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[bookmark: OLE_LINK3][bookmark: OLE_LINK4]ABSTRACT: Second-order nonlinear optical molecular switches are systems displaying marked variations of their second harmonic generation (SHG) responses upon external stimulation. In this Article, we combine a multiscale computational method and experimental characterizations to provide a full description of the SHG responses of molecular switches built from the association of the indolinooxazolidine unit to a bithiophene donor. In chloroform solutions, the addition of trifluoroacetic acid triggers the switching from a neutral closed form to a protonated open form, making an ion pair with the trifluoroacetate counterion and induces a strong enhancement of the SHG responses. The numerical simulations i) evidence how the large and rapid thermally-induced geometrical fluctuations lead to broadening the SHG responses distributions, making even difficult the determination of their sign, ii) rationalize the variations of these responses as a function of the closure/opening of the oxazolidine ring and of the nature of its chemical substitution, and iii) call into question common assumptions employed when analyzing the experimental SHG responses. 


INTRODUCTION
Molecular optical switches are systems displaying marked contrasts in their optical properties upon chemical transformations triggered either by photonic, chemical, or electrochemical signals. As such, these molecular systems constitute the building units of nanoscale devices allowing switchable logic functions or data storage,1-2 in which different types of optical responses can be exploited to probe the electronic state of the system. In the last years, a number of studies have concentrated on organic compounds exhibiting contrasts of nonlinear optical (NLO) properties between their metastable states,3-5 which offer the possibility of reading the stored information without altering it. Optimizing the performances of such systems, in terms of efficiency of the switching process and amplitude of the NLO contrasts between the NLO-active (ON) and NLO-inactive (OFF) states, requires multidisciplinary approaches combining molecular synthesis, spectroscopic characterizations, and numerical simulations. These techniques enabled establishing design guidelines to achieve large NLO responses and contrasts in push-pull π-conjugated systems, by a controlled tuning of the relative strength of the donor and acceptor moieties, or a modulation of their electronic communication through alteration of the π-conjugated linker.3-18 Besides these traditional transformations, some of these switches, like poly(phenanthrene), exhibit dynamical changes from coil to helical conformation by varying the nature of the solvent, which further modify the π-conjugation and therefore the second-order NLO responses.19 Modulation of the second harmonic generation (SHG) response has also been reported in metal-organic frameworks, where the uptake/release of CO2 induces a reversible cell expansion and a change of the (non)centrosymmetric structure.20 However, although the importance of dynamical geometrical fluctuations on the second-order NLO properties was previously evidenced using theoretical approaches in flexible pyridine-pyrimidine and hydrazine-pyrimidine helical strands21, as well as in recent investigations focusing on the impact of concentration on the first hyperpolarizability of solutions of nitrobenzene in benzene22, the dynamical behavior of molecular switches and its impact on their NLO contrasts have never been studied. Most of theoretical investigations reported so far assume the switching mechanism to occur between stationary states, leaving largely unexplored the dynamical nature of the systems. Moreover, although a few of these works have addressed the immobilization of NLO switches on surfaces23-24 or their behavior in the solid state,25-26 most of them are carried out in solutions, where structural fluctuations are facilitated and might significantly impact the optical contrasts. 
In this work, the SHG response is characterized for two molecular switches resulting from the association of an indolino-oxazolidine switchable unit bearing either a methyl (1) or a nitro (2) group in position 5, and of a bithiophene donor moiety substituted by a thiomethyl group (Scheme 1). These systems were shown to exhibit versatile switching properties and can interconvert between a colorless closed form (CF) and a colored open form in a trimodal way, i.e. under light irradiation, pH variations, and redox potential variations.27 In this study we focus on the switching upon trifluoroacetic acid addition in chloroform solution. In these conditions, the opening of the oxazolidine ring with the formation of an indoleninium moiety leads to the formation of an ion pair, constituted by the corresponding protonated open form (POF) of each derivative 1 and 2 associated to the trifluoroacetate (TFA) counteranion. The electrical neutrality of the POF/TFA pair enables to characterize its NLO response by means of the electric field induced second harmonic generation (EFISHG) technique. However, the loose nature of the interactions between the two molecular ions, as well as the difficulty in interpreting experimental measurements, call for methods going beyond the traditional stationary state characterizations where single point calculations are performed for the chromophore in solution using ab initio quantum mechanical (QM) methods combined with polarizable continuum solvation models, and requires implementing computational approaches accounting for the dynamical behavior of the ion pair within an explicit solvent environment. 

