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      Density functional theory (DFT) and time-dependent density functional theory (TD-DFT) calculations were employed to investigate the 
electronic and nonlinear optical properties of some substituted C2Bn −2Hn (n = 14-17) carboranes. Li, Na, K, F, Cl, Br are used as 
substituents. The carboranes substituted with alkali metal show considerably large first hyperpolarizability values than those of un-
substituted ones. The nonlinear optical (NLO) response of the halogen substituted systems is slightly enhanced. The well-known two-level 
model theory is investigated through TD-DFT approach to understand the origin of NLO response. This study indicates that alkali-metal 
substituted carboranes  may be appropriate for NLO applications.  
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INTTRODUCTION 

 
      Nonlinear optical (NLO) materials have been received 
incessant interest owing to their various applications in 
optoelectronic modulators [1-6]. The design and synthesis 
of NLO materials have been considered owing to their 
potential applications in optical telecommunication and 
photonic usages [7-11]. The total magnitude of the first 
static hyperpolarizability (β0) is known as the first order 
nonlinear optical response coefficient, which can be 
considered as one of the microscopic parameters of 
macroscopic NLO materials. Various efficient strategies 
have been proposed to induce the static first 
hyperpolarizability (β0) [12]. The diffuse excess electron 
molecular systems are in great interest of computational 
chemists. In this regard, the literature is notably rich in 
theoretical investigations about alkali metals-molecular 
systems with high nonlinear optical response because of the 
diffuse excess electrons of alkali metals [13-17]. Li and 
coworkers [18-20] presented new ideas to produce the 
diffuse excess electron through the  interaction  between the 
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alkali atom and the polar molecules in electrides to decrease 
the excitation energy and improve the first 
hyperpolarizability of systems. 
      Carboranes as an important class of boron-containing 
rigid structures have potential applications in medicinal 
drug design [21]. The stability trend of CnBn-2Hn (n = 5-12) 
carboranes with increasing size has been studied by 
Schleyer and co-workers using ab initio calculations [22]. 
They are polyhedral boron hydride clusters, which each of 
them has one or more B(H) vertices replaced by C(H) units. 
Two cage-carbon-atom arrangements of carboranes include 
the carbon-atoms-adjacent (CAd) isomers and the carbon-
atoms-apart (CAp) isomers. In the former, the cage carbon 
atoms occupy adjacent positions, while the cage carbon 
atoms are separated by at least one boron atom in the latter. 
Since the discovery of dicarba-closo-dodecaboranes (12), 
they have been used in various applications such as catalysis 
[23-26], materials design [27,28] and medicine [29]. These 
cluster compounds show extraordinary thermal stability and 
unusual chemical reactivity. These properties cause a broad 
range of their applications such as encompassing organic 
synthesis, drug design, polymers, cancer therapy and  metal- 
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organic frameworks [30]. That is why, the carboranes and 
metallacarboranes are attractive compounds for researchers 

[31,32]. The structure, synthesis, reactivity, and applications 
of these clusters have been reported by several groups [33-
37]. Herein, it is of interest to investigate the impact of Li, 
Na, K, F, Cl, NH2 and NO2 substitutions in C2Bn-2Hn (n = 
14-17) carboranes. The NLO response of these systems 
were studied and compared with each other.  
 
Computational Details 
      The molecular geometries without symmetry constraints 
were optimized at BH and HLYP/6-31+G(d) level of 
theory. The nature of the stationary points is checked by 
frequency analysis at the same computational level and no 
imaginary frequency is observed for the considered 
structures. All the systems were considered as                      
neutral in charge and having multiplicity M = 1 
( spin total,12  SSM ). 

      The HOMO-LUMO energy gap (HLG) was calculated 
according to the highest occupied molecular orbital (εH) and 
the lowest unoccupied molecular orbital (εL) energies as 
follows: 
 

      HLHLG                                                      (1)
       
Also, the material’s work function (

fEEΦ  inf
) denotes 

the minimum energy required for removing an electron 
from the Fermi level (Ef) to a point far enough not to be 
affected by the material. Therefore, the electrostatic 
potential at infinity (Einf) is assumed to be zero.  It is well-
known that emitted electron current densities (j) in the 
vacuum are exponentially related to the wok function as 
follows: 
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in which A stands for the Richardson constant. It is 
noteworthy that tuning the work function of materials has an 
important role in electronic industry. Modulating the work 
function of material can remarkably control the performance  

