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I. Introduction 

 Aminopyridine has three isomers based on the positions of amino group, and these isomers include 4-

aminopyridine (4AP), 3-aminopyridine (3AP) and 2-aminopyridine (2AP). These ligands have two nitrogens 

providing σ bonding abilities as illustrated in figure-1.3. One is in the pyridine ring that has a lone pair of electrons 

in a sp
2
 hybridized orbital (σα) and the other one is in the amino group which has a lone pair of electrons in an 

sp
3
hybridized orbital (σβ). In addition to these σ binding sites, the aromatic pyridine ring in these ligands can 

function as a π donor or acceptor
 [1]

.  It would be interesting to examine how these bonding modes compete with 

each other in the formations of Cu complexes. 

 Copper plays an important role in organisms as one of the so-called “essential” metals. The ubiquitous Cu-

organonitrogen complexes and their extensive applications have inspired much interest in the bonding, structures, 

and properties of Cu and nitrogen containing molecules.  This research paper presents a systematic quantum 

chemical study of the metal-ligand binding interaction in Cu-aminopyridine complexes. 

 The extensive applications of these metal-aminopyridine complexes have inspired considerable interests in 

their reactions, bonding and structures. A large number of experimental and theoretical investigations about the 

complexes of transition metal cations with aminopyridines and their derivatives have been reported previously 
[2-8]

 

except copper. Therefore, it would be interesting to determine the bonding interaction between aminopyridines and 

other transition metal atoms such as copper in this research paper. 

 
Figure-1:  Structures of 4-(4AP), 3- (3AP) and 2-(2AP) aminopyridine 

 

II. Quantum chemical calculations 

 

 With a rapid growth in CPU speed, quantum chemical calculations using available program packages have 

become increasingly more sophisticated and valuable for predicting, modelling, and understanding experimental 

Abstract: The Cu-aminopyridine complexes were studied through quantum chemical calculations using MP2 

method with 6311+G(d,p) basis sets in the GAUSSIAN 2003 program package. The Cu-N bond strength were in 

order of Cu-4AP < Cu-2AP < Cu-3AP, while the ionization energies were in the order of Cu-4AP < Cu-3AP < 

Cu-2AP complexes. The structures formed by σα, σβ and π bonding were considered, but only the σα 

configuration was identified in our computational calculations.  Moreover, the MP method failed to predict a 

monodentate ionic structure for Cu
+
-2AP species. 
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measurements.  Quantum chemical calculations can provide quite reliable results about molecular geometries, 

energies, electronic states, vibrational frequencies, and reaction dynamics.  In our work, theoretical calculations are 

employed to predict the molecular structures, electronic states, bond strengths, and vibrational frequencies of the 

neutral and ionic Cu(II) complexes as well as the AIEs of the neutral metal complexes.  

 In this work, the second order MP method (MP2) is used in the theoretical calculations, as it yields good 

predictions for the Cu complexes.  In addition to the MP2 method, the MP3 and MP4 methods include higher order 

energy corrections.  However, the MP3 method yields little improvement, and both MP3 and MP4 methods are 

much more expensive.  Therefore, we mainly used the MP2 method for the theoretical calculations in this work. In 

our work, all the calculations are carried out with6-311+G(d,p) basis sets.  The geometry optimization by the MP2 

method is usually started from an optimized structure obtained from faster density functional theory (DFT) 

calculations. DFT methods are different from the wave-function-based ab initio methods where the energy of an 

electronic system is expressed in terms of its electron density.  DFT methods have a lower computational cost and a 

wider range of applications.  Although there have been some concerns about the accuracy and reliability of DFT, 

these calculations have become very popular in modelling various types of molecular systems 
[9-10]

 and have yielded 

reasonable agreement with the experimental results. 

 

III. Computational strategy and procedure 

 In this work, both MP2 calculations were performed with the GAUSSIAN2003 program package 
[11]

. 

Pople’s triple zeta basis set with polarization and diffuse functions, 6-311+G(d,p), was used in most calculations. 