[image: ../Scheme_1.pdf]
Scheme 1. Indolino-oxazolidine derivatives 1 and 2 in their closed and protonated open forms. Atom labels, definition of the torsion angles A = N2-C3-C4-C5, B = C4-C5-C6-S8, and C = S8-C10-C11-S14, and π-conjugated path used to define the bond length alternation (BLA, green). 

Adapting the framework used in Refs. 21 and 22, the structures of chloroform-solvated ion pairs were first generated using classical molecular dynamics (MD) simulations, and eventually extracted at regular time steps of the trajectories to calculate their EFISHG responses by means of density functional theory (DFT). MD simulations enable to exhaustively sample the multiple geometrical conformations these NLO switches can adopt, in both their closed and open forms, including the position of the counteranion in the case of the open form. In complement to the EFISHG responses, the sequential MD-then-QM approach is also used to predict the hyper-Rayleigh scattering (HRS) responses of the switches, HRS being a widespread technique to determine the second-order NLO properties of neutral and charged compounds. These simulations and the accompanying measurements thus provide the first complete description of the SHG responses of molecular switches in solution. Owing to the inclusion of dynamical effects, this multiscale methodology also calls into question common assumptions employed when analyzing second harmonic generation responses. In particular, as highlighted in the Material Section, the total EFISHG response (EFISHG = // + ///3kT) of π-conjugated systems is expressed as the sum of two NLO contributions: a second-order one, the SHG first hyperpolarizability (//), and a third-order one, the EFISHG second hyperpolarizability (//). Traditionally, the EFISHG response of push-pull π-conjugated systems is attributed to the second-order term, whereas the third-order contribution is neglected.28 This assumption is tested here by addressing how the relative amplitude of these two terms depends on the open or closed state of the molecule, as well as on the nature of the substituent on the phenyl ring. 

RESULTS 
Molecular dynamics simulations and ab initio calculations
MD simulations afforded insights into the preferred geometries of both compounds in chloroform solutions. The average values of representative structural parameters are gathered in Table 1, while detailed results are presented in the supporting information (SI, Tables S2-S4, Figures S9-S15). Since both the linear and nonlinear optical responses of push-pull systems are strongly impacted by the strength of π-electron conjugation, reliable simulations of these properties require an accurate description of bond length alternation (BLA) along the central vinylic bridge of the compounds (Scheme 1), and thus the derivation of appropriate force fields for both closed and open forms (see Material Section). MD simulations show that the BLA is one order of magnitude smaller for the open forms than for the closed forms, consistently with the DFT geometries used in the force field parameterization. This effect is further enhanced by nitro substitution in the open form, as indicated by the decrease of the BLA by a factor 3 from compound 1 to compound 2.  For both compounds, MD simulations revealed the existence of a hydrogen bond between the terminal hydroxyl group of the protonated open forms and one of the oxygen atoms of the trifluoroacetate anion, with typical O-…H distances of 1.6 Å and O-…H-O angles close to 180°. The time evolution of the O-…H distance and O-…H-O angle shows that the nature of this interaction is highly dynamical, with the hydroxyl H atom alternatively bonding one of the two trifluoroacetate oxygens. 

