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SYNTHESIS, VIBRATIONAL SPECTRA, AND DFT SIMULATIONS 

OF 3-BROMO-2-METHYL-5-(4-NITROPHENYL)THIOPHENE 
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A new thiophene derivative, 3-bromo-2-methyl-5-(4-nitrophenyl)thiophene (2), was synthesized through the Suzuki 
coupling reaction of 4-bromo-5-methylthiophen-2-ylboronic acid (1) and 4-iodonitrobenzene, and its structure was 
confirmed by nuclear magnetic resonance (NMR), low and high resolution mass spectrometry (HRMS), Fourier 
transform infrared spectroscopy (FT-IR), and X-ray investigations of the crystal structure. The FT-IR spectra 

(4000–400 cm–1), Raman spectra (4000–100 cm–1), and theoretical vibrational frequencies of this new substance 

were investigated. Its theoretically established geometric parameters and calculated vibrational frequencies are in 
good agreement with the reported experimental data. The highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) energies and other related parameters of the compound were calculated. 
The ionization potentials given by the B3LYP and HF (Hartree–Fock) methods for this new compound are –
0.30456 and –0.30501 eV, respectively. 

 
Keywords: FT-IR spectra, Raman spectra, 3-bromo-2-methyl-5-(4-nitrophenyl)thiophene, vibrational frequencies, 

frontier molecular orbital. 
 

Introduction. Thiophene derivatives are important compounds that can be used as precursors for the synthesis of 

materials. They are of great interest due to numerous applications in photoswitching [1, 2], nanotechnologies [3, 4], and 
biosensorics [5]. Aryl thiophenes are usually synthesized via metal catalyzed cross-coupling processes, such as the Suzuki, 
Negishi, and Stille reactions, in which the organometallic derivatives of thiophene undergo coupling reactions with aryl 
halides [6, 7]. Also, aryl thiophenes can be synthesized by palladium-catalyzed direct arylation of substituted thiophenes 
with aryl bromides [8]. 3-Bromo-2-methyl-5-phenylthiophene is one of the most frequently used derivatives. It is usually 
synthesized via the Suzuki coupling reaction [9, 10].  

For our studies of the synthesis and optical properties of various heterocycles [11−16], we synthesized 3-bromo-2-
methyl-5-(4-nitrophenyl)thiophene (2) and for the first time established its molecular and crystal structures using the 
methods of Fourier transform infrared spectroscopy (FT-IR), Raman spectroscopy, and quantum chemical calculations for 
determining the vibrational frequencies.  

Experimental. Characterization techniques. A Gallenkamp melting point apparatus was used to determine the melting 

point. 
1

H (400 MHz) and 
13

C NMR (100 MHz) spectra were recorded in CDCl3 on a Bruker AV400 spectrometer. Chemical 
shifts δ (ppm) are reported relative to TMS, and coupling constants (J) are in Hz. A Waters GCT Premier Spectrometer was used 
to record the mass spectrum. A Waters LCT Premier XE setup was used to record the accurate mass of the molecular ion peak. A 

Perkin-Elmer Spectrum Two FT-IR Spectrometer was used to record the IR spectrum (4000−400 cm
−1

). A Renishaw Invia 

Raman spectrophotometer was used to record the Raman spectrum (4000−100 cm
−1

). X-ray crystallographic data were collected 

at 150 K on a Nonius Kappa CCD diffractometer using graphite monochromated MoKα radiation  
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(λMoKα = 0.71073 Å) equipped with an Oxford Cryosystem of cooling. The structures were solved using direct methods 

and refined with SHELX [17]. It is established that the structure is a two-component inversion twin. There are two 
molecules in the asymmetric unit, and the thiophene group is disordered in both with occupancies of 0.129(4)/0.871(4) and 
0.342(4)/0.658(4). The molecule geometry was reconstructed with the help of the data provided by The Cambridge 
Crystallographic Data Centre (www.ccdc.cam.ac.uk/structures).  

Synthesis of 3-bromo-2-methyl-5-(4-nitrophenyl)thiophene (2) (Scheme 1). A mixture of 3-bromo-2-methylthiophen-5-
ylboronic acid (1) (1.00 g, 4.53 mmol), 4-iodonitrobenzene (1.00 g, 4.02 mmol), anhydrous sodium carbonate (1.28 g, 12.10 
mmol), and tetrakis(triphenylphosphine)palladium(0) (0.12 g, 0.11 mmol) in tetrahydrofuran (30 mL, containing 10% water) was 

refluxed at 90
ο

C for 16 h. The mixture was left to cool to room temperature, after which it was extracted with diethyl ether (3–50 

mL). The organic layer was separated, dried (MgSO4), and evaporated under reduced pressure. The obtained crude product was 

purified by column chromatography (silica gel; petroleum ether 40−60
ο

C/ethyl acetate 97:3 by volume) to give compound 2 

(1.00 g, 3.35 mmol; 83%). Crystallization from diethyl ether gave yellow crystals m.p. 131−132
ο

