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On the Role of Charge Transfer in Many-Body Non-Covalent Interactions

Charge transfer is one of the mechanisms involved in non-covalent interactions. In molecular dimers, its contribution to pairwise interaction energies has been studied extensively using a variety of interaction energy decomposition schemes. In polar interactions such as hydrogen bonds, it can contribute ten or several tens of percent of the interaction energy. Less is known about its importance in higher-order interactions in many-body systems, mainly because of the lack of methods applicable to this problem.

In this work, we extend our method for the quantification of the charge-transfer energy based on constrained DFT to many-body cases and apply it to model trimers extracted from molecular crystals. Our calculations show that charge transfer can account for a large fraction of the total three-body interaction energy. This also has implications for DFT calculations of many-body interactions in general as it is known that many DFT functionals struggle to describe charge-transfer effects correctly.

Introduction

In some types of non-covalent complexes, charge transfer between the interacting moieties can contribute significantly to the interaction energy. This effect has been studied extensively, but usually only in the context of pairwise interactions in molecular dimers. In this work, we extend our methodology for the quantification of charge transfer and the associated component of the interaction energy 1,2 to many-body interactions and demonstrate its application to molecular trimers.

The quantification of charge transfer and its contribution to the interaction energy is, however, rather challenging. There are various interaction energy decomposition schemes, but only a few of them separate the contributions of electrostatic induction (due to the polarization of electron density within each molecule) and charge transfer (from one molecule to another) in a meaningful way. In terms of quantum mechanics, the interacting complex is a single entity described by an inseparable wave function. The prerequisite for the calculation of the charge transfer, namely the assignment of electrons to individual molecules, is thus only a model, which can be implemented in different ways, leading to different results.

Since conventional interaction energy decomposition methods, [START_REF] Hopffgarten | Energy decomposition analysis[END_REF] including the widely used symmetry-adapted perturbation theory (SAPT), [START_REF] Szalewicz | Symmetry-adapted perturbation theory of intermolecular forces[END_REF] define the molecular fragments utilizing their atomic orbital (AO) basis, the results depend on the basis set size. [START_REF] Stone | Computation of charge-transfer energies by perturbation theory[END_REF] An orbital-based method that avoids this issue is the energy decomposition analysis scheme based on absolutely localized molecular orbitals, ALMO EDA. [START_REF] Khaliullin | Analysis of charge transfer effects in molecular complexes based on absolutely localized molecular orbitals[END_REF][START_REF] Azar | An energy decomposition analysis for intermolecular interactions from an absolutely localized molecular orbital reference at the coupledcluster singles and doubles level[END_REF] Also, in the SAPT framework, the regularized SAPT method 8 provides a basis set independent separation of charge transfer terms. We have developed an alternative approach based on the spatial definition of molecular fragments that uses constrained density functional theory [START_REF] Dederichs | Ground States of Constrained Systems: Application to Cerium Impurities[END_REF][START_REF] Kaduk | Constrained Density Functional Theory[END_REF][START_REF] Řezáč | Robust and Efficient Constrained DFT Molecular Dynamics Approach for Biochemical Modeling[END_REF] (cDFT) to compute the interaction energy component associated with the charge transfer (charge transfer energy). [START_REF] Řezáč | Basis-Set Independent Method for the Evaluation of Charge-Transfer Energy in Noncovalent Complexes[END_REF] This method has been shown to be very robust, yielding results independent of the basis set used. We have also applied it in a study on halogen bonds. [START_REF] Řezáč | On the role of charge transfer in halogen bonding[END_REF] Constrained DFT has also been combined with SAPT to provide a complete interaction energy decomposition scheme. [START_REF] Lao | Energy Decomposition Analysis with a Stable Charge-Transfer Term for Interpreting Intermolecular Interactions[END_REF] 2 In this work, we extend this approach to many-body interactions, namely trimers. It can also be generalized to higher many-body terms. First, the method can be used to compute the total contribution of charge transfer to the three-body interaction energy. Second, it can be utilized to probe the mechanism of the interactions more specifically by quantifying how the charge transfer between two molecules affects their interaction with the third molecule in a trimer. The method proposed here also complements well the many-body interaction energy decomposition schemes developed in the past. Neither the three-body extension 13 of the Kitaura-Morokuma energy decomposition analysis [START_REF] Kitaura | A new energy decomposition scheme for molecular interactions within the Hartree-Fock approximation[END_REF] and similar approaches nor the three-body SAPT [START_REF] Moszynski | Symmetry-adapted perturbation theory of nonadditive three-body interactions in van der Waals molecules. I. General theory[END_REF][START_REF] Lotrich | Symmetry-adapted perturbation theory of three-body nonadditivity of intermolecular interaction energy[END_REF][START_REF] Podeszwa | Three-body symmetry-adapted perturbation theory based on Kohn-Sham description of the monomers[END_REF] could quantify the charge transfer term reliably because the separation of polarization and charge transfer in these methods is basis set dependent.

