Linear and second-order nonlinear optical properties of non-fullerene acceptor derivatives with A-D-A structure
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Abstract
In this paper, in order to study the relationship between structure and performance, four new NFA derivatives were designed based on the two reported NFA molecules BO-4Cl and BTP-S2 by replacing the BT unit with a less-electron deficient BTz unit and inserting another ethylene double bond between the central core and the terminal groups. The DFT and TD–DFT calculations were applied to invstigate linear and nonlinear optical properties, such as electronic structure, electronic absorption, reorganization energy and the second-order NLO properties. The investigation demonstrates that they are all narrow bandgap derivatives, the absorption spectrum extends to the near-infrared region and using two ethylene double bond is the most effective way to reduce the energy gap, redshift the maximum absorption peak and the middle absorption band, enhance hole transport ability and weaken electron transport ability and enhance second-order NLO response. Considering the smaller electron and hole reorganization energy and the larger static first hyperpolarizability value, the studied NFA derivatives have great potential to become ambipolar charge transport materials and large second-order NLO materials. 
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INTRODUCTION
Organic photovoltaics (OPVs), with low manufacturing cost, high throughput production, light weight, and flexibility, have attracted great attention from researchers.1–5 For practical applications, conversion efficiencies are the primary problem that needs to be solved. Recently, non-fullerene acceptors (NFAs) promote the performance improvement of non-fullerene organic photovoltaic devices (NF-OPVs), which refer to polymers as the donors and non-fullerene molecules as the acceptors. Therefore, research on NFAs with acceptor-donor-acceptor(A-D-A) structures has set off an upsurge. 6–16
Very recently, two new NFAs, molecules BO-4Cl and BTP-S2, have been studied and characterized, which shown in Fig.1.17 The molecule BO-4Cl is a symmetric A-D-A structure, consisting of the dithienothiophen [3,2-b]-pyrrolobenzothiadiazole(BTP) donor core and two same acceptor 3-dicyanomethylene-1-indanone(IC-2Cl) terminal groups. For the molecule BTP-S2, it is designed an asymmetric A1-D-A2 structure. It shares the same central fused-ring core (D) as molecule BO-4Cl, but the terminal groups are chlorinated indandione (A1, I-4Cl) and 3-dicyanomethylene-1-indanone (A2, IC-2Cl), respectively. The two molecules own low the nonradiative loss, low energy loss with high electroluminescence quantum efficiency in devices.18,19 These excellent properties make the layer-by-layer(LbL)-type ternary OPVs composed of PM6, BO-4Cl and BTP-S2 have the efficiency of 18.16%.17 But so far, most of the researches on NFAs are aimed at the improvement of NF-OPV performances, and there is little research on microscopic mechanism of linear optical properties and optical nonlinearity of NFAs, which will help reserchers to deeply understand the performance of these materials and provide a theoretical guide for finding new application areas and further improving performance through design new molecules. Considering that these molecules are A-D-A structure, they are expected to have strong optical nonlinearity, so nonlinear optical properties along with their linear optical properties will be studied.
In order to further improve the performance of these reported materials and find new application areas for this type NFAs, four new molecules are designed. In detail, a less-electron deficient benzotriazole (BTz) was used to replace the benzothiadiazole (BT) unit in the molecules BO-4Cl and BTP-S2, namely molecules ZT-1 and ZT-2, the new molecules ZTV-1 and ZTV-2 were designed by further inserting an ethylene double bond between the central core and end groups of molecules ZT-1 and ZT-2, which can increase the conjugate length. In paper, for the two reported molecules BO-4Cl and BTP-S2, together with the four newly designed molecules ZT-1, ZT-2, ZTV-1 and ZTV-2, DFT/TD-DFT is used to study the effects of donor core unit and conjugation length on their frontier molecular orbital, electronic transition absorption, reorganization energy and optical nonlinearity. 
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Fig. 1. Chemical structures of the studied NFA derivatives

2. COMPUTATIONAL DETAILS
All calculations are based on density functional theory using Gaussian 09 software package.20 The optimized structures of the studied derivatives were calculated using D3-B3LYP21/6-31G(d) level of theory. The D3-B3LYP functional has exhibited wonderful superiority of predicting structural parameters, harmonic frequencies and other molecular properties22–24. The force constant matrix was calculated for the optimized structures to ensure that the six optimized structures are stable configurations. In the optimization process, there was no symmetry or internal coordination constraints.

