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Abstract

The chemical hardness of a solvent can play a decisive role in solubility and reactivity
in solution. Several empirical scales quantifying solvent softness have been proposed. We
explore whether computed properties of solvent molecules can reproduce these experimen-
tal scales. Our “orbital overlap distance” quantifying the size of orbitals at a molecule’s
surface effectively reproduces the Marcus u-scale of solvent softness. The orbital over-
lap distance predicts that the surface of chemically hard solvent molecules is dominated
by compact orbitals possessing a small orbital overlap distance. In contrast, the surface
of chemically soft solvent molecules has a larger contribution from diffuse orbitals and
a larger orbital overlap distance. Other conceptual density functional theory descriptors,
including the global hardness and electronegativity, can also reproduce the Marcus scale.
We further introduce a “solvent versatility” RMSD D scale quantifying variations in the
surface orbital overlap distance. “Good” solvents such as DMSO, which combine chemi-
cally “hard” and “soft” sites within a single molecule, possess a large RMSD D, ;. We
conclude by applying this approach to predict the Marcus y-parameters for widely-used
ionic liquids and ionic liquid—cosolvent systems.

Keywords Computational chemistry - Ionic liquids - Molecular modeling - Density
functional theory - Solvents

1 Introduction
The Lewis concept of acids as electron pair acceptors and bases as electron pair donors

[1, 2] can explain certain aspects of solvation, as solvent and solute both may act as
donors and/or acceptors [3]. Pearson’s concept of hard and soft acids and bases (HSAB)
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[4, 5] can help rationalize such donor—acceptor interactions and can be extended to
solvation [3]. HSAB theory suggests that, for acids and bases of comparable strength,
chemically “hard” and nonpolarizable acids prefer to interact with hard bases and vice
versa. Extension of this concept to solutions implies that chemically hard solvents tend
to dissolve hard solutes and soft solvents dissolve soft solutes [6, 7].

Several aspects of solution chemistry have been attributed to solvent hardness and
softness. In aqueous—organic solvent mixtures, the sulfates of “soft” Cd** tend to
become less soluble with increasing water content, whereas sulfates of harder 3d cati-
ons like Cu®" and Co** show the opposite trend [8]. The relatively hard chloride salts
of Ni’* and Co** show higher solubility with increasing water content, whereas the
softer bromide salts show the opposite trend [9]. Metal cation complexes of N-pheny-
laza-15-crown-5 show stability order Ca®*>Cd*">Mg?*>Ag™ in soft solvent ace-
tonitrile (Marcus p=0.35), but the opposite order occurs in harder methanol (Marcus
#=0.02) [10]. Phenol alkylation by 3-bromopropene produces mostly allyl phenyl ether
in “harder” solvent acetone (Marcus ¢ =0.03) and mostly o-allyl phenol in “softer”
solvents benzene or toluene (Marcus x=0.3-0.4), illustrating solvent effects on O/C
alkylation [7, 11]. Sodium phenolate alkylation by 3-chloropropene gives near 100%
O-alkylation in ethanol and only 22% O-alkylation in phenol [12, 13]. Similar solvent
effects are found for nucleophilic substitution and elimination [14—-16]. The Witting
reaction proceeds much more rapidly in DMSO than in other solvents [17]. In DMSO,
the oxygen reduction and evolution reactions of Li—air batteries follow a reversible one-
electron 02/02_ pathway whereas the same reaction in acetonitrile or dimethyl ether
yields reduction to Og_ and O% [18]. Nonlinearities in the measured Marcus u values
of water—acetonitrile mixtures quantify the degree of microscopic heterogeneity [19].
A similar solvent dependence is seen in ionic liquids (ILs) [20]. In addition, the sub-
stitutions of soft/hard groups on ILs imparts a drastic change of viscosity, enthalpy of
vaporization and the ion conductivities of those ILs [21]; also, the hardness/softness of
ions of ILs directly controls the solubility of materials like polymers in them [22, 23].

