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ABSTRACT 

 
A spectroscopic investigation, used quantum chemical calculations, of 2,4'-dibromoacetophenone (2,4'-DBrA) molecule have 

been obtained in this paper. The calculations were supported the experimental results by IR, 1H and 13C NMR techniques. 

Geometrical parameters and optimized energies of 2,4'-DBrA molecule were performed by density functional theory (DFT) 

B3LYP method 6-311++G(d,p) basis sets. After the geometry optimization of 2,4'-DBrA the vibrational spectra were 

obtained for this structure. The fundamental vibrations were assigned to base on potential energy distribution (PED) of the 

vibrational modes by using VEDA 4 (Vibrational Energy Distribution Analysis) program. Density of states for total (TDOS), 

partial (PDOS) and also overlap population (OPDOS) analysis were obtained. 1H and 13C NMR chemical shifts were 

recorded by using the gauge-invariant atomic orbital (GIAO) method. Besides, electronic properties, such as HOMO and 

LUMO energies, were performed by time-dependent density functional theory (TD-DFT). Also, molecular electrostatic 

potential surface (MEPs) and thermodynamic properties were calculated for title molecule. The results are showed consistent 

with the obtained experimental results. 
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1. INTRODUCTION 

 

Acetophenone and its derivatives have interesting biological, physicochemical and photochemical 

properties [1–3], also have very important pharmaceutical applications [4–10]. Acetophenone were 

exist in nature [11,12] and can be also acquired through the medium of various synthesis procedure 

[13,14]. The crystal structure of α-bromoacetophenone [15], 2'amino-5'-bromoacetophenone [16], 

ortho-hydroxy acetophenones derivatives [17], 4-hydroxy-3-(3-methyl-2-butenyl) acetophenone [18] 

were identified. There is seen in literature DFT studies of acetophenone and its derivatives such as; 

conformational analysis of acetophenone and α-substituted acetophenones were studied [19], the 

photodissociations of acetophenone was investigated [20], conformational stability of 4-hydroxy-3-

methylacetophenone and 4-hydroxy-3-methoxyacetophenone and their vibrational spectra were 

analyzed [21], growth and characterization papers of 2-bromo-4-chloroacetophenone was published 

[22], structural and vibrational investigations of 5-fluro-2-hydroxyacetophenone was prepared [23], 

molecular properties and vibrational studies, and HOMO-LUMO energies of 3-bromoacetophenone 

were obtained by quantum chemical calculations [24], the detailed theoretical and experimental 

investigation (FT-IR and FT-Raman) of 3-aminoacetophenone [25], vibrational spectral investigation 

and, optimized parameters were computed for 4-chloro-2-bromoacetophenone [26], and 2,4-

difluoroacetophenone molecule has a detailed spectroscopic  studies [27,28]. 
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There is no similar studies about the 2,4'-DBrA molecule in the literature by utilized DFT calculations 

until now. So, an effort has been made about the geometrical, vibrational spectral evaluations, TDOS, 

PDOS, OPDOS analysis, 13C and 1H NMR chemical shifts calculations, electronic properties, 

molecular electrostatic potential surface (MEPs) and thermodynamic properties of 2,4'-DBrA were 

performed. The results are showed consistent with the obtained experimental results. This paper there 

will be important and considerable information before the synthesis new molecule and drug design and 

pharmaceutical applications. 

 
 

2. THEORETICAL AND EXPERIMENTAL DETAILS  

 

The infrared and (1H and 13C) NMR spectra of 2,4'-DBrA molecule were received from Spectral 

Database for Organic Compounds, SDBS as experimentally [29]. Theoretical calculations were done 

by utilized the Gaussian 09 program codes [30]. Geometric, vibration, and magnetic resonance 

analysis, atomic charges, dipole moment, thermodynamic properties, etc. were presented herein. The 

DFT [31] with the Becke’s three-parameter hybrid functional (B3) [32,33] for the exchange part and 

the Lee–Yang–Parr (LYP) correlation function [34] was preferred, due to the a cost-effective approach 

its great accuracy in experimental values. The assignments of fundamental vibrational frequencies 

were made by VEDA program [35] according to their PEDs, and by Gauss view program [36] used 

visual animation. The time-dependent DFT (TD-DFT) method [37,38] with same basis set is utilized 

to calculate some electronic properties (UV–Vis spectra, excitation energies…). GIAO method [39,40] 

is one of the most common approach for nuclear magnetic shielding properties. Therefore, 1H and 13C 

NMR isotropic chemical calculations were obtained with the GIAO method based on optimized 

structure. The density of states (DOS) graphs; such as TDOS, PDOS and OPDOS of the studied 

molecule were prepared by using GaussSum 2.2 program [41]. The Mulliken atomic charges, MEPs, 

thermodynamic and NLO properties of 2,4'-DBrA molecule were given herein for the detailed 

physical and chemical information. 

 
 

3. RESULTS AND DISCUSSION  

 

Studied molecule has two substituent the first one COCH2Br group and second Br (bromine) atom at 

para position. There is no seen an imaginary frequency at the Cs point group symmetry. Thence, the 

calculations were done based on the Cs symmetry group (see Table 1). 

 

Table 1. The calculated energy and some thermodynamical parameters of 2,4'-DBrA at 298.15 K in 

ground state at the B3LYP/6-311++G(d,p) level 

 

Parameters Cs symmetry  

Energy (Hartree) -5532.079123290 

Energy (kcal/mol) -3471432.205 

Zero point vib. energy (kcal mol-1) 73.83045 

Rotational constants (GHz) 3.16722 

 

0.14254 

 

0.13652 

Specific heat, Cv (cal mol-1 K-1) 37.064 

Entropy, S (cal mol-1 K-1) 108.338 

Dipole moment (Debye) 3.3054 

Imaginary frequencies no 
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3.1. Potential Energy Surface (PES) Scan 

 
The conformational analysis was done to see the most stable structure of the 2,4'-DBrA molecule. The 

torsion angles, between phenyl ring and COCH2Br group, τ(C14–C13–C3–C4), changed every 100 (from 

00 to 3600) by DFT/B3LYP method and 6-311++G(d,p) basis set. The obtained results indicate that 

there are three local minima near 00, 1800, and 3600 as seen Figure 1. The molecule was more stable 

for near these local (predicted as a global minima) minima. The optimized structures are controlled 

result of scan. The dihedral angles, τ(C3–C4–C13–C14), τ(C3-C4-C13-O12), τ(Br11-C1-C6-C5), and τ(C4-

C13-C14-Br17) etc. (predicted at 00, and 1800, respectively) showed that the molecule has the Cs 

symmetry. All predictions of molecule for molecular structure, vibrational, NMR and electronic 

properties were obtained the most stable structure, chosen Cs point group symmetry. 