 
 
of electronic device performance such as the field emission 
properties. The change in energy gap (%HLG) or work 
function (%) were computed as follows: 
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where 

nHBC 2-n2
W and  XHBC 1-n2-n2

W stand for the energy gap 

or work function values of the un-substituted and 
substituted carboranes, respectively. These parameters 
exhibit the electronic sensitivity of the considered 
carboranes toward alkali metals or halogen substitution. 
      The first-order hyperpolarizability has been computed at 
the ground state optimized geometry. The energy of a 
molecule can be expressed through Taylor series expansion 
in the presence of an external homogeneous electric field 
(F) as follows: 
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and thereby the corresponding induced electric dipole 
moment of the molecule becomes: 
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where )0(  denotes the permanent ground state dipole 

moment, and α, β and γ the coefficients are known as 
polarizability, first- and second-hyperpolarizability, 
respectively. The total magnitude of the first static 
hyperpolarizability (β0) was calculated accordingly: 
 

2
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                                                                              (7) 
 
The xxx , yxy , xyy ,… components were assessed at 

BHandHLYP/6-311++G(d) level. Meanwhile, the origin of 
the  NLO  response  of  the  investigated   species  has  been  
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invoked through the two-level model [38]. The time 
dependent density functional (TD-DFT) calculations at 
BHand HLYP/6-311++G(d) level were applied to calculate 
the electronic properties of each system for about 30 lower-
lying excited states. Based on the two-level model, the first 
static hyperpolarizability expresses as follows: 
 

      
0
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where E, f0 and µ are the transition energy, oscillator 
strength, and the difference of the  dipole  moment  between 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
the ground state and the crucial excited state, respectively. 
The crucial excited state has the greatest oscillator strength 
among the excited ones. All calculations are carried out 
using Gaussian 09 software. 
 
RESULTS AND DISCUSSION 
 
      The most stable carbon-atoms-adjacent (CAd) positional 
isomers of 

2 n-2 nC B H  (n = 14-17) were selected from 

previous reports [48-51]. The schematic structures are 
exhibited in Fig. 1. The hydrogen atom, connected to the 
boron  or  carbon  atom  at  the  vertices,   is   substituted  by 

    

                  C2B12H14(I)                                    C2B12H14(II)                                       C2B13H15 

 

   

                 C2B14H16(II)                                        C2B15H17(I)                                    C2B15H17(II) 

Fig. 1. The schematic structures of the studied compounds. 
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 Table 1. The  Frontier  Molecular  Orbital  Energy  (εH and εL),  HOMO-LUMO Gap (HLG) and Work Function as Well as their  
                Percentage of Variation (% HLG , % ), and the NBO Charge on Substituent (qx) 

 

Molecules HOMO 

(eV) 

LUMO 

(eV) 

HLG 

(eV) 

ΔHLG 

(%) 

  

(eV) 

