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1. Introduction

For dying of natural and synthetic fibresare widelyused azo dyes[1], [2].For example, disperse dyes using has
been continuouslyincreasing in the textile industry after the discoveryof synthetic fibres[1].Also,many high
technology fields are using azo dyes, such as electronic devices, linear and nonlinear optics, reprography,
sensors.Disperse dyes are the most important dyes group for dyeing of hydrophobic fibers[3]-[5].Molecular
structure analysis of a monoazo disperse dye, N,N-dimethylaniline (DMA, as shown Fig. 1) molecule was
fully characterized by Arslan et al.[6].

Figure 1. The optimized molecular structure of the DMA molecule (The structure were drawn using CYLview
1.0b[7]).

Calculated and experimental IR and Raman spectrums show that the all-inclusive picture on electronic
possessions [8] and the correct structure information about thestudied molecule. Vibrational frequencies
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investigation and detail IR and Raman spectroscopy analysis help for proper assignments of compound
molecules. Then, the complete vibrational assignments and the simulated IR-Raman spectra of the
fundamentals were constructed by using Density Functional Theory (DFT) and the scaled quantum
mechanical force fields (SQMFF) procedure product of its potential energy distribution values.

2. Material and method

2.1. Experimental

The Infrared (IR) spectrum was recorded in the region 350-4000 cm™ by using Perkin Elmer Spectrum Two
with U-ATR FTIR spectrometer. In this study, the Raman spectrum was measured by using Renishaw inVia
confocal Raman microscope (Gloucestershire, UK) and a nearinfrared diode laser (785 nm)maximum at
500mW, 1200 lines/mm source. A 1024x256 pixels CCD array detector detected Raman scattering signals.
Raman range from 0 to 2085 cm ™' was detected with a 50x objective.

2.2. Computation

In this work, the calculations were carried outoptimized geometry, fundamental frequencies and amap of
molecular electrostatic potential calculations by using DFT the B3LYP method and 6-31+G(d,p) basis set by
utilizing the Gaussian 09 W[9] program package for studied molecule. The frequency calculations showed
that the structure is in the state of the true minimum of potential energy.

The cartesian coordinates force fieldswere converted to the internal coordinates [10], [11] for the
corresponding optimized structure. In the scaled quantum mechanical force fields[12]methodology, an internal
coordinate representation of the cartesian force constants, which are obtained using B3LYP/6-31+G(d,p)
level. Then the elements of the internal force constant matrix (Fjj(scaled)) are scaled based on scaled factors (s;
and s;),

Fij(SCalEd):(si)l/ZFij(sj)l/z o
In this study, initial scaling factors (s;) are used as recommendedby Baker[13], [14]in Table 1. Then direct

scaling of the F=[F;] matrix is used for fitting the calculate fundamental wavenumbers to the corresponding
experimental.

FijZ(Sisj)mFij 2

Table 1. Using initial scale factors (s;)

Vibrations Bonds Scale factor
Stretching 1 C-N, N-N, C-O 0.9207
2 C-H 0.9264
Bending 3 C-C-H 0.9431
4 C-X-X 1.0144
Torsion 5 X-X-X-X 0.9523

Scaling factor optimization method is defined by merit function[14];

22 = o — vt (sp]wi) 3)

In addition, thetotal energy distribution (TED)isdetermined stretching, bending or torsion percentages
contribute to a particular normal mode. The Infrared and Raman spectrum were plotted in terms of Gaussian
band shapes with 7 cm™ bandwidth by using the SQM outputs. For scaling to getting these internal coordinate
force were carried out with the scaledquantum mechanical force fields procedure by utilizing the Parallel
Quantum Solutions (PQS) program [15].

Molecular electrostatic potential \V(r)is definedbythe electronic density function: p(r )and Za is the
charge on the nucleus A, located at Ra[16]-[18].

_ Zy o p@) Lo
V() =4 ) J (,f_r)d(r) 4)
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To observe and get information about variably charged regions of the molecule, the map of molecular
electrostatic potential was investigated using theoretical calculations.

