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A common approach to understanding surface reaction mechanisms in rechargeable lithium-based battery

systems involves spectroscopic characterization of the product mixtures and matching of spectroscopic

features to spectra of pure candidate reference compounds. This strategy, however, requires separate

chemical synthesis and accurate characterization of potential reference compounds. It also assumes that

atomic structures are the same in the actual product mixture as in the reference samples. We propose an

alternative approach that uses first-principles computations of spectra of the possible reaction products

and by-products present in advanced battery systems. We construct a library of computed Raman spectra

for possible products, achieving excellent agreement with reference experimental data, targeting solid-
electrolyte interphase in Li-ion cells and discharge products of Li-air cells. However, the solid-state
crystalline structure of Li(Na) metal-organic compounds is often not known, making the spectra

computations difficult. We develop and apply a novel technique of simplifying spectra calculations by

using dimer-like representations of the solid state structures. On the basis of a systematic investigation,
we demonstrate that molecular dimers of Li(Na)-based organometallic material provide relevant
information about the vibrational properties of many possible solid reaction products. Such an approach

should serve as a basis to extend existing spectral libraries of molecular structures relevant for

understanding the link between atomic structures and measured spectroscopic data of materials in novel

battery systems.

1. Introduction

Deployment of advanced next-generation battery systems has
now become an attractive topic of research, involving multiple
efforts that extend across academic and industrial laboratories.'
Technologies that are actively developed include battery cells
based on Li-ion materials, Li-sulfur, and Li-air. In every case the
cell needs to have an electrolyte that conducts ions between the
electrodes, and primarily organic electrolytes based on solvents
such as ethylene carbonate or propylene carbonate are used. It is
unavoidable that organic solvents come in contact and react with
Li-containing materials, forming a variety of substances that
significantly affect the performance and life of battery cells. Li-
air batteries in particular received a lot of attention recently,* °
due to the promise of very high energy density. The Li/O, battery
system (or Li-air battery) uses a lithium metal negative electrode
and a positive electrode that electrochemically reduces
atmospheric oxygen; hence the cathode active material is not
always stored in the battery. Recent studies demonstrated that the
oxygen anion species of the Li-air battery tend to react very
promptly with common carbonate-based electrolytes. As a result,
a variety of by-products are formed instead of the desired reaction
product which is lithium peroxide.* 7 The path towards
understanding these parasitic reactions and designing more stable
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solvents starts with clarifying the reaction by-products. Similarly,
in Li-ion intercalation batteries electrode passivation plays a key
role in the initial stages of battery operation. Typically a
spontaneous self-terminating reaction between an electrode and
the electrolyte forms an electrically insulating film called the
solid-electrolyte interphase (SEI), whose function is to
encapsulate and protect the electrode materials. This process is
still poorly understood, and is actively researched, with the goal
of better controlling the composition and morphology of the SEI
through inclusion of various additives and surfactants. Very
recently the class of Na-ion batteries has attracted interest in the
energy storage field as a potentially lower-cost and more durable
alternative to Li-ion batteries.’ As the research efforts are just
beginning, there is even less understanding than in the Li-ion case
of the SEI formation and electrode-electrolyte reactions taking
place in these advanced battery systems.

Common tools used to help with understanding of film-
forming processes are spectroscopic techniques such as Raman,
FTIR, NMR, XPS, etc. They have been used to investigate the
electrochemical reaction pathways and the composition of the
SEIs.'"""® In such studies it is common to involve direct chemical
synthesis followed by spectroscopy measurements of the possible
reaction products (as derived from theoretically proposed reaction
mechanisms) to decipher the contents of the SEI or discharge
reaction products of Li-air batteries. This strategy, however, is
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limited by the need of careful synthesis and purification of a
plethora of possible species resulting from the interaction of
electrodes and solvents. It is, therefore, crucial to develop a
database of the spectroscopic signatures of relevant organo-
metallic compounds that can be used to match the spectra
measured from electrode samples. Thus there is a need to explore
more efficient approaches that could expedite the characterization
of the species and building up of such libraries of fingerprints.

In this study, we elaborate on the possibilities of using first-
principles computations to expedite spectroscopic
characterization of possible reaction by-products in the Li- and
Na-based battery systems. Some efforts in this direction have
already been pursued;'> ' those studies mainly focused on the
simulation of the infrared (IR)-characteristics of the SEI layers of
typical Li-ion batteries. However, we believe that Raman
spectroscopy is a more diagnostic and convenient
characterization tools for studying electrochemical products
because it offers a better band separation and narrower
bandwidths, avoiding complex spectral profiles as observed with
infrared spectroscopy. Also, to the best of our knowledge only
few reports have integrated the use of Raman spectroscopy
simulations to identify species and chemical processes in the
development of lithium-based battery systems.'™ '8 Therefore, the
primary focus of the present study is to develop a systematic
approach of using first-principles calculations to predict Raman
spectra and to construct a library of signatures of possible
electrochemical reaction products relevant to the Li-air and
Li/Na-ion battery systems.

