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ABSTRACT: The electrostatic interactions in ionic liquids (ILs) can be difficult to quantify, but this information is very valuable for improving intermolecular potentials for performing molecular-level simulations.  Although polarizable forcefields can provide improved accuracy, the computational efficiency of fixed charge molecular models is often preferred for larger systems.  Here, we propose a multi-scale screening approach for analyzing the charge scaling behavior and other electrostatic properties of ILs, which is more attainable than previous analysis methods that rely on the IL crystalline structures.  Based on isolated molecules and small clusters, we study the electrostatic potential properties and charges of multivalent IL molecules using density-functional theory calculations and ab initio molecular dynamics simulations.  The charges of the IL molecules are calculated and compared using several different charge estimation techniques.  Although there are some differences among the estimated partial charges on the atoms, the total anion and cation charges are very similar.  The charge scaling factors are substantial, and they are only slightly affected by the IL cluster size model. 
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1. Introduction
[bookmark: _Hlk79434362]Ionic liquids (ILs) are salts that melt at low temperatures (often defined to be < 100 C), and due to their unique thermophysical properties, they have previously been studied for potential applications in gas capture and separation [1], catalysis [2], as electrolytes [3], and in almost every branch of the physical sciences [2, 4].  Recently, multivalent ILs have demonstrated advantages in different applications, including receptors for anion recognition, IL crystals, low molecular-weight gelators, additives for dye-sensitized solar cells, and others [5-8].
In addition to the experimental synthesis and evaluation of ILs, the simulation community is aggressively working to develop accurate methodologies and protocols for modeling IL systems.  In order to predict and understand the properties of ILs, the simulation community has implemented a variety of modeling techniques, including quantum chemical (QC) calculations, molecular dynamics (MD) simulations, and other simulation approaches [9, 10].  In classical MD simulations, the assignment of partial charges is an important aspect of defining the intermolecular forcefields for different molecules.  Due to polarization and other effects, the net charges on monovalent anions and cations can be less than unity in a neat IL solution; QC-based investigations have indicated that the monovalent charges should be scaled by a factor of approximately 0.80 to more accurately represent the electrostatic interactions [10-12], which leads to better predicted dynamic and thermodynamic properties of ILs (such as diffusion coefficients, ionic conductivity, etc. [10, 12]), as compared to experiments.  Although polarizable molecular models can directly capture these charge deviations [10], the additional computational cost can often be prohibitive, motivating many simulation studies to adopt the charge scaling approach.  Due to the charge deviations found in monovalent ILs, we are particularly interested in the deviation of the molecular charges in multivalent ILs.
To date, many different QC-based charge calculation methods have been applied, including: (1) orbital wavefunction methods, e.g., Mulliken charges [13] and natural bond orbital (NBO) charges based on natural population analyses (which should be more formally classified as NPA charges) [14]; (2) electron density or deformation density partition methods, e.g., atoms in molecules (AIM) or Bader charges [15], Hirshfeld charges [16], and CM5 charges [17]; as well as (3) electrostatic potential (ESP) fitting methods, e.g., ChelpG [18], Merz-Singh-Kollman (MK) [19], restrained ESP (RESP) charges [20], and others.  Among these techniques, the ChelpG and CM5 charge assignment method are most commonly associated with the OPLS [21] or OPLS-AA molecular force field [22], while RESP charges are more often affiliated with AMBER [23] or GAFF [24].  The different charge estimation methods can lead to some significant variations in the atomic partial charges.  For example, a recent study investigated the atomic charges of sulfur in a series of S-containing monovalent ILs using the ChelpG method versus other approaches.  The ChelpG charges were found to display significant, non-physical conformational dependence [25], while CM5 partial atomic charges displayed more consistent behavior than those derived from electrostatic potentials.  As compared to the electrostatic potential fitting schemes, the CM5 method does not suffer from erroneous issues related to “buried atoms” in larger molecules [17]. 
In general, QC calculations can provide an efficient route to initially predict and screen the properties of large sets of IL molecules.  For example, we recently defined a new QC-based parameter to describe the polarity of ions called the ionic polarity index (IPI) [26], and we used this parameter to explain the mechanism behind volume-based thermodynamics (VBT) and volume-based approaches (VBA) [27-29].  In addition, based on previous molecular simulations of ILs [7] and their corresponding IPI values [26], we presented a framework for using IPI values to predict CO2 solubility within ILs [30].  After initial QC-based screening, larger scale molecular simulation methods (GCMC and MD) can be used to provide more robust property predictions, such as competitive absorption, molecular correlations, system dynamics, and other bulk scale thermodynamic properties [7, 31].  These bulk phase simulations (composed of ~102-104 molecules) can be time consuming to set up and execute.  The reliability of these simulations can be improved if we use our QC-level calculations to first refine the intermolecular parameters, in particular the electrostatic interactions.
[bookmark: _Hlk73737307]Herein, we combine QC calculations and ab initio MD simulations (AIMD) to study the properties of multivalent IL molecules (defined as a charge-neutral combination of anions and cations, according to the IL stoichiometry).  Since our IL molecules are charge-neutral, there can be multiple co-ions in one IL “molecule”, due to the multivalent charges that must be balanced.  For each IL molecule, we calculate the associated ESP properties and compare with the ESP properties of bulk ILs presented in our previous study [7]. Furthermore, we perform a rigorous evaluation of the ionic interactions using symmetry-adapted perturbation theory (SAPT), we quantify the charge transfer and polarization effects using  charge decomposition analysis (CDA) [32], and atomic charges are evaluated and compared using several different theoretical methods.  We find that the electrostatic properties in multivalent IL molecules deviate significantly from the separated ions, leading to large deviations in ionic charges, even beyond what has been found in monovalent ILs.