Table 1 | Average geometrical parameters a
	
	
	BLA 
	dAC
	dOH 
	OHO 

	1
	CF
	0.141  0.022 (0.137)
	/
	/
	/

	1
	POF
	0.038  0.019 (0.030)
	4.990  0.491
	1.603  0.068
	166.4  4.4

	2
	CF
	0.138  0.019 (0.136)
	/
	/
	/

	2
	POF
	0.012  0.019 (0.012)
	5.172  0.393
	1.596  0.067
	167.9  4.3


a Average values and standard deviations of bond length alternation (BLA, Å), anion-cation distance (dAC, Å), hydrogen bond distance (dOH, Å), and hydrogen bond angle (OHO, °) obtained by MD simulations. BLA values of the structures obtained by geometry optimizations at the IEF-PCM/M06/6-311G(d) level, which were used to parameterize the AMBER FF, are given in parentheses in the 3rd column (Å).

	Figure 1 illustrates how the trifluoroacetate anion is fluctuating around the terminal hydroxyl group of the POF for 200 selected snapshots extracted from the MD simulations. The average distances (dAC) between the centers of mass of the POF (cation) and of the anion, reported in Table 1, are similar for both compounds within the small amplitudes of their standard deviations.  Still, a detailed analysis of the time evolution of these distances (Figures S13-S15, SI) shows infrequent and short-lived abrupt increases of dAC values, arising from sudden changes in the orientation of the hydroxylated arm and of the counterion with respect to the oxazolidine moiety. 
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Figure 1. Relative position of the trifluoroacetate anion around the protonated open form. Results are given for compounds 1 (left) and 2 (right). The geometry at time zero is used for the POF (represented using atomic van der Waals spheres) whereas 200 snapshots are superimposed for the trifluoroacetate anion (represented using sticks). 

	Calculations of the NLO properties were then performed at the TDDFT level for a selection of 200 snapshots equally distributed over the 20 ns production time. Their time evolutions along the MD trajectories are presented in Figures S16-S23 (SI), while Figures 2 and 3 (Figures S24-S27) illustrate the distribution of the [//]eff, HRS, //, and // values, respectively. The average values of the second-order NLO responses and related quantities are reported Table 2, together with their standard deviations, while Table 3 lists the EFISHG quantities and their second- and third-order contributions.
	The fast geometrical fluctuations of the chromophores, as well as of the relative position of the POF and TFA ions, lead to broad distributions of both the EFISHG and HRS responses, characterized by large standard deviations, thus highlighting the importance of dynamic structural changes on the SHG properties of -conjugated systems in solution. These broad distributions are striking observations for chromophores 1 and 2, which have much more rigid structures than the previously-studied pyridine-pyrimidine and hydrazine-pyrimidine helical strands.21 Going into details, the standard deviations amount to about 700 a.u. for both // and HRS of compounds 1 and 2 in their closed form, and they are one order of magnitude larger for their protonated open forms. Remarkably, for both CF and POF of compound 1, standard deviations of // are several times larger than their corresponding average values, making difficult even the determination of their sign. Conversely, the relative standard deviations on // are much smaller for 2 (both for CF and POF), partly because the // values are larger. The same situation is observed for the HRS and // responses of 1 and 2, but still with standard deviations reaching 1/6 to 2/3 of the corresponding average value. In fact, in the case of //, the thermal fluctuations lead to standard deviations of about 105 a.u. for the CFs of both compounds and, like for the  quantities, they increase by one order of magnitude in POFs. From the simulations, there is no evidence that the standard deviations would be larger, percentagewise, for the third-order responses than for second-order ones, despite the former are known to be more sensitive to molecular geometries. On the other hand, the larger dispersion of the NLO responses of the POFs compared to the CFs can be related to the fluctuations of the anion position and to the anion-induced electric field, which polarizes the chromophore electronic structure and modulates its  and  values.

