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ABSTRACT

The molecular vibrations of 3,5-dimethylpyridine (35DMP) were investigated at room
temperature by Fourier transform infrared (FTIR) and FT-Raman spectroscopy. The
spectra of the above compounds have been recorded in the region 4000-400, 4000-100 cm’
! respectively. They were interpreted with the aid of normal coordinate analysis following
full structure optimization and force field calculations based on density functional theory
(DFT) using B3LYP /6-31G* and B3LYP/6-311+G** methods and basis set combinations.
The results of the calculations were applied to simulated infrared and Raman spectra of the
title compound, which showed excellent agreement with the observed spectra. The
vibrational force constants were also performed by using DFT calculations. The difference
between the observed and scaled wavenumber values of most of the fundamentals is very
small. The values of the total dipole moment (1) and the first-order hyperpolarizability (B)
of the investigated compound were computed using DFT calculations. The calculated
results also show that the 35DMP might have microscopic nonlinear optical (NLO)
behavior with non-zero values. A detailed interpretation of the infrared and Raman spectra
of 35DMP is also reported based on total energy distribution (TED). Electronic excitation
energies, oscillator strength and nature of the respective excited states were calculated by
the closed-shell singlet calculation method were also calculated for the molecule.

© 2013 Elixir All rights reserved.

Introduction

Pyridine is a very stable compound with a great deal of
aromatic character. Pyridine has been extensively studied from
the spectroscopic point of view, due in part to its presence in
many chemical structures of high interest in a variety of
biomedical and industrial fields. Pyridine has the intrinsic
interest of being the azine nearest to benzene. Compounds
containing the pyridine ring systems are widely distributed in
nature. Some examples are Vitamin B6 and nicotinamide
adenine which are of great interest in biochemical and
pharmaceutical fields. In pyridine, pyrazine and in related six-
membered heterocyclic molecules, resonance occurs as in
benzene, causing the molecule to be planar and stable. The
vibrational spectra of substituted pyridine have been the subject
of several investigations [1,2]. 3,5-dimethylpyridine is used to
the intermediate of medicine, pesticides etc.

Quantum chemical computational methods have proved to
be an essential tool for interpreting and predicting the vibrational
spectra. A significant advance in this area was made by scaled
guantum mechanical (SQM) force field method [3-6]. In scaled
guantum mechanical (SQM) approach, the systematic errors of
the computed harmonic force field are corrected by a few scale
factors which are found to be well transferable between
chemically related molecules [7,8] and were recommended for
general use. Recent spectroscopic studies on these materials
have been motivated because the vibrational spectra are very
useful for the understanding of specific biological process and in
the analysis of relatively complex systems.

In the present study, we report the vibrational analysis of
3,5-dimethylpyridine (35DMP) using the SQM force field
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method based on density functional theory (DFT) calculations.
The calculated infrared and Raman spectra of the title
compounds were simulated utilizing the scaled force fields and
the computed dipole derivatives for IR intensities and
polarisability derivatives for Raman intensities.
Experimental Details

The compound 35DMP was purchased from the Sigma—
Aldrich Chemical Company (USA) with a stated purity of
greater than 98% and it was used as such without further
purification. The FT-Raman spectrum of 35DMP has been
recorded using 1064 nm line of Nd:YAG laser as excitation
wavelength in the region 4000-100 cm™' on a Brucker model IFS
66V spectrophotometer equipped with FRA 106 FT-Raman
module accessory. The FT-IR spectrum of this compound was
recorded in the region 4000-400 cm™' on IFS 66V
spectrophotometer.
Computational Details

Quantum chemical methods based on density functional
theory are now widely used for calculations of the structure and
vibrational frequencies of molecules [9]. The molecular
geometry optimizations, energy and vibrational frequency
calculations were carried out for 35DMP with the GAUSSIAN
09W software package [10] using the B3LYP functionals
[11,12] combined with the standard 6-31G* and 6-311+G**
basis sets. The Cartesian representation of the theoretical force
constants have been computed at optimized geometry by
assuming Cs point group symmetry. Scaling of the force field
was performed according to SQM procedure [13] using selective
scaling in the natural internal coordinate representation [14,15].
Transformations of the force field and the subsequent normal
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coordinate analysis including the least square refinement of the
scaling factors, calculation of the total energy distribution (TED)
and the prediction of IR and Raman intensities were done on a
PC with the MOLVIB program written by Sundius [16].

