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The structure, 14N NQR parameters, electronic spectra, and hyperplarizability of [Cr(CO)5py] 
in seven different solvents were theoretically computed with MPW1PW91 method based on 
Polarizable Continuum Model (PCM). The substituent effects in para- substituted Cr(CO)5—
pyridine complexes have been evaluated. The results indicate that both polarity of solvents and 
the substituents have played a significant role on the structures and properties of complexes. 
The study also shows that the structural and solvent modification change the NLO properties. 
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INTRODUCTION

The [M(CO)5py] (M = Cr, Mo, W) complexes have been well-known for extended period of time 
[ 1 ]. Furthermore, group 6 metal carbonyl complexes of substituted pyridines are also synthesized 
[ 2 ]. [M(CO)5(L)] complexes with L = 4-methylpyridine or 4-phenylpyridine have been isolated [ 3—
5 ]. 2-Substituted pyridine derivatives, for instance, 2-cyanopyridine and 2-phenylpyridine also form 
complexes of the [M(CO)5L] type [ 6 ]. The catalytic properties [ 7 ], photochemistry [ 8 ], and non-
linear optical properties [ 9 ] of these compounds have been explored. Pyridine (py) is a �-donor ligand 
with a slight �-accepting ability, therefore, the M—N bond in these low valent metal complexes is 
very weak. For that reason, the [M(CO)5(py)] complexes have an increased lability toward ligand sub-
stitution. Also, the structure and properties of [M(CO)5L] derivatives are investigated by means of 
computational methods [ 10, 11 ]. For instance, the substituent effects in para substituted Cr(CO)5—
pyridine complexes have been evaluated on the basis of DFT quantum-chemical calculations [ 10 ]. 

In the present paper we report the solvent and substituent effects on the structure, 14N NQR and 
electronic spectra of [Cr(CO)5(pyridine)], using quantum chemical calculations. We also explain the 
structure-property relationships. 

COMPUTATIONAL METHODS 

All calculations were carried out with the Gaussian 03 program suite [ 12 ]. The systems with C, 
B, O, N, Cl, F and H are described by the standard 6-311G(d,p) basis set [ 13—16 ]. For chromium 
standard LANL2DZ basis set [ 17—19 ] was used, and chromium was described by effective core po-
tential (ECP) of Wadt and Hay pseudopotential [ 17 ] with a doublet-� valance using the LANL2DZ. 
Geometry optimization was performed with Modified Perdew-Wang Exchange and Correlation 
(MPW1PW91) [ 20 ]. The results of calculations for transition metal complexes show that MPW1PW91 
                                                                 
©  Fashami M.Z., Ghiasi R., Hoda Pasdar, 2015  



M.Z. FASHAMI, R. GHIASI, HODA PASDAR  1538 

functional gives better results than B3LYP [ 21—24 ]. A vibrational analysis was performed at each 
stationary point found, to confirm its identity as real energy minimum. 

Using this method, the geometry was re-optimized and the UV/Vis spectrum was calculated by 
DFT/TD-DFT with the same functionals and basis sets [ 25 ]. The 10 lowest excitation energies were 
computed. 

Then the geometry of each species in solvents with different dielectric constants was calculated at 
the same level with the polarized continuum model (PCM) [ 26 ]. 

The electrostatic interaction of a nuclear electric quadrupole moment and the electron charge 
cloud surrounding the nucleus can give rise to the observation of pure Nuclear Quadrupole Resonance 
(NQR) [ 27 ]. The Hamiltonian of this interaction for a nucleus of spin I is given [ 28 ]: 
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where all Is in the denominator are scalar values while all Is in the square brackets are operators [ 29 ]. 
Quantum chemical calculations yield principal components of the EFG tensor, qii, in atomic units 
(1 au = 9.717365	102 Vm–2) [ 8 ], with 
qzz 
 � 
qyy 
 � 
qxx 
. qxx, qyy and qzz are the components of EFG in 
the directions of x, y and z, respectively. The calculated qii values were used to obtain the nuclear 
quadrupole coupling constants, �ii: 
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where Q is the nuclear quadrupole moment of the 14N nucleus. The standard values of quadrupole 
moment, Q, reported by Pyykkö [ 30 ] were used in Eq. (1), Q(14N) = 20.44 mb. Often the NQR pa-
rameters experimentally are reported as the nuclear quadrupole coupling constant, and have the unit of 
frequency: 
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Asymmetry parameters (�Q) are defined as: 
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since it measures the deviation of the field gradient tensor from axial symmetry. 
For a nucleus of unit spin (such as 14N), we have three energy levels, so we get three nuclear 

quadrupole resonance frequencies [ 28 ]: 