2. Methods 
2.1. Quantum chemical calculations
The multivalent ILs in the current study have been evaluated previously [7, 26, 30], and the chemical structures are provided in Figure 1, and the stoichiometry of each IL is listed in Table 1.  They are designed to provide increased free volume for gas absorption (due to their structural rigidity), and they can potentially enhance the electrostatic interactions with solutes.
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Figure 1. Chemical structures and abbreviations for the multivalent cations and anions, consistent with the species studied in our previous paper [7].

[bookmark: _Hlk57628035][bookmark: _Hlk57628098][bookmark: _Hlk57628112][bookmark: _Hlk57628130]The cation and anion configurations are sampled and optimized using the following screening strategy.  First, more than 1,000 structures of each multivalent IL (which may include more than two ions to ensure charge neutrality) are generated by docking the optimized cations and anions in stoichiometric ratios using the Molclus [33] program.  These structures serve as initial configurations for semi-empirical quantum chemical optimizations using CREST [34] and GFN0-xTB [35, 36] within the xTB program [35].  The obtained ILs are further optimized at a higher level with GFN2-xTB [37].  Next, single-point energy calculations of the lowest energy IL configurations are performed at the B97-3c level [38] using ORCA 4.2.0 [39, 40] for further generating electrostatic potential properties, electrostatic charges, and performing other analyses. 

2.2. Ab initio molecular dynamics simulations 
With respect to the AIMD simulations, the ILs with 1:1 cation:anion stoichiometry (A1C1, A2C1 and A3C2) are used to further investigate the dynamic properties of multivalent ILs.  The lowest energy IL structures from the QC relaxation protocol are used as the initial structures for AIMD simulations, performed with GFN2-xTB [37], which is more strictly a Born-Oppenheimer molecular dynamics (BOMD) approach. The AIMD simulations are performed at constant volume and temperature (NVT ensemble) at 300 K for a duration of 50 ps with a time step of 1 fs.  The simulations are accelerated by constraining the X-H bonds in the systems using a sphere wall potential.  A total of 10 snapshots are extracted (every 500 steps) within a total of 5,000 steps, in order to further analyze the IL properties.  Since the initial structures are selected from the lowest energy configurations from the screening protocol, the equilibration in AIMD is relatively rapid and already close to the global minimum.

2.3. Analyses 
The Multiwfn [41-43] program is used to further analyze the general interaction property functions (GIPFs) [44] of selected ILs.  The GIPF properties are derived from the molecular ESP surfaces by mapping the ESP to the van der Waals surfaces, as defined by Bader [45] (the electron density isosurfaces correspond to 0.001 e/Bohr3).  The GIPF calculation details are provided in the SI for reference.  In addition, the independent gradient model (IGM) [46], van der Waals potential [47], and charge decomposition analysis (CDA) [32] of ILs are also calculated, which are performed with Multiwfn and visualized with VMD [48].  The partial atomic charges of the ILs are estimated using ChelpG, RESP, and CM5 within the Multiwfn package; the ESP-based calculations (ChelpG and RESP) are based on the LIBRETA library [49]. 
[bookmark: _Hlk45380129]The interactions and nature of the ionic species within the IL molecules can be attributed to the interplay of four different fundamental interactions: electrostatic (), exchange (), induction (), and dispersion ().  We decompose these contributions using symmetry-adapted perturbation theory (SAPT) using the PSI4 [50] code, and this is performed at a level of SAPT0/jun-cc-pVDZ [51] using the trajectories generated during the GFN2-xTB AIMD simulations.  According to the SAPT framework, the total interaction energy () can be decomposed into the various contributions as:

						(1)

In addition, the induction term can be further separated into charge transfer () and polarization () using the SAPT calculations [52]:

 								(2)

3. Results and discussion 

3.1. QC calculations of IL molecules 
3.1.1. ESP Analyses
The electrostatic properties of the multivalent ILs are first studied with QC calculations.  The ESPs are mapped to the molecular vdW surfaces of the ILs, as shown in Figure 2, and the statistical distributions of the corresponding ESPs are shown in Figure S1 of the SI.  The lowest energy structures of the ILs indicate that the packing of multivalent ions are mainly dictated by the π-π stacking between the counter-ions, which is consistent with the spatial distribution functions (SDFs) and the connection matrix (CMat) analyses in our previous classical MD simulations [7].  The ESP surfaces of the combined ions are less polar when compared to the ESP surfaces of the isolated ions (as reported in our previous study), which tend to fall within the range of ±(100, 300) kcal/mol [26].  The ESP surfaces for the ions within the IL molecules are less polar, mainly because of the charge transfer and polarization between the counter-ions, with more minor effects from the co-ions, which will be discussed in Section 3.1.3.  The GIPF parameters derived from the ESP analyses of the ILs are also reported in Table 1.  It should be noted that the GIPF values of the single IL molecules are quite different from those of the bulk ILs, as reported previously from our MD simulations [7]; this is attributed to the various packing structures encountered in bulk ILs that cannot be simply represented by an isolated IL molecule.  However, the isolated IL molecules provide a consistent linear correlation with the molecular volumes of bulk ILs obtained from MD simulations [7]:  with  for our nine different multivalent ILs.  This provides further fundamental support for VBA screening approaches, which depend on the cationic and anionic volumes of ILs.

[bookmark: _Hlk45895435]Table 1. GIPF descriptors of the multivalent ILs (m=cation number; n=anion number) studied in this work in the gas phase, as defined by the molecular vdW isosurface at 𝜌 = 0.001 e/Bohr3.
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	Å3
	g/cm3
	Å2
	kcal/mol
	kcal/mol
	kcal/mol
	kcal/mol
	kcal/mol
	kcal/mol
	(kcal/mol)2

	A1C1
	1
	1
	571
	1.532
	422
	0.91
	22.59
	-31.13
	-57.74
	47.44
	25.87
	396.80

	A1C2
	2
	3
	1586
	1.572
	931
	2.23
	18.87
	-22.51
	-51.54
	44.91
	19.95
	277.73

	A1C3
	1
	2
	1009
	1.605
	670
	3.32
	19.17
	-20.69
	-52.24
	49.90
	19.22
	342.10

	A2C1
	1
	1
	757
	1.730
	537
	1.02
	22.82
	-18.28
	-43.37
	50.57
	20.48
	235.51

	A2C2
	2
	1
	2140
	1.775
	1257
	1.35
	20.36
	-15.46
	-43.81
	45.31
	17.86
	237.23

	A2C3
	1
	2
	1393
	1.787
	908
	4.32
	21.37
	-13.07
	-40.65
	50.73
	17.57
	280.63

	A3C1
	3
	2
	1419
	1.582
	858
	-2.74
	16.44
	-25.65
	-59.15
	47.24
	21.00
	421.85

	A3C2
	1
	1
	650
	1.626
	474
	0.40
	21.65
	-29.20
	-56.78
	49.65
	24.74
	359.96

	A3C3
	3
	4
	2502
	1.638
	1424
	-5.90
	24.78
	-37.36
	-93.20
	69.11
	31.36
	797.92


[bookmark: _Hlk79436486][bookmark: _Hlk79436494][bookmark: _Hlk79435835]*: molecular volume