 

 
 

Figure 1. PES scan of selected degree T(H12–N10– C1–C2) of 2,4'-DBrA 

 

3.2. Geometrical structures 

 

The thermodynamical properties and energies of the headline molecule were given in Table 1 for CS 

point group symmetry. The crystal structure of the 2,4'-DBrA has been not reached in the literature. 

For this reason, optimized geometric structural parameters were compared with the similar structure 

[15]. The optimized structure of the 2,4'-DBrA molecule was given as Figure 2 showing with the 

names and numbers of atoms. The results of optimized parameters of the studied molecule were listed 

in Table 2, based on the names and numbers of Figure 2.  

 

The C–C bonds were predicted from 1.388 to 1.401 Å theoretically for present molecule. The 

experimental values were recorded from 1.373 to 1.429 Å, for -bromoacetophenone (-BA) 

molecule [15]. The C–C bonds were recorded from 1.375 to 1.398 Å for HF, from 1.389 to 1.412 Å 

for B3LYP and 1.384 to 1.403 Å for LSDA [28]. For 2,4-difluoroacetophenone, these bonds were 

predicted from 1.375 to 1.398 Å by using B3LYP method 6-311++G(d,p) basis set [27]. There are 

seen little differences angles slightly out of perfect hexagonal structure in the phenyl ring. It is due to 

the substitutions of the bromine atom, oxygen atom and CH2Br groups in the place of H atoms (see 

Table 2). The results of C–C bonds lengths are very good correlated with the literature 

[6,7,15,18,21,25–28] for the structurally similar molecules. 
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The halogens F, Cl, Br… have a role in the molecule as substituent in place of hydrogen atom these 

bond lengths (C-X) show a remarkable increment. The C–Br bond lengths were predicted 1.912 Å (for 

C–Br11) and 1.951 Å (for C–Br17), by using DFT/B3LYP method with 6-311++G(d,p) basis set. The 

bond C–Br17 were observed at 1.929 Å for -bromoacetophenone molecule [15]. The C–Br bond 

lengths show small differences in literature [15] according to location of halogen Br atoms in present 

molecule. The C–Br bond were predicted 1.917 Å for 5-bromosalicylic acid [42] 1.921 Å for 3-

bromophenylboronic acid [43] 1.922 Å and 1.920 Å 2/6-bromonicotinic acid molecules [44]. These 

bonds (at the para position) are very closely in literature (above), due to the similar structures. 
 

There are seen some deviation both endohedral and exohedral angles; such as the angles of C-C-C and 

C-C-H bonds were differed from normal value of ring angle 120.0º. These deviations can be caused by 

the substitutions, Br atoms and COCH2Br group. The dihedral angles were predicted (C3-C4-C13-C14) 

as 0.0º, (C3-C4-C13-O12) as 180.0º, and (Br11-C1-C6-C5) as 180.0º for studied molecule. These state 

show that stable structure must be planer and Cs symmetry group symmetry. Reminding as; the 

theoretical results belong to vapor phase, there have been some acceptable differences from the 

experimental results. 
 

Table 2. The experimental for -bromoacetophenone (-BA) and optimized bond lengths (Å) and 

angles (º) molecule for 2,4'-DBrA molecule by using B3LYP/6-311++G(d,p) method 
 

Parameters Exp.a 
2,4'-DBrA 

Parameters Exp.a 
2,4'-DBrA 

Bond Lengths (Å) -BA Bond Angles (º) -BA 

C1-C2 1.373 1.392 C3-C4-C13 119.2 123.5 

C1-C6 1.397 1.394 C5-C4-C13 125.6 117.7 

C1-Br11 
 

1.912 C4-C5-C6 122.7 121.0 

C2-C3 1.401 1.392 C4-C5-H9 - 118.5 

C2-H7 - 1.082 C6-C5-H9 - 120.5 

C3-C4 1.429 1.401 C1-C6-C5 116.4 119.1 

C3-H8 - 1.083 C1-C6-H10 - 120.3 

C4-C5 1.391 1.402 C5-C6-H10 - 120.6 

C4-C13 1.486 1.502 C4-C13-O12 122.5 121.2 

C5-C6 1.393 1.388 C4-C13-C14 119.5 116.4 

C5-H9 - 1.083 O12-C13-C14 117.5 122.4 

C6-H10 - 1.082 C13-C14-H15 - 110.4 

O12-C13 1.258 1.209 C13-C14-H16 - 110.4 

C13-C14 1.552 1.529 C13-C14-Br17 111.5 113.6 

C14-H15 - 1.090 H15-C14-H16 - 108.7 

C14-H16 - 1.090 H15-C14-Br17 - 106.8 

C14-Br17 1.929 1.951 H16-C14-Br17 - 106.8 

Bond Angles (º)   Selected Dihedral Angles (º)  

C2-C1-C6 122.8 121.3 C3-C4-C13-O12 - 180.0 

C2-C1-Br11 - 119.3 C3-C4-C13-C14 - 0.0 

C6-C1-Br11 - 119.4 Br11-C1-C6-C5 - 180.0 

C1-C2-C3 118.0 119.1 Br11-C1-C2-C3 - 180.0 

C1-C2-H7 - 120.4 C4-C13-C14-H15 - -60.1 

C3-C2-H7 - 120.5 C4-C13-C14-H16 - 60.1 

C2-C3-C4 120.7 120.9 C4-C13-C14-Br17 - 180.0 

C2-C3-H8 - 118.2 O12-C13-C14-H15 - 119.9 

C4-C3-H8 - 121.0 O12-C13-C14-H16 - -119.9 

C3-C4-C5 120.2 118.8 O12-C13-C14-Br17 - 0.0 

aThe X-Ray data from ref. [15] 



Köse / Anadolu Univ. J. of Sci. and Technology – A – Appl. Sci. and Eng. 17 (4) - 2016 

681 

 

 

 

 

 

 

 
 

Figure 2. The theoretical optimized geometric structures of the 2,4'-DBrA molecule 

 

 

 

3.3. Vibrational Spectral Analysis 

 

The analyses of vibrational spectra were done to provide helpful and realistic accommodation. 