We have applied the new methodology to systems taken from the 3B69 data set, [START_REF] Řezáč | Benchmark Calculations of Three-Body Intermolecular Interactions and the Performance of Low-Cost Electronic Structure Methods[END_REF] which features diverse trimers extracted from molecular crystals and provides benchmark threebody interaction energies and other useful data. Emphasis has been placed on hydrogen bonds because they exhibit strong many-body effects (the so-called hydrogen bond cooperativity) [START_REF] Dannenberg | Cooperativity in hydrogen bonded aggregates. Models for crystals and peptides[END_REF] and charge transfer has been found to be rather strong in hydrogen bonded dimers. [START_REF] Řezáč | On the role of charge transfer in halogen bonding[END_REF] We study mainly linear trimers where both the overall three-body charge transfer term, and the indirect effect of charge transfer on an unconstrained hydrogen bond can be evaluated.

To demonstrate the general applicability of cDFT to trimers, we also add the cyclic water trimer.

Our results reveal that charge transfer is an important factor in the three-body interactions. In the systems studied, it accounts for approximately half of the total three-body interaction energy, with the rest being mostly electrostatic induction. Further analysis of the interactions also enables the quantification of the non-additivity of individual pairwise interactions and the role of charge transfer in these effects. Moreover, our results are important for a better understanding of the limitations of density functional theory in general. It is known that charge transfer poses a challenge to DFT, [START_REF] Steinmann | Why are the Interaction Energies of Charge-Transfer Complexes Challenging for DFT?[END_REF] and our work links this knowledge to the description of many-body molecular clusters.

Methods

Constrained DFT

We have developed a methodology relying on constrained density functional theory to evaluate the contribution of charge transfer to the interaction energy (charge transfer energy) between non-covalently bound molecular moieties. We define the charge transfer energy in a dimer as the DFT energy difference of the supramolecular system with a fully relaxed electron density and with a partially relaxed density, for which charge transfer is prevented.

∆E CT = E relax (AB) -E c (AB) (1) 
E relax (AB) is obtained via a full self-consistent-field (SCF) calculation, while E c (AB)
is obtained via a cDFT calculation. cDFT adds a constraint, realized by the Lagrange multiplier method, which enforces charge localization on fragment A (or equivalently B) during the SCF procedure: 9,21

E c (AB)[ρ, λ c ] = min ρ max λc E(AB)[ρ] + λ c ρ(r)ω(r)dr -N c , (2) 
where λ c is the Lagrange multiplier, N c is the charge constraint to be achieved and ω is a weight function filtering the integration of the electron density to the space spanned by the atoms subjected to the constraint. E c (AB) is determined upon minimization with respect to ρ and upon maximization with respect to λ c . [START_REF] Wu | Direct optimization method to study constrained systems within density-functional theory[END_REF] For example, to evaluate a charge transfer energy by Eq. 1, we enforce the charge of monomer A equal to that of the isolated monomer.

Of course, as atomic charges in a molecule are not uniquely defined quantum-mechanically, there is some looseness in the definition of monomer A in the supermolecule, hence in the CT energy. Nevertheless, we have shown that the selection of a population scheme that gives rise to zero charge transfer in the density obtained by the superposition of the electron densities of the isolated fragments results in a physically sound definition of charge transfer. This is actually a crucial condition for obtaining robust CT energies with cDFT. To fulfill this requirement, we use a variant of the Hirshfeld approach 22 that we have developed previously for this purpose. [START_REF] Řezáč | Basis-Set Independent Method for the Evaluation of Charge-Transfer Energy in Noncovalent Complexes[END_REF] The ω function is defined using the densities of the isolated monomers as the Hirshfeld reference density, namely if one wished to constrain the charge on monomer A:

ω A (r) = ρ A (r) ρ A (r) + ρ B (r) (3) 
This formalism was implemented in our local versions of the deMon2k software, 23,[START_REF] Köster | deMon2k version 4[END_REF] which we used to carry out all the cDFT calculations presented in this work. Fine adaptive grid [START_REF] Köster | Efficient and reliable numerical integration of exchange-correlation energies and potentials[END_REF] and density fitting [START_REF] Köster | Calculation of exchange-correlation potentials with auxiliary function densities[END_REF] with large auxiliary basis 27 GEN-A3* was used to accelerate the calculations without compromising their accuracy. It has to be noted that achieving the SCF convergence in the presence of multiple constraints is more difficult than in the case of a single constraint, especially if the constrained fragments are in a direct contact, and this also limited the choice of the systems used in this work.

