










 Categoria
 Top Downloads




Entrar
Registrar
Recobrar











Pesquisar












	
Categoria

	
Top Downloads

	
	
Entrar

	
Registrar







Pesquisar











	
Home

	A structural and spectroscopic study on para-aminohippuric acid with experimental and theoretical approaches 

 A structural and spectroscopic study on para-aminohippuric acid with experimental and theoretical approaches 


August 14, 2017 | Autor: Mehmet Çinar | Categoria: Analytical Chemistry, Quantum Theory, Quantum Mechanics, Density Functional Theory, Oscillations, Electronic properties, Energy absorption, Solvent Effect, Heat Capacity, Time Dependent, Fourier transform infrared spectroscopy, Non Linear Optics, Energy Distribution, Raman Spectra, Absorption Spectra, Thermodynamic Properties, Potential Energy, Electronic properties, Energy absorption, Solvent Effect, Heat Capacity, Time Dependent, Fourier transform infrared spectroscopy, Non Linear Optics, Energy Distribution, Raman Spectra, Absorption Spectra, Thermodynamic Properties, Potential Energy 



 BAIXAR PDF 



 Share
 Embed



 Denunciar este link














Descrição do Produto


Spectrochimica Acta Part A 85 (2012) 241–250



Contents lists available at SciVerse ScienceDirect



Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy journal homepage: www.elsevier.com/locate/saa



A structural and spectroscopic study on para-aminohippuric acid with experimental and theoretical approaches Mehmet Karabacak, Zeliha Cinar, Mehmet Cinar ∗ Department of Physics, Afyon Kocatepe University, 03040 Afyonkarahisar, Turkey



a r t i c l e



i n f o



Article history: Received 20 August 2011 Received in revised form 25 September 2011 Accepted 1 October 2011 Keywords: Para-aminohippuric acid DFT FT-IR FT-Raman and UV spectra Frontier molecular orbitals NLO



a b s t r a c t In this work, the molecular conformation, vibrational and electronic analysis of para-aminohippuric acid (pAHA, C9 H10 N2 O3 ) were presented for the ground state using experimental techniques (FT-IR, FTRaman and UV) and density functional theory (DFT) employing B3LYP exchange correlation with the 6-311++G(d,p) basis set. FT-IR and FT-Raman spectra were recorded in the regions of 400–4000 cm−1 and 50–4000 cm−1 , respectively. The UV absorption spectra of the compound that dissolved in ethanol and water solution were recorded in the range of 190–400 nm. Potential energy curve was computed by means of scanning NCC O torsion angle. The geometry optimization and the energies associated possible four conformers (C1–C4) were computed. The computational results diagnose the most stable conformer of pAHA as the C1 form. Optimized structure of compound was interpreted and compared with the earlier reported experimental values. The complete assignments of fundamental vibrations were performed on the basis of the total energy distribution (TED) of the vibrational modes, calculated with scaled quantum mechanics (SQM) method. A study on the electronic properties, such as frontier molecular energies, absorption wavelengths and oscillator strengths, were predicted by time-dependent DFT (TD-DFT) approach, while taking solvent effects into account. To investigate non-linear optical properties: polarizability, anisotropy of polarizability and molecular ﬁrst hyperpolarizability of molecule were computed. Thermodynamic properties (heat capacity, entropy and enthalpy) of the title compound at different temperatures were calculated. © 2011 Elsevier B.V. All rights reserved.



1. Introduction Amino acids and its compounds also with different metal ions play an important role in biology, pharmacy and industry [1]. Paraaminohippuric acid is used to determine the effective renal plasma ﬂow being freely ﬁltered at the glomerular level but it is also extensively secreted and very poorly reabsorbed within the tubules. When pAHA introduced into the bloodstream and kept at relatively low plasma concentrations, is rapidly excreted into the urine by both glomerular ﬁltration and tubular secretion. Hence, lots of studies depend on clearance or measuring the concentration of pAHA in biological ﬂuids have been reported [2–9]. However, the literature based on the spectroscopic behaviors of pAHA is quite poor. The geometric structure of present compound determined by Chakrabarti and Dattagupta [10] and by Dobson and Gerkin with hydrogen-bonding geometry [11]. Badawi and Al-Saadi investigated the molecular structure and vibrational spectra of hippuric and 4-aminohippuric acids [12].



∗ Corresponding author. Tel.: +90 272 2281311; fax: +90 272 2281235. E-mail address: [email protected] (M. Cinar). 1386-1425/$ – see front matter © 2011 Elsevier B.V. All rights reserved. doi:10.1016/j.saa.2011.10.001



The analysis of the vibrational and UV spectra is indeed very helpful not only for the structural characterization of molecular compounds but also because detailed information on the electronic response can be derived from spectroscopic observables. In this study, a detailed interpretation of the vibrational spectra of pAHA has been made on the basis of the calculated TED and recorded vibrational spectra. An experimental (UV) and theoretical (TD-DFT) investigation on electronic system was evaluated and electronic features of studied compound were examined. In addition, nonlinear optical (NLO) and thermo-dynamical properties were studied using DFT method. TED calculations were performed by using parallel quantum solution (PQS) program [13] and remainder theoretical studies were carried out using Gaussian 09 program package on the personal computer [14]. 2. Experimental The pAHA sample in solid state was purchased from Acros Organics Company with a stated purity 99% and it was used as such without further puriﬁcation. The standard KBr technique with 1 mg of sample per 200 mg of KBr was used. The FT-IR spectrum of molecule was recorded in the region 400–4000 cm−1 on a Perkin Elmer FT-IR System Spectrum BX spectrometer calibrated using
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Fig. 1. The potential energy curves of pAHA along the NCC O dihedral angle, calculated by semi-empirical (AM1) level of theory.



