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Abstract

The nature of electron localization in electrides is explored by examining their electrostatic features. Ab initio
investigations of three experimentally synthesized and two theoretically modeled organic electrides are performed in
order to unveil the characteristics of trapped electron and to understand the reason for their low thermal stability. Single
molecular unit of electride extracted from the crystal structure shows unusually deep minimum in its electrostatic
potential, located far away from its van der Waals surface. A comparison of electrostatic features of the usual electron
localization such as lone pairs has been drawn against those of the trapped electron in the crystal voids of electrides.
Further characterization of the MESP minimum brings out the isotropic behavior of the trapped electrons as compared to
the lone-pair minimum which is strongly directional. The analysis of single molecular behavior of electride has been
extended to the set of molecules in the unit cell of the crystal lattice. Present study also suggests the criteria for ligands to

achieve thermally stable organic electrides.

Introduction:

Organic electrides are stoichiometric ionic solids comprising of repeating units of certain supramolecular
complexants ligating alkali metal atoms in a crystal lattice. They are presumed to contain electrons, provided by the
valence ‘s’ orbital of the alkali metal atom, located in the crystal voids. Thus the alkali atom behaves as a cation, "
complexed by the ligands e.g. Cs'(15-crown-5)e”. Such trapped electron could neither be assigned to any
atom/molecule nor it is free electron cloud as in metals. The ligating structure is responsible for separation of alkali

metal cation from the trapped electron ensuring that they do not recombine.” These semi-isolated electrons in the
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voids endow the electrides with properties such as high magnetic susceptibility, high polarizability and very high
reducing character.’ Most of the organic electrides are observed to possess one-dimensional chain of electron
trapping cavities connected via narrow channels. This allows spin-spin antiferromagnetic coupling between
adjacent electron trapping.’ An analogous phenomenon of electron localization in voids is also seen in crystal
defects of alkali halides (such as KCI) also known as F-centers, wherein electrons are localized in anionic

vacancies.

Pioneering and extensive work on synthesis and analysis of electrides has been carried out by Dye and
coworkers. First crystalline electride, viz. Cs'(18-crown-6)e” was synthesized* in 1983 wherein the structure was
speculated on the basis of its properties. Later, in 1986, Dye and coworkers determined' its crystal structure using
X-ray diffraction. Such electrides fall under the category of organic electrides which generally possess very low
thermal stability and are operational below -30°C. It was only in 2005 that a thermally stable organic electride viz.

1> On the other hand, inorganic counterparts of electrides

Na'(tri-pip-aza-2.2.2)e” was synthesized by Redko et a
are known to be resilient towards high temperature. Matsuishi ef al.” synthesized a distinct inorganic electride, viz.

[CauAly044]" + (4€") wherein only four out of twelve vacancies in the unit cell contain trapped electrons.

Very few attempts have been made to theoretically justify the intriguing behavior of electrons in electrides
and factors governing their stability. Singh et al.® performed self-consistent local density functional calculations on
Cs'(15-crown-5)e” employing plane waves, for understanding their energy band distribution as well as electronic
and magnetic behavior. The localization of electrons in the voids was interpreted by plotting the isosurfaces of
density constructed using the wave functions at the center of the Brillouin zone. Although it was amusing to find
the self-consistent potential to be repulsive in the cavities, the localization of electron in voids was justified by
lowering of their kinetic energy. A similar attempt for understanding the behavior of all the known crystal
geometries of electrides was recently carried out by Dale et al.’ Valence band densities obtained from plane
wave/pseudopotential approach with periodic boundary condition were utilized by them to visualize the localized
regions of electron density in the voids. A related study has been performed by Taylor et al.'® wherein microscopic
structure of solvated electron in anionic water clusters has been explored through the topological analysis of
electron density. When the present article was being submitted for publication, a work'' reported the use of ELF
and Laplacian of electron density to justify the existence and provide the characteristics of electrons in molecular
electrides. It has attempted to generalize the category of molecules which may bear electride like properties,

distinctively the loosely held electron cloud, on the basis of their ELF and Laplacian values.

