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Abstract 
The computational modelling supported by experimental results can explain 
the molecular structure, vibrational assignments, reactive sites and several 
structural properties. In this context, the spectroscopic (FT-IR, FT-Raman 
and NMR) analysis, electronic properties (HOMO and LUMO energies) and 
molecular structure of pyrimethamine (Pyr) were investigated by density func-
tional theory (DFT) method associated with three levels of theory viz., B3LYP, 
MN15 and wB97XD with 6-311++G(d,p) and def2TZVPP as basis sets, re-
spectively in the Gaussian 16 programs. The 1H and 13C NMR chemical shifts 
were calculated with a gauge-independent atomic orbital (GIAO) approach 
by also applying the same levels of theory and basis sets. All experimental re-
sults were compared with theoretical data. Although the results revealed high 
degrees of correlation between the theoretical and experimental values for 
spectroscopic properties using the three methods. Furthermore, the atomic and 
natural charges, energy band gap and chemical reactivity were determined, while 
the frontier molecular orbital (FMO) and molecular electrostatic potential 
(MEP) surfaces were plotted to explain the reactive nature of the title molecule. 
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1. Introduction 

Antifolate drugs (also known as folate antagonists or folic acid antagonists) con-
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stitute an important class of chemotherapeutic agents used in the treatment of 
cancer and microbial infections, including those of bacterial and protozoal ori-
gins [1]. Among the protozoan infectious diseases, malaria is the most important 
one against which antifolate drugs are administrated [2] [3]. Pyrimethamine 
(Pyr) [5-(4-chlorophenyl)-6-ethylpyrimidine-2,4-diamine] has been a popular 
antifolate drug used for the prevention and treatment of malaria as it inhibits the 
enzyme dihydrofolate reductase [4] [5], but the bacteria resistance with this drug 
has been noted. Like most antifolates, pyrimethamine contains a 2,4-diaminopy- 
rimidine group and a phenyl ring, separated by one rotatable bond [6]. Previous 
theoretical and structural studies revealed that the relative orientation of the two 
rings and the protonation state of the 2,4-diaminopyrimidine group play a key 
role in drug binding [7] [8]. It is noteworthy that investigations on the antima-
larial drug Pyr and its derivatives have been carried out in recent years [9]-[14]. 
In these investigations, the knowledge of the nature of interaction between the 
drugs with proteins in order to determine active sites of the template molecule 
has been carried out using computational methods. One of these methods in-
cludes the density functional theory (DFT) which has seen explosive growth in 
its application to molecular systems that are of interest in a variety of scientific 
fields [15]. DFT plays particularly useful roles in biological molecules as it finds 
application in the form of hybrid quantum mechanics and molecular mechanics 
[16]. Moreover, owing to its balanced accuracy and efficiency, the reliability of 
DFT methods [17] is helpful to economically predict compound properties and 
to insightfully clarify some experimental phenomena [18] [19]. 

As the X-ray crystallography of Pyr has been elucidated by Sethuraman et al. 
[20] [21], the present study aimed to compare DFT results with the experimental 
data of bond lengths, angles, torsion, NMR and to characterize its structure us-
ing energetic data. However, the experimental 1H NMR data [9] were found in 
the literature. The structure of Pyr was optimized in gas phase using DFT under 
B3LYP [22] [23]/6-311++G(d,p), MN15 [24]/def2TZVPP [25] and wB97X-D 
[26]/def2TZVPP levels. The results were compared with their corresponding 
experimental values. We further extended our theoretical calculations on the 
molecular electrostatic potential (MEP) and Mulliken charges of Pyr. 

2. Materials and Methods 
2.1. Sample and Experimental Details 

The pure sample (pyrimethamine) was sourced from the European directorate 
for the quality of medicines & healthcare (EDQM) with a degree of purity of 
99.5%. The FT-IR spectrum of the title molecule was measured in the 4000 - 400 
cm−1 region at a resolution of 1 cm−1, using a PerkinElmer 2000 FT-IR spectro-
photometer, vacuum in KBr pellet technique (solid phase). The FT-Raman spec-
trum of the molecule was also recorded using 1064 nm as excitation wavelength 
in the region 4000 - 100 cm−1 on a Bruker FT-Raman instrument. The sample 
was dissolved in the hexadeteurated dimethyl sulfoxide (DMSO-d6) solvent and, 
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the 13C NMR spectrum was recorded on a Bruker Advance 600 MHz spectrome-
ter. 

2.2. Computational Details 

In the present study, we used the following functionals of the density functional 
theory (DFT) associated with 6-311++G(d,p) and def2TZVPP [25] basis sets: 
● Hybrid density functional named Becke’s three-parameter hybrid model with 

the Lee-Yang-Parr correlation functional (B3LYP [22] [23]); 
● A Kohn-Sham global-hybrid exchange-correlation density functional viz., 

MN15 [24]; 
● The long-range corrected (LC) hybrid density functional [27] [28] [29] 

namely wB97X-D [26]. 
All calculations were performed using Gaussian 16 software package [30] and 

GaussView visualization program [31]; their output files were analysed with 
GaussSum program [32]. The optimized structural parameters were used in the 
vibrational frequencies (IR, Raman), isotropic chemical shifts (NMR). The vi-
brational frequencies, IR and Raman intensities for pyrimethamine were calcu-
lated at B3LYP/6-311++G(d,p), wB97XD/def2TZVPP and MN15/def2TZVPP 
methods. Computed harmonic frequencies were scaled by a factor of 0.967 
(B3LYP) [33], 0.955 (wB97XD) [34] and 0.977 (MN15) obtained from the fol-
lowing formula as reported by Malloum et al. [35] in order to improve the 
agreement with the experimental results: 
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iν  stands for the ith experimental frequency corresponding to the 

harmonic calculated h
iω  frequency. N is the number of frequencies investi-

gated). 
The total energy distribution (TED) was calculated using VEDA program [36] 

in order to characterize the fundamental vibrational modes. 1H and 13C NMR 
chemical shifts were evaluated using the gauge-independent atomic orbital 
(GIAO) approach [37] by applying the three corresponding methods used in this 
work. In addition, the frontier molecular orbitals (FMOs), the molecular elec-
trostatic potential (MEP), and the Mulliken population analysis of pyrimetha-
mine were also theoretically investigated. 

3. Results and Discussion 
3.1. Potential Energy Surface (PES) Scan 

The pyrimethamine (Pyr) molecule has one ethyl group and two amino substi-
tuents attached to the pyrimidine ring. The ethyl (C2H5), methyl (CH3) and 
amino (NH2) groups were chosen to examine the possible conformers of the 
molecule under investigation. Sethuraman et al. [20] study shows that pyr has 
two conformers (A and B). In order to determine conformational flexibility of 
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Pyr, the potential energy surface scans was achieved with B3LYP/6-311++G(d,p) 
method by varying the dihedral angle D1 (C12-C13-C16-C19), D2 (C13-C16- 
C19-H22) and D3 (N30-C15-N26-H27) in 36 steps of size 10˚. The resultant 
energy profiles are shown in Figures 1-3, respectively. The structures of the 
possible conformers and their energies are given in Table 1. It can be seen from 
Table 1 that structures S3, C2 and M3 have the same minimum energy 
(−1144.567789 a.u) for the different selected dihedral angles, suggesting that 
they represent the same conformer. It corresponds to the most stable conformer. 
According to X-ray crystallographic study, it is the molecule A. In this study, 
calculations were done for the most stable conformer. 

3.2. Molecular Geometry 

The X-ray study of pyrimethamine whose chemical structure is depicted in Fig-
ure 4(a) was elucidated by Sethuraman et al. [20] [21] The structure of pyrimetha-
mine was optimized (Figure 4(b)) at B3LYP/6-311++G(d,p), MN15/def2TZVPP 
and wB97XD/def2TZVPP levels of theory. The results of the selected optimized 
structure parameters (bond lengths, bond angles, dihedral angle) were compared 
with their corresponding experimental values in Table 2. 

