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� BSN-006 is an important compound
in drug industry.
� Structure was analyzed by means of

DFT/(B3LYP) functional with
6-311++G(d,p) set.
� Far, Mid-infrared and micro-Raman

spectroscopic investigations were
performed.
� Experimental results are in consistent

with the theoretical calculations.
� Hydrogen bonds were also discussed

after potential energy scan
calculations.
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Optimized geometric structure of BSN-006.
a r t i c l e i n f o

Article history:
Received 31 July 2013
Received in revised form 23 January 2014
Accepted 27 January 2014
Available online 10 February 2014

Keywords:
2-[4-(4-Fluorobenzamido)phenyl]
benzothiazole
Micro-Raman
Far-infrared
Mid-infrared
DFT
PED
a b s t r a c t

Molecular structure of 2-[4-(4-Fluorobenzamido)phenyl]benzothiazole was determined by quantum
chemical calculations. MidIR and FarIR spectra were recorded at room temperature, with 4 cm�1 resolu-
tion in the 4000–400 cm�1 and 700–30 cm�1 regions, respectively for the first time. Raman spectrum was
recorded in the 4000–100 cm�1 range. Optimized molecular structure and vibrational wavenumbers of
the compound in its ground state have been calculated by using Density Functional Theory using
B3LYP functional with 6-311++G(d,p) basis set. Vibrational wavenumbers were seen to be in good agree-
ment with the experimental IR data. Furthermore, assignments of each vibrational mode were inter-
preted in terms of potential energy distributions in detail.

� 2014 Elsevier B.V. All rights reserved.
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Increasing interest on nano-scale systems in medicinal sciences
get the scientists’ attentions together from various areas.
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Disease-causing microbes that have become resistant to drug ther-
apy are an increasing public health problem. Tuberculosis, gonor-
rhea, malaria, and childhood ear infections are just a few of the
diseases that have become hard to treat with antibiotic drugs.
The hospital-acquired infections are resistant to the most powerful
antibiotics available, methicillin and vancomycin. These drugs are
reserved to treat only the most intractable infections to slow devel-
opment of resistance to them [1]. So, there is still need for the new
classes of antimicrobial agents. The compounds which have benzo-
thiazole nucleus in their structure are involved in research aimed
at evaluating new chemotherapeutically active agents, such as
antimicrobial [2–5], a topical carbonic anhydrase inhibitor [6], a
cyclooxygenase inhibitor [7], antitubercular [8,9] anti-nematode
[10], a dual inhibitor of thromboxane A2 synthetase and 5-lipoxy-
genase [11], a selective and reversible inhibitor of monoamine oxi-
dase type A (MAO-A) [12], antiallergic [13], multi-drug resistance
cancer cell activities with inhibiting activity on eukaryotic topoiso-
merase II enzyme in cell-free system, eukaryotic topoisomerase II
inhibitor exhibiting a better inhibitor activity than reference drug
etoposide [14–16] and antitumor agents [17–19]. Currently, a
new series of benzothiazoles have been synthesized as antitumor
agents and showed potential inhibitory activity against human
breast cancer cell lines in vitro and in vivo [17]. Among them,
lysylamide of 2-(4-amino-3-methylphenyl)-5-fluorobenzothiazole
had been selected for phase 1 clinical evaluation [18]. Recently, it
has been reported the synthesis of several 2-substitutedbenzo-
thiazole derivatives as the antimicrobial agents [20,21]. According
to these studies, the compounds were found to have inhibitory
effect with minimum inhibitory concentration (MIC) value of
3.12–50 lg/ml against some of Gram-positive, Gram-negative bac-
teria and Candida albicans as yeast. Among the tested compounds,
2-(phenoxymethyl)benzothiazole was found as the most active
derivative at a MIC value of 3.12 lg/ml against the tested S. aureus
[21]. In spite of the existing studies, there are still lack of informa-
tion about structural and energetic properties of 2-[4-(4-Fluoroben-
zamido)phenyl]benzothiazole. Therefore, in this work, the title
molecule (C20H14N2SOF) has been computationally investigated
by using Density Functional Theory (DFT). Moreover, the results
have been confirmed via experimental analysis.
Computational details

Calculation for optimizing the stable structure of the molecule
was performed in Gaussian09 [22], using DFT/B3LYP functional
with 6-311++G(d,p) basis set. Calculated harmonic vibrational
wavenumbers were scaled down by a single factor of 0.978, to cor-
rect them for the systematic shortcomings of the applied method-
ology (mainly for anharmonicity). The vibrational modes were
assigned in detail on the basis of Potential Energy Distribution
(PED) analysis using VEDA [23] software. Optimized geometry
from the output file of the calculation was visualized with Chem-
Craft software [24].
Experimental details

IR Spectra

All MidInfrared (MIR) and FarInfrared (FIR) spectra of the com-
pound were recorded at room temperature, with 4 cm�1 resolu-
tion, between 4000–400 cm�1 and with a humidity/temperature
controlled system. MIR spectra of the compound were recorded
by KBr method (grounded in a mortar) and Attenuated Total
Reflectance (ATR, with diamond crystal) technique on FT/IR-420
spectrometer and Perkin Elmer Spectrum Two spectrometer,
respectively. Besides, FIR spectrum was recorded between 700
and 30 cm�1, on a Perkin Elmer Spectrum-400 spectrometer, by
ATR technique, for the first time. To collect all spectra, solid sample
of 2-[4-(4-Fluorobenzamido)phenyl]benzothiazole (BSN-006) [25]
was simply placed on ATR unit’s diamond surface. Up to our
knowledge, there has not been any study of MIR, FIR, Raman,
DFT and crystallographic studies on BSN-006 yet.