The symmetry of the molecule was also helpful in making
vibrational assignments. The symmetries of the vibrational
modes were determined by using the standard procedure [17] of
decomposing the traces of the symmetry operation into the
irreducible representations. The symmetry analysis for the
vibrational mode of 35DMP is presented in some details in order
to describe the basis for the assignments. By combining the
results of the GAUSSVIEW program [18] with symmetry
considerations, vibrational frequency assignments were made
with a high degree of confidence.

The Raman activities (Si) calculated with the GAUSSIAN
09W program and adjusted during the scaling procedure with
MOLVIB were subsequently converted to relative Raman
intensities (1i) using the following relationship derived from the
basic theory of Raman scattering [19-21].

f(v, —v)*S,
' v[l-exp(=hcv, / KT)

Where v, is the exciting frequency (in cm™), v; is the
vibrational wavenumber of the i normal mode; h, ¢ and k are
fundamental constants, and f is a suitably chosen common
normalization factor for all peak intensities.
Essentials of nonlinear optics related to

The nonlinear response of an isolated molecule in an
electric field Ej(w) can be represented as a Taylor expansion of
the total dipole moment L, induced by the field:
U=yt E G B E
Where o is linear polarizability, Y, the permanent dipole
moment and B are the first-order hyperpolarizability tensor
components. The components of first-order hyperpolarizability
can be determined using the relation

B=But 5 B+ By + i)

i#]

1)

Using the x, y and z components the magnitude of the total static
dipole moment (W), isotropic polarizability (o), first-order
hyperpolarizability (Bww) tensor, can be calculated by the
following equations:

W= (5 )Y
ﬂtot :( IBX2 +ﬂy2 +IBZZ)1/2

The complete equation for calculating the first-order
hyperpolarizability from GAUSSIAN 09W output is given as
follows:

Bt =W Boo + Bay + Bar) +( By * Braa * Bro) + Bz + Bo + Bry)’]

The B components of GAUSSIAN 09W output are reported
in atomic units, the calculated values have to be converted into
electrostatic units (1 a.u= 8.3693 x10* esu).

Molecular geometries were fully optimized by Berny’s
optimization algorithm using redundant internal coordinates. All
optimized structures were confirmed to be minimum energy
conformations.

An optimization is complete when it has converged. i.e.,
when it has reached a minimum on the potential energy surface,
thereby predicting the equilibrium structures of the molecules.
This criterion is very important in geometry optimization. The
inclusion of d polarization and double zeta function in the split
valence basis set is expected to produce a marked improvement
in the calculated geometry. At the optimized structure, no
imaginary frequency modes were obtained proving that a true
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minimum on the potential energy surface was found. The
electric dipole moment and dispersion free first-order
hyperpolarizibility were calculated using finite field method.
The finite field method offers a straight forward approach to the
calculation of hyperpolarizabilities.

All the calculations were carried out at the DFT level using
the three-parameter hybrid density functional B3LYP and a 6-
311+G** basis set.
Results and discussion
Molecular geometry

The global minimum energy obtained by the DFT structure
optimization was presented in Table 1. The optimized
geometrical parameters obtained by the large basis set
calculation were presented in Table 2. The optimized molecular
structure of 35DMP was shown in Fig 1.

Fig 1.The optimized molecular structure of 35DMP
Table 1. Total energies of 35DMP, calculated at DFT
B3LYP/6-31G* and B3LYP/6-311+G** level

Method Energies (Hartrees)
6-31G* -326.85672721
6-311+G** | -326.93507469

Detailed description of vibrational modes can be given by
means of normal coordinate analysis (NCA). For this purpose,
the full set of 58 standard internal coordinates containing 13
redundancies were defined as given in Table 3. From these, a
non-redundant set of local symmetry coordinates were
constructed by suitable linear combinations of internal
coordinates following the recommendations of Fogarasi et. al
[22] are summarized in Table 4.

