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The structure and coordination environment of non-agueous electrolytes based on bis (salicyl)
borates of lithium, sodium and potassium, and bis (oxalato) borates from lithium to cesium
using NMR spectroscopy have been investigated. The NMR spectra analysis of B¢ and 1B
found the presence of R-, S-enantiomers in bis (salicyl) borate anion with a labile coordinati-
on sphere of boron in the presence of a solvent. This difference affects the fina structure of
the eectrolytes and leads to a change in the thermal dependence of the electrical conductivity
of bis (salicyl) borates and the ways of ions transport relatively bis (oxalate) borates in non-

agueous solvents.
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INTRODUCTION. Electrolytes are the key
components of al the modern chemical power so-
urces (CPS). Their main function is to ensure the
conductivity between the eectrodes, to form the
capacity and the ability to cycle. Bis (sdlicyl) bo-
rates and bis (oxaato) borates of alkali metals
and organic cations are promising electroconduc-
tive components of eectrolytes of modern CPS
(lithium-, sodium-ion batteries and super-capaci-
tors) [14]. In this case it is very necessary to
have the representation about solvents influence
on the dectrolytes structure and conducting pro-
perties of sat-solvent system. Some approaches
adjust these properties through combinations of
solvents with different dynamic viscosities and
dielectric permeability values. In particular, high
conductivity values are achieved by obtaining a
stable eectrolyte layer on the anodes surface [5].

Another option of increasing the eectrolyte ion
conductivity is the using of lithium salts solu-
tions with organic anions in dimethyl sulfoxide
(DM SO0), propylene carbonate or other gprotic di-
polar solvents. However, the modern study have
clarified that the main role of the conductivity
formation had a specific cluster-based supra-mo-
lecular architecture of the eectrolyte in case of
full salt dissociation [6—10]. Such clusters stabi-
lize due to the equilibrium between the processes
of interconverson, and their production rate (in-
cluding salvato splited or contact pairs) depends
on the sdt-solvent ratio [6—10].

Thus, the am of current work is the deter-
mination of the relationship between the structu-
res and conductivity of electrolytes based on alka-
li metas bis (sdicyl) borates and bis (oxaato)
borates with the solvent nature.
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EXPERIMENTAL PART. The synthesis was
done by microwave method by keeping the mix-
ture of stoichiometric components during 10—15
min [11]. The finad product was recrystallized
from dry isopropanol. The obtained mixture was
analyzed usng ANANCE 400 spectrometer (Bru-
ker, Germany).

Samples for NMR studies 13C and 1B were
prepared by obtaining a saturated solution of bis-
(sdtillo)borate sodium (NaBSB), big(sdicyl)bo-
rate potassium (KBSS) in dimethyl sulfoxide
(DMS0), dimethylformamid (DMFA) and dime-
thylacetamide (DMAA) in proportion of 0.3-04¢
per 1 g of the solvent. Boric acid solution in water
and tetramethylsilane in DM SO were used as San-
dards for NMR spectra recording. The formation
of R-, S-enantiomers was recorded using the 13C
NMR spectral chemical shift of the carbon signds
in carboxyl group.

Temperature dependences of eectrical con-
ductivity were measured on the Metrohm Auto-
lab-30 30 PGSTAT.301N eectrochemical module
using a 2-electrode isolated 2cmd cell with the
platinum electrodes (constant cell vaue was 24.135
Ohms). The temperature regime was maintained
usng a thermostat with a measurement error +1
OC. Before measurements, the samples have been
incubated at respective temperature for 30 min for
achieved equilibrium in the solution.

RESULTS AND DISCUSSON. The analyss of
11B NMR spectra have shown that smilar to the
bis(oxalato)borate (BOB™) spectrum of bis(sdi-
cyl)borate (BSB™) anion in dimethyl sulfoxide
(DMSO) is characterized by one boron atom sig-
nd and has a sronger shift by d=-115m.d. BB~
in comparison with BOB™ signal d=—7.1m.d. The
BSB™ spectra of sdts with dl three cations have
the same d sgna postions and are identical to
the spectrum of bis(oxalato) and LiBSB. In con-
trast to the BOB™ there were 6 carbon signals of
the benzene ring and one signal of the carboxyl
group identified for BSB™ anion in the NMR
spectrum. The BSB™ spectra for salts with all
three cations have the same d signa positions and
are identical to the bis(oxalato) spectrum of lithi-
um borate (LiBSB). In contrast to the BOB™
there were 6 carbon signals of the benzene ring