C. 
1

H NMR, δ: 8.15 (d, J = 8.8, 

2H, H-3/H-5 of Ar), 7.56 (d, J = 8.8, 2H, H-2/H-6 of Ar), 7.2 (s, 1H, H-4), and 2.38 (s, 3H, CH3). 
13

C NMR, δ: 146.7 (s, C-4 of 
Ar), 139.5 (s, C-1 of Ar), 138.2 (s, C-5), 137.0 (s, C-2), 128.2 (d, C-4), 
125.4 (d, C-2/C-6 of Ar), 124.5 (d, C-3/C-5 of Ar), 111.0 (s, C-3) and 15.1 (q, CH3). EI-MS (m/z, %): 299 ([M

81
Br]

+
, 92),  

297 ([M79Br]+, 94), 269 (100), 267 (93), 188 (20), 171 (70). HRMS (EI): Found, 296.9452. Calculated for C11H8NO2SBr 

[M79Br]+ 296.9459.  
 
 
 
 
 

 
Scheme 1. Synthesis of 3-bromo-2-methyl-5-(4-nitrophenyl)thiophene (2). 

 
Computational Details. Initial atomic coordinates were determined using the Gauss View software database and 

experimental XRD data to optimize the input structure to obtain the most stable structure [18]. The DFT/B3LYP and HF 
methods with the 6-311++G(d,p) basis set were used to calculate the molecular structures (gas phase ground state) of 
compound 2. The vibrational frequencies were then found for the calculated optimized structure. The calculated harmonic 
vibrational frequencies were scaled by 0.9614 (B3LYP) and 0.9051 (HF) for the use with the 6-311++G(d,p) basis set, 
respectively [18, 19]. The molecular properties, such as optimized geometric parameters and vibrational wave numbers, 
were calculated using Gauss View molecular visualization [18] and Gaussian 09W [20] sofware. The calculated vibrational 
frequencies were assigned via potential energy distribution (PED) analysis of all the fundamental vibration modes by using 
VEDA 4 software [21, 22]. All the vibrational assignments were based on the B3LYP/6-311++G(d,p) level calculations. 
Therefore, some assignments might correspond to the value of the previous or next vibrational frequency at the HF/6-
311++G(d,p) level.  

Results and Discussion. Geometric structure. The X-ray analysis of the crystal structure of compound (C11H8BrNO2S) 

(2) showed an orthorhombic system with the Pca21 space group. It showed the following cell dimensions: a = 26.1513 Å, b = 

3.8859 Å, c = 21.3942 Å, α = 90
o

, β = 90
o
, γ = 90

o
, and V = 2174.11 Å

3
. Since there are two molecules in the asymmetric unit 

and the thiophene group is disordered in both, the crystal contains four distinct sets of bond lengths and angles, although they are 
all very similar. Consequently, just one representative set was used in order to compare the experimental and compu-tational 
values. The bond lengths and bond angles for the selected experimental (X-ray) and optimized theoretical structures are shown in 
Table 1. The structure of 2 with the atom numbering scheme used for Table 1 is represented in Fig. 1.  

The bond length of the C1–C4 bond, at 1.361(11) Å, is similar to the bonds in other thiophene derivatives, which 
are typically around 1.36−1.38 Å [23–25]. The C2–C3 and C3–Br11 bonds, at 1.283(7) and 1.824(8)Å, respectively, are 
significantly shorter than similar bonds in other thiophene derivatives (typically 1.35−1.37 Å [23–25] and 1.86−1.90 [26–
28]).These differences may be due to the nature of the packing in the crystal structure. Both calculation methods also 
underestimated the length of the C3–C4 bond and consistently overestimated the lengths of the C-H bonds. However, the 
C2–C7 bond length, experimentally observed as 1.470(9) Å, was similar to the calculated value (1.496 (B3LYP) or 1.501 
(HF)) and to the experimental values for similar bonds in related compounds (1.505 [29] and 1.490 Å [30]). So, there was 
good agreement between the experimental and calculated values of the bonds. The linear regression correlation coefficients 

(R2) were reasonable (0.951 for B3LYP and 0.945 for HF). 

 
889 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. The numbering of atoms of the molecule of 2. 
 
 
 

(a) (b)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 2. Comparison of observed and calculated infrared (a) and Raman (b) spectra of 2. 

 

The linear regression correlation coefficients (R2) were less (0.848 for B3LYP and 0.876 for HF) for the calculated 
bond angles in compound 2. Many of the calculated bond angles showed a reasonable correlation with the observed angles, 
but the largest variations ((9.6/9.0 for B3LYP/HF (S5–C2–C7), 7.5/7.1 (C3–C2–S5), 6.7/5.3 (C2–C3–Br11), 5.4/5.1 (C1–
C4–C3), 5.7/4.8 (C4–C3–Br11) and 3.1/3.2o (C3–C4–H6)) were for the angles of the bonds inside the thiophene ring and 
around it, which resulted in decreasing the linear regression coefficients. 
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TABLE 1. Experimental and Calculated Geometric Parameters for Сompound 2 
 

Geometric parameters 
 

Experimental 
 Calculated  

 

    

 