Theoretical section were utilized by DFT/B3LYP method, 6-311++G(d,p) basis set. The theory was 

carried out in vacuum, while experimental ones for solid phase, for this reason some differences were 

seen. The theoretical results were multiplied by scaling factor [32] to get suitable with the 

experimental results. Theoretical (IR and Raman) vibrational spectra (with scaling factor) were 

presented in Figure 3 and experimental IR spectrum was given in Figure 4. 
 

The molecule has 17 atoms and 45 (3N-6) fundamental modes in the Cs symmetry. The fundamental 

vibrational modes were divided as A'' representing out of plane and A' representing in-plane motions 

(30A' + 15A''). The results of vibrational frequencies both theoretical and experimental (IR), with their 

assignments were collected in Table 3. 
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Figure 3. The calculated FT-IR and FT-Raman spectra of (with the scale factor) 2,4'-DBrA 

   

 
 

Figure 4. The experimental IR spectra of 2,4'-DBrA 
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Table 3. Comparison of the calculated harmonic frequencies and experimental (IR) wavenumbers 

(cm-1) using by B3LYP method 6-311++G(d,p) basis set of 2,4'-DBrA molecule 
 

Mod

e 

No 

Sym. 

Specie

s 

Theoretical Exp. Assignments  

Unscaled 

freq. 

Scaled 

freq.a  
FT-IR PEDb (10%) 

 

ν1 A' 3208 3073 3084 CHringsym. (100) 

ν2 A' 3206 3071 3059 CHringsym. (100) 

ν3 A' 3195 3061 
 

CHringasym (99) 

ν4 A' 3187 3053 
 

CHringasym (100) 

ν5 A" 3136 3004 3000 CH2asym (100) 

ν6 A' 3080 2951 2951 CH2sym (100) 

ν7 A' 1767 1693 1692 C=O (90) 

ν8 A' 1621 1594 1588 CC (62), i.p. CH[CCH (19), CCC (18)] 

ν9 A' 1600 1572 1567 CC (61), i.p. CH[CCH (26), CCC (10)] 

ν10 A' 1513 1487 1484 i.p. CH [CCH (63), CCC (19)], CC (15)  

ν11 A' 1441 1416 
 

CH2 (88)  

ν12 A' 1423 1399 1397 CC (42), i.p. CH[CCH (41), CCC (11)] 

ν13 A' 1332 1309 1309 i.p. CH[CCH (62)], CC (27)  

ν14 A' 1321 1298 1292 ring def. [CC (70)], i.p. CH [CCH (24)]  

ν15 A' 1294 1272 1272 CH [CCCH (53), CC (25)]  

ν16 A' 1211 1190 1198 i.p. CH [CCH (43), CC (35)]  

ν17 A' 1197 1177 1177 i.p. CH + CH2 [CCH (45), CCC (11)], CC (29)  

ν18 A" 1157 1138 1161 CH2[CCBr (80), CCCH (11)]  

ν19 A' 1133 1114 1114 i.p. CH [CCH (54)], CC (35)  

ν20 A' 1083 1065 1072 CC (67), CCH (15), CBr (12) 

ν21 A' 1027 1010 1005 ring def. [CCC (78), CC (11)]  

ν22 A" 1004 987 991 CH [CCCH (85), CCCC (14)]  

ν23 A' 992 975 973 CC (48), CH2 [CCC (25), CCO (16)] 

ν24 A" 971 954 
 

CH [CCCH (78), CCCC (15)]  

ν25 A" 908 892 
 

CH [CCCH (57)], CH2 [CCCO (24), CCCC (10)]  

ν26 A" 850 835 823 CH [CCCH (94)]  

ν27 A" 822 808 808 CH [CCCH (76), CCCC (13)]  

ν28 A' 785 771 781 ring breath. CC (47), CCC (30)  

ν29 A' 722 710 717 CBr (27), CCC (30), CCO (15), CCBr (14) 

ν30 A" 719 707 
 

CH [CCCC (72), CCCH (16)]  

ν31 A' 651 640 649 CBr (45), CCO(12), ring breath. CCC (28), CC (10)] 

ν32 A' 640 629 
 

ring def.[ CCC (75), CC (12)]  

ν33 A" 561 552 546 
CH2[CCCO(28), CCCBr (21)], CCCH (17), CCCC 

(27) 

 

ν34 A' 493 485 497 CC (38), CCC (26), CBr (17), CCO (14) 

ν35 A" 457 450 
 

CH2[CCCBr (31) CCCO (17)], CCCC (26), CCCH 

(23) 

 

ν36 A" 412 405 
 

CH [CCCC (86), CCCH (14)]  

ν37 A' 367 361 
 

CCC (40),CBr (32), CCBr (12)  

ν38 A' 284 279 
 

CCC (37),CBr (24), CCBr (27)  

ν39 A" 241 237 
 

CCCC (49), CCCBr (35), CCCO (12)  

ν40 A' 216 212 
 

horse riding [CBr (61), CCC (17), CCO (11)]  

ν41 A' 158 155 
 

CC (22), CCC (18), CBr (25), CCBr (34) 

ν42 A' 87 85 
 

CCC (62), CCBr (28)  

ν43 A" 85 84 
 

CH2 [CCCC (48), CCCBr (34)], CCCH (11)  

ν44 A" 60 59 
 

CH2 [CCCC(74), CCCBr (17)]  

ν45 A" 27 27 
 

CCCC (61) CCCBr (36)  
aWavenumbers in the ranges from 4000 to 1700 cm-1 and lower than 1700 cm-1 are scaled with 0.958 and 

0.983 for B3LYP/6-311++G(d,p) basis set, respectively.  
bPED: Potential Energy Distribution ; stretching, ; out-of plane bending,; in-plane-bending, ; torsion, ; 

scissoring, ; wagging, ; twisting, ; rocking. 
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3.3.1. Stretching modes 
 

C–H stretching vibrations were come in view characteristic region between 3000 and 3100 cm–1. 