Raman spectrum

The Raman spectrum was recorded on Renishaw Invia Raman
spectrometer in the 4000–100 cm�1 region. The excitation source
was 785 nm line of a diode laser with 3.1 lm estimated laser spot
size, magnification of 50� of the microscope 20 lm slit aperture
and 32 accumulations for each measurement. Raman spectrum
was also recorded due to its complementarity to both MIR and
FIR in order to identify some bands which do not appear neither
in MIR nor FIR spectra.

Results and discussion

Molecular geometry

Because of having neither reflection plane nor inversion center,
calculations utilized the C1 symmetry of BSN-006. It contains ben-
zothiazole part with one S atom and one N atom in the thiazole
ring. Henceforth, for the clarity, the rings will be named as A for
the ring connected to thiazole ring, B for thiazole ring, C for central
phenyl ring and D for the benzene ring containing F atom. The
atom numbering scheme and optimized geometry of BSN-006 is
shown in Fig. 1. The structural parameters; bond lengths, bond an-
gles and selected dihedral angles (N14AC15AC17AC19, the angle be-
tween ring C and D, and the dihedral (C15AO16� � �H32AC11) between
C@O bond and CAH bond of Ring C (involving in formation of
Hydrogen bond (HB) together) of BSN-006 were tabulated in
Table 1. The bond lengths, bond angles and dihedral angle for
BSN-006 were computed at DFT level of theory and with B3LYP
functional with 6-311++G(d,p) basis set. Identification of molecular
structure of BSN-006 and recording different spectra of BSN-006
are important because it can be the basis for distinguishing the de-
rived analogs, as a further study, of BSN-006 from each other. For
this reason, quantum chemical calculation on BSN-006 was also
performed. By taking into account the fact that the molecular
geometry in the gas phase may be different from that in its solid
phase, owing to extended Hydrogen bonding and stacking interac-
tions it can be seen that there is a reasonable agreement between
calculated and experimental vibrational wavenumbers. On the
other hand, due to there is no experimental structural data on this
compound, only computational results were presented in this
study. Calculations show that the optimized structure of BSN-006
has one HB formed at the distance of 2.236 Å between O16� � �H32

as expected. In Table 1, other possible HB’s according to the most
stable four conformers (conf1–4) of BSN-006 were also given. D
ring is bended from the plane with a dihedral angle of 26.3� and
angle between the planes which are constructed by C@O bond
and C11H32 bond of the ring C, is 12.9�.

The bond between C13 and N14 is not as flexible as the bond be-
tween C15 and C17 due to the HB between O16 and H32. Therefore,
the dihedral angle N14AC15AC17AC19, 26.3�, is larger than that
one of C15AO16� � �H32AC11, 12.9�. Additionally, the Hydrogen atoms
H33 and H34 repel each other due to their positively-charged states.
This repelling force is more than the repulsive force between H34

and H36 since the oriantation of the D ring is not in the same plane
with respect to the main plane of BSN-006. This explanation based
on structural and repulsive effects can also be confirmed through
analysing the atomic charge distributions on the atoms in the con-
sidered sites of BSN-006.



Fig. 1. Optimized geometric structure of BSN.

Table 1
Optimized geometric parameters of BSN-006 and Hydrogen bonding parameters according to the conformers.

Conf1 Conf2 Conf3 Conf4

Bond Lengths in Ångström (Å)
R(1–2) 1.405 R(6–29) 1.084 R(11–32) 1.079 R(18–35) 1.083 – – – –
R(1–3) 1.388 R(7–8) 1.409 R(12–13) 1.406 R(19–21) 1.393 – – – –
R(1–22) 1.774 R(7–22) 1.773 R(12–33) 1.087 R(19–36) 1.084 – – – –
R(2–4) 1.396 R(7–23) 1.390 R(13–14) 1.409 R(20–24) 1.387 – – – –
R(2–23) 1.382 R(8–9) 1.424 R(14–15) 1.375 R(20–37) 1.083 – – – –
R(3–5) 1.398 R(8–10) 1.425 R(14–34) 1.008 R(21–24) 1.386 – – – –
R(3–26) 1.083 R(9–11) 1.381 R(15–16) 1.223 R(21–38) 1.083 – – – –
R(4–6) 1.395 R(9–30) 1.084 R(15–17) 1.503 R(23–39) 1.007 – – – –
R(4–27) 1.084 R(10–12) 1.380 R(17–18) 1.401 R(24–25) 1.353 – – – –
R(5–6) 1.396 R(10–31) 1.084 R(17–19) 1.401 R(16–32)a 2.236 2.232 2.238 4.738b 3.901b

R(5–28) 1.083 R(11–13) 1.408 R(18–20) 1.390 R(16–35)a 2.504b 2.502 2.501 2.571 2.563