As shown below, Raman activities of the possible Li-air
reaction products (i.e., lithium oxide (Li,O) and Li,0,) computed
with periodic linear response methods compare quite well with
experimental data. Such an approach requires prior knowledge of
the crystalline parameters. However, often the solid-state
crystalline structure of relevant organometallic compounds for
batteries is often unknown or even irrelevant (for amorphous
solids). For example, the computation of Raman signatures for a
series of compounds (i.e., lithium acetate (CH;CO,Li), lithium
formate (HCO,Li), lithium-methyl carbonate (CH;0CO,Li),
lithium methoxide (CH3OLi), and lithium oxalate (Li,C,0,)) that
have been proposed as possible discharge reaction by-products of
a Li-air battery> ™" ' is challenging due to the lack of sufficient
crystallographic information.. On the basis of a systematic
investigation, we demonstrate that molecular dimers of Li/Na-
based organometallic material provide relevant information about
the vibrational properties of many possible solid reaction
products, by comparing with experimental spectra. Additionally,
since the crystallographic structure for Li/Na oxalates and
HCO,Na has been already reported,’*?? we were able to compare
the Raman characteristics derived from the dimer-approach to
those Raman activities estimated using the periodic linear
response formalism, also achieving a good agreement with the
experimental Raman data of these compounds. In those instances
for which no-prior spectra were available (i.e., CH;0CO,Na,
CH;0Li, and CH30Na) we used a computational approach to
estimate for the first time their respective vibrational and Raman
signatures.

2. Methodology

2.1 Raman Spectroscopy

e Raman spectroscopy is a widely used tool for the characterization
of materials. This vibrational technique probes the potential
energy surface of the atoms in the neighbourhood of the
equilibrium lattice geometry, and therefore, it provides
information in terms of the structural properties and chemical

¢s bonds. Raman intensity peaks are related to the change in the
polarizability of the system due to the deformation introduced by
lattice vibrations. Therefore, when the polarizability changes with
particular lattice vibrations, these vibrational modes are Raman
active. The Raman tensors o" are defined as:
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where y;; is the dielectric polarizability tensor, V is volume,
and Ll;k is the atomic displacement associated with the
vibrational mode n. The third rank tensors 9y ji/0ry, can also be

75 expressed as the second derivatives of the forces (F[k) with

respect to the electric field (£ ):

Oy _1_ 0K, __10F i
or. V or,0EQE, V OEQE,

The Raman tensors as defined above can be computed either
so from the linear-response theory formalism or from finite
differences:either as the derivative of the energy with respect to

electric fields and atomic displacements,” 2* or as the derivative
of the polarizability tensor y; with respect to atomic
displacements.” 2
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2.2 Computational Details

Accurate computation of Raman intensities is more difficult than
the computation of the IR intensities because Raman intensities
o depend on polarizability derivatives, which require accurate
sampling of the electron density via large and diffuse basis sets.”’
Previous studies ** ?° found that hybrid functionals (e.g., B3LYP
and B3PWO1), in combination with the medium-sized Sadlej
polarized-valence double zeta basis set are suitable for accurate
os prediction of Raman intensities. The PBEO functional in
combination with the TZVPPD basis set has also been used for
obtaining accurate Raman characteristics of medium-size organic
molecules.*® We have estimated the vibrational frequencies and
their respective Raman activities and band assignments for the
100 molecular dimers shown in Figure 1 using both combinations. No
significant differences were found between the two, and we chose
the less computationally expensive B3PW91/Sadlej combination
for the computations presented below. First-principles
calculations of dimer molecular structures were performed using
s the GAMESS code.*! Vibrational frequency analysis was
performed to ensure that optimized structures were minima (zero
imaginary frequencies). Calculated vibrational frequencies tend
to exceed the experimental values; therefore the vibrational
frequencies reported in this study have been scaled by the
110 empirical factor of 0.9674 as determined by Halls et al.*® for the
B3PW91/Sadlej model chemistry. In the case of the PBEO hybrid
functional®* and the TZVPPD basis set”®, the vibrational
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frequencies were scaled by the empirical factor of 0.9594, which
is the reported scale factor for the DFT/PBE0/6-311+G(d,p)
combination.*® The calculated Raman activities reported for the
molecular dimers reported in this study were estimated by a
numerical differentiation procedure as implemented in the
GAMESS code.

It is important to note that in this work, we calculated only
the Raman activities as a way to obtain a qualitative estimate of
the relative intensities of the Raman peaks for the crystalline and
molecular compounds. In principle, our calculated Raman
activities could be used to obtain theoretical Raman intensities as
described in Reference °; however, the calculation of the
theoretical Raman intensities also requires experimental
information not readily available for all the experimental Raman
spectra used in this study. To facilitate comparison with the
experimental spectra, the calculated Raman activities have been
normalized with respect to the strongest peaks found in specific
frequency regions of the corresponding Raman spectrum.