Similar molecules, having the C–H stretching in literature [21–27], modes, show multiple peaks in 

range of ca. 3000–3100 cm−1 for aromatic ring. The C–H stretching modes were also seen the methyl 

group (CH3) was shaped as methylene (CH2) since one of the H atom replaced by Br atom. These 

modes were normally falling that in the region 2840–3000 cm−1 [26,45,46], for the molecules include 

aromatic methyl compounds. Both phenyl ring and methylene (CH2) group have symmetric and 

asymmetric modes of C–H stretching vibrations. The symmetric C–H modes appeared higher 

frequencies than asymmetric ones in the phenyl ring, however there is seen opposite situation in the 

methylene group. In this study, the C–H stretching modes were predicted in the region 3053–3073 

cm−1 (3059–3084 cm−1 IR) for phenyl ring and 2951–3003 cm−1 (2951–3003 cm−1 IR) for methylene 

group. According to PED this vibrations are a pure mode as evident from the contribution of ~ 100%. 
 

One of the most popular, very important and characteristic, modes are C–C stretching vibrations in 

aromatic rings. Especially, Varsányi's study [47] is given as a reference for this mode, seen at 1625–

1590, 1590–1575, 1540–1470, 1465–1430 and 1380–1280 cm−1 from the frequency ranges for the five 

bands. The stretching vibrations were predicted in the region of 1594–1487, 1399–1177, 1114-1010, 

975, 771, 640, 629, 485, and 155 cm–1 in this study. The highest contributions come from modes 14, 

20, as percentages 70% and 67%, respectively. The other important contributions were seen modes of 

8, 9, contributed over sixty percent. The C–C modes were combined with C-H in-plane bending and 

assigned ring deformation modes. The theory falls in to their experimental results, showing good 

agreement. There is also seen concordance with the similar structure in the literature [21–27].  
 

C–Br stretching modes were seen at the region of 200–480 cm−1 in bromine compounds by Varsányi 

[47]. According to PED and GaussView results, the C–Br modes are no pure vibrations, mixed other 

vibrations. These modes were predicted at 155, 212, 279, 361, 485, 640, 710, 1065 cm−1, respectively. 

The mode C–Br stretching (para position) occurred by Mooney [48], the mode of the C–Br were 

recorded at 308 cm−1 in FT-Raman and theoretically calculated at 292 cm−1 [43], 358 cm−1 in FT-

Raman spectrum and calculated theoretically 396 and 233 cm−1 by using B3LYP/6-311G(d,p) basis set 

[49]. These vibrations were observed as a medium FT-IR band at 532 cm−1, predicted at 573 cm−1 for 

p-bromophenoxyacetic acid [50], and calculated at 547 and 389 cm−1 for 4-bromophenylboronic acid 

[51]. So, there is no big difference between these studies. 
 

The C=O stretching modes are also showing a characteristic properties in the vibrations modes of 

carbonyl groups. The stretching modes of carbonyl in ketones are expected in the region nearly 1700 

cm−1 [46,52,53]. In this study, theoretically strong and medium bands were occurred for IR and Raman 

spectra and predicted at 1693 cm−1. The experimental IR spectrum has also strong band at 1692 cm−1. 

In literature, the C=O stretching modes were observed, very strong band at 1690 cm−1 in FT-IR and 

FT-Raman spectra [26], very strong band, at 1668 cm−1 in FT-IR and at 1665 cm−1 in FT-Raman, 

predicted 1746 cm−1 [25], very strong band at 1692 cm−1 in FT-Raman and calculated at 1685, 1690 

and 1649 cm−1 at HF/6-31G, B3LYP/ 6-31G and LSDA/6-31G levels of theory, respectively [28]. The 

modes of C=O stretching vibrations were showed very good agree terms of intensity and frequency. 

 

3.3.2. Bending and deformation modes 
 

The bending modes are separated generally as in plane bending (i.p.) and out-of-plane (o.o.p.) bending 

C–H vibrations modes appear in the range of 1000–1300 cm−1 and at 750–1000 cm−1 , respectively 

[53,54]. The i.p. C–H bending modes were calculated at 1487-1594, 1298-1399, 1177-1190, and 1114 

cm–1 and observed 1484-1588, 1292-1397, 1177-1198, and 1114 cm–1 in FT-IR, in this paper. 

Generally these modes are mixed or combined the other ring modes, especially CCC modes. The 

o.o.p. C–H bending modes are (assigned 15, 22, 24-27, 30, and 36) predicted at 1272, 987, 954-808, 707, 

and 405 cm–1, respectively. The experimental values were seen at 1272, 991, and 823-808 cm–1, 

respectively. Both i.p. and o.o.p. C–H bending modes were determined simulation of GaussView 

program. These results and their PED showed that highly pure modes. In literature, similar structure 

molecules were supported [21–27] and good agree for obtained data.   
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For the group –CH2–CO–, the methylene scissoring vibration occurs in the range 1435–1405 cm–1 

[55]. Also, in the present work, the scissoring modes of CH2 was obtained 1416 cm–1 showing good 

agree. The CH2 twisting and wagging vibrations were recorded at 450, 552, 1138 cm–1 and at 975 cm–

1, respectively. The C–Br bending modes both i.p. and o.o.p. appear in variable region based on the 

state of the bromine substituent of structure. The i.p. C–Br modes were calculated at 85, 155, 279, 361 

and 710 cm−1 which assigned to only at 717 cm−1 in FT-IR. The o.o.p. C–Br bending modes were 

calculated at 27, 237 cm−1 and (450 and 552, cm−1
, assigned CH2 with CCCO torsion mode), 

observed 546 cm−1 in the FT-IR. The other bending and torsion modes of the related bromine atom 

accounted in Table 3. The CCC i.p. bending modes were contaminated the other modes, and seen in 

the large region. The largest one i.p. bending modes of CCC were calculated at 1010 and 629 cm−1, 

assigned as ring deformation modes and observed (FT-IR) at 1005 cm−1. 

