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Theoretical Evidence of Metal-Induced Structural 

Distortions in a Series of Bipyrimidine-Based Ligands 

Camille Latouche,a Huriye Akdas-Kilig*,b Jean-Pierre Malval,c Jean-Luc Fillaut,b Abdou 
Boucekkine*,b Vincenzo Barone*a  

Herein, we report theoretical evidences of the geometric changes occurring upon complexation, 

for a series of octupolar bipyrimidine-based ligands incorporating NPh2 terminal donor group. It is 

shown that ligands 1 and 2 (4,4′,6,6′-Tetrakis(N,N-diphenylaminostyryl)-[2,2′]bipyrimidine and 

4,4′,6,6′-Tetrakis((N,N-diphenyl)-9,9′-dioctyl-9H-fluorene-2-amine)-2,2′-bipyrimidine) exhibit a 

non-planar geometry with a torsion angle between both pyrimidine moieties of ~ 25° and 50° 

respectively. 1a (complex of 1) becomes planar upon addition of ZnCl2 to the bipyrimidine moiety 

whereas 2a remains distorted. Furthermore, an assignment of the absorption bands for all 

compounds is presented.  

Introduction 

Chromophores with large Stokes Shift and strong two photon 

absorption (TPA) have attracted a considerable amount of 

research thanks to their high potential of applications not only 

in several technological fields such as data storage1,2 and multi-

dimensional microfabrication,3–7 but also for medical therapy.8 

In the previous decade, quadratic Non Linear Optical (NLO) 

properties of octupolar tetrahedral D2d and octahedral late metal 

complexes (D3) with large π-donor backbones have been 

investigated.4,9,10 The idea of using bipyrimidine ligands arose 

for different reasons: (i) strong π-delocalization, (ii) non 

planarity between two bipyrimidine moieties promoted by lone 

pair’s interactions between the nitrogen atoms of the two 

pyrimidine fragments, which gives access to a pseudo-

tetrahedral octupolar symmetry and (iii) strong ability to chelate 

a metal and possibly give a supra-molecular assembly.11–18 

Recently, a new class of three-dimensional NLO-phores of D2d 

symmetry based on donor-substituted styryl bipyrimidine cores 

has been investigated.9 Such derivatives exhibit interesting 

fluorescence and fluoro-solvatochromic properties, as well as 

large cubic and quadratic NLO responses, which can be tuned 

by the nature of the substituents within the styryl fragments. 

The photophysical properties of such compounds and materials 

are highly dependent on the adopted structure. In particular, a 

recent experimental paper by Malval et al19 on the two 

compounds sketched in Figure 1 reports that, upon addition of 

Zn2+, the overall structure of 1 becomes planar, whereas 2 

retains a pseudo-tetrahedral shape. This arrangement was 

assumed to strongly impact the NLO properties of these 

bipyrimidine-based systems since the planarity of 1a (i.e. the 

complex of 1 with ZnCl2) leads to the decrease of the TPA 

cross-section whereas the three-dimensional character of 2a 

(i.e. the complex of 2 with ZnCl2) promotes a strong 

enhancement of the TPA characteristics.   

In the present study, a robust, easily reproducible, and efficient 

computational strategy has been employed to characterize the 

structures and spectroscopic features of the multi-branched 

zinc-bipyrimidine compounds introduced in ref.19 by means of 

methods rooted into the Density Functional Theory (DFT) and 

its time dependent extension (TD-DFT) coupled to a molecular 

mechanics (MM) description of more distant inert moieties and 

to a continuum description of bulk solvent effects by means of 

the polarizable continuum model (PCM). This work was 

performed in order to gain further insights about the 

planarization of the structure upon complexation by Zn.19 

 

 
Figure 1. Studied compounds before complexation 

Computational Details 
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All calculations have been carried out at the DFT level of 

theory with a development version of the Gaussian suite of 

programs.20 The PBE021,22 hybrid functional in conjunction 

with the 6-31G(d) basis set23–26 has been used to optimize  

geometries and to perform analytical frequency calculations.  