The bond connecting the pyrimidine and phenyl rings namely C4-C12 (b) is 
predicted at 1.492 Å for B3LYP, 1.484 Å for MN15 and 1.485 Å for wB97XD  
 

 
Figure 1. Potential energy surface scan for dihedral angle D1 (C12-C13-C16-C19). 
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Figure 2. Potential energy surface scan for dihedral angle D2 (C13-C16-C19-H22). 

 

 
Figure 3. Potential energy surface scan for dihedral angle D3 (N30-C15-N26-H27). 
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Table 1. Theoretical possible structures for selected dihedral angles of pyrimethamine. 

C2H5 

 
S1 

 
S2 

 
S3 

Energy (a.u) −1144.567756 −1144.560062 −1144.567789 

CH3 

 
C1 

 
C2 

Energy (a.u) −1144.563074 a.u −1144.567789 

NH2 

 
M1 

 
M2 

 
M3 

Energy (a.u) −1144.545873 −1144.545363 −1144.567789 

https://doi.org/10.4236/cc.2022.104008


P. M. A Mekoung et al. 
 

 

DOI: 10.4236/cc.2022.104008 163 Computational Chemistry 
 

Table 2. Selected experimental values and theoretical optimized structure parameters of pyrimethamine under B3LYP/6-311++ 
G(d,p), MN15/def2TZVPP and wB97X-D/def2TZVPP levels. 

Geometric parameters Experimental valuesa B3LYP/6-311++G(d,p) MN15/def2TZVPP wB97XD/def2TZVPP 

Bond length (Å) 

C1-Cl11 1.742 (2) 1.759 1.726 1.737 

N30-C13 1.349 (2) 1.343 1.336 1.335 

N30-C15 1.338 (3) 1.337 1.335 1.331 

N26-C15 1.355 (3) 1.369 1.360 1.360 

N29-C15 1.338 (3) 1.339 1.335 1.333 

N29-C14 1.339 (3) 1.335 1.330 1.328 

N23-C14 1.340 (3) 1.367 1.362 1.358 

C4-C12 1.491 (3) 1.492 1.484 1.485 

*r - 0.994 0.994 0.995 

Bond angles (˚) 

C15-N30- C13 116.3 (18) 116.7 116.6 116.5 

C15-N29-C14 116.4(17) 116.4 116.5 116.3 

N30-C15- N29 126.6 (18) 126.6 126.5 126.7 

N30-C15-N26 116.6 (2) 116.9 116.8 116.8 

N26-C15-N29 116.9 (19) 116.6 116.7 116.5 

N23-C14-C12 121.0 (18) 121.4 121.2 121.2 

N29-C14-C12 122.0 (19) 122.5 122.3 122.3 

N29-C14-N23 117.0 (18) 116.2 116.4 116.5 

N30-C13-C12 122.7 (18) 122.3 122.5 122.4 

N30-C13-C16 114.8 (18) 115.0 115.6 115.6 

Cl11-C1-C2 118.3 (2) 119.5 119.6 119.6 

Cl11-C1-C6 120.2 (19) 119.5 119.6 119.6 

*r - 0.97 0.98 0.98 

Dihedral angle (˚) 

C12-C13-C16-C19 97.8 (3) 107.0 83.5 90.7 

C3-C4-C12-C13 73.3 (3) 81.8 69.3 82.2 

C5-C4-C12-C14 74.7 (3) 81.1 67.2 80.9 

C16-C13-N30-C15 178.3 (2) 178.5 175.8 177.5 

R - 0.998 0.991 0.981 

*r represents the correlation coefficient between experimental and theoretical data; For numbering of atoms refer to Figure 1; aSee 
reference [21]. 

 
methods, respectively. The theoretical torsion angles C12-C13-C16-C19, which 
represents the deviation of the ethyl group from the benzene plane are 107.0˚ 
(B3LYP), 83.5˚ (MN15) and 90.7˚ (wB97XD). These values are in close agree-
ment with those observed in the crystal structure of pyr [(C5A-C9A = 1.491 Å), 
C5A-C6A-C7A-C8A = 97.8˚)]. 
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Figure 4. X-ray molecular (a) and theoretical optimized (b) structure of pyrimethamine. 

 
The correlation coefficients (r) between experimental and theoretical bond 

lengths were 0.994, 0.994 and 0.995 for bond lengths and 0.97, 0.98 and 0.97 for 
bond angles for B3LYP, MN15 and wB97XD methods, respectively. It was worth 
mentioning that from correlation values, the wB97XD/def2TZVPP level gave the 
most accurate results than other methods for the bond lengths, while for the 
computations of bond angles, the best results were found by using MN15/ 
def2TZVPP level. On the other hand, we observed a weak relationship between 
some experimental and theoretical parameters. It must be noted that the expe-
rimental results were obtained from the solid phase, whereas the theoretical cal-
culations were made from the gas phase of the molecule. In the solid-state, in-
termolecular interactions connected the molecules together, whereas in gaseous 
phase, these interactions were much weaker than in the solid-state, due to per-
manent vibrations within the molecule. These observations allowed us to con-
clude that the differences between the experimental and theoretical values are 
normal [38] [39]. 

3.3. Vibrational Assignments 

Vibrational frequencies have been shown to be effective in the identification of 
functional groups of organic compound as well as in the study of molecular 
conformations and kinetic reactions. The calculated and scaled up by appropriate 
frequency factor using B3LYP/6-311++G(d,p), MN15/def2TZVPP and wB97XD/ 
def2TZVPP with their relative intensities, probable assignment and total energy 
distribution (TED) of the title molecule are summarized in Table 3. A complete 
assignment of fundamental vibrational modes was proposed based on the calcu-
lated TED value infrared and Raman intensities. 
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Table 3. Calculated (unscaled and scaled) frequencies, IR intensity, Raman intensity and probable assignments (characterized by 
TED) of pyrimethamine using B3LYP/6-311++G(d,p), MN15/def2TZVPP and wB97XD/def2TZVPP methods. 

 
Exp. 

FT-IR 
(cm–1) 

Exp. 
FT-Raman 

(cm–1) 

B3LYP/6-311++G(d.p) MN15/def2TZVPP wB97XD/def2TZVPP 

Vibrational  
assignments 

TED % 
Unscaled Scaled aIIR

 bRA
 Unscaled Scaled aIIR

 bRA
 Unscaled Scaled aIIR

 bRA
 

1 
3468 m 3063 w 

3730 3607 44.15 61.79 3788 3701 53.66 66.46 3788 3617 47.80 58.14 νas(NH2) (N26) νas(NH2) (N26) (100) 

2 3721 3598 55.61 44.29 3758 3672 65.51 46.74 3775 3605 60.76 40.72 νas(NH2) (N23) νas(NH2) (N23) (100) 

3 
3310 m - 

3604 3485 76.37 273.60 3646 3562 108.06 252.22 3655 3491 87.09 220.79 νs(NH2) (N26) νs(NH2) (N26) (99) 

4 3597 3478 53.10 166.66 3624 3541 56.62 158.28 3646 3482 58.89 133.18 νs(NH2) (N23) νs(NH2) (N23) (99) 

5 3150 m 2985 vw 3199 3094 0.61 213.58 3238 3163 1.57 218.71 3229 3084 0.30 205.75 ν(C-H) R1 [ν(C2-H7), ν(C6-H10)] (85) 

6   3198 3092 3.35 43.64 3237 3162 5.30 50.85 3228 3083 2.37 33.51 ν(C-H) R1 [ν(C2-H7), ν(C6-H10)] (88) 

7   3176 3071 3.64 42.18 3208 3135 6.35 45.71 3205 3060 3.50 39.39 ν(C-H) R1 ν(C5-H9) (89) 