Table 2 | Average first hyperpolarizabilities a
	
	
	//
	//
	
	(,)
	HRS
	DR

	1
	CF
	-0.02±0.64
	-176±781
	1.04±0.21
	93.8±28.8
	1000±631
	4.91±0.63

	1
	POF
	-5.19±31.8
	-2652±6367
	6.76±0.69
	93.5±8.0
	32294±6356
	4.82±0.07

	2
	CF
	4.46±1.82
	2444±797
	2.71±0.39
	44.1±11.6
	2431±615
	5.70±0.43

	2
	POF
	133±49
	29102±8178
	6.56±0.83
	54.9±6.40
	37406±5720
	4.93±0.07


a Average// (103 a.u.)// (a.u.), and HRS (a.u.) values for a wavelength of 1907 nm, norm of the dipole moment,  (a.u), angle (°) between the dipole moment and vector component of , (,), and depolarization ratio (DR) of the HRS response, given with their standard deviations, calculated at the IEFPCM/M06-2X/6-311+G(d) level of approximation.
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Figure 2. [//]eff violin distribution plots, including their averages (black dots) and standard deviations. Results are given for the closed forms (left) and for the POF/TFA pair (right). 
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Figure 3. HRS violin distribution plots, including their averages (black dots) and standard deviations. Results are given for the closed forms (left) and for the POF/TFA pair (right). 

	Figures 2 and 3 also evidence large variations of the average second- and third-order NLO responses between compounds 1 and 2, as well as between the two forms of a same compound. Compound 1 displays small // and // values in its protonated open form, which become negligible after closure of the oxazolidine ring. The weakness of the // responses of the POF form finds its origin in the almost perpendicular orientation of the dipole moment vector with respect to the vector component of the first hyperpolarizability. In addition to a similar detrimental orientation between the and  vectors shown in Figure 4, the // responses are further reduced in the closed form of 1 due to the loss of conjugation between the bithiophene donor and the indoleninium acceptor, cancelling out the intrinsic second-order response. The difficulty of determining the sign of // and // of 1 is therefore explained by the (,) values that display large fluctuations around 90°. On the other hand, because they are isotropic averages independent of the dipole moment orientation, the HRS responses are much larger than the // ones. This is particularly true for the POF, which exhibits a large HRS response due to its strong π-conjugated push-pull character. 
	In compound 2, the replacement of the terminal methyl group by an electron-withdrawing nitro substituent leads to contrasting effects on the different quantities. The (,) angles strongly deviate from 90° (Figure 4), dramatically enhancing the // and // values of both forms compared to the corresponding forms of compound 1. The nitro-substitution also increases the HRS hyperpolarizabilities, with a larger impact for the CF (+140 % from 1 to 2) than for the POF (+16 %). This asymmetrical enhancement is detrimental to the HRS contrast, as already evidenced in a previous joint experimental-theoretical study.29 
	For all compounds and forms, the  response is mostly dipolar, and the depolarization ratios (DR) are close to the ideal value of one-dimensional push-pull compounds (DR = 5), for which the  tensor is dominated by a single diagonal tensor component iii (with i being also the direction of the excitation-induced charge transfer axis). Still, narrower distributions of the DR values are obtained in the case of the POFs. It is however noteworthy that all the ///HRS ratios are far from the value of ~ 1.45 expected for ideal one-dimensional push-pull systems, in particular for compound 1 for which ///HRS amounts to -0.18 for the CF and -0.08 for the POF/TFA pair. Interestingly, this simple rule commonly used to compare second-order NLO responses obtained from EFISHG and HRS techniques is broken here due to the nature of the systems, which is responsible for those (,) angles that strongly differ from 0°.  

Table 3 | Experimental and calculated EFISHG responses a
	
	Calculations
	Experiment

	
	
	
	 (R3/2)
	
	

	1 CF
	-0.5 ± 22.7
	63.4 ± 9.6
	62.4 ± 22.6 (-131)
	1.76 ± 0.64
	30 ± 70

	1 POF
	-183 ± 1124
	493 ± 194
	277 ± 867 (-2.7)
	7.82 ± 24.47
	60 ± 60

	2 CF
	158 ± 64
	73.6 ± 10.2
	242 ± 68 (0.47)
	6.84 ± 1.93
	64 ± 26

	2 POF
	4707 ± 1744
	428 ± 110
	5073 ± 1742 (0.091)
	143 ± 49
	153 ± 45

	a The [//]eff values are reported in 103 a.u. and the  and  in 104 a.u.. The ratios between the third- and second-order contributions to , , are given in parentheses in the 4th column. At T = 298.15 K, 3kT = 2.833 10-3 a.u.. 
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Figure 4. Schematic representations of the average angle () between the dipole moment () and the vector component of  of 1 (top) and 2 (bottom) in closed form. The most stable conformer obtained from DFT geometry optimization was used to represent the molecule. 