Besides the choice of the population scheme used to define the molecular fragments, the results may also depend on other factors in the DFT setup. We have previously shown that this space-based approach is robust and only weakly basis set dependent, 1 yielding stable results in all but the smallest basis sets. In order to avoid this issue, we use the large def2-QZVP basis set 28 in all the calculations presented here. In our previous work, we also benchmarked various DFT functionals against experimentally derived charge transfer energies. [START_REF] Řezáč | On the role of charge transfer in halogen bonding[END_REF] The hybrid Becke-half-and-half-LYP functional [START_REF] Lee | Development of the Colle-Salvetti correlation-energy formula into a functional of the electron density[END_REF][START_REF] Becke | A new mixing of Hartree-Fock and local density-functional theories[END_REF] (BHLYP) provided the most accurate results, which is caused by the large fraction of exact exchange that it uses. We thus use it throughout this study for all charge transfer calculations.

Three-Body Interaction Energy Decomposition Scheme

The three-body interaction energy ∆E 3b , often shortened to "three-body energy", is the contribution to the energy of the trimer beyond the pairwise interaction energies. In a trimer ABC, it can be expressed using the total energy E(ABC), the monomer energies E(A), E(B), E(C), and the pairwise interaction energies in the three possible dimers as follows:

∆E 3b = E(ABC) -E(A) -E(B) -E(B) -∆E(AB) -∆E(BC) -∆E(CA) (4) 
and can be recast by expanding the interaction energies (e.g. ∆E(AB) = E(AB) -

E(A) -E(B)) as: ∆E 3b = E(ABC) -E(AB) -E(BC) -E(CA) + E(A) + E(B) + E(C). (5) 
The contribution of charge transfer to this term is computed as a difference between the three-body energy in a fully relaxed system ∆E 3b and its counterpart computed with a constraint preventing any charge transfer between the molecules, ∆E c 3b :

∆E CT 3b = ∆E 3b -∆E c 3b , (6) 
where the constrained three-body energy is defined analogously to Eq. 4 as:

∆E c 3b = E c (ABC) -E c (AB) -E c (BC) -E c (CA) + E(A) + E(B) + E(C) (7) 
and requires the constrained calculation of the trimer (E c (ABC)) and all the dimers.

Note that the calculation of trimers requires the use of two constraints, which ensure that each of the fragments conserves its charge. An analogous approach can be applied to manybody interactions of higher order.

An Indirect Effect of Charge Transfer on Neighbor Molecules

In linear trimers A-B-C (where molecules A and C are not in direct contact), we can also quantify the effect of charge transfer between the molecules B and C on their interaction with the molecule A. This model provides information that is easier to interpret than the total three-body energy -it quantifies how much the particular hydrogen bond is strengthened or weakened by charge transfer in the trimer.

First, we calculate this interaction energy ∆E(A|BC) without the constraints (this is a pairwise interaction energy; the bar denotes how the trimer is divided into two fragments).

Second, its equivalent with a constraint preventing charge transfer between B and C (denoted

as c ′ ) is computed as: ∆E c ′ (A|BC) = E c ′ (ABC) -E(A) -E c ′ (BC). (8) 
In the constrained calculations E c ′ (ABC) and E c ′ (BC), the charge constraint is applied to monomer C what ensures that the charge can reorganize freely in the studied interaction A-B. The effect of charge transfer on the interaction, ∆E CT (A|BC), is then calculated as their difference:

∆E CT (A|BC) = ∆E(A|BC) -∆E c ′ (A|BC). (9) 
These calculations are complemented by computing the total three-body contribution to the interaction of A with BC, obtained as a difference between the total interaction energy and pairwise A-B and A-C interaction energies:

∆E 3b (A|BC) = ∆E(A|BC) -∆E(AB) -∆E(AC). ( 10 
)
At the DFT level without a dispersion correction, the ∆E 3b (A|BC) term covers both electrostatic induction and charge transfer, as well as the three-body exchange effects. We can thus subtract the charge transfer term from ∆E 3b (A|BC), quantifying the effect of the induction and exchange between B and C on their interaction with A:

∆E ind (A|BC) = ∆E 3b (A|BC) -∆E CT (A|BC). ( 11 
)
The charge transfer energy as we define it already includes the associated exchange effects (exchange is fully accounted for in both variables used in Eq. 9), so we consider the ∆E ind (A|BC) term to be a natural counterpart to ∆E CT (A|BC), and we omit exchange in the labels. Also, three-body SAPT calculations in water trimer [START_REF] Podeszwa | Three-body symmetry-adapted perturbation theory based on Kohn-Sham description of the monomers[END_REF] suggest that in polar systems such as the ones studied here, induction (which includes charge transfer in that scheme) accounts tor the vast majority of the three-body energy.