The electronic transition properties of the studied derivatives were computed at the TD-B3LYP/6-31+G(d)25 level. All electronic absorption calculations took into account the chloroform solvent used during experiments, and the polarized continuum model (PCM) was used26–28. 

The static first hyperpolarizability is second order tensors. It is determined by hyper-Rayleigh scattering (βHRS), as follows:29,30
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 are the orientational average of the first hyperpolarizability tensor without assuming Kleinman's conditions. 

Here, the βHRS values were obtained through analytical energy derivatives of coupled-perturbed method, which is more efficient and less expensive.31 the βHRS values can be computed by using CAM-B3LYP/6-31+G(d) level.
3. RESULTS AND DISCUSSION
3.1 Frontier molecular orbital analysis

In this paper, the chemical structures of BO-4Cl, BTP-S2, ZT-1, ZT-2, ZTV-1 and ZTV-2 are shown in Fig. 1. The ground state geometry of each molecule had been fully optimized by using D3-B3LYP functional in conjunction with the 6-31G(d) basis set. The responding diagrams of the HOMO and LUMO orbitals, the calculated HOMO/LUMO energy levels, and energy gaps of the studied derivatives were shown in Fig. 2. For BO-4Cl, BTP-S2, ZT-1 and ZT-2, their HOMO distributions are basically the same, mainly distributed on the central donor unit and the ethylene double bond π-bridges on both sides. However, for their LUMO distributions, they are significantly different from the HOMO distributions. For NFA derivatives with symmetric terminal groups, for example, BO-4Cl and ZT-1, LUMO is chiefly distributed on the two acceptor IC-2Cl units and part of the central donor unit, and the electronic density distributed on the central donor unit is less than that distributed on the HOMO orbital. For NFA derivatives with asymmetric terminal groups, such as BTP-S2 and ZT-2, LUMO is largely distributed on the IC-2Cl unit and part of the central donor unit, and the electronic density distributed on the central donor unit is also obvious less than that distributed on the HOMO orbital. For ZTV-1 and ZTV-2, the distributions of HOMO and LUMO are almost the same as those of the responding symmetric structure and asymmetric structure discussed above, but due to the insertion of another ethylene double bond π bridge, the spatial range of the FMOs distribution are bigger. As a whole, it can be predicted from the molecular orbital that there is a charge transfer from the central donor core to the acceptor IC-2Cl unit between HOMO and LUMO orbital.
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Fig. 2. Energy levels and frontier molecular orbital diagram of the studied NFA derivatives

Subsequently, the energy gaps of these six derivatives are discussed. They are all narrow bandgap compounds with an energy gap ranging from 1.65eV to 2.11eV. When the central donor core remains the same and only the terminal units are changed, compare BO-4Cl with BTP-S2, ZT-1 with ZT-2, and ZTV-1 with ZTV-2, and get the order of energy gaps of BO-4Cl<BTP-S2, ZT-1<ZT-2 and ZTV-1<ZTV-2, which shows that the same terminal unit is an effective way to reduce the band gap. However, when the terminal units remain the same and only the central donor core is changed, from the BO-4Cl to ZT-1 or from the BTP-S2 to ZT-2, the molecular energy levels of the HOMO (−5.76 to −5.67 eV or −5.69 to −5.60eV) and LUMO (−3.72 to −3.66 eV or −3.58 to −3.52 eV) are upshifted, the order of the energy gap is BO-4Cl>ZT-1 and BTP-S2>ZT-2, which indicates that the enhancement in the electron donating ability of the central core is a method to upshift the energy level of FMOs and reduce the energy gap. Further, under the condition that the terminal units and the donor central core remain unchanged, compare ZT-1 with ZTV-1 and ZT-2 with ZTV-2, respectively, it can be seen that the LUMO energy level is basically unchanged (-3.66 to -3.66eV, -3.52 to -3.54eV), but the HOMO energy level of ZTV-1 is distinctly higher than that of ZT-1, and the HOMO energy level of ZTV-2 is also evidently higher than that of ZT-2. Therefore, the order of energy gap is ZTV-1<ZT-1 and ZTV-2<ZT-2. This demonstrates that using two enthylene double bonds π-bridge is an effective way to increase the HOMO energy level and reduce the energy gap. In general, the symmetrical structure, the enhancement of the electron donating ability of the central core and the insertion of another enthylene double bond between the terminal groups and the central core are the most effective method to reduce the energy gap. For example, ZTV-1 satisfies these three points and has the smallest energy gap among all studied derivatives.