The theoretically calculated DFT force fields were
transformed in this later set of vibrational coordinates and used
in all subsequent calculations.

Analysis of vibrational spectra

The 45 normal modes of 35DMP are distributed among the
symmetry species as I'sye= 31 A’ (in-plane) + 14 A” (out-of-
plane), and in agreement with C, symmetry. All the vibrations
were active both in Raman scattering and infrared absorption. In
the Raman spectrum the in-plane vibrations (A") give rise to
polarized bands while the out-of-plane ones (A”) to depolarized
band.

The detailed vibrational assignments of fundamental modes
of 35DMP along with calculated IR, Raman intensities and
normal mode descriptions (characterized by TED) were reported
in Table 5. For visual comparison, the observed and simulated
FT-IR and FT-Raman spectra of 35DMP are produced in a
common frequency scales in Fig 2 & Fig 3.
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Fig 2. FT-IR spectra of 35DMP (a)Observed (b) Calculated
with B3LYP/6-311+G**
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Fig 3. FT-Raman spectra of 35DMP (a) Observed (b)
Calculated with B3LYP/6-311+G**
Root mean square (RMS) values of frequencies were obtained in
the study using the following expression,

1 S calc exp 2
RMS = \/EZ(UI -y )

The RMS error of the observed and calculated frequencies
(unscaled / B3LYP/6-311+G**) of 35DMP was found to be 96
cm™. This is quite obvious; since the frequencies calculated on
the basis of quantum mechanical force fields usually differ
appreciably from observed frequencies. This is partly due to the
neglect of anharmonicity and partly due to the approximate
nature of the quantum mechanical methods. In order to reduce
the overall deviation between the unscaled and observed
fundamental frequencies, scale factors were applied in the
normal coordinate analysis and the subsequent least square fit
refinement algorithm resulted into a very close agreement
between the observed fundamentals and the scaled frequencies.
Refinement of the scaling factors applied in this study achieved
a weighted mean deviation of 7.82 cm™ between the
experimental and scaled frequencies of the title compound.
C-H vibrations

Aromatic compounds commonly exhibit multiple weak
bands in the region 3300-3000 cm™' due to aromatic C-H
stretching vibrations. Accordingly, in the present study the C—H
vibrations of the title compounds are observed at 3163, 3159 and
3153 cm ' in the FTIR spectrum and 3149, 3148 and 3143 cm™
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in Raman for 35DMP. The bands due to C-H in-plane ring
bending vibration interacting some what with C-C stretching
vibration are observed as a number of m-w intensity sharp bands
in the region 1300-1000 cm™'. C-H out-of-plane bending
vibrations are strongly coupled vibrations and occur in the
region 900-667 cm ' [23]. The in-plane and out-of-plane
bending vibrations of C—H have also been identified for the title
compound.
C-C vibrations

The ring C-C stretching vibrations [24], known as
semicircular stretching usually occur in the region 1300-1100
and 1700-1480 cm™. The C-C stretching vibrations of 35DMP
are observed 1659, 1628, 1473 and 1470 in the FT-IR spectrum
and 1654, 1633, 1629 and 1474 cm™ in FT-Raman spectrum. In
accordance with above literature data in our present study, the
bands for C-C stretching vibrations are observed at 1308, 1303,
1305, 1302, 1193 and 1198 cm™ in FT-IR spectrum. These
observed frequencies show that, the substitutions in the ring to
some extent about the ring mode of vibrations. The comparison
of the theoretically computed values are in good agreement
theoretical values obtained by B3LYP/6-311+G** method.
C-N vibrations

The identification of C-N vibrations is a difficult task, since
the mixing of vibrations is possible in this region. However,
with the help of force field calculations, the C-N vibrations are
identified and assigned in this study. The slight shift in
wavenumber in due to the fact that force constants of the C-N
bond increases due to resonance with the ring. Absorbances are
also observed at 1700-1620 cm ', 1580-1210 cm ™', 1000-960
cm ' and 825-775 cm . Accordingly the bands observed at
1659, 1654, 1633, 1628, 1478, 1472, 1369, 1363, 1207 and 1201
cm ' have been assigned to C-N stretching modes and their
corresponding TED modes are, respectively.
Methyl group vibrations