polystyrene bands. FT-Raman spectrum of the sample was recorded using 1064 nm line of Nd:YAG laser as excitation wavelength in the region 50–4000 cm−1 on a Bruker RFS 100/S FT-Raman. The detector is a liquid nitrogen cooled Ge detector. Five hundred scans were accumulated at 4 cm−1 resolution using a laser power of 100 mW. The ultraviolet (UV) absorption spectra of compound, solved in ethanol and water, were examined in the range 190–400 nm using Shimadzu UV-1800 PC, UV–VIS recording Spectrophotometer. 3. Quantum chemical calculations The ﬁrst task for the computational work was to determine the optimized geometry of the compound. The spatial coordinate positions of pAHA, as obtained from an X-ray structural analysis [11], were used as the initial coordinates for the theoretical calculations. It is well known in the quantum chemical literature that the hybrid B3LYP [15,16] method based on Becke’s three parameter functional of DFT yields a good description of harmonic vibrational wavenumbers for small and medium sized molecules. Based on our previous experience [17–19] this method and a fairly large and ﬂexible basis set 6-311++G(d,p) level to perform accurate calculations on the title molecule were chosen. However, the frequency values computed at these levels contain known systematic errors [20]. We know that DFT potentials symmetrically overestimate the vibrational wavenumbers. These discrepancies are corrected either by computing anharmonic corrections explicitly [21] or by introducing a scaled ﬁeld or by directly scaling the calculated wavenumbers with a proper factor. Considering systematic errors with a scaling factor of 0.983 up to 1700 cm−1 and 0.958 for greater than 1700 cm−1 [17–19,22] we calibrated the vibrational wavenumbers calculated by B3LYP method. After scaling with a scaling factor, the deviation from the experiment is more reliable. Analytic frequency calculations at the optimized geometry were done to conﬁrm the optimized structures to be an energy minimum and to obtain the theoretical vibrational spectra. The TED was calculated by using the SQM method [23] and PQS [13] program and the fundamental vibrational modes were characterized by their TED. The Raman activities (SRa ) calculated with Gaussian 09 program [14] converted to relative Raman intensities (IRa ) using the following relationship derived from the intensity theory of Raman scattering [24,25]. Ii =



f (0 − i )4 Si i [1 − exp(−hci /k T )]



(1)



where 0 is the laser exciting wavenumber in cm−1 (in this work, we have used the excitation wavenumber 0 = 9398.5 cm−1 , which corresponds to the wavelength of 1064 nm of a Nd:YAG laser), i the vibrational wavenumber of the ith normal mode (cm−1 ), while Si is the Raman scattering activity of the normal mode i . f (is a constant equal to 10−12 ) is a suitably chosen common normalization factor for all peak intensities. h, k, c and T are Planck and Boltzmann constants, speed of light and temperature in Kelvin, respectively. The electronic properties, such as HOMO–LUMO energies, dipole moment, absorption wavelengths and oscillator strengths were calculated using B3LYP method of time-dependent DFT (TD-DFT) [26–29], basing on the optimized structure. Various NLO properties, polarizability, ˛, anisotropy of polarizability, ˛, and molecular ﬁrst hyperpolarizability, ˇ, were computed. A thermo-dynamical study was carried out. 4. Results and discussion 4.1. Molecular geometry Potential energy curve was computed by means of scanning NCC O torsion angle. The variation of energies against twist angle of NCC O was scanned by internal rotation around the carboxylic group to vary every 10◦ from 0◦ to 360◦ . The torsional potential surface of molecule by using semi-empirical (Austin Model 1, AM1) method is shown in Fig. 1. pAHA may has four possible structures in connection with the hydrogen orientations of the oxygen atom of the carboxylic acid group. The possible four conformations of compound was depicted in Fig. S1 (Supplementary information). The calculated energies and energy difference of four structures are presented in Table S1 (Supplementary information). The conformer C1 is predicted to be from 11.005 to 23.652 kJ/mol (from 2.630 to 5.653 kcal/mol) more stable than the other conformers. Therefore, we tabulated only C1 conformer calculations data. The C1 conformer of compound is depicted in Fig. 2 with numbering of the atoms. The computed optimized geometrical parameters are listed in Table 1 in accordance with the atom numbering scheme given in Fig. 2. The available experimental bond lengths and bond angles determined by X-ray crystallography are also listed for comparison [11]. From Table 1 one can ﬁnd that most of the optimized bond lengths are larger than the experimental values, due to the theoretical calculations belong to isolated molecule in gas phase and the experimental results belong to molecule in solid state. As discussed
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ıcal. = 0.9134ıexp . + 10.0839 (R2 = 0.8856)



