays, the research of CPs
has been rapidly developed and became an important field of coordination supermolecular chemistry.
CP materials are potentially applied to gas adsorption and separation [ 3 ], molecular recognization
[4, 5], heterogeneous catalysis [ 6 ], electrical conduction [ 7 |, biomedical imaging [ 8, 9 ], and drug
delivery [ 10 ]. Unlike traditional organic or inorganic materials, CPs can be rationally designed and
synthesized due to their modular nature. They are involved in inorganic-organic hybrid materials
which can be fine designed and incorporated of various functionalities at the molecular level [ 11, 12].
With a combination of crystal engineering and synthetic chemistry, CP structures are 1D, 2D, and 3D
infinite [ 13 ]. All of them are composed of metal ions (or metal ion clusters) and organic bridging
ligands.

The structure of a CP material is mainly determined by the coordination geometry of the bridging
ligands and highly directional metal-ligand coordination bonds. The coordination modes of the ligand
play an important role in the construction of CPs [ 14 ]. Thus, a selection of a suitable organic ligand
with certain flexibility is crucial to the construction of CPs. Bis(benzimidazolyl)alkane derivatives
were widely used as bridging ligands to construct CP materials [ 14—16]. In 2012, our group have
synthesized two 1D bis(benzimidazole)-based CPs. Different supramolecular structures were obtained
by only a subtle change in the substituted group of the benzimidazole moiety [ 15 ]. We have also syn-
thesized some other CPs with flexible bis(benzimidazole) ligands. The results showed that the assem-
bly of CPs could be affected by the spacer length of the ligands and the connecting mode [ 16 ]. These
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Fig. 1. Structures of (a) the ligand a and () the ligand b

applications of benzimidazole have led us to investigate the coordination behaviour of different substi-
tuted benzimidazole derivatives with transition metal ions.

It is known that substituents bonded to the benzimidazole moiety could influence the electronic
characteristics of the ring by either donating electrons or withdrawing electrons. In this way, the coor-
dination behavior of substituted benzimidazole could be modified by substituent effects. In this article,
we have synthesized two flexible bis(benzimidazole)-based ligands for the CP synthesis: 1,1’-butane-
1,4-diylbis(5,6-dimethyl-1H-benzimidazole) and 1,1'- butane-1,4-diylbis(1H-benzimidazole) (short for
a and b, Fig. 1). Each of them is experimentally characterized by infrared and UV-Vis spectroscopy.
The single crystal X-ray diffraction is performed for the ligand a, and the crystal structure of the
ligand b could be obtained from the literature [ 17 ]. By comparing their spectra and structures, the
substituent effects on the coordination behaviours could be investigated.

In order to understand the substituent effect on the coordination behaviour, the electronic struc-
tures of a and b must be theoretically evaluated. Density functional theory (DFT) and time-dependent
density functional theory (TDDFT) could be used to demonstrate the electronic structure and photo-
physical properties of a and b. We have focused our attention on the comparison of DFT and TDDFT
calculations with experimental observations. In addition, the natural bonding orbitals (NBO) analysis
was also carried out in order to explore the bond type and Lewis structure of the two ligands. Thereby
the coordination abilities of a and b could be determined.

EXPERIMENTAL AND COMPUTATIONAL METHODS

Synthesis. All the reagents and solvents for synthesis were purchased from commercial sources
and used without further purification. The ligands a and b were prepared according to the literature
[17].

Apparatus. The infrared (IR) spectrum was recorded from KBr pellets in the range 4000—
400 cm™' on a Nicolet FT-IR 170SX spectrometer. UV-Vis spectra of a and b were obtained with the
Hitachi UV-3600 spectrophotometer in a methanol solution (2.0x10~° mol/dm’) at 298 K.

X-ray crystallographic studies of the complex. A suitable single crystal of the title complex
ligand a was mounted on glass fibers for the X-ray measurement. Reflection data were collected at
room temperature (25°C) on a Bruker Smart 1000 CCD diffractometer with graphite-monochromated
MoK, radiation (A =0.71073 &) and an ®-20 scan mode. Unit cell constants and the orientation matrix
were improved by the least squares refinement of reflections thresholded from the entire dataset. Inte-
gration was performed with SAINT, using this improved unit cell as a starting point. Precise unit cell
constants were calculated in SAINT from the final merged dataset. All the measured independent re-
flections were used in the structure analyses, and semi-empirical absorption corrections were applied
using the SADABS program [ 18 ]. The crystal structure was solved by the direct method and subse-
quently completed by the difference Fourier recycling. All the non-hydrogen atoms were refined ani-
sotropically using the full-matrix, least squares technique. All the hydrogen atoms were positioned
geometrically and refined using a riding model for the title complex. All the calculations were per-
formed using the SHELXTL and SHELXL-97 programs [ 19 ]. The crystallographic data and experi-
mental details of the data collection and the structure refinement are given in Table 1.