The energy decomposition schemes presented here require multiple calculations on each system and its part. We have automated the calculations and the evaluation of the final quantities of interest using the Cuby framework. [START_REF] Řezáč | An integrative framework for computational chemistry[END_REF][START_REF] Řezáč | Cuby 4, software framework for computational chemistry[END_REF] Model Systems

In this work, we study 23 systems selected from the 3B69 data set of trimers extracted from a variety of molecular crystals. [START_REF] Řezáč | Benchmark Calculations of Three-Body Intermolecular Interactions and the Performance of Low-Cost Electronic Structure Methods[END_REF] It features diverse interaction motifs with different modes of interaction. Having three different trimer geometries for each compound is useful for comparison. From the 69 systems there, we have selected those to which we can apply both of the decomposition schemes described above, i.e. the trimers where two of the three monomers are not in direct contact (e.g. forming a hydrogen bond). A few more systems have been further discarded because the calculations failed to converge when two constraints were applied simultaneously in the computation of ∆E c 3b . The final set of systems is listed below in Table 1. We keep the numbering of the systems introduced in the original paper for their unique identification. We also use the benchmark three-body energies calculated at the CCSD(T)/CBS level and additional DFT results from the 3B69 paper. In addition to the linear trimers, we also study the cyclic water trimer as a demonstration of the applicability of the method to more tightly coupled trimers. Again, we use the geometry from the 3B69 data set (entry 1c) which corresponds to the most stable water trimer arrangement.

Additional Calculations

To obtain more accurate reference values, we have also calculated the interaction energies between the selected fragment and the rest of the trimer (∆E(A|BC) and ∆E(AB|C))

using the ωB97M-V functional [START_REF] Mardirossian | A combinatorially optimized, rangeseparated hybrid, meta-GGA density functional with VV10 nonlocal correlation[END_REF] in the def2-QZVP basis set. [START_REF] Weigend | Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence quality for H to Rn: Design and assessment of accuracy[END_REF] This setup was demonstrated to yield an error smaller than 0.5 kcal/mol in a wide range of non-covalent interactions [START_REF] Řezáč | Non-Covalent Interactions Atlas benchmark data sets 5: London dispersion in an extended chemical space[END_REF] including hydrogen bonds. [START_REF] Řezáč | Non-Covalent Interactions Atlas Benchmark Data Sets: Hydrogen Bonding[END_REF] These calculations were performed in Orca 4.2.1. [START_REF] Neese | Software update: the ORCA program system, version 4.0[END_REF] 

Results and Discussion

The Validation of the DFT Setup First, we validate the ability of the DFT setup used in this work, BHLYP/def2-QZVP, to describe the three-body interactions in the systems studied. The three-body energies (∆E 3b )

computed at the DFT level could be compared to the CCSD(T)/CBS benchmark taken from Ref. 18. They have been found to be in perfect agreement, exhibiting a correlation with R 2 =0.998 and the slope of the linear regression of 1.03. This confirms our previous findings that this functional yields very good three-body energies in polar systems, [START_REF] Řezáč | Benchmark Calculations of Three-Body Intermolecular Interactions and the Performance of Low-Cost Electronic Structure Methods[END_REF] and that the component not covered by this DFT setup, namely many-body London dispersion, is negligible. This is also the setup that we have already shown to work well for calculations of the charge transfer energies using cDFT. [START_REF] Řezáč | On the role of charge transfer in halogen bonding[END_REF] In the remaining text, we use this DFT three-body energy unless explicitly stated otherwise.

The three-body energies in the systems studied range from -1.6 to 1.1 kcal/mol. This is different from pairwise interactions, where the contributions of induction and charge transfer are always negative (attractive). In a two-body system, the effect will not occur unless it is energetically favorable. In the many-body case, the pairwise interactions are almost always the strongest effect, and they thus define the changes in the electronic structure of the molecules in the complex. The three-body energy and further higher-order terms reflect only the interplay between the interactions at the lower order, and this mutual relationship can be both favorable and unfavorable, even in systems of the same composition that differ only in the geometry. The this is significantly more than in the case of two-body interactions -in hydrogen bonds from the S66 data set, 37 charge transfer computed using the same methodology accounts for only 13% of the interaction energy. 2 However, the decomposition of the two-body interaction energy also included the pairwise-additive first-order electrostatics and the nearly additive London dispersion, which account for a larger part of the interaction energy. If we look only at the ratio of the two-body charge transfer term and the sum of polarization and charge transfer (computed using the DFT-SAPT results from Ref. 2), which is the same quantity as that evaluated in this work at the three-body level, it amounts to 51%, which is very close to the value observed for the three-body contribution. In absolute numbers, the average contribution of charge transfer in the data set amounts to -0.08 kcal/mol. This value seems to be small, but it has to be kept in mind that the whole three-body energy in this set is -0.32 kcal/mol when calculated at the same DFT level.