3.2 Electronic absorption of the studied NFA derivatives 
The 60 lowest electronic excitation energies of the six studied NFA derivatives were computed at the TD-B3LYP/6-31+G(d) level. Considering the influence of the solvent effect on the calculation of the excited state and the absorption peak of the spectrum, we selected the PCM solvent model to simulate the state of molecules in the chloroform solvent. Table 1 listed the calculated absorption wavelengths, oscillator strengths and major contributions of these six derivatives along with the experimental values in parentheses. For BO-4Cl and BTP-S2, the calculated absorption wavelengths are close to the experimental values, indicating that the selected functional and basis set can be used to describe the transition properties of the studied derivatives. In addition, the feasibility of the CAM-B3LYP functional in describing the electronic transition properties of the studied NFA derivatives has also been probed. Since the absorption spectrum of BO-4Cl has been experimentally characterized, taking BO-4Cl as an example, using CAM-B3LYP/6-31+g(d) level in the chloroform solvent calculated its electron transition absorption, and the calculated absorption bands are respectively at 594.74, 396.04 and 318.81nm. The calculated maximum absorption band and the middle absorption band are quite different from the corresponding experimental values (746nm for the maximum absorption band, 483nm for the middle absorption band), especially the maximum absorption peaks (Δλ= 151.26nm), which shows that the CAM-B3LYP functional is not suitable for describing the electronic transitions properties of the studied NFA derivatives. 

From Table 1, we can see that the six NFA derivatives all exhibit three absorption bands and the maximum absorption peaks of BO-4Cl, BTP-S2, ZT-1, ZT-2, ZTV-1 and ZTV-2 are 738.11, 710.50, 749.71, 721.33, 822.24 and 794.94 nm, respectively. When the central core remains unchanged and only the the terminal units are changed, namely compared BO-4Cl with BTP-S2, ZT-1 with ZT-2, and ZTV-1 with ZTV-2, respectively, the low-energy absorption band and the middle absorption band of the terminal symmetry molecule have a red shift relative to the terminal asymmetric molecule. For the high-energy absorption band, BO-4Cl is basically the same as BTP-S2, and this is also the case for ZTV-1 and ZTV-2, but ZT-1 has a 30nm red shift relative to ZT-2. When the the terminal units remain unchanged and only the central core is changed, compared BO-4Cl with ZT-1 and BTP-S2 with ZT-2, the low-energy absorption wavelength of the molecule with BTz unit is red-shifted relative to that of the molecule with BT unit, and there is basically no change in the wavelength of the middle absorption band. But for the high-energy absorption band, the high-energy absorption band of BO-4Cl and ZT-1 are basically the same, while the high-energy absorption band of ZT-2 has a blue shift of about 29 nm relative to that of BTP-S2. Furthermore, when the central core and the terminal units remain unchanged, and another enthylene double bond π-bridge is added, compared ZTV-1 with ZT-1 and ZTV-2 with ZT-2, it can be seen that the low-energy absorption band of NFAs with two enthylene double bonds has a large red shift, as does the middle absorption band. For example, from ZT-1 to ZTV-1, the low-energy absorption band and the middle absorption band are red-shifted by 73 nm and 59 nm, respectively. For the high-energy absorption band, ZTV-1 has a blue shift relative to ZT-1, and ZTV-2 has a significant red shift relative to ZT-2.
Table 1. Calculated absorption wavelengths (λ, nm) along with experimental data (in parentheses), oscillator strengths (f), and major contributions of absorption bands of  the studied derivatives. (H = HOMO, L = LUMO, L+1 = LUMO+1, etc.)
	Derivative
	Sn
	λ
	f
	Major Contributions

	BO-4Cl
	S1
S6
S33
	738.11(746)

483.10(483)