	We also compare the cation and anion IPI values within each IL molecule to the IPI values of the isolated ions.  The ionic IPIs within the IL molecule are calculated by using the wavefunction of each individual ion.  The results are listed in Table S1, with an average IPI deviation (between the molecular ion and the isolated ion) of approximately -0.35 and -0.16 kcal/mol/e for the anion and cation, respectively.  This indicates that the IPI is a relatively stable parameter, even when calculated using different models.  In conjunction, the ESP sufaces of the ions within the IL molecules are presented in Figure S2 in order to illustrate the overlap between counter-ions and/or co-ions.  As expected, in most cases, the maximum ESP regions (red) of the cations overlap with the minimum ESP regions (blue) of the anions in order to minimize the overall energy.  Furthermore, we plot out the vdW potential of these ILs in Figure S3.  The blue isosurfaces are found around the less polar regions of the ILs, which correspond to the potential absorption regions for nonpolar gases, assuming that these sites are physically accessible in a bulk fluid environment.
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[bookmark: _Hlk49278134]Figure 2. ESP-mapped molecular vdW surfaces of the multivalent ILs corresponding to the  = 0.001 e/Bohr3 isosurface.  The color scale bar is shown at the top, and the corresponding ESP values (units of kcal/mol) of each molecule are (-50, 50 kcal/mol). 

3.1.2. IGM analyses
The independent gradient model (IGM) [46] isosurfaces of the ILs are shown in Figure 3, which provide a more detailed picture of the ionic packing and interactions among the ions.  The blue isosurfaces indicate strong attractive interactions and red isosurfaces indicate strong nonbonded overlap, while the green isosurfaces correspond to vdW interactions.  For these multivalent ILs, the vdW interactions tend to be dominant, with some strong attractive interactions appearing around the more polar regions of the cations and anions.  However, when the polar regions of the counter-ions are too close, the proximal regions of opposite charges give rise to repulsive interactions, as indicated in red.  This phenomena is similar to our previous study of the interactions between the different sites of polar gas molecules, such as the S and O atoms of SO2, with multivalent ILs, based on a Molecular-Mechanics based Energy Decomposition Analysis (MM-EDA) [31].

	[image: ]

	A1C1
	A1C2
	A1C3

	[image: ]
	[image: ]
	[image: ]

	
	
	

	A2C1
	A2C2
	A2C3

	[image: ]
	[image: ]
	[image: ]

	
	
	

	A3C1
	A3C2
	A3C3

	[image: ]
	[image: ]
	[image: ]


Figure 3. IGM isosurfaces (isovalues in a.u.) for multivalent ion pairs when  = 0.01.  The color bar indicates the nature of the interaction between the ions, and the color coding falls within the range of −0.05 < sign(λ2)ρ < 0.05.