B3LYP/6-311++G(d,p) 
 

HF/6-311++G(d,p)      
       

   Bond lengths, Å  
       

C1–C4 1.361(11)  1.373  1.347 

C1–S5 1.735(8)  1.753  1.738 

C1–C12 1.466(13)  1.463  1.477 

C2–C3 1.283(7)  1.369  1.344 

C2–S5 1.736(8)  1.742  1.734 

C2–C7 1.470(9)  1.496  1.501 

C3–C4 1.501(11)  1.420  1.433 

C3–Br11 1.824(8)  1.906  1.891 

C4–H6 0.950  1.081  1.072 

C7–H8 0.980  1.093  1.082 

C7–H9 0.980  1.091  1.084 

C7–H10 0.980  1.095  1.086 

C12–C13 1.404(14)  1.407  1.393 

C12–C14 1.390(14)  1.408  1.394 

C13–C15 1.390(15)  1.387  1.381 

C13–H16 0.950  1.084  1.074 

C14–C17 1.381(15)  1.386  1.380 
       

   Bond lengths, Å  
      

C14–H18 0.950  1.083  1.074 

C15–C19 1.371(16)  1.391  1.381 

C15–H20 0.950  1.081  1.072 

C17–C19 1.376(16)  1.392  1.382 

C17–H21 0.950  1.081  1.072 

C19–N22 1.491(13)  1.473  1.464 

N22–O23 1.235(13)  1.226  1.188 

N22–O24 1.209(12)  1.226  1.188 

R2    0.9507  0.9454 

  Bond angles, degrees  
      

C4–C1–S5  111.1(8)  110.0  110.5 

C4–C1–C12  130.6(9)  128.4  127.6 

S5–C1–C12  118.3(6)  121.7  121.8 

C3–C2–S5  117.0(6)  109.1  109.5 

C3–C2–C7  135.1(10)  129.5  129.9 

S5–C2–C7  107.8(9)  121.3  120.6 

C2–C3–C4  108.9(8)  115.2  114.8 

C2–C3–Br11  129.3(6)  122.8  124.2 
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TABLE 1. (Continued) 
 

Geometric parameters Experimental Calculated  
     

  B3LYP/6-311++G(d,p)  HF/6-311++G(d,p) 
     

 Bond angles, degrees  
     

C4–C3–Br11 108.9(8) 122.0  121.1 

C1–C4–C3 113.1(11) 112.8  112.5 

C1–C4–H6 123.4 124.1  124.4 

C3–C4–H6 123.4 123.2  123.1 

C1–S5–C2 89.9(4) 92.9  92.7 

C2–C7–H8 109.5 110.5  110.4 

C2–C7–H9 109.5 111.5  110.9 

C2–C7–H10 109.5 110.9  110.6 

H8–C7–H9 109.5 108.3  108.5 

H8–C7–H10 109.5 107.5  108.3 

H9–C7–H10 109.5 108.0  108.2 

C1–C12–C13 120.7(9) 121.4  121.0 

C1–C12–C14 121.2(9) 120.3  120.0 

C13–C12–C14 118.0(9) 118.3  119.0 

C12–C13–C15 120.2(10) 121.2  120.8 

C12–C13–H16 119.9 119.9  120.1 

C15–C13–H16 119.9 119.0  119.1 

C12–C14–C17 122.1(10) 121.1  120.8 

C12–C14–H18 119.0 119.8  119.9 

C17–C14–H18 119.0 119.1  119.3 

C13–C15–C19 118.7(11) 118.9  118.8 

C13–C15–H20 120.6 121.4  121.1 

C19–C15–H20 120.6 119.6  120.1 

C14–C17–C19 117.9(10) 119.0  118.8 

C14–C17–H21 121.1 121.4  121.1 

C19–C17–H21 121.1 119.6  120.1 

C15–C19–C17 123.1(1) 121.5  121.9 

C15–C19–N22 119.0(10) 119.2  119.1 

C17–C19–N22 117.9(10) 119.2  119.1 

C19–N22–O23 118.3(10) 117.7  117.6 

C19–N22–O24 118.1(10) 117.7  117.6 

O23–N22–O24 123.6(9) 124.6  124.8 
     

R2  0.8482  0.8758 
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Fig. 3. Correlation graphics of experimental and theoretical (scaled) wave numbers of 2. 

 
Vibrational analysis. The experimental FT-IR (Fig. 2a) and Raman spectra (Fig. 2b) for compound 2 were 

compared with the calculated spectra (see Table 2, where the calculated harmonic vibrational frequencies scaled according 
to published recommendations (B3LYP and HF) [18, 19], observed frequencies, and detailed potential energy distribution 
(PED) are represented). The calculated modes, within each fundamental wave number, are numbered downwards from the 
largest to the smallest frequency. The experimental frequencies for compound 2 were obtained for the solid phase, but the 
calculated harmonic ones relate to the gas phase. 