Computational Details. All calculations on electronic structures of ligand a and b were carried
out using the Gaussian 09 [ 20 ] program package. Geometry optimizations and the vibration analysis
were performed using DFT and the absorption spectrum was calculated using the TDDFT method.
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Table 1
Crystal data and structure refinement for the ligand a
Empirical formula CpHysNy
Formula weight 346.47
Wavelength, A 0.71073
Crystal system P2l/c
Space group Monoclinic
a,b,c, A 6.160(10), 7.768(13), 18.90(3)
o, B, v, deg. 90, 99.38(4), 90
v, A 892(3)
VA 2
D, g/lem® 1.228
Crystal size, mm 0.19x0.17x0.15
0 range, deg. 1.09 to 25.02
F(000) 372
Limiting indices —7<h<7, -9<k<6, 22720
Reflections collected 4462
Independent reflections 1631
Rin 0.1070
Completeness to 6 = 25.02, % 99.6
Absorption coefficient, mm™ 0.078
7,K 295(2)
GOOF on F* 0.893
Final R indices [/ > 2o(/)] R;=0.0933, wR,=0.2242
R indices (all data) R, =0.1793, wR,=0.2822
APmax ! APrins €/A 0.273 / —0.356

Becke's three-parameter hybrid exchange functional with the Lee—Yang—Parr gradient-corrected
correlation (B3LYP functional) [ 21—25 ] was chosen as the functional. The triple-§ valence quality
with one set of polarization functions (TZVP) [ 26 ] was chosen as basis sets throughout, which is an
appropriate basis set for such organic compounds [ 27 |. No constrains for symmetry, bonds, angles, or
dihedral angles were applied in the geometry optimization calculations. All of the local minima were
confirmed by the absence of an imaginary mode in vibrational analysis calculations. Furthermore, the
NBO analysis [ 28] was performed using the NBO 3.1 program implemented in the Gaussian 09.
A useful aspect of the NBO method is that it gives information about interaction in both filled and vir-
tual orbital spaces. The NBO analysis is already proved to be an effective tool for the chemical inter-
pretation of the electron density distribution of the lone electron pair.

RESULTS AND DISCUSSION

Crystal structure and geometry optimization. The single crystal X-ray structural analysis of
the ligand a reveals that it crystallizes in the monoclinic space group P21/c (Fig. 2). The dihedral an-
gle between two benzimidazole moieties is close to 0°, showing that they are almost parallel. The bond
lengths and angles in the ligand a are all within a normal range (Table 2). The N1—C1 and N2—C1
bond lengths are not equal in the 5,6-dimethylbenzimidazole moiety. The N1—C1 (1.299(9) A) length
is shorter than the N2—CI1 length (1.396(8) &), which indicates that the N1—C1 bond is close to the
double bond and the N2—C1 bond is close to the single bond. These distances are comparable with
those found for many benzimidazole derivatives [ 29, 30]. As reported, NI—C1 and N2—C1 bond
lengths are 1.3079 (14) A and 1.3564 (13) A respectively [ 17 ] in the ligand b. The data indicate that
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Fig. 2. The atom numbering scheme from single crys-
tal X-ray diffraction and displacement ellipsoids
drawn at the 50 % probability level.
Symmetry code: (i) 1-x, —y+2, —=

the N1—C1 bond order is higher than that of
N2—CI1 in both a and b. The methyl groups
have a slight effect on their molecular structures.

