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In this work we will report a joint experimental and theoretical investigation on 2-Naphthalenol, which was shown to be a 
potential organic non linear optical (NLO) material [1] and has very recently been investigated by single crystal X-ray 
diffraction method. Our study is aiming to get new insights into molecular structure and properties of this molecule and for 
this purpose we used FT-IR/ATR and FT-Raman spectroscopies, coupled with quantum chemical calculations performed in 
the framework of Density Functional Theory (DFT) approach, both for monomer and dimer of 2-Naphthalenol. The hybrid 
B3LYP exchange-correlation functional was used in conjunction with 6-31 G(d) and cc-pVDZ basis sets for geometry 
optimization, vibrational and polarizability and hyperpolarizability tensor calculations. Excepting the stretching OH vibration, 
the remaining experimental vibrational bands are reproduced with a molecular root mean square error of only 14.2 cm-1 and 
14.7 cm-1 corresponding to the 6-31 G(d) and cc-pVDZ basis sets, respectively. The present calculations with the two 
different basis sets show the inverse relationship between the first polarizability and the corresponding HOMO-LUMO 
energy gap. While the dipole moment and polarizability are greater for dimer, the hyperpolarizability is significantly lower 
and this fact could be ascribed to the minimization of the effect of conjugation length on the second order non linear 
properties for this molecule. 
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1. Introduction 
 
Materials with large nonlinear optical properties 

(NLOP) have recently attracted much interest due to their 
technological importance in various photonic technologies 
as: optical communications, optical computing, optical 
switching and wave-guiding, compact 3D data storage and 
micro fabrication, chemical and biological sensing, optical 
power limiting, bio-imaging, signal and data processing, 
etc. [1-7]. 

Initially, the research on materials with NLOP 
properties has been focused on inorganic crystals and 
semiconductors, but now, organic molecules are 
increasingly investigated from this perspective [8-17].  

The structure of organic NLO materials is based on 
the π-bond system extended over a large length scale of 
the molecule, which can be very easily manipulated by 
substitution of electron donating and electron withdrawing 
groups around the aromatic moieties, these leading to an 
increased optical nonlinearity. Apart from structural 
flexibility, which allows fine-tuning of chemical structures 
and properties for the desired nonlinear optical properties, 
the organic materials are of great technological interest 
because of their low cost, ease of fabrication and 
integration into devices, low dielectric constant, high 
electro-optic coefficient, resistance to laser damages. 

Polar organic crystals which form non-
centrosymmetric crystal structures are attracting much 

interest due to their potentially high non-linearities and a 
rapid response in electro-optic effects that often surpasses 
those on inorganic non-linear optical materials. Among 
these, 2N has been recently investigated by X-ray 
diffraction method and was confirmed that it crystallizes in 
the monoclinic non-centrosymmetric space group Ia. This 
fact supports the assumption that 2N crystals may be 
considered as potential organic NLO material. 

  
2. Experimental 
 
2-Naphthalenol was purchased from a commercial 

source and used without further purification. FT-IR/ATR 
spectra for 2N powder sample were recorded at room 
temperature on a conventional Equinox 55 FT-IR 
spectrometer equipped with an InGaAs detector, coupled 
with a Bruker Miracle ATR sampling device. The FT-
Raman spectra were recorded in a backscattering geometry 
with a Bruker FRA 106/S Raman accessory attached to the 
FT-IR spectrometer. The 1064 nm Nd:YAg laser was used 
as excitation source and the laser power was set to          
400 mW. All spectra were recorded with a resolution of            
4 cm-1 by co-adding 32 scans. 

 
2.1 Computational details 
 
The molecular geometry optimizations and vibrational 

frequencies calculations were performed with the Gaussian 
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98 W software package [18] by using DFT approach, with 
the hybrid functional obtained by combining the Becke’s 
three parameter exchange functional [19] with the 
correlation functional proposed by Lee, Yang and Parr. 
The split-valence 6-31G(d) basis set of the Pople’s group 
[20] and the correlation consistent basis set cc-pVDZ have 
been used for the expansion of molecular orbitals. All the 
calculations have been carried out with the restricted 
closed-shell formalism. The geometries were fully 
optimized without any constraint with the help of 
analytical gradient procedure implemented within 
Gaussian 98W program. The force constants were 
calculated by analytical differentiation algorithms, for 
each completely optimized geometry. Prior to compare the 
calculated vibrational frequencies with the experimental 
counterparts the former have been scaled by appropriate 
scaling factors recommended by Scot and Radom   [21] 
and by Sinha et al. [22] for the 6-31G(d) and cc-pVDZ 
basis sets, respectively.  