(3)



4.2. Vibrational analysis



Fig. 2. The theoretical optimized possible structure with atoms numbering of pAHA.



by Johnson et al. [30], DFT method predicts bond lengths which are systematically too long, particularly the C–H bond lengths. Since, large deviation from experimental C–H bond lengths may arise from the low scattering factors of hydrogen atoms in the X–ray diffraction experiment. This theoretical pattern also is found for pAHA. On the other hand, it is commonly known that the X-ray diffraction method does not inform properly about such bonds. One should apply the neutron diffraction method which informs on the position of nuclei and not on the electron density distribution. Therefore, the C–H bond lengths and angles were not discussed in this study. The linearity between the experimental and calculated bond lengths and bond angles of pAHA can be estimated from plotting the calculated values against experimental ones which is given in Fig. S2 (Supplementary information). The calculations provide good linearity between the calculated and experimental bond length values, however, the same linearity was not obtained for bond angles. The relations for bond lengths and bond angles are described by Eqs. (2) and (3), respectively. dcal. = 0.8216dexp . + 0.2527 (R2 = 0.9486)



(2)



pAHA molecule, has C1 point group symmetry, consists of 24 atoms, so it has 66 normal vibrational modes. On the basis of of Cs symmetry, the 66 fundamental vibrations of the title molecule can be distributed as 45 in-plane vibrations of A species and 21 out of plane vibrations of A species, i.e.,  vib = 45A + 21A . In the C1 group symmetry of molecule are non-planar structure and have the 66 vibrational modes span the irreducible representations:66A. If we take into account Cs symmetry of this molecule, there are imaginary frequencies. Therefore we run program with C1 group symmetry. All tables are prepared from these results. The experimental FT-IR and FT-Raman spectra of pAHA were given in Fig. 3 among with the simulated spectra, where the calculated intensity is plotted against the vibrational wavenumbers. As seen in Fig. 3 the theoretically predicted IR and Raman intensities are in good agreement with that of experimental spectra. The observed and calculated wavenumbers along with their relative intensities, probable assignments and TED of pAHA were presented in Table 2. The high frequency region above 3000 cm−1 is the characteristic region for the ready identiﬁcation of C–H, O–H and N–H stretching vibrations [31]. The carboxylic acid O–H stretching bands are weak in the Raman spectrum, so IR data are generally used. The O–H stretching is characterized by a very broad band appearing near about 3400–3600 cm−1 . On the other hand, the hydrogen bonding in the condensed phase with the acid molecules makes vibrational spectra more complicated. When carboxylic groups form hydrogen bonding, the result is a broad band centered at 3100–2900 cm−1 that superimposes C–H stretching band [32]. Therefore, we could not observe the strong and sharp bands of the O–H vibration in the FT-IR and FT-Raman spectra. However, the band is calculated at



Table 1 Comparison of the theoretical and experimental geometric parameters of pAHA, bond lengths in angstrom (Å) and bond angles in degrees (◦ ). Bond lengths O(10)–C(8) O(10)–H(11) O(9)–C(8) O(7)–C(3) N(4)–C(3) N(4)–C(1) N(4)–H(5) N(22)–C(19) N(22)–H(23) N(22)–H(24) C(12)–C(14) C(12)–C(13) C(12)–C(3) C(14)–C(17) C(14)–H(18) C(17)–C(19) C(17)–H(21) C(19)–C(15) C(15)–C(13) C(15)–H(20) C(13)–H(16) C(1)–C(8) C(1)–H(6) C(1)–H(2) Bond angles C(8)–C(1)–H(2) C(8)–C(1)–H(6) H(2)–C(1)–H(6) O(10)–C(8)–O(9) O(10)–C(8)–C(1) O(9)–C(8)–C(1) a



Taken from Ref. [11].



X-raya 1.327 0.950 1.195 1.244 1.337 1.454 0.870 1.373 0.910 0.930 1.391 1.390 1.474 1.377 1.000 1.391 0.980 1.395 1.372 0.990 0.990 1.504 1.000 0.990 107.7 109.0 107.0 124.6 109.6 125.9



B3LYP 1.348 0.969 1.070 1.227 1.369 1.443 1.009 1.388 1.008 1.008 1.401 1.401 1.494 1.389 1.084 1.404 1.085 1.405 1.385 1.085 1.083 1.509 1.096 1.095 108.9 108.9 105.8 123.3 111.4 125.3



Bond angles



X-raya



B3LYP



C(8)–O(10)–H(11) C(3)–N(4)–C(1) C(3)–N(4)–H(5) C(1)–N(4)–H(5) C(19)–N(22)–H(23) C(19)–N(22)–H(24) H(23)–N(22)–H(24) C(14)–C(12)–C(13) C(14)–C(12)–C(3) C(13)–C(12)–C(3) C(12)–C(14)–C(17) C(12)–C(14)–H(18) C(17)–C(14)–H(18) C(14)–C(17)–C(19) C(14)–C(17)–H(21) C(19)–C(17)–H(21) N(22)–C(19)–C(17) N(22)–C(19)–C(15) C(17)–C(19)–C(15) C(19)–C(15)–C(13) C(19)–C(15)–H(20) C(13)–C(15)–H(20) C(12)–C(13)–C(15) C(12)–C(13)–H(16) C(15)–C(13)–H(16) O(7)–C(3)–C(12) O(7)–C(3)–N(4) N(4)–C(3)–C(12) N(4)–C(1)–C(8) N(4)–C(1)–H(2) N(4)–C(1)–H(6)