Electron density maps were generated and vibrational modes were identified with Gauss View 3.09
[12]

. AIEs were 

calculated to be the energy difference between the ionic and neutral complexes, where vibrational zero-point energy 

corrections were included.  Metal-ligand bond dissociation energies were calculated to be the energy difference of 

the metal atoms and ligands from their complexes.    

 The theoretical calculations of metal complexes begin from geometry optimization of the free ligand.  For 

ligands with several possible conformations, a systematic local minimum search needs to be performed starting from 

a number of initial guesses.  The global minimum energy structure can be located by comparing the energies of all 

structures.  During this search for the minimum energy structure, weak interactions, such as intra-molecular 

hydrogen bonding, should be considered. Multi-dimensional FC factors were computed from the theoretical 

equilibrium geometries, harmonic frequencies, and normal modes of the neutral and ionic complexes. 

 

IV. Results and discussion 

In our theoretical study of Cu-4AP,-3AP and -2AP, a π and two σ (σα and σβ) structures are considered for 

both neutral and ionic species. The σα and σβ complexes are formed by Cu binding to Nα or Nβ, and the π complex is 

formed by Cu binding atop of the pyridine ring. The theoretical results are discussed below: 

A. Cu-4AP Complex 

The σα - complex of Cu-4AP has Cs symmetry, where the Cu-Nβ moiety is nearly coplanar to the pyridine 

ring, and the two Nβ-H bonds slightly bend out of the pyridine plane.  This out-of-plane bending has also been found 

in the free ligand, and it is due to the sp
3
hybridized nature of the Nβ atom, which tends to remain a tetrahedral 

configuration. The Cu-N bond in Cu-4AP σα - complex is about 10.9 kJ mol
-1

 weaker than the one in Cu-pyridine 

(47.4 kJ mol) 
[13]

. 

The σβ -complex also belongs to the Cs point group and is ~ 1800 cm
-1

 less stable than the σα – complex. 

This structure has more distortion about the amino group because the copper atom is coordinated directly to this 

nitrogen atom.  The σβ -complex has a longer Cu-N distance (2.096 Å) and smaller bond dissociation energy than 

the σα – complex. The Cu-N bond in the σβ - complex is weaker than that in the Cu-NH3 due to the large steric 

repulsion from the pyridine ring.  Like in the σα–complex, the pyridine ring geometry remains virtually the same 

upon Cu coordination as in the free ligand.  This small perturbation of the ligand geometry has been found in other 

Cu heterocyclic nitrogen containing complexes 
[14]

. 

Upon ionization, the Cu-N distance shrinks by 0.102 Å in the σα complex and 0.156 Å in the σβ – complex. 

The smaller Cu-N distances in the ionic complexes are due to the reduced repulsion between the Cu 4s
1
and N lone 

pair electrons and an additional charge-dipole attraction.  Interestingly, although the σα -complex undergoes a 

smaller reduction of the Cu-N bond, it has a larger Cu-N bond energy difference between the neutral and ionic 

species compared to the σβ – complex. This difference is due to a so-called π -resonance delocalization effect, which 

induces a more negative charge on the Nα atom of 4AP than that on the Nβ atom. The larger negative charge on Nα 

leads to an increased repulsion towards the Cu 4s
1
 electron, but an enhanced attraction towards the Cu cation 

[15]
.  

20On the other hand, the Cu
+
-N bond in the   σβ -complex is much weaker than that in the Cu

+
-NH3complex, 

indicating that electron withdrawing and steric effects from the pyridine ring play an important role in the σβ -



K. Srivastava et al., American International Journal of Research in Formal, Applied & Natural Sciences, 4(1), September-November, 2013, pp. 

12-17 

  AIJRFANS 13-316; © 2013, AIJRFANS All Rights Reserved                                                                                                                        Page 14 

resonance bonding.  Therefore, the metal-ligand bonding strengths in these Cu-aminopyridines are determined by 

delocalization, electron withdrawing, and steric effects.   

Neutral π- complex is not predicted by our theoretical calculations of the Cu-4AP molecule. 