Bond angles in (�)
A(2–1–3) 121.0 A(4–6–29) 119.2 A(10–12–13) 121.5 A(17–18–20) 120.9
A(2–1–22) 110.9 A(6–5–28) 120.0 A(10–12–33) 119.0 A(17–18–35) 118.4
A(1–2–4) 120.2 A(5–6–29) 119.7 A(13–11–32) 119.4 A(17–19–21) 120.9
A(1–2–23) 112.3 A(8–7–22) 125.1 A(11–13–12) 118.5 A(17–19–36) 120.8
A(3–1–22) 128.1 A(8–7–23) 125.5 A(11–13–14) 124.0 A(20–18–35) 120.6
A(1–3–5) 118.7 A(7–8–9) 121.6 A(11–32–16) 118.7 A(18–20–24) 118.5
A(1–3–26) 120.7 A(7–8–10) 122.1 A(13–12–33) 119.5 A(18–20–37) 121.7
A(1–22–7) 91.1 A(22–7–23) 109.4 A(12–13–14) 117.6 A(21–19–36) 118.2
A(4–2–23) 127.4 A(7–23–39) 121.1 A(13–14–15) 129.1 A(19–21–24) 118.4
A(2–4–6) 118.6 A(9–8–10) 116.3 A(13–14–34) 114.7 A(19–21–38) 121.7
A(2–4–27) 120.6 A(8–9–11) 122.4 A(15–14–34) 116.0 A(24–20–37) 119.8
A(2–23–7) 116.2 A(8–9–30) 119.4 A(14–15–16) 123.7 A(20–24–21) 122.3
A(2–23–39) 121.8 A(8–10–12) 121.2 A(14–15–17) 115.1 A(20–24–25) 118.9
A(5–3–26) 120.6 A(8–10–31) 120.8 A(16–15–17) 121.3 A(24–21–38) 119.9
A(3–5–6) 120.4 A(11–9–30) 118.2 A(15–16–32) 103.9 A(21–24–25) 118.8
A(3–5–28) 119.6 A(9–11–13) 120.2 A(15–17–18) 117.2
A(6–4–27) 120.8 A(9–11–32) 120.4 A(15–17–19) 124.0
A(4–6–5) 121.1 A(12–10–31) 118.0 A(18–17–19) 118.9

Dihedral angles in (�)
D (14–15–17–19) 26.3 D (15–16–32–11) 12.9 D (12–13–14–34) 0.1 D (15–17–18–35) 0.3

a Hydrogen bond lengths according to the conformer numbers (A� � �H), A: H bonded electronegative atom,
b No Hydrogen bond.
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In general, two CAS bond lengths were calculated 1.774 Å and
1.773 Å in the ring B. Two CAN bond lengths in the ring B were cal-
culated 1.382 Å and 1.390 Å. CAC bond length in ring B is 1.405 Å.
NAH bond length in ring B was calculated 1.007 Å and other NAH
bond length was calculated (C@OANH) as 1.008 Å. Carbonyl (C@O)
bond length, which also involves in HB, was calculated 1.223 Å.
CAF bond length in D was calculated as 1.353 Å. Both CAC bond
between B and C rings and CAN bond connects to ring D via
C@OANH linkage were calculated as 1.409 Å. Bond length of
CAN bond, which is in connection to carbonyl group, is 1.375 Å.
CAC bond lengths in ring A were calculated between 1.386 Å and
1.405 Å. CAC bonds’ lengths were calculated between 1.380 Å
and 1.424 Å. CAH bond lengths in ring A; were calculated between
1.083 Å and 1.084 Å, in ring C; between 1.079 Å and 1.084 Å, in ring
D; 1.083 Å and 1.084 Å, respectively.

Regarding the bond angles, CANAC bond angle in ring B, CASAC
in ring B, CACAS between rings B and C, NAC@O bond angle,
CAC@O bond angle, CACAF in D were calculated as 116.2�, 91.1�,
125.1�, 117.6�, 123.7�, 121.3� and 118.9�, respectively. All CACAH
angles of BSN-006 were calculated between 118.4� and 121.7�.
Vibrational assignments for MIR, Raman and FIR spectra

Experimental and computational vibrational wavenumbers
were given in Table 2, together with the Potential Energy Distribu-
tion (PED) values.

FIR spectroscopy is also a complementary technique to the MIR
and also allow to assign the calculated wavenumbers especially be-
low 450 cm�1 [26]. FIR spectrum also was seen in good agreement
with the wavenumbers observed in Raman spectra. FIR spectrum
of BSN-006 was recorded between 700–30 cm�1 and given in
Fig. 2. MIR and calculated MIR spectra were given in Fig. 3 and Ra-
man spectrum in Fig. 4, respectively.



Table 2
FIR, Raman, MIR (both with KBr and ATR techniques) and computational wavenumbers (cm�1) and PED values of BSN-006.

