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Synthesis of a Series of Fluorinated Boronate Compounds
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A new series of anion receptors based on boronate compounds have been synthesized. These compounds can be used as anion
receptors in lithium battery electrolytes. The so-called boronate means that the compounds contain a boron bonded with two
oxygen atoms and one carbon atom. This series includes various boronate compounds with different fluorinated aryl and fluori-
nated alkyl groups. When these anion receptors are used as additives in 1,2-dimethox§@thansolutions containing various

lithium salts, the ionic conductivities of these solutions are greatly increased. The electrolytes tested in this study were DME
solutions containing the following lithium salts: LiF, @QEOOLIi, and GF;COOLI. Without the additive, the solubility of LiF in

DME (and all other nonaqueous solveritsvery low. With some of these boronate compounds as additives, LiF solutions in DME
with concentration as high as 1 M were obtained. The solubilities of the other salts were also increased by these additives.
Near-edge X-ray absorption fine structMEXAFS) spectroscopy studies show thatdnions are complexed with these com-
pounds in DME solutions containing Lil salts. The degree of complexation is also closely related to the structures of the
fluorinated aryl and alkyl groups which act as electron-withdrawing groups. The NEXAFS results are in good agreement with
ionic conductivity studies.
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Numerous studies on developing new cathode and anode mateeompounds were shown in Fig. 1. The starting materials were pur-
rials for lithium batteries have been reported. In contrast, studies orthased from Aldrich Chemical Co. All the reactions and processes
developing new electrolyte systems somewhat lag behind. Recenwere performed under an argon atmosphere or under vacuum. Pro-
studies? have shown that the low thermal stability of Lif2Pased ton nuclear magnetic resonané&NMR) spectra were recorded on a
electrolyte plays an important role in the capacity fading of lithium- Hitachi R-1200(60 MHz) spectrometer. The synthesis procedures of
ion batteries during cycling. Therefore, the development of newcompoundgl), (2), and(3) are sketched in Fig. 2. The following are
electrolyte systems with high ionic conductivity, and good chemical the outlines of these procedures:

and electrochemical stability will help to improve the cycling life of Compound (1).—2-(2.4-Difluorophenyd-fluoro-1,3,2-benzodioxa-

lithium-ion batteries. Studies on a new electrolyte using a boron-
containing lithium salt bi@xalato) borate (LIBOB)** have shown borole, or (GHsF)O,B(CeHsF). 3-fluorocatechol(3.84 g, 0.03

; wmol) and 2,4-difluoroboronic acit4.73 g, 0.03 molwere mixed in
system. The potential of using boron-containing compounds in non-40 mL toluene. The mixture was heated to reflux. Water from con-

aqueous electrolytes is attracting more and more attention from bothensathn reaction was removed by azeotropic d'St'”at'o.n' Afte_r 4h
the academic and industrial communities. In our previous of reaction, the solvent was evaporated from the reaction mixture

publications® it has been demonstrated that using anion receptor&Nder reduced pressure. The residue was sublimed at 98-100°C/0.1

as additives can significantly reduce ion pairing in nonaqueous elec'™ H9- The final produc(?.zog of white crystalwas obtained in
trolytes. These types of anion receptors can be used in two ways6% Yield. Melting point: 112°C. H_'\{MR (CDGlppm) & 6.7-7.2

One is to use them as additives to improve the properties of cur{m, 5H), 7.8-8.3m, 1H). IR (neat cm"), v 3082.7, 1613.0, 1499.4,
rently used electrolytesithe other is to use them in combination 1462.4, 1422.6, 1393.3, 1368.5, 13319, 1268.9, 1173.6, 1140.3,

with various salts to develop new electrolyte systems. Here we re1103.5, 1057.7, 1025.0, 968.7, 853.3, 774.7, 725.5, 653.4.
port the synthesis of a series of boronate compounds. The effect ofompound ~ (2).—2-(3-Trifluoromethyl  phemd-fluoro-1,3,2-

these new compounds on conductivity of lithium salts in nonaque-penzodioxaborole, or (§1sF)0,B(C,H,Fs). The same synthesis

ous solution was studied. The molecular weights of_ most of these, qcedure as for compourid) was used. 3-Fluorocatechol reacted
new boronate compounds are lower than our previously reporte

boron compounds, and many of them are liquids at room tempera-

ture. Therefore, their effects on conductivity enhancement are supe- . : & o

rior. The effects on anion complexation were investigated by near- 0 0 : 0 0

edge X-ray absorption spectroscopy. Electrolytes using som *‘@'F @ )’@ @ $ @ _@F
compounds in this series display high electrochemical stability up to 1 2 3 CFy 4

