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Abstract

In the present study, structural properties of 4,4’ dimethylaminocyanobiphenyl (DMACB) have
been studied extensively by using ab initio Hartree Fock (HF) and density functional theory (DFT)
employing B3LYP/B3PW91 exchange correlation levels of theory. The vibrational frequencies of
DMACB in the ground state have been calculated by using Hartree Fock level and density function-
al method (B3LYP/B3PW91) with 6-31G(d, p), basis set. Nonlinear optical (NLO) behavior of the
examined molecule is investigated by the determination of the electric dipole moment u, the pola-
rizability a, and the hyperpolarizability 8 by using the B3LYP/B3PW91 methods.
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1. Introduction

Non linear optical (NLO) phenomena are of significance because they form the basis of the optical processing
and data storage. Therefore, they are important in the development of the future generations of communication
systems and computers, and much effort has been devoted to increasing the useful non linearity of optical mate-
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rials [1] [2]. Depending on the particular application, the use of organic materials may offer majored vantages
over conventional inorganic crystals [3] [4]. In the past years, considerable efforts focused on the development
of organic materials with large molecular hyperpolarizabilities, improved optical transparency, etc. [5] [6]. For a
material having useful and highly efficient nonlinear optical properties, the constituting molecules need first to
exhibit large molecular hyperpolarizabilities, which are generally characterized by a highly extended m-conju-
gated chain with electron donor-acceptor pair at the ends (D-n-A). The existences of strong intermolecular
charge transfer excitations in a noncentrosymmetric molecular environment are key to the non linear optical ac-
tivity. The first criterion can be satisfied by considering a polarizable molecular system (e.g. ® conjugated path-
way) having an uneven or asymmetric charge distribution. The simplest way to achieve this is to have a donor
(D)—acceptor (A) system with a bridge (D-zn-A) which can help the electronic communication between the do-
nor and the acceptor. In this study, the geometrical parameters, fundamental frequencies of the title compound in
the ground state have been calculated by using the HF and DFT (B3LYP, B3PW91) methods with 6-31G(d, p)
basis set. The non-linear optical properties are also addressed theoretically. The electric dipole moment y, the
isotropic polarizability « and the first hyperpolarizability 4 of the title compound are calculated.

DMACSB is a derivative of a “Push Pull” molecule crystallises in a non centrosymetric group Cc, with four
molecules in the unit cell. This molecule consists of the set of two benzene rings which are fixed to oppose an
electron donor (dimethylamino group), characterized by Hammett coefficient (—1.70) and an electron acceptor
(cyano group) (electron-withdrawing by a Hammett’s coefficient equal to 0.66). The positive value of Hammett
coefficient reflects an electro-attractor acceptor effect. This compound is a very suitable material for the
non-linear optics. Our objective is to design a range of molecular systems, which show NLO activity. The ap-
proach is based on the concept of charge transfer (CT) between donor and acceptor through a biphenyl. The de-
signing of systems with high CT is key to this part, as intra molecular CT between the donor and acceptor will
lead to a very large value for S.

2. Computation Methods

The HF theory applies the self-consistent field level and is thus very appropriate for such calculations. On the
other hand, DFT was applied using the B3LYP which is the keyword for the hybrid functional [7], which is a li-
near combination of the gradient functional proposed by Becke [8] and Lee, Yang and Parr [9], together with the
Hartree Fock local exchange function [10]. DFT was also applied using the B3PW91 functional, which implies
its use of a three-parameter scheme, as well as, the generalized gradient approximation exchange and correlation
functional B [7] and PW91 [11]. PW91 uses a different expression for the local density approximation and con-
tains no empirical parameters. Calculations were performed using the Gaussian 03 [12]. The HF and DFT me-
thods with 6-31G(d, p) basis set calculations were made first to optimize the structures. The vibrational frequencies
and non-linear optical properties were calculated by means of the HF and DFT methods at the corresponding
optimized geometries. All the calculations converged to an optimized geometry which corresponds to a true
energy minimum as revealed by the lack of imaginary values in the calculate vibration frequencies. Vibration
frequencies are calculated using HF/6-31G(d, p), B3LYP/6-31G(d, p), B3PW91/6-31G(d, p) and then scaled by
0.89, 0.95, and 1 respectively. In this work, to improve the agreement with experiment, the B3LYP/ 6-31G(d, p)
harmonic frequencies were scalled by a factor of 0.95. The NLO response calculation was performed on the op-
timized geometry using the same level of theory. The first static hyperpolarizability g is a third rank tensor that
can be described by a 3 x 3 x 3 matrix. The 27 components of the 3D matrix can be reduced to 10 components
due to the Kleinman symmetry [13] (Bxy = Byxy = By Byyz = Byzy = Bayy .o likewise other permutations also take
same value). It can be given in the lower tetrahedral format. The output from Gaussian 03 provides 10 compo-
nents of this matrix as S, Ly Pxyys Byyys Pes Pryzs Pyyzs Pxazs Pyzas Przzs TESPECEIVELlY. Many types of hyperpolariza-
bilities have been discussed in the literature [14]. When reporting a single value of g, one of the common for-
mats is to simply treat the three independent values for § as a quasi-Pythagorean problem and solve for the av-
erage f by Equation (1):