Electronic absorption calculations have been performed on the 

previous optimized geometries at the TD-DFT level with both 

PBE0 and CAM-B3LYP (CAM)27 functionals. The whole 1 

and 1a (i.e. the complex 1 with ZnCl2) systems have been 

treated by those quantum mechanical (QM) methods. Instead, 

for 2 and 2a (i.e. the complex of 2 with ZnCl2), an ONIOM 

strategy has been used in which the C8H17 moiety is described 

by the UFF force field,28,29 whereas the backbone (possibly 

including the ZnCl2 moiety in 2a) is treated at the DFT level. 

Solvent effects (specifically tetrahydrofuran, THF) have been 

taken into account at the default PCM level.30,31 MOs 

composition has been established thanks to the AOmix 

software.32 All spectra have been plotted by VMS-Draw.33 

 
Results and discussion 

We start the discussion from the structures of 1 and 2. The 

minimum on the Potential Energy Surface (PES) of 1 has D2 

symmetry, whereas the optimized structure of 2 which does not 

display any symmetry (Figure 2a) exhibits two different values 

for the torsional angles. As shown in Figure 2b and in Table 1, 

the torsion angle between both pyrimidines is larger for 2 than 

for 1 (24° and 49(46)° for 1 and 2 respectively) due to the 

strong steric hindrance of the C8H17 alkyl chains. This result is 

in good agreement with the X-ray torsional angle  (36° with -

NEt2 moiety) reported by one of us.9 Moreover, the dihedral 

angle between two NPh2, which represents better the torsion of 

the ligand, is also higher for 2 than for 1 (24° and 75(32)°, for 1 

and 2 respectively). These results confirm the non-planar 

structure of both compounds in line with the quadratic NLO 

properties characteristic of a pseudo-tetrahedral shape.  

Table 1. Relevant geometric data of 1 and 2 

 1 2 

N1-C-C-N2 (°) 24 45/49 
Na-Cb-Cc-Nd (°) 24 74/32 

 
Figure 2. (a) Structural pictures of 1 and 2. Hydrogen atoms have been omitted in 

2 for clarity. (b) Dihedral angle of interest for the planarity of the studied 

compounds. 

Upon addition of ZnCl2, it turns out that complex 1a becomes 

almost planar with N1-C-C-N2 and Na-Cb-Cc-Nd torsion angles 

close to 0°. On the other hand, complex 2a does not exhibit 

such a quasi-planar conformation. The N1-C-C-N2 dihedral 

angle is nearly halved upon complexation (49(45)° vs. 23(26)° 

for 2 and 2a, respectively). Furthermore, the Na-Cb-Cc-Nd angle 

remains of the same order of magnitude than before 

complexation (74(32)° vs. 68(31)°) and is indicative of a strong 

torsion between the alkyl parts of the bipyrimidine ligand 

(Table 2). As assumed in the previous work and explicitly 

computed here, the structures of 2 and 2a are different from 1 

and 1a.19 Therefore deeper investigations of those molecules 

have been performed; we now discuss and compare the 

electronic structure and the electronic absorption of the target 

compounds. As one can see in Figure 3, the HOMO-LUMO 

gaps of 1 and 2 are higher than their respective complexes (1 

and 1a: 3.25 eV vs. 2.81 eV; 2 and 2a: 3.08 eV vs. 2.60 eV). 

This difference is due to a non-negligible stabilization (ca. 0.5 

eV) of the lowest unoccupied molecular orbitals (LUMOs), 

whereas the highest occupied molecular orbitals (HOMOs) are 

barely affected by the presence of the metal. 