The reasonable agreement between the wave numbers calculated by the B3LYP method and the observed values 
(Fig. 3, Table 2) indicates a reasonable correlation. Indeed, the linear relationship between the calculated (B3LYP) and 
experimental wave numbers is given by the equation for the B3LP method  

νcal = 1.0008νexp – 4.2892 , (1) 
 
for which R2 = 0.9998. It indicates that the calculated and experimental values differ by 4 cm–1. By contrast, there was 

substantial disagreement (over 70 cm–1 in the worst cases) between the calculated frequencies and the observed ones for 
the case of the HF calculations. Nevertheless, the calculated and experimental values showed a reasonably good linear 
relationship to each other (Fig. 3), as represented by the equation for the HF method  

νcal = 0.9819νexp + 38.031 , (2) 
 
for which R2 = 0.9989. Clearly, if the scaling factor used for converting the HF calculated frequencies is 0.9218 (i.e., 

0.9051/0.9819) instead of the recommended 0.9051, then the value is reduced by 38 cm–1, and one can ob-serve much 
closer agreement between the observed and calculated wave numbers, even using the HF method.  

Bromo-methylthiophene group vibrations. In five heterocycles, e.g., furan, pyrrole, and thiophene, the stretching 
vibration frequencies of the C–H bonds are expected at 3100–3000 cm

–1
, with multiple weak bands, but the frequency of the C–

H bond vibration is highly affected by the substituent type [31, 32]. In the C–H plane, the bond vibrations are less sensitive to the 
substituent type and appear at 1100−1500 cm

–1
 [21]. Out of the C–H plane, the vibrations of the bonds occur at 800–1000 cm

–1
 

[32]. For compound 2, the only thiophene C–H stretching vibration was observed at 3104 cm
–1

 (FT-IR) and calculated as 3097 

(B3LYP) and 3057 cm
–1

 (HF). Athiophene C–H stretching mode was observed at 3084 cm
–1

 (FT-IR) and calculated as 3093 

cm
–1

 (B3LYP) and 3063 cm
–1

 (M06-2X) for (E)-3-(4-bromo-5-methylthiophen-2-yl)acrylonitrile  
[15]. For thiophene-2-carbohydrazide, C–H modes resonate at 3011 cm

–1
, 3062 cm

–1
, and 3072 cm

–1
 as medium bands in the 

FT-IR spectrum and as a very weak band (3068 cm
–1

) in the FT-Raman spectrum [33]. In the C–H plane, the bond vibrations for 

compound 2 were observed at 1149 cm
–1

 (FT-IR) and calculated as 1140 (B3LYP) and 1157 cm
–1

 (HF). For (E)-3-(4-bromo-5-

methylthiophen-2-yl)acrylonitrile [15] in the C–H plane, the bond vibrations were observed at 1160 and 1142 cm
–1

. Such modes 

calculated by different methods were: 1192 (B3LYP), 1192 (M06-2X), 1132 (B3LYP), and 1138 cm
–1

 (M06-2X) [15]. Clearly, 
the calculated C–H bond bands are reasonably correlated with the data from the FT-IR spectrum. For thiophene-2-car 

bohydrazide, in the C–H plane, the bond vibrations were observed at 1097 cm
–1

, a weak band at 1168 cm
–1

, and a very strong 

one at 1247 cm
–1

 in the FT-IR spectrum [33]. For compound 2, out of the plane, bond modes were observed at 848/841 (FT-

IR/FT-Raman) and 814 cm
–1

 (FT-IR). These modes were calculated as 836 (B3LYP)/887 (HF) and 815 (B3LYP)/864 cm
–1

 
(HF), respectively. For thiophene-2-carbohydrazide [33], these bands were observed at 
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TABLE 2. Observed and Calculated Vibrational Frequencies for Сompound 2 with 6-311++G(d,p) 
 
  Observed   Calculated frequencies, cm

−1 

No. Assignment (PED%) frequencies, cm−1  (IR intensities/Raman activity) 

  FT-IR Raman   B3LYP   HF 
       

ν1 υCH (88) 3104  3099 (1.57/159.31) 3073 (1.80/73.50) 

ν2 υCH (85) 3104  3098 (1.57/48.13) 3072 (1.70/87.22) 

ν3 υCH (85) 3104  3097 (2.86/23.32) 3057 (3.42/42.74) 

ν4 υCH (93) 3083  3071 (3.12/27.64) 3038 (3.37/30.56) 

ν5 υCH (88) 3056  3061 (3.52/34.44) 3035 (3.29/34.70) 

ν6 υCH (99) 2971  2994 (6.97/80.03) 2960 (8.88/58.75) 

ν7 υCH (90) 2955  2965 (7.48/115.88) 2931 (14.40/81.91) 

ν8 υCH (91) 2912  2912 (18.88/477.45) 2877 (26.08/252.83) 

ν9 υCC (58) + υON (10) 1591 1595 1571 (116.57/1056.98) 1652 (448.38/5.38) 

ν10 υCC (61) + υON (10) 1591 1595 1570 (92.49/797.85) 1618 (81.97/961.55) 

ν11 υCC (52) 1540  1516 (61.91/215.54) 1585 (80.57/39.88) 

ν12 υON (58) + υCC (11) 1503  1506 (151.99/31.96) 1574 (99.32/9.52) 