	Turning now to the third-order response, opening the oxazolidine ring also leads to a substantial increase of  by a factor ranging from 7.8 (1) to 5.8 (2), while the differences between the methyl- and nitro-substituted species are not representative in comparison to the standard deviations on . The large opening-induced augmentation highlights the strong impact of π-conjugation on the third-order responses, as already observed for the second-order responses, while substituting the peripheral methyl by a nitro group has a lower effect (Table 3). With the exception of the POF of 2, the // contributions to the EFISHG response are not negligible and should be accounted for when making comparisons with experiments. This is in marked contrast to what is generally assumed,28 and mostly results from the small second-order NLO responses, as discussed above. For both forms of compound 1, the values of // are in fact larger than their second-order  counterparts, with a ratio between the third- and second-order contributions to EFISHG, R3/2, which attains -131 for CF(1) and decreases by a factor of 50 (-2.7) for POF(1). Moreover, in the latter case,  and  are of similar magnitude but of opposite sign, which results in a reduced global EFISHG response.  This also holds for CF(1), but in this case  is negligible. Conversely, for CF(2), both contributions have the same sign and the second-order part is about twice as large as the third-order one, but again the standard  ~ 0 assumption is not valid. Finally, the second-order contribution is dominant in POF(2), being one order of magnitude larger than the third-order one, which corresponds to the assumed most traditional case.  

EFISHG measurements
The NLO responses deduced from EFISHG measurements at different concentrations in CHCl3 solutions, as well as their averages, are collected in Tables 3 and S5. For both compounds, the uncertainties are large so that the sign of [//]eff for 1 in its CF and POF cannot be determined and the [//]eff variations upon the ring opening of the indolino-oxazolidine moiety cannot be predicted. In its POF, 2 presents the largest [//]eff value due to its nitro substitution. Moreover, a [//]eff(POF(2))/[//]eff(CF(2)) contrast ratio of 3 can be deduced, in agreement with the increased electron conjugation between the bithiophene and indoleninium moieties. 

FURTHER DISCUSSION AND CONCLUSIONS
	In this work it is reported a complete theoretical-experimental investigation of the SHG properties of indolino-oxazolidine molecular switches that can switch between a closed form and a protonated open form upon trifluoroacetic acid addition. Both EFISHG and HRS responses were characterized and shown to be complementary for addressing and rationalizing the SHG responses and their contrast upon switching. In particular, experimental measurements of EFISHG responses were made possible by the electric neutrality of the pairs formed, in chloroform, by the POF cations and the trifluoroacetate anion. On the other hand, the loose nature of these ion pairs calls for theoretical methods accounting for their dynamical behavior. This challenge was successfully met by employing a sequential “Molecular Mechanics – Quantum Mechanics” approach to describe the geometrical fluctuations of the chromophores and ion pairs, and to highlight their impact on the NLO responses. 
	The agreement between theory and measurements (Table 3) is quantitative for 2 in its POF, which displays the largest response among the four species and the smallest relative error bars/standard deviations.  For the other species, the comparison is made difficult by the large relative experimental uncertainties as well as by the fact that the standard deviations for POF(1) are larger than the corresponding average values. Experimentally, these large error bars are related to the very small  and  values, which, for 1, originate from the almost orthogonality between the vectorial component of  and the dipole moment, as shown in the calculations. This contrasts with the  results reported in Ref. 29, which do not depend on other properties ( and ).  Moreover, calculations demonstrate that the inclusion of the third-order contribution to  can strongly modify the predicted value and generally improves the agreement with experiment.  Then, calculations – and to some extent, experiment – demonstrate an increase of the EFISHG responses i) when substituting the Me group (compound 1) on the indoline moiety by a NO2 acceptor group (compound 2), i.e. when going from POF(1) to POF(2) and from CF(1) to CF(2) as well as ii) when opening the oxazolidine ring, i.e. when going from CF(1) to POF(1) and from CF(2) to POF(2). 
	Exploiting the calculation results enables to shed light on new phenomena and interpretations. Namely, i) the huge effect of geometrical fluctuations on the SHG responses, leads to large standard deviations on both the HRS and EFISHG responses, in particular on the latter. ii) There is no simple relationship between the EFISHG  and HRS  amplitudes, which results from the strong impact of the substituent on the relative orientation of the dipole moment with respect to the vector component of the first hyperpolarizability. iii) The third-order contribution to EFISHG (), which is often neglected in both calculations and experimental data analysis, should not be omitted because it can be large, or even dominant, with respect to its second-order counterpart () and, for the purpose of optimizing NLO switches, it can strongly influence the POF/CF contrast ratios. In addition, the proposed computational approach opens the way to fully in silico characterizations of the SHG activity of NLO switches in solution. This approach can be employed as a new tool for designing multi-addressable and/or multi-state switches for applications in optoelectronics, such as in molecular-scale memory devices with non-destructive read-out capacity.  