and one sgna of the carboxyl group identified
for BSB™ anion in the NMR spectrum. In the
13C NMR spectra of his(oxalato)borate there is
only an intense sgna a d=157.36 ppm, which
is responsble for dl four carboxyl groups. The
two carboxyl groups bis(sdicyl)borate in the spe-
ctrum of the NaBSB solution in DMAA (1
mol/kg) have two separate signads 167 and 162
ppm respectively (Fig. 1, a,b).

The carbon atoms of carboxylic groups ex-
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Fig. 1. Spectrum *C-NMR: a — NaBSB in DMAA
1m 20°C; b — LiBOB in DMSO 1m 20°C.
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press by two signas in the spectra of solutions
of LIBSB and NaBSB in dimethylacetamide,
which points to the presence of R-S-isomers of
complex ions (Fig. 2). Conformational lability of
the coordination sphere of the sodium bis(salicyl)
borate upon dissolution in DMAA leads to the
doubling of the integrated intensity of singlet car-
boxyl groups compared with the sgnas of the
carbon aoms in fragments of another functiona
group at ddays of the time between RF pulses in
range 2—15 seconds.

Fig. 2. Optical isomerism of bis(salicyl)borate
ion a (R), b (9.

It iswell know that the R-enantiomer of such
sdlts take part in the formation of the contact ion
pairs in DMSO, that means it could has tendency
to form supramolecular structures [6—10]. In the
dimethylformamide solution of tetramethylam-
monium sdt, as well as for akali metal salts, two
signds of carbon atoms of the carboxyl group are
observed, while the value of chemicd shifts of
the carbon atoms 4, 5 and 3, 6 signals are signi-
ficantly separated, which can be explained by the
ability to form the sat-solvent hydrogen bonds
due to steric effect [6—10] (tablel).

The existence of an intermolecular hydrogen
bonds system is a condition for the implementa-
tion of the relay mechanism. Therefore, the proba-
bility of redization of the relay charge transfer
in electrolytes with the corresponding architectu-
re increases. Thus, the dectrical conductivity mea-
sured at different temperatures has been depen-
dent on the salt concentration. There conductivi-
ties of the sodium and potassum bis(salicyl)bora-
tes solutions in DMFA were identified in a wide
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Table 1

The 3C NMR signals spectrum classification
(dgsg™ PPM)

LiBSB | NaBSB Me,NBSB Carbon
DMAA DMFA | DMAA | &oms
166.92 167 172917 1715  C'=0
162.35 162 171.73 — c’=o
137.12 137 137 137 c’-o
132 132 13344 1332  C3cS
131.98 1319
121.17 120.67 133.35 133.2 C4—C5
12068 12117 133.32
118.53 119 — — c’C
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Fig. 3. Temperature dependence of eectricad conduc-
tivity of KBSB solutionsinDMFA: 1—0.5; 2—0.77,
3—0.985; 4—1.7; 5—3; 6—4mol/kg
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Fig. 4. The temperature dependence of electrica con-
ductivity of NaBSB solutions in DMFA: 1 — 0.5;

2—0.75; 3—1.0; 4—2.0mol/kg.
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concentration and temperature range (Fig. 3, 4).
The maximum electrical conductivity of soluti-
ons in DMFA is reached at concentrations clo-
se to 0.75 mol/kg (for KBSB) and 0.77—1 mol/
kg (for NaBSB). This means, that in this case a
new system is able to ion transfer through relay
mechanism (Fig. 2, b). This concentration ran-
ge is wider for sodium ions than for potassum
ions with similar values of their solubility (tab-
le2). Such dependence was not found for salts
with BOB-anions, since they (except for lithi-
um salts) have weak solubility, low electrical
conductivity and no isomers (table3). Sodium
BOB dissolves well in DMFA and DM SO but
its solubility is much weaker in acetonitrile and

Table 2

The solubility of bis(salicyl)borates of sodium
and potassium (NaBSB and KBSB) in amide
solventsand DM SO

