NLO properties and spectroscopic characterization of Y-shaped polymer using quantum chemical approach
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Abstract:  					

The present study reports nonlinear optical properties such as first and second hyper polarizabilities (β and γ) of Y-shaped polymer (P1) and substituted polymers. The basic Y-shaped polymer (R=R1=H) named as P1. Upon substitution of one OCH3 group in ortho position of Oxygen becomes polymer P2 (R1=H, R=OCH3) and two OCH3 group as P3 (R1=R=OCH3). We have also reported structural parameters, vibrational and electronic absorption spectra of polymer and substituted using quantum chemical methods. The geometrical parameters such as dipole moment, bond length and angles are reported at B3LYP/6-311++g** level of theory. In addition, the vibrational, electronic absorption spectra and NLO properties are also reported at the same level of theory. There is significant change in dipole moment and energy observed whereas symmetry, bond length and angles are resembling in Y-shaped and substituted polymer. The vibrational spectra of Y-shaped polymer (P1) having the intense peak is C-H stretching mode observed at 1258 cm-1. These Theoretical vibrational modes are well matching with available experimental determinations. The method dependent and the along the X, Y and Z-direction hyperpolarizabilites also reported. This study confirms the polymer P1 and P2 showing first and second hyperpolarizability response whereas P3 do not show. The electronic absorption spectra for polymer and substituted polymers are also reported at the same level of theory using (TDDFT) approach. The wavelength of electronic transition, oscillator strength and HOMO-LUMO gap also reported. 
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1. Introduction:  
NLO is a consequence of modification of the optical properties of materials with the incident light wave and the applied field. [1-4] The estimation of β (a molecular property i.e. molecular first hyperpolarizability) will give the idea about their potentiality for NLO materials. NLO response shows by the molecules such as organic, inorganic and composite polymers which can be confirmed by the various experimental and theoretical approaches. One of the experimental techniques is EFISH [5-7] which gives a projection of the β−vector along the dipole direction. A strong static electric field is applied to a solution of NLO chromophores which leads to the interaction of the electric field with the permanent dipoles of the molecules. This results in biasing the average orientation of the molecules.[8] Organic materials have large NLO response over a broad frequency range comparable to those of inorganic materials[3,9,10-24] and also advantages like, ease of fabrication and integration into devices, and intrinsic tailorability [25-30] which allow one to fine tune the chemical structure and properties for a given NLO process.  
Various computational methods were also developed theoretically to estimate the NLO optical properties of these organic, inorganic and composite polymeric materials. The composite polymeric materials [9,15,17,19,22,28,31-34] has fetched great attention since these materials can be easily processed into good optical quality thin films, and can be readily incorporated into many varieties of optical devices [33] and their potential applications in the field of telecommunications. [9, 34-35] These materials are also called as poled polymers [33] because chromophore orientation is generally controlled by electrical poling [36] or by all optical poling [37] in thin films. The major advantages with poled polymers are nonlinear optical response is higher and stability of the orientation is better.[34]
The coupled perturbed Hartree-Fock (CPHF) is analytical gradient techniques in which field is explicitly in the Hamiltonian used to compute NLO and other properties.[38] Daul C A et al 2003 used DFT to study the polarizability (α), first and second hyperpolarizabilities (β and γ) for substituted (M)-tetrathia-[7]-helicenes. The NLO activity of molecular materials depends on molecular chromophore and the search for novel materials such as organic [40-45] and organometallic [46-54] is going on. Based on sum-over-states (SOS) Liu et al 2000 designed the program to calculate the second order nonlinear polararizabilities. Zhang et al 2017 had confirmed that the molecular quadratic hyperpolarizability (β) value of CF3-Ph-TCF based chromophore is 16.8% and 46.8% larger than that of TCF based chromophores using Density functional theory (DFT) calculations. A series of Y-shaped chromophores showed excellent thermal stability with their decomposition temperatures all above 270 °C. Due to high molecular hyperpolarizability of these chromophores these can be effectively translated into large electro-optic (EO) coefficients (r33) in poled polymers. 2,4-Di-(2'-hydroxyethoxy) benzylidenemalononitrile was prepared and polymerized with terephthaloyl chloride and adipoyl chloride to yield novel Y-type polyesters. This article will emphasize on theoretical study Y-shaped using DFT calculations. These polymers which are already synthesized by Knoe-venagel condensation and were thermally stable up to 350 °C.[57] Since polymers with large nonlinear optical (NLO) responses are of great interest of study. The organic materials seem to be superior because of their higher nonlinear optical activity and faster response time than the inorganic ones. Among the organic materials the NLO polymers are receiving great attention, mainly because they offer many advantages such as light weight and good processability to form electro-optic devices. [58-59] The present paper is organized as follows. The computational details discussed in the next section and results presented and discussed in third section. Conclusions are inferred in the last section of the manuscript. 