 

There is only FT-IR experimental data in this paper. Between the calculated and experimental 

wavenumbers has very good correlation. To see the correlation clearly Figure 5 graphic were plotted. 

The description of this correlation was given as equation as linear following; 

 

exp (cm-1) = 1.0039 cal - 6.0428 (R2 = 0.9999)  for IR spectra 

 
 

 
 

Figure 5. The correlation graphic of theoretical and experimental FT-IR spectra of 2,4'-DBrA 

 

 

3.4. NMR Spectrum Analysis 
 

1H and 13C NMR spectra were obtained [29] and predicted due to providing detailed information. 

Firstly, full geometry optimization were done and, using the gauge-including atomic orbital (GIAO) 

[39,40] approach with the DFT/B3LYP method, and 6-311++G(d,p) basis set for chemical shifts 

predictions. NMR spectra are important to obtain chemical, physical, and structural information about 

the molecules. NMR spectra and its computer simulation methods give an efficient way to predict and 

interpret structure of molecules [56]. So, the experimental and theoretical 1H and 13C NMR 

investigations were investigated, in this section. The experimental (in CDCl3) 1H and 13C NMR spectra 

were presented in Figure 6a-6b, respectively. The results of experimental and calculated NMR spectra 

were gathered in Table 4 according to atom positions of Figure 2. 

 

There is a seen two type hydrogen atom of the studied molecule as in CH2 groups and phenyl ring. The 

chemical shifts of protons (ring) generally are seen in the range of 7.00–8.00 ppm for organic 

molecules. The chemical shifts of ring for this study were predicted at 7.70–8.47 ppm (CDCl3), 7.55–

8.48 ppm (gas), and 7.76–8.44 ppm (DMSO). The experimental results were recorded at 7.64–7.84 

ppm (CDCl3). The CH2 groups’ protons were resonance at 4.39 and 4.96 ppm (CDCl3) and 4.70 ppm 
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(gas), 5.09 ppm (DMSO). The electronic environments are very important for the variation of 

chemical shifts. The electron-withdrawing and -donating in the atoms or atom groups, (attached or 

nearby of hydrogen), can reduced the shielding and move the resonance of their protons to a higher 

frequency and lower frequency, respectively [57]. The CH2 protons have electron-withdrawing 

environments, so the shielding and resonance decreased. The protons generally can be more 

susceptible to intermolecular interactions than the other heavier atoms [58]. So, the solvent effect to 

these proton signals. The theoretical values were parallel nearly same region, showed well agree. 

 

 

 
 

Figure 6. (a) 1H NMR (b) 13C NMR spectra of 2,4'-DBrA molecule in CDCl3 solution 
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Table 4. The experimental and theoretical, 1H and 13C NMR isotropic chemical shifts (with 

respect to TMS) of 2,4'-DBrA molecule with DFT (B3LYP 6-311++G(d,p)) method 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The carbons’ chemical shifts can be evaluated two-stage as ring and others for this paper. Generally, 

the chemical shifts of carbons (ring) are recorded and overlapped region between 100 to 150 ppm 

[59,60]. Both aldehydes and ketones have a characteristic carbon of carbonyl group (C=O) at 190–215 

ppm and methyl groups at nearly 30 ppm [61]. The present case, ring carbon chemical shifts predicted 

at 134.22–155.10 (CDCl3) in theoretically and observed 129.30–132.70 in experimentally. There are 

seen important differences between the theory and experiment for the C(1) and C(14) atoms. It can be 

that the theoretical calculations taken into account very sensitive the bromine atoms effects. The 

chemical shifts of carbon [C(2), C(6)] and [C(3), C(5)] atoms nearly the same due to the similar 

environments. The carbon atom of carbonyl group, C(13), of this study were resonance at 190.40 ppm 

(experiment) 194.57 ppm (theory) in the CDCl3 solvent. The C(1) atom shifts were also predicted at 

155.10 ppm bigger than other ring carbons, due to the highly electronegative properties of bromine 

atom. There is seen similar state in literature [27], supported our experimental and theoretical results. 

 

Between the experimental and theoretical results of NMR chemical shifts are showing good 

correlations. The graphic in Figure 7 and following equation were presented very clearly this 

correlation. 

 

cal. (ppm) = 1.0331 exp. + 3.1894 (R2 = 0.9876) 

 

 

As results, the theoretical 1H and 13C chemical shifts data show well agree the experiment. However, 

very small differences can be solvent effects, and local magnetic field effect. 

 

 

 

 

 

Atoms 
Exp. Theoretical 

CDCl3 CDCl3 Gas 

C(1) 129.30 155.10 155.08 

C(6) 
132.20 

137.61 137.67 

C(2) 136.68 135.94 

C(3) 
130.40 

134.22 132.54 

C(5) 135.21 135.59 

C(4) 132.70 137.87 137.83 

C(13) 190.40 194.57 191.71 

C(14) 30.40 53.94 52.38 

H(8) 
7.84 

7.83 7.60 

H(9) 8.47 8.48 

H(7) 
7.64 

7.70 7.55 

H(10) 7.78 7.69 

H(15) 
4.39 4.96 4.70 

H(16) 
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Figure 7. Correlation graphic of NMR spectra of the 2,4'-DBrA molecule in CDCl3 solution 
 

 

3.5. Electronic Characteristics Details 

 
3.5.1. UV-Vis spectrum and molecular orbital investigations 

 

Electronic properties and molecular orbital investigations were investigated by TD–DFT method. It 

present a fairly good reasonable results for medium size molecules [37,38]. In the absence of 

experimental results to shed light on literature and to support future studies, The theoretical UV-Vis 

(electronic absorption) spectra and molecular orbital analysis were prepared by using TD–DFT 

method B3LYP/6-311++G(d,p) basis set (n=12 state and root=40). The obtained theoretical UV-Vis 

(electronic absorption) spectra of title molecule were given for gas phase, ethanol, and water solvent in 

Figure 8. For the gas phase, ethanol and water solvent; the calculated absorption (), excitation 

energies (E), oscillator strength (f), and counterparts with major contributions by GaussSum 2.2 [41] 

program, were gathered in Table 5. The maximum wavelengths were recorded at about 272-275 nm 

for all solvents. 