The correlation between E CT 3b and ∆E 3b is determined mainly by the eight trimers where the magnitude of the three-body energy is large (|∆E 3b | > 0.5 kcal/mol) and so is its charge transfer component, which is expected behavior. All of these contain a chain of strong hydrogen bonds in an A-B-C arrangement. If the polarization / charge transfer along these hydrogen bonds goes in the same direction (A→B→C), it stabilizes the system (∆E 3b is negative), which is the well-known hydrogen bond cooperativity. The most obvious example is a linear chain of water molecules such as the trimer 01a in our set -see (Fig. 2a).

Conflicting directions of the H-bonds (A→B←C) such as in the other water trimer from our set (system 01b, Fig. 2b) lead to positive three-body energy, which is, however, still significantly weaker than the stabilizing two-body interactions.

There is one outlier in the set with a negligible overall ∆E 3b but large positive contribution of charge transfer, a trimer of acetamide 09a (Fig. 2c). We have verified that this is not an artifact of the calculation -practically identical results are obtained regardless of which pair of monomers is constrained in the trimer. In terms of monomer partial charges, it has the typical linear arrangement of hydrogen bonds, which transfer the charge from an end electron donor to an electron acceptor on the other end, with the bridging molecule having practically no partial charge. It is similar to the water trimer (Fig. 2a) even in the amount of the charge transferred, with the only difference being that the hydrogen bonds in the acetamide trimer are stronger. At the level of three-body calculations, it is not obvious why the charge transfer plays a destabilizing role. We will, however, return to this issue later in this paper when we look at the individual hydrogen bonds in the systems. 

Cyclic water trimer

The cyclic water trimer is a prototypical system illustrating hydrogen bond cooperativity and it had been studied by various methods including several many-body interaction energy decomposition schemes, allowing comparison of these methods with the approach proposed here.

Let us start with the results obtained from the cDFT calculations. The cyclic trimer contains three similar hydrogen bonds with (two-body) DFT interaction energies ranging from -4.4 to -5.0 kcal/mol. The three-body term ∆E 3b is also stabilizing (-2.43 kcal/mol) because each of these hydrogen bonds polarizes the molecules favorably. This result is close to the CCSD(T)/CBS benchmark with ∆E 3b = -2.42 kcal/mol. [START_REF] Řezáč | Benchmark Calculations of Three-Body Intermolecular Interactions and the Performance of Low-Cost Electronic Structure Methods[END_REF] The two-body charge transfer terms are stabilizing as expected (the values range from -0.61 to -0.96 kcal/mol in the three H-bonds) and their sum is -2.20 kcal/mol. The three-body charge transfer energy ∆E CT 3b is positive at 2.19 kcal/mol, almost exactly compensating the sum of the two-body charge transfer energies. This can be explained easily -in our approach, the charge transfer is defined in terms of the net charge of the molecular fragments, which remain close to zero in the cyclic arrangements. Therefore, the constrained calculation is close to the unconstrained one, in contrast to the dimers, and it the result follows directly from Eq. 7.

13 https://doi.org/10.26434/chemrxiv-2023-lh8vr-v3 ORCID: https://orcid.org/0000-0001-6849-7314 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

The same system had previously been studied 13 using the many-body Kitaura-Morokuma interaction energy decomposition analysis [START_REF] Kitaura | A new energy decomposition scheme for molecular interactions within the Hartree-Fock approximation[END_REF][START_REF] Morokuma | In Chemical Applications of Atomic and Molecular Electrostatic Potentials: Reactivity, Structure, Scattering, and Energetics of Organic, Inorganic[END_REF] (KM) and the Reduced Variational Space SCF (RVS SCF) decomposition. [START_REF] Stevens | Frozen fragment reduced variational space analysis of hydrogen bonding interactions. Application to the water dimer[END_REF] In these approaches, polarization and CT terms are defined as energies defined in terms of molecular orbitals of the fragments, involving occupied and virtual orbitals within a fragment or from different fragments, respectively. This makes them basis set dependent, with only polarization and no CT present at the complete basis set limit (the reported three-body polarization components range from -0.77 to -1.32 kcal/mol, depending on the basis set used). In the water trimer, both these contributions are negative and majority of the three-body interaction energy is attributed to polarization. In the KM method, this is compensated for by a "mixed" term accounting for the difference between the isolated components and the total three-body energy, which is positive and rather large.

This, and the strong basis set dependence, makes it hard to interpret these results.