 
3. Results and discussion 
 
3.1 Vibrational frequencies 
 
Vibrational spectra (FT-IR/ATR and Raman) of 2-

Naphthalenol are given in Fig.1 and in Table 1 are 
summarized the experimental and calculated normal 
modes. The last column contains the motions that 
contribute the most to the different normal modes, 
according to B3LYP/6-31G(d) calculations. 

In Fig. 2 is given the correlation diagram between the 
experimental and calculated vibrational frequencies of 2-
Naphthalenol molecule. The computed vibrational wave-
numbers reported in Table 1 are scaled with 0.9614 scaling 
factor [21]. 

Excepting the υ(OH) vibration, the mean absolute 
deviation and the molecular root mean square error (rms) 
in reproducing the remaining experimental vibrational 
bands of 2N with the basis set 6-31G(d) (cc-pVDZ) are  
9.4 cm-1 (10.3 cm-1) and 14.2 cm-1(14.7 cm-1), respectively. 
The maximum absolute deviation between the 
experimental and computed data for the two basis sets are 
46 cm-1 and 44.0 cm-1 and in both cases they  correspond 
to the γ(OH) vibration. It is well known that free OH 
group has characteristic stretching vibration close to 3600 
cm-1 [23]. This value is nicely reproduced in our case after 
an appropriate scaling and the large red shift of this 
frequency in the experimental vibrational spectra of 2N 
and thus the large discrepancy between the calculated and 
experimental υ(OH) frequency can be explained by 
intermolecular interactions [24]. 

 

 
 

 B3LYP/6-31G(d) optimized molecular structure and  
atom numbering scheme for 2-Naphthalenol. 

Indeed, X-ray data [1] show that in solid phase, each 
2N molecule is linked to two neighboring non-equivalent 
molecules through OH…O intermolecular hydrogen bonds 
with donor-acceptor distances of 2.764 Å and 2.752 Å, 
respectively. Similar deviations υ(OH) wave-number have 
been observed for related π-conjugated molecules like 
naphthazarin [25]. 

 
Fig. 1. FT-IR/ATR (top) and Raman (bottom) spectra of 2-

Naphthalenol. 
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Fig. 2. Correlation diagram for experimental vs. computed 
vibrational frequencies of 2-Naphthalenol at B3LYP/6-31G(d) 

level of theory. 
 

 As seen in Table 1, in plane bending OH vibration is 
distributed over a number of normal modes, preserving 
however a very good match between the experimental and 
computed frequencies. According to calculations, out of 
plane OH bending is predicted at 386 cm-1, significantly 
higher than the experimental value of 340 cm-1.  

Ring stretchings vibrations are coupled with in plane 
CH or OH bendings and are very well reproduced by 
B3LYP/6-31G(d) theoretical method. Even the usually 
anharmonic CH stretchings are very well predicted by 
DFT method, with a uniform frequency scaling procedure. 
Among the out of plane CH bending vibrations, only the 
band calculated at 1106 cm-1 differ significantly from the 
experimental counterparts. The most intense band in the 
FT-IR/ATR spectrum is due to the γ(CH) vibration which 
is again in good agreement with experiment. In the Raman 
spectrum, the most intense bands (1383 and 772 cm-1) 
have a dominant υ(CC) and ring breathing character, 
respectively.   

As seen in Fig. 2, there is a very good correlation 
between the experimental and calculated wave-numbers of 
2-Naphthalenol which allow us to confidently assign the 
vibrational spectrum of this molecule. 
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Table 1. Selected experimental and theoretical (B3LYP/6-
31G(d)) vibrational bands of 2-Naphthalenol. 