112.0 122.4 124.0 113.0 114.0 117.0 115.0 117.7 123.9 118.4 121.2 118.1 120.7 120.8 120.5 118.7 120.7 121.0 118.2 120.5 119.1 120.4 121.6 116.6 121.8 120.4 121.0 118.6 113.3 108.8 109.8



107.6 120.5 121.7 116.4 116.9 116.8 113.4 118.0 124.3 117.7 121.2 120.8 118.0 120.5 119.8 119.6 120.8 120.7 118.4 120.6 119.5 119.9 121.3 118.2 120.5 122.3 120.8 116.9 109.8 111.2 111.6
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Fig. 3. The observed and simulated infrared and Raman spectra of pAHA.



3697 cm−1 , may be due to the presence of strong hydrogen bonding in the OH group. While the in-plane O–H bending modes were calculated at 1117 and 1262 cm−1 , the out-of-plane modes were predicted at 492 and 622 cm−1 which show excellent agreement with experimental FT-IR values of 485 and 624 cm−1 . The symmetric and asymmetric stretch due to the amino group and NH stretching appear in the spectral region as O–H stretching bands. The amino group bands were obtained at 3383 and 3472 cm−1 in FT-IR for symmetric and asymmetric stretching, respectively. According to the computed results, the N–H stretch was calculated with a value between symmetric and asymmetric NH2 stretching, 3619 cm−1 , and cannot be observed in the experimental spectra. The NH2 scissoring deformation appears in the 1638–1575 cm−1 region with strong to very strong IR intensity. We assigned the band at 1600 cm−1 (FT-IR) and corresponding band in FT-Raman spectrum at 1594 cm−1 due to the NH2 scissoring, which is in coincidence with theoretical value of 1594 cm−1 . The NH2 wagging modes recorded at 472 and 509 cm−1 are in good agreement with theoretical results of 465 and 501 cm−1 . The computed rocking and twisting modes of amino group at 363 and 318 cm−1 are missing in both FT-IR and FT-Raman spectra. The pure mode of out-of-plane bending of NH was obtained in FR-IR at 448 cm−1 and shows excellent agreement with predicted value. The band observed in the 1700–1800 cm−1 region due to the C O stretching vibration is one of the characteristic features of the carboxylic group. On this basis, the vibrational wavenumber



at 1745 cm−1 recorded in FT-IR and 1734 cm−1 in FT-Raman spectrum were assigned to C O stretching mode. The other C O double bond stretching was obtained at 1647 and 1642 cm−1 in FT-IR and FT-Raman, respectively. According to their TED, both of are pure modes. In the present study, the four adjacent hydrogen atoms around the ring give rise four C–H stretching modes, four in plane and four out-of-plane bending vibrations. As expected, all stretching vibrations are pure modes since their TED contributions are ca. 100%. The C–H in-plane bending frequencies appear in the range of 1000–1300 cm−1 and C–H out-of-plane bending vibration in range of 750–1000 cm−1 . Both in-plane and out–of-plane C–H bending vibrations were assigned in the range that mentioned above. According to the calculated TED, the out-of-plane vibrations are described as pure and in-planes are mixed modes. The change in the frequencies of these deformations from the values in benzene is almost determined exclusively by the relative position of the substituents and is almost independent of their nature [33]. The asymmetric stretching for the CH2 , NH2 and CH3 has magnitude higher than the symmetric stretching [34,35]. The asymmetric and symmetric CH2 stretching appears strongly at ca. 2926 and 2853 cm−1 in IR and Raman [34]. The asymmetric CH2 stretch calculated with B3LYP after scaling down gives the value of 3001 cm−1 while the symmetric stretch was calculated at 2981 cm−1 . According to the calculated TED, our calculations show that they are pure vibrations. The scissoring mode of the CH2 group gives rise to a
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Table 2 The observed FT-IR, FT-Raman and calculated wavenumbers (in cm−1 ) using B3LYP/6-311++G(d,p) along with their relative intensities, probable assignments and total energy distribution (TED) of pAHA. No.



