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THE BIGGER PICTURE Lithium (Li) has become one of the most well-known elements due to its wide appli-
cations in various fields, especially Li batteries. This leads to the intense research attention to Li chemistry
and its bonding nature. Li shares the most authentic similarity with hydrogen (H) in the electronic structure
among all the elements on the periodic table. The Li bond was therefore proposed as an analog of the H
bond. However, the nature of the Li bond and the difference between the Li bond and Li ionic bond are far
from clear.
Herein, we characterized the Li bonding chemistry in Li battery electrolytes by nuclear magnetic resonance
spectroscopy. The Li bond and Li ionic bond were identified according to inverse 7Li chemical shifts with
increasing bond strength. An electron localization effect and electrostatic interactions were found to domi-
nate in these two bond types. This work affords a clear identification of the Li bond and Li ionic bond, contrib-
uting to the development of Li chemistry.
SUMMARY
Lithium (Li) chemistry has been a significant branch of modern chemistry due to its wide and critical applica-
tions, such as Li batteries. Similar to the hydrogen (H) bond, the Li bond is the central topic of Li chemistry, but
its nature is far from clear. Herein, the fundamental chemistry of the Li bond is systematically investigated,
taking Li battery electrolytes as an example. Specifically, the Li bond and Li ionic bond can be differentiated
according to nuclear magnetic resonance spectroscopy as 7Li chemical shifts exhibit a downfield and upfield
shift, respectively. The downfield shift indicates an electron localization effect of the Li bond beyond electro-
static interactions, which mainly dominate the ionic bond. Bond and electronic structure analyses further
verify the difference between these two bonds. This work establishes principles to identify the Li bond and
Li ionic bond, which contribute to Li chemistry and related applications, such as Li batteries.
INTRODUCTION

Lithium (Li) chemistry has become a significant branch of mod-

ern chemistry and has bred many momentous applications,

including the Li battery, Li grease, Li medication, and nuclear

reactions (Li deuteride).1 As a milestone in the history of Li

chemistry, the Li bond was proposed in 1959 by Shigorin and

was considered as an analog of the hydrogen (H) bond due

to the notable similarity between Li and H elements.2–4 Despite

similarities, the metallic nature of Li can afford the Li bond

considerable ionicity, which is different from the H bond with

a partial covalent bond nature (Table S1).5,6 This gives rise to

the mystery of the Li bond, especially that the principle of differ-

entiating it from the conventional Li ionic bond (hereinafter

referred to as ionic bond) is not yet established and remains
All rights are reserved, including those
a huge challenge. Meanwhile, the Li bond attracts great interest

due to the increasingly important role of Li-related technologies

currently.

Li battery, which is one of the most prevalent applications of

the Li element, provides an arena for the fulfillment of the Li

bond. The introduction of the Li bond into Li battery studies

dates back to the 2010s.7–16 A Li bond can form between a

Li center and electron-donating atoms belonging to electrolyte

species or electrode surfaces in batteries. Zhang and co-au-

thors conducted a comprehensive study on such a bond in

Li–sulfur batteries, and the Li bond was suggested as a

dipole-dipole interaction in this case.17 However, the nature

of the Li bond and its distinctions from the ionic bond are

still ambiguous to afford a deep insight into this chemical

bonding.
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Figure 1. Lithium bond and lithium ionic bond analysis based on the interactions between Li and O atoms of 1,2-dimethoxyethane and

bis(fluorosulfonyl)imide anion

(A) Schematic of the ionic and Li bond transition.

(B) Change of 7Li chemical shift with bond energy between Li and O atoms of bonding species, i.e., DME or FSI�. The labels M and N indicate the respective

number of DME (M) and FSI� (N), and the numbers in brackets represent mono- (1) or bi-dentate (2) of each bonding molecule.

(C) Change of 7Li chemical shift with the bond length between Li and O atoms of coordinated species.

(D) Deformation factor of the electron localized function (ELF) around Li at an isovalue of 0.5.