No. FIRa Raman Exp. KBr Exp. ATR Calc. Scaled. PED (%)b

1 – 3562vw 3351w 3351w 3648 3568 tNH(100) N23AH39 (B)c

2 – – – – 3623 3543 tNH(100) N14AH34

3 – – – 3179w 3242 3171 tCH(100) C11AH32 (C)
4 – – – 3138w 3208 3137 tCH(100) C18AH35, C20AH37 (D)
5 – – – – 3202 3132 tCH(99) C21AH38, C19AH36, C20AH37 (D)
6 – – – – 3198 3128 tCH(86) C6AH29, C5AH28, C4AH27, C3AH26 (A)
7 – – – – 3195 3125 tCH(97) C18AH35, C20AH37 (D)
8 – – – – 3187 3117 tCH(94) C3AH26, C4AH27, C6AH29 (A)
9 – – – 3110w 3178 3108 tCH(87) C3AH26, C4AH27, C5AH28 (A)
10 – – – – 3171 3101 tCH(91) C10AH31, C12AH33 (C)
11 – – – – 3170 3100 tCH(98) C19AH36, C21AH38 (D)
12 – – – – 3169 3099 tCH(100) C3AH26, C4AH27, C6AH29, C5AH28 (A)
13 – – – – 3168 3098 tCH(100) C9AH30 (C)
14 – 3067vw 3041vw 3060w 3143 3074 tCH(100) C12AH33, C10AH31 (C)
15 – 1655vw 1653vs 1652vs 1715 1677 tOC(77) O16AC15

16 – 1606m 1602s 1601m 1641 1605 tCC(35) C18AC20, C19AC21 (D) + dHCC(18) H38AC21AC19 (D)
17 – – – – 1628 1592 tCC(44) C2AC4 (A)
18 – 1590w 1589s 1590m 1626 1590 tCC(44) C17AC19 (D)
19 – – – – 1618 1582 tCC(30) C12AC10, C5AC6 (C, A) + dHCC(13) H27AC4AC6, H38AC21AC19 (A, D)
20 – – – – 1615 1579 tCC(37) C1AC3, C10AC12 (A, C)
21 – 1557vw – 1556vw 1589 1554 dHNC(35) H34AN14AC13 + tCC(17) C12AC13 (C)
22 – 1519vw 1516m 1517vw 1557 1523 dHCC(17) H30AC9AC8 (C) + tCC(15) C7AC8 + tNC(11) N23AC2 (B) + dHNC(10) H39AN23AC7 (C)
23 – 1500vw 1502m 1503m 1535 1501 dHCC(45) H35AC18AC17 (D) + tCC(16) C17AC18 (D)
24 – 1481vs 1483m 1483m 1518 1485 tCC(24) C8AC10 (C) + dHNC(18) H34AN14AC13 + dHCC(16) H32AC11AC9 (C)
25 – – – – 1507 1474 dHCC(23) H28AC5AC6, H32AC11AC13 (A, C) + dHNC(11) H39AN23AC2 (B)
26 – 1456s 1456w 1455w 1495 1462 dHCC(32) H27AC4AC6 (A) + dCCC(26) C1AC2AC4 (A)
27 – 1436s 1435m 1434m 1466 1434 dHCC(41) H29AC6AC4 (A)
28 – 1411vw – – 1448 1416 tCC(45) C9AC11, C10AC12 (C) + dHCC(29) H30AC9AC8 (C)
29 – 1388vw 1408w 1404w 1433 1401 dHCC(31) H35AC18AC17 (D) + tCC(14) C18AC20 (D)
30 – 1382vw – 1358vw 1394 1363 tCC(23) C3AC5 (A), C7AC8 + dHNC(17) H39AN23AC2 + tNC(12) N23AC2 (B)
31 – 1324w 1327w 1324m 1340 1311 dHCC(58) H32AC11AC13 (C) + tNC(11) N14AC13

32 – 1307w – – 1336 1307 tCC(67) C20AC24 (D)
33 – – – – 1333 1304 tCC(37) C1AC2, C11AC13 (A, C)
34 – – – – 1327 1298 tCC(35) C8AC9, C5AC6 (A, C) + dHCC(14) H26AC3AC1 (A)
35 – 1285vw 1284w 1287w 1320 1291 dHCC(77) H37AC20AC24 (D)
36 – 1262w 1262w 1262w 1284 1256 tNC(24) N23AC2 (B) + tCC(12) C1AC2 (A)
37 – 1248w 1252w – 1281 1253 dHNC(23) H39AN23AC2+dHCC(22) H24AC4AC2

38 – – – – 1267 1239 tNC(32) N14AC13

39 – 1230w 1232m 1229m 1252 1224 tCC(21) C15AC17 + dHNC(17) H34AN14AC15 + tNC(12) N14AC15

40 – – – – 1244 1217 tFC(44) F25AC24 + dHCC(21) H35AC18AC20, H36AC19AC21

41 – 1182m 1181w 1181m 1217 1190 dHCC(29) H32AC11AC13 + tNC(21) N23AC7

42 – 1161vw 1171w 1170m 1190 1164 dHCC(46) H31AC10AC12, H33AC12AC13

43 – – 1161w – 1182 1156 dHCC(71) H27AC4AC6, H26AC3AC5, H29AC6AC5, H28AC5AC6+tCC(14) C5AC6

44 – 1150vw – – 1177 1151 dHCC(63) H37AC20AC24, H38AC21AC24, H35AC18AC20, H36AC19AC21

45 – 1127vw 1126vw 1128vw 1146 1121 dHCC(37) H30AC9AC8

46 – – 1118vw – 1143 1118 dHCC(40) H26AC3AC1+tCC(37) C3AC5, C4AC6

47 – – 1107vw 1108w 1125 1100 dHCC(50) H35AC18AC17

48 – 1106vw 1096vw 1096w 1114 1089 tNC(18) N14AC15 + tCC(14) C17AC18 + dHCC(12) H36AC19AC17