METHODS
Nonlinear optics: general considerations and definitions
The molecular properties known as the (electric-dipole) polarizability (), first (), and second () hyperpolarizabilities are defined by an equation describing the variations in the electric dipole moment upon application of external electric fields: 
	
		(1)
where the use of T convention is recognized, E(1) is the amplitude of the field oscillating at angular frequency 1 applied in the  direction and  = ∑i i. () is a rank 3 (4) tensor, defined in the molecular axes coordinates (, , … = x, y, z). The study concentrates on the SHG responses, , , and , which are defined from the following quantities.  On the one hand, in EFISHG, the total SHG response reads:

	(2)
with //(-2;,), the so-called parallel , which corresponds to 3/5 times the projection of the vector component of the  tensor ( in Figure 4) on the dipole moment axis:
		(3)
where  is the norm of dipole moment and i its ith Cartesian component, k the Boltzmann constant, and T the temperature. The ///3kT term is the dipolar orientational second-order contribution to EFISHG while  is a third-order term corresponding to the mixing of two optical fields at  with the dc poling field at  = 0. For push-pull π-conjugated compounds, the  term is usually smaller than the second-order NLO contribution and is often ignored, although this approximation is not justified for compounds with small  responses like 1. An effective // response, regrouping both second- and third-order NLO contributions to EFISHG, was therefore defined in Eq. 2., allowing a direct comparison with experiment. Indeed, when the measurements are not carried out at different temperatures to disentangle the two contributions, they only provide the global EFISHG response, which is here given under the form of an effective // value, [//]eff.
On the other hand, in HRS, for a non-polarized incident light, the SHG intensity of the vertically polarized (along the Z axis of the laboratory frame) signal scattered at 90° with respect to the propagation direction (Y axis) is proportional to the square of HRS(-2;,), which involves ensemble averages over the molecular orientations:
	 	(4)
The depolarization ratio DR, which depends on the chromophore shape, is the ratio between the scattered intensities obtained when the incident light is vertically () and horizontally () polarized, respectively. The relationships between these orientational averages (in the laboratory frame) and the molecular tensor components (in the molecular frame) are described in a previous paper.30 Further details on EFISHG and HRS can be found in Ref. 31.