2. Computational details: 
[bookmark: _Hlk36193788]		The Y-shaped polymer P1 (R=R1=H) which is organic nature and substituted polymers P2 (R=H, R1=OCH3) and P3 (R=R1=OCH3) are optimized at B3LYP/6-311++g(d) level of theory. The optimized structure of polymer P1 and substituted polymers P2 and P3 are shown in Figure 1 . The vibrational spectra of polymer P1 and substituted polymers P2 and P3 are also reported at the same level of theory. The 0.964 [60] scaling factor used to report vibrational modes of P1 and substituted P2 and P3. The Time Dependent Density Functional Theory (TDDFT) approach used to calculate the electronic absorption spectra at the B3LYP/6-311++g(d) level of theory. The SWizard program used to report wavelength of transitions, electronic transitions, HOMO to LUMO gap and absorbance of polymer P1, and substituted P2 and P3. We have used different methods and basis sets used to calculate the hyperpolarizabilites. These obtained by finite field methods. [61-65] The first and second hyperpolarizabilites (β and γ) of polymer P1 are calculated at different fields strengths in the range of 0 to 0.020 a.u. to avoid numerical instability. The 0.006 a.u field strength has chosen to calculate the hyperpolarizabilites at different methods and basis sets for polymers P1, P2 and P3 since β and γ values are constant from this field. The first and second hyperpolarizabilities are calculated using with the following equations 
 ------ (1) 
 ---(2)
	Here E(Fi) indicates the total energy of a molecule in presence of a field strength F applied in the ith direction. We have used different methods viz B3LYP, BLYP, B3PW91, PBEPBE, PBE1PBE, HF and B2PLYP and basis sets are 6-311g, 6-311++g(d), 6-311++g**, tzvp and cc-pVTZ respectively. All these calculations performed using Gaussian 16 program. [66]         
3. Result and Discussions: 
3.1 Geometrical parameters: 
The structure of Y-shaped polymer (P1) is shown in Figure 1 in addition to P2 and P3 which are optimized at B3LYP/6-311++g(d) level of theory. Upon substitution of R=H and R1=OCH3 gives polymer P2 and R=R1=OCH3 gives P3. The geometrical parameters such as bond length and angles are summarized in Table 1. There is no significant change observed in bond length in P2 and P3 compared P1. The substitution of (R=H, R1=OCH3) in polymer P1 does not affect its structure except 16COC bond angle and optimization energy. The polymer P2 bond angle of 16COC widens by 4.95˚ and which is 14.383 kcal mol-1 is more stable than P1. Upon substitution of R=R1=OCH3 significant change in structural parameters, energy and dipole moment has observed. The substitution of OCH3 group makes 16COC and 21COC bond angles more widens by 5.46 and 5.52 degrees than P1. The P3 polymer is more stable by 28.75 and 14.367 kcal mol-1 than P1 and P2. 