8   3173 3068 4.32 45.08 3206 3133 5.70 44.28 3203 3059 3.77 41.49 ν(C-H) R1 ν(C3-H8) (90) 

9 2977 w 2941 vw 3113 3010 33.70 12.17 3156 3084 36.97 16.02 3145 3004 32.35 8.44 νasCH2, νasCH3 [νasCH2 (C16), νasCH3 (C19)] (90) 

10   3094 2991 22.15 92.38 3149 3076 36.64 121.82 3135 2994 29.05 102.99 νasCH3 νasCH3 (C19) (82), νasCH2 (C16) (13) 

11   3086 2985 20.46 92.50 3132 3059 5.46 70.18 3122 2982 4.20 66.05 νasCH3 [ν(C16-H17), νasCH3 (C19)] (88) 

12   3044 2943 12.88 119.76 3097 3026 16.47 116.98 3085 2946 13.35 113.37 νsCH2 νasCH3 (C19) (12), νsCH2 (C16) (80) 

13   3028 2928 31.46 183.60 3063 2992 26.27 179.85 3054 2917 24.90 174.93 νsCH3 νsCH3 (C19) (96) 

14 

1628 vs  

1639 1585 259.20 3.72 1665 1626 249.09 348.24 1675 1600 73.01 177.50 
βNH2 (N23), 
βNH2 (N26) 

[βNH2 (N23), βNH2 (N26)] (67) 

15 1630 1577 586.03 6.21 1661 1622 672.54 10.91 1667 1592 820.66 39.38 
βNH2 (N23), 
βNH2 (N26) 

ν(C=C) R1 (11), [ν(N29-C14), ν(C12-C13)] 
(10), [βNH2 (N26), βNH2 (N23)] (41) 

16 

1560 vs 1594 s 

1629 1575 209.65 224.69 1634 1597 471.83 8.53 1656 1581 413.17 9.17 ν(C=C) R1 
ν(C=C) R1 (21), [ν(C4-C12), ν(C5-C6)] 
(16), [βNH2 (N26), βNH2 (N23)] (13), 
β(HCC) R1 (12) 

17 1609 1556 160.45 45.76 1626 1589 121.53 2.41 1635 1562 43.61 1.52 
ν(N=C), ν(C=C) 

R2 
[ν(N29-C14), ν(C12-C13)] (29), [βNH2 
(N26), βNH2 (N23)] (21) 

18 1597 1544 4.15 2.99 1616 1579 152.39 2.21 1633 1560 185.71 1.46 ν(C=C) R1 β(HCC) R1 (10), [ν(C1-C6), ν(C4-C5)] (73) 

19 1585 1533 267.91 0.89 1593 1556 163.52 5.56 1624 1551 65.71 2.18 
ν(N=C), ν(C=C) 

R2 
[ν (N30-C15), ν(C12-C13)] (47) 

20   1521 1471 15.07 7.91 1536 1501 24.74 17.63 1549 1480 9.73 4.66 β (HCC) R1 β(HCC) R1 (54), β(CCC) R1 (13) 

21 1439s  1510 1460 3.79 3.10 1496 1461 31.26 5.93 1515 1447 8.00 3.81 βCH3, βCH2 
[βCH3 (C19), βCH2 (C16)] (69), 
τ(H21-C19-C16-C13) (11) 

22   1496 1447 12.92 7.76 1485 1451 128.99 1.34 1505 1437 158.57 1.02 δas CH3 δasCH3 (C19) (72) 

23   1487 1438 1.56 11.00 1480 1446 21.67 9.14 1503 1436 4.75 10.22 βCH2 [βCH3 (C19), βCH2 (C16)] (78) 

24   1476 1427 183.84 2.08 1480 1446 111.86 19.83 1495 1428 9.80 10.45 ν(N-C) R2 
[ν(N26-C15), ν(N29-C15)] (43), [βNH2 
(N26), βNH2 (N23)] (17) 

25 1404 w  1456 1408 264.91 25.45 1468 1434 0.24 8.36 1491 1423 258.71 11.13 ν(N-C) R2 
[ν(N23-C14), ν(N29-C15)] (29), 
δ(N29-C15-N30) (15) 

26   1430 1382 6.70 21.12 1447 1414 8.27 22.44 1459 1393 6.62 15.43 
ν(N=C), ν(C=C) 

R2 
[ν(C13-C16), ν(N30-C13), ν(C12-C13)] 
(44), ρCH3 (C19) (15) 

27   1417 1371 5.04 0.80 1426 1393 6.38 1.36 1442 1377 5.08 0.51 β(HCC) R1 
β(HCC) R1 (41), β(CCC) R1 (14), ν(C=C) 
R1 (14) 

28   1397 1351 3.25 11.48 1388 1356 4.04 4.69 1412 1348 4.41 7.58 ρCH3 ρCH3 (C19) (76) 

29   1351 1306 1.21 19.51 1334 1303 0.79 22.34 1358 1297 0.17 9.48 wCH2 
δ(H18-C16-C19) (11), [βCH3 (C19), wCH2 
(C16)] (10), wCH2 (56) 

30 1287 m 1283 m 1322 1278 0.20 1.02 1323 1292 37.16 8.27 1333 1273 0.27 1.31 β(HCC) R1 β(HCC) R1 (84) 

31   1312 1268 19.42 5.11 1311 1280 6.19 37.95 1328 1268 25.11 6.62 
δ(HCC) ethyl 

group 
δ(H18-C16-C19) (31), [ν(C12-C13), 
ν(N30-C13), ν(C30-C15)] (25) 
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Continued 

32   1297 1254 9.18 37.95 1307 1277 0.63 1.34 1318 1259 8.51 44.95 ν(CC) R1 
[ν(C5-C6), ν(C4-C12), ν(C4-C5), ν(C1-C6)] 
(46), β(CCC) R1 (12) 

33   1294 1251 5.96 25.66 1299 1269 1.39 19.89 1298 1239 0.78 1.43 ν (CC) 
[ν(C4-C5), ν(C2-C3), ν(C1-C2), ν 
(C4-C12)] (54) 

34 1235vw  1263 1221 4.89 8.29 1256 1227 3.77 1.74 1275 1217 6.36 2.65 twCH2 
[ν(C12-C13), ν(N30-C13), ν(C30-C15)] 
(19), twCH2 (C16) (19) 

35   1199 1160 0.12 6.36 1183 1155 0.24 3.55 1212 1157 0.09 3.00 β(HCC) R1 ν(C=C) (R1) (10), β(HCC) (R1) (77) 

36   1166 1128 13.02 8.46 1161 1134 8.56 13.23 1181 1128 10.76 6.50 
ρNH2 (N23), 
ρNH2 (N26) 

[ν(N26-C15), ν(N29-C15)] (33), [ρNH2 
(N23), ρNH2 (N26)] (43) 

37   1130 1093 3.55 4.30 1126 1101 61.26 38.24 1140 1089 3.53 1.92 ρCH2 
[ν (C12-C13), ν (N30-C13), ν (C30-C15)] 
(12), τ (H20-C19-C16-C13) (10), ρCH2 (15) 

38 1087 m 1086 w 1123 1086 5.92 0.46 1116 1090 7.98 0.23 1136 1085 6.35 0.16 β(HCC) R1 ν R1 (C=C) (18), β(HCC) R1 (55) 

39   1103 1067 2.19 2.01 1111 1085 5.48 0.87 1128 1077 64.01 32.95 
ρNH2 (N23), 
ρNH2 (N26) 

τ (H21-C19-C16-C13) (16), [ρNH2 (N23), 
ρNH2 (N26)] (17) 

40 1012 w  1100 1064 73.22 33.07 1099 1073 0.90 6.33 1119 1069 3.81 4.53 ν(CC) R1 [ν(C1-C6), ν(C1-C2)] (66), β(HCC) R1 (15) 