 

 
 

Figure 8. The theoretical UV-Vis spectra of 2,4'-DBrA molecule gas phase, in ethanol and water 
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Table 5. The calculated absorption wavelengths λ (nm), excitation energies (eV), oscillator 

strengths (f) of 2,4'-DBrA for gas phase, in ethanol and water solutions 

 

TD-DFT 

 
f Major contributes λ (nm) E (eV) 

G
a

s 

0.2261 H-4→L+1 (53%), H→L+5 (30%) 191.02 6.4914 

0.0804 H→L+1 (67%), H-4→L (23%) 220.05 5.6351 

0.2970 H→L (79%), H-2→L (18%),  272.41 4.5520 

E
th

a
n

o
l 

0.3474 H→L+5 (73%), H-1→L+1 (13%) 182.53 6.7935 

0.1754 H-3→L+1 (56%), H-1→L+1 (36%) 194.65 6.3705 

0.0998 H→L+1 (76%), H-1→L (14%) 219.74 5.6431 

0.4917 H→L (96%) 275.28 4.5045 

W
a

ter
 

0.3501 H→L+5 (73%), H-1→L+1 (13%) 182.41 6.7977 

0.2096 H-3→L+1 (48%), H-1→L+1 (43%) 194.25 6.3837 

0.0972 H→L+1 (76%), H-1→L (14%) 219.54 5.6481 

0.4872 H→L (96%) 275.11 4.5073 

H:HOMO, L:LUMO 
 

Primary frontier molecular orbitals (FMOs) such as, the highest occupied (HOMO) and the lowest 

unoccupied (LUMO) molecular orbitals supply very important information about electric and optical 

properties. The ability of electron giving and accepting is characterized with the HOMO and LUMO, 

respectively. The energy differences between HOMO-LUMO, named energy gap, are described as a 

potential energy, that is how much energy has to be fed into the molecule to kick it from the ground 

state into an excited state [62]. In the present case, energy gaps of frontier orbitals with the surfaces, 

activated role for excitation were pictured in Figure 9 and listed in Table 6. The energy gaps for all 

solvents were calculated as 4.94, 4.92 and 4.92 eV, respectively. The nodes red and green color is 

positive and negative on the FMOs. The charge density of HOMO localized all area outside C13, C14 

and H atoms. The charge distribution of LUMO is changed on Br17 C13, C14 and some H atoms. The 

other important energy gaps of FMOs such as, H–1→L, H→L+1, H-3→L+1 and H→L+5 (also the 

others) were a critical parameter in determining molecular electrical transport properties (see Table 6) 

given also ethanol and water solvents. Molecular orbital diagrams were listed to see energy levels, in 

Figure 10. 

 

To see chemical stability, chemical hardness, electronegativity, chemical potential and electrophilicity 

index are good indicators for molecular systems, Parr and Pearson [63] determined chemical hardness 

() and chemical potential (μ), by =(I−H)/2 and μ=−(I−H)/2 where I and H are ionization potential 

and electron affinity. They are an index of reactivity and measure the escaping tendency of electron 

cloud, respectively. According to the chemical hardness molecules are divided into hard or soft 

magnitude of the energy gaps, large or small, respectively. Also hard molecules have less 

polarizability than the soft molecules, due to the needing big excitation energies. Electronegativity (χ) 

is determined as negative of the electronic chemical potential. Global electrophilicity index (), which 

measures the stabilization energy, are expressed, =μ2/2, in terms of electronic chemical potential μ 

and the chemical hardness [64]. In the present case, chemical hardness  are nearly same magnitude 

for all solvents and can be say low, so the molecule no hard one. The electronegativity, chemical 

potential and electrophilicity index are decrease in the solvents (see Table 6).  
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Figure 9. The selected frontier molecular orbitals of 2,4'-DBrA molecule with energy gaps 

 

 

Table 6. The calculated energies values of 2,4'-DBrA molecule using B3LYP 6-311++G(d,p) basis set 
 

TD-DFT/B3LYP/6-311++G(d,p) Gas Ethanol Water 

Etotal (Hartree)   

   EHOMO-4 (eV)  -8.04 -8.05 -8.06 

EHOMO-3 (eV)  -7.87 -8.02 -8.03 

EHOMO-2 (eV)  -7.86 -7.82 -7.82 

EHOMO-1 (eV)  -7.74 -7.78 -7.77 

EHOMO (eV)  -7.41 -7.27 -7.27 

ELUMO (eV) -2.47 -2.35 -2.35 

ELUMO+1 (eV)  -1.36 -1.10 -1.10 

ELUMO+5 (eV)  -8.48 -8.36 -8.36 

EHOMO-4–LUMO+1 gap (eV)  6.68 6.95 6.96 

EHOMO-3–LUMO+1 gap (eV)  6.51 6.92 6.93 

EHOMO-4–LUMO gap (eV)  5.57 5.70 5.71 

EHOMO-2–LUMO gap (eV)  5.39 5.47 5.47 

EHOMO-1–LUMO+1 gap (eV)  6.38 6.68 6.67 

EHOMO-1–LUMO gap (eV)  5.27 5.43 5.42 

EHOMO–LUMO gap (eV)  4.94 4.92 4.92 

EHOMO–LUMO+1 gap (eV)  6.05 6.17 6.17 

EHOMO–LUMO+5 gap (eV)  -1.07 -1.09 -1.09 

Chemical hardness () 2.47 2.46 2.46 

Electronegativity (χ) 4.94 4.81 4.81 

Chemical potential (μ) -4.94 -4.81 -4.81 

Electrophilicity index (ω) 4.94 4.70 4.70 
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Figure 10. The molecular orbital orient of the 2,4'-DBrA molecule with energy levels  