Several groups have proposed empirical scales of solvent softness. These are based on
measured Gibbs energy of transfer of metal ions [24], infrared or Raman spectral shifts
[25, 26], half-wave potentials [27], reaction enthalpies [28, 29], second-order rate constants
[30], fluorescence shifts [31], and so on [32]. The donor number Dy scale of Gutmann is
based on the enthalpy for solvent coordination to the soft Lewis acid antimony (V) chlo-
ride in a diluted 1,2-dichloroethane medium [33]. The Dy scale of Persson et al. [34, 35]
is based on the solvent-induced shift in the position of the Raman band for Hg—Br bond
symmetric stretching in HgBr,. Dg values are available for a large number of solvents [3].
The B,,,4 and B scales of solvent hard and soft basicity [26] are respectively based on
infrared absorbance solvatochromic shifts of phenol O-H stretching and iodoacetylene I-C
stretching. The u-scale of solvent softness proposed by Marcus [3, 24] is based on the dif-
ference between Gibbs energies of transfer for "soft" Ag*t vs. “hard” Nat and K* ions [24].

The continued development of new solvent systems motivates extension of these sol-
vent scales. Here we explore how electronic structure simulations enable such extensions.
The connection between electronic structure and chemical hardness is well-established in
the realm of conceptual density functional theory (DFT), a branch of DFT which deals
with the extraction of chemically relevant concepts and principles from the computational
DFT [36]. Parr and Pearson [37] defined an isolated system’s global hardness as the second
derivative of energy with respect to the number of electrons when the external potential is
held fixed [38]:
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The global softness is the inverse of hardness S=1/5 [39]. One may approximate # in terms
of the computed vertical ionization potential / and electron affinity A [37]:

n~l—A )

One may also approximate # in terms of the computed highest occupied orbital (HOMO)
and lowest unoccupied orbital (LUMO) energies (supporting information Fig. S1) [36]:

Gap = €Lymo — €nomo 3)

Previous studies have demonstrated that the chemical hardness calculated from Eq. 3 pro-
vides sufficiently accurate results at the Hartree-Fock (HF) level [40—42]. Beyond HF and at
DFT level, this method becomes strongly dependent on the basis set and exchange correlation
potential used in DFT calculations [36, 43]. Computed absolute hardness and softness have
been extensively applied in areas including organic reactivity [44—47], aromaticity [48], coor-
dination complexes [49-51], surface chemistry [52], biological systems [53] and so on [36,
52, 54, 55]. However, systematic applications to solvent hardness and softness are scarce.

The conceptual DFT description of electronegativity and chemical hardness can struggle
to distinguish the chemistry of different sites on a single molecule [36]. Electrostatic proper-
ties are often modeled in terms of the molecular electrostatic potential MESP V(r) computed
on a density isosurface [56-58]. We have developed a complementary quantity, the “orbital
overlap distance” D(r), to quantify whether the orbitals at a given point are compact or dif-
fuse. Figure 1 illustrates evaluation of the orbital overlap distance on the surface of mercap-
toethanol. The orbital overlap distance is constructed from the one-particle density matrix
y(x,r’)=Zn(r)yr’) of molecular orbitals y; with nonzero occupancy n;. At each point r
we evaluate the overlap with an s-orbital-like test function C, exp(—Ir — r’[’/d®) centered at
point r and having width d:

|2

r—r
EDR(r;d) = p z(r)/d3r y(r,r )Cdexp(—|—

“4)
=)

1.48

Fig. 1 The orbital overlap distance in mercaptoethanol (left) and optimized geometry (middle): evaluation
of D(r) at two points r; and r, near O and S lone pairs, respectively. Green and red surfaces are representa-
tive occupied orbitals HOMO and HOMO-1, plotted on the hy(r)*=0.007 e- -A7 surface. Blue surfaces are
the test function of Eq. 4, plotted at 80% of its maximum value. The test functions’” overlap with all occu-
pied MOs is maximized for widths D(rl)—l 5 A and D(r,)=1.8 A. Right: D(r) plotted across the entire
electron density isosurface on 0.007 e- -A7 electron density surface (Color figure online)
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The orbital overlap distance D(r) is the distance d that maximizes this quantity at point
r. Figure 1 illustrates that compact, chemically “hard” regions (i.e. oxygen) tend to give
small D(r) values, whereas chemically “soft” regions (i.e. sulfur) tend to give larger D(r)
[59, 60]. The findings of Fig. 1 compliment the experimental results that sulfur is a good
donor for soft Cu* and Ag™ transition metal ions whereas oxygen is a good donor for hard
alkali metal cations [61]. Plots of D(r) on density isosurfaces, and quantitative analysis of
such surfaces, complement MESP and capture trends in aromaticity, nucleophilicity, allo-
trope stability, and substituent effects [59, 60]. The present work applies the surface-aver-
aged orbital overlap distance D, as well as computed global softness, to model empirical
solvent softness scales.