B. Cu-3AP Complex 

The σα complex of Cu-3AP has a slightly longer Cu-N distance but stronger bond strength compared to the 

Cu-4AP σα complex. Similar to the Cu-4AP σα complex, both the Cu and Nβ atoms in the Cu-3AP σα complex are 

nearly coplanar to the pyridine ring, but the amino group is slightly tilted from this plane.  Upon Cu σα 

complexation, the local configuration of the amino group is almost identical to that in the free ligand, which 

indicates weaker σα bonding in the Cu-3AP complex compared to the Cu-4AP complex.  Like in Cu-4AP, the Cu-

3AP σβ-complex is relatively higher in energy (1733 cm
-1

) than the corresponding σα -structure.  Similarly, the Cu-N 

distance is longer, and the amino group is more distorted in the Cu-3AP σβ -complex compared to the corresponding 

σα-complex.  Moreover, the Cu-N distances of both the   σα and σβ are shortened upon ionization. 

The Cu-3AP π -complex is located 3090 cm
-1

 higher in the electronic energy than the lowest-energy σα 

complex 
[16]

.  21In this π structure, the Cu atom is closest to the C4 and C5 atoms, and the vertical Cu-ring distance is 

calculated to be 2.154 Å.  The longer Cu-ligand distance compared to the σ-complexes indicates a weaker bonding 

interaction in the π configuration.  Upon ionization, the Cu ion moves towards the pyridine ring center, and the 

vertical Cu-ring distance is decreased to 1.855 Å.  The much smaller Cu-ring distance is the result of an additional 

electrostatic interaction between the copper ion and π surface of the ligand. The bond dissociation energy of the Cu-

3AP ionic π complex is predicted to be close to that of the Cu-4AP ionic π complex. 

C. Cu-2AP Complex 

Due to the close proximity of the two nitrogen atoms, 2AP is considered to have different bonding 

capabilities compared to the other two aminopyridines.  For example, if the amino group is rotated by 90
0
, Cu can 

bind to both Nα and Nβ atoms to form a four membered ring. Thus, in our theoretical search for stable σ structures, 

we consider two initial geometrical configurations for both the neutral and ionic complexes: (1) Cu binding to the Nα 

atom with the amino group fixed in the same local configuration as that in the free ligand, and (2) Cu binding to both 

the Nα and Nβ atoms, where the amino group is rotated by ~ 90
0
 and perpendicular to the plane of the pyridine ring.  

For the neutral complexes, only the geometry optimization of the former initial guess is converged to a local 

minimum energy σα -structure. In that σα structure, the Cu atom monodentately binds to the Nα atom, and the Nβ 

atom is nearly coplanar to the pyridine ring with each N-H bond slightly tilted out of the plane. The Cu-N distance 

of this structure is slightly longer than those of the Cu-4AP and Cu-3AP σα complexes, whereas the bond energies 

are in the order of Cu-4AP < Cu2AP < Cu-3AP. For the ionic species, only the bidentate configuration is converged, 

where the copper ion binds to both nitrogen atoms.  No ionic monodentate structure was predicted by the theoretical 

calculations 
[17-19]

.The ionic bidentate structure has Cs symmetry, where the copper ion is coplanar to the pyridine 

ring. The monodentate Cu-2AP σβ complex is predicted to be 1275 cm
-1

 higher energy than the σα complex. This 

structure has a similar Cu-N distance and bond dissociation energy to those of the Cu-4AP and Cu-3AP σβ 

complexes. 

 For the π configuration, a local minimum energy structure is predicted only for the ionic species.  In this π 

configuration, the Cu
+ 

cation is calculated to be closest to the Cs atom.  The vertical Cu
+ 

- ring distance and bond 

dissociation energy are predicted to be nearly the same as those in the Cu
+
 -4AP and -3AP ionic   complexes. Thus, 

the mutual position between the amino group and the Nα atom plays a trivial role in the π bonding interaction of 

copper to these aminopyridines.    