3.2 Vibrational spectra: 
The vibrational frequencies with their intestines in the parenthesis of polymer P1 and substituted P2 and P3 are reported at B3LYP/6-311++G** level of theory. The infrared spectra broadly categorized in to five major vibrational modes viz. CH stretch, CN stretch, CC stretch, CH in-plane stretch and CH out-of-plane stretching modes. In addition to frequency range each mode the first three intense modes are also reported in Table 3 and corresponding spectra in Figure 2. The theoretical modes are in well agreement with the available experimental determinations. The basic Y-shaped polymer P1 showing 141, substituted polymer P2 has 165, and P3 shows 189 vibrational modes of which 27 peaks reported for each polymer. 
CH stretch:
	The basic Y-shaped polymer (P1) is showing 18 modes in the CH stretch region observed from 3213 to 3037 cm-1. This region has one triply and doubly degenerate states observed at 3069 and 3095 cm-1 and the former mode is most intense peak. Upon substitution (R=OCH3, R1=H) the CH stretch region blue shifted by 10 cm-1 and the number of modes reached to 21 in the polymer P2 than P1. The most intense peak for polymer P2 is observed at 3078 cm-1 which is blue shifted by 9 cm-1 than P1. The substitution of (R= R1= OCH3) results to 27 modes and blue shifts by 13 cm-1 in P3 than the polymer P1 in this region. This region has three doubly degenerate states observed at 3236, 3078 and 2914 cm-1. The intensity of most intense peak doubles than the polymer P1 and P2 which is observed at 3078 cm-1. 
CN stretch:
	The CN stretch quite intense mode in all three polymers and well matches with the available experimental determinations. There is no effect of substitution of (R=OCH3, R1=H) and (R=OCH3=R1) in polymer P1 on vibrational frequencies of these modes in polymer P2 and P3. These modes are peaking around same frequencies with difference of ±5 cm-1 in P2 and P3 than polymer P1. 
CC stretch:
	The CC stretch mode in polymer P1 observed from 1616 to 1458 cm-1 showing 11 peaks in this region. This region has 10 and 9 peaks in polymer P2 and P3. The most intense mode peaking in this region at 1551 cm-1, at 1545 cm-1 and 1610 cm-1 in P1, P2 and P3 respectively. The substitution effect is clearly seen in frequency of most intense mode. 
CH rock and scissor:
	The in-plane bending modes such as rock and scissor modes observed for polymer P1 from 1444 to 1286 cm-1. The polymer P1 has one doubly degenerate state observed at 1444 cm-1 with integrated intensities 35 and 222 km mol-1. The most intense peak in this region observed at 1286 cm-1, this peak blue shifted by 116 and 168 cm-1 in polymer P2 an P3. Upon substitution of (R=OCH3, R1=H) and (R=OCH3=R1) in polymer P1 the number modes in this region increases from 12 to 17 and 19 in polymer P2 and P3. 
CH in-plane stretch:
	The first three intense peaks for polymer P1, P2 and P3 in the vibrational spectra reported are from this region which is dominant among all other regions. There are 22 modes observed for
Polymer P1 from 1281 to 974 cm-1. Upon substitution this region of spectra blue shifts by 7 and 112 cm-1 in addition to that the number modes reached to 28 and 38 in polymer P2 and P3 than P1. The most intense mode observed at 1258 cm-1 showing CH in-plane in polymer P1. This mode blue shifts by 6 and 17 cm-1 becomes half intense in polymer P2 and P3 than P1. The second intense mode observed at 1253 cm-1 which is approximately equally intense in polymer P2 and half intense in P3 than P1.
CH out-of-plane stretch: 
	The CH out-of-plane stretch region is red shifted by 4 and 10 cm-1 in polymer P2 and P3 than P1. This region observed in polymer P1 from 947 to 758 cm-1, 943 to 761 and 937 to 675 cm-1 in P2 and P3. The polymer P1 has one doubly degenerate state observed at 758 cm-1. After substitution the number modes of polymer P1 increases from 16 to 17 and 21 of polymer P2, P3. 