Table 2. Selected geometrical parameters of 1a and 2a 

 1a 2a 

Zn-N (Å) 2.055/2.046 2.037/2.067 
Zn-Cl (Å) 2.274/2.273 2.264/2.277 

N1-C-C-N2 (°) 2/2 23/26 
Na-Cb-Cc-Nd (°) 0/3 68/31 

 

The HOMOs of 1 (See ESI) are mainly localized on the 

donating group (56-61 % on NPh2) reinforced by a strong 

localization on the π-chain (34-40 %) (Table 3). As expected, 

the LUMOs are less localized on the NPh2 moieties (<10 %) 

and more concentrated on the bipyrimidine moiety, in particular 

LUMO, LUMO+1 and LUMO+2, (39-64%), thanks to its 

strong withdrawing character. Furthermore, the π-chain is still 

strongly involved in the LUMO.  
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Figure 3. Energy levels of the studied compounds (PBE0/6-31G(d)). 

Finally, it is noteworthy that the nitrogen atoms on the 

bipyrimidine play an important role and contribute strongly to 

the LUMO (20 %), LUMO+1 (20 %) and LUMO+2 (13 %). In 

the last orbital, the involvement of the C-C link between both 
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pyrimidines is also significant (17 %). The composition of the 

HOMOs is quite similar in the ligand 1 and in the complex 1a. 

However, one should notice that the bipyrimidine moiety offers 

a larger contribution to the LUMOs of 1a (55 %, 44 %, 67 % 

vs. 42 %, 39 %, 64 % for 1a and 1, respectively).  

This increase of localization on the bipyrimidine moiety 

explains the stabilization of the LUMOs in the complex and the 

corresponding decrease of the HOMO-LUMO gap.  

Furthermore, in analogy with 1, the LUMO, LUMO+1 and 

LUMO+2 of 1a exhibit a strong nitrogen character; in addition 

the latter orbital shows also a strong C-C character at the 

junction of the two bipyrimidines. The same trend is observed 

for 2 and 2a, namely a strong localization of the HOMOs on the 

NPh2 moieties, and of the LUMOs on the bipyrimidine and the 

π-chain (see ESI). Finally, as one can see in Table 3, the 

presence of the metal does not modify the localization of the 

frontier orbitals neither for 1a nor for 2a.   

Table 3. Composition of the frontier orbitals (%). 

 1 1a 

 Bpy πchain NPh2 Bpy πchain NPh2 ZnCl2 
HOMO-3 5 34 61 5 33 62 0 
HOMO-2 5 35 60 5 34 61 0 
HOMO-1 4 40 56 4 40 56 0 
HOMO 5 39 56 4 40 56 0 
LUMO 42 53 5 55 40 4 1 

LUMO+1 39 55 6 44 51 6 0 
LUMO+2 64 33 3 67 30 3 0 
LUMO+3 21 71 8 23 69 8 0 

  

TD-DFT calculations have been performed with the PBE0 

functional using the optimized geometries described above. As 

one can see in Table 4, the computed λmax is always 

overestimated by ~75 nm, possibly due to the very long 

distance charge transfer associated with the transitions, from 

the NPh2 moieties to bipyrimidine. Therefore, we decided to 

repeat the TD-DFT computations using a long-range corrected 

functional (CAM-B3LYP) able to reproduce correctly charge-

transfer transitions. As one can observe in Table 4 and Figure 4, 

CAM-B3LYP slightly underestimates (by ~30-50 nm) the 

observed wavelengths of band maxima. Furthermore, in 

agreement with experiment, the calculations nicely reproduce 

the presence of two neighbouring absorption bands separated 

by ca. 30 nm.19  

Our calculations give also information concerning the charge 

transfers within the different molecules. The absorption band of 

1 is a mix of HOMO to LUMO+1 (31 %) and HOMO-1 to 

LUMO (35 %) transitions, which corresponds to a charge 

transfer from NPh2 and π-chain to the core of the backbone, 

which includes the bipyrimidine and the π-chain moieties. The 

second absorption, computed at 359 nm, is more mixed. It turns 

out that the involved transitions are HOMO-3 to LUMO+1 (26 

%), HOMO-2 to LUMO (33 %), HOMO-1 to LUMO+3 (14 %) 