The optimized structures of the ligands a
and b shown in Fig. 3 are obtained by the B3LYP functional with TZVP basis sets. The optimization
is started from their crystal structures in order to avoid local minima. As shown in Table 2, all the cal-
culated structural parameters of the ligand a are nearly equal to the single crystal data. For instance,
the calculated N1—C1 and N2—C1 distances in the ligand a are 1.30 A and 1.37 A respectively, which
is in good agreement with the experimental values of 1.299(9) A and 1.365(10) A. Especially, the cal-
culation predicts an N2—C10—C11—C11 dihedral angle o of 11°, whereas the experimental value of
63° was found. We attribute the difference to the fact that the experimental studies are performed in
the solid crystal phase and the optimizations are performed in the gas phase. The intermolecular inter-
actions in the crystal have connected the molecules together, which results in the differences of struc-
tural parameters in the calculated and experimental values. The calculated geometry of the ligand b
also reproduces its crystal structure. The bond length differences of the ligand b between the experi-
mental and theoretical data are not more than 0.02 A and the differences in the bond and dihedral an-
gles are not more than 2°. Herein, the geometries of the ligands a and b are very close. Substituents
could make little influence on the structures of a and b.

The molecular electrostatic potential (MEP) is a useful descriptor in understanding the sites for
coordination. In order to visualize the coordination sites, MEP of the ligands a and b was calculated.

Table 2

Comparison of bond lengths (A) and angles (deg.) for the ligands a and b
from single crystal X-ray diffraction data and DFT calculations

Ligand a Ligand b
Parameter
Crystal data | DFT data | Crystal data® | DFT data
N(1)—C(1) 1.299(9) 1.30 1.3079(14) 1.30
C(3)—N(®) 1.379(8) 1.38 1.3772(13) 1.39
N(1H)—C(2) 1.396(8) 1.39 1.3853(13) 1.39
NQ@2)—C(1) 1.365(10) 1.37 1.3564(13) 1.37
N(2)—C(10) 1.449(9) 1.45 1.4597(13) 1.45

N(1)—C(1)—N(2) 112.4(6) | 1142 | 114.4009) | 1142
N@2)—C(3)—C(2) 103.4(7) | 1052 | 105.04(8) | 105.0
C(1)—N(1)—C(2) 105.4(7) | 104.6 | 103.98(8) | 104.7
C(3)—N(2)—C(1) 108.6(7) | 106.7 | 10630(8) | 105.9
C(7)—C(2)—N(1) 130.39) | 130.1 | 130.2909) | 129.9
N(1)—C(2)—C(3) 110.1(6) | 1103 | 110.27(9) | 110.1
C(1)—NQ2)—C(10) | 1252(6) | 1268 | 127.1309) | 126.7
N(2)—C(3)—C(4) 135.19) | 133.1 | 132.1509) | 1327
NQ)—C(10)—C(11) | 115.56) | 1141 | 111.88(9) | 1133

*From Ref [ 17].
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b

Fig. 3. Optimized geometries of (a) the ligand a and () the ligand b obtained
from DFT calculations

Fig. 4. MEPs of (a) the ligand a and (b) the ligand b
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Fig. 5. Comparison of the experimental and calculated IR spectra of a and b. (a)/(b)

Experimental IR spectra of a/b. (c¢)/(d) Scaled vibration frequencies of a/b using the
DFT method

As shown in Fig. 4, the red color indicates the negative regions and the blue color indicates the posi-
tive regions. It is noted that the N1 atom is the most negatively charged atom in either a or b. This can
explain why N1 is the coordination atom in the two organic bridging ligands.

FT-IR spectrum and vibration analysis. IR spectroscopy is widely used to study the structural
aspects of organic molecules. Fig. 5, ¢, d presents the FT-IR spectra in the range 4000—400 cm ™' of a
and b. We also calculated the vibrational frequencies of two ligands at their optimized structures in
order to assign the IR peaks (Fig. 5, a, b). The results of the frequency analysis revealed no imaginary
frequencies, indicating that stationary geometries were found. The partial observed and calculated data
are summarized in Table 3. As shown in Fig. 5, the calculated and experimental spectra show a minor
difference. There are two factors that may be responsible for the discrepancies. Firstly, the calculated
DFT harmonic frequencies tend to overestimate the vibrational frequencies because of improper disso-
ciation behavior [ 31 ]. Thus, the calculated data of vibration analysis are often lager than those ob-



54 G.-Y. LI J.-S. HU, Y.-F. LIU, G.-H. CUI

Table 3

Comparison of the observed and calculated vibrational frequencies (cm™) of a and b