Another method applied to the cyclic water trimer was SAPT(DFT). [START_REF] Podeszwa | Three-body symmetry-adapted perturbation theory based on Kohn-Sham description of the monomers[END_REF] It provides more intuitive decomposition of the interaction energy, but it does not separate the charge transfer term. SAPT(DFT) yielded accurate three-body interaction energy (-2.17 kcal/mol) and demonstrated that majority of it comes from induction (which includes charge transfer in this scheme), first-order exchange and three-body dispersion being much less important here (-0.40 and 0.17 kcal/mol). This justifies that our attribution of the non-CT remainder of the DFT energy to induction is a reasonable approximation in polar, H-bonded systems.

This discussion illustrates that other existing approaches to the decomposition of the three-body interaction energy struggle with isolating the contribution of charge transfer. The KS and RVS SCF results illustrate that in orbital-based methods, it is basis-set dependent.

The same applies to SAPT, if such a partitioning was implemented. Our method does not suffer from this, 1 but on the other hand, it is limited to defining the charge transfer in terms of the net charge of the fragments. This works well in two-body systems or in linear trimers where a net charge is transferred across the system, but is less informative in systems such as the cyclic water trimer where the fragments do not change their charge significantly, despite the strong role of charge transfer in each of the pairwise interactions.

The Indirect Effect of Charge Transfer on Pairwise Interactions

We have also evaluated the indirect effect of charge transfer on the interactions in the trimers (as described above in Methods). Here, the (two-body) interaction of one molecule with the remainder of the trimer is calculated with and without a constraint on the charge transfer between the remaining molecules.

In the linear trimers we work with (in an A-B-C arrangement), the system can be partitioned in two ways, namely as A|BC or AB|C (with the bar indicating the boundary where the interaction energy is evaluated). All the results of this analysis are reported in Table 2.

The pairwise interaction energies between a selected monomer and the rest of the trimer are larger than the three-body contribution by more than one order of magnitude with the average ∆E of -6.67 kcal/mol. The non-additivity of these interactions, defined by Eq. 10,

with the average value of -0.32 kcal/mol is thus only a weak effect. What is more important is the analysis of the nature of these effects. Splitting this quantity into the contribution of induction and charge transfer yields the average contributions of -0.13 and 0.19 kcal/mol, respectively. Again, the contribution of charge transfer is weaker than the one of induction, but the difference is not very large and it is clear that the effect of charge transfer cannot be neglected if the non-additivity of non-covalent interactions is evaluated.

The data gathered in Table 2 can also be used for identifying the relationships between the strength of the interactions and their susceptibility to being affected by charge transfer in neighbor interactions (when ∆E CT (A|BC) is correlated with the interaction energy ∆E(A|BC) and vice versa). There seems to be only a negligible connection, with the correlation coefficient R 2 = 0.14, and the correlation is not much stronger when the sum of the charge transfer and induction contributions is used instead. This suggests that there are no general trends and the relationship between the individual interactions depends on a specific system and its geometry. We can, however, use these data to analyze the anomalous acetamide dimer 09a discussed in the previous section. There, the overall three-body energy is close to zero, but the charge transfer component is positive. Concerning the contributions of the two hydrogen bonds, the first one (A|BC) exhibits only small non-additivity and both induction and charge transfer act in the same direction. The second one, AB|C, has a positive value of ∆E CT , which is not common among the systems studied here. A possible mechanism of this effect can be explained by analyzing the charge on the fragments (see Fig. 2c). If we consider only the dimer BC, the electron donor B would transfer some charge to the molecule C. However, in the trimer ABC, this charge is replaced by the transfer from A to B. If we then look at the interaction between B and C in the trimer, C already has an excess negative charge but B remains neutral. Since this is not an energetically favorable situation, the contribution of charge transfer is positive.

The Effect of Charge Transfer on the Accuracy of DFT Functionals

In the study introducing the 3B69 data set, [START_REF] Řezáč | Benchmark Calculations of Three-Body Intermolecular Interactions and the Performance of Low-Cost Electronic Structure Methods[END_REF] we observed that many DFT functionals yielded surprisingly large errors in the three-body interaction energies and that this effect was the strongest in highly polar systems. This cannot be attributed to the treatment of London dispersion, the effect of which is practically negligible in these systems, but it must come from the induction and charge transfer terms (which were not separated in the original study).

We use the three-body charge transfer energies computed in this work to analyze this issue quantitatively. We focus on a series of related DFT functionals with a varying ratio of Hatree-Fock exchange: BLYP (0 %), B3LYP (20 %) and BHLYP (50 %). We utilize the DFT interaction energies from the 3B69 paper, which also include the D3 dispersion correction with a three-body term included; this reduces the part of the error not related to the effects discussed here. The error with respect to the CCSD(T) benchmark (reported in 3 as RMSE) decreases in the series of functionals with increasing ratio of HF exchange.