 3 (1 ),
4 3zz�

�
� � � �  (5) 

 3 (1 ),
4 3zz�

�
� � � �  (6) 

 0
3 .
4 zz� � � �  (7) 

The quadrupole coupling constant (�zz) and asymmetry parameter (�) are usually calculated from 
the nuclear quadrupole frequencies as follows: 
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Geometries were optimized at this level of theory without any symmetry constraints followed by 
the calculations of the first order hyperpolarizabilities. The total static first hyperpolarizability � was 
obtained from the relation: 

2 2 2
tot x y z� � � �� ��  
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upon calculating the individual static components 
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Due to the Kleinman symmetry [ 31 ]: 
�xyy = �yxy = �yyx;     �yyz = �yzy = �zyy, … 

one finally obtains the equation that has been employed: 
2 2 2

tot ( ) ( ) ( ) .xxx xyy xzz yyy yzz yxx zzz zxx zyy� � � �� �� � �� �� � �� ��� �  

RESULTS AND DISCUSSION 

Energy. Fig. 1 shows the molecular structure of para-substitued [Cr(CO)5py] complexes. The  
energies of the [Cr(CO)5py] complexes in the gas phase and in different media calculated by using the 
PCM model are listed in Table 1. ET is the total energy and �Esolv is the stabilization energy by sol-
vents, defined as relative energy of the title compound in a solvent to that in the gas phase. 

From Table 1, we can see that the calculated energy is dependent on the size of the dielectric con-
stant of solvents. In the PCM model, the energies ET decrease with the increasing dielectric constants. 
 

T a b l e  1  

Absolute energy (E, Hartree), dipole moment (�, Debye) values, selected structural parameters (Å),  
and solvent stabilization energies (�Esolv, kcal/mol) values of [Cr(CO)5py] in different media,  

calculated by PCM model, and absolute energy (E, Hartree), dipole moment (�, Debye) values,  
selected structural parameters (Å) of [Cr(CO)5py] and [Cr(CO)5(p-XC5H4N)] complexes  

Solvent � ET �Esolv � d(Cr—N) d(Cr—COcis) d(Cr—COtrans) 

Gas — –901.3280 — 6.89 2.17625 1.88937 1.84172 
Chloroform   4.9 –901.3346 –4.14 8.12 2.17560 1.88829 1.83369 
ChloroBenzene   5.621 –901.3351 –4.41 8.20 2.17591 1.88841 1.83370 
Aniline   6.89 –901.3354 –4.64 8.26 2.17585 1.88838 1.83324 
THF   7.58 –901.3356 –4.72 8.29 2.17584 1.88838 1.83308 
MethyleneChloride   8.93 –901.3358 –4.90 8.34 2.17580 1.88836 1.83271 
Quinoline   9.03 –901.3359 –4.92 8.35 2.17576 1.88835 1.83237 
Isoquinoline 10.43 –901.3361 –5.07 8.39 2.17579 1.88836 1.83267 
X        
F — –1000.5690 — 5.45 2.18146 1.88956 1.84163 
Cl — –1360.9560 — 5.30 2.17638 1.88979 1.84251 
Me — –940.6490 — 7.71 2.17610 1.88901 1.84105 
NH2 — –956.6973 — 9.69 2.17931 1.88796 1.83933 
OH — –976.5577 — 7.63 2.18109 1.88828 1.84040 
NO2 — –1105.8244 — 2.01 2.16340 1.89130 1.84639 
CN — –993.5575 — 2.18 2.16536 1.89090 1.84560 
CHO — –1014.6464 — 4.48 2.16383 1.89013 1.84499 
COOH — –1089.9072 — 5.92 2.16663 1.89064 1.84410 

 

 

Fig. 1. Para-substitued [Cr(CO)5py] (a), 
and resonance forms for electron donor (b), 
  and electron withdrawing substituents (c) 
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Fig. 2. Correlation between dielectric constants and  
                            �Esolv in [Cr(CO)5py] 

 
As seen from �Esolv values, the stability of 
[Cr(CO)5py] increases in more polar solvents. This 
is because a dipole in the molecule will induce a 
dipole in the medium, and the electric field applied 
to the solute by the solvent (reaction) dipole will 
in turn interact with the molecular dipole to lead to 
net stabilization. This suggests that a [Cr(CO)5py] 

complex has more stability in a polar solvent rather than in the gas phase. There is a good correlation 
between dielectric constants and �Esolv (Fig. 2). 