A key result of this work is the extension of the Marcus u-scale to ionic liquid (IL)
solvents. ILs, composed of organic cation and anion combinations have led to applications
including capacitors, fuel-cell, batteries, lubricants, dye-sensitized solar cells and sensor
technologies [62-66]. Cosolvents such as H,O or DMSO can lower the IL’s viscosity and
improve their performance [67]. The hard/soft nature of IL counter ions and cosolvents
[20-23] motivates quantitative characterization of their chemical softness/hardness.

surf>

2 Computational Details

The p values of solvents used in the present study were taken from Ref. [24]. All calcula-
tions were performed with the Gaussian 09 [68] suite of programs. All calculations were
carried out in gas-phase using the three parameter hybrid exchange functional developed
by Becke [69] in conjunction with the exchange—correlation potential, corrected via a gra-
dient developed by Lee et al. (B3LYP) [70]. All calculations used the 6-31+g(d,p) basis
set [71-75], however supporting information Table S4 compares the results obtained using
different basis sets. For all systems, the values of D(r), the HOMO-LUMO energy gap
and the global softness were calculated at geometries optimized to their global minimum
using tight convergence criteria. For the calculation of global softness, vertical ionization
potentials and electron affinities were used. Quantitative analysis of D(r) on 0.007 e A3
electron density molecular surfaces were performed using a modified version of Multiwfn
V3.6 (dev) [76, 77] to get the mean D, and RMSD D, values.

sur sur’

3 Results and Discussion
3.1 Correlation of Measured Marcus y with Computed D, and Global Softness

We begin by correlating the solvent molecules’ computed surface-averaged orbital over-
lap distance, global softness, and HOMO-LUMO gap to their measured empirical Marcus
u-scale values. We first consider the 34 solvents in Table I of Ref. [24]. Figure 2 plots the
solvents’ u values vs. the computed surface-averaged overlap distance Dy, or global soft-
ness 1/5 (Eq. 2). Table 1 reports linear fits of u to these data. Additionally, Fig. S1 shows
the HOMO and LUMO orbitals of representative solvent molecules and Fig. S2 shows
the corresponding plot of y vs. 1/Gap, with trends matching 1/4. Table S1 of the support-
ing information lists all computed values. Figure S3 shows the relation between D and
1/Gap.

sur
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Fig.2 Measured Marcus y parameters (ordinate) plotted vs. computed D (left) or computed global soft-
ness 1/n (Eq. 2). Results for the 34 solvents in Table 1 of Ref. [24]. Important outliers are highlighted

Table 1 Linear fits of the experimental Marcus y parameter to computed D,
or HOMO-LUMO Gap (Eq. 3)

global softness 1/ (Eq. 2),

surf>

Method Data Equation R? MAE ME RMSD
Dyt A u=1.349 D, —4.026 (4) 0.209 0.230 0.000 0.321
B u=1413 D, —4.325 (5) 0.445 0.126 0.000 0.159
C u=1418 D, - 4.249 (6) 0.659 0.244 -0.147 0.804
1y A u=0.397(1/7) — 0.848 (7) 0.292 0.194 -0.082 0.312
B u=0.547(1/n) — 1.150 (8) 0.331 0.170 0.082 0.203
1/Gap A u=0.277(1/G) - 0.891 (9) 0.531 0.176 0.000 0.247
B 1=0.214(1/G) - 0.687 (10) 0.294 0.123 0.000 0.180

Fits are performed for the 34 solvents in Table I of Ref. [24]

A all data, B without outliers, C without outliers, D,
mean error, RMSD root-mean-square deviation

«urf ON charged areas only, MAE mean absolute error, ME

Figure 2 shows a broadly consistent relation between computed and experimental val-
ues: solvents that are “soft” by the Marcus scale have large computed surface overlap dis-
tance D, and large computed global softness 1/7. Chemically, the “softness” measured by
the Marcus u-scale is broadly consistent with “softness” as envisioned by conceptual DFT.
Moreover, this softness is an intrinsic property of the molecules in question, such that the
global softness 1/5 computed for an isolated solvent molecule is broadly predictive of its
Marcus u in a condensed phase.

