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The solvent effects on the NH stretching of 1-(4-pyridyl)piperazine (1-4pypp, C9H13N3) are in-
vestigated by density functional theory (DFT). The B3LYP hybrid density functional is used 
with the 6-311+G(3df,p) basis set in the polarizable continuum model (PCM). Computations 
are performed with 18 different polar or non-polar solvents. The calculated frequencies of the 
solvent-induced NH stretching vibrations are correlated with some solvent parameters such as 
the Kirkwood—Bauer—Magat (KBM) equation, the solvent acceptor number (AN), Swain pa-
rameters, and the linear solvation energy relationships (LSER). The present work explores the 
effects of the medium on the �(NH) vibrations. The findings of this research can be useful for 
piperazines. 
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Piperazines exhibit a wide range of pharmacological activities such as antibacterial, antifungal, 

antitubercular, anticancer, antiviral, and antioxidant [ 1 ]. One of piperazine derivatives, 1-(4-pyri-
dyl)piperazine or 1-(pyrid-4-yl)piperazine, is a versatile molecule. It has been mainly used as a phar-
maceutical intermediate. For instance, 1-4pypp has been employed in the chemical structure of some 
drugs used for treatment of hypertension [ 2 ], HIV-1 [ 3 ], nephritis [ 4 ]. 

Solvent effects on vibrational frequencies and intensities have been well known [ 5—8 ]. The 
characteristic infrared stretching vibrations of solute structures have been extensively studied. There 
are numerous works on the solvent effect on frequencies of some groups [ 7—13 ]. Moreover, several 
empirical approaches attempt to characterize the solvent effects on vibrational frequencies, such as 
KBM [ 14, 15 ], AN [ 16 ], Swain [ 17 ], and LSER [ 18 ] equations. We also reported the solvent ef-
fects on the vibrational frequencies of some organic compounds [ 19—21 ].  

In 2010, Alver and �enyel examined the vibrational spectra and conformations for the powder 
form of 1-4pypp [ 22 ]. DFT data showed that the equatorial-equatorial (e-e) conformer is the most 
stable form of the compound. In another study conducted by Mary and coworkers in 2014 [ 23 ], the 
acid-base properties, vibrational spectra, NBO analysis for the single crystal form of the compound 
were also studied both experimentally and theoretically. The conformational preference (e-e) is in 
agreement with the results obtained from the XRD data [ 23 ]. In continuation of our interests in the 
investigation of solvent effects on the vibrational frequencies [ 19—21, 24 ], the prime objective of the 
present study was to use DFT in conjunction with the B3LYP/6-311+G(3df,p) method to examine the 
solvent effects on the NH stretching of 1-4pypp. Further, the frequencies of NH stretching vibrations 
were correlated with the KBM, AN, Swain, and LSER solvent scales. 

Computational methodology. All the computations were carried out by a cluster system with a 
pre-compiled set of the Gaussian 09 program [ 25 ], configured for parallel computing. All structural  
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Fig. 1. Optimized structure for the e-e conformer of 1-4pypp 

 
illustrations were made with the GaussView 5.0.8 program 
[ 26 ]. For all the computations, the e-e conformer of 1-4pypp in 
various solvents (Fig. 1) were optimized using the B3LYP func-
tional in conjunction with the 6-311+G(3df,p) basis set. 18 dif-
ferent solvents were employed to investigate the solute-solvent interactions. PCM was used to study 
the solvent effects [ 27 ]. Harmonic vibrational frequencies, scaled by 0.9683 [ 28 ], were also com-
puted with the same functional and basis set.  

The KBM equation is given as follows:  
0

0

1 ( ),
2 1

s A A f� � � � �
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� � �
 

where �0 and �s are the vibrational frequencies of the solute in the gas phase and the solvent, respec-
tively, � is the dielectric constant of the solvent, while A is a constant depending on the dimensions 
and electrical properties of the vibrating solute dipole [ 14, 15 ]. The equation can be changed to the 
general form as �s = �0 – �(� – 1)/(2� + 1), where C equals A�0. When the correlation between �s and 
f (�) is linear, the slope is C and �0 is the intercept. 