ν13 δHCC (36) 1455 1461 1467 (83.13/640.26) 1517 (19.41/418.10) 

ν14 δHCH (56) 1437  1437 (22.37/2185.03) 1487 (8.16/530.49) 

ν15 δHCH (64) + τHCCC (18) 1437  1432 (13.90/44.50) 1466 (545.95/360.38) 

ν16 δHCH (72) + τHCCC (18) 1437  1420 (11.96/235.41) 1454 (9.43/7.53) 

ν17 υCC (35) + δHCC (11) 1375  1383 (1.29/128.00) 1448 (7.60/34.68) 

ν18 δHCH (90) 1375  1364 (0.25/13.84) 1401 (2.75/17.58) 

ν19 υON (26) + υCC (13) 1329 1333 1310 (161.04/602.57) 1394 (3.13/3.56) 

ν20 υON (51) 1329 1333 1307 (598.26/1837.27) 1310 (7.41/5.73) 

ν21 δHCC (43) + υCC (22) 1290  1289 (16.97/41.78) 1297 (30.28/12.15) 

ν22 δHCC (30) + υCC (17) 1261  1266 (17.81/132.02) 1229 (8.06/86.53) 

ν23 υCC (39) + δCCC (14) 1209  1202 (11.31/295.54) 1175 (7.35/17.53) 

ν24 δHCC (59) + υCC (37) 1164  1163 (14.26/98.77) 1167 (24.35/16.35) 

ν25 δHCC (45) 1149  1140 (20.54/136.38) 1157 (12.97/11.43) 

ν26 υCC (31) + τHCCC (20) 1107 1104 1127 (3.98/40.83) 1117 (7.34/52.86) 

ν27 δHCC (56) + υCC (14) 1087  1090 (10.63/2.67) 1112 (48.83/203.69) 

ν28 υNC (21) + υCC (20) + δHCC (10) 1059 1058 1077 (133.06/666.77) 1076 (0.23/2.23) 

ν29 τHCCC (74) + δHCH (16) 1011 1000 1002 (8.90/4.43) 1036 (6.30/0.17) 

ν30 δCCC (34) + τHCCC (12) 1011  991 (25.01/25.39) 1011 (32.68/12.02) 

ν31 δCCC (20) + τHCCC (17) 1011 979 986 (24.00/41.84) 1007 (0.46/0.09) 

ν32 τHCCC (70) 965  958 (0.08/0.51) 1000 (0.43/9.16) 

ν33 τHCCC (70) 950  949 (1.48/0.68) 990 (0.97/1.06) 

ν34 δCCC (38) 917  924 (7.83/13.87) 934 (8.55/18.49) 

ν35 δONO (18) + τHCCC (11) 848 841 836 (33.03/21.37) 887 (5.28/6.09) 
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TABLE 2. (Continued) 
 
  Observed fre-  Calculated frequencies, cm−1 

No. Assignment (PED%) quencies, cm−1  (IR intensities/Raman activity) 

  FT-IR Raman  B3LYP  HF 
      

ν36 δONO (32) 834 841 834 (44.91/13.32) 877 (66.20/18.35) 

ν37 τHCCC (47) 814  815 (32.73/2.48) 864 (56.58/2.12) 

ν38 τHCCC (58) 793  808 (6.18/22.77) 850 (0.23/6.64) 

ν39 υSC (29) + υBrC (15) 747  759 (26.16/23.66) 774 (33.96/7.14) 

ν40 γOCON (33) + γNCCC (13) + τCCCC (10) 725  717 (7.69/6.06) 753 (26.81/5.85) 

ν41 δCCC (15) + δONO (13) + υCC (11) 706  703 (5.58/10.71) 718 (14.16/10.16) 

ν42 γOCON(21) + υSC(19) 685  677 (10.45/15.10) 701 (11.95/1.07) 

ν43 γOCON (21) + υSC (13) + τCCCC (12) 663  671 (5.24/10.32) 678 (1.15/8.70) 

ν44 δCCC (55) + υCC (14) 623  619 (0.86/6.92) 624 (0.17/6.76) 

ν45 δSCC (29) + υCC (14) + δCCC (11) 586  606 (6.03/6.51) 612 (3.31/4.38) 

ν46 τCCCC (37) + γBrCCC (17) + τSCCC (10) 575  575 (2.78/3.89) 601 (2.86/2.96) 

ν47 τSCCC (22) + γCCCC (13) 545  532 (0.77/1.32) 558 (1.64/1.40) 

ν48 δONC (55) + δNCC (13) 523  514 (1.41/3.05) 523 (3.05/1.80) 

ν49 γCCCC (28) + γNCCC (11) 456  461 (10.50/1.92) 483 (12.09/0.59) 

ν50 υNC (32) + δCCC (19) + δONO (10) 456  442 (6.14/0.28) 450 (10.70/0.33) 

ν51 τCCCC (29) 412 411 403 (0.37/5.60) 414 (0.01/2.83) 

ν52 τCCCC (12) + δCCS (10) 412 411 401 (0.94/4.82) 400 (0.90/0.88) 