340.12(334)
	2.300

0.637

0.323
	HOMO→LUMO (99%)

H-2→LUMO(68%),  H-1→LUMO (22%)

H-10→LUMO (16%),  H-2→L+4 (24%)

	BTP-S2
	S1
S6
S30
	710.50(718)

469.52(475)

339.21(332)
	1.998

0.599

0.252
	HOMO→LUMO (98%)

H-2→LUMO (83%)

H-11→LUMO (30%),  H-4→L+2 (14%)

	ZT-1
	S1
S7
S30
	749.71

484.27

340.49
	2.287

0.602

0.370
	HOMO→LUMO (99%)

H-2→LUMO (88%)

H-10→LUMO (35%),  H-5→L+2 (14%)

	ZT-2


	S1
S6
S40
	721.33

471.17

310.72
	1.977

0.489

0.191
	HOMO→LUMO (98%)

H-2→LUMO(72%),  H-1→L+1 (14%)

H-10→LUMO (40%),  H-8→L+3 (21%)

	ZTV-1
	S1
S5
S37
	822.24

543.55

332.25


	2.303

0.868

0.407


	HOMO→LUMO (98%)

H-1→LUMO(74%),  HOMO→L+3 (14%)

H-6→L+2 (36%),  H-5→L+3 (25%)

	ZTV-2
	S1
S4
S33
	794.94

535.40

336.97
	2.049

0.636

0.323
	HOMO→LUMO (97%)

H-2→LUMO(12%),  H-1→LUMO (80%)

H-6→L+1 (32%),  H-6→L+2 (16%)


In order to understand the nature of electronic absorption, the molecular orbitals (MO) involved into the main transitions were given in Fig. 3. For BO-4Cl, the maximum absorption peak is attributed to HOMO to LUMO electronic transition with a charge transfer(CT) from the central donor core to the acceptor IC-2Cl units. The middle absorption band at 483.10 nm mainly results from HOMO-2 to LUMO and HOMO-1 to LUMO transitions with the central donor core to the acceptor IC-2Cl units CT. The high energy absorption band originates from HOMO-10 to LUMO and HOMO-2 to LUMO+4 excitations and thier electronic excitation features come from two benzene rings connected with chlorine atoms and two chlorine atoms on the outside to whole molecular skeleton and from the central donor core to the BT unit CTs. For BTP-S2, its maximum absorption peak arises from HOMO to LUMO electronic transition with a charge transfer(CT) from the central donor core to the acceptor IC-2Cl unit on the right. The middle absorption band at 469.52 nm has almost the same transition characteristic as the maximum absorption peak. The high energy absorption band mainly results from HOMO-11 to LUMO and HOMO-4 to LUMO+2 transitions with a CT from  one benzene ring on the IC-2Cl unit and two chlorine atoms on the IC-2Cl unit to the other part of the IC-2Cl unit. For ZT-1, the maximum absorption peak and the middle absorption band have almost the same transition characteristic as BO-4Cl. The high energy absorption band mainly results from HOMO-10 to LUMO and HOMO-5 to LUMO+2 transitions with a CT from benzene rings on the IC-2Cl units and two chlorine atoms on the IC-2Cl units to the other part of IC-2Cl units. For ZT-2, the electronic transition feature of its maximum absorption peak is almost the same as that of BTP-S2. The middle absorption band at 471.17 nm mainly arises from HOMO-2 to LUMO and HOMO-1 to LUMO+1 transitions, with CTs from the central donor core to the IC-2Cl unit on the right and from the central donor core to the IC-2Cl and I-4Cl units on both sides. The high energy absorption band at 310.72 nm results from HOMO-10 to LUMO and HOMO-8 to LUMO+3 excitations, with a obvious CT from I-4Cl unit to IC-2Cl unit and a CT from one benzene ring on I-4Cl unit and four chlorine atoms on I-4Cl unit to the other part of I-4Cl unit. For ZTV-1, the transition feature of its maximum absorption peak is almost the same as that of BO-4Cl. The middle absorption at 543.55 nm originates from HOMO-1 to LUMO and HOMO to LUMO+3 transitions, with the central donor core to the acceptor IC-2Cl units CT. The high energy absorption band has CTs from benzene rings on the acceptor IC-2Cl units, chlorine atoms and CN units to the other part of IC-2Cl units. For ZTV-2, the transition feature of its maximum absorption peak is almost the same as that of BTP-S2. The middle absorption band results from HOMO-2 to LUMO and HOMO-1 to LUMO excitations, and these transition features are mainly from the central donor core to IC-2Cl unit. The high energy absorption band at 336.97 nm arises from HOMO-6 to LUMO+1 and HOMO-6 to LUMO+2 excitations, which is assigned to CTs from the benzene ring on the IC-2Cl unit, chlorine atoms and CN unit to the other part of IC-2Cl units and from the IC-2Cl unit to the left two enthylene double bond and I-4Cl unit. Overall, symmetrical or asymmetrical terminal unit, the electron donating ability of the central core and the insertion of another enthylene double bond have great influence on both electronic transition characters and absorption wavelengths.
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Fig. 3. Molecular orbital isosurfaces involved in the main electron transitions of the studied NFA derivatives at the B3LYP/6-31+G(d) level of theory. 