5 V. Although the molecular structures and the synthesis of some F - &
compounds in this new series of boronate compounds had bee: >D 0 0 ’>\: 0

briefly described in our previous publicatiéfidetailed and system- J ¥ )5 )’ \’

atic study of the series reported here provides more complete infor- 5 6 7 8 CF,
mation about these compounds.

F: F F.
F5C: F;C FiC
Experimental Paé:}"@ ué:z)"@g r,zé:}

Synthesis and characterizatierFourteen fluorinated 1,3,2- 9 11
benzodioxaborole and 1,3,2-dioxaborolane compounds synthesize P:}\‘)

10
in our laborat ted here. The chemical structures of th e >
In our laporatory are reporte ere. e chemical structures O [SSTI. F.
o O >Q e @
FC F)‘?’O P’:DPO
13

* Electrochemical Society Active Member. 12 14

** Electrochemical Society Fellow. . . .
¢ Present address: DuPont Fluoroproducts, Wilmington, Delaware 19803, USA.  Figure 1. Chemical structure of boronate-based anion receptors. The num-
z E-mail: xyang@bnl.gov bers under the structures correspond to the compound number in the text.
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Figure 2. Scheme of synthesis steps of compou(ids).

9,10, 11

with equivalent 3-trifluoromethylboronic acid to yield 95% pure 190 ;((=:5;I-§_ difluoro
product. Melting point: 81-82°C. HNMR (CDgIlppm) & 6.8-7.4 11 X= ’ tafl
(m, 3H), 7.5-8.1(m, 2H), 8.2-8.5m, 2H). IR (neat cr?), v 3059.5, pentatiuoro
1632.7, 1499.7, 1462.5, 1376.1, 1301.9, 1171.3, 1131.0, 1080.
1026.9, 917.7, 847.7, 808.7, 774.7, 721.7, 701.1, 605.7.
2,5-Bis(trifluoromethyl)phenylboronic acid, an intermediate
compound. 160 mL of 2.5 M butyl lithium in hexane was mixed
with 400 mL of anhydrous ether. 77.2 .27 M) of 1,4-  Compound (5).—2-(2,4-Difluorophenstetrafluoro-1,3,2-benzodi-
bis(trifluoromethyl)benzene was added dropwise to this solution atoxaborole(5) or (CsF;)O,B(CgH3F,). The crude product was ob-
room temperature. After refluxing for 6 h, the solution was addedtained from 3.64 g of tetrafluorocatechol and 3.16 g of 2,4-
dropwise, over a 1 h period, from a dropping funnel, to a flask in andifluorophenylboronic acid. The crude product was sublimed at
ice bath containing 100 mL trimethylborate mixed with 400 mL 125°C/0.2 mm Hg to obtain 5.7 g of pure compound. The melting
ether. The mixture was further stirredrf@ h at room temperature. point of the compound was 112-114°C. HNM&methy! sulfoxide
Then the mixture was poured into an aqueous ammonium chloriddDMSO)-d6 ppm] & 6.7-7.2(m, 2H), 7.3-7.7(m, 1H).
solution. The ether layer was separated and washed with water. The

roduct was dried over magnesium sulfate. The solvent was evapo- ompound  (6).—2-(Pentafluorophepyétrafiuoro-1,3,2-benzodi-
P 9 P oxaborole or (GF;)O;B(CgFs). 3.64 g of tetrafluorocatechol was

rated and a crystalline of the product was formed. Pentane wa ) . .
added to precipitate out all the crystals. The crude product was fil-condensed with 4.2 g pentafluoroboronic acid. The crude product

tered out and further purified through recrystallization. The yield was then sublimed at 110.°C/O'1 mm Hg to obtain 6.2 g Ofc pure
was 21 g, and the melting point was 133-135°C. compound. The melting point of the compound was 131-132°C.