Experimental



FT-IR 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66



3383 3250



3067 3012



3052



1745 1647 1600 1566 1553 1516



1734 1642 1594 1563



1439 1411 1346 1317 1299



1436 1407 1345 1322 1301



1257



1255



1184 1164



1187



1136 1085 1012 996



1133 1066



955



944



885 842



884 854



994



771



666 636 624 550 527 509 485 472 448 427 410



308 248 188 101



Scaled wavenumbers



IInfrared



SRaman



IRaman



TED (>10%)



3761 3681 3619 3580 3199 3176 3160 3157 3053 3032 1809 1706 1664 1647 1607 1554 1524 1486 1463 1412 1362 1335 1317 1313 1264 1236 1212 1188 1166



3697 3619 3557 3519 3145 3122 3106 3104 3001 2981 1778 1677 1594 1578 1540 1489 1460 1424 1401 1353 1304 1279 1262 1258 1211 1184 1161 1138 1117



92.73 21.50 56.81 42.63 2.65 10.71 16.83 15.21 5.05 30.45 249.19 296.27 271.83 88.40 15.86 49.87 421.73 29.95 0.37 328.25 0.49 1.59 3.25 86.47 75.78 0.95 23.99 141.17 270.38



159.67 67.24 58.44 300.91 85.92 114.65 104.36 66.74 74.84 163.44 13.23 89.27 120.64 149.91 15.71 47.39 12.90 4.83 2.84 19.29 1.98 2.20 11.63 23.41 147.98 7.99 6.34 36.46 1.30



0.03 0.01 0.01 0.07 0.03 0.04 0.04 0.03 0.03 0.07 0.03 0.25 0.39 0.50 0.06 0.19 0.05 0.02 0.01 0.10 0.01 0.01 0.07 0.14 1.00 0.06 0.05 0.29 0.01



1152 1095 1072 1025 1013 988 952 941 857



1103 1049 1027 982 970 947 912 901 821



57.49 49.04 2.96 0.05 2.93 1.37 0.16 30.44 8.24



5.15 0.40 1.71 0.15 0.60 0.14 0.42 29.30 16.42



0.04 0.00 0.02 0.00 0.01 0.00 0.01 0.41 0.29



851 821 818 779 704 653 649 638 620 549 523 514 486 469 427 415 379 332 311 288 251 201 156 102 70 58 46 21



815 787 784 746 674 626 622 611 594 526 501 492 465 449 409 397 363 318 298 276 241 193 150 98 67 55 44 20



27.36 1.90 0.30 30.29 11.90 0.85 107.42 12.94 16.79 70.37 30.61 9.00 376.33 51.51 13.53 4.69 1.91 15.58 2.79 12.70 0.50 14.23 4.20 2.13 3.93 6.09 0.18 0.17



2.73 2.76 12.09 4.80 0.19 5.92 0.27 1.44 1.95 0.31 3.71 3.98 15.67 1.03 0.44 0.18 0.81 0.18 0.79 1.91 2.48 0.36 0.59 1.16 0.72 1.03 0.20 3.31



0.05 0.05 0.24 0.11 0.01 0.19 0.01 0.05 0.07 0.02 0.20 0.22 1.00 0.07 0.04 0.02 0.09 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.13



OH (100) NHasym (100) NH (100) NHsym (100) CHring (100) CHring sym (99) CHring (99) CHring asym (100) CH2 asym (100) CH2 sym (100) C O (carboxyl group) (93) C O (80) NH2 (70) CCring (58) + NH2 (24) CCring (66) ␤CHring (38) + CCring (21) + ␤NH (11) ␤NH (40) + CN (20) CH2 (95) ␤CHring (37) + CCring (36) CH2 (31) + C–CH2 (20) + ␤OH (15) CCring (50) + ␤CHring (25) + rNH2 (14) ␤CHring (51) + CCring (33) ␤OH (35) + C–NH2 (11) C–NH2 (40) + CCring (20) + ␤OH (11) ␤NH (32) + C-ring (16) + ␤OH (11) tCH2 (90) ␤CHring (53) + CCring (16) + N–CH2 (12) N–CH2 (29) + ␤CHring (21)) + CC (11) CO (carboxyl group) (32) + ␤OH (22)) + CC (13) ␤CHring (58) + CCring (19) + rNH2 (11) CN (41) + rNH2 (11) rNH2 (52) + ␦CCCring breathing (24) ␦CCCring deformation (65) + ␤CHring (30) rCH2 (74) ␥CHring (88) ␥CHring (89) C–CH2 (33) + ␤OCN (14) + ␤CNC (11) Ring breathing (42) + C–CH2 (13) + CCCH (11) ␥CHring (52) ␥CHring (65) ␥CHring (22) + C–CH2 (13) + C–NH2 (11) ␥CNCO (35) + ␥CCCH (19) + ␥CCCC (15) ␥CCCC (37) + ␥CCCH (24) + ␥CNCO (24) ␤CCCring deformation (77) ␥OH (74) + rCH2 (12) ␤COC (52) + ␤CCC (15) ␤COC (30) + ␤CCO (15) + ␤CCN (14) ␤CCN (29) + ␤CCO (17) + ␤OCO (11) NH2 (34) + ␥CCCH (22) + ␥CCCC (13) ␥OH (41) + rCH2 (35) + ␥OCCN (11) NH2 (65) + ␥NH (11) ␥NH (52) rNH2 (18) + ␤CCO (11) + ␥CCCC (10) ␥CCCCring (38) + ␥CCCH (18) rNH2 (51) tNH2 (97) ␤OCN (28) + ␤C–COOH (20) ␥CCCN (25) + ␥CCCC (19) ␤CNC (36) + ␤NC–COOH (22) ␤CCC (36) + ␤NC–COOH (30) rCH2 (32) + ␥CCNC (21) ␥CCCC (25) + ␥OCCN (16) + ␥OCCH (13) ␤CCN (42) + ␥CCCN (15) + ␥CCCO (10) ␥CCCN (31) + ␥CNCC (29) ␥C–COOH (44) + ␥CCCN (30) + ␥CCCO (19) ␥CNCC (36) + ␥CNCH (27) + ␥CCCN (24)



FT-Raman



3472



770



Unscaled wavenumbers



555



418



Wavenumbers (cm−1 ); IR intensities, IInfrared (K m/mol); Raman scattering activities, SRaman (Å amu−1 ); , stretching; ␤, in-plane bending; ␥, out-of-plane bending; ω, wagging; , scissoring; r, rocking; t, twisting.