For the assignments of CHs; group frequencies, basically
nine fundamentals can be associated to each CHs; group namely,
CHj; ss, symmetric stretch; CHj; ips, inplane stretch (ie, in-plane
hydrogen stretching modes); CH; ipb, in-plane-bending (i.e.,
hydrogen deformation modes); CH3 sh, symmetric bending; CH;
ipr, in-plane rocking; CHj; opr, out-of-plane rocking and tCHj,
twisting hydrogen bending modes. In addition to that, CH; ops,
out-of-plane stretch and CH; opb, out-of plane bending modes
of the CH3 group would be expected to be depolarised for A'
symmetry species. The CHs ss frequency is established at 3046,
3042 and 3041 cm ™" in IR and CHj ips is assigned at 3108, 3107
and 3103 cm™' in IR respectively, for 35DMP. These
assignments are also supported by the literature [25] in addition
to TED output. We have observed the symmetrical methyl
deformation mode CHj sb, at 1435, 1431 and 1426 cm ' in the
infrared and Raman, and in-plane-bending methyl deformation
mode CHs ipb, at 1430 cm ™' in the Raman. The band at 3045,
3042, 3046, 3041 and 1078, 1071, 1067, 1045, 1042 cm' in
infrared is attributed to CH; ops and CHs opb, respectively, in
the A species. The methyl deformation modes mainly coupled
with the in-plane-bending vibrations. The bands obtained at 965
cm ' and 951 cm™' in IR and Raman are assigned to CHs in-
plane and out-of-plane rocking modes. The assignment of the
band at 196 cm™"in IR is attributed to methyl twisting mode.
Vibrational force constants

Quantum-mechanical calculations contain the force constant
matrix in Cartesian coordinates and in Hartree/Bohr?® units.
These force constants were transformed to the force fields in
internal local-symmetry coordinates.
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Table 2. Optimized geometrical parameters of 35DMP obtained by B3LYP/6-311+G** density functional calculations
Bond length | Value(A) | Bond angle | Value(A) | Dihedral angle | Value(A)

C2-N1 1.33663 C3-C2-N1 124.22228 | C4-C3-C2-N1 0.00000
C3-C2 1.40062 C4-C3-C2 116.81639 | C5-C4-C3-C2 0.00000
C4-C3 1.39777 C5-C4-C3 120.51536 | C6-N1-C2-C3 0.00000
C5-C4 1.39777 C6-N1-C2 117.40714 | H7-C2-N1-C6 180.00000
C6-N1 1.33664 H7-C2-N1 116.12730 | H8-C3-C4-C2 180.00000
H7-C2 1.08984 H8-C4-C3 119.74236 | H9-C6-N1-C2 180.00000
H8-C4 1.08899 H9-C6-N1 116.12678 | C10-C3-C2-N1 | 180.00000
H9-C6 1.08983 C10-C3-C2 | 121.36898 | C11-C5-C4-C3 | 180.00000
C10-C3 1.50849 C11-C5-C4 | 121.81374 | H12-C10-C3-C2 | 0.00000
C11-C5 1.50850 H12-C10-C3 | 111.22826 | H13-C10-C3-C2 | -120.22653

H12-C10 1.09338 H13-C10-C3 | 111.40564 | H14-C10-C3-C2 | 120.22653
H13-C10 0.09590 H14-C10-C3 | 111.40564 | H15-C11-C5-C4 | -59.77323
H14-C10 1.09590 H15-C11-C5 | 111.40571 | H16-C11-C5-C4 | 180.00000
H15-C11 1.09590 H16-C11-C5 | 111.22830 | H17-C11-C5-C4 | 59.77323