Solvent NaBSB KBSB
Carbamide 1mol:10mol 1mol:10mol
Acetamide 1mol:10mol 1 mol : 10 mol

DMSO ~11M ~1.1M

DMFA ~4M (1:292) ~3.94M (1:3.3)

N-methyl acetamide ~2.3M (1:5.62) 0.69 M
N-methyl acetamide ~4M (1:2.92) Not identified
Propylene carbonate — 0.73M

Table 3

The €electrical conductivity value of LiBOB
and LiBSB 0.6mol/kg

LiBSB! LiBSB? LiBOB3
t,°C |s,mS/cm| t,°C |s,mScm| t,°C |s, mSicm
20 0.62 26 1.25 17 3.58
25 0.74 43 1.83 24 4.16
39 1.14 61 2.62 25 4.20
57 1.52 31 4.74

1 LiBSB of propylene carbonate; 2 LiBSB of ethyle-
ne carbonate-dimethyl carbonate; 3 LiBOB of ethylene
carbonate-dimethyl carbonate.
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Fig. 5. Impedance spectra of 0.75mol/kg DMFA solu-
tions in Nyquist coordinates in the temperature range
25—70°C: a—KBSB, b—NaBSB.

carbonate esters, which effects the solutions con-
ductivity of the following salts [12, 13].
Further analysis of impedance spectra of these
sdts goproved the existence of an area that has
maximum electrical conductivity and is characte-
rized by a 45° dope angle of spectra curves in
Nyquist coordinates in the low-frequency range.
According to literature data, such spectrum proves
the exigtence of diffuson phenomena in the elect-
rochemica system [14]. The angle slopes of the
curves decrease with the temperature risng (Fig.
5, a,b), which could be explained by a decreasing
of the part of ions diffusion transport. However,
the following increase of eectrica conductivity re-
vedls the existence of a second ion transport path-
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Table 4

The values of frequency dependencies of EIS solu-
tions KBSB in DMFA and NaBSB in DMFA at the
room temperature

Caats .0 0
" S?I/ksg Electrolyte i, f, Hz | a(f),
05 KBSB+DMFA 80 10° 30
65 101
06 KBSB+DMFA 80 105 55
0.77 KBSB+DMFA 80 102 45
098 KBSB+DMFA 83 105 35
1.7 KBSB+DMFA 83 1093 30
30 KBSB+DMFA 80 108 55
71 1072
433 KBSB+DMFA 74 1015 55
63 1072
05 NaBSB+DMFA 80 103 45
0.75 NaBSB+DMFA 80 102 45
1.0 NaBSB+DMFA 80 102 45
20 NaBSB+DMFA 80 1015 45
71 1072

Note jpax— maximum shift in the phase angle;
f — maximum frequency of the phase angle shift;
a(f) — the angle of the spectrum inclination.

way, based on the relay mechanism. On the other
hand, a sgnificant phase angle shift is typica for
al the studied systems. According to the AC the-
ory, this indicates the presence of two wave forms
of electric current in the system and the correspon-
ding difference between the cycles of these waves
[15] (table 4). In accordance with what was stated
above, there are two streams of charge carriers in
the system.

Only one maximum shift in phase angle at
a frequency of 102 Hz is possible for the systems
with a maximum conductivity value and it would
be equal to two salts with a similar concentration.
The presence of two BSB conformations and two
wave forms according to the 13C NMR spectra
suggests the formation of a labile borate complex
with a solvent that has the maximum electrical
conductivity and depends on the salt concentra-
tion. Knowing the recorded activity in the coor-
dination sphere of bis(salicyl)borate and that the
relay mechanism is implemented to transfer the