41   1073 1038 5.56 8.59 1073 1048 9.74 8.88 1087 1038 7.52 7.12 twCH3 
γ(C19-C16) (21), [ρNH2 (N23), ρNH2 
(N26)] (15), twCH3 (13), (15) 

42 988w  1041 1006 9.49 14.66 1044 1020 1.07 8.11 1058 1011 3.79 10.78 δ(CCC) R1 [δ(C1-C6-C5), δ(C1-C2-C3)] (20) 

43   1027 993 20.88 0.67 1017 993 14.49 0.44 1040 994 16.78 0.45 δ(CCC) R1 
[δ(CCC) R1, δ(N29-C15-N30)] (10), 
[δ(C1-C6-C5), δ(C1-C2-C3)] (43) 

44   1017 983 28.60 7.98 1011 987 0.11 0.71 1031 984 28.09 3.56 γ(CC), ν(NC) 
[γ(C13-C16), ν(C30-C13)] (19), [ρNH2 
(N23), ρNH2 (N26)] (18), ν(C19-C16) (16) 

45   997 964 11.08 6.23 1006 983 27.54 1.86 1016 970 0.31 0.21 γ(CC) ethyl group 
[γ(N26-C15), ν(N29-C15)] (12), 
γ(C19-C16) (16), [δ(C13-N30-C15), 
δ(C14-N29-C15)] (10) 

46   987 955 0.07 0.17 997 974 5.29 2.87 1013 967 9.42 4.48 τ(HCCC) R1 
τ(HCCC) R1 (83), [τ(C2-C1-C6-C5), 
τ(C3-C2-C1-C6)] (10) 

47   971 939 0.27 0.15 995 972 1.17 0.73 999 954 0.19 0.12 τ(HCCC) R1 τ(HCCC) R1 (67), τ(C1-C6-C5-C4) (23) 

48   932 901 7.41 3.99 940 918 11.77 2.77 950 907 8.54 3.20 γ(CC) ethyl group γ(C19-C16) (36) 

49 833 w 852.4 847 819 37.37 0.36 869 849 38.61 0.38 872 833 35.97 0.37 τ(HCCC) R1 τ R1 (69) 

50   843 815 0.59 0.76 860 840 0.52 2.96 867 828 0.51 0.36 τ(HCCC) R1 τ R1 (97) 

51   825 798 18.16 0.85 840 821 16.60 0.68 855 816 18.42 0.60 τ(CNCN) R2 τ R2 (59) 

52   800 774 4.57 1.44 788 770 3.72 1.91 813 777 4.10 1.16 ρCH2 
[τ(H18-C16-C13-C12), 
τ(H22-C19-C16-C13)] (50) 

53 748vw 750 m 761 736 7.52 12.50 764 747 4.44 3.16 776 742 4.01 6.46 δ(CCC) R1 
[γ(Cl11-C1), ν(C1-C6), ν(C1-C2)] (12), 
[δ(CCC) R1, δ(N29-C15-N30)] (31), 
[δ(C1-C6-C5), δ(C1-C2-C3)] (12) 

54 724 vw  749 725 3.59 0.31 760 743 4.61 10.91 773 738 5.52 7.70 τ(CCCC) R1 

τR1 (13), τ(C1-C6-C5-C4) (24), 
[τo(C16-C12-N30-C13), τ R2] (20), 
[τo(C12-C3-C5-C4), τ(C2-C1-C6-C5), 
τ(C12-C13-C16-C19)] (10) 

55   748 723 3.00 0.53 753 735 0.63 1.17 765 731 2.28 0.28 τo(CCNC) R2 
τ(C1-C6-C5-C4) (15), 
[τo(C16-C12-N30-C13), τR2] (40) 

56   692 669 2.38 1.23 698 682 2.90 4.04 714 682 1.90 0.53 τo(CCNC) 
[τo(C16-C12-N30-C13), 
τo(N23-C12-N29-C14)] (55) 

57 - 651 m 662 640 6.66 18.69 659 644 4.45 15.57 672 642 5.13 11.21 δ(NCN) R2 
[γ(Cl11-C1), ν(C1-C6), ν(C1-C2)] (13), 
δ(N29-C15-N30) (24), [δ(C13-N30-C15), 
δ(N14-N29-C15)] (12) 

58 -  646 625 0.02 4.39 632 618 0.07 4.77 654 625 0.01 4.38 δ(CCC) R1 
[ν(C1-C6), ν(C4-C5)] (12), [δ(C1-C2-C3), 
δ(C1-C6-C5)] (77) 

59 604w 601 m 603 583 1.25 14.59 608 594 1.47 16.35 615 587 0.90 14.94 ν(NC) R2 
[ν(C12-C13), ν (N30-C13), ν(C30-C15)] 
(11), [γ(N23-C14), ν(N29-C15)] (15) 

60 -  593 573 10.64 1.11 584 571 10.06 0.45 602 575 11.19 0.74  
[δ(C4-C12-C13), δ(N23-C14-N29), 
δ(C16-C13-N30), δ(C14-N29-C15), 
δ(C13-N30-C15)] (33) 

61 -  552 533 2.22 2.37 541 528 5.52 2.41 557 532 3.14 2.14 δ(CCN) R2 
[γ(C13-C16), ν(C30-C13)] (12), 
[δ(C16-C13-N30), [δ(C13-N30-C15), 
δ(N23-C14-N23)] (41) 
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Continued 

62 512 w  527 510 10.94 1.10 534 522 11.00 0.63 540 515 8.94 0.82 tw NH2 (N23) 
[tw NH2 (N23), τ(C2-C1-C6-C5), 
τo(C12-C3-C5-C4)] (42) 

63   513 496 31.29 2.36 524 512 16.31 1.82 526 502 26.90 1.82 tw NH2 (N23) 
[tw NH2 (N26), τ(C2-C1-C6-C5), 
τ(C3-C2-C1-C6)] (14), [tw NH2 (N23), 
τ(C2-C1-C6-C5), τo(C12-C3-C5-C4)] (43) 

64 -  491 475 3.75 0.06 501 489 9.00 0.74 506 483 2.24 0.45 twNH2 (N26) 
[tw NH2 (N26), τ(C2-C1-C6-C5), 
τ(C3-C2-C1-C6)] (68) 

65 - 475.8 vw 467 451 8.78 0.96 472 461 8.71 1.52 479 457 7.36 0.94 γ(ClC) [γ(Cl11-C1), ν(C1-C6), ν(C1-C2)] (42) 

66 -  454 439 9.63 0.57 446 436 3.12 0.67 464 443 6.05 0.70 δ(CCC) R1 

δ(C12-C4-C3) (28), [tw NH2 (N23), 
τ(C2-C1-C6-C5), τo(C12-C3-C5-C4)] (12) 
(17), [(C4-C12-C13-N30), 
τ(C13-N30-C15-N29), 
τo(N26-N29-N30-C15)] (11) 

67 -  420 407 0.69 0.58 421 411 0.78 2.32 427 407 0.37 0.27 τ(CCCC) R1 
τR1 (HCCC) (12), [τ(C2-C1-C6-C5), 
τ(C3-C2-C1-C6)] (79) 

68 - 357.3 m 368 356 312.11 1.27 361 353 2.82 2.14 366 350 3.99 2.66 wNH2 (N26) twNH2 (N26) (85) 

69 -  355 343 9.60 2.20 352 344 3.03 3.31 357 341 3.61 3.76 τ(CCCC) R1 
[δ(C4-C12-C13), δ(N26-C15-N30)] (24), 
[τ(C1-C6-C5-C4), τo(Cl11-C2-C6-C1)] (35) 

70 -  346 335 3.53 5.87 325 318 4.65 0.28 335 320 8.65 0.03 δ (NCN) R2 [δ(N23-C14-N29), δ(C14-N29-C15)] (55) 