Compound (3).—2,5-Bis(trifluoromethphenyl-4-fluoro-1,3,2-  compound  (7).—2-(2-Trifluoromethyl ~ phemtetrafluoro-1,3,2-
benzodioxaborole, or ({15F)0,B(CsHsF). The same synthesis benzodioxaborole or (§F,) O,B(C;H,F;). 3.3 g of tetrafluorocat-
procedure as for compouritl) was used. 2.56 g of 3-fluorocatechol echol was reacted with 3.42 g of 2-trifluoromethylphenylboronic
was condensed with 5.16 g of 2,5-bidluoromethyl)phenylboronic ~ acid to obtain 5.9 g of crude product. The crude product was then
acid to obtain 6.8 g of pure produ@ublimed at 120°C/0.3 mm Hg sublimed at 110°C/0.1 mm Hg to obtain 5.2 g of pureo compound.
The yield was 92%. The melting point of the compound was 81- 1€ melting point of the compound was 102-103°C. HNMR
83°C. HNMR (Acetone-d6 ppm) 57-7.4(m, 3H), 8.1-8.28m, 2H),  (@cetone-d6 ppind: 7.8-8.1(m, 3H), 8.2-8.4m, 1H).

0r—'igure 4. Scheme of synthesis steps of compouf(@id1).

8.6(s, 1H). o Compound (8).—2,5-Bis(trifluoromethyl phepyeétrafluoro-1,3,2-
The synthesis procedure of compounds8) was similar as de-  penzodioxaborole or (§F4) O,B(CgH3Fg). 3.2 g of tetrafluorocat-
scribed for compoundl) and is sketched in Fig. 3. echol was condensed with 516 g of 25

Compound (4).—2-(4-Fluorophenstetrafluoro-1,3,2-benzodi- ~ Pis(trifluoromethylphenylboronic  acid to obtain the crude

oxaborole or (GF,)O,B(CgH,F). 3.3 g of tetrafluorocatechol was compougd. The crude product was distilled using a Kugelrohr at
condensed with 2.5 g of 4-fluoroboronic acid to obtaig of crude ~ 109-110°C/0.3 mm Hg. After cooling, crystals were formed and the
product. It was sublimed at 135%0/15 mm Hg)twice to obtain 4 g Yield was 7.4 g. The melting point of the compound was 81-83°C.

: : o~ HNMR (Acetone-d6 ppm3: 8.05-8.2(m, 2H), 8.6(s, 1H).
f duct. Th It t of th d 128-130°C. . -
Of pure produc € metting point ot the compound was The synthesis procedure of compourifisll) are sketched in Fig.

4. The following are the outlines of these procedures:

. (OH),
e & .. D
OH 5 CFs H s O\B‘@ *
X T R /
X

F3
4,5,6,7,8 FiC
4 X=4-difluoro
5 X=24-difluoro 12,13,14
6 X= pentafluoro 12 X=5H
7 X=2-trifluoromethyl 13 X=3,5- difluoro
8 X=2,5-ditrifluoromethyl 14 X= pentafluoro
Figure 3. Scheme of synthesis steps of compou(s). Figure 5. Scheme of synthesis steps of compou(iis-14).
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Table I. lonic conductivity of 0.8 M boronate compounds+ lithium salts in DME.