%  qx β0 

2,3-C2B12H14 -9.24 -1.01 8.22 - 5.13 - - 19.28 

C2B12H13Li -6.75 -1.31 5.45 -33.74 4.03 -21.44 0.90 2898.48 

C2B12H13Na -6.30 -1.47 4.84 -41.17 3.89 -24.27 0.84 7306.29 

C2B12H13K -5.63 -1.38 4.25 -48.37 3.51 -31.68 0.93 10174.15 

C2B12H13F -9.40 -1.22 8.19 -0.41 5.31 3.51 -0.50 112.47 

C2B12H13Cl -9.39 -1.25 8.14 -1.00 5.32 3.70 -0.10 125.30 

C2B12H13Br -9.29 -1.27 8.02 -2.43 5.28 2.92 -0.20 73.86 

C2B12H13Li(II) -5.91 -0.93 4.98 -39.46 3.42 -33.33 0.86 4322.68 

C2B12H13Na(II) -5.49 -1.06 4.43 -46.17 3.28 -36.16 0.78 9635.45 

C2B12H13K(II) -4.72 -1.03 3.69 -55.15 2.88 -43.96 0.88 17042.50 

C2B12H13F(II) -9.40 -1.18 8.21 -0.13 5.29 3.12 -0.52 136.59 

C2B12H13Cl(II) -9.39 -1.25 8.14 -1.05 5.32 3.70 -0.14 147.24 

C2B12H13Br(II) -8.88 -1.28 7.60 -7.54 5.08 -0.97 -0.31 53.90 

C2B13H15 -8.83 -2.16 6.67 - 5.50 - - 27.40 

C2B13H14Li -6.28 -1.44 4.83 -27.47 3.86 -29.75 0.89 3691.37 

C2B13H14Na -5.87 -1.53 4.34 -34.88 3.70 -32.67 0.83 9325.13 

C2B13H14K -5.97 -1.43 4.54 -31.83 3.70 -32.67 0.98 2483.26 

C2B13H14F -9.03 -2.36 6.67 0.03 5.70 3.64 -0.51 120.28 

C2B13H14Cl -9.01 -2.40 6.61 -0.81 5.71 3.82 -0.12 125.54 

C2B13H14Br -8.88 -2.46 6.46 -3.14 5.67 3.18 -0.22 64.15 

C2B14H16 -9.40 -1.01 8.39 - 5.21 - - 51.35 

C2B14H15Li -5.64 -0.92 4.73 -43.65 3.28 -37.04 0.87 5931.38 

C2B14H15Na -5.29 -1.10 4.18 -50.14 3.20 -36.68 0.79 13548.12 

C2B14H15K -5.02 1.21 3.81 -54.60 1.91 -63.44 0.96 10334.44 

C2B14H15F -9.41 1.21 8.20 -2.28 4.10 -21.31 -0.51 188.52 

C2B14H15Cl -8.99 -1.26 7.73 -7.79 5.13 -1.63 -0.13 252.77 
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different groups in order to evaluate the impact of 
substitution on the electro-optical features. The substituted 
structures are achieved by replacing the hydrogen atom at 
the vertices by Li, Na, K, F, Cl, or Br group. In the case of 

2 12 14C B H , two boron atoms locate at two vertices. One of 

them is in hexagonal ring composed of boron atoms, and  
the other one is in the hexagonal ring with both boron and 
carbon atoms. The 

2 13 15C B H  and 
2 14 16C B H  structures have 

one boron atom at the vertex. Indeed, the 
2 15 17C B H  structure 

has two vertices. One vertex has boron atom and the other 
one has carbon atom.  
      The frontier molecular orbital energies (HOMO (εH) and 
LUMO (εL)) and the HOMO-LUMO gap (HLG) of the 
considered systems are listed in Table 1. Accordingly, the 
HLG values in substituted molecules are less than un-
substituted cases. For instance, the substitutions of alkali 
metals in 

2 12 14C B H (I), 
2 12 14C B H (II), 

2 13 15C B H , 
2 14 16C B H , 

2 15 17C B H (I) and 
2 15 17C B H (II) systems cause to decrease the 

HLG  values  by  about  48.37%,  55.15%,  31.83%,  54.6%,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
58.27% and 31.53%, respectively. This may due to this fact 
that the alkali metals substitutions strongly influence the 
HOMO energy level; whereas the LUMO energy level has 
no obvious change. Furthermore, such remarkable HLG 
changes are not observed by F, Cl and Br substituents. The 
HLGs are nearly unchanged for these substituted molecules. 
Table 1 summarizes the obtained work function values of 
the considered structures. The results demonstrate that the 
substitution of alkali metals in carboranes remarkably 
decreases the work functions; whereas these values nearly 
remain constant by halogen substitution. Therefore, the 
considered alkali metals substituted carborane exhibit a 
considerable emitted electron current density. The Natural 
bond orbital (NBO) analysis is also performed using 
Gaussian NBO Version 3.1.[39] and the NBO charges are 
collected in Table 1. It is obvious that the alkali-metal 
substituents have a positive charge, whereas halogens have 
a negative charge. Therefore, it seems that the alkali-metal 
groups are able to push an  electron  while  the  halogens are 

Table 1. Continued 
 

C2B14H15Br -8.46 -1.29 7.17 -14.54 4.88 -6.43 -0.21 159.85 

C2B15H17 -9.15 -0.52 8.62 - 4.84 - - 55.59 

C2B15H16Li -5.61 -0.76 4.85 -43.71 3.19 -28.34 0.84 6439.82 

C2B15H16Na -5.21 -0.87 4.34 -49.66 3.04 -30.82 0.75 13198.22 

C2B15H16K -4.51 -0.91 3.60 -58.27 2.71 -36.47 0.84 25883.39 

C2B15H16F -9.32 -0.61 8.71 0.98 4.97 2.14 -0.51 236.55 

C2B15H16Cl -9.02 -0.65 8.37 -2.92 4.84 -0.09 -0.13 308.72 

C2B15H16Br -8.48 -0.66 7.81 -9.40 4.57 -4.62 -0.26 213.23 

C2B15H16Li(II) -8.33 -1.47 6.86 -20.44 4.90 1.03 0.93 563.42 

C2B15H16Na(II) -7.92 -1.89 6.03 -30.09 4.91 1.11 0.91 1283.62 

C2B15H16K(II) -7.50 -1.60 5.90 -31.53 4.55 -4.97 0.98 890.79 

C2B15H16F(II) -9.37 -0.60 8.76 1.64 4.99 2.48 -0.33 79.20 

C2B15H16Cl(II) -9.31 -0.64 8.66 0.48 4.98 2.31 -0.11 38.58 

C2B15H16Br(II) -9.28 -0.98 8.30 -3.71 5.13 4.97 0.09 202.73 
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            Table  2. The TD-DFT Parameters, Major Electronic Transitions and the First Hyperpolarizability (β0)  

                            Values of the Considered Systems 
 

Molecules β0 

(a.u.) 