 
Experimental Mode 

FT-IR/ATR Raman 
Calculated Assignments* 

1 3268   3605 ν(OH) 

2 3082   3085 ν(CH) 

3 3067   3064 ν(CH) 

4 3053 3057 3054 ν(CH) 

5 3033 3040 3040 ν(CH) 

6 1629 1632 1625 ν(CC)+δ(CH) 

7 1601 1603 1601 ν(CC)+δ(CH) 

8 1584 1586 1573 ν(CC)+δ(OH)+δ(CH) 

9 1512   1517 ν(CC)+δ(OH)+δ(CH) 

10 1465 1472 1465 ν(CC)+δ(CH)+δ(OH) 

11 1453 1453 1446 ν(CC)+δ(CH)+δ(OH) 

12 1379 1383 1376 ν(CC)+δ(CH)+δ(OH) 

13 1363 1365 1365 d(CCC)+υ(CC)+δ(CH)+δ(OH)

14 1324   1355 ν(CC)+δ(CH)+δ(OH) 

15 1287 1287 1278 ν(CO)+δ(CCC)+δ(OH)+δ(CH)

16 1240 1239 1247 δ(CCC)+δ(CH)+δ(OH) 

17 1215 1218 1213 δ(CH)+δ(OH)+d(CCC) 

18 1172 1171 1172 δ(OH)+δ(CH)+ν(CO)+ν(CC) 

19 1149 1148 1164 δ(OH)+δ(CH) 

20 1138 1138 1139 δ(OH)+δ(CH) 

21 1118 1121 1130 δ(CH)+δ(OH) 

22   1067 1106 δ(CH)+δ(CCC) 

23 1014 1015 1011 d(CCC)+δ(CH) 

24 959 959 965 γ(CH) 

25 946   948 γ(CH)+γ(CC) 

26 905 905 917 δ(CCC)+δ(CH) 

27 878   883 γ(CH)+γ(CC) 

28 843   843 γ(CH) 

29 813 813 825 γ(CH)+γ(CC) 

30 775 772 784 ring breathing 

31 769   767 γ(CC)+γ(CH)+γ(CO) 

32 740   762 γ(CH) 

33 714   729 δ(CCC) 

34   527 531 δ(CCC) 

35   475 468 δ(COH)+δ(CCC) 

36   444 429 δ(COH)+δ(CCC) 

37   406 410 γ(CC)+γ(CH)+γ(OH)+γ(CO) 

38   340 386 γ(OH) 

39   303 303 γ(COH)+τ(rings) 

40   203 185 τ(rings) 

41   155 125 τ(rings) 
* ν-stretching, δ-in plane bending, γ-out-of-plane bending,  
   τ-twisting 
  
 

3.2. Polarizability and hyperpolarizability 
 
Quantum chemical methods are an invaluable and 

inexpensive tool for predicting the molecular NLO 

properties of different molecules by analyzing their 
potential before synthesis. 

We calculated the electric dipole moments (µ), 
polarizability (<α>) and hyperpolarizability (β) of                    
2-Napththalenol with the hydroxyl group as donor 
substituent. After the energy of the molecular system is 
obtained, the static response properties electric dipole 
moment, polarizability and hyperpolarizability of a 
molecular system are then calculated as the derivatives of 
the energy with respect to the electric field components, 
taken at zero field: 
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The static electric polarizability α express the capacity 
of the charge density of a system to be distorted by an 
external electric field. Usually, only the average value of 
its diagonal elements is given: 

( )1
3 xx yy zzα α α α= + +  

The total first static hyperpolarizability is obtained 
from the equation: 

( ) 2/1222
zyxtot ββββ ++=  

 
upon calculating the individual static components: 
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Due to the Kleinman symmetry [26] (βxyy=βyxy=βyyx, …) 
one finally obtains the equation for the total first 
hyperpolarizability: 
 

( ) ( ) ( )[ ] 2/1222
zyyzxxzzzyxxyzzyyyxzzxyyxxxtot ββββββββββ ++++++++=

 
The electric dipole moment, polarizability and 

hyperpolarizability tensors have been calculated in finite 
field (FF) approach and they are given in Tables 2-4, 
respectively. The calculations have been performed on 
monomer and dimer of 2N by using the hybrid B3LYP 
functional, in conjunction with 6-31G(d) and correlation 
consistent cc-pVDZ basis sets. 
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Table 2. B3LYP calculated total electric dipole moment 
(Debye) for 2-Naphthalenol. 

 
  monomer dimer 

6-31G(d) 1.093 3.581 

cc-pVDZ 1.067 3.575 

 
 

The contraction schemes for cc-pVDZ and 6-31G(d) 
basis sets are [27] (9s,4p,1d/4s,1p)  [3s,2p,1d/2s,1p] and 
(10s,4p,1d/4s)  [3s,2p,1d/2s], respectively. The former 
basis set includes by definition polarization functions on 
hydrogen atoms, while the latter includes polarization 
functions only for heavy atoms (C, N and O atoms). 
Moreover, for cc-pVDZ, the core 1s and 2s orbitals for 
heavy atoms are described by contractions consisting of 8 
GTO. As seen in these tables, the polarization functions on 
hydrogen atoms do not influence in a significant manner 
the dipole moment, polarizability or first 
hyperpolarizability tensors. 