3.3 Electronic absorption spectra:
	The wavelength of electronic transitions, symmetry, oscillator strength and HOMO-LUMO gap of polymer P1, P2 and P3 reported in Table 4 and corresponding spectra given in Figure 3. The HOMO and LUMO represents Highest Molecular Occupied Orbital and Lowest Unoccupied Molecular Orbitals. The polymer P1 showing three transitions at 192, 303.58 and 419.9 nm with major contribution from H-21→L, H-3→L+1 and H-1→L respectively. The HOMO to LUMO gap is 0.2632. Upon substitution the number transition increases to 4 in both P2 and P3. The transitions for P2 showing at 210.21, 331.6, 447.9 and 693.2 nm with major contribution from H-18→L, H-2→L+2, H-1→L+1 and H-1→L respectively. The HOMO to LUMO gap for polymer P2 is 0.2827 eV. The polymer P3 shows electronic transitions at 209.7, 337.3, 399.9 and 685.8 nm with major contributions from H-4→L+3, H-2→L+2, H-5→L and H-1→L respectively. The HOMO to LUMO gap is 0.305 eV. 
From the absorption spectra it is clearly seen that the wavelength of absorption of strong peak increases in addition to oscillator strength from P1 to P2 and P3. The polymer P1 showing strong absorption peaks at 303.58 nm (∆E of 4.08 eV), P2 at 447.9 nm (2.768 eV) and P3 at 399.9 nm (3.1004 eV). Increasing values HOMO to LUMO gap from P1 to P2 and P3 indicates large amount of charge transfer during excitation. Analyzing all the values it can be concluded that the larger the values of second hyperpolarizabilities of substituted polymers because of larger dipole moment and strong oscillator strength in P2, P3 compared to P1.
3.4 Nonlinear optical properties:
The finite field method used to calculate the first and second hyperpolarizabilities (β and γ) of polymers P1, P2 and P3 at various methods and basis sets. The hyperpolarizabilities calculated using energy equations and these depends on the methods and basis sets. Figure 4 a and b shows that first and second hyperpolarizabilities from 0 to 0.020 a.u field strengths to avoid numerical instability along the three axis X, Y and Z. The 0.006 a.u field chosen since from this field the first and second hyperpolarizabilities are constant along the Z-axis. Further β and γ are calculated various methods and basis sets by applying the field along the Z-axis. In this Y-type polymer two cyanide moiety acting as strong acceptor group and methyl group as donor in addition to Oxygen. The conjugation ring acting as mediator for exchange of charges from methyl to cyanide group. Pyranone to benzene group called as conjugation ring. The Y-type polymer showing the NLO and these properties can be enhanced increasing the donating capabilities by substitution of OCH3 group in ortho position to oxygen molecule. 
Figure 5 a and b shows the first and second hyperpolarizabilities of Y-polymer with various methods and basis sets. It is clearly seen from Figure 5 a and b that the effect of balanced basis set on Y-polymer irrespective of methods. The balanced basis set is nothing but which include both polarization and diffuse functions in the basis set viz 6-311++g(d) and 6-311++g**. The polarization and diffuse functions taken in to consideration while calculating the first and second hyperpolarizability. The NLO response at these basis sets quite good and peaking at larger values compared to other basis sets. 
The substitution of methyl group in the ortho position of oxygen gives rise to substituted polymer P2 (R=OCH3 and R1=H) which increases more donating capabilities to conjugation ring compared to polymer P1 (R=R1=H). Since increasing in the donating capabilities, the NLO response should increase and same is observed for polymer P2. There is slight decrease in dipole moment due to fluctuations in molecular orientations that instantaneously break the center of symmetry. The first hyperpolarizability β (x10-30 esu) for some chromophores are in the range of 0.1 to 10 for small organic and push/pull benzene rings56,61. The present value for polymer P2 of β is (0.3 x10-30 esu) which is in good agreement with the experiment. In addition to this polymer also showing good second hyperpolarizability (third order effect γ) which conclude that polymer P2 is good candidate for NLO preperties. The increase in β and γ values is clearly seen from the Figure 6 a and b. In addition to substitution of methyl group in polymer P1 the diffuse and polarized basis sets also play significant role in enhancement of β and γ. 