In the present article, we have performed electrostatic potential investigation of electrides on single
molecular units as well as entire unit cell extracted from crystal structures of experimentally synthesized organic
electrides. The scalar field of molecular electrostatic potential (MESP) and its topography has proved to be an
invaluable tool'>" for exploring the nature of electron localization in molecular systems. Extensive studies have

been performed employing MESP on various molecules, anions and radical systems to gain insights into their
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electronic distributions.'” A recent article' has shown that it is possible even to differentiate between various kinds
of electron localization such as lone pairs, aromatic clouds etc. by examining the eigenvalues and eigenvectors of
the Hessian of three dimensional field of MESP. Thus, in addition to a detailed knowledge of electronic bands and
their behavior in crystals obtained from previous DFT-based studies,®” a finer understanding of nature of electronic
distribution in electrides demands a scrutiny through such a scalar field. In the present article, we explore the
characteristics of trapped electron, including their comparison with lone pairs, and the reason for their low thermal stability.
We have also highlighted the electrostatic behavior of supramolecular complexants and their role in attaining the
trapped electron. Important features of molecular electron density (MED) and its topography are also briefly

discussed in order to gain deeper insights into electronic behavior of some electrides.

Theory:

Pioneering works on the scalar field of MESP was reported'? by Tomasi and Pullman who used MESP as a
tool for locating the sites of electrophilic attack. The usage of MESP as a descriptor of various chemical properties
such as bonding, chemical reactivity, etc. was carried on by Politzer et al.'>'* Later, extensive work on the
quantification of MESP'® and exploring its applications in most of the chemical phenomena'® have been performed

by Gadre and coworkers.

The MESP, V(r) generated by a molecule at a point r, is given by

J 4 p (')dr (1)
URD I il B ey

where first term in Eq. (1) is the positive potential generated by N nuclei with nuclear charges {Z,}, located at
{R4}, while the second one is the negative potential created by continuous electron density, p(r) centered at r. As
evident from Eq. (1), MESP can attain positive as well as negative values. The topographical features of MESP are
quantitatively brought out in terms of its critical points denoted as (R, c), where R is the rank of the corresponding
Hessian matrix, viz. and o represents the sum of sign of the eigenvalues. A CP is said to be non-degenerate if all the
eigenvalues are non-zero. The nondegenerate CP’s bear chemical significance regarding bonds and electron
localizations. A negative minimum in MESP, denoted as (3, +3) CP, vividly brings out the electron localization.
Additionally, the eigenvalues and eigenvectors of the Hessian at this CP allow one to characterize the nature of
localization viz. directionality and connectivity. Based on these criteria, lone pairs have been recently defined and
distinguished from the aromatic or hydridic electron localizations. A rapid change in the function (MESP) value,
indicated by numerically large eigenvalues provide the highly directional nature of lone pairs in comparison to
other pockets of localizations. The value of the MESP at the (3, +3) lone pair CP has proved to be a marker of its
strength and shows an excellent correlation with the interaction energies of various non-covalent interactions

involving lone pair.'”"®
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Although the scalar field of electron density fails to bring out the regions rich in electrons, the latter may be
studied through the Laplacian, L(r) = V°p(r), of the charge density, as well as the electron localization function
(ELF). A region with V?p(r) < 0 shows the local concentration of electrons whereas V>p(r) > 0 is indicative of
depletion.”® Although L(r) provides a detailed description of electron concentration and depletion, its full
topological analysis is formidable for large molecules. Popelier et al.*' have also pointed out the poor and
inconsistent correlation of L(r) values with the protonation abilities of the lone pairs regions. Another popular
descriptor of electron rich regions among theoretical chemists is the electron localization function (ELF) introduced
by Becke and Edgecombe.”” ELF has been currently in vogue for studying various bonding patterns, disposition of
lone pairs and aromatic clouds. A local maximum in the ELF function provides the position and the volume of the
basins are analysed for contribution of electrons to the pockets of electron localization. However, faithful mapping
of the function to the VSEPR model is still being developed.” In contrast, the uniqueness of MESP lies in the fact
that its topographical features are just rich enough to bring out chemically salient features, especially the electron
rich regions. More detailed comparison of various scalar fields and their capacity to bring out electronic behaviours

can be found in our recent article.'®

Methodology:

The quantum chemical calculations in the present work are performed using Gaussian09 suite of
programs®* on three geometries obtained from crystal structures'*> > viz. Li'(Cryptand-2.1.1)e” Na(tri-pip-aza-
2.2.2)e  and K'(Cryptand-2.2.2)e” and also on two theoretically designed electrides,”~° viz. Li"(Calix[4]pyrrole)e”
and Na'(Calix[4]pyrrole)e’. Mono-anionic complexants devoid of alkali metals have been subjected to similar ab
initio investigation. In order to understand the local and global nature of the trapped electron, the whole unit cell
geometry has also been examined through ab initio calculations. Since large concentrations of electrons are loosely
held by the molecular framework in these systems, the calculations are done at varying levels of theory viz. HF,
MP2 and DFT (B3LYP) employing 6-31++G(d, p) basis-set for examining the effect of electron correlation on the
electronic distribution. Topographical analysis of MED and MESP is carried out using the density matrices
obtained at corresponding quantum chemical level of theory. Rapid topography mapping Fortran code developed
recently by Yeole et al.’' has been employed for calculating the MED and MESP at grid points. Underlying
algorithm for the evaluation of MED and MESP is based on deformed atoms in molecules (DAM) procedure
proposed by Rico and Lopez et al.** The latter invokes the partitioning of scalar field into atomic contributions for

rapid and sufficiently accurate function- and gradient-calculation.

4 | J. Name., 2015, xx, X-X This journal is © The Royal Society of Chemistry 2015



Page 5 of 11 Physical Chemistry Chemical Physics
Physical Chemistry Chemical Physics ARTICLE

Results and Discussion:

The isolated molecular units of electrides are analyzed first in order to comprehend the individual
molecular contribution of electrons and its additive nature in the crystal lattice. Analysis is based on the results
obtained from MP2/6-31++G(d, p), as well as HF and B3LYP level of theory employing 6-31++G(d, p) basis-set.
Table 1 provides the distances of MESP minima from the metal atom and the associated MESP values obtained at
the above levels of theory. Figure 1 displays the negative MESP minimum, a signature of maximum electron
localization, wrapped around by relatively smaller valued negative isosurface for the various electrides studied. The
van der Waals surface of these electrides is textured by MESP values in the range -0.001 (blue) to 0.001 (red) a.u.

to distinctively bring out the corresponding negative and positive regions.

(a) (b) (©) @

Figure 1. Negative MESP minima (red dots) enveloped by negative (blue) isosurfaces of indicated values (in
kcal/mol), along with texturing of MP2/6-31++G(d,p) level MESP values [-0.001 (blue) to 0.001 (red) a.u.] on the
van der Waals surfaces of (a) Li'(Calix[4]pyrrole)e” (b) Li'(Cryptand-2.1.1)e” (c) Na'(tri-pip-aza-2.2.2)e” and (d)
K'(Cryptand-2.2.2)e". See text and Table 1 for details.

The unique feature emerging from Fig. 1 and Table 1 for electrides is the unusually distant localization of
electron from the van der Waals surface of the molecular unit. Although the source of electron is the valence s-
orbital of the alkali metal atom as indicated by previous studies,’ the distance between alkali atom and MESP
minimum is typically greater than 3 A for the experimentally investigated electride. However, the two theoretically
predicted electrides show relatively smaller separation. This engenders a physical picture that the ligand takes out
the electron from the alkali metal by providing the required ionization potential and puts it into the void space. The
large separation of electrons in the case of experimentally synthesized electrides (as compared to their theoretical
counterparts) reflects that this distant electron localization is indeed a criterion for the stability of electrides. For
example, Na'(tri-pip-aza-2.2.2)e’, thermally most stable electride obtained till now,” shows the largest separation of
electrons from the alkali atom. Consequently, large region of van der Waals surface of these molecules is seen to
carry a positive potential except for the case of Li'(Calix[4]pyrrole)e” (theoretical electride). The van der Waals
surface of Na'(tri-pip-aza-2.2.2)e” is found to be entirely positive, thus creating a charge dipole (cf. Figure 1 (c)).

Literature stresses on the complete encapsulation of the alkali metal by the supramolecular ligand for obtaining
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isolation of electrons in the voids. The low thermal stability of the organic electrides has been attributed to
reductive decomposition of the O-C ether linkage in crown ethers and cryptands with increase in temperature. The
thermal stability of Na'(tri-pip-aza-2.2.2)e is credited to its robust tertiary amine linkages. MESP analysis shows
that the ability of complexant to push the electrons far away leads to screening of such linkages viz. ether and

amine linkage, from the trapped electron.