B =B+ B, + B ) )

The complete equation for calculating the magnitude of the total first static hyperpolarizability from Gaussian

03 output is given as Equation (2):
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By - [( B+ By + Bz ) +(Bryy + Bra+ By ) + (B + B + By )2}2 @)

3. Results and Discussion
3.1. Molecular Parameters

The atomic numbering scheme and the theoretical geometric structure for the title compound crystal [15] are
shown in Figure 1 and Figure 2. The crystal structure of the title compound is monoclinic with space group Cc.
The crystal structure parameters of the title compound are a = 9.503(2) A, b = 16.429(6) A, ¢ = 8.954(4) A, g =
122.04(3) A, The volume of the unit cell is V= 1185.0(8) A® [15]. The optimized parameters (bond lengths and
angles of the title compound have been obtained at the HF and B3LYP methods with 6-31G (d, p) basis set.

Figure 1. The DMACB molecule projected on a plane parallel. (a) and perpen-
dicular; (b) to the cyanobenzene ring [15].

Figure 2. BLYP/6-31G™ optimized structure of 4, 4’dimethylaminocyanobiphenyl.

©,
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These results are listed in Table 1 and Table 2 and compared with the experimental data of the title compound.
The geometries predicted by the HF calculations are a little better than the DFT computations. For C(13)=N(1)
distance, the good agreement between experiment and calculation was noticed. In real crystal, this distance is
equal to 1.14 A and in DFT approach is a little bigger (1.16 A). The all calculated C-H distances are very similar
and equal (1.085 A). In experimental results the differences are observed. These lengths are included in the
range of 0.90 - 1.05 A. from the theoretical values; it is noteworthy that most of the optimized angles have
slightly larger values than the corresponding experimental ones, due to the fact that theoretical calculations im-

ply isolated molecules in gaseous phase state while experimental results refer to molecules in the solid state.

3.2. Assignments of the Vibration Modes

The vibrational spectral studies also provide information about the charge transfer interaction between the donor

Table 1. Optimized geometry of DMACB calculated at the Hartree Fock, DFT levels of theory using the 6-31G(d, p) basis

set (bond length ) ,with estimated standard deviations in parentheses.

Atom 1
N1
N2
N2
N2
C1
C1
C1
C2
C2
C3
C3
C4
C4
C5
C5
C6
C7
C7
cs8
cs8
C9
C9
C10
Cl1
Cl1
C12
Cl4
Cl4
C14
C15
C15
C15

Atom 2

C13
C10
Cl4
C15
Cc2
C6
H1
C3
H2
C4
C13
C5
H5
C6
H5
C7
C8
C12
C9
H8
C10
H9
Cc11
C12
H11
H12
H14A
H14B
H14C
H15A
H15B
H15C

HF
1.137
1.410
1.453
1.445
1.381
1.39%4
1.075
1.390
1.075
1.390
1.444
1.381
1.075
1.394
1.075
1.488
1.395
1.386
1.377
1.076
1.398
1.074
1.391
1.387
1.073
1.076
1.080
1.092
1.084
1.093
1.083
1.084

B3LYP

1.164
1.384
1.453
1.453
1.388
1.409
1.085
1.405
1.085
1.405
1.432
1.388
1.085
1.409
1.085
1.478
1.405
1.405
1.388
1.086
1.415
1.083
1.415
1.388
1.083
1.086
1.096
1.101
1.091
1.091
1.096
1.100