Figure 7 a and b gives the first and second hyperpolarizabilities of polymer P3 (R=R1=CH3) with different methods and various basis sets. The first hyperpolarizability (β) values for P3 are in the negative range which do not show NLO response which is in good agreement with the experiment [57,67]. Though dipole moment increases by 2 Debye compared to polymer P1 but there is no first order hyperpolarizability NLO response observed in polymer P3.
4. Conclusions:
The present study reports the theoretical infrared, electronic absorption spectra at B3LYP/6-311++G** level of theory and nonlinear optical properties of Y-polymer and their substituted polymers P2 (R1=H, R=OCH3) and P3(R1=R=OCH3) studied at various methods and basis sets.  The CC in-plane stretching region is the most intense mode observed at 1258 cm-1, 1270 cm-1 and 1276 cm-1 in polymer P1, P2 and P3 respectively. This mode is in good agreement with the available experimental determinations. Increasing HOMO to LUMO gap indicates that there is large charge transfer during excitation. The present study also concludes that the dipole moment of polymer P1 and P2 is approximately equal since P1 is more thermally stable than P2 and negative values of first hyperpolarizability of P3 also shows P1 is more thermally stable. The present study also concludes that the polymer P1 and P2 is more responsive to NLO properties of all three which is in good agreement with the experiment. Though the present study implemented diffuse and polarized basis sets with various methods but fails to improve theoretically NLO response of the third polymer P3 and which confirms the experimental studies.
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Captions to Figures:
FIGURE 1 Optimized geometry of Polymer P1 and substituted polymer P2 (R=OCH3, R1=H) and P3 (R=R1=OCH3). 

FIGURE 2 Infrared spectra of Polymer P1 and substituted polymers P2 and P3 reported at the B3LYP/6-311++G** level of theory.

FIGURE 3 Electronic absorption spectra of Polymer P1 and substituted polymers P2 and P3 reported at the B3LYP/6-311++G** level of theory. 

FIGURE 4 Variation of first and second hyperpolarizability of polymer P1 from 0 to 0.020 a.u field strengths at the B3LYP/6-311++G** level of theory. 

FIGURE 5 First and second hyperpolarizabilities of polymer P1 using various methods and basis sets with 0.006 a.u.

FIGURE 6 First and second hyperpolarizabilities of polymer P2 using various methods and basis sets with 0.006 a.u.

FIGURE 7 First and second hyperpolarizabilities of polymer P3 using various methods and basis sets with 0.006 a.u.
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Table 1 Geometrical parameters bond length and angles of polymer (P1) and substituted polymers optimized B3LYP/6-311++G** level of theory. 
-----------------------------------------------------------------------------------------------
Parameters		Polymer (P1)			Polymer (P2)			Polymer (P3)
-----------------------------------------------------------------------------------------------
							Bond length (Angstroms)
C-H (OCH2) 		1.077				1.077				1.076
				1.077				1.077				1.076
C-H (OCH3)		---					1.091				1.091					
				---					1.091				1.091
				---					---					1.091
				---					---					1.091
C-N 			1.159				1.159				1.160
				1.159				1.160				1.160
							Bond angles (degrees)
1C2O3C			120.27				120.23				120.18
16C24O26C		125.78				130.61				131.24
21C25O27C		125.66				125.62				131.18
17COC			---					118.8				118.7
22COC			---					116.2				116.1
20COC			---					---					118.8
15COC			---					---					116.0
-----------------------------------------------------------------------------------------------------









Table 2 Rotational constants with energy and dipole moment of polymers of P1, P2 and P3 at B3LYP/6-311++G** level of theory. 