and finally HOMO to LUMO+2 (13 %), and the charge transfer 

associated to the mixing of all those transitions from a NPh2 

and π-chain to the central backbone. The computed lowest 

energy absorption band of 2 slightly differs from that of 1 due 

to the presence of two transitions in the same band (384 nm and 

380 nm). The first electronic transition is from the HOMO to 

the LUMO (15 %) and to the LUMO+1 (24 %) with the same 

charge transfer as 1. The second band is a large admixture from 

the frontier orbitals and the charge transfers associated to this 

band remains NPh2 and π-chain to the central backbone. Upon 

addition of ZnCl2, one can observe that the experimental 

redshift is nicely reproduced in the computations and the global 

trend is better reproduced using the PBE0 functional. 

Furthermore, as shown in the MOs diagram of 1a and in Table 

3, the ZnCl2 moiety is not involved in the transitions. The 

computed and observed highest absorption bands exhibit a 

decrease of intensity when going from the free ligand to the 

complex. The first band of 1a, computed at 422 nm, 

corresponds to a transfer mainly from HOMO-1 to LUMO (30 

%) and from HOMO to LUMO+1 (26 %), analogous to the 

same charge transfer as the ligands. The second band computed 

at 387 nm corresponds to a transition from the HOMO-2 to the 

LUMO (42 %) and from the HOMO-3 to the LUMO+1 (23 %). 

In this latter case, the charge transfer occurs mainly from the 

NPh2 moieties to bipyrimidine. Finally, 2a (like 2) exhibits two 

transitions in the highest absorption band (413 nm and 419 nm), 

which can be described as classical charge transfers from NPh2 

and π-chain toward the central backbone.  

Table 4. Absorption wavelengths (nm) and oscillator strengths (f) of the 
studied compounds in THF. 

  λmax  

 PBE0 CAM-B3LYP Exp19  

1 
458 (f=2.7) 
431 (f=1.0) 

382 (f=3.7) 
359 (f=1.8) 

416 

1a 

527 (f=2.1) 
497 (f=0.5) 
483 (f=0.6) 

422 (f=3.7) 
387 (f=1.8) 

459 

2 

474 (f=1.0) 
473 (f=2.6) 
455 (f=0.4) 

384 (f=2.2) 
380 (f=3.8) 
363 (f=0.9) 

423 

2a 

554 (f=0.4) 
552 (f=1.7) 
531 (f=0.5) 
522 (f=0.4) 

419 (f=1.8) 
413 (f=3.5) 
387 (f=1.0) 

469 

 

Figure 4.Simulated absorption spectra of 1 (black), 1a (dashed black), 2 (red) and 

2a (dashed red). Intensities are normalized (CAM-B3LYP/6-31G(d)) (HWHM=400 

cm
-1

) 

Moreover, the same absorption band at 387 nm has been 

computed for both 1a and 2a. However, in the latter case, this 

absorption band contains a large number of transitions, which 

globally correspond to the charge transfer from the frontier 

HOMOs to LUMO and LUMO+1 (see ESI). 
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Conclusions 

In this paper, we have reported the essential results of a 

comprehensive structural and electronic investigation on two 

different bipyrimidine-based ligands and their complexes upon 

addition of ZnCl2. DFT calculations have been performed 

showing quantitative agreement and evidences concerning the 

tetrahedral-shape of complexes 1a and 2a. Furthermore, our 

modelling confirms the hypothesis derived from experimental 

studies, namely that 1a becomes planar, whereas 2a remains 

distorted. In particular, the Na-Cb-Cc-Nd and N1-C-C-N2 

dihedral angles are almost equal to zero for 1a whereas a strong 

distortion still appears for complex 2a. Furthermore, TD-DFT 

computations allow an unbiased assignment of the absorption 

bands. In the next future, a deep investigation of the NLO 

properties and behaviour will be performed. Further studies on 

the same molecules will focus on their vibrational properties. 

Indeed, thanks to new computational developments,34,35 full 

(and, possibly, reduced dimensionality) perturbative 

anharmonic treatments could provide fruitful information and 

new clues concerning the behaviour of this class of compounds. 
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