3. Results and discussion

3.1. Vibrational assignments

The computed vibrational assignments were used for identifying the vibrational modes clearly in Fig.2., Fig.3.
and Table 2. In this study, all weighted 105 fundamental frequencies RMS and mean average deviation are
7.46 and 3.78 respectively. The RMS values of the calculated SQM in the pre-fingerprint region (<500 cm™),
fingerprint region (500-2500 cm™) and post-fingerprint region (>2500 cm™) are 3.45, 6.89 and 15.57,
respectively. Hence, overall agreement between the SQM and experimental frequencies can be made with
confidence. The both experimental and calculated IR and Raman spectrum of the title compounds are
graphically illustrated in Fig. 2. and Fig. 3. The calculated SQMFF Raman and IR absorption spectrum
bandwidth were plotted with 4 cm™ in this study (in Fig. 2 and 3). The observed and calculated vibrational
frequencies with the TED assignments were given in Table 2. Discussion for the characteristic spectral region
is summarized as below.
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Figure 2. A comparison of the experimental (solid phase) Raman spectrum of DMA molecule with the
calculatedRamanspectrum obtained at the B3LYP/6-31+G(d,p) level of theory within the SQMFF
methodology.
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Figure 3. A comparison of the experimental (solid phase) IR spectrum of DMA molecule with the calculated
IR spectrum obtained at the B3LYP/6-31+G(d,p) level of theory within the SQMFF methodology.

3.1.1. C-H vibrations

The aromatic C—H stretching vibrations are expected to appear wavenumber range 3100-3000 cm*[19].
Calculated SQM values of these bands at 3024 cm™ to 3056 cm™ are due to the C-H ring vibrations. C-H
stretching vibrational modes in CHs groups are defined by the absorption bands in the 3000-2850 cm ™ range
[19]1. CH, symmetric stretching is assigned at 2910 cm *week band, while the calculated wavenumber is 2890
cm.

3.1.2. N=N vibrations

Although azo compounds are no significant N=N stretching bands are expected in infrared spectroscopy, the
N=N stretching band is generally strong intensity in Raman spectra[19]. Because of the azo compounds being
non-polar in nature, the azo group is difficult to identify by infrared spectroscopy. In this study, N=N
stretching vibrations are assigned 1368 cm™ Raman and 1408 cm™ and 1360 cm™ IR[20]. The bands observed
at 1488 cm™ (IR), 1487 cm™ (R), 1508 cm™ (IR) and 1531 cm™ (IR), 1532 cm™ (R) in our before studies[21].
In tf11is study, 1389 cm™ strong Raman and 1425 cm™ very weak IR band are observed, while the SQM 1418
cm.

3.1.3. C-N vibrations

The characteristic functional of amine C-N range is expected 1240-1020 cm™[19]. The bands observed at very
strong 1139 cm™ and medium 1201 cm™ Raman shift and also observed bands: 1179cm™, 1160cm™, 1137 cm™
Lin the IR spectrum. The theoretically calculated CN vibrations (1122 cm™, IR and R, 1185 cm™ medium IR
and R) are in good agreement with the experimental bands.

240



B. Catikkas

PENVol. 5, No. 2, June 2017, pp. 237 — 244

Table 2. The assingments of the fundamental vibrations for the title molecule and comparison between the
calculated DFT, SQM and observed experimental results