--------------------------------------------------------------------------------------------------------
Parameters				Polymer P1 			Polymer P2 			Polymer P3
--------------------------------------------------------------------------------------------------------
A (MHz)				126.4				125.2				94.4
B (MHz)				56.6					38.7					34.8
C (MHz)				39.1					29.6					25.5
Energy (104 kcal mol-1)	-83.88				-98.263				-112.63
Dipole moment (Debye)	14.65				14.53				16.06
-------------------------------------------------------------------------------------------------------------
[bookmark: _Hlk26774532]






























Table 3 Vibrational frequencies in (cm-1) and intensities are in parenthesis (km mol-1) for Polymer (P1) and substituted polymers (P2 and P3) are reported at B3LYP/6-311++G** level of theory with available experimental determinations. 
---------------------------------------------------------------------------------------------------------------------
Assignment			Polymer (P1)				Polymer (P2)				Polymer (P3)
					-------------------			-------------------		------------------
					Expt	Theory			Expt	Theory			Expt	Theory
---------------------------------------------------------------------------------------------------------------------
CH stretch					3213 (2.6)				3233 (63.5)				3236 (35)
3033	3095 (23)		2997	3078 (299)		2999	3089 (11)
					2936	3086 (15)		2936	3067 (204)		2932	3078 (519)
					2860	3069 (319)		2855	2985 (100)		2855	2919 (103)
							3037 (3.2)				2916 (107)				2914 (78)
CN stretch			---		2219 (527)		---		2217 (589)		---		2214 (656)
					2199	2199 (73)		2199	2196 (72)		2199	2193 (85)
CC stretch			1604	1616 (489)		1644	1613 (528)		1694	1610 (600)
							1591 (271)				1560 (516)				1536 (359)					1580	1551 (562)		1583	1545 (584)		1583	1554 (588)
					1427	1488 (346)		1422	1526 (282)		1417	1586 (398)
							1458 (456)				1469 (127)				1476 (319)
CH rock & scissor			1444 (222)				1464 (32)				1466 (61)
				 			1317 (64)				1452 (298)				1454 (420)
							1356 (64)				1402 (355)				1439 (143)
							1326 (85)				1348 (286)				1432 (183)
							1286 (357)				1298 (91)				1405 (264)
CH in-plane stretch	---		1281 (4)			---		1288 (347)		---		1370 (9)
 					1249	1258 (5049)		1266	1270 (2153)		1227	1276(3317)
					---		1253 (2670)		---		1264 (3408)		---		1268(1794)
					---		1180 (658)		---		1207 (671)		---		1237(1365)
					---		974 (9)			---		976 (13)			---		952 (25)
CH out of plane str	---		948 (55)			---		943 (57)			---		937 (64)
					---		913 (23)			---		937 (20)			---		909 (26)
					---		846 (14)			---		892 (3)			---		798 (19)
					---		796 (39)			---		861 (10)			---		795 (11)
					---		758 (6)			---		761 (34)			---		675 (1.8)
*Experimental data taken from Kolli et al. 2012 [57]
[bookmark: _Hlk35521608]







































Table 4. Electronic transitions of polymers P1, P2 and P3 at B3LYP/6-311++g** level of theory. H and L represent HOMO and LUMO respectively. ________________________________________________________________________
Wavelength	Symmetry	Absorbance	Oscillation	Transitions		HOMO-LUMO 
(nm)	      				(esu2cm2)	 strength							gap (eV)	           ___________________________________________________________________________ 
								Polymer P1
192			1A			35708		0.1162		H-21→L				
303.58		1A			26235		0.2388		H-3→L+1			0.2632 
419.9		1A			41966		0.2003		H-1→L+2
								Polymer P2
210.21		1A			28846		0.1666		H-18→L			0.2827		
331.6		1A			23442		0.3410		H-2→L+2
447.9		1A			41803		0.2291		H-1→L+1
693.2		1A			24961		0.4902		H-1→L	
								Polymer P3
209.7		1A			27969		0.1207		H-4→L+3			0.305	
337.3		1A			20394		0.2071		H-2→L+2
399.9		1A			38946		0.2929		H-5→L	
685.8		1A			26346		0.5190		H-1→L	
------------------------------------------------------------------------------------------------------------------
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