The equation of the solvent AN is given as 
� = �0 + K  AN. 

Here, �0 is the vibrational frequency of a solute in hexane and K  is the sensitivity of the vibrational 
frequency (�) to the solvent AN [ 16 ]. 

The equation of the Swain model is given by 
� = �0 + aAj + bBj  

� is the vibrational frequency of a solute in presence of a solvent. �0 represents the predicated value of 
n-heptane as a reference solvent. Aj and Bj are measures of the solvent hydrogen-bond donor (HBD) 
acidity and the solvent hydrogen-bond acceptor (HBA) basicity, correspondingly. a and b represent the 
sensitivity of solute to a solvent change [ 17 ]. 

The equation of LSER model is given as follows: 
� = �0 + (s�* + d�) + a	 + b
  

where � is the vibrational frequency of a solute in a solvent, �0 is the regression value of � in cyclo-
hexane as a reference solvent, �* is an index of solvent dipolarity/polarizability, � is a discontinuous 
polarizability correction term for polychlorinated aliphatic hydrocarbon and aromatic solvents. 	 and 

 are the measures of the solvent HBD acidity and HBA basicity, respectively. The regression coeffi-
cients s, d, a, and b can provide quantitative measures of the relative contribution of the indicated pa-
rameters [ 18 ]. The KBM, AN, Swain, and LSER parameters of the solvents used in the present study 
are presented in Table 1 [ 29, 30 ]. 

Results and discussion. Free energy, dipole moment, NH bond length, and stretching frequency 
for the optimized geometries of the e-e conformer of 1-4pypp in solutions are listed in Table 2. Sol-
vent-induced unscaled NH frequency vs. energy plot for the compound is depicted in Fig. 2, a. The e-e 
conformer of the compound is stabilized as the polarity of the solvents increases. There is a linear cor-
relation between the frequency and energy values (R2 = 0.99980 and 0.99981 for unscaled and scaled 
frequencies, respectively). The relationships between the NH bond lengths and unscaled stretching 
frequencies are shown in Fig. 2, b. It was noticed that the NH bond lengths showed good and linear 
correlations with the �(NH) frequencies (R2 = 0.99924 and 0.99926 for unscaled and scaled frequen-
cies, respectively). These NH bond lengths increase with a decrease in the �(NH) frequencies and an 
increase in the solvent polarity. Plot of the dipole moment vs. �(NH) vibration is also shown in 
Fig. 2, c. There are also good and linear correlations between the NH frequencies and dipole moments 
(R2 = 0.99784 and 0.99790 for unscaled and scaled frequencies, respectively). The dipole moment in- 
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T a b l e  1  

Solvent parameters 

Solvent f (�) AN �* � 	 
 Aj Bj 

n-hexane 0.186 0.0 –0.04 0.0 0.00 0.00 0.01 –0.01 
Cyclohexane 0.203 1.6 0.00 0.0 0.00 0.00 0.02 0.06 
Diethylether 0.345 3.9 0.27 0.0 0.00 0.47 0.12 0.34 
Toluene 0.245 6.8 0.54 1.0 0.00 0.11 0.13 0.54 
Tetrahydrofuran 0.405 8.0 0.58 0.0 0.00 0.55 0.17 0.67 
Benzene 0.231 8.2 0.59 1.0 0.00 0.10 0.15 0.59 
Tetrachloromethane 0.226 8.6 0.28 0.5 0.00 0.10 0.09 0.34 
1,4-dioxane 0.223 10.8 0.55 0.0 0.00 0.37 0.19 0.67 
Acetonitrile 0.479 18.9 0.75 0.0 0.19 0.40 0.37 0.86 
Dichloromethane 0.422 20.4 0.82 0.5 0.13 0.10 0.33 0.80 
Chloroform 0.359 23.1 0.58 0.5 0.20 0.10 0.42 0.73 
2-Butanol 0.454 32.0 0.40 0.0 0.69 0.80 —   — 
2-Propanol 0.460 33.6 0.48 0.0 0.76 0.84 0.59 0.44 
Ethanol 0.471 37.9 0.54 0.0 0.86 0.75 0.66 0.45 
Methanol 0.478 41.5 0.60 0.0 0.98 0.66 0.75 0.50 
Acetone 0.465 12.5 0.62 0.0 0.08 0.48 0.25 0.81 
n-heptane 0.190 0.0 0.00 0.0 0.00 0.00 0.00 0.00 
Dimethylsulfoxide 0.484 19.3 0.76 0.0 1.00 0.00 0.34 1.08 