For periodic crystalline structure, the electronic minimization
and optimization of the atomic positions and unit cell parameters
were computed using the local density approximation (LDA) of
DFT as implemented in the Quantum Espresso package.*.
Troullier-Martins norm-conserving LDA pseudopotentials were
used for Li, O, C, and H.>” Phonon frequencies were obtained
from the linear-response calculation of the dynamical matrix in
the harmonic approximation Raman tensors were obtained using
density functional perturbation theory®® as implemented in the
Raman module of Quantum Espresso.”* We used a 150 Ry cut-off
energy for the kinetic energy. Brillouin-zone integration was
performed with k-points in a Monkhorst-Pack scheme:* (6,6,6),
(6,6,6), (6,4,2), (6,4,2), (4,4,4) for the primitive unit cell of Li,O,
LizOz, Li2C204, N3.2C204, and HCOzNa, reSpeCtiVely.

The calculated Raman spectra are plotted with Gaussian
functions with a full width at half-height of 10 cm™.

2.3 Dimer approach to Raman Spectra of Organometallic
Compounds

To provide an accurate description of the vibrational properties of
the discharge reaction products, a relevant molecular-level model
system that effectively accounts for the intra- and intermolecular
interactions is required. We propose to represent solid-state Li/Na
organometallic compounds with dimers, for the purposes of
Raman spectra predictions. The intuition leading to this approach
suggests that upon crystallization of these molecular units, the
intramolecular vibrations (especially the high-frequency ones) are
insensitive to the ordering. Therefore, even if the details of the
crystal structure are not known, or if molecules do not crystallize
in an ordered fashion, information can still be obtained using the
dimer representation. Previous reports have indicated that
calculated vibrational spectra of dimer molecular representations
are significantly more accurate than those of monomers.** For
example, Zhuang et al.,* Matsusa et al.,* and Dedryvére et al.?
have used dimer model calculations to assist in the interpretation
of the IR and XPS spectra of various Li-based organometallic
compounds appearing in Li-ion batteries. In these studies the
explicit inclusion of O-Li-O intermolecular interactions, where Li
ions are shared by two unit molecules, was key to allow
exploration of the effect of the intermolecular interactions on the
spectroscopic  signatures of the investigated Li-based
organometallic systems. In this study, we adopt a similar
approach and apply it to case of Raman spectroscopy for the first
time.
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3. Results and Discussion

3.1 Structural Information of the Investigated Molecular
Materials

Table 1 collects the experimental and DFT/LDA optimized
parameters of the five periodic crystals studied in this work. Li,O
crystallizes in a cubic antifluorite structure (o phase, space group
Fm-3m).*® Each Li ion is tetrahedrally coordinated to four O
atoms, and each O atom occupies the center of a cube formed by
eight Li atoms. Li,O, crystallizes in a hexagonal structure
(P6y/mme space group).*’” Oxygen atoms form O, pairs; half of
the Li ions are at the center of a triangular prism made by six O
atoms; and the other half lie in an octahedral site formed as well
by six Li atoms. Li,C,0,,”" Na,C,04,%' and HCO,Na?* have all
monoclinic structure with space group P2,/n, P2,/c, and P2/c
respectively.

For the rest of the compounds discussed in this study (i.e.,
CH3C02Li, HCOle, CH3OC02L1, CH3OL1, Li2C204 and their
corresponding Na-analogs) molecular dimers were used to
approximately represent the crystalline packing of these
compounds in the solid state. In Figure 1, we present the
optimized molecular dimers of CH;CO,Li, HCO,Li,
CH;0CO,Li, CH;0Li, and C,04Li, (and their corresponding Na-
analogs). The atomic coordinates of the molecular structures
shown in Figure 1 are provided in Tables S1-S5. Also in Tables
S6-S10  we present the DFT/PBEO/TZVPPD optimized
coordinates of the same molecular structures.Tables S11-S15
contain the vibrational frequencies and band assigments for the
various Li/Na molecular dimers as obtained with the
DFT/PBEO/TZVPPD method.

Table 1. DFT/LDA optimized unit cell parameters for Li,O, Li,O,,
Li2C204, N32C204, and HCOzNa
Li,O Li,0, Li,C,04 Na,C,04 HCO,Na
a(A) 4489 a(A) 3.059 a(A) 3.166 a(A) 3543 a(A) 6462
cA) 7437 bA) 5074 bA) 5469 b(A) 6991
c(A) 8907 c(A) 10563 c(A) 6.186
BE) 91536 ) 90757 () 117933
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CH,CO,Li
CH,0CO,Li CH,0CO,Na
CH,OLi CH,ONa

Figure 1. DFT/B3PWO91/Sadlej optimized structures of the
various molecular dimers investigated in this study. The
optimized atomic coordinates are provided in Tables S1-S5.