H16-C11 1.09338 H17-C11-C5 | 111.40571
H17-Cl1 1.09590

“for numbering of atom refer Fig 1

Table 3. Definition of internal coordinates of 35DMP

No(i) symbol | Type Definition

Stretching 1-6 ri Cc-C C2-C3,C3-C4,C4-C5,C5-C6,C3-C10, C5-C11

7-8 Si C-N N1-C2,N1-C6

9-11 Pi C-H C2-H7,C4-H8,C6-H9

12-14 P C-H C10-H12,C10-H13,C10-H14

15-17 n; C-H C11-H15,C11-H16,C11-H17

Bending o C-C-N N1-C2-C3,C2-C3-C4,C3-C4-C5,

18-23 ' C4-C5-C6,C5-C6-N1,N6-N1-C2

24-29 0 N-C-H | N1-C2-H7,C3-C2-H7,C3-C4-H8, C5-C4-H8,C5-C6-H9,N1-C6-H9
30-31 Bi C-C-C | C10-C3-C2, C10-C3-C4

32-33 D; C-C-C | C11-C5-C6, C11-C5-C4

34-36 ¥i H-C-H | H12-C10-H13, H13-C10-H14, H14-C10-H12

37-39 i C-C-H | C3-C10-H12, C3-C10-H13, C3-C10-H14

40-42 \ H-C-H | H15-C11-H16, H16-C11-H17, H17-C11-H15

43-45 Oj C-C-H | C5-C11-H15, C5-C11-H16, C5-C11-H17

Out-of-plane 46-48 | w; C-H H7-C2-N1-C3, H8-C4-C3-C5, H9-C6-C5-N1.

49-50 & Cc-C C10-C3-C2-C4,C11-C5-C4-C6

Torsion 51-56 Ti TC-N N1-C2-C3-C4,C2-C3-C4-C5, C3-C4-C5-C6,C4-C5-C6-N1, C5-C6-N1-C2,C6-N1-C2,C3
57 T 1C-C-H | C2-C3-C10-(H12,H13,H14)

58 T 1C-C-H | C6-C5-C11-(H15,H16,H17)

“for numbering of atom refer Fig 1

Table 4. Definition of local symmetry coordinates and the value corresponding scale factors used to correct the force fields for

35DMP
No.(i) | Symbol® | Definition Scale factors used in calculation
1-6 C-C r1,r2,r3,r4,r5,r6 0.914
7-8 C-N S7,58 0.914
9-11 | C-H p9, p10, p11 0.992
12 mss1 (P12+P13+P14)/ V3 0.992
13 mips1 (2P13-P12-P14)/ \6 0.992
14 mopsl | (P13-P14)/\2 0.992
15 mss2 (n15+n16+n17)/ V3 0.992
16 mips2 (2n16-n15-n17)/ V6 0.992
17 mops2 | (n16-n17)/ 2 0.992
18 C-C-N | (a18-a19+020-a21+a22-023)/ V6 0.992
19 C-C-N | (2018-0.19-0:20+20:21-0:22-0:23)/ V12 0.992
20 C-C-N | (a19-020+0a22-023)/2 0.992
21-23 | N-C-H | (024-025)/N2,(626-027)/2, (628-029)/2 | 0.916
24 C-C-C | (B30-B31)2 0.923
25 C-C-C | (®32-033)\2 0.923
26 msb1 (y34+y35+y36-u37-u38-39)/ V6 0.990
27 miph1 (2y36-y34-y35)/ \6 0.990
28 mopbl | (y34-y36)/ V2 0.990
29 miprl (2u38-p37-p39)/ 6 0.990
30 moprl | (u37-p39)/ V2 0.990
31 msb2 (v40+v41+v42-043-p44-045)/ 6 0.990
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32 mipb2 | (2v42-v40-v41)/ 6 0.990
33 mopb2 | (v40-v42)/\2 0.990
34 mipr2 (2944-043-045)/ 6 0.990
35 mopr2 | (¢43-¢45)/ V2 0.990
36-38 | C-H 46, 047, ©48 0.994
39-40 | C-C €49, €50 0.962
41 tring (151-152+153-154+155-156)/\6 0.994
42 tring (151-153+154-156)/2 0.994
43 tring (-151+2152-153-154+2155-156)/12 0.994
44 C-C-H | 1572 0.979
45 C-C-H | 15802 0.979

# These symbols are used for description of the normal modes by TED in Table 5.
® The internal coordinates used here are defined in Table 3.