B3PW91

1.164
1.377
1.446
1.447
1.386
1.406
1.086
1.403
1.085
1.403
1.430
1.386
1.085
1.406
1.086
1.474
1.403
1.403
1.386
1.087
1.413
1.084
1.413
1.386
1.084
1.087
1.097
1.100
1.091
1.091
1.097
1.100

X-ray
1.144(3)
1.372(3)
1.435(3)
1.436(4)
1.377(3)
1.397(4)
1.010(4)
1.384(4)
1.000 (4)
1.391(4)
1.438(3)
1.374(3)
1.010(3)
1.401(3)
1.000(4)
1.468(3)
1.393(4)
1.393(3)
1.382(3)
0.930(3)
1.397(3)
0.980(4)
1.394(4)
1.382(3)
1.050(3)
0.970(4)
0.920(4)
1.010(4)
0.970(3)
1.050(4)
0.900(4)
1.050(3)
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Table 2. Optimized geometry of DMACB calculated at the Hartree Fock, DFT levels of theory using the 6-31G(d, p) basis
set (bond angle) with estimated standard deviations in parentheses.

Atom 1 Atom 2 Atom 3 HF B3LYP B3PW91 X-ray
C10 N2 Cl4 116.0 119.7 119.9 120.9(3)
C10 N2 C15 117.3 119.6 119.8 121.2(2)
Cl4 N2 C15 112.3 118.7 119.4 117.9(2)

c2 C1l Cé6 121.0 1215 121.4 121.4(2)
C1 Cc2 C3 119.9 120.1 120.0 119.9(2)
c2 C3 ca 119.8 119.2 119.3 119.9(2)
c2 C3 C13 120.1 120.4 120.3 120.2(3)
c4 C3 C13 120.1 120.4 120.3 119.8(2)
C3 c4 C5 119.9 120.1 120.0 119.8(2)
Cc4 C5 C6 121.0 1215 121.4 121.3(2)
C1 Cé C5 118.4 117.7 117.7 117.6(2)
C1 Cé C7 120.8 121.2 1211 121.1(2)
C5 C6é Cc7 120.8 1211 1211 121.2(2)
C6 Cc7 C8 121.2 121.6 121.6 121.6(2)
C6 Cc7 C12 121.4 121.7 121.6 121.8(3)
C8 Cc7 C12 117.4 116.7 116.8 116.6(2)
Cc7 C8 C9 121.3 122.1 122.0 121.9(2)
c8 Cc9 C10 121.2 1211 121.0 121.3(3)
N2 C10 C9 119.2 1215 1215 121.5(3)
N2 C10 Cl1 123.2 1215 121.4 121.6(2)
Cc9 C10 c11 117.6 117.0 117.1 116.9(2)
C10 Cl1 C12 120.9 121.1 121.0 121.4(2)
Cc7 C12 C11 121.6 122.1 122.0 121.8(3)
N1 C13 C3 180.0 180.0 180.0 180.0(1)

and acceptor groups through n-electron movement. This n-electron cloud makes the molecule highly polarized
and the intermolecular charge transfer interaction is highly responsible for the NLO properties of the title com-
pound. Based on optimized geometries, the vibrational frequencies have been performed by the same methods
and basis set. The vibrational bands assignments have been made by using Gauss-View molecular visualization
program [16]. Theoretical results of the title compound are shown in Table 3. Nitrogen compounds featuring
triple or cumulated double bonds, such as cyanides or nitriles (-C=N) and cyanates —O—(C=N), all provide a
unique spectrum, typically with a single, normally intense absorption at 2280 - 2200 cm™* (for cyano compounds)
and 2285 - 1990 cm * (for cyanates, isocyanates and thiocyanates) [17] [18]. The calculated value for the stret-
ching mode » C=N with DFT-B3LYP is 2342 cm*, Medium to weak absorption bands for the unconjugated
C-N linkage in primary, secondary and tertiary aliphatic amines appear in the region of 1250 - 1020 cm™* [19].
The vibrations responsible for these bands involve C-N stretching couples with the stretching of adjacent bonds
in the molecules. The position of absorption in this region depends on the class of amine and the pattern of subs-
titution on the o carbon. Aromatic amines display strong C-N stretching absorption in 1342 - 1266 cm™* region
[19] [20]. The absorption appears at higher frequencies than the corresponding absorption of aliphatic amines
because the force constant of the C—N bond is increased by resonance with the ring. Louran et al. [21] reported a
value at 1220 cm™* for » CN for polyaniline. For the title compound the » CN mode is observed at 1203 cm ™
theoretically. For benzenes v CH stretching mode are seen in the range 3230 - 3188 cm *, v CC stretching mode
are seen in the range 1676 - 1447 cm ' and ¢ CH vibrations are seen in the range 1230 - 1280 cm * and 1170 -
1000 cm™* [21].We have observed theoretical values at 1480 to 1394 and 1312 to 1145 cm ™. The out-of-plane
CH deformation bands @ CH are expected in the range 740 - 990 cm* [21]. As seen from Table 3, the
DFT-B3LYP calculation give wave numbers at 863,829 cm ™. The theoretical calculation Bands corresponding
to CH; asymmetric and symmetric bending vibrations are observed at 3150 cm™* to 2995 cm ™ respectively.