EFISHG measurements
CHCl3 solutions of 1 and 2 POF were prepared by exposure of solutions of the corresponding CF forms to CF3COOH vapors for about 1 h, monitoring the transformation by UV/vis absorption spectroscopy (Figure S28, SI). For each compound, two concentrations were used, 10-3 and 
5 10-4 M for 1 and 5 10-4 and 4.4 10-4 M for 2.
The molecular first hyperpolarizabilities of the compounds were measured by the solution phase dc EFISHG method,32 which can provide direct information on the intrinsic molecular SHG responses, EFISHG (Eq. 2). During the EFISHG measurements, upon cell translation, the intensity of the second harmonic radiation is modulated as interference fringes (Maker fringes). The width and the periodicity of the fringes are correlated to the macroscopic susceptibility  of the solution that depends on I2ω and on the coherence length , according to: 
		(5)
where  is the intensity of the second harmonic and E is the amplitude of the dc electric field (S being the solution of the chromophore and 0 the solvent), A and B are constants depending on the solvent and the cell windows. The microscopic EFISHG value is then inferred from the macroscopic susceptibilities of the solvent (0) and of the solution , according to:
		(6)
where NA is the Avogadro’s number, M the molecular weight of the compound,  the density of the solvent, x the molar fraction of the compound, and f a local field correction factor. All EFISHG measurements were carried out in CHCl3 solutions, working with a non-resonant incident wavelength of 1907 nm, obtained by Raman shifting the fundamental 1064 nm wavelength produced by a Q-switched, mode locked Nd3+:YAG laser. The [//]eff values, which are reported instead of  [], are the mean values of 8 successive measurements performed on the same sample and their standard deviations. 
Note that usually, the EFISHG technique can only be applied to molecules while it fails for characterizing the NLO responses of ions because of the dc electric field necessary to break centrosymmetry. However, as performed in this study, it appears that the EFISHG technique can be used for the determination of the NLO responses of ionic species by working in a solvent of a low dielectric constant such as CHCl3, which favors ions pairing. This was demonstrated first in 2000 for amphiphilic polyenic push–pull chromophores33 and more recently applied to derivatives of 4’-dimethylamino-N-methyl-4-stilbazolium with a range of counteranions.34

Molecular dynamics simulations
Simulation Details. MD simulations of the different indolino-oxazolidine CF and POF conformers of derivatives 1 and 2 were conducted in CHCl3 solvent, using square boxes containing either one neutral CF molecule or one neutral pair formed by a positively charged POF and a perfluoroacetate anion, and 1600 CHCl3 molecules. All simulations started from a low-density box with side of 120 Å and were equilibrated for 10 ns in the NPT ensemble (p=1 atm and T=298.15 K) prior to proceeding to production runs of 20 ns. All simulations were carried out using the NAMD code35 and analyzed with VMD.36 A time step of 1 fs was used, controlling temperature by rescaling velocities every 100 steps, and pressure with a weak-coupling thermostat. Intermolecular interactions were calculated using 3D periodic boundary conditions, a cutoff of 12 Å for Lennard-Jones and short-range electrostatic interactions, and the Smooth Particle Mesh Ewald method (SPME)37 for long-range electrostatic interactions
Force field parameterization. The general AMBER Force Field parameters38 were partially modified in order to obtain a non-transferable force field (FF) aimed at specifically reproducing the equilibrium geometry and the torsional degrees of freedom of the target compounds in chloroform. Hence i) three specific parameter sets were obtained for 1 and 2 CFs, 1 POF, and 2 POF ii) both solvent and solutes electrostatic potential fitting atomic charges were calculated at the IEF-PCM/M06/6-311G(d) level of theory (solvent: chloroform) and used as is in the simulations; iii) AMBER FF bond lengths were adjusted so as to reproduce closely M06 bond lengths and bond length alternation at the corresponding minimum energy geometries with a mean absolute error of 0.005 Å; iv) FF dihedral potentials for torsions around the single C3-C4 (A), C5-C6 (B), and C10-C11 (C) bonds (Scheme 1) were also refitted to M06 values as obtained by constrained optimizations. The procedure for fitting the dihedrals is described in detail in reference39; it is worth mentioning here that the gas phase FF dihedral potentials reported in this work correspond to free energy profiles obtained with adaptive biasing force40 runs at 298.15 K, for boxes containing one CF or POF molecule and 40 Ar atoms in a constant volume of 125 000 Å3. The use of shared parameters (with exception of atomic charges) for 1 and 2 CFs is justified by the similarity of DFT-calculated bond lengths and dihedral potentials, apparently only weakly impacted by the -CH3 and -NO2 substituents (Figure S1 in SI). Concerning the quality of the description of the solvent, we verified that the simulated density of the pure system (1600 CHCl3, 1 atm, 298.15 K) is very close to the experimental one (1.468 g·cm-3 versus an experimental value of 1.477 g·cm-3 41).
Conformational sampling. MD simulations were performed by considering different starting geometries for both forms of the two compounds, in order to ensure a complete sampling of the various conformers in solution. As detailed in Figure S2 (SI), four different starting geometries were used to scan all possible structural conformations for closed and open forms. The distributions of the torsional angles over the 20 000 frames extracted from each trajectory are provided in Figure S3-S6 (SI) together with the associated potential energy curves. 
For each MD run, one CF or one (POF+counterion) instantaneous geometry was extracted every 100 ps along the production trajectory of 20 ns, for a total of 200 snapshots. The corresponding internal energies (intra plus intermolecular), whose averages are reported in Table S1 (SI), were calculated at molecular mechanics level as the difference between the total internal energy of the solvent+solute(s) system minus the energy of the solvent alone. To properly take into account periodic interactions, in particular the ones hidden in the details of the SPME method, both quantities were calculated with NAMD in the same simulation cell.
The geometries were employed for structural analysis and subsequent DFT calculations of the NLO properties. Distributions of the torsional angles calculated using these 200 snapshots are similar to those obtained existing the 20 000 frames (Figures S7-S8, SI), evidencing that the reduction of the number of structures reasonably preserves the completeness of the conformational sampling. Boltzmann-averaged values of structural and optical properties are obtained by weighting the value calculated for each snapshot by the Boltzmann statistical weight at 298.15 K calculated from the average conformer internal energies in Table S1 (SI).