 
 

  T a b l e  2  

�(NH) frequencies and some parameters of 1-4pypp 

Solvent 
Dipole 

Moment, 
Debye 

NH Bond 
Length, Å 

Unscaled 
�(NH), cm–1 

Scaled  
�(NH), cm–1 

Free Energy,  
Hartree 

n-Hexane 5.51 1.01 3533 3421 –515.016 
Cyclohexane 5.52 1.01 3533 3421 –515.016 
Diethylether 5.57 1.01 3533 3421 –515.016 
Toluene 5.64 1.01 3532 3421 –515.016 
Tetrahydrofuran 5.65 1.01 3532 3420 –515.016 
Benzene 5.66 1.01 3532 3420 –515.016 
Tetrachloromethane 5.69 1.01 3532 3420 –515.017 
1,4-dioxane 6.06 1.01 3530 3418 –515.019 
Acetonitrile 6.12 1.01 3530 3418 –515.019 
Dichloromethane 6.31 1.01 3529 3417 –515.020 
Chloroform 6.36 1.01 3528 3416 –515.020 
2-Butanol 6.50 1.01 3527 3416 –515.021 
2-Propanol 6.53 1.01 3527 3415 –515.022 
Ethanol 6.54 1.01 3527 3415 –515.022 
Methanol 6.56 1.01 3527 3415 –515.022 
Acetone 6.59 1.01 3527 3415 –515.022 
n-heptane 6.60 1.01 3527 3415 –515.022 
Dimethylsulfoxide 6.62 1.01 3527 3415 –515.022 
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Fig. 2. Plot of the NH frequency vs. the optimized energy (a), NH bond length (b),  
dipole moment (c), and KBM parameter (d ) of 1-4pypp 

 
creases gradually from lower to higher dielectric and it is in agreement with the literature data 
[ 19, 20 ]. It also increases with a decrease in the �(NH) frequencies. 

Turning to the vibrational frequencies, the �(NH) bands of powder 1-4pypp were observed at 
3241 cm–1 and 3248 cm–1 in the IR and Raman spectra [ 22 ], whereas these bands of its crystal form 
were observed at 3383 cm–1, 3223 cm–1, and 3245 cm–1 in the IR and Raman spectra [ 23 ], respec-
tively. The splitting is due to the Davydov coupling between the neighboring units [ 23 ]. Furthermore, 
in the gas phase, this band was computed by B3LYP/6-31G(d) to be at 3345 cm–1 (dual scaling) [ 22 ] 
while it was calculated by HF, B3PW91, and B3LYP with the 6-31G(d) basis set to be at 3368 cm–1, 
3453 cm–1, and 3367 cm–1 (uniform scaling) [ 23 ], respectively. In the present study, the NH stretching 
frequencies computed at the B3LYP/6-311+G(3df,p) level for 1-4pypp in solutions are listed in Ta-
ble 3. For n-hexane, the NH vibrations are computed at higher frequencies. This belongs to the free 
monomer state of NH since no remarkable solute-solvent interactions occur in inert solvent n-hexane. 
Interestingly, the NH band was found at lower frequencies in polar solvents.  