0.4620 0.0882 0.0018 4.5208 4.6125 4.9838



E (eV) (nm)



274 269 249 0.4630 0.0916 0.0019



f (a.u.) E (eV)



4.5212 4.6137 4.9792 274 269 249



(nm) f (a.u.)



0.0966 0.1505 0.0618 4.6165 4.6931 4.7744



E (eV) (nm)



0.975 0.993 for gas phase (≥30); H, HOMO; L, LUMO. a



E (eV)



4.5620 5.8558 274 212 1.498 0.975



Abs. E (eV)



4.4170 5.7870



Abs.



H → L + 2 (36%) H → L (30%) H → L + 3 (47%) (nm) (nm)



283 216



Water Ethanol Major contributiona



Gas



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



The UV spectra of pAHA, shown in Fig. 4, were measured in ethanol and water solution. In order to support experimental observations, TD-DFT calculations on electronic absorption spectra in gas phase, ethanol and water solution were performed. The lowest singlet → singlet spin-allowed excited states were taken into account in order to investigate the properties of electronic absorption. The experimental and computed electronic features, such as absorption wavelength ( ), excitation energies (E), absorbance values, oscillator strengths (f), major contributions of the transitions and assignments of electronic transitions are given in Table 3. It is observed from recorded UV spectra that the absorption bands are centered at 283, 216 nm for ethanol and at 274, 212 nm for water solution whereas the calculated absorption maxima values have been found to be 269, 274 and 274 nm for gas phase, ethanol and water solution, respectively. These excitations correspond to  → * transition. Both the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are the main orbital taking part in chemical reaction. The HOMO energy characterizes the ability of electron giving, LUMO characterizes the ability of electron accepting, and the gap between HOMO and LUMO characterizes the molecular chemical stability [36]. Surfaces for the frontier orbitals were drawn to understand the bonding scheme of the present compound. Here, four important molecular orbitals (MO) were examined for pAHA: the second highest and highest occupied MOs and the lowest and the second lowest unoccupied MOs which are denoted as HOMO − 1, HOMO, LUMO and



Water



4.3. UV study and electronic properties



Ethanol



(4)



Experimental



cal. = 1.0165exp . − 15.8958 (R2 = 0.9984)



Assignments



characteristic band near 1465 cm−1 in IR and Raman spectra [34]. In the present investigation, this mode was assigned at 1439 and 1436 cm−1 in FT-IR and FT-Raman, respectively. The ring stretching vibrations are very important in the spectrum of aromatic compounds and its derivatives are highly characteristic of the aromatic ring itself. Vibrations between 1400 and 1650 cm−1 in benzene derivates are assigned ring C–C stretching modes. In this study, the C–C stretching modes were assigned in mentioned region which are contaminated with other vibrations. The remainders of the observed and calculated frequencies were accounted in Table 2. After scaling, we drawn correlation graphics between the experimental and calculated wavenumbers (Fig. S3). The relations between these results are linear and described by the following equation:



Table 3 Experimental and calculated absorption wavelength ( , nm), excitation energies (E, eV), absorbance values and oscillator strengths (f, a.u.) of pAHA in gas phase, ethanol and water solutions.



Fig. 4. The observed UV spectra of pAHA in ethanol and water solution.
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Fig. 5. The frontier and second frontier molecular orbitals of pAHA.



LUMO + 1, respectively. The features of these MOs can be seen in Fig. 5 (the positive phase is red and the negative one is green). The HOMO is located over the benzene ring and amino group, the HOMO → LUMO transition implies an electron density transfer to C O and N–H group from the benzene ring and amino group. This electronic absorption corresponds to the transition from the ground to the ﬁrst excited state and due to the Frank–Condon principle, this peak ( max ) corresponds to vertical excitation. The HOMO and LUMO energy calculated by B3LYP method is shown in Table 4. Energy difference between HOMO and LUMO orbital is called as energy gap that is an important stability for structures



Table 4 Calculated frontier orbital energies (eV) and dipole moment (D) in gas phase, ethanol and water solution. Parameters