Additional chemical insight comes from the four outliers in Fig. 2: ammonia, water,
N-methylthiopyrrolidinone (NMTP), and N,N-dimethylthioformamide (DMTF). These
are by the Marcus scale softer than expected given their global hardness and D, val-
ues. These outliers are not the result of an “error” in the computed values, rather they
are an important indication of these specific solvents’ “special” coordination chemistry
i.e. Ag*, Na* and K* may undergo coordination with these solvents in addition to dis-
solution. Sandstrom and coworkers [35] found that ammonia, NMTP, DMTF, and water
were major outliers in an otherwise reasonably linear relation between the u and Dg
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scales. These are visible as labeled points 70, 73, and 76 in Ref. [35], Fig. 6¢. These
authors rationalized the results for water in terms of its coordination to the Marcus
probe ions. Experimentally, aqueous solutions of Ag* show four loosely coordinated
water molecules, whereas aqueous solutions of Na* and K* show higher coordination
numbers [35, 78]. While those authors did not explain the chemistry behind the other
outliers, the fact that our calculations reproduce the “special” experimental behavior of
these solvents is encouraging. Omitting these four outliers significantly improves the
correlation between measured and computed values. The best fit to 4 comes from aver-
aging the orbital overlap distance over charged regions of the molecule surface, i.e.,
those points r on the surface possessing molecular electrostatic potential I1V(r)I>0.04
a.u. This technique reduces contributions from neutral alkyl chains, which are likely not
much involved in the differential coordination of Ag* vs. Na* and K*.

We next consider the estimated Marcus u-values of 60 additional solvents, reported
in Table 2 of Ref. [24], and evaluate them from either a linear fit to Dg or the difference
between the By, 4 and B, measures of hard and soft basicity. Figure 3 plots u vs. the
computed surface-averaged orbital overlap distance Dy, Cases where the two spec-
troscopic measures of u “grossly disagree” are plotted as asterisks. Figure 3 provides
additional insight into the chemistry of the relation between orbital overlap distance
and Marcus’s u. Solvents with large experimental y values invariably possess large
D¢ For example, every solvent with D, ;< 1.69 A has 4 <0.3, and every solvent with
Dy, <1.73 A has 4 <0.8. Supporting Information Fig. S4 shows that this trend does not
hold as well for global softness 1/Gap, which proves to be somewhat worse than D at
predicting these u values.

Chemically, solvents with small experimental x4 values tend to have smaller D,
consistent with compact regions of small orbital overlap distance. Solvents that combine
a small Marcus u with a large D, tend to be weakly coordinating. For example, ben-
zene, tetrahydrofuran, acetonitrile, and benzonitrile have one of the two spectroscopic
measures assign u <0, and all have relatively large D, > 1.69 A.

Fig.3 Correlation between 1.80
Marcus’s p-scale and mean Dy ¢ E g b
of solvents mentioned in Table 2 F . 4 ; . .
of Ref. [24]. Asterisks show 175F * . ¢ .
those data points where the two F s . i : s .
spectroscopic measures of j * . g . .
"grossly disagree" _ * 1 . s s
< 1.70F $ . o
T | % S ¢
Qo .
§ g ° *
S 165F
L L]
1.60F %
R S S S
SIS R I N ; SN
S &N '}'\ >
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3.2 Extension to Other Empirical Solvent Scales