Conductivity Conductivity
CF,COOLi C,FsCOOLi Conductivity Group number
Boronate compounds (Slcm) (S/cm) LiF (S/cm) of compounds
33 x 10° 21 X 10°° @
1. (GsH3F)O,B(CgH3F,) 420 x 10°° 4.07 x 103 2 1
2. (GsH3F)O,B(C,H,F3) 459 x 10°° 357 x 1078 a 1
3. (GsH3F)O,B(CgH3Fs) 467 X 10°° 457 x 10°° a 1
4. (GsF,) O,B(CgH,F) 420 x 10°° 4.07 x 10°° 1.00 X 1073 2
5. (CsF4) O,B(CgH3F,) 7.50 x 1072 7.09 x 1073 2.75 X 1078 2
6. (CsF,) O,B(CgFs) 8.24 x 10°° 8.10 x 1073 9.54 x 1078 2
7. (CsF4) O,B(CyH,4F3) 6.56 X 107 6.14 X 1073 3.06 X 1078 2
8. (CsF4) O,B(CgH3Fs) 6.60 X 10°° 6.00 X 1073 3.42 x 1078 2
9. (GsF12) O,B(CgHs) 5.65 x 10°° 579 X 107° 231 x 1078 3
10. (GF12) O,B(CgH3F,) 7.37 X 1078 6.44 X 1073 6.97 X 1078 3
11. (GF1) O,B(C4Fs) 6.74 X 1073 6.27 x 1073 7.48 X 1078 3
12. (GHF0),B(CgHs) 6.45 x 1073 b 478 x 10°° 4
13. (GHF0),B(CgH3F>) 7.80 x 1073 b 475 x 1078 4
14. (GHF0),B(CgFs) 8.33 x 103 b 4.03 x 10°° 4

2The solubility of LiF was low; therefore, the conductivity was not measured.
b Conductivity was not measured.

Compound  (9).—2-Phenyl-4,4,5,5-tetrdkiluoromethyl)-1,3,2- 1,1,1,3,3,3-hexafluoro-2-propanol was added dropwise at room tem-
dioxaborolane or (gF;,)O,B(CgHs). The synthesis of this com- perature. After the addition was completed, the ether was evaporated
pound followed the procedure described by Alktral® By reacting from the solution. The residue was dried under vacuum to obtain the
perfluoropinacol with dichlorophenylborane, the product was ob-solid alkoxide. 200 mL of pentane was added to the alkoxide, then
tained with a yield of 78%. The boiling point of the compound was 15.9 g (0.1 M) of dichlorophenylborangpurchased from Aldrich
68°C/18 mm Hg. was dropped into the mixture. After stirring the mixture for 20 h, the

) . sodium chloride was filtered off. The ether was removed by evapo-
Compound  (10).—2-(3,5-Difluorophenyl-4,4,5,5-tetréki8uoro- ration under atmospheric pressure from the filtrate. The liquid resi-
methyl)-1,3,2-dioxaborolane or €5 0,B(CeHsF,). 1-bromo-  gye was distilled under vacuum using a Kugelrohr. 22 g of the pure
3,5-difluorobenzené8.6 g, 0.2 molwas added slowly to a mixture  product was obtained. The boiling point of the compound was 90-
of magnesium turningé4.8 g, 0.2 mol)in 200 mL anhydrous ethyl  g5ec/15 mm Hg. HNMR (CDGlppm) & 5.2(q, 2H), 7.55(s, 5H).

ether. After the reaction mixture was refluxed for 2 h, trimethyltin | (neat cm'), v 3061.1, 2966.9, 1603.9, 1344.9, 1267.9, 1110.4
chloride (40 g, 0.2 mol)was added dropwise to the solution and go5 g 874.4 693.2. ' ' ' ' '

refluxing continued for one more hour. Then the reaction mixture

was hydrolyzed by saturated ammonium chloride. The organic layelCompound (13).—Bis(1,1,1,3,3,3-hexafluoroisoproys-difluoro

of 3,5-difluorophenyltrimethyltin was separated and purified by dis- phenylboronate, or (§£1F;0),B(CgHsF,). This compound was
tillation with a 62% yield. Then the 3,5-difluorophenyltrimethyltin  synthesized with the same procedure as described for compound
(11 g, 0.04 molwas reacted with boron trichloridd1 g, 0.093 M) (12), but using dichloro-3,5-difluorophenylborane to replace the
in a sealed tube at 0°C for 1 h and then at room temperature for 12lichlorophenylborane. The yield was 62%. The boiling point of the
h. Dichloro-3,5-difluorophenylborané.3 g, 0.032 mol)was ob-  compound was 70-73°C/15 mm Hg. HNMR (CR@pm) & 5.1(q,
tained from the reaction with a yield of 81%. Dichloro-3,5- 2H), 6.9-7.35(m, 3H). IR (neat cm?Y), v 3092.3, 1590.6, 1348.7,
difluorophenylborang5.84 g, 0.03 mol)was added to a solution 1267.7, 1204.4, 1117.0, 987.2, 872.4, 698.2.