3.2 Experimental and Theoretical Raman Spectra of the
Main Reaction Products of the Li-air Battery: Li,O and
Li,0,

The calculated and experimentally measured Raman spectra for
the possible Li-air electrochemical reaction products are shown in
Figure 2. Li,O and Li,O, each show one very intense Raman-
active vibrational mode at around 523 cm™ *® and 790cm™ ¥,
respectively. A good agreement is found between the
experimental and the first-principles computed frequencies of
these vibrational modes; for example, our calculations show these
normal modes to have frequencies of 566 cm™ and 834 cm™ for
Li,O and Li,0,, respectively. Given such spectroscopic features,
one should expect to clearly distinguish the presence of the
crystalline form of Li,O versus that of Li,O,. An analysis of the
eigenvector displacements of the respective normal-mode
vibrations of Li,O and Li,O, shows that the 566 cm™ vibrational
mode in Li,O is characterized by centro-symmetric displacements
of the lithium atoms against each other, while the oxygen atoms
remain motionless. The 834 cm’ vibrational mode in Li,O,
corresponds to lateral centro-symmetric displacements of the
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oxygen atoms. If one then takes into account the results presented
in the next section for the various Li-air reactions by-products,
we note that if the desired Li-air reaction product Li,O,
electrochemically forms, its characteristic Raman signature
should be clearly distinguishable from those other reaction by-
products.

b == Li,0 Experiment
----- Li,O Molecular Crystal

1.04 \ =—Li,0, Experiment _
‘; :‘I = = +Li,0, Molecular Crystal :
s 0.8 :. s
Z " 2
> 0.6- " @
5 Y 2
© Y £
£ 0.4- '
£ i g
I .' ) 5
X 0.2 0 ©

0.0 N N

- T L T
400 600 800 1000 1200

Wavenumber (cm™)

(a) (b)

- e/ W
L=\

PR
v W W

Figure 2. Experimental and theoretical Raman signatures for Li,O
and Li,0,. The eigenvectors of the most intense Raman active
vibrations for a) Li,O and b) Li,O, are also shown. The
experimental data are courtesy of IBM Almaden Research
Center.

3.3 Experimental and Theoretical Raman Spectra of
Organometallic Compounds

Figures 3-7 present DFT-simulated Raman activities of the
compounds reported in Figure 1. For better comparison with the
available experimental data, the simulated Raman peaks in
Figures 3-7 have been normalized with respect to the strongest
peaks found in the 400-2000 cm™ and 2800-3200 cm™ regions.
We note that for the majority of the compounds reported in this
study, their respective band assignments have been already
discussed in previous studies on the basis of experimental
studies,'" ***; therefore, we present the assignment of the bands
resulting from the use of the DFT/B3PW91/Sadlej computational
methodology for the dimer structures shown in Figure 1. The
nomenclature used in this study for the band assignments
corresponds to v, §, and t for stretching, bending, and
torsion vibrations respectively.

3.3.1 Lithium and Sodium Oxalate

Figure 3 shows the comparison of the experimental and DFT
results for the Raman spectra of Li,C,0, and Na,C,0,. Table 2
summarizes the vibrational frequencies and their corresponding
band assignments. As shown in Figure 3, there is a good
agreement between the calculated vibrational frequencies and
Raman activities obtained from the molecular-dimer approach
and the crystalline-structure-based method and the experimental
results collected by Edwards and Lewis.”> The spectroscopic
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analysis reveals the presence of 3 prominent peaks, which are
similar in vibronic nature between Li,C,0, and Na,C,0,.
According to the theoretical band assignments, the low-frequency
bands (400-700 cm™) of these compounds are quite different; for
example, the Li,C,0, compound has twice as many low-
frequency vibrations as the Na,C,0, compound. As intuited, in
many of these low-frequency vibrations, the light-weight Li-atom
is involved. We note also an excellent agreement between the
normalized values of the Raman activities as obtained from the
10 crystalline structure of both oxalates and from their respective
low-energy molecular dimers. This agreement further highlights
the practicality of using molecular-dimer computations, as a
quick approach to estimate the Raman signatures of 75
organometallic systems that could form as a result of electrolyte-
15 decomposition reactions in advanced lithium/sodium-based
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Figure 3. Experimental®® and calculated Raman signatures for
Li,C,0, and Na,C,04. The labels of the peaks correspond to the
band assignment obtained from the dimer-approach calculations.
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Table 2. Calculated vibrational frequencies for dimers of Li,C,04Li, and Na,C,0, and their respective band assignments. The
reported vibrational frequencies were scaled by 0.9674 (see text for details).