Dipole moment. Dipole moments in [Cr(CO)5py] complex in gas phase and in different media 
calculated by the PCM model are listed in Table 1. These values show the solvent effect on the stabili-
zation energy runs parallel with the dipole moment of the solute. A good linear relationship between 
the solvent stabilization energies and the dipole moments of [Cr(CO)5py] in the set of solvents is 
shown in Fig. 3, a, and the correlation coefficient is –0.999. The larger is the dipole moment of solute, 
the higher is the stabilization energy in a more polar solvent. There is also a good correlation between 
dipole moment and dielectric constants (Fig. 3, b). 

Bond distances. Selected bond distances in [Cr(CO)5py] complex are given in Table 1. It is well-
known that the solvent polarity influences both the structure and properties of conjugated organic 
molecules and metal complexes [ 32—34 ]. The structural data for the optimized structures of 
[Cr(CO)5py] complex in the five studied solvents are compiled in Table 1. The results show that the  
 

T a b l e  2  
14N NQR parameters of [Cr(CO)5py] in different media 

Solvent qxx, a.u. qyy, a.u. qzz, a.u. (e2Q/h)qxx (e2Q/h)qyy (e2Q/h)qzz � �+ �– �0 

Gas –0.24925 –0.4673 0.716552 –1.197 –2.244 3.442 0.304 2.843 2.319 0.524
Chloroform –0.24705 –0.43466 0.681709 –1.187 –2.088 3.274 0.275 2.681 2.230 0.451
ChloroBenzene –0.24574 –0.43349 0.679222 –1.180 –2.082 3.262 0.276 2.672 2.221 0.451
Aniline –0.24555 –0.43185 0.677396 –1.179 –2.074 3.254 0.275 2.664 2.216 0.447
THF –0.24548 –0.43127 0.676754 –1.179 –2.071 3.250 0.275 2.661 2.215 0.446
MethyleneChloride –0.24534 –0.43001 0.675351 –1.178 –2.065 3.244 0.273 2.655 2.211 0.443
Quinoline –0.24532 –0.42985 0.675175 –1.178 –2.065 3.243 0.273 2.654 2.211 0.443
Isoquinoline –0.2452 –0.42882 0.674025 –1.178 –2.060 3.237 0.272 2.648 2.208 0.441

 

 
 

Fig. 3. Correlation between dipole moment and �Esolv (a), and dielectric constants and dipole moments in  
                                                                              [Cr(CO)5py] (b) 
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T a b l e  3  
14N NQR parameters of para-substituted pyridine and [Cr(CO)5py] in gas phase  

X �p �+ qxx, a.u. qyy, a.u. qzz, a.u. (e2Q/h)qxx (e2Q/h)qyy (e2Q/h)qzz � �+ �– �0 

py 
H 0.00  –0.352559 –0.776422 1.128981 –1.693 –3.729 5.422 0.375 4.576 3.558 1.018
F 0.06  –0.384322 –0.707139 1.091461 –1.846 –3.396 5.242 0.296 4.319 3.544 0.775
Cl 0.23  –0.384322 –0.707139 1.091461 –1.846 –3.396 5.242 0.296 4.319 3.544 0.775
Me –0.17  –0.360486 –0.740388 1.100874 –1.731 –3.556 5.287 0.345 4.422 3.509 0.912
NH2 –0.66  –0.410971 –0.605442 1.016412 –1.974 –2.908 4.882 0.191 3.895 3.428 0.467
OH –0.37  –0.399079 –0.649848 1.048927 –1.917 –3.121 5.038 0.239 4.080 3.477 0.602
NO2 0.78  –0.410971 –0.605442 1.016412 –1.974 –2.908 4.882 0.191 3.895 3.428 0.467
CN 0.66  –0.340951 –0.817990 1.158941 –1.638 –3.929 5.566 0.412 4.748 3.602 1.146
CHO 0.42  –0.337010 –0.833739 1.170749 –1.619 –4.004 5.623 0.424 4.814 3.621 1.193
COOH 0.45  –0.334520 –0.830716 1.165236 –1.607 –3.990 5.597 0.426 4.793 3.602 1.192