We next consider whether the computed electronegativity and global softness, or computed
D+ and surface-averaged electrostatic potential V., can be predictive for other solvent
scales. Table 2 shows fits of the empirical y, Dg, and DN scales. Fits are to 26 different
solvents for which u, Dg, and DN are well-known (Ref [35]). All computed and experimen-
tal values are in the supplementary information Table S2. The results in Table 2 are again
instructive. The combination of D, and V does a better job of modeling the Marcus
u scale, giving a RMSD lower than the corresponding fit to electronegativity and global
softness. In contrast, electronegativity and global softness give somewhat smaller RMSD
values for the Dg and DN scales. Hardness and orbital-overlap descriptors are relatively
more important for modeling the u scale. Considering first the fits to V,; and D, the
best-fit coefficient of V. is 40-150 times that of D for the Dg and DN scales, but only
four times that of D for the u scale. Similarly, for the fits to electronegativity and global
softness, the best-fit coefficient of electronegativity is 20-2800 times that of global soft-
ness for Dg and DN scales, but only two times that of global softness for the u scale. This is
consistent with the suggestion that Dg and DN quantify a solvent’s "soft donor ability", i.e.
these scales are based on the soft acceptor molecules HgBr, and SbCls respectively [35],

whereas p quantifies a solvent’s relative soft vs. hard donation.

3.3 Variations in Surface Overlap Distance

Figure 1 shows how the orbital overlap distance effectively differentiates regions of a mol-
ecule surface dominated by compact vs. diffuse orbitals. Accordingly, variations in the
orbital overlap distance across a surface (RMSD D) should provide information about
the variety of solvating interactions available. Figure 4 plots the mean D, ; vs. RMSD D
values of 34 solvents in Table I of Ref. [24].

Molecules which have both hard and soft regions on their molecular surface exhibit
large value of RMSD D, . Table S1 shows the calculated RMSD D, for a number of
solvents. Solvents like mercaptoethanol, DMSO and N-methylformamide have large value
of RMSD D¢, which compliments their ability to dissolve a variety of hard or soft sub-
stances. Similarly, 2,2,2-trifluoroethanol, propylene carbonate and 1,2-ethanediol also
show large values of RMSD D, which explains their versatile solvating ability. Solvents
like water, ammonia, tetrahydrothiophene, acetonitrile and 1,1-dichloroethane have rela-
tively small values of RMSD D, which is in accordance to their ability to dissolve only
limited substances of specific hard/soft nature. Water, having a hard oxygen atom with lit-
tle variations on Dy, have small value of RMSD D, ;, whereas alcohols have higher value

surf

surf> surf>

Table 2 Linear fits of

F 1 RMSD HS
experimental y, Ds and DN ormua

solvent scales to computed D, —195D -~ 717V —6.02 0.622 4

Viure and global softness 1/57 and n== surf = 7+ 70 Psurf T '

electronegativity y of 26 different Dg=65.0 Dy — 2651 Vi =177 0.276 40

solvents DN=21.5Dg,;—3328 V ;- 33 0.417 154
u=0.26/n-0.48 y—0.41 0.707 2
Dg=-0.11/n-313 y+71.9 0.245 2800
DN=-15.3/n—-413 y+130 0.366 27
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Fig.4 Correlation between mean 1.80 TV
D, and RMSD D ; of solvents [ ® o DMTF
mentioned in Table 1 of Ref. | ® .
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compared to water and RMSD D, increases with increase in the number of carbon atoms.
Both acetone and 1,2-dichloroethane have the same value of x4 and nearly equal values of
mean D, but the large RMSD D of the former compound explains its large dissolving
ability compared to other one.

3.4 Applications to lonic Liquids

We used the obtained best linear fitting model (Eq. 6 of Table 1) to predict the y values
for selected 20 ionic liquids (ILs). Table S3 (SI) lists the full names of these ILs. Table 3
shows the predicted values along with mean D and RMSD D values of each ionic
liquid system. The table indicates that the anionic part plays a fundamental role in control-
ling the softness of the ionic liquid. Ionic liquids having [Br] and [CI] as anions have large
values of y, indicating their chemical softness, whereas those ILs which combine hard ani-
ons [CF;S0;] and [PF,] have small 4 values owing to their chemical hardness. Similarly,
ILs with the [MeSO,] anion shows intermediate value of . For the same anion, the cations
[N; | ;6] and [C,py] impart large p values to ionic liquids compared to the [emim] and
[mPhim] cations. Table 3 shows that RMSD D, increases with decrease in mean D
value where ionic liquids having hard anions and small u values show large RMSD D
This shows that hard ILs have large solvating abilities.