E 

(eV) 

 f0 

 

µ 

 

Major contributions 

C2B12H14(I)      

C2B12H14 19.28 6.09 0.04 0.24 HOMO→L+1 (79%) 

C2B12H13Li 2898.48 3.34 0.13 1.57 HOMO→LUMO (96%) 

C2B12H13Na 7306.29 3.19 0.32 4.04 HOMO→LUMO (93%) 

C2B12H13K 10174.15 2.74 0.21 3.13 HOMO→LUMO (87%) 

C2B12H14 (II)      

C2B12H13Li 4322.68 2.93 0.14 1.89 HOMO→LUMO (96%) 

C2B12H13Na 9635.45 2.88 0.34 4.80 HOMO→LUMO (99%) 

C2B12H13K 17042.50 2.28 0.22 3.96 HOMO→LUMO (96%) 

C2B13H15      

C2B13H15 27.40 8.20 0.03 0.17 

H-2→L+6 (19%), 

HOMO→L+7 (11%) 

C2B13H14Li 3691.37 3.05 0.11 1.43 HOMO→L+1 (92%) 

C2B13H14Na 9325.13 2.96 0.26 3.53 HOMO→L+1 (67%) 

C2B13H14K 2483.26 4.55 0.06 0.51 HOMO→L+3 (58%), 

C2B14H16      

C2B14H16 51.35 7.04 0.11 0.65 

H-4→L (21%), H-

2→L+2(23%) 

C2B14H15Li 5931.38 2.71 0.16 2.37 HOMO→LUMO (96%) 

C2B14H15Na 13548.12 2.61 0.38 5.92 HOMO→LUMO (92%) 

C2B14H15K 10334.44 2.38 0.13 2.17 HOMO→LUMO (96%) 

C2B15H17(I)      

C2B15H17 55.59 7.93 0.07 0.36 H-7→L+3(53%) 

C2B15H16Li 6439.82 2.82 0.16 2.36 HOMO→LUMO (95%) 

C2B15H16Na 13198.22 2.82 0.40 5.79 HOMO→LUMO (99%) 

C2B15H16K 25883.39 2.24 0.30 5.40 HOMO→LUMO (96%) 

C2B15H17(II)      

C2B15H16Li 563.42 6.88 0.05 0.32 HOMO→L+4 (46%), 

C2B15H16Na 1283.62 4.20 0.06 0.58 HOMO→LUMO (93%) 

C2B15H16K 890.79 4.34 0.03 0.30 HOMO→LUMO (92%) 
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unable. 
      The first hyperpolarizability of the considered systems 
are calculated using Eq. (7). The values of β0 are 
summarized in Table 2. It can be seen that β0 values are 
noticeably large for alkali-metal substituted carboranes, but 
these values are slightly increased for halogen substituted 
ones with respect to un-substituted systems. This 
observation reveals that the alkali-metal is a better choice 
for increasing the β0 value. Results show that the alkali-
metal substituted carboranes have larger first 
hyperpolarizability values than other carborane derivatives. 
The potassium substituted 

2 12 14C B H (I), 
2 12 14C B H (II) and 

2 15 17C B H (I) have the greatest β0 value. The β0 values of 

2 12 13C B H K (I), 
2 12 13C B H K (II) and 

2 15 16C B H K (I) are 

10174.15, 17042.50 and 25883.39 a.u., respectively. For 
better description, the trend of β0 values variation is 
presented in Fig. 2. 
      As can be seen in Eq. (8), µ values influence on values 
of the first hyperpolarizability. Therefore it can be 
concluded that positive charges of substituent lead to 
increase in µ and thereby NLO response remarkably is 
increased. However, having negative charges of substituents 
with the ability to pull an electron leads to a slight change of 
the NLO responses. Based on the Eq. (5), the β0 value is 
considerably dependent on the values of E. These 
mentioned parameters are also computed and listed in     
Table 2. The TD-DFT calculations are employed to attain 
the major effects of the crucial excited states. As seen in this 
table, the values of E and f0 for alkali-metal substituted 
carboranes are greater and smaller, respectively, than other 
carboranes. A larger NLO response can be obtained from a 
larger transition moment, larger oscillator strength, and 
lower transition energy. Based on Eq. (8), β0 is considerably 
dependent to the inverse value of E. These structures have 
the least amount of E. In 