Li,C,04 Na,C,0,4
(em™) | (A%amu) Assignment (em™) | (A%amu) Assignment
1703 0 v(C=0) 1671 3 v(C=0)
1688 0 v(C=0) 1663 0 v(C=0)
1655 26 v(C=0) 1632 23 v(C=0)
1644 0 v(C=0) 1619 0 v(C=0)
1436 66 v(C-C) + v(C-0) 1414 79 v(C-C) + v(C-0)
1435 2 v(C-C) + v(C-0) 1413 0 v(C-C) + v(C-0)
1323 1 v(0OCO) 1314 2 v(0CO)
1321 0 v(0CO) 1313 0 v(0CO)
878 0 8(0CO) + v(C-C) 853 14 3(0CO) + v(C-C)
871 16 8(0CO) + v(C-C) 853 1 3(0CO) + v(C-C)
852 0 8(0OCO) out of plane 846 1 3(0OCO) out of plane
852 0 8(0OCO) out of plane 845 0 3(0OCO) out of plane
806 0 8(0CO) 761 0 8(0CO)
788 0 3(0CO) 760 0 5(0CO)
663 0 v(O-Li) 553 3 8(0CC)
611 2 v(O-Li) 552 1 8(0CC)
594 8 5(0CO) + v(O-Li) 495 0 8(0CO) out of plane
581 3 8(0CO) + 8(0O-Li) 495 0 3(0OCO) out of plane
577 5 3(0CO) + 5(O-Li) 467 13 v(C-C)
571 0 8(0CO) + v(0O-Li) 465 2 v(C-C)
534 0 §(0CC) + 5(0-Li)
531 2 3(0CC) + §(0O-Li)
500 0 8(0CO) out of plane
491 0 8(0CO) out of plane
464 0 v(C-C)
456 5 v(C-C)
10 activities obtained based in their respective molecular dimers.
3.3.2 Lithium and Sodium Formate

Figure 4 shows the comparison of the experimental and DFT
s results for the Raman spectra of HCO,Li and HCO,Na. In Table
3, we summarize the characteristic vibration frequencies and their
corresponding band assignments of these two compounds. The
data collected in Table 3 reveals that both formate compounds
have the same band assignments for the simulated Raman

Our spectroscopy analysis for HCO,Li (as derived from the
dimer-approach simulations) reveals that the position of the peak
corresponding to the in-plane bending motion of the C-H bond in
the 1300-1400 cm™ region with respect to highest intensity peak
15 in the same spectroscopic region differs somewhat from the
experimental spectra reported by Miiller et al.”> Experimentally,
the OCO stretching vibration in HCO,Li appears in the 1370-
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1380 cm™' range and the HCO bending vibration in the 1390-1400 s peaks correspond to the band assignment obtained from the
cm’' region. This shift between the stretching and bending dimer-approach calculations.
vibrations also prevails when comparing the calculated vibrations
and band assignments to the results reported by Heyns, A. M. for
the crystalline phase of HCO,Na>. For the case of the HCO,Na
compound, the OCO stretching and HCO bending vibrations as
derived from the dimer approach appear at 1364 cm™ and 1323
em’, respectively (experimentally the v (OCO) and the & (HCO)
appear at 1355 cm™ and 1366 cm’, respectively). In order to
10 investigate the origin of the discrepancy we performed
computations of Raman activities of the periodic crystal structure
of Na formate. Interestingly, the simulated Raman activities
resulting from the DFT/LDA approach also coincide with the
dimer-approach simulations (i.e., v (OCO) and 6 (HCO) at 1353
s cm” and 1319 em™, respectively (see Table S16), thus ruling out ™
the possibilities of errors coming from computational
approximations such as dimer structural representation or basis
sets and functionals used. Despite the variations in these two
vibrational frequencies, the experimental Raman intensities are
again in good agreement with the normalized Raman activities
obtained from the DFT methods (DFT/B3PW91/Sandlej and
DFT/LDA, for the molecular dimer of HCO,Na and for its
crystalline structure, respectively).

o
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Figure 4. Experimental (from references *° and *® for HCO,Li and

ss HCO,Na, respectively) and calculated Raman signatures for
formates. Note: the feature at around 1400 cm™ for the 0
experimental spectrum of HCO,Na consists of two peaks. Due to
the digitalization of HCO,Na Raman spectrum only one peak is

shown here; see reference *° for more details. The labels of the
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Table 3. Calculated vibrational frequencies for dimers of HCO,Li and HCO,Na and their respective band assignments. The

reported vibrational frequencies were scaled by 0.9674 (see text for details).