Hyperpolarizability calculations
The SHG  and  tensor components were calculated on geometries extracted from the MD runs using the time-dependent DFT (TDDFT) method42-43 with the M06-2X XC functional,44 and the 6-311+G(d) basis set, for an incident wavelength of 1907 nm. Solvent (chloroform) effects were included by using the integral equation formalism (IEF) of the polarizable continuum model (PCM). The  and  tensor components were then employed to evaluate the target quantities, i.e. i) , , and  for EFISHG and ii)  and DR for HRS. The M06-2X XC is reliable to calculate hyperpolarizabilities, owing to its substantial amount (54%) of long-range Hartree-Fock exchange, as demonstrated in previous investigations where the performance of DFT XC functionals was assessed with respect to benchmark wavefunction values.5,45-47  The IEF-PCM scheme48-49 approximates the solvent as a structureless polarizable continuum characterized by its macroscopic dielectric permittivity, which depends on the frequency of the applied electric field. For chloroform, the dielectric constants in the static limit (ε0) and at infinite frequency (ε∞) are equal to 4.71 and 2.09, respectively.  All calculations were carried out using the Gaussian09 package.50



ASSOCIATED CONTENT
Supporting Information. The Supporting Information is available free of charge on the ACS Publications website at DOI … 
Force field derivation, average internal energies, average structural parameters (bond length alternation, hydrogen bond length, anion-cation distance), and NLO responses (time evolution and average NLO responses calculated with the QM approach, statistical distributions of NLO responses, experimental data). 

AUTHOR INFORMATION
Corresponding Authors
E.C.: E-mail: elena.cariati@unimi.it
L.M.: E-mail: luca.muccioli@unibo.it
F.C.: E-mail: frederic.castet@u-bordeaux.fr
B.C.: E-mail: benoit.champagne@unamur.be 

ORCID
Claire TONNELÉ: 0000-0003-0791-8239
Lionel SANGUINET: 000-0002-4334-9937
Elena CARIATI: 0000-0003-1781-0360
Stefania RIGHETTO: 0000-0002-2537-3220
Luca MUCCIOLI: 0000-0001-9227-1059 
Frédéric CASTET:0000-0002-6622-2402
Benoît CHAMPAGNE: 0000-0003-3678-8875

Notes
The authors declare no competing financial interest. 


ACKNOWLEDGEMENTS
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