B3LYP/ 6-31+G(d,p) SQM Observed®
No Freg®  Ig® lramn’  Freq’  1g° lraman' IR Raman  TED(Total Energy Divibution)(>5%)"
105 3233 184 1628 3056 18.3 162.3 CH sym v(95)
104 3230 123 522 3054 124 477 CH sym v(91)
103 3230 02 75.0 3053 01 79.9 CH sym v(95)
102 3216 32 546 3040 32 552 CH asym v(99)
101 3214 11.8 150.6 3039 11.8 150.2 CH sym v(98)
100 3211 12 755 3035 1.2 76.0 CH asym v(98)
99 3201 28 59.8 3026 28 59.7 CH asym v(99)
98 3199 61 576 3024 62 580 CH asym v(99)
97 3161 175 199.1 2988 17.4 199.2 CH3 asym v(100)
96 3156 435 270.2 2983 43.6 270.0 CH3 asym v(94)
95 3143 16 72 2971 16 7.3 CH3 asym v(93)
94 3108 84 510 2938 84 511 CH3 asym v(100)
93 3057 72.6 1456 2890 72.7 1457 2910 w CH3 sym v(99)
92 3056 0.0 1655 2889 0.0 165.0 CH3 asym v(100)
91 3045 35 2523 2879 35 2518 CH3 sym v(100)
90 3014 1524 3184 2849 151.3 319.1 CH3 sym v(94)
89 3007 91.7 1928 2842 91.6 1926 2825 vw CH3 asym v(93)
88 1744 295.0 6329 1681 286.1 617.4 1668 m 1670 w ~ CO v(83)
87 1658 5185 316.9 1599 5139 272.6 1604 m CC v(55)
86 1647 138.5 4089.2 1589 162.7 4278.9 1590 m 1591 m = CC v(53) + NN v(5)
85 1610 24.9 106.7 1557 41.2 276.0 CC v(63)
84 1593 272 947 1543 265 107.0 CC v(60)
83 1559 3544 734 1518 2195 6.9 1521 m CH3 b(50) + HCN b(17) + CN v(6)
82 1538 2.0 1271.2 1501 36.7 241.9 CH3 b(35)
81 1532 1185 727.6 1499 72.4 92.3 1487 ww HCH b(22)+NC v(9) +NN v(5)
80 1523 0.8 954 1478 148 36.0 HCH b(44)+HCNC t(21)
79 1501 185.9 1100.6 1476 119.1 2155.0 HCC b(18)+ NN v(15) + CC ring v(13)
78 1497 150 359 1469 0.0 7.2 CH3 b(58)
77 1493 188 2155 1467 119 131 CH3 h(60)
76 1488 0.0 7.2 1458 134.1 12574 CH3 b(34)
75 1486 11.7 133 1456 139 752 CH3 b(63) + t(31)
74 1476 6.4 3255 1451 144 6060.0 1446 vw 1442 w NN v(15) + CC ring v(8)
73 1475 1153 3765.5 1430 50.7 2769.4 1415 w NN v(10) + CC ring v(7) + CH3 b(35)
72 1452 3.4 181.6 1418 46.7 23717 1425w  1389s NN v(8) + CC ring v(19) + t(35)
71 1440 171.8 4393.3 1390 239.6 6536.5 1388 vw CC ring v(21) + HCC ip b(20) + NN v(16)
70 139 503.6 828.6 1359 30.9 37.8 1362m 1366 m = CH3 b(89)
69 1391 118.9 423 1349 549.6 907.7 CN v(37) + CC ring v(6)
68 1378 137.6 496.6 1333 169.7 673.8 CC ring v(62)
67 1365 368 7258 1318 555 8689 1315w  1314m  CC ring v(74)
66 1341 425 6810 1291 429 8829 1310vw 1297 vw HCC ring b(70)
65 1326 01 733 1274 22 606 1262m HCC ring b(73)
64 1293 109 204.6 1246 684 3249 1252m 1250 vww CN v(24) + CC v(14)
63 1280 538.7 705.7 1239 517.7 423.4 1232m 1240 vw  CN Vv(24) + CC v(26)
62 1274 77.4 1590 1224 393 89.0 CN v(39) + CC v(22) + HCC(7) + HCN(5)
61 1229 1.8 2467.0 1185 11.7 3657.5 1179w  1201m  CN v(25) + CC v(14) + HCC ip b(6)
60 1198 46.3 148 1155 30.2 21.2 1160w HCN b(33) + CN v(8)
59 1185 1336 73.3 1136 168.5 186.4 1137 m 1139 vs = CN v(8) + HCC ip b(34)
58 1165 510.4 259 1122 480.5 8284.2 CN v(17) + HCC ip b(27)
57 1148 157 311.8 1105 10.9 136.5 HCC ip b(58) + CC v(18)
56 1141 0.0 09 109% 0.0 1.0 HCN b(78)
55 1138 0.1 0.3 1092 0.2 0.5 HCN b(80)
54 1132 157 2454 1088 12.4 100.2 CC ring v(22) + HCC ip b(58)
CCring v(25) + CC v(10) +
53 1089 3.1 6089 1056 54 1099.5 1070 m OCC b(7)+ CCC h(16)
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Table 2.(Continued)
B3LYP/ 6-31+G(d,p) SQM Observed®