HCO,Li HCO,Na

(em™) | (A%*amu) Assignment (em™) | (A%amu) Assignment
2879 334 v(CH) 2845 402 v(CH)
2877 0 v(CH) 2843 3 v(CH)
1652 0 v(C=0) 1619 0 v(C=0)
1612 1 v(C=0) 1619 4 v(C=0)
1379 27 v(0CO) 1364 29 v(0CO)
1378 0 v(OCO) 1360 0 v(0OCO)
1345 11 5(HCO) 1323 11 S(HCO)
1345 0 §(HCO) 1323 0 §(HCO)
1057 1 ©(CH) 1045 0 ©(CH)
1056 0 ©(CH) 1044 1 ©(CH)
739 0 3(0CO) + v(O-Li) 759 0 3(0CO)
739 1 3(0CO) 758 2 3(0CO)
688 0 v(O-Li)
670 0 v(O-Li)

w

S

G

3.3.3 Lithium and Sodium Acetate

Figure 5 shows the comparison of the experimental and computed
results for the Raman spectra of CH3;CO,Li and CH;CO,Na. In
Table 4, we summarize the characteristic vibration frequencies
and their corresponding band assignments. As shown in Figure 5
and despite the limited amount of Raman spectroscopy
information for the specific case of CH;CO,Li, there is
substantial agreement between the dimer-approach DFT-
simulation of the Raman activities and the Raman experimental
signatures of these two compounds. For these two compounds, a
DFT simulation using the crystalline structure of these
compounds (i.e., DFT/LDA approach) was not attempted because
the structural information for CH;CO,Li is incomplete.57 Raman
signatures and band assignments have been discussed in the past
for CH;CO,Na>* 3 and CH;CO,Li*%. According to our DFT
analysis derived from a dimer structure for CH;CO,Li, between 7
and 9 salient Raman peaks are present in the Raman spectrum of
CH;CO,Li. As observed in Table 4, almost the same vibrational
band assignments, in terms of normal mode characteristics and
vibrational ~ frequencies =~ were  obtained  from  the
DFT/B3PW91/Sadlej simulation of the dimer structure of
CH3CO,Na. Although the normal mode analysis for the
vibrational frequencies of CH;CO,Li reveals the presence of two
O-Li stretching vibrations at approximately 690 cm', the Raman
activities for these two vibrational frequencies are negligible.
Again, we were able to provide detailed information for the
vibrational characteristics of molecular solids, which have not

30 been fully characterized experimentally.
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Figure 5. Experimental (from references > and *® for CH;CO,Li
and CH3CO;Na, respectively) and calculated Raman signatures
for acetates. The labels of the peaks correspond to the band
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Table 4. Calculated vibrational frequencies for dimers of CH;CO,Li and CH3CO,Na and their respective band assignments. The

reported vibrational frequencies were scaled by 0.9674 (see text for details).

CH;CO,Li CH;CO,Na
3074 51 v(HCH,) 3065 59 v(HCH,)
3073 56 v(HCH,) 3065 54 v(HCH,)
3030 50 v(HCH,) 3025 82 v(HCH,)
3030 49 v(HCH,) 3025 19 v(HCH,)
2954 290 v(CH), 2948 296 v(CH),
2953 67 v(CH), 2948 57 v(CH),
1595 0 v(C=0) 1596 0 v(C=0)
1584 9 v(C=0) 1594 12 v(C=0)
1452 15 v(C-0) + 5(CH;) 1428 22 v(C-0) + 5(CH;)
1440 0 v(C-0) + 8(CH3) 1420 0 v(C-0) + 8(CH5)
1409 6 8(HCH,) 1406 7 S8(HCHy)
1409 0 S(HCH,) 1405 0 S(HCH,)
1387 0 S(HCH,) 1386 0 S(HCH,)
1387 15 8(HCH,) 1385 14 S8(HCHy)
1310 2 8(CH;) + v(C-0) 1306 2 8(CH;) + v(C-0)
1308 0 8(CH;) + v(C-0) 1306 0 8(CH;) + v(C-0)
1021 0 ©(CH;CO) 1014 0 1(CH3CO)
1020 0 t(CH,CO) 1014 0 ©(CH,CO)
992 0 1(CH;CO) 982 1 1(CH;CO)
988 5 ©(CH;CO) 981 3 1(CH3CO)
942 0 v(C-C) + 3(0CO) 922 0 v(C-C) + §(0CO)
930 21 v(C-C) + 8(0CO) 920 28 v(C-C) + 8(0CO)
692 0 v(O-Li) 646 1 §(0CO) + v(C-C)
691 0 v(O-Li) 645 0 3(0CO) + v(C-C)
642 0 3(0CO) + v(C-C) 603 0 8(CCO) out of plane
634 2 8(0CO) + v(C-C) 602 3 3(CCO) out of plane
607 0 8(CCO) out of plane 451 0 5(CCO) in plane
604 2 8(CCO) out of plane 444 0 5(CCO) in plane
450 0 3(CCO) in plane
436 0 3(CCO) in plane

10 | Journal Name, [year], [vol], oo—oo

This journal is © The Royal Society of Chemistry [year]