[Cr(CO)5py] 
H 0.00 0 –0.24925 –0.4673 0.716552 –1.197 –2.244 3.442 0.304 2.843 2.319 0.524
F 0.06 –0.07 –0.28925 –0.40204 0.691292 –1.389 –1.931 3.320 0.163 2.626 2.355 0.271
Cl 0.23   0.11 –0.27057 –0.43688 0.707445 –1.300 –2.098 3.398 0.235 2.748 2.349 0.399
Me –0.17 –0.31 –0.26005 –0.42529 0.685339 –1.249 –2.043 3.292 0.241 2.667 2.270 0.397
NH2 –0.66 –1.3 –0.26359 –0.32607 0.589658 –1.266 –1.566 2.832 0.106 2.199 2.049 0.150
OH –0.37 –0.92 –0.30713 –0.333 0.640121 –1.475 –1.599 3.075 0.040 2.337 2.275 0.062
NO2 0.78   0.79 –0.23801 –0.53162 0.769621 –1.143 –2.553 3.696 0.382 3.125 2.420 0.705
CN 0.66   0.66 –0.24176 –0.51096 0.752718 –1.161 –2.454 3.615 0.358 3.035 2.388 0.646
CHO 0.42   0.73 –0.23408 –0.51907 0.753147 –1.124 –2.493 3.617 0.378 3.055 2.371 0.684
COOH 0.45   0.42 –0.23196 –0.5165 0.748459 –1.114 –2.481 3.595 0.380 3.038 2.354 0.683

 
structural parameters are changed by the polarity of the surrounding media. These values indicate 
shortening of Cr—N, Cr—Ccis, and Cr—Crtrans bonds in this set of solvents rather than gas phase. 

As is seen from Table 1, the Cr—N bond distances are shorter for electron withdrawing subsi-
tuents. This shortening arises from an increase in the �-accepting force of a pyridine ligand. See reso-
nance form (c) in Fig. 1. 

14N-NQR parameters. The distortion of the charge distributions around nitrogen atom has been 
investigated, and interpreted by EFGs. The EFG around a nitrogen nucleus is symmetric in N2, and 
calculated values of NQR parameters for N2 molecule are �Q = 0 and cal

Q�  = 4.258 MHz. The calcu-
lated NQR frequencies of nitrogen atom in [Cr(CO)5py] in the gas phase and different solvents are 
listed in Table 3. These values show that �zz and � values decrease from the gas phase to the solution. 
On the other hand, �+, �–, and �0 frequencies are sensitive to solvents. Fig. 4 presents good linear rela-
tionships between these values and dielectric constants. The corresponding equations are: 

�+ = –0.005 � + 2.705,     �– = –0.003 � + 2.243,     �0 = –0.002 � + 0.461. 
Electronic spectra. The wavelength, oscillator strengths and the contribution to the maximum 

electronic transitions of para-substituted [Cr(CO)5py] complexes are given in Table 4 in gas phase. 
These transitions are attributed to the HOMO � LUMO transition. The plot of frontier orbitals is pre-
sented in Fig. 5. The largest contribution to HOMO arises from Cr(CO)5 fragment and pyridine ligand, 
and LUMO is located on the pyridine ligand. Table 4 shows that the introduction of an electron with-
drawing groups (EWG) decreases the frontier orbital energy. On the other hand, introduction of the 
electron-accepting group increases the HOMO-LUMO gap. Therefore, �max values of withdrawing 
electron groups are more than donor electron groups. 
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   T a b l e  4  