©
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Table 3. Calculated vibrational spectra of the title compound (C1sH14N>).

HF B3LYP B3PWOL HF B3LYP B3PWO1L

v CH str 3388 3230 3237 B CHs 1165 1085 1086

v CH str 3382 3229 3236 9 CCC, fCH 1131 1056 1060

v CH str 3380 3216 3227 9 CCC, fCH 1115 1034 1033

v CH str 3374 3215 3225 7 CH 1110 1009 1007

v CH str 3364 3200 3209 7 CH 1101 979 982

v CH str 3363 3199 3209 7 CH 1099 978 978

v CH str 3351 3188 3197 8 CCC, 6 CCH 1093 969 978

v CH str 3350 3188 3197 tCH 1083 956 956

v as CHj str 3302 3150 3164 8 CCC, § CNH, 3 CNH 1040 956 954

v as CHs str 3280 3138 3154 w CH 972 863 861

08 CHj str 3242 3066 3074 w CH 955 854 853

08 CHj str 3234 3063 3070 w CH 941 829 826

08 CHj str 3135 3003 3014 tCH 939 819 819

08 CHj str 3124 2995 3006 8 CCC, v C3C13 str 868 814 814

v C=N str 2601 2342 2351 S CH 833 764 767

v C-Cstr, v C6-C7 str 1817 1676 1688 scce 815 752 752
v C-C str, v C6-C7 str 1813 1655 1667 w CH, BCH 807 729 729
v C-Cstr,  C1C6C7,  C5C6C7 1765 1610 1622 9 CCC, 5 C4C3C13,9 C2C3C13 714 663 660
v C-Cstr 1739 1587 1598 scce 700 651 648

v C3C13str,vC6-CTstr, 0 CHy 1702 1577 1584 v C6-C7 str, § CCN, 3 CNC 661 631 634
8 CHs, v C10-N2 str 1672 1546 1546 w CH 644 583 581

9 CHs 1653 1542 1538 B CH 631 565 565

9 CHs 1636 1529 1524 9 CCC, fCH, § CC=N 615 547 544

OCH, 1633 1502 1495 8 CCC, 5 CCN, B CH, 551 520 519

OCH, 1619 1499 1492 8 CCC, 5 CNC, B CH, 542 505 505

o CHs 1615 1494 1487 B CH, CNC 489 474 474

8 C-H, & CHs 1587 1480 1482 B CH , 8 C5C6C7 476 431 430

8 C-H, & CHs 1575 1458 1456 tCH 464 421 419
dC-H, v C-Cstr, w CHy 1547 1447 1446 tCH 454 418 416
8 C-H, 9 CH, v C10-N2 str 1487 1394 1406 S CHs, 6 CNC 424 415 412
B CH 1460 1373 1388 S CHs, 6 CNC 424 415 412

BCH 1445 1354 1362 B CH, B CH, 367 342 340

y C6-C7 str, f CH 1409 1336 1336 BCH 7 CH, 320 264 259

§ CNH,  CH, 1364 1324 1331 B CH, CH, 311 252 246
dC-H 1316 1312 1318 B CH, B CH, 256 227 226

dC-H 1309 1279 1295 dCNC 236 198 201

§C-H +v C3-C13str 1293 1242 1243 B CH, fCH, 208 178 176
9C-H, 5 CNH, f CH; 1289 1229 1226 B CH, f CHs 183 155 155
8 C-H,7CHs, 9 CNH 1285 1208 1207 S CH, f CH; 162 116 112
8 C-H, v C-N'str, r CH, 1275 1203 1200 @ CHy 119 87 86
8 C-H, T CH, 1254 1167 1165 @ CHy 79 80 67
8 C-H, t CH, 1217 1147 1145 B CH, w CHs 65 61 55
8 C-H, 1 CH, 1213 1146 1145 w CHy 44 55 52
dC-H 1201 1145 1138 w CHy 42 37 33

v stretching modes (vs symmetric, v as antisymmetric). ¢ in plane valence angle bending. 7, o, 4 torsion out of plan, wagging and rocking deforma-

tions respectively.
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Table 4. (a) The electric dipole moment x (D); (b) The average polarizability ay; (x1072* esu); (c) The first hyperpolarizabil-
ity Brot (x107 esu).