Table 1. Locations and values of MESP minima in the isolated molecular units of electrides. Distances (D) from
the respective alkali metal atoms in A and MESP values (V) in kcal/mol. 6-31++G(d, p) basis-set used for all the

calculations. See text for details.

HF B3LYP MP2

Li*(Calix[4]pyrrole)e” 1.7 -584 1.6 -368 1.6 -46.3
Na'(Calix[4]pyrrole)e” 2.2 -58.0 2.1 -35.9 2.1 -45.7
Li"(Cryptand-2.1.1)e” 35 213 33 -9.0 33 232
Na'(tri-pip-aza-2.2.2)e’ 8.5 935 7.7 -2.0 8.5 -9.35
K'(Cryptand-2.2.2)e’ 69 -209 62 -5.2 60 -17.3

Another intriguing feature of electrides is the strength of these MESP minima. The MESP-derived point
charges show that alkali metal atoms are positively charged, in spite of which the negative potential value at the
(3,+3) CP in various electrides is found to be comparable to the MESP value associated to lone pair critical points.
As evident from Table 1, the MESP derived at varying level of theory differs considerably. Hartree-Fock
calculations lead to deepest MESP minimum, while the use of B3LYP functional numerically underestimates the
same. MP2 results lic between these two extremes, closer to HF and are more reliable as the exchange and
correlation interactions of electrons are proportionately treated. The theoretical electrides show unusually deep
minima compared to those for the synthetic ones, leads to a stipulation that the strength of electron localization, is
inversely related to stability of the electrides. As mentioned before, we have recently used the eigenvalues and
respective eigenvectors of the Hessian matrix at the (3,+3) CP to define and differentiate lone pair electrons from
delocalized electrons."® In both the cases of lone pairs and delocalized [Icloud, it was observed that one out of three
eigenvalues is quite large than the other two, differing in the orders of magnitude. For example, the eigenvalues (all
values in a.u.) of the CP associated to lone pair in H,O molecule are 0.13, 0.03 and 0.006. This brings out the
highly directional nature of these localizations. However, in the case of the CP associated with the trapped electron
in Li'(Calix[4]pyrrole)e” and Li'(Cryptand-2.1.1)e’, the eigenvalues (in a.u.) are (0.014, 0.012, 0.012) and (0.003,
0.001, 0.001) respectively. Comparable magnitude of these eigenvalues reveals the near-isotropic nature of these
localizations as compared to lone pairs. In other words, such trapped electron can barely be associated with any
specific atom in the nuclear framework. To summarize, the distant location, numerically small MESP values and

isotropically distributed electron cloud for the molecular unit are favorable criteria for obtaining stable electrides.
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Further, it is realized that the location of minima and its nature is actually determined by ligand structure
rather than alkali metal atom. This conclusion emerges by analyzing the nature of MESP topography of mono-
anionic ligating structure in absence of any alkali metal atom. It is observed that the location and nature of electron
localization is almost similar to its electride analog. The HOMO obtained from MO analysis for these anionic
counterparts also shows similar disposition except in the regions encapsulated inside the cavity of complexants.
Thus electron provided by alkali metal atom in LUMO of the neutral complexant largely dictates the MESP

features of these systems.

Figure 2. Negative MESP isosurfaces (with indicated values in kcal/mol) along with molecular unit of
(a) [Calix[4]pyrrole] (b) [Cryptand-2.1.1]" and (c¢) [Cryptand-2.2.2]". MESP values in (kcal/mol) generated using
MP2/6-31++G(d, p) level of theory are indicated for corresponding complexants.

Figure 2 displays negative MESP isosurfaces for the anionic complexant structures. Electrostatically, it is
intriguing to find a deep minimum located at such large distances from the anions. The separation of the negative
regions for these anions remains roughly similar as in the electrides. However, the values of these minima are
deeply negative due to the absence of positively charged alkali metal atom. The cavity of these anions also bears
large negative regions of potential which turn positive after complexation with the alkali atom. Figure 2 (¢) depicts
[Cryptand-2.2.2] which does not show distinct region of minima, because the negative potential created by lone
pair electrons on oxygen and nitrogen atoms merge with distantly located negative regions. These analyses clearly
indicate that the electronic properties of electride are mainly governed by ligating structure rather than the alkali
atom. Nonetheless, drastic increment in the negative values of MESP due to absence of positively charged alkali
metal atom brings out the fact that a ligand able to ionize a particular alkali metal atom may form electrides and

their qualitative properties will be almost independent of the alkali atom.