3.1.3. Charge analyses
As mentioned in the Introduction, the magnitudes of the ionic charges within the IL molecules are less than those of the isolated ions.  This behavior has previously led to charge scaling corrections (usually a factor of ~0.8) in MD simulations to better approximate the interactions within commonly used monovalent ILs.  While other models can provide improved accuracy (such as polarizable forcefields) [10], the efficiency and simplicity of the charge scaling approach has led to widespread adoption.   Within this context, we perform a detailed charge transfer and polarization analyses for our multivalent ILs, based on the atomic charges calculated using the ChelpG, RESP, and CM5 methods, as well as charge decomposition analyses, which provide more detailed information about the ionic charge migrations.  As expected, the various methods can predict charges that are quite different.  Figure S4 shows an example of the different atomic charges predicted for the A1C1 IL, with the specific values listed in Table S2.  Here, we also include the Mulliken charges as a reference since the subsequent CDA calculation is based on the Mulliken population method (within the Multiwfn program).  For the cations and anions studied here, the N atoms and S atoms are situated within fragments, so the ChelpG approach could potentially mask these sites, resulting in depleted partial charges as compared to other methods.  However, a more definitive validation is not possible, since a charge analysis depends both on the analysis technique and on the QC method chosen; a partial charge is not a quantum chemical observable, so it cannot be precisely benchmarked.
The CDA constructs the wave function of the molecular complex in terms of the linear combination of the donor and acceptor fragment orbitals (LCFO) [32].  However, the ILs studied here are large molecules containing hundreds of orbitals in each molecule.  Therefore, we only list the sum of the CDA matrices to treat the charge transfer and polarization between cations and anions.  With respect to the CDA results, d stands for the charge donation from the charge enriched area to the charge deficient area, b is the charge back donation from the charge deficient area to the charge enriched area, d-b is total charge transfer (CT), and r stands for charge polarization (the change in the repulsive polarization).  
It is important to note that items d and b, in addition to showing the transfer of electrons, are actually mixed with the contribution of electron polarization effects [53].  Therefore, in principle d-b is not an accurate measure of the net charge transfer but is only suitable for qualitative examination [53].  Here, d-b is listed as positive for convenience of the discussion.  The sum of r for all complex orbitals is generally negative because the total interaction between occupied orbitals is dominated by exchange repulsion, i.e., anti-bonding effect [53].  In most cases of our studied ILs, the charge enriched area corresponds to the anion, while the charge deficient area corresponds to the cation.  However, when the co-ions are in close proximity in the multivalent ILs, small amounts of charge transfer and polarization among the co-ions have also been found.  Based on the CDA concept, the extended CDA (ECDA) [54] approach was later proposed to separate charge transfer effects from electronic polarization (PL).  The calculation of the atomic charges by summing up to the fragment charges can be used to investigate the net transfer of electrons between/among fragments.  The results of the ECDA between two fragments are identical to the charge transfer calculated based on Mulliken charges, since they both exclude polarization effects. 
The net ionic charges and CDA analyses of our nine different multivalent ILs are listed in Table 2 and the three-dimensional charge deformation density isosurfaces are provided in Figure 4.  Although the atomic charges for each ion can be sensitive to the different charge methods, the total charges are almost identical for these studied multivalent ion pairs.  Similar to previous reports of monovalent ILs, the total charges of the multivalent ILs are significantly less than those of the isolated ions, ranging from a factor of 0.8 down to 0.5.  For example, the calculated net charge of C1 (formal net charge of 2 e) within A1C1 is around 1.4 e, which indicates a charge transfer of around 0.6 e.  While with respect to CDA, the charge donation from A1 to C1 is 0.28 e, and the back donation from C1 to A1 is -0.02 e, thus the total charge transfer is 0.30 e.  At the same time, this value includes a contribution of 0.50 e from the repulsive charge polarization.  Based on the CDA, the total charge transfer and charge polarization effects increase with respect to the magnitude of the formal charges of the ions.  In A1C1, most of the electron density changes occur around the C2 position of the imidazolium rings with the polar regions of the anion, and this is similar for the other multivalent ILs, as well.

Table 2. Comparison of cation charges in the isolated state (q stands for the formal charge) with respect to the IL molecule, calculated with the B97-3c functional, as well as the charge decomposition analysis (CDA) [32] values.  Partial charges and CDA matrices are in units of e.
	IL
	q
	ChelpG
	RESP
	CM5
	ChelpG/q
	RESP/q
	CM5/q
	d
	b
	d-b
	r

	A1C1
	2
	1.38
	1.42
	1.37
	0.69
	0.71
	0.68
	0.28
	-0.02
	0.30
	-0.50

	A1C2
	6
	4.54
	4.65
	4.06
	0.76
	0.78
	0.68
	0.99
	0.10
	0.89
	-1.72

	A1C3
	4
	2.13
	2.22
	1.81
	0.53
	0.56
	0.45
	0.65
	-0.21
	0.87
	-1.66

	A2C1
	2
	1.61
	1.62
	1.45
	0.80
	0.81
	0.72
	0.19
	0.01
	0.17
	-0.44

	A2C2
	6
	4.56
	4.56
	4.20
	0.76
	0.76
	0.70
	0.83
	0.15
	0.68
	-1.56

	A2C3
	4
	3.27
	3.20
	2.78
	0.82
	0.80
	0.69
	0.49
	0.09
	0.40
	-0.80

	A3C1
	6
	4.14
	4.22
	3.99
	0.69
	0.70
	0.67
	1.06
	0.10
	0.96
	-1.57

	A3C2
	3
	1.80
	1.77
	1.63
	0.60
	0.59
	0.54
	0.52
	-0.12
	0.64
	-1.22

	A3C3
	12
	8.07
	8.15
	7.59
	0.67
	0.68
	0.63
	1.79
	0.07
	1.72
	-3.17


*d: the charge donation from charge enriched area to charge deficient area, b: the charge back donation from charge deficient area to charge enriched area, d-b: total charge transfer (CT), r: charge polarization (the change in the repulsive polarization).
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Figure 4. Three-dimensional charge deformation density isosurfaces for the IL molecules, with reference to the isolated ions.  The red and blue isosurfaces (+0.005 and -0.005 a.u., respectively) represent the regions in which the electron density is increased and decreased, respectively. 