Frontier orbital energies, HOMO-LUMO gap (eV), wavelength (nm), oscillator strengths,  
the composition of the maximum electronic transitions, and hyperpolarizability (esu)  

of para-substituted [Cr(CO)5(XC5H4N)] complexes in gas phase 

X E(HOMO) E(LUMO) �E Transition �max f �tot	10–30 

H –0.22977 –0.06740 4.42 HOMO � LUMO 349.40 0.1010 12.57 
F –0.23285 –0.06537 4.56 HOMO � LUMO 336.73 0.0922   8.75 
Cl –0.23385 –0.07704 4.27 HOMO � LUMO 362.27 0.1290 14.40 
Me –0.22687 –0.06098 4.51 HOMO � LUMO 337.76 0.0635 12.04 
NH2 –0.21931 –0.03977 4.89 HOMO � LUMO 306.54 0.1046   3.47 
OH –0.22637 –0.05082 4.78 HOMO � LUMO 317.79 0.1011   6.09 
NO2 –0.24312 –0.13067 3.06 HOMO � LUMO 505.14 0.1483 72.31 
CN –0.24139 –0.11040 3.56 HOMO � LUMO 436.96 0.1633 42.74 
CHO –0.23704 –0.11401 3.35 HOMO � LUMO 461.69 0.1564 55.44 
COOH –0.23462 –0.10184 3.61 HOMO � LUMO 429.05 0.1520 41.94 

 
The calculated wavelengths, oscillator strengths and the composition of the maximum electronic 

transitions values of [Cr(CO)5py] in different media are compiled in Table 5. The solvation effects 
indicate that as the dielectric constant increases, a blue shift is observed. On the other hand, the com-
parison of �max values in gas and solution phases alsoshows a blue shift to occur in solution phase. 
Fig. 6 indicates a good correlation between dielectric constant and �max values. 
 

 
 

 

Fig. 4. Correlation between �+ (a), 
�– (b), and � (c) frequencies and 
dielectric constant in [Cr(CO)5py] 

 

 

Fig. 5. The plot of frontier orbitals 
for [Cr(CO)5py] 
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Fig. 6. Linear correlation between dielectric  
constant and �max values in [Cr(CO)5py] 

 
 

 
 

Fig. 7. Dependence of the first hyperpolarizabilities on the dielectric constant (a), and Onsager function (b) in  
                                                                                 [Cr(CO)5py] 

 

 
 

Hyperpolarizability. The solvent polarity plays an important role on the first hyperpolarizabili-
ties in dipolar molecules. The �tot values of [Cr(CO)5py] in various solvents have been gathered in Ta-
ble 5. These values indicate that �tot values increase on going from vacuum into solution. The depen-
dence of the first hyperpolarizability both on the dielectric constant and the Onsager function has been 
investigated [ 35 ]. Fig. 7 is typical for a dipolar reaction field interaction in the solvation process 
[ 35—38 ]. Therefore, the electronic reorganization in solution for [Cr(CO)5py] exercises a significant 
effect on the first hyperpolarizabilities. 

The calculated first static hyperpolarizabilities for para-substituted [Cr(CO)5py] complexes are 
shown in Table 4. These values indicate that the most �tot values are highest in the presence of EWG. 
For X = NO2 the value is the highest, because of the greater charge separation in the dominate reso-
nance form (I) in this molecule (Fig. 8). 

CONCLUSIONS 

Theoretically investigation of solvent effect on the structure, 14N NQR parameters, electronic spec-
tra, and hyperplarizability of [Cr(CO)5py] and the substituent effect in para substituted [Cr(CO)5—
pyridine] complexes show that: 

1. The Cr—N, Cr—Ccis, and Cr—Crtrans bond lengths decrease on going into solution. 
 

T a b l e  5

The wavelength, oscillator strengths,  
the composition of the maximum electronic transitions, 

and hyperpolarizability values of [Cr(CO)5py]  

Solvent �max f �tot	1030

Gas 349.40 0.1010 12.57 
Chloroform 320.74 0.1204 13.03 
ChloroBenzene 319.22 0.1227 13.02 
Aniline 318.02 0.1244 13.04 
THF 317.09 0.1166 13.04 
MethyleneChloride 316.13 0.1168 13.06 
Quinoline 314.40 0.0923 13.06 
Isoquinoline 313.61 0.0917 13.07 

 

 

Fig. 8. Resonance forms of X = NO2 
in [para-XC5H4Cr(CO)5] complex 
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2. The �zz and � values of 14N NQR parameters decrease on going from the gas phase into the so-
lution. 

3. The wavelength decreases as the dielectric constant increases. There is a blue shift on going 
into solution. 

4. The hyperpolarizability values are higher in vacuum. The �tot values increase in the presence of WEG. 
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