 
 
 
 

Table 3. B3LYP calculated diagonal elements for the 
polarizability tensor of 2-Naphthalenol (a.u.). 

 
 αxx αyy αzz <α> 
     
monomer     
6-31G(d) 164.929 114.955 34.531 104.805 
cc-pVDZ 171.020 120.472 39.110 110.201 
dimer     
 6-31G(d) 270.633 226.587 151.106 216.109 
cc-pVDZ 287.891 238.981 155.912 227.595 

 
 The trends (increase in <α> and β) observed with the 

"spectroscopic" 6-31G(d) basis set are preserved with the 
cc-pVDZ, both for monomer and dimer of 2-Naphthalenol. 
According to calculations, the medium polarizability for 
dimer is significantly higher than for monomer. This could 
be related to the HOMO-LUMO gap which is calculated 
for the two systems. As shown in Table 5, while the 
HOMO energy is increasing when passing from monomer 
to dimer, the LUMO's energy is lowering roughly with the 
same energy, resulting in a smaller HOMO-LUMO gap for 
the two systems. Minor differences are noted between the 
two basis sets in the predicted energies related to the 
frontier orbitals.  

Table 4. B3LYP calculated components and total values for the first hyperpolarizability tensor of  
2-Naphthalenol (10-30esu). 

 
 βxxx βxyy βxzz βyyy βyzz βyxx βzzz βzxx βzyy βtot 
monomer           
6-31G(d) 351.557 -3.937 0.009 0.026 0.240 66.231 -0.001 -14.926 -0.583 354.272 
cc-pVDZ 381.275 -1.148 0.008 0.008 0.602 69.510 0.001 -14.953 3.984 386.704 
dimer           
6-31G(d) -95.041 21.533 74.905 12.126 -4.008 -52.303 -83.368 33.007 -75.622 133.513 

cc-pVDZ -84.479 18.775 90.585 12.345 6.312 -15.833 -91.170 16.421 -61.616 138.644 
 
 
 

 Table 5. B3LYP calculated energies (eV) of the frontier 
orbitals for 2-Naphthalenol. 

 
 system 6-31G(d) cc-pVDZ 

monomer -5.58 -5.73 HOMO 
dimer -5.29 -5.47 
monomer -0.90 -1.11 LUMO 
dimer -1.17 -1.40 
monomer 4.69 4.62 ∆E 
dimer 4.12 4.07 

 
 
 
 
 

 
 
The first static hyperpolarizability is also significantly 

affected by the basis set used in calculations and again the 
cc-pVDZ basis set gives larger β values than the standard 
one. In addition, β values are drastically lowered in the 
case of dimer so it is clear that β does not follow the same 
trend as α does, with the HOMO-LUMO gap. This 
behavior could be explained by a poor communication 
between the two frontier orbitals of dimer (see Fig. 3) 
which are located on the two different aromatic rings of 
the molecule. This could lead to a minimization of the 
effect of the conjugation length on the second order non 
linear optical properties and hence significantly reduced β 
values are expected. 
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Fig. 3. Representation of the HOMO (left) and LUMO (right) 

orbitals of 2-Naphthalenol monomer (top) and dimer (bottom). 
 

4. Conclusions 
 
 The very good correlation between the experimental 

and calculated wave-numbers of 2-Naphthalenol allow us 
to confidently assign the vibrational spectrum of this 
molecule. The only significant discrepancy between 
experiment and theory is noted for the broad band centered 
at 3268 cm-1. However, this band can easily be assigned to 
the υ(OH) vibration with the hydroxyl group involved in 
intermolecular interactions. 

Rather great hyperpolarizability derived by theoretical 
calculations at B3LYP/6-31G(d) level of theory suggests 
the possible future use of this compound for electro-optics 
applications.  

The poor communication between the frontier orbitals 
of 2-Naphthalenol dimer could lead to a minimization of 
the effect of the conjugation length on the second order 
non linear optical properties with significantly reduced β 
values. 
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