3.3 Reorganization energy

Carrier mobility plays an important role in the development of high-performance organic optoelectronic devices. The carrier mobility can be described by reorganization energy. Reorganization energy is an inherent property of compound, which represents the sum of geometrical relaxation energies from the neutral state to the charged state and vice versa, which can be expressed in the following form，32
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 is the electron or hole reorganization energy. [image: image16.png]
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 is the energy of the neutral state with optimized anion or cation geometry. [image: image18.png]


is the energy of the optimized neutral geometry. [image: image19.png]
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 are the energy of the anion or cation configuration of the optimized neutral state. [image: image21.png]
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 are the energy of the optimized anion or cation state.

Generally speaking, the smaller the reorganization energy, the larger is the carrier mobility.33 The [image: image23.png]
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 were calculated by B3LYP/6-31G(d) level in the gas phase using adiabatic potential energy surface method34, which listed in Table 2. The reorganization energies of the studied derivatives are both smaller than that of an typical hole transport materials (0.290 eV for N,N’-diphenyl-N,N’-di(m-tolyl)benzidine35) and less than that of typical electron transport materials (0.276 eV for tri(8-hydroxyquinolinato)aluminium36), indicating that these studied derivatives are potential ambipolar charge transport materials. In addition, compared BO-4CL and BTP-S2, ZT-1 and ZT-2, and ZTV-1 and ZTV-2, respectively, the carrier transport capacity of the symmetric molecule is stronger than that of the asymmetric molecule. Compared BO-4Cl, ZT-1 and ZTV-1, and compared BTP-S2, ZT-2 and ZTV-2, it can be seen that the enhancement of the electron donating ability of the central core has no obvious effect on the reorganization energy, but the insertion of another new ethylene double bond enhances the hole transport ability and weakens the electron transport ability.

Table 2. The calculated hole and electron reorganization energies(λh, λe, eV) for the studied derivatives
	Derivative
	λh
	λe

	BO-4Cl
	0.169
	0.137

	BTP-S2
	0.187
	0.156

	ZT-1
	0.167
	0.132

	ZT-2
	0.184
	0.151

	ZTV-1
	0.146
	0.153

	ZTV-2
	0.160
	0.169


3.4 Second-order NLO properties
For the studied NFA derivatives, the obvious intramolecular CT characters motivate us to study the large first hyperpolarizability (βHRS). Recently, the DFT calculation has been widely adopted in predicting new NLO materials.37,38. Considering that the calculation of the βHRS is very sensitive to the used functionals, the widely used B3LYP,39 CAM-B3LYP40,41 and BHandBLYP42 functionals in the NLO field are chosen to test the reliability of our calculation results. The calculated βHRS values of the studied NFA derivatives are listed Table 3. Among the three functionals, the βHRS value obtained by the B3LYP functional is the largest one, whereas the βHRS values calculated by the CAM-B3LYP and BHandBLYP functionals are relatively close. Previous researches have shown that the B3LYP functional overestimates the value of βHRS.43,44 and the CAM-B3LYP functional combined with 6-31+G(d) basis set is a reliable method to calculate βHRS38,45. Thus, the variation trend of the βHRS values computed by CAM-B3LYP/6-31+G(d) level in vacuum will be discussed in the next paragraph.