@
Hy Hy H, Hror
HF 6.58 -0.32 0.38 6.60
B3LYP —8.50 0.03 0.16 8.50
B3PW91 -8.66 0.03 0.12 8.66
(b)
a, a, a, a, a, a, o
HF 19.03 -2.78 13.52 0.67 0.16 40.61 24.39
B3LYP 21.37 -3.16 12.35 0.36 0.28 52.88 28.87
B3PWOI1 21.26 -3.17 12.48 0.31 0.16 52.90 28.88
©
B By By By B By By B B B Pror
HF —4.49 —0.90 -0.37 1.00 —0.09 1.54 —-5.50 3.49 —0.48 105.35 99.77
B3LYP -1.57 —0.24 —0.62 -1.72 —13.08 5.80 -8.71 4.16 1.09 511.67 489.88
B3PWI1 -1.25 —0.24 —0.50 -1.12 -13.10 5.99 —9.01 3.97 0.43 521.97 499.87

3.3. Hyperpolarizability Calculation

As mentioned above, this study is extended to the determination of the electric dipole moment , the isotropic
polarizability a and the first hyperpolarizability g of the title compound. Since the values of the polarizability «
and the first hyperpolarizability £ of Gaussian 03 output are reported in atomic units (a.u.), the calculated values
have been converted into electrostatic units (esu) (a: 1 a.u. = 0.1482 x 10 2* esu; 4: 1 a.u. = 8.6393 x 10> esu).
Table 4 listed the HF/6-31G(d, p), B3LYP/6-31G(d, P) ,B3LYP/6-31G/(d, p) results of the electronic dipole
moment , polarizability o and the first hyperpolarizability  for 4,4” dimethylaminocyanobiphenyl. The highest
value of dipole moment is calculated by B3PW91 is equal to 8.66 D (Debye). The highest value of dipole mo-
ment is observed for component . In this direction, this value is equal to 0.12 D. For direction x and y, these
values are equal to —8.66 D and 0.03 D respectively. The dipole moment by HF and B3LYP values of the title
compound are 6.60 D, 8.50 D respectively. The calculated polarizability o by HF, B3LYP and B3PW91 are
equal to 24.39 x 10 ?* esu, 28.87 x 10 % esu, and 28.88 x 10 ** respectively. As we can see in Table 4, the cal-
culated polarizability a;; have non zero values and was dominated by the diagonal components. The first hyper-
polarizability values Sy of the title compound are equal to 99.77 x 10 esu, 489.88 x 10 *! esu and 499.87 x
107* esu calculated by HF, B3LYP and B3PW91 respectively. The hyperpolarizability g dominated by the lon-
gitudinal component of f,,,. Domination of particular components indicates on a substantial delocalization of
charges in these directions. Consequently, we can finally infer from the above discussion of the contents of Ta-
ble 4 that the introduction of electron correlation in the method applied for the analysis of the hyperpolarizabili-
ty, such as the DFT method, will probably predict more reasonable values as opposed to those converged upon
use of the HF method, which yields very poor results.

4. Conclusion

In this work we have calculated the geometric parameters, the vibrational frequencies and the non linear optical
properties of 4,4’ dimethylaminocyanobiphenyl by using HF and DFT (B3LYP and B3PW91) methods. The op-
timized geometric bond lengths and bond angles obtained by using HF and DFT (B3LYP and B3PW91) show a
good agreement with the experimental data. The comparison between the calculated vibrational frequencies by
using HF and DFT methods indicates that B3PW9L1 is superior to the scaled HF and B3LYP approach for mole-
cular vibrational problems. Nonlinear optical NLO behavior of the examined compound is investigated by the
determination of the electric dipole moment, the polarizability and the hyperpolarizability by using the HF and

DFT methods.
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