In all cases, the error of these DFT calculations correlates with the E CT 3b term, and a linear regression has been applied to obtain the slope of the dependence of the error on E CT 3b . The results are summarized in Table 3. The errors, of course, also correlate with the three-body interaction energy itself, but less consistently (Pearson R from 0.86 for BLYP down to 0.48 for BHLYP). The correlation suggests that the errors are related to the charge transfer energy, whereas the varying slope quantifies the strength of this effect. It is the strongest in BLYP, a pure GGA functional, and it decreases with the increasing amount of Hartree-Fock exchange in the hybrid functionals B3LYP and BHLYP. The increasing slope of the correlation, together with the increasing magnitude of the overall error in the series of the functionals, indicate a strong relationship between the fraction of HF exchange in a DFT functional and its ability to describe intermolecular charge transfer. This is consistent with the effect observed earlier in two-body interactions, where it is explained by the overdelocalization of the charge, which leads to exaggerated charge transfer. [START_REF] Steinmann | Why are the Interaction Energies of Charge-Transfer Complexes Challenging for DFT?[END_REF] The use of hybrid functionals remediates this issue partially, proportionally to the amount of HF exchange in the functional. Our results indicate that the same applies for three-body interactions.

However, we have already shown above that the contribution of the charge transfer term to the three-body energy is much larger than in the case of two-body interactions. As a result, the overdelocalization error of DFT is much more pronounced in the three-body case (when relative errors are considered).

Conclusions

We have shown that constrained DFT can be used to isolate the contribution of charge transfer to three-body non-covalent interactions. The method has been applied to a set of 23 trimers selected from the 3B69 data set of model systems extracted from molecular crystals. It has been found that the contribution of charge transfer amounts to half of the total three-body energy (with the rest being mostly electrostatic induction). This may seem to be a larger proportion of the total value than that found for pairwise interactions in similar systems, but it must be kept in mind that the decomposition of the two-body interaction energy includes components that are not present in the three-body term. If we compare only the corresponding terms, namely charge transfer and induction, their balance in two-body and three-body interactions is very similar.

The importance of charge transfer in the three-body energy helps rationalize previous findings on the failure of some DFT functionals to describe three-body interactions with the same accuracy as two-body interaction energies. [START_REF] Řezáč | Benchmark Calculations of Three-Body Intermolecular Interactions and the Performance of Low-Cost Electronic Structure Methods[END_REF] DFT functionals, especially those without HF exchange or with a low amount of it, often overestimate charge transfer (due to the delocalization error), which leads to the exaggeration of the associated component of the interaction energy. [START_REF] Steinmann | Why are the Interaction Energies of Charge-Transfer Complexes Challenging for DFT?[END_REF] Since this term forms a much larger part of the three-body energy than in pairwise interactions, the relative error in the three-body contribution is significantly larger.

The magnitude of the three-body charge transfer term is usually proportional to the total three-body energy. It has been found to be the strongest in the chains of hydrogen bonds where their alignment leads to a stabilization of the system -this is the well-known cooperativity of hydrogen bonds. This is, however, not the only possible arrangement.

In molecular crystals, where each molecule forms multiple H-bonds with the surrounding molecules, some interaction patterns exhibit the opposite trends. This is not new information per se, but we show that even in such cases, both the induction and charge transfer act in the same direction. Moreover, the cDFT methodology developed in this work makes it possible not only to study the overall contribution of the charge transfer to the three-body energy, but it can also quantify the indirect effect of charge transfer in the cluster on one specific interaction. This makes it a useful tool for rationalizing the interplay of multiple interaction motifs in complex systems.

  Charge Transfer Component of the Three-Body Interaction Energy Next, we analyze the charge transfer component of the three-body energy, ∆E CT 3b . The overall three-body energy, ∆E 3b , computed at the DFT level covers the contributions of polarization and charge transfer, taking into account the associated exchange effects. The ratio between E CT 3b and ∆E 3b thus quantifies the importance of the charge transfer in the interactions studied. These variables are plotted in Fig. 1. In the whole set, these quantities are strongly correlated (R 2 =0.70) and a linear regression (with a forced intercept at 0) suggests that charge transfer accounts for 54% of the three-body energy. At first glance,

Figure 1 :

 1 Figure 1: The charge transfer component of the three-body interaction energy, ∆E CT 3b , plotted against the overall three-body term.

Figure 2 :

 2 Figure 2: Examples of linear hydrogen-bonded trimers: a,b) water, c) acetamide. Partial charges of the monomer fragments in black, interaction energies of hydrogen bonds in orange, other interactions in gray.