3.2. AIMD simulations of IL molecules 
3.2.1. Benchmarking for monovalent IL molecules
Previously, Zhang and Maginn proposed a methodical approach to calculate the charge scaling factor of monovalent ILs, based on AIMD simulations of IL crystalline structures [12].  However, it can be very difficult to obtain crystal structures, except for very common ILs.  Thus, we propose a multi-scale screening approach to obtain low-energy structures of isolated IL molecules, which serve as the initial structures for the AIMD simulations (instead of the crystal structures), as described in Section 2.  As an initial test of our screening approach, we compare the results obtained here with previously reported charges for two different monovalent ILs: [C2mim][PF6] and [C4mim][PF6] [12].  We also test the impact of the cluster size on the charge scaling factors predicted from our multi-scale screening approach, ranging from one up to a cluster of eight IL molecules.  The dynamic values of the charges and CDA metrics for one molecule of [C2mim][PF6] and [C4mim][PF6] during the AIMD simulations are listed in Table S3 and illustrated in Figure S5.  The total charges for the cations in [C2mim][PF6] and [C4mim][PF6] fluctuate around 0.8-0.9 e for the three different charge methods, which are quite similar to the reported value of 0.8 e based on the periodic crystal simulations [12].  The calculated net charges are different not only because of the specific charge method used, but also because the underlying simulation methods are different (e.g., GFN2-xTB [37] used here versus the PBE functional [55] used previously in CPMD).  Thus, in light of these fundamental differences, we posit that our isolated IL molecule multiscale screening approach provides acceptable results.  In addition, Table S4 summarizes the average net ionic charges of the cations in [C2mim][PF6] and [C4mim][PF6] with respect to different cluster sizes.  In general, the IL cluster size does not have a significant impact on the charge scaling, which is similar to the conclusion from a previous report [12].  The CM5 model displays some size dependency, which has also been founded for [C1mim][Cl] [56], but it tends to converge within clusters of four to eight IL molecules.

3.2.2. One pair multivalent IL molecules
We chose the 1:1 stoichiometric ILs (A1C1, A2C1 and A3C2) to further study the charge transfer and polarization effects for multivalent ILs with AIMD simulations.  The trajectories of these ILs are analyzed by tracking the angle, distortion angle, and anion-cation separation distances (see Figure 5), along with the illustration and a visualization of the relative positions during the AIMD simulations shown in Figures S6-7.  These analyses help to quantify the relative movement between the cations and anions.  In Figure 5, the angle change between cation and anion is within 30 degrees for A1C1, 90 degrees for A2C2, and 20 degrees for A3C2. The distortion angle change between cation and anion has a similar behavior compared to the angle change. While the distance change between cation and anion is around 3.2 Å for A1C1, 3.8 Å for A2C1, and 2.8 Å for A3C2.  In terms of the relative configurational dynamics between the ions, the systems can be ordered as: A3C2 < A1C1 < A2C1, which is opposite the order of the interaction strength between the cations and anions via SAPT analyses (provided next). 

[image: ]
[bookmark: _Hlk72520074]Figure 5. The angle, distortion angle, and distance changes between cation and anion for A1C1, A2C1, and A3C2 ILs as a function of time during GFN2-xTB AIMD simulations.  The angle () corresponds to the normal vector of the anion and the line between the geometric centers of the cation and anion.  The distortion angle () corresponds to the angle between the normal vectors of the anion and of the cation.  The distance (Å) corresponds to the geometric centers of the cation and anion.  For clarity, these geometric parameters are illustrated in Figure S6.

[bookmark: _Hlk72871493]	The CDAs and SAPT energy analyses of A1C1 during the AIMD simulations are shown in Figure 6, and the detailed data associated with the ESP properties are listed in Tables S5-8.  Based on the CDA, the charge donation from A1 to C1 is 0.35 e, the charge back donation from cation to anion is -0.21 e, the total charge transfer is 0.56 e, and the change in the repulsive polarization is -1.43 e.  On the other hand, the average charge of C1 during the AIMD simulations calculated using different methods is quite close: 0.90 e (ChelpG), 0.90 e (RESP), and 0.83 e (CM5); these values are close to the ECDA charge transfer based on the Mulliken population.  Thus, the net charge transfer should be around 1.10 to 1.20 e for A1C1.  Overall, the electrostatic interactions dominate the attractive contributions, followed by induction (which contains the polarization), which is slightly larger than the charge transfer, and the smallest attractive contribution is distortion.  In general, the GIPF descriptors and IPI values of the A1C1 ions are relatively constant during the AIMD simulations.  
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[bookmark: _Hlk70091083]Figure 6. Charge deformation density isosurfaces (top row), charge changes (including CDA matrix and cation charges calculated by different methods, second row), and SAPT-calculated energy (bottom row) for one A1C1 molecule during GFN2-xTB AIMD simulations.