49 – 1055vw – 1043vw 1075 1051 dCCC(27) C1AC2AC4, C3AC5AC6

50 – 1016vw 1013vw 1014w 1042 1019 tCC(49) C5AC6 + dHCC(17) H26AC3AC1

51 – – – – 1029 1006 dCCC(52) C18AC17AC19, C20AC24AC21, C17AC18AC20 + dHCC(24) H38AC21AC19

52 – 993vw – 990vw 1008 986 dCCC(62) C11AC13AC12, C9AC8AC10, C9AC11AC13 + dHCC(14) H32AC11AC13

53 – 974vw 970m 971m 988 966 sHCCC(87) H35AC18AC17AC19, H37AC20AC18AC17 out of H (D)
54 – – – – 978 956 sHCCC(75) H30AC9AC11AC13, H32AC11AC13AC12 out of H (C)
55 – 944vw – – 967 946 sHCCC(77) H29AC6AC5AC3 out of H (A)
56 – – – 943vw 963 942 dCCC(23) C7AC8AC9, C11AC13AC12 + tCC(11) C8AC9

57 – – 936vw 937vw 954 933 sHCCC(77) H36AC19AC17AC18, H38AC21AC19AC17 out of H (D)
58 – – – 913vw 924 904 sHCCC(87) H31AC10AC12AC13, H33AC12AC13AC11 out of H (C)
59 – 902vw 899vw 899vw 915 895 sHCCC(87) H27AC4AC6AC5 out of H (A)
60 – 865vw – – 904 884 dOCN(26) O16AC15AN14 + dCNC(16) C13AN14AC15 + tCC(12) C15AC17

61 – 850vw 850m 849s 866 847 dCCC(34) C3AC5AC6 + tCC(13) C1AC2

62 – – 842m 842s 865 846 sHCCC(51) H37AC20AC24AC21 out of H (D) + sFCCC(14) F25AC24AC21AC19

63 – 831vw 830m 830s 840 822 tCC(20) C11AC13

64 – – – – 837 819 sHCCC(78) H27AC4AC6AC5 out of H
65 – 806vw 804w 805m 827 809 sHCCC(85) H38AC21AC24AC20 out of H
66 – – – – 814 796 tCC(24) C11AC13, C12AC13 + tFC(12) F25AC24

67 – – – 786vw 811 793 sHCCC(75) H30AC9AC8AC10 out of H
68 – 761vw 758s 758vs 769 752 sHCCC(89) H30AC9AC8AC10 out of H
69 – 741vw – – 760 743 cONCC(45) O16AN14AC15AC17

70 – 722vw 728s 729m 744 728 sHCCC(90) H29AC6AC5AC3 out of H
71 – 697vw 701w 701w 713 697 sCCCC(57) C1AC2AC3AC4, C10AC8AC9AC11 out of C
72 – – – – 710 694 dCCC(51) C2AC1AC3, C4AC6AC5+dSCN(15) S22AC7AN23

73 692vw 692vw 691w – 708 692 sCCCC(54) C1AC2AC3AC4 out of C
74 685vw – – – 693 678 cONCC(20) O16AN14AC15AC17 + sCCCC(14) C17AC19AC18AC20

(continued on next page)
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Table 2 (continued)

No. FIRa Raman Exp. KBr Exp. ATR Calc. Scaled. PED (%)b

75 663w – 663w 661w 685 670 tSC(31) S22AC7 + dCNC(14) C2AN23AC7

76 647m – – 648m 657 643 dCCC(21) C9AC8AC10

77 – 629vw – – 646 632 dCCC(47) C18AC20AC24, C19AC21AC24, C17AC18AC20 + tCC(15) C18AC20 + dFCC(10) F25AC24AC21

78 622s 622vw 620w 622m 642 628 dCCC(51) C8AC9AC11, C8AC10AC12

79 601s 600vw 600w 600m 607 594 dCCC(24) C20AC24AC21 + tCC(11) C15AC17 + dOCN(10) O16AC15AN14

80 562w 561vw – 561vw 568 556 sHNCC(19) H34AN14AC15AC17 + dCCC(14) C1AC2AC4

81 551s 552vw 540vw – 556 544 sHNCC(71) H34AN14AC13AC12

82 533vw 542vw 551m 551m 543 531 sCCCC(60) C3AC5AC6AC4 out of C (A)
83 511vs 507vw 502m 510s 514 503 cFCCC(27) F25AC24AC20AC18 + sHCCC(20) H38AC21AC19AC24 out of H (D)
84 499w – 497m 500m 502 491 cCNCC(56) C15AN14AC13AC11

85 472w – 465vs 465vw 497 486 dSCN(36) S22AC7AN23

86 456w 457vw 456m 458vw 455 445 dCCC(10) C19AC17AC15

87 440m 431vw 426s – 431 422 dCNC(12) C13AN14AC15 + dCCN(10) C12AC13AN14

88 – – – – 425 416 sCCCC(40) H38AC21AC19AC24 out of H (D)
89 420w 420vw 418w – 424 415 sCCCC(32) H26AC3AC1AC5, H38AC21AC19AC24 out of H (A, D)
90 401m 415vw 408w – 417 408 sCCCC(70) C9AC8AC10AC12, C12AC13AC11AC9 + sHCCC(19) H32AC11AC13AC9