ν53 δCCS (23) + υBrC (20)   339 (0.72/5.53) 352 (1.51/2.31) 

ν54 τCCCC (16) + γCCSC (15) + υBrC (13)   319 (1.13/6.48) 335 (0.58/7.27) 

ν55 υBrC (11) + δNCC (11)   286 (0.49/0.63) 289 (0.77/0.20) 

ν56 γCCSC (20) + τBrCCC (11) + δNCC (10)  250 237 (0.16/0.54) 252 (0.38/0.57) 

ν57 υCC(14) +υBrC(12)+δNCC(11)+δCCC(10)  208 208 (0.11/1.98) 213 (0.39/3.37) 

ν58 δCCS (22) + δNCC (18) + δCCC (11)  208 201 (3.16/1.73) 203 (3.54/1.75) 

ν59 δBrCC (36)  159 159 (0.42/3.72) 166 (0.73/2.54) 

ν60 τSCCC (40) + τBrCCC (34)   152 (0.97/5.15) 155 (1.19/2.21) 

ν61 δCCC (27) + γNCCC (15)   120 (3.34/0.27) 125 (3.81/0.48) 

ν62 δCCC (46) + δBrCC (10)   62 (0.76/1.23) 61 (0.57/1.06) 

ν63 τONCC (74) + τSCCC (10)   56 (0.26/3.32) 51 (0.17/1.64) 

ν64 τHCCC (51) + τCCCC (13) + τONCC (10)   48 (0.49/1.33) 42 (1.01/0.58) 

ν65 τCCCC (34) + γCCCC (22)   40 (0.55/0.95) 28 (0.19/5.22) 

ν66 τCCCC (77) + τONCC (14)   27 (0.35/6.28) 20 (0.07/1.23) 
        

 
Note. υ, stretching; δ, in-plane bending; γ, out-of-plane bending; τ, torsion; PED, potential energy distribution. Values of the potential 

energy distribution (PED) presented after experimental frequencies were calculated by B3LYP/6-311++G(d,p) method; values less than 

10% are not shown. 
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837 (FT-IR) and 845 cm–1 (FT-Raman). For (E)-3-(4-bromo-5-methylthiophen-2-yl)acrylonitrile [15], out of the plane, 
modes were observed at 834 and 794 cm–1 and calculated as 828 cm–1 (B3LYP)/834 cm–1 (M06-2X) and 799 cm–1 
(B3LYP)/803 cm–1 (M06-2X), respectively [15].  

The C=C stretching vibrations within the thiophene rings are of aromatic character [34]. For compound 2, the C=C 
stretching vibrations showed two modes, observed at 1540 and 1503 cm–1 (FT-IR) and calculated as 1516 (B3LYP)/1585 
(HF) and 1506 (B3LYP)/1574 cm–1, respectively. From the PED analysis, we conclude that the contributions of the C=C 
stretching vibrations for the two modes are 52% (1540 cm–1) and 11% (1503 cm–1), respectively. The main 58% 
contribution for the mode 1503 cm–1 is from the O=N stretching vibrations. For 3-ethynylthiophene, the C=C stretching 
vibration was observed at 1516 cm–1 and two modes were calculated at 1525 and 1413 cm–1 [25]. For (E)-3-(4-bromo-5-
methylthiophen-2-yl)acrylonitrile [15] the bands that resonated at 1600, 1517, and 1460 cm–1 were observed in the FT-IR 
spectrum. For compound 2, other C–C modes in the thiophene ring were observed at 1329/1333 (FT-IR/FT-Raman), 1290 
(FT-IR) and 1261 cm–1 (FT-IR). They were calculated as 1310 (B3LYP)/1394 (HF), 1289 (B3LYP)/1297 (HF) and 1266 
(B3LYP)/1229 cm–1 (HF) and assigned by PED. For 3-ethynylthiophene [25] the C–C mode was calculated at 1355 cm–1 
and observed at 1358 (FT-IR) and 1357 cm–1 (FT-Raman).  

C–S bond vibrations cannot always be distinguished in thiophene ring systems [35], although for thiophene itself 

C–S modes appear at 872/753 and 870/750 cm–1 for the vapor and liquid phases, respectively [36]. For compound 2, three 
mixed mode bands (according to the PED analysis), incorporating contributions from the C–S mode, were seen at 747, 685, 

and 663 cm–1 (FT-IR) and calculated at 759 (B3LYP)/774 (HF), 677 (B3LYP)/701 (HF) and 671 (B3LYP)/678 cm–1 

(HF), respectively. Karabacak et al. [37] calculated three C–S modes at 848, 846, and 641 cm–1 for (S)-N-benzyl-1-phenyl-
5-(thiophen-3-yl)-4-pentyn-2-amine. For (E)-3-(4-bromo-5-methylthiophen-2-yl)acrylonitrile [15], the C–S stretching 

modes were seen at 741 and 715 cm–1 (FT-IR) and calculated as 777 (B3LYP)/787 (M06-2X) and 688 (B3LYP)/694 cm–1 
(M06-2X), respectively.  