	The CDAs and SAPT analyses for A2C1 during AIMD simulations are shown in Figure 7, and the detailed data are presented in Tables S9-12.  As compared to A1C1, the average charge transfer and charge deviation attributed to the repulsive polarization are smaller for A2C1 (d is 0.12 e, b is -0.10 e, total charge transfer is 0.23 e, and r is -0.92 e).  The charges for C1 in A2C1 calculated using different methods are also relatively close:  1.42 e (ChelpG), 1.41 e (RESP), and 1.36 e (CM5); the average net charge transfer based on ECDA is 0.32 e.  The difference in the charge transfer values for A2C1 (0.32 to 0.64 e) is larger than that for A1C1.  On the other hand, based on the SAPT analysis, the average contribution of each interaction is similar to that for A1C1.  The average charge transfer interaction (-5 kcal/mol) is significantly lower than that of A1C1 (-108 kcal/mol), which is consistent with the charge analyses.  Also, the total interaction between A2 and C1 (-255 kcal/mol) is lower than that between A1 with C1 (-354 kcal/mol), indicating that the A2C1 IL is less strongly bound.  The weaker binding is also reflected by the increased movement between the cation and anion, as shown in Figure 5, which is attributed to the decreased polarity of A2 versus A1, based on our ESP analysis [26].
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Figure 7. Charge deformation density isosurface (top row), charge changes (including CDA matrix and cation charges calculated by different methods, second row), and SAPT-calculated energy (bottom row) for one A2C1 ion pair during GFN2-xTB AIMD simulations.

	The CDA and SAPT decomposed energies for A3C2 during AIMD simulations are shown in Figure 8, and the associated data are listed in Tables S13-16.  Based on the CDA, the average charge donation from A3 to C2 is 0.49 e, the back donation is -0.32 e, the total charge transfer is 0.81 e, and the repulsive polarization in -2.16 e.  The average charge change is predicted to be around 1.6 e for the different charge estimation methods.  The relative energy contributions follow the same order as for A1C1 and A2C1: , as well as the induction energy .  However, the electrostatic interactions for A3C2 are much higher than those within A1C1 and A2C1, resulting in a higher total energy.  This is mainly attributed to the higher formal charges of A3 and C2 (± 3 e) versus those of A1, A2 and C1 (± 2 e).  In terms of the ESP properties and ESP statistical distributions (Figure S8), only small deviations are observed during the AIMD simulations. However, these ESP parameters are quite different than those derived from bulk IL MD simulations, due to the different packing structures.

[bookmark: _Hlk72162883][image: ]
Figure 8. Charge deformation density isosurface (top row), charge changes (including CDA matrix and cation charges calculated by different methods, second row), and SAPT-calculated energy (bottom row) for one A3C2 ion pair during GFN2-xTB AIMD simulations.

[bookmark: bs0090]Although the net charges of the cations calculated during AIMD simulations have small standard deviations (within 0.15 e in Tables S5, S9 and S13), the individual partial atomic charges can be somewhat different. For example, the atomic partial charge distributions within the anion and cation in one A1C1 as a function of time is shown in Figure 9.  The results indicate that the ChelpG charge method has a strong dependence on the ion structures, followed by the RESP charge method, while the CM5 charge method displays the steadiest distribution. Similar results are also found for one A2C1 and one A3C2 (Figures S9-S10), as well as for two IL molecules of A1C1 (Figure S15). These charge distribution results are also consistent with previous literature results [17, 25] as discussed in the Introduction.
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Figure 9. Partial charge probability distribution (statistical bins of 0.1 e) of individual atomic sites within the anion (red) and cation (blue) in one A1C1 IL molecule during GFN2-xTB AIMD simulations, as calculated by: ChelpG (top row), RESP (second row), and CM5 (bottom row). The transparent lines correspond to 10 different configurational snapshots during the trajectory, and the solid lines represent the averages.