2 13 15C B H , 
2 14 16C B H  and 

2 15 17C B H (II), alkali-metal substituted carboranes with Na 

atom have the greatest β0 value. The β0 values of 
2 13 14C B H Na , 

2 14 15C B H Na  and 
2 15 16C B H Na (II) are 9325.13, 

13548.12 and 1283.62 a.u, respectively. The E values of 
2 13 14C B H Na  and 

2 15 16C B H Na (II) are the smallest, and the   

f0 and µ have the highest values compared with other 
alkali-metal derivatives. In 

2 14 16C B H , the E values of 

alkali-metal  derivatives  do  not  differ significantly,  while 

 
 

2 14 15C B H Na  has the highest value of f0 and µ. 

      The TD-DFT results illustrate that the main excited 
transformations of most systems are the transitions of 
HOMO to LUMO, HOMO to LUMO+1. These transitions 
in alkali-metal substituted carboranes have different effects. 
For instance, the transition from HOMO to LUMO and 
from HOMO to LUMO+1 generate electron spectra, also 
the transitions from HOMO to LUMO generate charge 
transfers from the carborane cage to alkali-metal. The 
electron transition effort is proportional to the energy gap 
between LUMO and HOMO. As a result, the electron 
transition effort for alkali-metal substituted carboranes is 
much lower and the corresponding first hyperpolarizability 
is much larger. The frontier molecular orbitals of alkali-
metal substituted systems in their ground state and crucial 
excited state are shown in Fig. 3. The electron transition 
among the frontier molecular orbitals produces charge 
transfers. These transfers occur from vertex B atoms to the 
center of carborane. For alkali-metal substituted carboranes, 
the HOMO electron clouds, which are polarized by the 
carborane cage, move toward the outer layer of the alkali 
metal atom but the LUMO electron cloud remains in the 
local area of the alkali-metal and its connected B atom. 
Large transitions cause a large cloud distribution difference 
between HOMO and LUMO. This difference leads to a 
large charge transfer range from the carborane cage to the 
alkali metal. This large value makes easier the leave of the 
electron on the outer orbital of the alkali-metal. The ionized 
alkali atom forms a cation and some free electron anions,  
making the alkali metal positively charged. It can be 
implied that positive charges on alkali-metal become larger. 
      The infrared photodissociation has been  known as a 
prominent technique to characterize the novel species in gas 
phases. Thus, the vibrational spectra of the studied 
structures are also depicted in Fig. 4. A somewhat simple 
vibrational spectra are observed. The subsunts have a 
remarkable impact on the vibrational spectra. Also, the 
optoelectronic properties such as UV-Vis absorption spectra 
may provide valuable insights. Thus, the time dependent 
density functional method (TD-DFT) has been used to 
predict the optical absorption spectra of the alkali-metals 
substituted carboranes for about 30 lower lying excited 
states. These spectra are displayed in  5. The  absorption 



 

 

 

Shakerzadeh et al./Phys. Chem. Res., Vol. 8, No. 3, 529-542, September 2020. 

 536 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2. The trend of β0 values variation. 

 



 

 

 

First-order Nonlinear Optical Response/Phys. Chem. Res., Vol. 8, No. 3, 529-542, September 2020. 

 537 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3. The frontier molecular orbitals of alkali-metal substituted systems in their ground state and crucial excited state. 
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 Fig. 4. The simulated vibrational spectrum of the studied structures. 
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Fig. 5. Predicted electronic absorption spectrum of the of studied structures. 
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spectra of all these exhibit two or three main bands. The 
dual-band characteristic leads to the absorption broad. 

 
CONCLUSIONS 
 
      In this study, the nonlinear optical properties of close-
carborane derivatives are evaluated using DFT method. The 
results show that β0 values for the substituted alkali metal 
carboranes are extremely large, while for the substituted 
halogen systems β0 is vaguely enhanced. As a result, the 
alkali atoms cause a large β value. The large NLO response 
in substituted alkali metal carboranes is obtained by a lower 
transition energy, a larger oscillator strength, and a larger 
transition moment. Consequently, improvement in the NLO 
response is predicted for the considered carboranes 
produced by the alkali metals substitution, making them 
feasible systems for the design of nonlinear optical devices. 
The obtained results might provide a new insight for 
designing the novel NLO organometallic compounds. 
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