Fig. 2, d demonstrates the NH frequency vs. the parameter of the KBM equation. As seen from 
Table 3 and Fig. 2, d, there is a linear correlation between �(NH) and f(�). The negative slope indi- 
 

T a b l e  3  

KBM, AN, Swain, and LSER equations for the solvent-induced �(NH) vibrations 

Frequency Model Equation R 2 

KBM 3537.13 – 21.25f(�)  0.99478 
LSER 3532.88 – 5.62�* + 2.37� – 2.11	 – 1.58
 0.87340 
Swain 3533.38 – 7.18Aj – 3.16Bj 0.76142 

Unscaled 

AN 3532.06 – 0.15AN 0.61039 
KBM 3425.00 – 20.58f(�)  0.99488 
LSER 3420.89 – 5.45�* + 2.30� – 2.04	 – 1.53
 0.87357 
Swain 3421.37 – 6.95Aj – 3.06Bj 0.76173 

Scaled  

AN 3420.09 – 0.15AN 0.61055 
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cates that these frequencies are red-shifted with an increase in the dielectric constant of the solvent 
employed. Although the specific and the non-specific solvent effects contribute to solute-solvent inter-
actions, KBM only considers the solvent dielectric constants. Also, the vibrational frequencies depend 
on the dielectric constant of the solvent. These facts evidence a good relationship between the KBM 
parameter and the �(NH) frequency. The results confirm that the PCM model is suitable to predict the 
dielectric-induced solvent effect on the vibrational frequency. Similar studies were reported for the 
KBM equation with both theoretical [ 13, 24, 31 ] and experimental data [ 8 ]. The AN equations are 
also listed in Table 3. There is a poor correlation between �(NH) and AN. These results show that the 
AN equation does not play a major role in the determination of vibrational shifts in solutions. 

According to Swain, there are two types of the solvent effect [ 17 ]. They are the anion-solvating 
tendency of the solvent (acidity) and the cation-solvating tendency of the solvent (basicity). This im-
plies that only the specific solute-solvent interactions are considered. Although the correlations of the 
Swain equation for �(NH) are poor, they are better than those noticed with AN (Table 3). It is probable 
that both Lewis acidity and basicity for the solvent are considered in the Swain equation whereas AN 
considers only the Lewis acidity of the solvent. The negative signs for Aj and Bj represent that the sol-
vent HBD acidity and HBA basicity lead to a red shift of �(NH). The ratios of these coefficients are 
almost 2. This means that the red shift of the NH band induced by the solvent acidity is larger than that 
induced by the solvent basicity.  

As for the LSER values (Table 3), the results exhibit a better correlation than the Swain equation. 
There are not only the specific interaction parameters (	 and 
), but also the non-specific interaction 
parameter (�*) for the LSER model. The negative �* coefficient informs that the red shift of �(NH) is 
observed by non-specific solvent effects. The �* coefficients have the largest absolute values among 
the others. Therefore, the non-specific solvent effects are dominant in the interactions. The specific 
interaction parameters are also negative like Aj and Bj in the Swain equation. This also states the same 
influence as for the red shift of the NH bands by the solvent HBD acidity and HBA basicity. The 	 
coefficient is larger than 
. The NH stretching frequencies are more susceptible to the solvent HBD 
acidity than the HBA basicity. The LSER model used the experimental values is a powerful tool to 
investigate the solvent effects [ 7, 8, 31 ]. However, the poor correlations obtained by the LSER and 
Swain equations for the theoretical data approve that the PCM model neglects the specific solvent ef-
fects and reflects the non-specific interactions. It has not perfectly captured the solvent effects ob-
served in the experiments either.  

Conclusions. To explore the solvent effects on the NH stretching of 1-4pypp, a theoretical DFT 
research has been undertaken. The results can be useful for analyzing the structures involving 
piperazine. The important conclusions drawn in the current research are:  

(i) The minimum energies of the optimized structures decrease with the solvent polarity. 
(ii) From lower to higher dielectric, the dipole moments and bond lengths increase whereas the 

frequencies of the solvent-induced NH stretching vibrations decrease. Also, these frequencies decrease 
when approaching the more stable energy. 

(iii) It is worth noting that the compounds have large dipole moments and this is an essential cri-
terion for the drug-receptor interaction [ 24, 32 ]. 

(iv) For the theoretical solvent-induced �(NH) frequencies, the KBM model shows a good corre-
lation while the Swain, LSER and AN parameters have poor correlations. Further, as compared with 
the Swain equation, the LSER model presents a quantitatively accurate and physically meaningful ex-
planation of solvent-induced stretching frequency shifts. 
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