71 -  330 319 5.70 0.27 297 290 17.13 1.82 324 309 277.43 1.26 δ(NCN) R2 
[δ(N26-C15-N30), δ(C16-C13-N30), 
δ(C13-N30-C15)] (39), [τ(H18-C16-C13-C12), 
τ(H22-C19-C16-C13)] (10) 

72 -  305 295 149.55 2.34 287 280 149.38 1.30 305 291 24.06 1.45 
wNH2 (N23), 

δ(CCCl11) 
[δ(C2-C1-Cl11), δ(C13-C16-C19)] (27), 
wNH2 (N23) (37) 

73 -  297 287 27.37 1.45 281 275 21.09 0.62 291 278 6.50 1.05 wNH2 (N23) 
[δ(C2-C1-Cl11), δ(C13-C16-C19)] (30), 
wNH2 (N23) (41) 

74 -  287 277 3.27 1.48 235 230 0.09 2.82 270 257 160.04 1.35 δ(CCC) 
δ(C13-C16-C19) (33), [τ(C4-C12-C13-N30), 
τ(C13-N30-C15-N29), τo(N26-N29-N30-C15)] 
(26) 

75 - 230 m 228 220 0.19 4.75 219 214 1.82 0.16 233 223 0.24 3.42 ν(CC) 
[γ(C4-C12), ν(C5-C6)] (15), [βR1 (HCC), 
δ(N29-C15-N30)] (10), 
τ(H21-C19-C16-C13) (12) 

76 -  216 209 6.20 0.04 211 206 4.76 3.12 221 211 5.19 0.05 τ(CNCN) R2 
[τ (C13-N30-C15-N29), 
τ(C14-N29-C15-N29)] (80) 

77 -  201 194 0.59 1.72 203 198 213.33 0.64 210 200 0.36 2.53 δ(NCN) R2 
[γ(C4-C12), ν(C5-C6)] (12), 
[δ(N26-C15-N30), δ(C16-C13-N30), 
δ(C13-N30-C15)] (20) 

78 -  163 158 1.42 0.35 179 175 0.39 0.41 171 164 1.85 0.47 τ(CCCN) R2 
[τ(C1-C6-C5-C4), τ(Cl11-C2-C6-C1)] (11), 
[τ(C4-C12-C13-N30), [τ(C13-N30-C15-N29), 
τo(N26-N29-N30-C15)] (14) 

79 -  152 147 1.42 0.26 148 145 0.96 0.35 155 148 1.30 0.29 τ(CCCN) R2 
[τ(C4-C12-C13-N30), τ(C13-N30-C15-N29), 
τo(N26-N29-N30-C15)] (14) 

80 - 102 vs 111 107 0.68 0.83 109 107 1.42 1.01 108 104 0.70 0.75 τo(CCNC) R2 

δ(C12-C4-C3) (12), [δ(C2-C1-Cl11), 
δ(C13-C16-C19)] (11), [τo(C16-C12-N30-C13), 
τ(C4-C12-C13-N30), τ(C12-C13-N30-C15), 
τ(C13-N30-C15-N29)] (50) 

81 -  51 50 0.18 0.97 61 60 0.46 1.86 62 59 0.24 1.00 τo(CCCC) 

[τo(C12-C3-C5-C4), τ(C3-C2-C1-C6), 
τ(C12-C13-C16-C19)] (43), 
[τo(C12-C3-C5-C4), τ(C2-C1-C6-C5), 
τ(C12-C13-C16-C19)] (13) 

82 /  47 46 0.21 2.20 49 48 0.18 4.48 49 47 0.04 2.01 τ(CCCN) R2 
[τ(C4-C12-C13-N30), 
τ(C13-N30-C15-N29)] (63) 

83 -  35 34 0.08 1.67 49 48 0.10 4.62 42 40 0.09 1.72 τo(CCCC) 

[τo(C12-C3-C5-C4), τ(C3-C2-C1-C6), 
τ(C12-C13-C16-C19)] (17), 
[τo(C12-C3-C5-C4), τ (C2-C1-C6-C5), 
τ(C12-C13-C16-C19)] (51) 

84 -  21 20 0.11 8.61 38 37 0.20 3.23 18 17 0.09 7.61 τ(CCCC) τ(C13-C12-C4-C5) (89) 

νs, very strong; s, strong; m, medium; w, weak; vw, very weak; aIIR: IR intensities (Km/Mol), bRA: Raman scattering activity (A4/ 
AMU), ν: stretching; β: deformation in the plane; γ: deformation out-of-plane; w: wagging; τ: torsion, βR: deformation ring, τR: 
torsion ring, ρ: rocking, tw: twisting, δ: deformation, R1: phenyl ring, R2: pyrimidine ring. 
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The title molecule had 30 atoms, which underwent 84 (3N-6) normal modes 
of vibrations, 29 modes of vibrations were stretching, 28 modes of vibrations in 
plane bending and remaining 27 modes of vibrations were torsion. It agreed 
with C1 point group symmetry, all vibrations were active in Raman and IR ab-
sorptions. The experimental FT-IR and FT-Raman spectra are compared with 
corresponding predicted spectra in Figure 5 and Figure 6 respectively. The 
theoretical infrared and Raman spectra of pyrimethamine are presented in Fig-
ure S1 and Figure S2 (Supplementary Material), respectively. 

 

 
Figure 5. Experimental FT-IR spectra of pyrimethamine. 

 

 
Figure 6. Experimental FT-Raman spectra of pyrimethamine. 
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The small difference between the experimental and theoretical spectra could 
be attributed to the fact that experimental results refer to insufficient vibrations 
in solid phase contrary to gaseous phase. 

3.3.1. NH2 Vibrations 
Amino groups are generally known as electron donating groups. They give rise 
to six internal modes, namely symmetric stretching νs(NH2), anti-symmetric 
stretching νas(NH2), scissoring or symmetric deformation or simply deformation 
β(NH2), anti-symmetric deformations or rocking ρ(NH2), wagging w(NH2) and 
torsion or twist tw(NH2) modes. For Pyr, the νs and νas modes are localised as 
pure group modes, whereas the β, ρ, w and tw modes are sometimes mixed with 
the other ring modes. The NH2 stretching typically appears in the region 3500 - 
3000 cm–1 [40]. Two N-H bonds were identified for each NH2 stretching mode. 
The experimental N-H stretching vibrations were observed at 3468 and 3310 
cm–1 in the IR spectrum [41], while the anti-symmetric stretching vibration at 
3063 cm–1 in the Raman spectrum corresponded to νas(NH2). The lower fre-
quency is assigned to the symmetric (νs) mode and the higher one to the an-
ti-symmetric (νas) mode. The corresponding anti-symmetric (νas) stretching vi-
brations were calculated as 3607 and 3598 cm–1 for B3LYP/6-311++G(d,p); 3701 
and 3672 cm–1 for MN15/def2TZVPP and; 3617 and 3605 cm–1 for wB97XD/ 
def2TZVPP, while the symmetric (νs) stretching mode were computed as 3485 
and 3478 cm–1 for B3LYP/6-311++G(d,p); 3562 and 3541 cm–1 for MN15/ 
def2TZVPP and, 3491 and 3482 cm–1 for wB97XD/def2TZVPP, respectively. 

The scissoring modes (β) of the NH2 group is expected in the range 1625 - 
1500 cm–1, which contains a broad and strong IR band with peak at 1628 cm–1. 
DFT calculations provided values at 1585 and 1577 cm–1 for B3LYP/6-311++ 
G(d,p); 1626 and 1622 cm–1 for MN15/def2TZVPP and; 1600 and 1592 cm–1 for 
wB97XD/def2TZVPP. 

The rocking ρ(NH2) mode usually appears in the region 1150 - 900 cm–1 [40]. 
Here, the IR band at 1012 cm–1 is associated with this mode, were calculated as 
1128 and 1067 cm–1 for B3LYP/6-311++G(d,p); 1134 and 1085 cm–1 for MN15/ 
def2TZVPP and 1128 cm–1, 1592 cm–1 for wB97XD/def2TZVPP, respectively. 