V. Ionization energies and vibrational frequencies 

Table-1, 2 & 3 summarize the AIEs, metal-ligand bond energies, and vibrational frequencies from the 

MP2/6-311+G(d,p) calculations of the three Cu-aminopyridine complexes.  The AIEs of the Cu-aminopyridine 

complexes are in the   order Cu-4AP < Cu-3AP < Cu-2AP, with ~ 1200 cm
-1

 increment.   This small increment is 

consistent with the similar σα bonding interaction in these Cu-aminopyridine complexes. The MP2 method provides 

quite good predictions for most of the Cu-ligand stretching and ligand-based vibrational frequencies but have large 

errors for the Cu-ligand bending frequencies.  The measured and calculated ionization energies of Cu-4AP and Cu-

3AP are in good agreement, if the 3000 cm
-1

 IE correction is considered. 

In the neutral and ionic Cu-aminopyridine complexes, the Cu/Cu
+
--N bond strengths are determined by the 

balance of ion-dipole attractions, electron withdrawing, steric repulsions, and π -resonance effects 
[20-24]

. The π -

resonance effect seems to a play a more significant role for the neutral species compared to the other interactions.  In 

the Cu-4AP and Cu-2AP σα -complexes, the π -resonance effect leads to an additional negative charge on the Nα 

atom, which enhances the repulsion to the Cu 4s
1
 electron. Compared to Cu-4AP, the Cu-2AP has an additional 

steric repulsion from the amino group, which forces the Cu-N bond to bend out of the pyridine plane.  Unlike Cu-

4AP and -2AP, the Cu-3AP σα complex has little π -resonance and steric repulsion due to the meta-position of its 
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amino group.  Consequently, the Cu-N bonding strengths of the Cu-4AP, Cu-3AP  and Cu-2AP  σα neutral 

complexes are in the order of Cu-4AP < Cu-2AP < Cu-3AP. The sequence for the bond energies of the Cu
+ 

-4AP 

and Cu
+ 

-3AP ions is also consistent with the π -resonance effect, i.e., Cu
+ 

-4AP > Cu
+ 

-3AP. The bond energy of the 

Cu
+ 

-2AP ion is not considered in this trend since a bidentate binding mode, rather than a monodentate mode is 

predicted for this ion. 

Table-1: Molecular symmetries, equilibrium geometries (Å, degree), and vibrational frequencies 

 (cm
-1

) of the Cu-aminopyridine σα-complexes from MP2/6-311+G(d,p) calculations: 

Molecular Symmetry of Complex  Electronic state   

 Cu-4AP (Cs)    
2
A1 

 Bond lengths  Bond angles   Vibrational frequencies 

 Cu-N: 1.988  Cu-Nα-C2: 121.9  a’: 3641, 3310, 3223, 2503,  

  Nα-C2: 1.343  C6-Nα-C2: 116.3    1675, 1625,   1414, 1301,  

 C2-C3: 1.374  Nα-C2-C3: 124.4    1254, 1030, 990, 985, 817,  

 C3-C4: 1.405  C2-C3-C4: 118.8    657, 588, 543, 501, 204, 192,  

 C4-Nβ: 1,364  C3-C4-C5: 117.3    27 

    C3-C4-Nβ: 121.3  a”: 3745, 3229, 3203, 1718,  

    Cu-Nα-C2-C3: 179.6  1523, 1386, 1379, 1158,  

    C2-C3-C4-Nβ: 177.7  1090, 1031, 857, 687, 453, 

    C3-C4-Nβ-H: 18.1   395, 392, 116 

       

 Cu-4AP (Cs)    
1
A’ 

  

 Cu-N: 1.886  Cu-Nα-C2: 121.4  a’: 3617, 3241, 3226, 1704,  

  Nα-C2: 1.362  C6-Nα-C2: 117.1    1668, 1563,   1392, 1250,  

  C2-C3: 1.382  Nα-C2-C3: 123.1    1089, 1045, 905, 866, 784,  

  C3-C4: 1.413  C2-C3-C4: 120.0    585, 558, 503, 440, 256, 209,  

  C4-Nβ: 1.355  C3-C4-C5: 116.7    69 

    C3-C4-Nβ: 121.6  a”: 3741, 3240, 3227, 1603,  

    Cu-Nα-C2-C3: 179.8  1532, 1390, 1376, 1148,  

    C2-C3-C4-Nβ: 177.7  1063, 924, 839, 671, 458, 

    C3-C4-Nβ-H: 14.1   392, 380, 151 

 