3.2.3. The impact of cluster size
	To further study the impact of cluster size on charge transfer and charge polarization within multivalent ILs, we also simulated two molecules of A1C1, A2C1, and A3C2 using same screening approach as mentioned before.  The details are listed in Tables S17-25 and the results are show in Figures S11-15.  Similar to the monovalent ILs ([C2mim][PF6] and [C4mim][PF6]), the cluster size does not significantly impact the charge transfer or charge polarization during the AIMD simulations.  The charge analysis summary is shown in Table 3, and similar results also have been found in other studies [12].  Although the three-dimensional charge deformation density isosurfaces of the multivalent ILs show small amounts of charge transfer from co-ions and counter-ions within the larger clusters, the average charges change by a similar factor (i.e., charge scaling factor) of around 0.4 for A1C1, 0.7 for A2C1 and 0.5 for A3C2.  The different charge scaling factors for different ILs are mainly attributed to the relative polarity of the ions and the different formal charges of the ions.  However, the correlation between the new IPI parameter [26] and the charge scaling factors of the different ILs is inconclusive, based merely on the nine ILs studied here.  This will be investigated more thoroughly in the future.



Table 3. Summary of CDA metrics (units of e) and relative molecular charges (with respect to formal charges) of different ILs during AIMD simulations.
	
	d
	b
	d-b
	r
	ECDA
	ChelpG/q
	RESP/q
	CM5/q

	A1C1
	0.35
	-0.21
	0.56
	-1.43
	1.15
	0.45
	0.45
	0.42

	A2C1
	0.12
	-0.10
	0.23
	-0.92
	0.32
	0.71
	0.71
	0.68

	A3C2
	0.49
	-0.32
	0.81
	-2.16
	1.59
	0.48
	0.48
	0.45

	A1C1x2
	0.79
	-0.30
	1.09
	-3.72
	-
	0.43
	0.42
	0.39

	A2C1x2
	0.56
	-0.02
	0.58
	-2.84
	-
	0.74
	0.73
	0.71

	A3C2x2
	1.15
	-0.36
	1.51
	-4.15
	-
	0.52
	0.52
	0.48

	[C2mim][PF6]
	0.08
	-0.01
	0.09
	-0.11
	0.10
	0.88
	0.87
	0.82

	[C4mim][PF6]
	0.08
	-0.01
	0.09
	-0.11
	0.10
	0.87
	0.86
	0.81

	[C2mim][PF6]X2
	-
	-
	-
	-
	-
	0.88
	0.87
	0.76

	[C4mim][PF6]X2
	-
	-
	-
	-
	-
	0.87
	0.86
	0.81

	[C2mim][PF6]X4
	-
	-
	-
	-
	-
	0.87
	0.86
	0.71

	[C4mim][PF6]X4
	-
	-
	-
	-
	-
	0.85
	0.85
	0.70

	[C2mim][PF6]X8
	-
	-
	-
	-
	-
	0.92
	0.86
	0.69

	[C4mim][PF6]X8
	-
	-
	-
	-
	-
	0.89
	0.85
	0.68




4. Conclusions
In the simulation field, there is often a compromise between computational speed and accuracy, and this is particularly relevant to the electrostatic interactions within ILs.  Although polarizable molecular models are preferred for describing the effects of strong local electric fields during MD simulations [10], the computational cost can be prohibitive for larger systems, and this has led many studies to adopt simple charge scaling techniques.  Here, a screening approach is proposed that can be used to analyze the electrostatic properties of ILs, including charge scaling estimates, with the benefit that it can be implemented without the need for crystal structures.  Using this screening approach, we evaluate several electrostatic properties of multivalent ILs, including ESP properties, the interactions between ionic species based on IGM analyses, and CDA between ionic species.  The charge scaling factors for multivalent ILs are predicted to range from 0.5 to 0.8, which are even more significant than those for monovalent ion pairs.  A subset of our IL molecules is further studied using AIMD simulations.  The ESP parameters of the IL molecules show small deviations during the course of the AIMD simulations, but they are different when compared with those derived from bulk IL simulations (most likely due to the different packing structures that emerge in the bulk fluid).  Two different analysis methods, CDA and SAPT, are used for studying the charge transfer and polarization within the IL molecules, and the results are consistent.  Overall, the contributions from repulsive polarization are larger than that from the charge transfer, the ionic charge deviations are significant, and the electrostatic interactions are only slightly impacted by the IL cluster size.  Future investigations will involve comprehensive tests of the scaled charges in classical MD simulations, including benchmarking against ongoing experiments of these ILs.
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