Table 1 :

 1 Trimers from the 3B69 data set considered in this study with three-body interaction energies: the CCSD(T)/CBS benchmark and the DFT result from this work, and the charge transfer component of the three-body energy (in kcal/mol).

	#	System	∆E 3b (benchmark) ∆E 3b (DFT) ∆E CT 3b
	01a water	-1.39	-1.44	-1.07
	01b water	1.08	1.12	0.97
	02a formaldehyde	-0.18	-0.21	-0.10
	03a methanol/ethyne	-1.31	-1.39	-0.33
	04c acetonitrile	-0.17	-0.19	-0.10
	05c nitromethane	0.22	0.26	0.06
	06b acetic acid	-0.92	-0.95	-0.62
	07c oxalic acid	-0.78	-0.84	-0.53
	08a vinylene carbonate	-0.31	-0.33	-0.15
	09a acetamide	-0.09	-0.13	1.03
	09b acetamide	0.58	0.54	0.37
	10c imidazole	-1.64	-1.63	-0.85
	11c isoxazole	-0.13	-0.17	-0.04
	12c pyrazole	-0.29	-0.34	-0.15
	13a triazine	-0.01	-0.03	0.00
	14c cyanoacetamide	-1.23	-1.34	-0.68
	17c oxazolidinone	0.15	0.13	0.05
	18b succinic anhydride	0.00	-0.01	0.00
	18c succinic anhydride	-0.13	-0.13	0.31
	19c benzene	-0.03	-0.05	-0.02
	22a uracil	0.00	-0.06	0.09
	22b uracil	-0.24	-0.29	0.01
	22c uracil	0.018	0.03	-0.07

Table 2 :

 2 Interaction energies and the respective two-body contributions of electrostatic induction and charge transfer between one monomer and the rest of the trimer (in two possible divisions of the linear trimer, A|BC and AB|C). The interaction energies were computed at the ωB97M-V/def2-QZVP level. All values in kcal/mol.

			∆E	∆E ind ∆E CT	∆E	∆E ind ∆E CT
	#	System		(A|BC)			(AB|C)
	01a water	-7.27	-0.65	-0.79	-7.13	-0.52	-0.92
	01b water	-2.11	0.69	0.43	-2.02	0.34	0.78
	02a formaldehyde	-2.49	-0.16	-0.05	-2.49	-0.14	-0.07
	03a methanol/ethyne	-7.26	-0.91	-0.47	-7.26	-0.82	-0.57
	04c acetonitrile	-2.18	-0.14	-0.04	-3.21	-0.13	-0.06
	05c nitromethane	-2.44	0.23	0.03	-1.24	0.22	0.04
	06b acetic acid	-11.95 -0.31	-0.64 -11.95 -0.43	-0.52
	07c oxalic acid	-10.47 -0.31	-0.53 -10.48 -0.32	-0.52
	08a vinylene carbonate -5.10	-0.24	-0.09	-5.10	-0.27	-0.07
	09a acetamide	-10.51 -0.07	-0.06 -12.03 -0.32	0.19
	09b acetamide	-6.55	0.28	0.26	-8.07	0.41	0.13
	10c imidazole	-11.94 -0.90	-0.73 -11.94 -1.02	-0.62
	11c isoxazole	-21.64 -0.16	-0.01	-2.60	-0.16	-0.01
	12c pyrazole	-4.25	-0.34	0.00	-8.29	0.00	-0.33
	13a triazine	-3.73	-0.03	0.00	-3.73	-0.03	0.00
	14c cyanoacetamide	-12.46 -0.87	-0.47 -12.46 -1.05	-0.29
	17c oxazolidinone	-1.66	0.12	0.01 -10.48 0.11	0.02
	18b succinic anhydride -4.19	-0.02	0.01	-4.18	-0.01	0.00
	18c succinic anhydride -6.02	-0.09	-0.05	-6.02	-0.25	0.11
	19c benzene	-3.28	-0.04	-0.02	-3.28	-0.04	-0.02
	22a uracil	-14.61 -0.01	-0.06 -12.71 0.14	-0.20
	22b uracil	-1.20	-0.28	0.00	-1.20	-0.27	-0.02
	22c uracil	-3.83	0.14	-0.12	-1.70	-0.12	0.15

Table 3 :

 3 The linear regression of the dependence of DFT errors (listed as RMSE in kcal/mol) on the three-body charge transfer energy: Pearson correlation coefficient R and the slope of the linear fit.

	Functional RMSE	R	Slope
	BLYP	0.087 0.72 0.12
	B3LYP	0.063 0.78 0.10
	BHLYP	0.049 0.62 0.06
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