Molecular Symmetry of Complex  Electronic state   

 Cu-3AP (C1)    
2
A 

 Bond lengths  Bond angles   Vibrational frequencies 

 Cu-N: 1.999  Cu-Nα-C2: 120.1  3704, 3594, 3238, 3223, 

  Nα-C2: 1.345  C6-Nα-C2: 117.1  3205, 3193, 1670, 1641, 

  C2-C3: 1.406  Nα-C2-C3: 123.1  1623, 1519, 1483, 1443,   

  C3-C4: 1.405  C2-C3-C4: 117.5  1370, 1329, 1222, 1160,   

  C4-C5: 1.394  C3-C4-C5: 119.1  1097, 1067, 1038, 912, 880, 

 C5-C6: 1.396  C4-C5-C6: 119.6  864, 859, 757, 651, 649, 551,  

 C6- Nα: 1.350  C5-C6-Nα: 121.7  550, 484, 387, 379, 291, 203,  

 C3- Nβ: 1.392  C2-C3-Nβ: 120.6  185, 111, 66 

    Cu-Nα-C2-C3: 178.7   

    Nα-C2-C3-Nβ: 176.6 

    C2-C3-Nβ-H: 25.2 

 Cu-3AP (C1)    
1
A 

 Cu-N: 1.894  Cu-Nα-C2: 120.6  3727, 3611, 3253, 3240, 

  Nα-C2: 1.356  C6-Nα-C2: 119.5  3219, 3218, 1684, 1654, 

  C2-C3: 1.408  Nα-C2-C3: 112.6  1621, 1521, 1494, 1448,   

  C3-C4: 1.411  C2-C3-C4: 117.3  1381, 1361, 1229, 1167,   

  C4-C5: 1.390  C3-C4-C5: 119.6  1090, 1081, 1036, 929, 883, 
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 C5-C6: 1.394  C4-C5-C6: 120.0  880, 833, 754, 670, 560, 551,  

 C6- Nα: 1.358  C5-C6-Nα: 120.9  522, 489, 390, 387, 350, 262,  

 C3- Nβ: 1.371  C2-C3-Nβ: 120.7  195, 141, 94 

    Cu-Nα-C2-C3: 179.4   

    Nα-C2-C3-Nβ: 176.7 

 

Molecular Symmetry of Complex  Electronic state   

 Cu-2AP (C1)    
2
A 

 Bond lengths  Bond angles   Vibrational frequencies 

 Cu-N: 2.008  Cu-Nα-C2: 122.7  3686, 3536, 3248, 3230 

 Nα-C2: 1.349  C6-Nα-C2: 118.9  3215, 3213, 1687, 1663 

 C2-C3: 1.412  Nα-C2-C3: 121.4  1629, 1522, 1470, 1417,   

 C3-C4: 1.390  C2-C3-C4: 119.4  1352, 1338, 1187, 1165,   

 C4-C5: 1.403  C3-C4-C5: 119.1  1107, 1073, 1027, 910, 902, 

 C5-C6: 1.391  C4-C5-C6: 118.3  891, 839, 746, 666, 646, 593,  

 C6- Nα: 1.357  C5-C6-Nα: 123.1  569, 477, 416, 382, 348, 201, 

 C2- Nβ: 1.383  Nα-C2-Nβ: 117.6  179, 128, 62 

    Cu-Nα-C2-C3: 168.5   

    C4-C3-C2-Nβ: 175.9 

    C3-C2-Nβ-H: 30.6 

 Cu-2AP (Cs)    
1
A’ 

 Cu-N: 2.019  Cu-Nα-C2: 95.8  a’: 3501, 3255, 3244, 3240 

 Nα-C2: 1.349  C6-Nα-C2: 119.3  3230, 1662, 1627, 1610 

 C2-C3: 1.392  Nα-C2-C3: 123.0  1507, 1472, 1418, 1421,   

 C3-C4: 1.400  C2-C3-C4: 117.7  1263, 1190, 1130, 1067,   

 C4-C5: 1.398  C3-C4-C5: 119.4  1038, 1012, 8347, 652, 582, 

 C5-C6: 1.396  C4-C5-C6: 119.2  243, 140  

 C6- Nα: 1.349  C5-C6-Nα: 121.3  a”: 3581, 1188, 951, 942, 348, 201, 

 C2- Nβ: 1.450  Nα-C2-Nβ: 110.7  896, 771, 602, 494, 425, 388.  