 

 

 

3.5.2. Total, partial, and overlap population density-of-states 

 

The TDOS, PDOS, and OPDOS or COOP (Crystal Orbital Overlap Population)) graphics [65–67], 

were utilized by GaussSum 2.2 program [41] (convoluting the molecular orbital information with 

Gaussian curves of unit height) and full width at half maximum (FWHM) of 0.3 eV. The DOS figures 

specify the number of states in unit energy interval, and the concept of DOS is somewhat questionable 

in isolated systems. When the separated energy levels are broadened to curves artificially, DOS 

becomes a valuable tool for visually characterizing orbital compositions [68–70]. The interaction of 

HOMO and LUMO (not yield a realistic description) orbitals, in the atoms or groups described as 

bonding, anti-bonding and nonbonding according to OPDOS (COOP) diagrams, defined in that the 

positive, negative and zero values [71]. Additionally, OPDOS (COOP) diagrams used to determined 

and compared of the donor–acceptor properties of the molecules. 

 

The DOS graphics are given in Figures 11–13, named TDOS, PDOS and OPDOS, respectively. To 

show fragment contributing to the molecular orbitals, PDOS graphic were plotted according to the 

fragment a phenyl ring, para bromine atom, and COCH2Br group. The contribution of all fragment 

spread nearly 100 %, as phenyl ring (55%), para bromine atom (35%), COCH2Br group (10%), in 

HOMO orbital. There is seen a different contribution in LUMO orbital as phenyl ring (54%), para 

bromine atom (3%), COCH2Br group (43%), respectively. Easily showed in the OPDOS diagram that 

there is interaction or no interaction between separated groups (fragments) based on energy values of 

its orbitals. Such as phenyl ring ↔ COCH2Br group, para-Br atom, (black, and blue line) system are 

negative (bonding interaction) in HOMO orbital of molecule. The COCH2Br group ↔ para-Br atom is 

nearly zero (nonbonding interaction) in HOMO, While all of them are negative (bonding interaction) 

in LUMO. 
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Figure 11. The total electronic density of states (TDOS) diagram of 2,4'-DBrA molecule 

 

 

 

 
Figure 12. The partial electronic density of states (PDOS) diagram of 2,4'-DBrA molecule 
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Figure 13. The overlap population electronic density of states OPDOS diagram of 2,4'-DBrA 

molecule 

 

 

 

3.5.3. Molecular electrostatic potential surface 

 
The molecular electrostatic potential surfaces (MEPs) were related to electron density, and mainly 

allowed to know the reactive behavior of the molecules. The positive and negative indicated that 

nucleophilic areas whereas, electrophilic areas, colored as blue and red, respectively [62,72,73]. Two 

and three dimensional (2D and 3D) MEPs diagrams were represented in Figure 14. The potential 

values on surfaces decrease from blue to red color and line up between −5.083e-2 to 5.083e-2 (a.u.). 

The surface of MEP indicated that while regions having the negative potential are over the 

electronegative Br atoms and O atom, positive ones are over the hydrogen atoms especially near the 

CH2 group (see Figure 14). The maximum values negative (near the O atom) and positive potential (H 

atoms of CH2 group) corresponding to the electron rich and electron deficient surfaces, respectively. 

The MEPs enable to show the charge distributions, related properties of the title molecule. 

 



Köse / Anadolu Univ. J. of Sci. and Technology – A – Appl. Sci. and Eng. 17 (4) - 2016 

694 

 

 
 

Figure 14. The molecular electrostatic potential (MEPs) surface graph for 2,4'-DBrA molecule 

 

 

 

3.5.4. Mulliken atomic charges 

 

Atomic charges have substantial role in application of quantum mechanical calculations of the 

molecular system. So, to have Mulliken atomic charges and provide a means of estimating partial 

atomic charges Mulliken population analysis [74] were presented for this section. The Mulliken 

atomic charges of acetophenone and 2,4'-DBrA molecules were obtained DFT/B3LYP method 6-

31G(d) basis set, due to have the more reliable results than 6-311++G(d,p) basis set. The (6-

311++G(d,p) basis set are not preferred for these reason. The atomic charges results collected Table 7 

and showed in Figure 15.  
 

To see the effect of the halogen Br atom, the acetophenone molecule was chosen for compare. The 

charges of the atoms were not change without carbon atom, attached Br atom in para position in the 

present molecule according to acetophenone molecule. So, Br atom leads to a redistribution of electron 

density of the aromatic carbon atom. The C14 atom has same sign charges but the magnitude of charges 

are changed the effect of the Br17 atom. (see Figure 15). The all hydrogen atoms have a positive 

charge, which is an acceptor, while two ones replacing the atom Br atoms have negative charges. As a 

results the halogen Br atom were effected the atomic charges. 
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Table 7. Comparison of Mulliken charges of with acetophenone and 2,4'-DBrA molecules using by 

B3LYP/6-31G(d) basis set 

 

Atoms Acetophenone 2,4'-DBrA 

C1 -0.120 0.090 

C2 -0.132 -0.151 

C3 -0.182 -0.183 

C4 0.077 0.083 

C5 -0.159 -0.153 

C6 -0.131 -0.149 

H7 0.136 0.164 

H8 0.135 0.146 

H9 0.165 0.180 

H10 0.139 0.166 

H/Br11 0.138 -0.107 

O12 -0.452 -0.429 

C13 0.408 0.415 

C14 -0.543 -0.406 

H15 0.171 0.211 

H16 0.171 0.211 

H/Br17 0.182 -0.089 

 

 
 

Figure 15. The Mulliken charge distribution for acetophenone and 2,4'-DBrA molecule 
 

 

3.6. Thermodynamic Properties 

 

The heat capacity (C), entropy (S), and enthalpy (H) which are of considerable thermodynamic 

properties were analysis for the different temperature. The temperature was varied from 100 to 700 K 

and was done vibrational analysis. These thermodynamic functions were obtained from theoretical 

harmonic frequencies and offered in Table 8. The graphical representation was also given in Figure 16 

to see the relationship between temperature and these thermodynamics features.  
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The following quadratic formulas with their fitting factors (R2) were also showing the relationships, 

respectively. 