(E–H) Visualized ELF in (E) Li+, (F) Li+-DME, (G) Li+-DME–FSI�, and (H) Li+-DME2–FSI
� structures. Atomic color: H, white; Li, violet; C, gray; N, blue; O, red; F, cyan;

and S, yellow.
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In this contribution, the principles of identifying the Li bond are

established by a comprehensive investigation of Li-centered

clusters in battery electrolytes, including the analyses of the 7Li

nuclear magnetic resonance (NMR) spectroscopy, bond energy,

bond length, and electronic structure. The Li atom interacts with

oxygen (O) atoms from electrolyte solvents or anions, forming

the Li bond and ionic bond at low and high coordination number

(CN) conditions, respectively (Figure 1A). The strengthening of

the Li bond induces a downfield shift of the 7Li NMR signal, which

is consistent with the case of the H bond. The spatial deforma-

tion of the Li electronic structure caused by O atoms proves to
2 Chem 11, 102254, January 9, 2025
be responsible for such a trend, indicating the electron localiza-

tion effect of the Li bond. For the ionic bond, the 7Li peak shifts

reversely due to the domination of electrostatic interactions.

Notably, anions produce a stronger shielding effect compared

with neutral molecules, giving rise to the overall upfield shift of

the NMR peak with growing interactions between Li and anions.

Our work reveals the fundamental difference between the Li

bond and ionic bond: the former embodies a more significant

electron localization feature than the latter. This sheds light on

the distinctive properties of the Li bond and ionic bond and pro-

motes the development of Li chemistry.
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RESULTS

Strong electron-donating atoms such as nitrogen, O, and fluo-

rine usually serve as the H bond acceptor, likewise for the Li

bond. Considering the much more frequent interactions

observed between Li and O than those between Li and the other

two elements in Li battery electrolytes, 1,2-dimethoxyethane

(DME) and bis(fluorosulfonyl)imide anion (FSI�) interacting with

Li by their O atoms are selected as representative bonding spe-

cies. Models of one Li-ion coordinating with a total of 1 to 6

atoms from either DME or FSI� are constructed since the large

radius and metallic nature of Li allow it to bond at most 6 atoms

(Figure S1). Also inspired by the characterization of the H bond,
7Li NMR spectroscopy is adopted to probe the Li bond and ionic

bond.18

The bond energy of Li and O atoms gradually rises when CN

increases from 1 to 6, regardless of bonding molecules (Fig-

ure S2). However, the 7Li chemical shifts in NMR exhibit a vol-

cano trend with both the bond energy and CN (Figure 1B). The

chemical shifts of 7Li shift downfield at the initial increase of

CN from 1 to 4, along with the growing bond energy. The less

shielded 7Li nucleus as the bond becomes stronger resembles

the characteristic of the H bond.19,20 The 7Li signal subsequently

shows an upfield shift with the increase of CN from 4 to 6 and the

bond energy. A similar volcano relationship can be observed

wherein the average Li–O bond length takes the place of the

bond energy (Figure 1C). Specifically, the chemical shifts of 7Li

demonstrate a downfield shift followed by an upfield shift as

the bond length increases. It should be noted that a larger

bond energy corresponds to a longer bond length. Li can bind

with more than 1 atom, and the NMR spectroscopy character-

izes the effects caused by all the species around the Li center.

In this case, the ‘‘bond’’ here, which considers all Li–O bonds

to accord with the NMR situation, and the traditional bond be-

tween only two atoms have a twist on the meaning. The longer

the average bond length, the weaker the average bond energy,

and the larger the overall bond energy due to more binding spe-

cies (Figure S3).

It is generally acknowledged that the chemical shifts in NMR

spectroscopy are primarily determined by the electronic environ-

ment around the observed nucleus, especially the electron

density. The atomic charge based on the natural bond orbital

analysis (NBO charge) is used to probe this quantity of the Li nu-

cleus (Figure S4). The NBO charge of Li becomes negative

monotonously with increasing CN, suggesting a growing elec-

tron density around Li ought to induce a stronger shielding effect.

This, however, is not consistent with the deshielding of Li at CN

of 1 to 4. Besides the electron density, the NMR shielding tensors

depend on the kinetic energy density under the framework of

density functional theory.21,22 A deformation factor (f) of the

electron localization function (ELF) around Li, which can afford

the kinetic energy density information with the elimination of ef-

fects caused by electron density, is therefore defined (see details

in experimental procedures).23 It is worth noting that ELF is also

determined by electron spins, and the shielding on the nucleus is

highly dependent on electron spins as evidenced by distinct 17O

chemical shifts of singlet and triplet O2 (Figure S5). Therefore, the

ELF and its deformation are in close relation to the electronic
environment around Li to rationalize its chemical shift change.