91 385w 384vw – – 401 392 dFCC(41) F25AC24AC21

92 369m 368vw – – 382 374 cSNCC(20) S22AN23AC7AC8 + sCCNC(11) C11AC13AN23AC15

93 355vw 358vw – – 368 360 dCCN(33) C11AC13AN14 + dOCN(17) O16AC15AN14

94 312m 317vw – – 320 313 cCCCC(13) C19AC21AC15AC24 out of C (D)
95 – – – – 309 302 dCCC(12) C7AC8AC9 + dCCN(10) C1AC2AN23

996 295m 298vw – – 298 291 cSNCC(11) S22AN23AC7AC8

97 275vw – – – 281 275 sCCCC(24) C17AC19AC21AC24 out of C (D)
98 – 267vw – – 266 260 sHNCC(60) H39AN23AC1AC2 + sCCCC(10) C3AC1AC2AC4

99 241w – – – 242 237 sCCCC(22) C1AC3AC5AC6 + sHNCC(15) H39AN23AC7AC8 + sCNCC(13) C13AN14AC15AC17

100 212m 213vw – – 215 210 dCCC(23) C15AC17AC18 + dCCN(13) C12AC13AN14

101 173m 177vw – – 177 173 sCCNC(38) C4AC2AN23AC7 + sCCCC(14) C1AC2AC4AC6 + sCNCC(10) C15AN14AC13AC11 + cSNCC(10)
S22AN23AC7AC8

102 147m 155vw – – 149 146 sCCNC(14) C11AC13AN14AC15

103 136m 135w – – 141 138 dCNC(11) C13AN14AC15 + sCCNC(10) C11AC13AN14AC15

104 100s 111w-
sh

– – 102 100 sCCNC(20) C11AC13AN14AC15 + cCCCC(11) C15AC17AC18AC20

105 81vs – – – 88 86 cCCCC(13) C15AC17AC18AC20 + dCNC(13) C13AN14AC15

106 72m – – – 68 67 sCNCC(44) C13AN14AC15AC17, C15AN14AC13AC11, C15AN14AC13AC12

107 52m – – – 53 52 sCNCC(61) C15AN14AC13AC12 + sCCNC(11) C11AC13AN14AC15

108 44m – – – 42 41 sCNCC(45) C2AN23AC7AC8, C13AN14AC15AC17 + dCNC(17) C2AN23AC7

109 37m – – – 35 34 dCNC(19) C13AN14AC15 + sCNCC(13) C2AN23AC7AC8 + sCCNC(13) C11AC13AN14AC15

110 – – – – 21 21 sCCNC(52) C11AC13AN14AC15 + sCNCC(26) C2AN23AC7AC8

111 – – – – 17 17 sCNCC(58) C13AN14AC15AC17 + sCCNC(13) C2AN23AC7AC8 + sCCCC(10) C15AC17AC19AC21

a FIR (Far Infrared);
b PED (Potential Energy Distribution) values lower than 10% were not included notations for the approximate experimental MIR and FIR intensity values given here are: vw:

very weak, w: weak, m: medium, s: strong, vs: very strong, sh: shoulder.
c Letters in parentheses stand for the rings, i.e. (A) for ring A.
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Stretching modes
NAH stretching mode was observed at 3351 cm�1 (w)1 (Fig. 3) for

both with ATR and KBr techniques (Fig. 4).
CAH stretching vibrations are observed generally in the region

3100–3000 cm�1 [18] and they were observed at 3041 cm�1 (vw)
and 30672 cm�1 (vw), Ra.

C@O stretching mode was observed at 1653 cm�1 (vs) (KBr)
(1655 cm�1 (vw), Ra). Wavenumber observed at 1516 cm�1 (m)
(1519 cm�1 (vw), Ra) was assigned to NAH bending vibrations.

C@N stretching mode was observed at 1502 cm�1 (m)
(1500 cm�1 (vw), Ra). CAC stretching for ring C was observed only
in Raman as very weak intensity peak at 1411 cm�1. CAC stretch-
ing for ring A was observed in Raman as very weak intensity peak
at 1016 cm�1 and 1013 cm�1 (vw, Ra). CAN stretching for ring B
was observed at 1358 cm�1 (vw) (1382 cm�1 (vw), Ra). Ring
1 Hereafter, the notations: vs s, m, w, vw, sh, i.p, o.o.p. will stand for: very strong,
strong, medium, very weak, shoulder, in-plane and out-of-plane, respectively for the
relative intensities for IR and Raman experimental wavenumber values. For clarity,
only IR experimental wavenumbers (KBr) and Raman (Ra) spectra are discussed in the
text due to the corresponding calculated wavenumbers are already being given in
Table 2.

2 From the calculations, it has seen that these wavenumbers were overestimated
due to the selection of proper scaling factor. When double scaling factor is used for
this region (above 1800 cm�1), these wavenumbers would be in better agreement with
the experimental values [27].
stretching mode for ring C was only observed in Raman spectrum
at 1307 cm�1 (w). Besides, we have to emphasize that the relative
intensities could be different depending on the techniques used
(KBr or ATR). Ring stretching modes were observed in MIR spec-
trum at 1126 cm�1 (vw) (1127 cm�1 (vw), Ra)), 1118 cm�1 (vw),
1096 cm�1 (vw) 1106 cm�1 (vw), Ra).