boron between neighboring coordination nodes du-
ring migration through the sulfocation membra-
ne, let us assume the existence of a pseudo-di-
mensiona structure of eectrolyte solutions based
on big(sdicyl)borate anion [16]. Then, it alows the
implementation of the relay charge transfer mecha-
nism [17, 18]. Also, the results prove the assumpti-
on [19] about the existence of a certain ratio bet-
ween the fragments of supramolecular formations,
that is, the effect of R- and S-enantiomers of bis-
(salicylo)borate-anion with alabile coordination en-
vironment of boron on the formation of conduc-
tive properties of the electrolyte and the formation
of an additional ion transport channel due to the
implementation of the relay mechanism.
CONCLUSIONS. The 13C and B NMR
spectra studies by varying the time delay between
the radiofrequency pulses of non-agueous eec-
trolytes based on bis(saicyl)borates and bis(oxa-
lato)borate lithium have established that the car-
boxyl groups atoms are not equal in the big(sdi-
cyl)borat-anion due to the emergence of two
enantiomers in bis(salicyl)borat-anion with labile
coordination environment of boron. Based on the
electricd conductivity measurements and the
spectroscopy data of eectrochemical impedance,
we suggest two charge transfer pathways in the
electrolytes based on bis(salicyl)borates: diffuson
and the relay, which is in concordance with the
results of NMR spectra studies. Based on the data
comparison of NMR, CEl and concentration de-
pendences of dectrical conductivity in the obtai-
ned eectrolyte system, the possibility of forming
a pseudopolymer labile complex due to the for-
mation of hydrogen bonds between the investi-
gated borates and the solvent was established.

OCOBJIUBOCTI BYJIOBU TA EJIEKTPOIIPOBIJI-
HOCTI HEBOAHUX EJIEKTPOJITIB HA OCHOBI
BIC(CAJIILIMJIO)BOPATIB TA BIC(OKCAJIATO)BO-
PATIB JIY)KHUX METAJIIB
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JloCIipKeHO CTPYKTYpY Ta KOOpIAMHALIHE ce-
PEIOBUINE HEBOJHUX EJICKTPOJIITIB Ha OCHOBI Oic-
(caminmmo)6opatiB JiTif0, HATPIIO, Kalilo, TeTpame-
triamonito (MeBSB) i 6ic(okcanaro)6opaTis Bif Ji-
Tito 10 uesiro (MeBOB) 3a nonomororo SIMP-crex-
Tpockomii. bic(camiuuno)ooparun (BSB) i 6bic(okca-
naro)6oparn (BOB) myxHux MeTaliB i opraHiqHux
KaTiOHIB PO3IJISIIAIOTECS SIK MEPCIEKTUBHI EIeKTPO-
MPOBIIHI KOMIIOHEHTH €JIEKTPOJITIB Cy4YaCHUX XiMid-
HHX JDKepes cTpyMy (J1iTiit Ta HaTpiii I0HHUX MEPBHH-
HHUX Ta BTOPUHHHX OaTapei i CyHCpKOHZ[CHCElTOpiB)
Coni cuHTEe3yBanu meronom HBY- BI/IHpOMlHIOBaH-
Hs1. JIoCIIi/UKeHHSIM CHCKTplB SIMP 13C 1a 11B Busna-
YHJIN HasiBHICTb CHMETPUYHOI CTPYKTYpH B aHioHi BOB
Ta JIBOX ONTHYHUX KOH(popMaliii aniona BSB 3 na0i-
JHHAM KOOpJIUHALIHHUM cepenoBuiieM Oopy. Onrtu-
yHa akTHBHICTH BSB € pesynsraTtom ¢dopmyBanHs
10HHMX KOHTAKTHUX 1ap. Y pa3i KaTioHa TeTpaMeTHIIa-
MOHIIO HasBHICTb ONTUYHOI AKTUBHOCTI 3AJIEKUTH BiJl
peakTUBHOI cki1aoBoi cepenosuina. Kondopmaniiina
nabinbHicTh KoopauHaiiHoi cepu NaBSB, po3zun-
megoro B DMAA, noB’sa3aHa 3 ImiIBUINEHHIM 1HTE-
TpaJIbHOi 1HTEHCHBHOCTI CHTHAJIB KapOOKCHIBHUX
IpyIl IMOJO CHTHANIB aTOMIB BYIVICUIO B (parMeH-
Tax iHUIO] (yHKIIOHAIBHOI IPUHANICHKHOCTI, KOJIH 3a-
TPUMKa MK Pagio4acTOTHHUMH iMITyJIbCaMHU 3MiHIO-
€Tbesl mpoTsroM 2—15 cexyHz. PisHUIS B CTPYKTY-
pl KX aHIOHIB NPU3BOJUTH A0 3MiHH TeMIIEPaTyPHOI
3aJIeKHOCTI enekTponposigHocti BSB 1 tpancmopry
10HIB y HEBOJIHUX PO3UMHHMKAX. MaKkcHMaJsbHa eJeK-
TPOIPOBIIHICTh po3uuHiB coyiell y JIM®DA nocsira-
€Tbes TpU OnM3bKUX KoHeHTpamisx 0.75 Mob/kr
s KBSB i 0.77—1 mons/xr ayis NaBSB. Po3unn-
HicTh 115 coieti BSB B aminax ta inmux AJIP kparia,
HiX U151 conert BOB. HquOMy po3uuHHICTH 1151 BSB
TNPAKTHYHO He3M1HHa Bl):[ Li* 10 K*, a 1 BOB pisko
criajae Bij Li* no K* i mami nesminna g0 Cs™. Ha
OCHOBI BHMIPIOBaHb €JIEKTPONPOBIAHOCTI Ta JaHUX
CIIEKTPOCKOIIi EeNIEKTPOXIMIYHOTO iMmenancy (KyT
HAXWly CIEKTPiB y KoopanHatax Haiiksicra B HU3b-
KOYaCTOTHOMY Jliana3oHi, KyT Haxuwily ¢asu Ipu 4a-
CTOTI) 3aIPOIIOHOBAHO iCHYBAaHHs JABOX CLIOCOOIB TpaH-
CIIOPTY IOHIB i 3apsi/IiB B €CKTPOIITAX: AMQy31HHHi] |
ecradeTHUH TpaHCHOPT. BcTaHOBIIEHA MOXIIMBICTH
YTBOPEHHSI Ja0LIBHOTO COTBLOBOTO KOMIUIEKCY 3 PO3-
YHHHUKOM 32 PaxyHOK BOJTHEBHX 3B’ S3KiB.