The f of ELF of the bare Li-ion is almost unity (1.005) correspond-

ing to a ‘‘perfect’’ baseline of kinetic energy density and electron

spins, whereas a larger deviation of f from this value signifies a

more prominent variation of the electronic environment aroused

by bonding species (Figures 1D–1H). As CN increases from 1 to

4, the f increases from around 1.015 to over 1.020, and that in

the Li–DME2(2+1) structure even exceeds 1.031 (Figures 1D, 1F,

and 1G). The significant change of ELF delivers a weaker shield-

ing effect compared with the perfect distribution, and hence the

Li nucleus is less shielded despite the more negative charge and

higher energy density. The values of f then fall back to be close

to unity at CN of 5 (around 1.016) and 6 (around 1.013), where the

electron density prevails over the change of kinetic energy den-

sity and electron spins, resulting in a strong shielding effect and

the upfield shift of the 7Li chemical shift (Figures 1D and 1H).

Considering the two distinct trends of the 7Li chemical shifts,

the Li–O interactions are classified as the Li bond and ionic

bond in the deshielding and shielding regions, respectively. A

tipping point with a CN of 4 is observed to differentiate these

two bonds. On the one hand, the Li nucleus in the ionic bond

is shielded by electronegative O atoms due to dominating elec-

trostatic interactions, while the Li bond delivers an electron

localization effect as evidenced by the change of kinetic energy

density of Li due to bonding atoms. This effect outperforms the

shielding effects from electronegative O atoms and produces a

deshielding effect on Li. On the other hand, the bond energy

and length of the ionic bond in the Li2O crystal, which are

3.47 eV and 2.01 Å, respectively, precisely separate the Li

bond and ionic bond.24 This further validates the boundary of

these two bond types.

Moreover, O atoms from the neutral DME and anionic FSI� in-

fluence the Li–O bond properties diversely. The chemical shifts

of 7Li in structures with more O atoms from FSI� are located up-

field in comparison to those with more DME atoms, indicating

that the anion can induce a stronger shielding effect on the Li nu-

cleus than the neutral molecule can (Figure 2A). Nevertheless,

the NBO charge analysis shows DME molecules contribute

more greatly to the negative charge of Li than FSI� (Figure 2B).

The smaller f of ELF caused by FSI� than DME rationalizes

this, as a smaller f corresponds to a stronger shielding effect

(Figure 2C). Hence, attention should be paid to the electron dis-

tribution instead of merely focusing on the charge on Li atoms.

Beyond the microscopic characterization of the Li bond and

ionic bond based on the Li+-DME/FSI� interaction models, the Li

bonding chemistry is explored at the electrolyte level. The 1.05,

2.01, and 4.02 M LiFSI in DME electrolytes (hereinafter referred

to as LC, MC, and HC, respectively) are considered (Figures 3A–

3C).25 The FSI� anion has a higher probability of bonding Li with

a rising LiFSI concentration (Figures 3D–3F). Simultaneously, sol-

ventmolecules are less involved in the coordinationwith Li as indi-

cated by the decreasing proportion of solvation shells with more

thanoneDMEmolecule (FigureS6). In the LCelectrolyte, the num-

ber of anions bonding each Li-ion ranges from 0 to 4, and corre-

sponding structures account for 2.0%, 23.1%, 46.5%, 25.3%,

and 3.1%, respectively, in all existing structures (Figure 3D). The

structure distribution of the MC electrolyte is similar to that of the

LC one, but the proportion of Li–FSI�x (x = 3 and 4) grows by
Chem 11, 102254, January 9, 2025 3



Figure 2. Diverse effects of the neutral DME and anionic FSI� on the Li–O bond properties

(A) 7Li chemical shift of Li in different bonding structures with different coordination numbers. DME R FSI� corresponds to structures where the coordination

number contributed by DME is larger than or equal to that by FSI�, while DME < FSI� is the opposite.

(B) NBO charge of Li in different bonding structures.

(C) Deformation factor of the ELF around Li at an isovalue of 0.5 in different bonding structures.
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12.1% (Figure 3E). The structures of Li–FSI�5 emerge in the HC

electrolyte at a percentageof 9.7, and the proportion of Li interact-

ingwithmore than2FSI� keeps increasing to63.4%relative to the

LC and MC electrolytes (Figure 3F).