Twisting tw(NH2) mode have been obtained at 510, 496 and 475 cm–1 for 
B3LYP/6-311++G(d,p); 522, 512 and 489 cm–1 for MN15/def2TZVPP and 515, 
502 and 483 cm–1 for wB97XD/def2TZVPP, respectively. 

Theoretically, wagging w(NH2) mode appeared at 356, 295 and 287 cm–1 for 
B3LYP/6-311++G(d,p); 353, 280 and 275 cm–1 for MN15/def2TZVPP and 350, 
291 and 278 cm–1 for wB97XD/def2TZVPP, respectively. 

3.3.2. C-H Vibrations 
The characteristic C-H stretching vibrations of the phenyl rings commonly ex-
hibit multiple weak bands in the region 3100 - 3000 cm–1 [40] [41] [42]. The 
DFT calculations give values at 3094, 3092, 3071 and 3068 cm–1 for B3LYP/ 
6-311++G(d,p); 3163, 3162, 3135 and 3133 cm–1 for MN15/def2TZVPP and; 
3084, 3083, 3060 and 3059 cm–1 for wB97XD/def2TZVPP, while the bands were 
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observed at 3150 and 2985 cm–1 in the IR and Raman spectra, respectively. Be-
cause of the interaction (sometimes strongly) with various ring C=C vibrations, 
many bands in the 1600 - 1000 cm–1 involve in-plane C-Η bending vibrations 
and 1000 - 700 cm–1 in out-plane bending [43], respectively. The C-H in plane 
bending vibrations of phenyl rings were observed at 1087 cm–1 (FTIR spectrum) 
and 1086 cm–1 (Raman spectrum), while calculated ones appeared at 1471, 1371, 
1278, 1160 and 1086 cm–1 for B3LYP/6-311++G(d,p); 1501, 1393, 1292, 1155 and 
1090 cm–1 for MN15/def2TZVPP and; 1480, 1377, 1273, 1157 and 1085 cm–1 for 
wB97XD/def2TZVPP, respectively. The C-H out-of-plane bending vibrations of 
Pyr were observed at 955, 939, 819, and 815 cm–1 (B3LYP/6-311++G(d,p)); 974, 
972, 849 and 840 cm–1 for MN15/def2TZVPP and; 967, 954, 833, and 828 cm–1 
(wB97XD/def2TZVPP). 

3.3.3. CH2 and CH3 Vibrations 
The vibrations of the CH2 group, the asymmetric stretch νasCH2, the symmetric 
stretch νsCH2 and bending vibrations βCH2, appear in the region 3000 - 2900 
cm–1, 2900 - 2800 cm–1 and 1410 - 1480 cm–1, respectively [44] [45]. The νCH2 
stretching vibrations were found at 2977 cm–1 in IR spectrum. The DFT calcula-
tions gave νasCH2 at 3010, 3084 and 3004 cm–1 for B3LYP/6-311++G(d,p), 
MN15/def2TZVPP and wB97XD/def2TZVPP methods, respectively; while νsCH2 
were found at 2943 (B3LYP), 3026 (MN15) and 2946 cm–1 (wB97XD). In the 
present work, the predicted wavenumbers at 1438 cm–1 (B3LYP/6-311++G(d,p)), 
1446 cm–1 (MN15/def2TZVPP) and 1436 cm–1 (wB97XD/def2TZVPP) were identi-
fied as CH2 bending vibrations. For the title molecule, the CH2 bending mode 
was observed at 1439 cm–1 in FT-IR spectrum. Theoretically, wagging wCH2 of 
Pyr was identified at 1306 cm–1 (B3LYP/6-311++G(d,p)), 1303 cm–1 (MN15/ 
def2TZVPP) and 1297 cm–1 (wB97XD/def2TZVPP), while twisting twCH2 were 
observed at 1221 cm–1 (B3LYP/6-311++G(d,p)), 1227 cm–1 (MN15/def2TZVPP) 
and 1217 cm–1 (wB97XD/def2TZVPP). The rocking ρCH2 appeared at 1093 and 
774 cm–1 (B3LYP/6-311++G(d,p)), 1101 and 770 cm–1 (MN15/def2TZVPP) and 
1089 and 777 cm–1 (wB97XD/def2TZVPP). 

The stretching vibrations of the CH3 group are expected in the range of 2900 - 
3050 cm–1 [44] [45]. In the present case, the calculated asymmetric stretching 
modes of the methyl group were found to be: 3010, 2991 and 2985 cm–1 for 
B3LYP/6-311++G(d,p), 3084, 3076 and 3059 cm–1 for MN15/def2TZVPP, 3004, 
2994 and 2982 cm–1 for wB97XD/def2TZVPP while, the symmetric modes were 
at 2928 cm–1 (B3LYP), 2992 cm–1 (MN15) and 2917 cm−1 (wB97XD). Experi-
mental bands were observed at 2977 cm–1 in the IR spectrum and 2985 cm–1 for 
Raman spectrum. The asymmetric and symmetric bending vibrations of the 
methyl group normally appear in the region of 1400 - 1485 and 1420 - 1380 cm–1 
[45] [46]. The bands observed at 1479 and 1439 cm–1 in the IR spectrum were 
assigned as CH3 bending modes. The DFT/B3LYP/wB97XD/MN15 calculations 
gave the following modes: 1460, 1447 and 1351 cm–1 [B3LYP/6-311++G(d,p)]; 
1461, 1451 and 1356 cm–1 (MN15/def2TZVPP) and; 1447, 1437 and 1356 cm–1 
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(wB97XD/def2TZVPP). 

3.3.4. C=N and C=C Vibrations 
The C=N and C=C ring stretching vibrations bands for pyrimidine compounds 
are often observed with strong absorptions in the region 1600 - 1500 cm–1 [47]. 
In the literature, the vibration bands of C=N and C=C are found at 1650 - 1620 
cm–1 and 1600 - 1450 cm–1, respectively [48]. In this work, experimental C=N 
stretching bands at 1560 cm−1, were computed to be 1556 and 1533 cm−1 
(B3LYP/6-311++G(d,p)), 1589 and 1556 cm−1 (MN15/def2TZVPP) and, 1562 
and 1551 cm−1 (wB97XD/def2TZVPP). 

Occurrence of conjugation especially in aromatic rings tends to decrease the 
frequency of the bond [48]. The C=C stretching vibrations at the α-position of 
the C=N bond and aromatic ring were observed at 1560 cm–1. The calculated 
values corresponded to 1575, 1544 and 1533 cm–1 (B3LYP/6-311++G(d,p)); 
1597, 1589 and 1556 cm−1 (MN15/def2TZVPP) and; 1581, 1562 and 1551 cm–1 
(wB97XD/def2TZVPP). 

3.3.5. C-Cl Vibrations 
Usually, chlorine present in the molecules has a strong vibration band between 
550 and 850 cm–1 [49] [50] due to the C-Cl stretching vibrations. In this work, 
the IR and Raman bands observed at 512 and 475.8 cm–1, respectively, were cal-
culated as 451 cm−1 for B3LYP/6-311++G(d,p), 461 cm−1 for MN15/def2TZVPP 
and 457 cm−1 for wB97XD/def2TZVPP. The corresponding in-plane deforma-
tion modes (bending) appear in the Raman spectrum as a shoulder at 357.3 cm−1 
while calculated frequencies are identified at 295 cm−1 for B3LYP/6-311++G(d,p), 
280 cm−1 for MN15/def2TZVPP and 291 cm−1 for wB97XD/def2TZVPP. 