Table 3. The calculated βHRS values (×10-30 esu) of the studied NFA derivatives by using three DFT functionals associated with the 6-31+G(d) basis set. 

	Derivative
	B3LYP
	CAM-B3LYP
	BHandHLYP

	BO-4Cl
	281.75
	214.75
	221.04

	BTP-S2
	278.44
	201.25
	208.34

	ZT-1
	296.32
	226.69
	233.79

	ZT-2
	292.64
	   212.98
	220.85

	ZTV-1
	582.48
	428.05
	443.64

	ZTV-2
	542.61
	381.79
	398.78


The βHRS values of the studied NFA derivatives are very large, ranging from 201.25 to 428.05×10-30 esu, which manifests that all studied NFA derivatives are expected to be potential large second-order NLO materials. Compared BO-4Cl with BTP-S2 and ZT-1 with ZT-2 respectively, it can be seen that the βHRS value of the terminal symmetric molecule is larger than that of the terminal asymmetric molecules. Therefore, the design of the terminal symmetric molecule is a way to obtain a larger βHRS value. Compared BO-4Cl with ZT-1 and ZTP-S2 with ZT-2, the order of βHRS value is ZT-1>BO-4Cl and ZT-2>ZTP-S2, which indicates that the enhancement of the electron donating ability of the central core is also a method to increase the value of βHRS, but the increase is not obvious. Further compared ZT-1 with ZTV-1 and ZT-2 with ZTV-2, the βHRS value of ZTV-1 is about twice that of ZT-1, and the βHRS value of ZTV-2 is also nearly twice that of ZT-2, indicating that inserting two ethylene double bonds between the terminal groups and the central donor core is the most effective way to increase the βHRS value. In addition, the order of the βHRS value is just opposite to the order of the energy gap, that is, the smaller the energy gap, the larger the βHRS value.  

To explain their NLO origin, the corresponding electron density difference maps (EDDMs) of BO-4Cl, ZT-1 and ZTV-1 were given in Fig. 4. The NLO origin of BO-4Cl mainly comes from a CT from the central donor core to the IC-2Cl unit, and from the chlorine atoms and the benzene rings connected to the chlorine atoms to BT unit. As for ZTV-1, by comparing the EDDMs diagrams of the three corresponding transitions of BO-4Cl, ZT-1 and ZTV-1, one reason for the NLO origin of ZTV-1 is that more charges on the central donor participate in charge transfer process due to the insertion of the ethylene double bond. Another reason is that there is a charge transfer from the CN units, the chlorine atoms and the benzene rings connected to the chlorine atom to the other parts of the IC-2Cl unit due to the enhancement in the electron donating ability of the central core and the insertion of the ethylene double bond.
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Fig. 4. Electron density difference maps of the studied NFA derivatives. Blue and purple colours indicate depletion and accumulation of electron density, respectively.

4. CONCLUSIONS
In this paper, based on BO-4Cl and BTP-S2, four new NFA derivatives were designed by replacing the BT unit with BTz and inserting another ethylene double bond between the central core and the terminal groups. The geometrical/electronic structure, electronic absorption, reorganization energy and the second-order NLO properties of the six NFA derivatives were investigated by DFT/TDDFT theory. The conclusions of this investigation are as follows: (a) They are all narrow bandgap derivatives, especially ZTV-1, which has a energy gap of 1.65 eV. The energy gap of the terminal symmetric molecule is smaller than that of the terminal asymmetric molecule. The insertion of another ethylene double bond is the most effective way to reduce the energy gap. (b) Using two ethylene double bond renders the maximum absorption peak and the middle absorption band have a significant red shift, and the UV spectrum has been further broadened to the near-infrared region. The enhancement of the electron donating ability of the central core and the insertion of another ethylene double bond also effectively changed charge transfer characters of the middle absorption band and the high-energy absorption band. (c) The calculated hole or electron reorganization energy of the studied derivatives is smaller than that of an typical hole or electron transport material, demonstrating that these studied derivatives are potential ambipolar charge transport materials. (d) The insertion of another ethylene double bond is an effective way to enhance second-order NLO. Considering the large second-order NLO values of the studied derivatives, they may become the potential candidates for outstanding second-order NLO materials.
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