Gas



Ethanol



Water



EHOMO ELUMO EHOMO–LUMO EHOMO−1 ELUMO+1 EHOMO−1–LUMO+1



x



y



z



tot



−6.0519 −1.0177 5.0341 −7.0543 −0.6463 6.4081 −1.4762 −2.6943 0.5210 3.1161



−6.0881 −1.1796 4.9084 −7.2889 −0.6893 6.5996 −1.9556 −3.7679 0.6602 4.2962



−6.0924 −1.1902 4.9022 −7.2984 −0.6953 6.6032 −1.9786 −3.8294 0.6689 4.3620



[37] and is given in Table 4. Recently, the energy gap between HOMO and LUMO has been used to prove the bioactivity from intramolecular charge transfer [38,39]. The major contributions of the transitions were designated with the aid of Swizard program [40]. In view of calculated absorption spectra, the maximum absorption wavelength corresponds to the electronic transition from HOMO to LUMO + 2 with 36% contribution for gas phase. The other wavelength, excitation energies, oscillator strengths, calculated counterparts with major contributions and assignments can be seen in Table 3. The dipole moment () for each condition were presented in Table 4. We can say that in going from the gas phase to the solvent phase, the dipole moment value increases (Table 4). The calculation of effective atomic charges plays an important role in the application of quantum mechanical calculations to molecular systems. We have examined the Mulliken atomic charges both in gas phase and in solution (ethanol and water). In Table 5, the Mulliken atomic charges of pAHA calculated by DFT/B3LYP method using the 6-311++G(d,p) basis set are compared and total charge of ring and tail part of compound was given. As can be seen in Table 5 all hydrogen atoms have a net positive charge; in particular, the hydrogen atom H11 that has charge of 0.292, 0.321 and 0.322 for gas, ethanol and water solution, respectively. The same effect can be seen for H5. If we consider the results, it may be noted that the oxygen atoms (O7, O9) have large net negative charge. The presence of large amounts of negative charge on oxygen atoms and net positive charge on hydrogen atom (H11) may
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Table 5 Mulliken atomic charges of pAHA. Atom



Gas



Ethanol



Water



Atom



Gas



Ethanol



Water



C(1) H(2) C(3) N(4) H(5) H(6) O(7) C(8) O(9) O(10) H(11) Total



−0.279 0.243 −0.961 −0.068 0.249 0.242 −0.334 0.208 −0.309 −0.151 0.292 −0.867



−0.301 0.253 −0.874 −0.066 0.266 0.246 −0.421 0.245 −0.349 −0.177 0.321 −0.858



−0.302 0.254 −0.870 −0.066 0.266 0.246 −0.426 0.246 −0.351 −0.178 0.322 −0.857



C(12) C(13) C(14) C(15) H(16) C(17) H(18) C(19) H(20) H(21) N(22) H(23) H(24) Total



1.198 −0.313 −0.137 −0.251 0.204 −0.169 0.149 −0.302 0.146 0.143 −0.290 0.245 0.244 0.867



1.145 −0.280 −0.139 −0.312 0.198 −0.210 0.180 −0.314 0.186 0.185 −0.335 0.277 0.276 0.858



1.142 −0.279 −0.139 −0.315 0.198 −0.212 0.182 −0.315 0.188 0.188 −0.337 0.279 0.277 0.857



suggest the presence of inter-molecular hydrogen bonding in the crystalline phase. It also can be note that the Mulliken charges on the ring and tail part of compound shows that there is no charge transfer between these parts for ground state. 4.4. Non-linear optical properties In this section, molecular polarizability, anisotropy of polarizability and molecular ﬁrst hyperpolarizability of present compound were investigated. The polarizability and hyperpolarizability tensors (˛xx , ˛xy , ˛yy , ˛xz , ˛yz , ˛zz and ˇxxx , ˇxxy , ˇxyy , ˇyyy , ˇxxz , ˇxyz , ˇyyz , ˇxzz , ˇyzz , ˇzzz ) can be obtained by a frequency job output ﬁle of Gaussian. However, ˛ and ˇ values of Gaussian output are in atomic units (a.u.) therefore they have been converted into electronic units (esu) (˛, 1 a.u. = 0.1482 × 10−24 esu, ˇ, 1 a.u. = 8.6393 × 10−33 esu). The mean polarizability (˛), anisotropy of polarizability (˛) and the average value of the ﬁrst hyperpolarizability ˇ can be calculated using the Eqs. (5)–(7), respectively. ˛tot



 1 = ˛xx + ˛yy + ˛zz 3



(5)



1 ˛ = √ [(˛xx − ˛yy )2 + (˛yy − ˛zz )2 + (˛zz − ˛xx )2 2 +6˛2xz + 6˛2xy + 6˛2yz ]



1/2



2



ˇ = [(ˇxxx + ˇxyy + ˇxzz ) + (ˇyyy + ˇyzz + ˇyxx )



(6)



2 1/2



T (K)



0 Cp,m (cal mol



100 150 200 250 298.15 300 350 400 450 500 550 600 650 700



20.791 27.823 35.153 42.489 49.399 49.659 56.493 62.852 68.662 73.908 78.617 82.838 86.628 90.042



−1



K−1 )



0 Sm (cal mol



80.343 90.889 100.467 109.544 117.976 118.291 126.770 135.000 142.978 150.698 158.157 165.354 172.296 178.991



−1



K−1 )



0 Hm (kcal mol



−1



)



1.591 2.903 4.576 6.617 8.926 9.021 11.776 14.861 18.250 21.916 25.831 29.969 34.307 38.824



is observed for component y . In this direction, this value is equal to −2.6943 D. The calculated polarizability ˛ij have nonzero values and was dominated by the diagonal components. Total polarizability (˛tot ) calculated as 16.04 × 10−24 esu. The ﬁrst hyperpolarizability value ˇtot of the title compound is equal to 7881.95 × 10−33 esu. The hyperpolarizability ˇ dominated by the longitudinal components of ˇxxx . Domination of particular component indicates on a substantial delocalization of charges in this direction. 4.5. Thermo-dynamical properties



2



+(ˇzzz + ˇzxx + ˇzyy ) ]



Table 7 Thermodynamic properties at different temperatures at the B3LYP/6-311++G(d,p) level of pAHA.