Table 5. Detailed assignments of fundamental vibrations of 35DMP by normal mode analysis based on SQM force field
calculation

Symmetry | Observed frequency | Calculated frequency (cm™) with . . c
Eo species (cm™) B3LYP/6-311+G ™ force field TED (%) among type of internal coordinates
| C Infrared | Raman Unscaled | Scaled | IR?*A; | Raman®[;
1 A 3167 3161 18.440 | 80.250 CH(99)
2 A 3153 3163 3159 26.499 | 104.874 CH(98)
3 A 3149 3148 3143 23.900 | 159.472 CH(99)
4 A 3127 3133 3128 27.769 | 189.384 mips2(47),mops1(37),mips1(12)
5 A 3118 3114 6.318 | 62.517 mips2(50),mops1(35),mips1(12)
6 A 3112 3107 14.840 | 106.704 mops2(100)
7 A 3108 3107 3103 46.427 | 73.698 mips1(74),mops1(25)
8 A 3045 3042 16.178 | 81.472 mss1(49),mss2(49)
9 A 3042 3046 3041 17.484 | 87.273 mss2(49),mss1(49)
10 | A 1654 1659 1654 1.332 | 17.924 CC(46),bCH(20),CN(17),bring(10),CCm(6)
11 | A 1628 1633 1629 6.509 | 16.682 CC(47),bCH(16),CN(13),bring(9)
12 | A 1522 1528 1523 10.511 | 15.416 bmopb2(49),bmipb2(37)
13 | A 1519 1515 16.815 | 9.968 bmipb1(36),bmoph2(34),bmipb2(17)
14 | A 1502 1508 1504 0.333 | 21.477 bmipb2(36),bmipb1(23),bmopb2(10),bmopb1(9),bmopr2(5)
15 | A 1501 1503 1500 7.232 | 15518 bmopb1(60),bmipb1(38)
16 | A 1478 1472 18.253 | 0.892 bmipb2(31),bCH(18),bmopb2(17),CN(14),CC(13)
17 | A 1474 1473 1470 0.733 | 12.375 bmipb2(39),bmoph2(22),CC(14),bmipb1(8),bCH(7)
18 | A 1430 1435 1431 0.339 | 24.298 bmsh1(81),CCm(8)
19 | A 1430 1426 0.248 | 22.154 bmsh2(74),bmipb2(7),CCm(7)
20 | A 1380 1385 1369 1363 5.175 | 0.107 bCH(83),CN(6)
21 | A 1308 1303 3.655 | 4.641 CC(52),CN(38)
22 | A 1303 1305 1302 0.927 | 11.185 CCm(35),bCH(24),CC(18),bring(17)
23 | A 1207 1201 15.304 | 7.568 CN(66),bCH(17),CCm(9)
24 | A 1200 1198 1196 1.505 | 0.864 bCH(48),CCm(28),CC(18)
25 | A" 1078 1071 8.025 | 0.161 gCH(27),bmopr2(16),bmipr1(12),tring(10),bmoph1(10),gCC(9)
26 | A" 1068 1071 1067 0.261 | 0.225 gCC(41),bmiprl(19), bmopr2(9),gCH(7),bmopb1(7),bmipb1(6)
27 | A 1049 1056 1050 7.669 | 16.675 bring(38),bmipr2(23),CC(20),bmiph2(7),bmopbh2(5)
28 | A 1043 1045 1042 2.070 | 7.149 bmipr2(20),CC(19),bring(18),bmopr1(18),bmiph2(6),CCm(6)
29 | A 1012 1004 1008 1003 0.518 | 1.406 bmopr1(36),bmipr2(20),CC(12),bring(8),bmiprl(7),bmipb2(5)
30 | A" 965 960 0.001 | 3.519 gCH(88)
31 | A" 960 956 951 0.072 | 3.618 gCH(90)
32 | A" 952 950 0.036 | 0.607 gCH(33),CC(25),bring(16),bmopr1(8), CCm(6)
33 | A" 881 886 880 7.814 | 0.251 gCH(68),tring(18)
34 | A" 726 731 10.674 | 0.420 tring(81),9gCC(17)
3B | A 724 717 733 728 6.098 | 12.409 bring(48),CCm(23),CC(20),CN(8)
36 | A" 555 549 0.986 | 4.241 gCC(72),CCm(16), bring(7)
37 | A 533 543 542 538 0.713 | 8.091 bring(67),CCm(21),CC(10)
38 | A" 518 513 0.000 | 0.440 gCC(58),tring(36)
39 | A" 452 456 451 0.332 | 0.224 tring(59),9gCC(30),gCH(9)
40 | A 460 397 0.730 | 0.195 bCC2(45),bCC1(38)
41 | A 276 275 270 0.509 | 1.682 bCC1(45),bCC2(36)
42 | A" 233 238 232 0.000 | 4.041 tring(77),9CC(10),gCH(9)
43 | A" 196 198 195 1.120 | 1.203 gCC(47),tring(31),gCH(17)
44 | A" 56 50 0.097 | 0.106 tm2(56),tm1(19),gCC(9)
45 | A" 50 45 0.006 | 0.190 tm1(45),tm2(16),gCC(13),bmopb1(10),bmipb1(8),tring(5)