Ligand EXp. - Cal. - Vib. feature
Freq. | Int.(IR)* | Nonscaled | Scaled’ | Int.(IR)
a 3076 m 3185 3075 15 v(=C—H)
2925 S 3023 2919 147 v(—CH,3)
1495 VS 1533 1480 179 v(C1—N1, C2—N2)
1444 m 1489 1438 106 O(—CH,—)
1365 m 1401 1352 70 6(—CH,—)
1203 S 1231 1189 85 0(—CH;,—)
841 m 869 839 31 0(=C—H)
b 3050 m 3151 3042 32 v(=C—H)
2930 m 3030 2926 92 v(—CH;—)
1493 VS 1531 1478 174 v(C1—N1, C2—N2)
1443 m 1482 1431 107 6(—CH,—)
1357 m 1391 1343 64 6(—CH;—)
1235 S 1273 1229 100 O(—CH,—)
734 m 758 732 107 6(=C—H)

* m — middle, s — strong, vs — very strong.
® Scaling factor: 0.9654 [ 31].

tained from the IR spectrum. The calculated data are modified using 0.9654 [ 31] as the frequency
scaling factor for the B3LYP/TZVP method. Secondly, the experimental spectra are performed in the
solid state, while the calculated spectra correspond to isolated molecules in the gas phase.

In Fig. 5, it can be seen that the calculated frequency data of a and b well reproduce their IR spec-
tra. The experimental vibrational bands at approximately 3400 cm ' in Fig. 5, ¢, d are assigned to
v(OH) of water, which do not appear in the computed spectra in Fig. 5, a, b. The IR spectrum of the
ligand a shows a band at 1495 cm ', which is one of the characteristic vibrations of imidazole [ 32 ].
For the ligand b there is a band at 1493 cm ', nearly equal to that of a. The corresponding bands have
been computed as 1533 cm ' in the ligand a and 1531 cm ' in the ligand b. Both of them are asigned to
the N—C—N stretching mode in the imidazole moiety. The results also indicate that the methyl
groups have little effect on the N1—C1 bond. Moreover, the experimental bands at more than
3000 cm ' in a and b coincide with the computed data, which can be assigned to the unsaturated C—H
stretching modes. Due to the four methyl groups in a, the strong vibration of C—H stretching at
2925 cm ' (cal. 2919 cm™') is shown.

UV-Vis spectrum and calculated absorption spectrum. We have measured the UV-Vis spectra
of the ligand a and b to study their photophysical characters. Their concentrations are 2.0x10> mol/l
in the methanol solution in the measurements. In order to determine the transition type of these ab-
sorption bands, we calculated their vertical excitation energies with the TDDFT approach. The absorp-
tion profiles are then calculated using the Gauss models. Frontier molecular orbital (FMO) theory has
also been used to provide an explanation for the electron transition in the UV-Vis spectra [ 33 ]. In this
theory, the highest occupied molecular orbitals (HOMOs) and lowest unoccupied molecular orbital
(LUMOs) play vital roles.

In the UV-Vis spectra, the ligands a and b show similar profiles. As shown in Fig. 6, ¢, the UV-
Vis spectrum of a shows three low-lying absorption bands at 291 nm, 285 nm, and 266 nm respec-
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Fig. 6. Comparison of the experimental and calculated UV/Vis spectra.
(a)/(b) Experimental UV/Vis spectra of a/b in the methanol solution. (c¢)/(d)
The calculated absorption bands of a/b using the TDDFT method

tively. The calculated absorption bands of a are very close to them (Fig. 6, a). The calculated transi-
tion energies with the highest oscillator strength (f, which is a dimensionless quantity to express the
strength of the transition) are collected in Table 4 and compared with the experimental data. It reveals
that the low-lying band at 291 nm corresponds to the orbital transition from HOMOs to LUMOs and
the band at around 285 nm corresponds to HOMO-1s to LUMOs. The UV-Vis spectrum for b shows
three similar absorption bands in the regions at 284 nm, 276 nm, and 267 nm (Fig. 6, d). The calcu-
lated results shows three strongest absorption bands of b in the UV-region centered at about 293 nm,
282 nm, and 263 nm (Fig. 6, b). The transition types of the three bands in b are very similar to those in
a. Compared with the ligand a, all the absorption wavelengths of b are blue-shifted. This spectral dif-
ference can be attributed to the electron-donating effect of methyl groups in a.

Fig. 7 lists FMOs involved in the low-lying electronic transitions of a and b. We can see all of
them are doubly degenerate and delocalized over their benzimidazolium moieties. The HOMO-1s of a
and b are mainly composed of the atomic orbital on N1, which are nonbonding orbitals including lone
electron pairs. In the case of the ligand a, the band at 291 nm is a dominating nn-type of the transition
and the band at 285 nm is generated by the nn-type transition. For the ligand b, the experimental ab-
sorption bands at 284 nm and 276 nm are respectively nn-type and nn-type transitions. Since the
LUMO energies and compositions of a and b are very close, the nr-type transition energies could be
used to measure the energies of lone electron pairs on their N1 atoms. The HOMO-1s in the ligand a
have higher energies, which could donate the electron pairs on N1 more easily.