Both theory and experiments suggest that ions of ILs can exist in multiple conforma-
tions [79, 80]. To quantify the variations in mean D, and RMSD D¢ values due to dif-
ferent conformations, we calculated these quantities for two conformations, trans—trans
(TT) and gauche-trans (GT) of 1-butyl-3-methylimidazolium [81], as an illustration. Fig-
ure 5 shows that mean D is same for both conformations, which suggests that confor-
mational changes do not have a profound effect on the chemical softness of ILs. Similarly,
RMSD Dy, also shows insignificant variation with conformational changes, which estab-
lishes that the solvating ability is not significantly affected by conformational equilibria. It
can be inferred from these results that the reported method to estimate u is equally valid for
all the adopted conformations of solvent molecules and the optimized geometry of a single
conformation gives a reliable estimate of u for all other conformations.

surf

surf*
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;:rblz; Ctzr;?;;tiecdﬁ/:l :iﬁ:.e;uu Tonic liquid Mean D,,; (A) RMSD D,,;(A) Predicted

names (?f ILs are pr(.)vided in the [N, l[Br] 1785 0.065 0.536

supporting information
[Copyl[Br] 1.773 0.083 0.503
[N, ;,6l[CI] 1.766 0.044 0.486
[emim][Br] 1.766 0.094 0.484
[mPhim][Br] 1.763 0.089 0.478
[C,pylICl] 1.748 0.056 0.436
[mPhim][CI] 1.742 0.067 0.421
[emim][Cl] 1.741 0.070 0.419
[Ny ¢l[MeSO,]  1.705 0.094 0.321
[mPhim][MeSO,]  1.680 0.093 0.255
[C,pyl[MeSO,] 1.674 0.090 0.239
[emim][MeSO,] 1.671 0.094 0.230
[N, ;16l[CF;SO;] 1.663 0.133 0.209
[N} ;1 6l[PFl 1.647 0.159 0.166
[mPhim][CF;SO;] 1.636 0.126 0.137
[C,pyl[CF;S04] 1.623 0.125 0.101
[emim][CF;S0;]  1.621 0.126 0.096
[mPhim][PF¢] 1.617 0.151 0.086
[C,py][PF] 1.599 0.152 0.038
[emim][PF] 1.598 0.152 0.034

Fig.5 Optimized geometries and

claculated mean Dy, and RMSD /
Dy, of two 1-butyl-3-methylimi- "
dazolium conformations

Mean Dy, =1.7291 A
RMSD D= 0.0616 A

Trans-trans conformation

Mean Dy, = 1.7289 A
RMSD D,,+= 0.0634 A

Gauche-trans conformation
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We end by predicting the u values for binary ILs/cosolvents systems by considering
water and DMSO as cosolvents for 25 ionic liquids systems. Table 4 presents the calculated
u values for pure ILs, ILs/water and ILs/DMSO binary systems. For all ILs, the addition
of water results a decrease in the y values and for ILs [N, ; ; ,OH][BF,] and [N, ; ; ,OH]
[NTf,] it becomes negative. Whereas, the addition of DMSO results an increase in the y
values for most of ILs. In some cases, the addition of DMSO as cosolvent imparts insig-
nificant variations to the predicted y values which can be attributed to the combined mean
Dy, of IL components being comparable to that of DMSO. These results compliment the
experimental findings about dissolution of cellulose in some ILs, which demonstrate that
the addition of DMSO to ILs/cellulose system enhances the solubility of cellulose, whereas
the addition of water or ethanol precipitate cellulose from these systems [82—84].

4 Conclusions

Our orbital overlap distance D(r) distinguishes the chemically hard and soft regions on
the surface of a molecule; hence we related the mean D value to the chemical softness/
hardness of solvent molecules. We proposed a method to estimate the Marcus’s y values
of solvent softness by fitting ¢ with the calculated mean D, We showed that both the
mean D, and global softness provide reasonable estimate of solvent softness. The sur-
face variation of D(r), i.e. RMSD D, is related to the solvation ability of solvent where
large RMSD D¢ values show that the solvent can dissolve both hard and soft solutes. We
reported the extension to some other scales of “solvent soft basicity”. We used the pro-
posed method to predict Marcus u values for ILs and IL/cosolvent systems.
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