Abbreviations used: b, bending; g, wagging; t, torsion; s, strong; vs, very strong; w, weak; vw, very weak;
# Relative absorption intensities normalized with highest peak absorption
® Relative Raman intensities calculated by Eq 1 and normalized to 100.

°For the notations used see Table 4.
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Table 6. Diagonal force constants (10°Nm™) of 35DMP

Reduced masses (AMU) | Force constants (mDyne/A)
1.02 0.00
1.05 0.00
2.86 0.06
2.73 0.08
2.53 0.10
2.58 0.23
3.80 0.45
2.96 0.45
4.86 0.83
5.10 0.91
7.15 2.22
2.63 0.82
1.34 0.61
3.20 1.70
1.32 0.70
1.38 0.74
1.50 0.89
1.56 1.00
4.07 2.64
151 1.01
1.54 1.04
1.55 1.30
2.47 2.10
2.39 2.38
7.35 7.35
1.27 1.39
1.24 1.49
1.26 1.52
1.95 2.48
2.19 2.80
1.04 1.38
1.04 1.38
1.16 1.57
1.33 1.81
4.86 7.60
5.77 9.30
1.03 5.65
1.03 5.65
1.10 6.22
1.10 6.22
1.10 6.34
1.10 6.34
1.08 6.35
1.09 6.39
1.09 6.41

Table 7. The dipole moment (p) and first-order hyperpolarizibility (B) of 35DMP derived from DFT calculations
B | 22.827
By | 3505.9
By |800.09
Byy |36878
B | 25.022
By |4035.3
Bay |22.611
B |462.16
Byz |-2727.7
B |-36.112
Brotar| 37-275
U |0.66423494
Uy [4.5407
U, |0.29264854
u 0.97822742

Dipole moment () in Debye, hyperpolarizibility f(-20;0,®) 10 esu.

Table 8. Computed absorption wavelength (Ay) , energy (Eng), oscillator strength (f,) and its major contribution
N | Ay En | fa Major contribution
202.7 | 6.12 | 0.1219 | H-0->L+0(+78%), H-1->L+1(+19%)

1

2 [ 200.7 | 6.18 | 0.0104 | H-2->L+0(+86%)

311905 | 6.51 | 0.0248 | H-0->L+1(+53%), H-1->L+0(43%)
(Assignment; H=HOMO,L=LUMO,L+1=LUMO+1 etc.)
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The force field determined was used to calculate the
vibrational potential energy distribution among the normal
coordinate. The local-symmetry coordinates defined in terms of
the internal valence coordinates following the IUPAC
recommendations are given in Table 6 for the title compounds.
First-order hyperpolarizability calculations