54

Kimod0B1 cuoBal HEBOIHHI CICKTPOIIT,
bic(caninun)6opaTh Jy)KHUX METAliB, IPOBIIHICTD,
CTPYKTYpa, JTIaOLIbHMUI KOMILIEKC, TPAaHCIOPT iOHIB.

OCOBEHHOCTHU CTPOEHHA U SJIEKTPOITPOBO-
JHOCTHU HEBOJIHBIX OSJIEKTPOJIMTOB HA OC-
HOBE AHUC(CAJIMLNIIO)BOPATOB U FHC(OKCA-
JIATO)BOPATOB UIEJIOYHBIX METAJ'[J'[OB
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HccnenoBana cTpykTypa M KOOPAMHALMOHHOE
OKPY>KEHHE HEBOJHBIX AICKTPOIIUTOB, COCTOSIINX U3
6uc(camuiuiao)00paToB JIUTHA, HATPHSA, Kalusd W
6uc(okcanato)0opaToB OT JIUTHS 0 ME3UST C UCTIONb-
30BaHﬁI§EM HlﬂP CHEKTPOCKONHMH. AHaJIN3 CHEKTPOB
SAMP B ycranoBui npucycTBue€ IBYX KOH-
q)opMauI/H/I B 6uc(camununo)oopar-aHnoHe ¢ gabu-
JIBHBIM KOOPIMHAIMOHHBIM OKPYKeHHEM 0Oopa B
NPUCYTCTBUU PACTBOPHUTENS. DTO pasiiduKe B CTPy-
KType aHHOHOB BIIUSIET HA KOHEYHOE CTPOCHHUE dJIe-
KTPOJIUTOB ¥ TPUBOAUT K M3MCHEHHUIO TEPMHUYECKOM
3aBUCUMOCTH DJICKTPOIPOBOAMMOCTH  Huc(canuim-
710)00paTOB U MyTeH MepeHoca HOHOB OTHOCUTEIBHO
6uc(oxcanaro)60paToB B HEBOIHBIX PACTBOPHUTEISIX.

KnwoueBblie CJIOBa: HEBOAHBIN BIEKTPOIIHT,
owvc(canuip1)0opaThl MIENOYHBIX METAIIOB, MTPOBO-
JMMOCTB, CTPYKTYpa, JIAOMIBHBIA KOMILICKC, TPaHC-
MOPT UOHOB.
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