 

C = 4.87610 + 0.12540T – 5.4795x10–5  T2 (R2= 0.9992) 

S = 62.79641 + 0.16917T – 5.6808x10–5  T2 (R2= 0.9997) 

ΔH = –0.53318 + 0.01388T + 4.1611x10–5 T2 (R2= 0.9998) 

The thermodynamic results ensure useful and more information about the chemical and physical 

condition of the molecule.  

 

Table 8. Thermodynamic properties at different temperatures at the B3LYP/6-311++G(d,p) level 

for 2,4'-DBrA molecule 

 

T (K) C (cal mol-1 K-1) S (cal mol-1 K-1) H (kcal mol-1) 

100 17.700 78.328 1.414 

150 22.387 87.197 2.516 

200 27.215 94.865 3.854 

250 32.227 101.918 5.439 

298.15 37.064 108.359 7.204 

300 37.248 108.601 7.276 

350 42.074 115.015 9.359 

400 46.562 121.196 11.677 

450 50.643 127.154 14.207 

500 54.305 132.892 16.933 

550 57.573 138.414 19.831 

600 60.485 143.724 22.883 

650 63.087 148.829 26.072 

700 65.418 153.738 29.386 

 

 
 

Figure 16. The correlation graphic of heat capacity, entropy, enthalpy and temperature for 2,4'-DBrA 

molecule  

 

 

3.7. Nonlinear Optical Properties and Dipole Moment 

 

Polarizability, anisotropy of polarizability and molecular first hyperpolarizability, which showed 

tensors (polarizability and hyperpolarizability) as αxx, αxy, αyy, αxz, αyz, αzz and βxxx, βxxy, βxyy, βyyy, βxxz, 
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βxyz, βyyz, βxzz, βyzz, βzzz, respectively. The aforementioned NLO functions were obtained by Gaussian 

output job file of frequency. The units of polarizability and hyperpolarizability (α and β) were 

converted into from in atomic units (a.u.) to electronic units (esu) [reminding; α; 1 a.u. = 0.1482×10−24 

esu, β; 1 a.u. = 8.6393×10−33 esu]. The all calculations were tabulated, and listed in Table 9. The 

following equations expressed that the mean polarizability (α0), anisotropy of polarizability (Δα) and 

the average value of the first hyperpolarizability  , and total dipole moment of studied molecule, 

0 , respectively; 

 
 zzyyxx0 ααα

3

1
α          (1) 

 

      2
1

2
yz

2
xy

2
xz

2

xxzz

2

zzyy

2

yyxx 666
2

1
    (2) 

 
      2

1
2

zyyzxxzzz

2

yxxyzzyyy

2

xzzxyyxxx     (3) 

 
 2

1
2
z

2
y

2
x0           (4) 

 

If the molecules have relatively homogeneous charge distributions, their dipole moment are small. For 

NLO properties, the magnitudes of NLO functions above were important and well known for more 

active to be higher values. 0 is calculated as 3.30536 Debye (D). The components; µx is smallest 

while µy is highest one, and µz is zero. So, polarizability of the title molecule can be considered high 

as 14.7910 x10-24 esu. The anisotropy of polarizability (Δα), is also given end of Table 9. The first 

hyperpolarizability  , was predicted as obtained 9722.2965x10−33 esu. These value is 12.5 times 

bigger than urea value (780.323956 x10−33), α value is 2.9 times larger than urea (5.047709315), Δα 

value is 6.5 times larger than urea data (9.868773467), and 0  value is 2.2 times larger than those of 

urea (1.525686),, known experimental value polar molecule urea. 

 

Table 9. The dipole moments μ (D), the polarizability  (a.u.), the average polarizability 0 (x10-24 

esu), the anisotropy of the polarizability  (x10-24 esu), and the first hyperpolarizability β 

(x10-33 esu) of 2,4'-DBrA 

 

Parameters 
 

Parameters 
 

μx -0.7302 βxxx -10188.1185 

μy -3.2237 βxxy -1116.0096 

μz 0 βxyy 312.2709 

μ0 3.30536 βyyy 788.2583 

xx 32.8182 βxxz 0.0000 

xy 0.9752 βxyz 0.0000 

yy 18.0429 βyyz 0.0000 

xz 0.0000 βxzz 154.2856 

yz 0.0000 βyzz 208.2466 

zz 11.5549 βzzz 0.0000 

0 14.7910 βx -9721.5621 

 63.7373 βy -119.5048 

  
βz 0.0000 

  
β 9722.2965 
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4. CONCLUSIONS 

 

The study contained an experimental (FT-IR, NMR) and theoretical (DFT) calculations on the 2,4'-

DBrA molecule. The title molecule was fully optimized to determine stable structure and have 

geometric parameters, by using B3LYP/6-311++G(d,p) level of theory. The obtained optimize results 

were compared X-ray results of architecture of -bromoacetophenone and similar structures. There is 

a not seen big difference in theory from the experimental values. Apparent differences were evaluated 

in the text. Next, vibrational frequencies analyses were prepared by obtained experimental (IR) and 

theoretical method. The fundamental vibrational modes were assigned, based on their PED, and 

compared in literature values for the similar structures. The 1H and 13C NMR spectra were obtained 

theoretically and compared with their experimental results. Theoretical results were agreeing well 

correlations with their tentative NMR data. The UV-Vis calculations were prepared for gas phase and 

ethanol, water solvent. The FMOs, density of states (DOS), MEPs and Mulliken charges were also 

carried out. The Br atom play active role for the charges and electron density. Thermodynamic 

properties were showed that increasing with temperature, changing 50 K temperature from 100 K to 

700 K. NLO properties were calculated and compared with urea results. The molecule showed that 

polarity and NLO active according to urea. Eventually, the obtained results were evaluated and were 

showing very well correlations and agreement in obtained experimental results and in the literature. 
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