The first-order hyperpolarizibility (Bj) of the novel
molecular system of 35DMP is calculated using B3LYP/6-
311+G** basis set based on finite field approach.
Hyperpolarizibility is a third rank tensor that can be described
by a 3 x 3 x 3 matrix. It strongly depends on the method and
basis set used. The 27 components of 3D matrix can be reduced
to 10 components due to Kleinman [26] symmetry. The
calculated first-order hyperpolarizability (Biw) of 35DMP is
37.275x10* esu, which is greater than that of urea (0.1947 x 10°
% esu). The calculated dipole moment (u) and first-order
hyperpolarizibility (B) are shown in Table 7. The theoretical
calculation seems to be more helpful in determination of
particular components of 8 tensor than in establishing the real
values of B. Domination of particular components indicates on a
substantial delocalization of charges in those directions. It is
noticed that in Byy, (which is the principal dipole moment axis
and it is parallel to the charge transfer axis) direction, the biggest
values of hyperpolarizability are noticed and subsequently
delocalization of electron cloud is more in that direction. The
higher dipole moment values are associated, in general, with
even larger projection of By quantities. The electric dipoles
may enhance, oppose or at least bring the dipoles out of the
required net alignment necessary for NLO properties such as
Brotal Values. The connection between the electric dipole moments
of an organic molecule having donor—acceptor substituent and
first-order hyperpolarizability is widely recognized in the
literature [27]. The maximum 3 was due to the behavior of non-
zero p value. One of the conclusions obtained from this work is
that non-zero p value may enable the finding of a non-zero 3
value. Of course Hartee—Fock calculations depend on the
mathematical method and basis set used for a polyatomic
molecule.

Fig 4 shows the highest occupied molecule orbital (HOMO)
and lowest unoccupied molecule orbital (LUMO) of 35DMP.
There is an inverse relationship between hyperpolarizability and
HOMO-LUMO.

HOMO energy = -0.32589 a.u
LUMO energy = 0.13254 a.u
HOMO-LUMO energy gap = 0.45843 a.u

o -

J

&

9

J

(a) HOMO

(b) LUMO

(c) Virtual

Fig 4. Representation of the orbital involved in the electronic
transition for (a) HOMO (b) LUMO (c) Virtual
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Electronic excitation mechanism

The static polarizability value [28-29] is proportional to the
optical intensity and inversely proportional to the cube of
transition energy. With this concept, larger oscillator strength
(f,) and Apg, with lower transition energy (Eg,) is favourable to
obtain large first static polarizability wvalues. Electronic
excitation energies, oscillator strength and nature of the
respective excited states were calculated by the closed-shell
singlet calculation method and are summarized in Table 8.
Representation of the orbital involved in the electronic transition
was shown in Fig 5.

9
(a) HOMO-0

9

(c) HOMO-1

(e) HOMO-2

Fig 5. Representation of the orbital involved in the electronic
transition for (a) HOMO-0 (b) LUMO+0 (¢) HOMO-1 (d)
LUMO+1 (e) HOMO-2

Conclusions

IR and Raman Spectra were obtained for 35DMP, in which
all of the expected 45 normal modes of vibration were assigned.
The optimized molecular geometry, force constants and
vibrational frequencies were calculated using DFT techniques in
the B3LYP approximation. Taking the observed frequencies as a
basis corresponding to the fundamental vibrations, it was
possible to proceed to a scaling of the theoretical force field. The
resulting SQM force field served to calculate the potential
energy distribution, which revealed the physical nature of the
molecular vibrations, and the force constants in internal
coordinates, which were similar to the values obtained before for
related chemical species. The first-order hyperpolarizibility (Bij)
of the novel molecular system of 35DMP is calculated using
B3LYP/6-311+G** basis set based on finite field approach. The
calculated first-order hyperpolarizability (Bw) of 35DMP is
37.275x10*  esu, which is greater than that of urea (0.1947x10%
esu). The theoretical calculation seems to be more helpful in
determination of particular components of B tensor than in
establishing the real values of B. It is noticed that in By, (which
is the principal dipole moment axis and it is parallel to the
charge transfer axis) direction, the biggest values of
hyperpolarizability are noticed and subsequently delocalization
of electron cloud is more in that direction. Electronic excitation
energies, oscillator strength and nature of the respective excited
states were calculated by the closed-shell singlet calculation
method.
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