CAS stretching mode was observed at 663 cm�1 (w) (FIR) and
663 cm�1 (w) (MIR). Additional peaks in the 1800–2300 cm�1

range and at 1140 cm�1 which are due to the diamond crystal used
in the ATR unit.
In-plane, out-of-plane bending and torsional modes
CAH in-plane bending vibrations, CACAH bendings for alkanes

and alkenes appear in the 1300–1000 cm�1, 1450–1470 cm�1 and
100–650 cm�1, respectively. Out-of-plane bending vibrations occur
in the range 1000–750 cm�1 for substituted benzenes [25].

The bands observed at 1556 cm�1 (vw) (ATR) and 1557 cm�1

(vw-Ra) are associated with CANAH bending mode.
CACAH in plane bending modes were observed at 1456 (w)

(1456 cm�1 (s), Ra), 1435 cm�1 (m) (KBr) (1436 cm�1 (s), Ra),
1408 cm�1 (m) (KBr) (1388 cm�1 (vw), Ra), 1327 cm�1 (w) (1324 cm�1

(w) Ra), weak triplet MIR bands at 1284 cm�1/1262 cm�1/1252 cm�1

(1285 cm�1/1262 cm�1/1248 cm�1, Ra), another triplets with weak
relative intensities at 1181/1171/1161 cm�1 (not observed (n.o.) in Ra),



Fig. 2. Far Infrared spectrum of BSN.

Fig. 3. Calculated vs. experimental spectra of BSN.

Fig. 4. Experimental Raman spectrum of BSN.
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1150 cm�1 (vw), 1232 cm�1 (m) (1230 cm�1 (w), Ra), 1170 cm�1 (m)
(1161 cm�1 (vw), Ra), 1107 cm�1 (w) respectively.

CACAC bendings of the rings D, A and C were observed at
1043 cm�1 (vw) (1055 cm�1 (vw), Ra), 850 cm�1 (vw) (Ra)/
850 cm�1 (m) and 990 cm�1 (vw) (993 cm�1 (vw), Ra),
respectively.

CANAH bendings were observed at 1556 cm�1 (vw)/(1557 cm�1

(vw), Ra) and 1483 cm�1 (1481 cm�1 (vs), Ra).
SACAN, FACAC, CACAN bending modes were observed at

465 cm�1 (n.o. in Raman), 392 cm�1 (384 cm�1 (vw) Ra) and (ring
C) 360 cm�1 (358 cm�1 (vw) Ra), respectively. Ring stretching
mode for ring C was observed at 1589 cm�1 (s) (1590 cm�1 (w),
Ra). Other wavenumbers that only observed only in Raman and
FIR spectra were at 431 cm�1 (vw) (440 cm�1 (m) FIR), 420 cm�1

(vw) (420 cm�1 (w)), 415 cm�1 (vw) (401 cm�1 (m)), 384 cm�1 (vw)
(385 cm�1 (w)), 368 cm�1 (vw) (369 cm�1 (m)), 358 cm�1

(vw) (355 cm�1 (vw)), 317 cm�1 (vw) (312 cm�1 (m)), 298 cm�1 (vw)
(295 cm�1 (m)), 213 cm�1 (vw) (212 cm�1 (m)), 177 cm�1 (vw) 173 cm�1

(m)), 155 cm�1 (vw) (147 cm�1 (m)), 135 cm�1 (w) (136 cm�1

(m)) and 111 cm�1 (w-shoulder) (100 cm�1 (s)) correspond to
SAC stretching, CACACAC torsion, CACACAN torsion, FACAC i.p.
bending, CACACAN torsion, CACACAC torsion, CACACAC torsion,
CACAC o.o.p. bending, CACANAC torsion, CACANAC torsion, i.p.
CACAC bending and o.o.p. CACANAC modes, respectively.

OACANAC o.o.p bending mode was only observed in Raman
spectrum at 741 cm�1 (vw). Ring torsions (CACACAC) were ob-
served at 697 cm�1 (vw) in Ra, 701 cm�1 (w) KBr/ 701 cm�1 (w)
ATR), FIR-533 cm�1 (vw)/Ra-542 cm�1 (vw), KBr-551 cm�1 (m)/
ATR 551 cm�1 (m)), FIR-511 cm�1 (vs)/Ra-507 cm�1 (vw)/KBr-
502 cm�1 (m)/ATR-510 cm�1 (s)), FIR-420 cm�1 (w)/Ra-420 cm�1

(vw)/KBr-418 cm�1 (w), FIR-312 cm�1 (m)/Ra-317 cm�1 and FIR-
295 cm�1 (m)/Ra-298 cm�1). Ring bending of ring C was observed
at 629 cm�1, in Ra. Only SCN bending was observed at 472 cm�1

(w)-FIR and 465 cm�1 (vs)-IR.
CACANAH torsions for thiazole ring and C ring respectively were

observed at 551 cm�1 (s) in FIR, 552 cm�1 (vw) in Ra and 540 cm�1

(vw) and 267 cm�1 (vw) in MIR. Ring A torsion and CCNC torsion,
SC stretching, C ring bending, B ring CCCN torsion, FCC bending,
modes were observed at 499 cm�1 (w)-FIR/497 cm�1 (m)-KBr,
456 cm�1 (w) in FIR/457 cm�1 (vw) in Ra/456 cm�1 (m)/458 cm�1

(vw) in KBr, 440 cm�1 (m)-FIR/431 cm�1 (vw) in Ra/426 cm�1 (s)
in KBr), 401 cm�1 (m)-FIR/415 cm�1 (vw)-Ra/408 cm�1 (w)-KBr
and 385 cm�1 (w)-FIR/384 cm�1 (vw)-Ra, respectively.