3.4. 1H and 13C NMR Data 

The 1H and 13C NMR chemical shifts of the title molecule have been carried out us-
ing the B3LYP, MN15 and wB97XD functionals with 6-311++G(d,p), def2TZVPP 
and def2TZVPP basis sets for the optimized geometry and the results were given 
in Table 4 and Table 5 (see Figures S3-S5 and Figures S6-S8 of Supplementa-
ry material for calculated 1H and 13C NMR spectra, respectively associated to the 
three methods). The experimental 1H and 13C NMR spectra in DMSO-d6 (at 600 
and 150 MHz, respectively) of the molecule are shown in Figure S9 and Figure 
S10 (Supplementary material), respectively. It is noteworthy that the experi-
mental 1H NMR spectrum of the studied compound has been reported in the li-
terature [9]. 

In the 1H NMR spectra, aromatic ring protons have chemical shifts in the re-
gion of 6.5 - 8.0 ppm [51]. From experimental spectrum, we observed the aro-
matic ring protons between 7.464 and 7.180 ppm. The chemical shifts of the pro-
tons were calculated in the region 7.877 - 8.235 ppm for B3LYP/6-311++G(d,p), 
8.418 - 8.727 ppm for MN15/def2TZVPP and 8.091 - 8.391 ppm for wB97XD/ 
def2TZVPP. Table 4 shows some correlations between the experimental and 
calculated 1H NMR results. 
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Table 4. Experimental and calculated chemical shifts (in ppm) of isotropic 1H for pyrimethamine under B3LYP/6-311++G(d,p), 
MN15/def2TZVPP and wB97X-D/def2TZVPP levels. 

 Experimental δH 

B3LYP/6-311++G(d,p) MN15/def2TZVPP wB97XD/def2TZVPP 

σcalc 
δcalc = σTMS − σcalc 
(σTMS = 32.617) 

σcalc 
δcalc = σTMS − σcalc 
(σTMS = 32.388) 

σcalc 
δcalc = σTMS − σcalc 
(σTMS = 32.214) 

H7 7.456 24.388 8.230 23.660 8.727 23.823 8.391 

H8 7.463 24.741 7.877 23.970 8.418 24.123 8.091 

H9 7.463 24.582 8.035 23.846 8.541 24.006 8.208 

H10 7.456 24.382 8.235 23.668 8.720 23.829 8.385 

H17 2.087 29.832 2.785 29.552 2.836 29.479 2.735 

H18 2.087 29.825 2.792 29.648 2.740 29.488 2.726 

H20 0.950 31.271 1.347 31.143 1.245 30.954 1.260 

H21 0.950 30.495 2.122 30.314 2.074 30.165 2.049 

H22 0.950 31.043 1.574 30.876 1.512 30.720 1.494 

H24 5.589 28.643 3.974 28.214 4.174 28.157 4.057 

H25 5.589 27.896 4.721 27.405 4.983 27.425 4.789 

H27 5.573 27.832 4.785 27.358 5.030 27.366 4.848 

H28 5.573 27.731 4.886 27.231 5.157 27.247 4.968 

 
Table 5. Experimental and calculated chemical shifts (in ppm) of isotropic 13C for pyrimethamine under B3LYP/6-311++G(d,p), 
MN15/def2TZVPP and wB97X-D/def2TZVPP levels. 

 Experimental δC 
B3LYP/6-311++G(d,p) MN15/def2TZVPP wB97XD/def2TZVPP 

σcalc 
δcalc = σTMS − σcalc 
(σTMS = 186.647) 

σcalc 
δcalc = σTMS − σcalc 
(σTMS = 192.627) 

σcalc 
δcalc = σTMS − σcalc 
(σTMS = 190.622) 

C1 135.04 34.166 152.481 21.919 170.708 38.377 152.245 

C2 131.79 48.522 138.125 35.480 157.147 51.201 139.421 

C3 128.90 45.037 141.610 31.031 161.596 47.242 143.380 

C4 132.56 39.822 146.825 24.540 168.086 42.363 148.258 

C5 128.90 43.946 142.701 30.181 162.446 46.377 144.245 

C6 131.79 48.680 137.968 35.538 157.088 51.262 139.360 

C12 105.28 71.914 114.733 62.143 130.483 77.069 113.553 

C13 166.49 6.635 180.012 −12.001 204.627 7.578 183.044 

C14 161.96 16.440 170.208 0.381 192.246 16.981 173.641 

C15 162.15 15.546 171.102 0.807 191.820 16.771 173.851 

C16 27.44 150.657 35.990 154.249 38.378 156.174 34.448 

C19 13.06 167.550 19.097 173.343 19.284 172.381 18.241 

*r - - 0.987 - 0.984 - 0.985 

*r represents the correlation coefficient between experimental and theoretical data. 
 

In this work, the chemical shifts of the carbon atom in C=N-(C14, C15) found 
in 13C spectrum of pyrimethamine, were observed at 162.15 and 161.96 ppm and 
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calculated values at 170.208 and 171.102 ppm for B3LYP/6-311++G(d,p), 173.641 
and 173.851 ppm wB97XD/def2TZVPP, 192.246 and 191.820 ppm for 
MN15/def2TZVPP. As presented in Table 5, there is a correlation between the 
experimental and calculated 13C NMR results, and the corresponding r values 
were found to be 0.987, 0.985 and 0.984, respectively for corresponding me-
thod/basis sets.  

3.5. Frontier Molecular Orbitals (HOMO-LUMO) 

The most important orbitals in a molecule are the frontier molecular orbitals 
(FMOs), called highest occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO). These orbitals play a significant role in the opt-
ical and electric properties, as well as in quantum chemistry, chemical reactions 
and UV-vis spectra [52]. The energies of HOMO (EH) and LUMO (EL) charac-
terize the ability of a molecule to donate and accept electrons, respectively. The 
difference between EH and EL is called energy gap (ΔEG), which enables the de-
termination of the electrical transport and other properties such as kinetic sta-
bility, chemical reactivity, optical polarizability and chemical hardness–softness 
of the molecular system. The energy gap is large for hard molecules and small 
for soft molecules [53]. Soft molecules are more polarizable than the hard ones 
because they need small energy for excitation [54] [55]. The HOMO, LUMO and 
chemical reactivity descriptors for pyrimethamine were calculated by Gaussian 
16 program using B3LYP/6-311++G(d,p), MN15/def2TZVPP and wB97XD/ 
def2TZVPP levels and their values were summarized in Table 6. 

Calculations indicated that Pyr has 65 occupied sites with high energy gaps 
found to be 5.015, 6.465 and 8.884 eV (ΔEHOMO–LUMO gap) with B3LYP/6-311++ 
G(d,p), MN15/def2TZVPP and wB97XD/def2TZVPP methods, respectively and 
also has high hardness value [2.508 eV (B3LYP), 3.232 eV (MN15) and 4.442 eV 
(wB97XD)] and low softness value [0.399 eV (B3LYP), 0.309 eV (MN15) and 
0.225 eV (wB97XD)]. These results probably suggested that it is a hard molecule 
with high stability. The 3D plots of HOMO and LUMO orbitals are illustrated in 
Figure 7 using B3LYP/6-311++G(d,p) calculation level. The positive and nega-
tive phases were represented in red and green colour, respectively. 

3.6. Mulliken Atomic Charges 

The computation of the reactive atomic charges plays an important role in the 
application of quantum chemical calculations [56] for the molecular system. The 
Mulliken atomic charges were calculated by determining the electron population 
of each atom with DFT using B3LYP, MN15 and wB97XD method at 6-311++ 
G(d,p), def2TZVPP and def2TZVPP basic functions, respectively. The charge 
distribution calculated by the natural bond orbital (NBO) and Mulliken methods 
of pyrimethamine are summarized in Table 7. From Mulliken charges computa-
tion, the carbon atom C15 had a high positive charge compared to all other car-
bon atoms, because of the three-neighbouring electronegative N26, N29 and  
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Table 6. Calculated energy values for pyrimethamine under B3LYP/6-311++G(d,p), MN15/def2TZVPP and wB97XD/def2TZVPP 
levels. 