No Freq® 1R’ lraen”  Freq’ g’ lraman' IR Raman  TED(Total Energy Divibution)(>5%)"
52 1082 263 50 1039 262 5.1 HCN h(36) + CN v(29)
51 1044 0.6 04 1008 0.3 0.7 1014vw 1010 m  HCC h(43) +t(37)
50 1022 2.7 2515 998 5.1 297.7 HCC ring ip b(66) + CC(31)
49 1013 02 151 994 04 01 1(67) + HCC b(11)
48 1010 02 03 989 02 382 984w | CCC ring op b(75) + CC ring v(21)
47 982 04 0.3 967 0.3 0.3 t(78)
46 977 02 08 92 01 07 t(81)
45 9%7 16 01 952 13 01 954 m  t(78)
4 94 380 76 933 692 270 949 m CN v(32) + CNN b(14)
43 960 98.9 150.4 927 442 179.5 925w  CC v(25) + HCC b(27)
42 937 0.5 20.2 919 241 195 CC v(28) + CNN b(24)
41 873 481 04 851 494 04  81m t ring op(76)
40 850 61 771 828 234 0.4 835 m tring breath(75)
39 849 205 04 824 65 66.7 822'm  CC v(36) + CN v(19) + CCC ring ip b(5)
38 837 378 0.0 817 33.6 0.0 817 vs t ring op(62)
37 80 06 09 79 05 0.8 t ring op (93)
36 761 03 796 746 1.6 1141 751 CN v(13) + CC v(11) + CCC ip ring(6)
35 745 2.0 0.5 728 2.1 0.3 737 w 719 t(6)
34 732 01 3.9 715 0.0 4.2 t(7)
33 707 236 18 689 229 12 694w CCC ring b ip(27) + CN b(27) + CC v(20)
32 653 41 25 646 44 27 641 CCC ring b ip(27)
31 642 23 432 635 2.8 484 637w 629 CCC ring b ip (35)
30 608 361 23 602 345 3.1 599 CC v(18) + OCC b(33)
29 603 217 0.4 587 22.7 0.4 585 s HCC b(13) + t(34)

NNC b(11) + CNC b(9) +
28 559 42 18 557 37 33 NCC b(7) + OCC b(6)

NCC h(16) + CNC b(12) +
27 548 135 1.9 540 121 144 NNC b(8) + OCC b(5)
26 541 123 14.8 537 12.7 1.8 531s t(37)
25 502 09 0.1 490 0.9 0.1 489 t inter ring(11)

CNC b(26) + CCC b(15) +
24 488 9.4 15.1 485 7.9 129 485 w OCC b(6) + NCC b(5)

CNC b(29) + NCC b(6) +
23 466 05 363 462 0.4 35.0 466 w  NNC b(5) + OCC b(5)

22 446 00 03 435 00 03  436vw 440w tros(70)
CCC b(19) + CNC b(17) +

21 426 09 238 424 09 300 OCC b(10) + NC v(6)
20 420 00 00 409 00 0.0 1(77)
19 3% 05 07 387 05 07 1(43)
CC v(15) + CN v(6) + CCC h(12) +
18 354 90 07 350 86 10 OCC b(11) + CNC b(8)
17 315 13 30 313 19 35 313m  NCC b(43) + CNC b(20)
16 313 20 34 308 14 30 (38)
15 257 25 03 251 25 0.4 CH3 t(60)
14 232 77 10 233 79 11 NCC b(28) + CCC b(26) + CNC b(19)
13 204 01 02 199 01 0.2 CH3(72)
12 188 61 14 18 65 1.9 179w CN v(14) + CNN b(6) + CCC b(26)
11 171 09 19 167 09 19 t(51)
10 162 01 02 157 01 0.2 156 vw  t(100)
9 147 08 17 147 06 20 NCC b(30) + NNC b(6) + CCC b(16)
8 143 05 09 140 05 08 1(45)
7 74 02 14 72 01 14 t(52)
6 69 14 03 68 16 03 t(40)
5 62 28 10 60 28 10 t(73)
4 48 05 09 49 05 09 CNN b(90)
3 4 08 19 40 08 19 1(63)
2 25 25 12 24 24 12 t(61)
1 18 01 03 18 01 03 (80)

# Harmonic Vibrational Frequencies; ® Infrared Intensities; © Raman Intensities;
dSQM Frequencies; °Infrared Intensities; fRaman Intensities; ® vw, very weak; w, weak; m, medium; s,vong; vs, very vong

MTha miimabhav afbar Hhn maadan avn tha 04 natantial anavm s anlailatad tinina narmal anavdinaéa anahinine v abratahinas b handina ¢ +avnine
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3.2. Molecular electrostatic potential

The map of molecular electrostatic potential (MEP) surface visualizes the reactive sites of the DMA (in Fig.
4).The electrostatic potential increases red toblue potential region
(red<orange<yellow<green<cyan<blue)positive and negative respectively. Map of electrostatic potential
contour positive and negative potentials for the DMA compoundare figured out in Fig. 5, at B3LYP/6-
31+G(d,p) level.

Figure 4. The 3D map of MEP surface of the DMA molecule.

Figure 5. The 2D map of MEPcontourof the DMA molecule.
4. Conclusions

The experimental and theoretical values of the vibrational frequencies of the studied molecule were compared.
The RMS and mean average deviation of DMAfundamental vibrations were found as 7.46 and 3.78,
respectively. This shows that the calcaulated frequencies are in good agreement with the experimental ones.
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