To figure out the reason behind the distant location of electron, the critical points of the corresponding
molecular electron density (MED) are mapped. Interestingly, an infrequent feature of the presence of non-nuclear

maxima'®*

is observed. These non-nuclear maxima are located in between the path joining alkali atom and MESP
minima (see supplementary information). Such non-nuclear maxima in MED were first reported for Li and Na

clusters by Cao et al.,** although they are scarce in complexes with single Li or Na atoms. An analysis of the same
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reveals the fact that maximization of electron density occurs at certain location where MESP is completely positive.
However, the negative MESP, being the cumulative effect produced by the electron density in a region of space and

the nuclear potential, shows up at a farther distance.

(C)) (b)

Figure 3. Negative-valued MESP isosurfaces of indicated values (in kcal/mol) in unit cell of (a) Li'(Cryptand-
2.1.1)e" along ¢ axis and (b) Na'(tri-pip-aza-2.2.2)e” along a axis, for a unit cell calculated at HF/6-31++G(d,p). See

text for details.

Further, MESP analysis is extended for studying the behavior of electride employing all the molecules
occurring in its unit cell. Such analysis has earlier been carried out using plane waves/pseudopotential with periodic
boundary conditions. Present work invokes quantum chemical investigation to probe the behavior of electrons in
the voids of the crystal lattice. Different electrides are found to possess varying number of molecules in a unit cell
of crystal lattice. Although it is expected that the properties at the boundaries of unit cell cannot be approximated
well by studying just one unit cell, still the cumulative nature of electron localizations can be compared and
correlated with the bulk property. 4b initio calculations at HF/6-31++G(d,p) level of theory, are employed to
extract density profile of the unit cell. Higher level calculations are formidable given the large number of basis-
functions involved. The density matrix thus obtained is employed to map the MESP features. Figure 3 provides the
MESP isosurfaces along with the unit cell orientation along the ‘c’ axis and ‘a’ axis for Li'(Cryptand-2.1.1)e” and
Na'(tri-pip-aza-2.2.2)e” respectively. Li'(Cryptand-2.1.1)e", comprising of six molecules in a unit cell, shows six
distinct electron localization regions having the MESP value in the range of -44 to -54 kcal/mol, situated in crystal
voids. On the other hand, Na'(tri-pip-aza-2.2.2)e” having four molecules in the unit cell, exhibits four regions of
trapped electrons in the crystal voids, with the MESP value of ~ -19 kcal/mol. Comparing the values with single
molecular unit at same level of theory indicates the cooperative effect of molecular units in enhancing the electron
concentration in the crystal voids. The trapped electron is indeed found to reside at the locations of crystal voids,
although the nature of the electron cloud is found to possess more anisotropy compared to those obtained from
single molecular unit. Similar anisotropic nature of electron density has also been observed through DFT-based

studies.
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Conclusions

Electrostatic analysis of electrides reveals their unique and intriguing features. The distance of MESP
minima from the van der Waals surface of electride molecule is one such unusual feature which is also
correlated to the stability of the electride. Another interesting feature is brought out by texturing of MESP
on the van der Waals surface, which shows that a large region of this surface carries a positive potential
indicating the stability of electrides. The MESP values of the distantly located minima are unusually deep,
almost comparable to lone pair electrons, in spite of the presence of positively charged alkali metal atom.
The distribution of such electron localization is found to be quite isotropic, which implies that it may not
be strongly associated with any atom in the molecular framework. Such electrostatic features endow the
electrides with very strong reducing property. The nature and location of electron concentration is mainly
governed by the type of the complexant whereas the alkali metal merely plays the role of providing the
electron. Scrutiny of MESP features of the molecules within a unit cell indeed show the electrons to be
trapped in the crystal voids and their MESP values are lowered drastically in the crystal due to the
cooperative effect of molecular units. In summary, the present work sheds light on the nature of electron
localization in experimental organic electrides, employing the tool of MESP, at both molecular level as
well as in the unit cell, and highlighting further the aspect of their stability. It may be hoped that the
molecular electrostatic potential offers a valuable tool for understanding and predicting the molecules for

the development of future electrides.
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