Property Symbol and formula B3LYP/6-311++G(d,p) MN15/def2TZVPP wB97XD/def2TZVPP 

Electronic energy (a.u) - −1144.568 −1143.707 −1144.403 

HOMO energy (eV) EH −6.074 −6.734 −7.894 

LUMO energy (eV) EL −1.059 −0.269 0.990 

ΔEHOMO–LUMO gap (eV) ΔEG = EL − EH 5.015 6.465 8.884 

HOMO+1 energy (eV) EH+1 −6.664 −7.598 −8.595 

LUMO-1 energy (eV) EL−1 −1.006 −0.194 1.029 

ΔEHOMO−1–LUMO+1 gap (eV) ΔEG1 = EL−1 − EH+1 5.658 7.405 9.624 

Ionization potential (eV) I = −EH 6.074 6.734 7.894 

Electron affinity (eV) EA = −EL 1.059 0.269 −0.990 

Global hardness (eV) ɳ = (EL − EH)/2 2.508 3.232 4.442 

Chemical reactivity or Global 
Softness (eV−1) 

S = 1/ɳ 0.399 0.309 0.225 

Chemical potential (eV) µ = (EL + EH)/2 −3.566 −3.501 −3.452 

Electrophilicity index (eV) ω = µ2/2ɳ 2.536 1.896 1.341 

Electronegativity (eV) χ = −µ 3.566 3.501 3.452 

Dipole moment (Debye) D 1.618 1.617 1.616 

 

 
Figure 7. Atomic orbital compositions of the frontier molecular orbital for pyrimethamine. 
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Table 7. Charge distribution calculated by the natural bond orbital (NBO) and Mulliken methods of pyrimethamine. 

Atom 
number 

Atomic charges Natural charges 

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

MN15/ 
def2TZVPP 

wB97XD/ 
def2TZVPP 

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

MN15/def2TZVPP 
Natural 

wB97XD/def2TZV
PP Natural 

C1 0.440381 0.013647 0.125777 −0.0376 −0.02751 −0.02921 

C4 0.597027 0.050311 −0.088254 −0.05942 −0.04835 −0.04646 

Cl11 0.426522 −0.070622 −0.086846 0.00104 −0.00852 −0.00639 

C13 0.09155 0.263542 0.137252 0.29928 0.30301 0.30812 

C14 −0.088274 0.176127 0.248832 0.45549 0.43878 0.44416 

C15 0.155828 0.195083 0.353153 0.60672 0.5682 0.57236 

N23 −0.382647 −0.398026 −0.245656 −0.77367 −0.77722 −0.78115 

N26 −0.281552 −0.362795 −0.24894 −0.77831 −0.7767 −0.78137 

N29 −0.24011 −0.310812 −0.367737 −0.59712 −0.55409 −0.56243 

N30 −0.108056 −0.282251 −0.362885 −0.58878 −0.54878 −0.55406 

 
N30 atoms, respectively. C15 behaves as an acceptor atom and it sustains nuc-
leophilic reactions. The nitrogen atoms N23 and N26 perform as donor atoms, 
they endure electrophilic reaction. The charge distribution is modified by 
changing different basis sets as summarized in Table 7. The corresponding Mul-
liken plots are shown in Figure 8. 

3.7. Molecular Electrostatic Potential (MEP) Analysis 

The molecular electrostatic potential (MEP) is a very cooperative tool in under-
standing the relationship between molecular structure and reactivity. MEP map-
ping is often used for interpretation and prediction of relative reactivity sites for 
electrophilic and nucleophilic attacks [57] [58], calculations of atomic charges 
[59], and study of molecular similarity [60]. 

Three MEP diagrams have been plotted for pyrimethamine at B3LYP/6-311++ 
G(d,p), MN15/def2TZVPP and wB97XD/def2TZVPP levels of calculations as il-
lustrated in Figure 9. This figure provided a visual representation of the chemi-
cally active sites and comparative reactivity of atoms. The electrostatic potential 
increases in the order red < orange < yellow < green < blue, where the blue co-
lour indicates a minimal concentration of electrons (nucleophilic reactivity) and 
the red indicates a high density of electrons (electrophilic reactivity). In addition, 
the negative electrostatic potential regions (red) were localized on the carbon 
atom C15 nearby nitrogen atoms (N26, N29 and N30) indicating possible site for 
electrophilic attack. However, positive potential regions (blue) were localized 
around NH2 groups (N26, N23), indicating possible sites for nucleophilic attack 
in the drug. This result was also supported by the evidences of charge analysis 
parts. The docking study by Musa et al. [61] reveals that the NH2 group (N26) is 
the preferred binding site. 
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Figure 8. Mulliken atomic charges of pyrimethamine. 
 

 
Figure 9. 3D plots of the molecular electrostatic potential map of pyrimethamine. 

4. Conclusions 

The FT-IR and FT-Raman spectra of pyrimethamine were experimentally stu-
died and analysed, while the X-ray and 1H NMR data were obtained from litera-
ture. The molecular geometry and wave numbers were calculated using DFT 
functionals associated with 6-311++G(d,p) and def2TZVPP basis sets. The op-
timized geometrical parameters were found to be in good agreement with the 
XRD results. It is observed that there are no significant differences between the 
experimental and the theoretical structures. It was noted that some of the expe-
rimental results belong to the solid phase, while theoretical calculations were due 
to gaseous phase. A reasonable agreement was observed between the observed 
and stimulated spectra (IR and Raman). The TED calculation regarding the 
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normal modes of vibration provides strong support for the frequency assign-
ment. The spectroscopic investigations showed a high degree of approximation 
between the calculated and experimental results. However, remarkable differ-
ences observed between the experimental and theoretical chemical shifts may be 
due to the fact that DFT calculations have been performed in the gas phase whe-
reas the experimental results were carried out in solid phase.  

The HOMO/LUMO analysis was done in order to characterize the electron 
density of the molecule. Analysis of Mulliken’s charge revealed a concentration 
of negative charge at the nitrogen atoms of the amino groups, while the carbon 
atom (C15) is positively charged. The MEP map shows that the negative poten-
tial sites are around the carbon atom (C15) and the positive potential sites are on 
nitrogen atoms of the amino groups. These sites provide information concerning 
the region from where the molecule can undergo intramolecular and intermole-
cular interactions. 

Overall, the present investigations provide a solid foundation for dealing with 
diaminopyrimidine compounds. 
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Supplementary Material 

Supporting data have been provided herein. 
 

 
Figure S1. Theoretical FT-IR spectra of pyrimethamine. 
 

 
Figure S2. Theoretical FT-Raman spectra of pyrimethamine. 
 

 
Figure S3. Theoretical 1H NMR spectrum of pyrimethamine by DFT/B3LYP/6-311++G(d,p). 
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Figure S4. Theoretical 1H NMR spectrum of pyrimethamine by DFT/MN15/def2TZVPP. 

 

 
Figure S5. Theoretical 1H NMR spectrum of pyrimethamine by DFT/wB97XD/def2TZVPP. 

 

 
Figure S6. Theoretical 13C NMR spectrum of pyrimethamine by DFT/B3LYP/6-311++G(d,p). 

https://doi.org/10.4236/cc.2022.104008


P. M. A Mekoung et al. 
 

 

DOI: 10.4236/cc.2022.104008 184 Computational Chemistry 
 

 
Figure S7. Theoretical 13C NMR spectrum of pyrimethamine by DFT/MN15/def2TZVPP. 
 

 
Figure S8. Theoretical 13C NMR spectrum of pyrimethamine by DFT/wB97XD/def2TZVPP. 
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Figure S9. Experimental 1H NMR spectrum (600 MHz, DMSO) of pyrimethamine. 

 

 
Figure S10. Experimental 13C NMR spectrum (150 MHz, DMSO) of pyrimethamine. 
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