Table 4

Transition energies for the ligands a and b obtained from both
experiment and TDDFT calculations

Ligand | dey (nm) | Aeyp (nm) f CI expansion coefficients (>0.2)
a 302 2901 0.210 | 0.380 (HOMO — LUMO)
290 285 0.253 | 0.292 (HOMO-1 — LUMO)
267 266 0.112 | 0.353 (HOMO — LUMO+1)
b 393 284 0.189 | 0.367 (HOMO — LUMO)
282 276 0.230 | 0.286 (HOMO-1 — LUMO)
263 267 0.103 | 0.351 (HOMO — LUMO+1)



56 G.-Y. LI J.-S. HU, Y.-F. LIU, G.-H. CUI

HOMO-1s of b

HOMOs of b

LUMOs of a LUMOs of b

Fig. 7. Frontier molecular orbitals of a and b related to low-lying electronic transitions obtained from TDDFT
calculations (Isovalue = 0.06)

NBO analysis. NBO charge population can help us to understand the bonding properties. As
mentioned above, N1 is the coordination atom in the two organic bridging ligands. The natural charges
of N1 in a and b are —0.434 and —0.339 respectively. So the ligand a is more likely to coordinate the
positively charged central metal ion. Selected results from the natural population analysis for the lig-
ands a and b are presented in Table 5. Both occupation and hybridization of the orbitals of their N1
atoms are analyzed. The results show that the lone pair on N1 of a have mainly 36 % s and 64 % p
characters and its occupation is 1.92. It is suggested that the lone pair of the N1 atom is an sp'*-hybrid
orbital. In the ligand b, the lone pair on N1 has mainly 37 % s and 63 % p characters and its occupa-
tion is 1.8. So it is an sp'’-hybrid orbital. Even though the lone pairs of a and b are both approxi-
mately occupied by two electrons, the N1 lone pair of a is more occupied than that of b. That is to say,
the N1 atom of a can give more electrons to the central metal atom. In addition, as the p-proportion of
the orbital increases, the hybrid orbital will keep further away from the nucleus in the atom. The
p-proportion of the lone pair on N1 of a is more than that of b. It also indicates that the ligand a has a
better coordination ability.

Table 5
Characteristics of selected orbitals in the ligands a and b based on the natural population analysis
Ligand | Bond orbital | Occupation Composition, 06/10 Contributions of atoms to the orbital, %
s p

a BD: N1—C1 1.98 N:57; C:43

BD: N1I—C1 1.98 N:57; C:43

BD: N1—C2 1.96 N: 57; C:43

LP: N1 1.92 36 [ 64 | 0
b BD: N1—C1 1.98 N:57; C:43

BD: N1I—C1 1.95 N: 59; C: 41

BD: N1—C2 1.96 N: 57; C:43

LP: N1 1.85 3716310

Abbreviations: LP — lone pair; BD — bonding orbital.
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CONCLUSIONS

Two benzimidazole-based ligands 1,1'-butane-1,4-diylbis(5,6-dimethyl-1H-benzimidazole) and
1,1'-butane-1,4-diylbis(1H-benzimidazole) were synthesized and characterized by the X-ray measure-
ment, FT-IR spectra, UV-Vis spectra, and DFT/TDDFT calculations. The theoretically calculated va-
lues of both bond lengths and bond angles of the DFT optimized structures were compared with the
X-ray crystallographic data. The results reveal that the N1 atoms in their respective benzimidazole
moieties are bound to the neighbour carbon atoms by a single bond and a double bond. FT-IR and UV-
Vis spectra of the two ligands were investigated experimentally. In order to understand the electronic
transitions of the compounds, the vibration analysis and TDDFT calculations of the electronic absorp-
tion spectra were performed. The differences between the observed and calculated values of most of
the fundamental bands are very small. HOMO, LUMO orbital localization and NBO analysis confirm
that the ligand a has a better coordination ability. That is to say, the electron-donating groups on the
benzimidazole moieties are helpful to the coordination with the central metal ion. We hope the results
of this study will help researchers to design and synthesize new CP materials.
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