For compound 2, C–Br stretching modes were observed at 747 cm
–1

 (FT-IR) and calculated as 759 (B3LYP)/774 (HF), 

319 (B3LYP)/335 (HF) and 286 (B3LYP)/289 cm
–1

 (HF) as three modes. One in-plane Br1–C2–C3 (δBrCC) bending mode was 

observed at 159 cm
–1

 (FT-Raman) and calculated at 159/166 and 62/61 cm
–1

 by the B3LYP/HF methods. One out-of-plane 

τBrCCC bending mode was observed at 250 cm
–1

 (FT-Raman), but two were calculated, at 237/252 and 152/155 cm
–1

 by the 
B3LYP/HF methods.  

CH3 stretching vibrations generally appear at 2950–3050 (asymmetric) and 2900−2950 cm
–1

 (symmetric) [38, 39]. For 
compound 2, CH3 asymmetric stretching modes were calculated as 2994 (B3LYP)/2960 (HF) and 2965 (B3LYP)/2960 cm

–1
 

(HF) and were observed at 2971 and 2955 cm
–1

 in the FT-IR spectrum, while one CH3 symmetric mode was calculated as 2912 
(B3LYP)/2877 cm

–1
 (HF) and was observed at 2912 cm

–1
 (FT-IR). CH3 symmetrical bending deformations (δsCH3) are 

typically at 1400–1485 cm
–1

 [38] and for compound 2 were calculated as 1437 (B3LYP)/1487 (HF) and 1420 (B3LYP)/1454 
cm

–1
 (HF). They were seen as a single envelope at 1437 cm

–1
 in the FT-IR spectrum. For various methyl-containing thiophene 

derivatives, symmetric deformations (δsCH3) appear at 1380 ± 25 cm
–1

 [38]. For compound 2, this band was observed at 1375 
cm

–1
 (FT-IR) and calculated as 1364 (B3LYP)/1401 cm

–1
 (HF). Aromatic compounds carrying a methyl group display a methyl 

rocking mode (ρCH3) in the neighborhood of 1045 cm
–1

 [38], while a second rocking mode at 970 ± 70 cm
–1

 region [38] is 
difficult to find among the C–H out-of-plane deformations. For compound 2, ρCH3 modes were seen at 1011 (FT-IR)/1000 (FT-
Raman) and 1011 (FT-IR)/979 cm

–1
 (FT-Raman) and calculated at 1002 (B3LYP)/1036 (HF) and 986 (B3LYP)/1007 cm

–1
 

(HF). The methyl twisting mode is often seen in the 1470–1440 cm
–1

 region [38]. For compound 2, this mode was observed at 
1437 cm

–1
 (FT-IR) and calculated as 1432 (B3LYP)/1466 cm

–1
 (HF).  

Nitrophenyl group vibrations. C–H stretching vibrations generally resonate at 3100–3000 cm
–1

, and this region is used 

for identification of such vibrations [40, 41]. For compound 2, C–H stretching modes were seen at 3104, 3083, and 3056 cm
–1

 in 
the FT-IR spectrum, but were not seen in the Raman spectrum. Five C–H stretching modes were calculated at 3099 
(B3LYP)/3073 (HF), 3098 (B3LYP)/3072 (HF), 3097 (B3LYP)/3057 (HF), 3071 (B3LYP)/3038 (HF), and 3061 (B3LYP)/3035 

cm
–1

 (HF). In-plane aromatic C–H bending vibrations typically appear at 1300–1000 cm
–1

 [40]. For compound 2, in-plane C–H 

bending modes were seen at 1375 (FT-IR), 1261 (FT-IR), 1164 (FT-IR), 1087 (FT-IR), and 1059 (FT-IR)/1058 cm
–1

 (Raman). 
The calculated in-plane bending modes were 1383 (B3LYP)/1448 (HF), 1266 (B3LYP)/1229 (HF), 1163 (B3LYP)/1167 (HF), 

1090 (B3LYP)/1112 (HF), and 1077 (B3LYP)/1076 cm
–1

 (HF). C−H out-of-plane bending modes are seen at 700−1000 cm
–1

 
[38–41]. For compound 2, C–H out-of-plane bending modes were observed at 965 (FT-IR), 950 (FT-IR), 848 (FT-IR)/841 

(Raman), 814 (FT-IR), and 793 cm
–1

 (FT-IR). They were calculated as 958 (B3LYP)/1000 (HF), 949 (B3LYP)/990 (HF), 836 

(B3LYP)/887 (HF), 815 (B3LYP)/864 (HF), and 808 (B3LYP)/850 cm
–1

 (HF). 
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Fig. 4. Calculated HOMO–LUMO plots of 2. 
 