    Cu-Nα-C2-C3: 180.0  203, 74 

    C4-C3-C2-Nβ: 180.0 

    C3-C2-Nβ-H: 59.5 

Table-2: Adiabatic ionization energies (AIE, cm
-1

) metal-ligand bond energies (D0, D0
+
, kJmol

-1
), and 

 vibrational frequencies (cm
-1

) of the Cu-aminopyridine σ-complexes MP2/6-311+G(d,p) calculations 

Complex Parameters    Symbol  Value from MP2 

Cu-4AP  AIE        37336 

  D0
+
/D0        289.5 / 36.5 

  Cu-4AP stretch    v
+
 / v, a’   256 / 192 

  Cu-4AP o.p. bend   ω
+
 / ω, a”  67 / 72 

  Cu-4AP i.p. bend    δ
+
 / δ, a’   151 / 116 

  Ligand o.p.distortion   τa
+
, a’   502 

  Ligand o.p.distortion   τb
+
, a’   558 

  C-H o.p.bend    ρ
+
, a’   784 

Cu-3AP  AIE        39816 

  D0
+
/D0        289.5 / 36.5 

  Cu-3AP stretch    v
+
 / v, a’   262 / 185 

  Cu-3AP o.p. bend   ω
+
 / ω, a”  94/ 66 

  Cu-3AP i.p. bend    δ
+
 / δ, a’   141 / 111 

  Ligand o.p.distortion   τa
+
, a’   489 

  NH2 wag & ligand o.p.distortion  τb
+
, a’   522    

Cu-2AP  D0
+
/D0        - - / 48.0 

Here, i.p., in-plane; o.p., out-of-plane 
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Table-3:Structural isomers and relative electronic energies, adiabatic ionization energies (AIE) and bond 

dissociation energies (D0)of Cu-(4-aminopyridine) (a),Cu-(3-aminopyridine) (b), and Cu-(2-aminopyridine) 

(c) from MP2/6-311+G(d,p) calculations: 

Species   σα-complex  σβ-complex   π-complex 

  neutral  ion  neutral  ion  neutral    ion 

(a) Cu-4AP 

Ee (cm
-1

) 0  38207  1799  45781    45589 

 AIE(cm
-1

) 37333    44195      

 D0 (kJmol
-1

) 6.5  289.5  26.4  197.3    202.6 

 Cu-L (A
0
) 1.988  1.886  2.096  1.940    1.849 

(b) Cu-3AP 

Ee (cm
-1

) 0  39644  1733  45282  3090  45589 

AIE(cm
-1

) 39815    43758    43133  

D0 (kJmol
-1

) 1.4  274.7  29.1  205.2  15.2  198.9 

Cu-L (A
0
) 1.999  1.894  2.085  1.939  2.154  1.855 

(c) Cu-3AP 

Ee (cm
-1

) 0  38657  1275      45305 

AIE(cm
-1

)  

D0 (kJmol
-1

) 48.0  282.3  31.0      204.7 

Cu-L (A
0
) 2.008  2.019/2.166 2.078      1.885 

 

 

VI. Conclusion 

Adiabatic ionization energies and various vibrational frequencies of three Cu-aminopyridine complexes 

were calculated theoretically.  The Cu-N bond strength are in order of Cu-4AP < Cu-2AP < Cu-3AP, while the 

ionization energies are in the order of Cu-4AP < Cu-3AP < Cu-2AP.  The Cu
+
-L stretching frequencies of the Cu-

4AP, -3AP and -2AP ionic complexes are calculated to be 261, 271, and 256 cm
-1

, respectively. 
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