Out of plane CH bending modes were observed below 944 cm�1.
The modes that only observed in FIR spectrum were at 81 cm�1

(vs), 72 cm�1 (m), 52 cm�1 (m), 44 cm�1 (m) and 37 cm�1 (m)
and correspond to NACAC i.p. bending, NACACAC torsion (ring D),
CACACAN torsion about the bond C7AC8, CANACAC, o.o.p. bending
of ring D, respectively.

CAH out of plane (o.o.p) modes were calculated at 819 cm�1

(only calc.), observed at 913 cm�1 (vw)-ATR), 946 cm�1 (only
calc.), 729 cm�1 (m)-ATR/728 cm�1 (s)-KBr/722 cm�1 (vw)-Ra,
for ring A; 956 cm�1 (only calc.), 758 cm�1 (s)-KBr/758 cm�1

(vs)-ATR/761 cm�1 (vw)-Ra, 796 cm�1 (only calc.), 899 cm�1

(IR)/902 cm�1-Ra for ring C; and 971 cm�1 (m)-ATR/970 cm�1

(m)-KBr/974 cm�1 (vw)-Ra, 937 cm�1 (w)-KBr/936 cm�1 (vw)-
ATR, 805 cm�1(m)-ATR/804 cm�1 (w)-KBr/806 cm�1 (vw)-Ra,
842 cm�1 (s)-ATR/842 cm�1 (m)-KBr for ring D, respectively.
NAH o.o.p mode was only calculated at 266 cm�1. Wavenumbers
of BSN-006 observed by FIR spectroscopy below the 700 cm�1

range were also given in Table 2. CCCC torsions were observed
between 542 cm�1 and 317 cm�1 in Raman spectra. From Table 2,
the theoretical predictions fit the experimental observations
quite well. The findings given here may be useful for future
experimental, such as X-ray, and theoretical studies as alterna-
tive progressive investigations.



Fig. 5. Energy variation of BSN-006 as a function of defined torsional angles.

Fig. 6. Most stable conformers of BSN.

Table 3
Energies, relative energies and dipole moments for the conformers.

Parameters (Conf1)a (Conf2) (Conf3) (Conf4)

Energy (kcal/mol) �1453.3350 �1453.3344 �1453.3277 �1453.3275
Rel. energy (kcal/mol) 0.0000 0.0006 0.0073 0.0075
Dipole moment (Debye) 2.4228 4.9954 5.2697 5.9432

HOMO, LUMO and LUMO–HOMO energy values (in eV) for the conformers
HOMO energy �0.13897 �0.13905 �0.14755 �0.14746
LUMO energy �0.05408 �0.05395 �0.04996 �0.04919
LUMO–HOMO gap 0.08489 0.08510 0.09759 0.09827

a Conf: conformer.
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Potential energy scan and conformational analysis of BSN-006
Relaxed scans were performed with 4� increments in 90 times.

Relaxed scan through the torsional angle coordinates s(C9C8C7S22),
s(C11C13N14C15), s(C13N14C15C17) and s(N14C15C17C19) gives minima
corresponding to the conformational isomers (Fig. 5). All the struc-
tures obtained near to minima of the scan curves are used as input



Fig. 7. HOMOs–LUMOs for the most stable conformers of BSN.
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to obtain full optimized structures of the conformers. The struc-
tures obtained the same conformers from different scans are com-
pared geometrically to eliminate identical structures (Fig. 5). Four
stable conformers were obtained for the molecule and shown in
Fig. 6. Energies, relative energies and dipole moments with the
Highest Occupied Molecular Orbital (HOMO), Lowest Unoccupied
Molecular orbital (LUMO) and their differences for the conformers
were given in Table 3. HOMO, LUMO structures according to the
conformers were given in Fig. 7.
Conclusion

Due to this newly synthesized compound has potent antibacte-
rial and antifungal activities as mentioned in the literature, it is
important that analysing the structure and vibrational spectra in
detail. In order to do this, vibrational spectroscopic techniques
(MIR, FIR, Raman spectroscopic studies) and quantum chemical
calculations (DFT/B3LYP/6-311++G(d,p)) were combined, for the
first time together for BSN-006. Also, in order to distinguish such
compounds derived from such molecules, these combined spectro-
scopic methods and calculations are inevitably play an important
role. Calculations showed that possible Hydrogen bonds formed
between carbonyl oxygen atom and environment H atoms of the
ring C which shows a potential interactions exist via Hydrogen
bonding which leads to derive new compounds such a way. Ring
D was seen to be distorted from the plane with a dihedral angle
of 26.3�. Potential energy scan and detailed conformational analy-
sis were done on the compound and 4 most stable conformers
were determined and their electronic, vibrational and structural
properties were presented. All calculated wavenumbers were
scaled with 0.978 and results were seen to be in good agreement
with experimental IR wavenumbers. Moreover, it might be possi-
ble to study any interactions of BSN-006 with other molecular sys-
tems as a progressive work via following the procedure given here.
In our opinion, the presented experimental observations and the
theoretical predictions might be efficient basis for future re-
searches on complexes to be synthesized with the title compound.
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