(7)



In Table 6, the calculated parameters described above for title compound were tabulated. The calculated dipole moment is equal to 3.1161 Debye (D). The highest value of dipole moment



On the basis of vibrational analysis at B3LYP/6-311++G(d,p) level, the standard statistical thermodynamic functions: heat 0 ), entropy (S 0 ), and enthalpy changes (H 0 ) for the capacity (Cp,m m m title compound were obtained from the theoretical harmonic frequencies and listed in Table 7. From Table 7, it can be observed that these thermodynamic functions are increasing with temperature



Table 6 The predicted polarizability and ﬁrst hyperpolarizability of pAHA.



˛xx ˛xy ˛yy ˛xz ˛yz ˛zz ˛tot ˛



a.u.



esu (×10−24 )



181.99280 12.97585 133.16960 −36.24881 −26.09326 98.97433 138.04558 108.22276



26.97133 1.92302 19.73573 −5.37207 −3.86702 14.66800 20.45835 16.03861



ˇxxx ˇxxy ˇxyy ˇyyy ˇxxz ˇxyz ˇyyz ˇxzz ˇyzz ˇzzz ˇtot



a.u.



esu (×10−33 )



−407.48040 −356.40972 −149.10043 22.41876 286.00139 200.78675 48.95233 −151.79381 −73.34489 70.80668 912.33691



−3520.34543 −3079.13052 −1288.12335 193.68243 2470.85183 1734.65694 422.91391 −1311.39226 −633.64853 611.72018 7881.95228
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(R2 = 0.9998) (10)



All the thermodynamic data supply helpful information for the further study on the pAHA. They can be used to compute the other thermodynamic energies according to relationships of thermodynamic functions and estimate directions of chemical reactions according to the second law of thermodynamics in thermochemical ﬁeld [42]. Notice: all thermodynamic calculations were done in gas phase and they could not be used in solution. 5. Conclusion



Fig. 6. Correlation graphic of heat capacity and temperature for pAHA molecule.



Fig. 7. Correlation graphic of entropy and temperature for pAHA molecule.



ranging from 100 to 700 K due to the fact that the molecular vibrational intensities increase with temperature [41]. The correlation equations between heat capacity, entropy, enthalpy changes and temperatures were ﬁtted by quadratic formulas, and the corresponding ﬁtting factors (R2 ) for these thermodynamic properties are 0.9996, 0.9999 and 0.9998, respectively. The corresponding ﬁtting equations are as follows and the correlation graphics of those show in Figs. 6–8. 0 Cp,m = 2.3493 + 0.1834T − 8.2270x10−5 T 2



(R2 = 0.9996)



(8)



0 = 60.4437 + 0.2102T − 5.8729x10−5 T 2 Sm



(R2 = 0.9999)



(9)



In this study, we have performed an experimental and quantum chemical study on para-aminohippuric acid to identify the conformational, spectroscopic, non-linear optical and thermo-dynamical features. Based on computed total energy values, the C1 conformer was found to be the most stable one among possible four conformers. The geometric structure of the investigated compound was optimized and comparison with earlier reported experimental results shows that, except C–H bonding, DFT method gives quite well results for conformational calculations. The vibrational spectra of pAHA were recorded for solid state sample and compared with DFT results. The assignments of all fundamental vibrational modes were done with help of experimental spectra and TED calculations of vibrations. To evaluate the electronic transitions and charge distribution, the UV spectra of title compound were recorded in ethanol and water solutions. The obtained absorption maxima at 283 (in ethanol) and 274 nm (in water) were predicted possibly due to HOMO → LUMO transition and assigned as  → *. However, in the view of calculated spectra, the absorption wavelength maximum ( max ) corresponds to transition HOMO → LUMO + 2 with 36% contribution for gas phase. The excitation energies, absorption wavelengths and oscillator strengths of three singlet → singlet transitions were calculated by TD-DFT method which combines the advantages of the DFT and time-dependent formalism allowing the accurate determination of excited state properties. TD-DFT method predicted the maximum absorption peak at 274 nm in ethanol with an oscillator strength f = 0.4630 and coincide with experimentally obtained value. Non-linear optical behavior of the examined molecule was investigated by determination of electric dipole moment, polarizability and hyperpolarizability. The thermodynamical calculations show that the heat capacity, entropy and enthalpy increase with the increasing temperature owing to the intensities of the molecular vibrations increase with increasing temperature. Appendix A. Supplementary data Supplementary data associated with this article can be found, in the online version, at doi:10.1016/j.saa.2011.10.001. References



Fig. 8. Correlation graphic of enthalpy and temperature for pAHA molecule.
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