 
TABLE 3. HOMO–LUMO Energy Gaps and Related Molecular Properties for Compound 2 
 

Molecular properties B3LYP/6-311++G(d,p) HF/6-311++G(d,p) 
   

Energies (a.u.) −3601.45 −3595.13 

EHOMO (eV) −8.29 −8.30 

ELUMO (eV) −6.17 −6.09 
Energy Gap (eV) 2.12 2.21 

Ionization potential (I) 8.29 8.30 

Electron affinity (A) 6.17 6.09 

Global Hardness (η) 1.06 1.11 

Chemical Potential (μ) −7.23 -7.20 

Electrophilicity (ψ) 24.66 23.35 

Softness (ζ) 0.47 0.45 

Dipole moment (debye) 5.54 5.01 
   

Note. I = −EHOMO; A = −ELUMO; η = 1/2(ELUMO − EHOMO); μ = 1/2(ELUMO + EHOMO); ψ = μ2/2η; ζ = 1/2η. 

 

Aromatic ring C–C stretching modes normally appear at 1590–1430 cm
–1

 [42–44]. For compound 2, C–C stretching 
modes were observed at 1591 (FT-IR)/1595 (Raman), 1503 (FT-IR), 1375 (FT-IR), 1329 (FT-IR)/ 1333 (Raman), 1290 (FT-IR) 

and 1261 cm
–1

 (FT-IR). Clearly, the last four bands are outside the normal range, but the calculations revealed all of the bands, at 
1571 (B3LYP)/1652 (HF), 1570 (B3LYP)/1618 (HF), 1506 (B3LYP)/1574 (HF), 1383 (B3LYP)/1448 (HF), 1310 (B3LYP)/1394 

(HF), 1289 (B3LYP)/1297 (HF), and 1266 (B3LYP)/1229 cm
–1

 (HF). CCC in-plane bending modes typically appear at 640−800 

cm
–1

, while out-of-plane bending modes appear at 475−580 cm
–1

 [44, 45]. For compound 2, in-plane  
CCC modes were observed at 706 (FT-IR), 623 (FT-IR), and 586 cm–1 (FT-IR) and calculated as 703 (B3LYP)/718 (HF), 

619 (B3LYP)/624 (HF), and 606 (B3LYP)/612 cm–1 (HF). CCC out-of-plane modes were observed at 545 (FT-IR), 456 
(FT-IR), and 412 (FT-IR)/411 (Raman) and calculated at 532 (B3LYP)/558 (HF), 461 (B3LYP)/483 (HF), 403 
(B3LYP)/414 (HF), and 401 (B3LYP)/400 cm–1 (HF).  

Aromatic nitro compounds show strong absorption bands at 1570–1485 cm
–1

 (asymmetric stretching) and 1370–1320 

cm
–1

 (symmetric stretching) [46]. For compound 2, asymmetric NO2 modes were observed at 1591 (FT-IR)/1595 (Raman) and 

1503 cm
–1

 (FT-IR) and calculated at 1571 (B3LYP)/1652 (HF), 1570 (B3LYP)/1618 (HF), and 1506 (B3LYP)/1574 cm
–1

 (HF). 

Symmetric stretching modes were observed as a single band at 1329 (FT-IR)/1333 cm
–1

 (Raman) and calculated at 1310 

(B3LYP)/1394 (HF) and 1307 (B3LYP)/1310 cm
–1

 (HF). NO2 group deformation vibrations 
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appear within the low frequency region [47, 48]. For example, a strong band at 818 cm–1 in 5-bromo-2-nitropyridine was 

assigned to a NO2 scissoring mode [49]. For compound 2, NO2 scissoring vibrations were observed at 848 (FT-IR)/841 

cm–1 (Raman) and calculated at 836 (B3LYP)/887 (HF) and 834 (B3LYP)/877 cm–1 (HF). The remainder of the observed 
and calculated wave numbers and assignments of the present molecule are shown in Table 2.  

HOMO–LUMO analysis. The HOMO–LUMO orbitals affect the chemical stability of organic compounds [50]. 
Reactive (soft) molecules have a low HOMO–LUMO energy gap [51], and the kinetic stability and reactivity of molecules 
can be better understood through the frontier molecular orbital energy gap [52−54]. The LUMO and HOMO energies for 
compound 2 were calculated by the B3LYP/6-311++G(d,p) and HF/6-311++G(d,p) methods and are represented in Fig. 4. 
The HOMO of 2 is located on the thiophene ring, C13, C19, C14 and over the Br atom. The LUMO is more focused on the 
thiophene ring and over the nitrophenyl group. The HOMO–LUMO energy gap for compound 2 and the related molecular 
parameters [55, 56] are shown in Table 3. The ionization potential for compound 2 is 8.29 (B3LYP) or 8.30 eV (HF).  

Conclusions. The vibrational spectrum of 3-bromo-2-methyl-5-(4-nitrophenyl)thiophene (2) was studied 

experimentally (FT-IR and Raman spectra) and theoretically (DFT/B3LYP and HF methods). The theoretical optimized 
geometric parameters, bond lengths and angles, as well as vibrational frequencies, were found to be in quite good 
agreement with the corresponding experimental data and with the values reported for similar compounds. The charge 
transfer within compound 2 was understood with the help of the data obtained from calculation of the HOMO and LUMO 
orbitals and their energies. The present study provides significant information for the possible application of 2 in 
pharmacological investigations.  
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