The NMR signal of each Li in the electrolyte will contribute to

the ultimate signal of this system. Consequently, the 7Li chemical

shifts in different bonding configurations are all characterized

(Figure S7, see details in experimental procedures). The 7Li

chemical shifts deliver a general downfield trend with the
4 Chem 11, 102254, January 9, 2025
growing bond energy, which conforms with the feature of the

ionic bond. This trend can also be inferred from the CN of Li.

Those Li, whose CN is larger than 4, occupy nearly 100% of all

Li in electrolytes regardless of the salt concentration (Figure S8).

Only around 2.4% Li bonds are observed in the HC electrolyte

while negligible Li bonds exist in the LC and MC electrolytes.

However, the Li bond is involved in the solvation and desolvation

process of the Li-ion, which therefore probably plays a signifi-

cant role in regulating the Li-ion transport (Figure S9). All
Figure 3. Li bonding analysis based on

low-, moderate-, and high-salt-concentration

DME/LiFSI electrolytes

Three electrolytes are denoted as LC, MC, and HC,

respectively.

(A–C) Snapshots of molecular dynamics (MD) sim-

ulations on (A) LC, (B) MC, and (C) HC DME/LiFSI

electrolytes.

(D–F) Bonding structure distributions of (D) LC, (E)

MC, and (F) HC DME/LiFSI electrolytes. 0 to 5

represent the number of anions bonding each Li.

(G and H) (G) Theoretical and (H) experimental NMR

spectra of LC, MC, and HC DME/LiFSI electrolytes.
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chemical shifts are then averaged to produce the final result of

each electrolyte. Following the FSI� bonding Li to a greater

extent in the sequence of LC, MC, and HC electrolytes, the 7Li

NMR shifts upfield from �0.49 to �0.53 and �0.61 ppm given

that FSI� anions induce a stronger shielding effect than DME

molecules do as mentioned previously (Figures 2A and 3G).

This theoretically predicted trend of NMR chemical shifts is

further validated by the experimental measurement. In detail,

experimental chemical shifts of 7Li in LC, MC, and HC electro-

lytes are 4.55, 4.47, and 4.43 ppm, respectively. More anions

participate in the solvation shell of Li+ with the increasing salt

concentration, and the central Li+ gets more shielded to show

a consistent variation trend with theoretical calculations. These

results guarantee the reliability of our theoretical insight into

the bonding of Li and its dependence on actual structures of

electrolytes (Figure 3H).

DISCUSSION

The Li bond and ionic bond are characterized in detail in our work

by the bonding between Li andO atoms of routinemolecules in Li

battery electrolytes. These two bond types can be distinguished

from each other according to distinct responses of the Li nucleus

in the NMR spectroscopy. In detail, 7Li chemical shifts shift

downfield and upfield in the Li bond and ionic bond, respectively,

with the increasing bond energy, and the Li bond behaves

resembling the H bond. Especially, the noteworthy deformation

of the ELF around the Li atom induced by bonding atoms corre-

sponds to a strong electron localization effect of the Li bond as

opposed to the ionic bond controlled by electrostatic interac-

tions. The nature of the Li bond is therefore unveiled, affording

a fruitful insight into the Li bonding chemistry. In addition, Li

and its bonding atoms will experience dynamic evolutions in

electrolytes with fluctuating bond features. The Li bond provides

a metastable state with comparable energy with that of the ionic

bond, probably favoring the faster transport of Li in electrolytes

than in Li-containing solids.26–28 The significance and applica-

tions of the Li bond deserve further exploration. Studies on the

bonding between Li and other atoms such as nitrogen and fluo-

rine are also needed to conclude a universal principle of the Li

bond and fulfill the Li chemistry.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will

be fulfilled by the lead contact, Qiang Zhang (zhang-qiang@mails.tsinghua.

edu.cn).

Materials availability

This study did not generate new, unique reagents.

Data and code availability

The data that support the findings of this study are available within this article

and its supplemental information. Additional data are available from the corre-

sponding authors upon reasonable request.