Page 11 of 17

o

20

2

o

30

35

40

45

50

55

Physical Chemistry Chemical Physics

3.34 Lithium and Sodium Methyl Carbonate

Figure 6 shows the comparison of the experimental and DFT
results for the Raman spectra of CH;0CO,Li and CH;0CO;Na.
Their respective vibration frequencies and their corresponding
band assignments are reported in Table 5. Only recently, the
experimental Raman spectrum of CH3;0CO,Li has been
reported;’ but its respective vibrational band assignments based
on IR spectroscopy studies have been extensively discussed in the
past."> ' % In Figure 6, we observe that overall, there is a good
agreement between the calculated vibrational frequencies and
Raman activities derived from the DFT-based dimer approach
and the recent experimental Raman spectrum reported by
McCloskey et al.” To the best of our knowledge, no Raman or IR
has been previously presented for the CH;0CO,Na compound,
thus, in the following, we will focus mainly on the description of
the spectroscopic properties of CH3;0CO,Na, which are very
similar to those of CH;0CO,Li.

According to our DFT analysis derived from a dimer
structure for CH;0CO,Na, approximately 9 salient Raman peaks
should be present in the Raman spectrum of CH;0CO,Na; which
are also similar to those present for the CH;0OCO,Li compound as
reported in Table 5. Almost all vibrations can be equally assigned
to the both compounds, except for the presence of few O-Li
stretching vibrations in CH;OCO,Li at approximately 690 cm™.
The Raman activities for these modes are negligible compared to
the largest activity in 400-2000 cm™ region.
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Figure 6. Experimental (only data for CH;0CO,Li; spectrum
taken from Reference’) and calculated Raman signatures for
CH;0CO,Li and CH30CO,Na. The labels of the peaks
correspond to the band assignment obtained from the dimer-
approach calculations.
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Table 5. Calculated vibrational frequencies for dimers of CH;0CO,Li and CH;0CO,Na and their respective band assignments.

The reported vibrational frequencies were scaled by 0.9674 (see text for details).

CH;0CO,Li CH;0CO;Na

(em™) | (A%amu) Assignment (em™) | (A%amu) Assignment
3059 32 v(HCH;) 3046 0 v(HCH>)
3059 106 v(HCH;) 3046 150 v(HCH>)
3034 32 v(HCH>) 3022 20 v(HCH>)
3034 52 v(HCH;) 3022 72 v(HCH>)
2950 36 v(CH)s 2941 350 v(CH)3
2950 323 v(CH)3 2941 11 v(CH)s3
1632 0 v(C=0) 1642 6 v(C=0)
1625 4 v(C=0) 1641 0 v(C=0)
1469 9 v(C-0O) + 6(CH3) 1442 9 v(C-0) + 38(CH3)
1456 0 v(C-0) + 8(CH3) 1439 0 v(C-0) + 8(CH3)
1430 7 S8(HCH,) 1429 6 S8(HCH,)
1429 0 S(HCH,) 1427 0 S(HCH,)
1418 8 S(HCH,) 1413 4 S(HCH,)
1417 2 S(HCH,) 1412 7 S(HCH,)
1370 3 v(C-0) + 8(CH3) 1350 8 v(C-0) + 8(CH3)
1360 0 v(C-0) + 8(CH3) 1339 0 v(C-0) + 8(CH3)
1171 0 T(HCOC) 1163 2 T(HCOC)
1169 3 T(HCOC) 1161 0 T(HCOC)
1126 6 T(HCOC) 1122 0 T(HCOC)
1126 0 T(HCOC) 1122 4 T(HCOC)
1117 0 v(C-0) 1110 2 v(C-0)
1116 1 v(C-0) 1109 0 v(C-0)
956 0 v(C-0) 934 1 v(C-0)
947 31 v(C-0) 933 31 v(C-0)
807 0 5(COs) out of plane 806 0 5(COs) out of plane
806 0 5(COs) out of plane 805 0 5(COs) out of plane
729 1 §(0-C=0) + v(O-Li) 694 0 3(0-C=0)
718 0 §(0-C=0) + v(O-Li) 694 1 3(0-C=0)
674 0 $(CO0) + v(O-Li) 586 4 3(0-C-0)
630 1 8(CO0) + v(O-Li) 583 0 8(0-C-0)
576 3 3(0-C-0)
559 0 3(0-C-0)
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3.3.5 Lithium and Sodium Methoxide

In Figure 7, we report the simulated Raman activities obtained
s from the DFT/B3PW91/Sandlej method for the molecular dimers
of CH;0Li and CH;0Na. To the best of our knowledge, there is
no experimental Raman data for the anhydrous solid phases of
these two materials. Likewise, no information is available on the
possible crystal structures. Despite this lack of Raman
10 spectroscopic data, the details of IR vibrational characteristics for
the CH;OLi compound have been already discussed.'" ** The
data shown in Figure 7 and collected in Table 6 show close
similarities between the spectroscopic properties of these two
compounds, except for one frequency vibration below 600 cm™,
15 which corresponds to the LiOLi bending vibration. In contrast to
all other Li-based organometallic compounds investigated in this
study, only the CH;OLi compound has a Li vibration with a
significant Raman activity in the low-frequency region of the
spectrum.
20
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Figure 7. Calculated Raman signatures for CH;OLi and CH;ONa.
The labels of the peaks correspond to the band assignment
obtained from the dimer-approach calculations.
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Table 6. Calculated vibrational frequencies for dimers of CH;OLi and CH;ONa and their respective band assignments. The
reported vibrational frequencies were scaled by 0.9674 (see text for details).
CH;OLi CH;0Na
2856 3 v(HCH,) 2792 1 v(HCH,)
2856 235 v(HCH,) 2792 375 v(HCH,)
2851 5 v(HCH,) 2791 26 v(HCH,)
2851 267 v(HCH,) 2791 345 v(HCH,)
2818 470 v(CH);3 2771 462 v(CH),
2813 0 v(CH);3 2766 0 v(CH),
1438 9 8(HCH,) 1436 9 S8(HCH,)
1435 0 S8(HCH,) 1434 0 S8(HCH,)
1428 17 S(HCH,) 1426 13 S(HCH,)
1427 0 8(HCH,) 1426 6 S8(HCH,)
1421 17 8(HCH,) 1420 18 S8(HCH,)
1420 0 S(HCH,) 1420 0 S(HCH,)
1170 1 v(C-0) 1145 1 v(C-0)
1151 0 v(C-0) 1140 0 ©(OCHj;)
1143 2 7(OCHs;) 1140 1 7(OCHs;)
1142 0 7(OCHs;) 1133 0 1(OCHs;)
1133 0 ©(OCHj) 1132 0 ©(OCHj;)
1132 1 ©(OCHj;) 1132 0 v(C-0)
619 0 v(O-Li)
579 10 S(LiOLi)
546 0 v(O-Li)
516 0 3(O-Li)
20 Thus, the proposed DFT-simulation of the Raman activities based on
3.3.6 Relevance of Larger Aggregates on the Raman molept_ﬂar dimers of organometallic complex_es holds the promise qf
Spectroscopic Signatures of CH;OLi and CH;0ONa Elrl(;\rl:iigrgisti?s. tool to accurately predict the spectroscopic

s To further test the dimer representation approach and explore the
relevance of larger aggregates, we have also computed the Raman 25
activities for two extended molecular aggregates. The selected
configuration for the trimer and tetramer structures depicted in Figure
1, also maintain explicit O-Li(Na)-O intermolecular interactions,

10 which are found to lead to stables structures.*” *° The computationally

optimized coordinates of the molecular trimers and tetramers shown 3,

in Figure 8 are provided in Tables S17 and S18, respectively. For the

case of CH3;OLi, the Raman peak position of the Li-Li stretching
vibration located in low-frequency region of the respective Raman
spectrum (400-600 cm™) shows some dependence on the aggregate
size. Despite this observation and the presence of a larger number of
peaks, our spectral simulations for larger aggregates confirm that
there is indeed no substantial difference from the dimer predictions in
terms of the peak positions and the nature of the band assignments.

@
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Figure 8. Calculated Raman signatures for larger aggregates of
CH;0Li and CH;0Na.

4. Conclusions

We demonstrate that computational spectroscopy is a useful tool
to assist experimental characterization of organometallic
compounds present in Li batteries. We apply a novel dimer
representation technique to compute Raman signatures of
molecular solids which are difficult to isolate or for which
crystalline structure is not known. On the basis of a systematic
ab-initio investigation in this study, we demonstrate that small
molecular dimers of Li/Na organometallic compounds can
provide relevant information about the inter- and intramolecular
interactions of their respective crystallographic configurations,
which in turn leads to an improved description of their respective
Raman spectra. As a result, we are able to construct a computed
library of spectroscopic signatures of several classes of reaction
products usually found in Li- and Na- based batteries, as well as
Li-air batteries. Our theoretical characterization of Raman
signatures of possible electrochemical reaction products indicates
that combined computational and experimental Raman
spectroscopy can be a very useful diagnostic tool to identify
organic electrolyte reaction mechanisms and products in
advanced batteries. We expect that approaches presented in this
study can lead to establishing a database of spectroscopic
fingerprints of a range of molecular structures relevant to

» developing deeper understanding of
electrochemical process occurring at electrode-
electrolyte interfaces of next-generation energy

30 storage devices.
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We demonstrate that small molecular dimers of Li/Na organometallic compounds can provide relevant information
about the inter- and intramolecular interactions of their respective crystallographic configurations, which in turn
leads to an improved description of their respective Raman spectra.