7Li and 17O chemical shift

Both DME and FSI� can interact with the Li atomby 1 or 2O atom(s), and there-

fore possible bonding structures were constructed (Figure S1). These struc-

tures were optimized by Gaussian 16 using Lee-Yang-Parr correlation func-
tional (B3LYP) at a basis set of 6–311++G(d,p) with the solvation model

based on solute electron density (SMD) implemented with DME parameters

(dielectric constant = 7.2, solvent radius = 4.19 Å) considered.29–31 NMR

shielding tensors of 7Li in optimized structures were obtained at the same

calculation level. The NMR shielding tensor of Li in Li+–(H2O)3 was selected

as the reference, which is also commonly used as the reference in experi-

mental NMR characterizations. Therefore, 7Li chemical shift equals the shield-

ing tensor of Li in Li+–(H2O)3 minusing that of Li in different bonding structures.

Bond energy

The Li bonding structures were optimized, and their energies were calculated

first at the level mentioned above. The Li nucleus was then deleted from each

structure to calculate the energy of species bonded to Li. The bond energy be-

tween the Li nucleus and its bonding species was defined as follows:

Bond energy = ELi--DMEx--FSI�y
� ELi � EDMEx--FSI� y

(Equation 1)

where ELi--DMEx--FSI�y
, ELi, and EDMEx--FSI�y

(x = 0, 1, 2, and 3; y = 0, 1, 2, and 3)

represent the total energy of the Li–DME and/or FSI� bonding structures, Li nu-

cleus, and DME and/or FSI�, respectively.

Bond length

The lengths of all Li–O bonds in an optimized Li bonding structure were

measured and then averaged to produce the bond length of the corresponding

structure.

Deformation factor

The ELFs of Li in optimized Li bonding structures were analyzed by Multiwfn

(Ver. 3.8dev).32 f was defined as follows:

f =
ALi

ASphere

(Equation 2)

where ALi denotes the surface area of ELF around the Li nucleus at an isovalue

of 0.5 and ASphere the surface area of a sphere with the same volume as ELF.

MD simulation

Molecular dynamics (MD) simulations were conducted using the large scale

atomic/molecular massively parallel simulator (LAMMPS) code (ver. 29 Sep

2021).33 Three electrolyte models containing 200 LiFSI pairing with 1640,

760, and 280 DME molecules were constructed, respectively, corresponding

to the LC, MC, and HC electrolytes. Parameters of DME were adopted from

the optimized potentials for liquid simulations-all atom (OPLS-AA) force field

except for using the advanced restrained electrostatic potential (RESP2)

atomic partial charges obtained based on electrostatic potential (ESP) charges

using Multiwfn (ver. 3.8dev).32,34–36 Parameters of Li+ and FSI�were from Jen-

sen et al. and Lopes et al., respectively.37,38 The initial atomic coordinateswere

generated with PACKMOL (ver. 20.010), and the MD snapshots were visual-

ized with VESTA (ver. 3.5.7).39,40

Firstly, all electrolyte models were equilibrated in an isothermal-isobaric

(constant NPT) ensemble using the Parrinello-Rahman barostat for 2.0 ns to

maintain a temperature of 298 K and a pressure of 1 atm. After that, the elec-

trolytes were heated from 298 to 450 K within 0.5 ns, maintained at 450 K for

1.0 ns, and then cooled from 450 to 298 K within 0.5 ns, followed by equilibra-

tion at 298 K for another 4 ns. A 7 ns production run was finally conducted in

the canonical (constant NVT) ensemble under the Nose–Hoover thermostat.

The final 5 ns were sampled to analyze the Li bonding structures. All Li bonding

structures in the very last 1 fs of each simulation were extracted to calculate

the 7Li chemical shifts without structure optimization and to produce the

NMR results of LC, MC, and HC DME/LiFSI electrolytes.

Experimental NMR spectroscopy

LiFSI was dissolved in DME to produce 1.0, 2.0, and 4.0 M DME/LiFSI electro-

lytes, corresponding to the LC, MC, and HC electrolytes, respectively. The

experimental 7Li NMR spectra were recorded at 155.5 MHz using a JNM-

ECZ400S system at room temperature. For each system, 0.5 mL prepared
Chem 11, 102254, January 9, 2025 5
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electrolyte solution was injected into a 5 mm NMR tube, and the test was con-

ducted by scanning from �10 to 10 ppm each time and repeated 16 times. A

1.0 M sample of LiCl in H2O was used as the reference (0 ppm).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

chempr.2024.07.016.
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