containing perfluoropinacdflO g, 0.03 M)in 50 mL of anhydrous . )

chloroform at—40°C. Then the reaction mixture was stirred con- Compound  (14).—Bis(1,1,1,3,3,3-hexafluoroisoprgpghtafiuoro-
tinuously at room temperature for 4 h. The insoluble material wasPhenylboronate, or (§£1Fs0),B(CeFs). This compound was syn-
filtered off from the solution. The chloroform solvent was removed thesized with the same procedure as described for compdid

by evaporation. The pure product was obtained by distillation of the
residue with a yield of 73%. The boiling point of the compound was
80°C/14 mm Hg. HNMR (CDGlppm) & 6.9-7.4(m, 1H), 7.35-7.7 : — — :
(m, 2H). IR (neat Crﬁl)’ v 3092.0, 1593.8, 1480.6, 1432.0, 1388.2, Table 1. Ic_)nlc conductivity of compound (1)+ lithium salt in
1248.9, 1109.8, 1080.5, 986.9, 952.8, 889.6, 870.4, 748.2, 721.8. ~ DME solutions.

Compound  (11).—2-pentafluorophenyl-4,4,5 5-tetr@tkssluoro- . dCO?(II_i?_tfation %):‘é“gg"lit.y ((::Olr:‘dcuggli_t}/ Conﬁg':ctivity
methyl)-1,3,2-dioxaborolane or ¢€;,) O,B(CgFs). This compound ompound ot fithium 3 b s : !
was synthesized with the same procedure for compd@ag Bro- DM salt (M) (Sfem) (Sfem) (Sfem)
mopentafluorobenzene and perfluoropinacol were used as starting 0 0.2 33 X 10° 21 x 10° a
materials. The final product had a boiling point: 87-90°C/12 mm Hg. 0.2 0.2 124 x 10°% 1.1 x 1078 a
IR (neat cmY), v 1657.6, 1493.5, 1426.4, 1368.4, 1246.5, 1083.7, 0.4 0.4 2.83x 10°% 273 x 108 @
989.9, 952.2, 889.0, 749.2, 718.2. 0.6 0.6 3.83 x 10°°% 3.69 x 10°° @

The synthesis procedure of compour{d2-14) are sketched in 0.8 0.8 420 X 10°° 4.07 x 1078 a
Fig. 5. Following are the outlines of these procedures. 1.0 1.0 3.96 X 10°% 3.86 x 1073 a

-3 -3 a

Compound (12).—Bis(1,1,1,3,3,3-hexafluoroisoprymyényl- 12 12 340 x 107 3.35 x 10
boronate, or (gHF;O),B(CsHs). To a mixture of 4.8 g0.2 M) of 2The solubility of LiF was low; therefore, the conductivity was not
sodium hydride in 200 mL of anhydrous ether, 33.602 M) of measured.
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Table IIl. lonic conductivity of compound (2)+ lithium salt in DME solutions.
Conductivity Conductivity Conductivity
Concentration of Concentration of CF;,COOLi C,FsCOOLi LiF
compound(2) (M) lithium salt (M) (S/cm) (S/cm) (S/cm)
0 0.2 33 x 107° 21 X 107° a
0.2 0.2 1.93 x 1073 7.60 X 10°* a
0.4 0.4 357 x 1073 1.94 x 1072 @
0.6 0.6 453 x 108 2.90 x 10°° @
0.8 0.8 459 X 103 3.57 x 10°° @
1.0 1.0 3.95 x 1073 3.79 x 1078 @
1.2 1.2 3.00 x 1073 3.68 x 10°° @
2The solubility of LiF was low; therefore, the conductivity was not measured.
Table V. lonic conductivity of compound (6)+ lithium salt in DME solutions.
Conductivity Conductivity Conductivity
Concentration of Concentration of CFR;,COOLi C,FsCOOLi LiF
compound(6) (M) lithium salt (M) (S/lcm) (S/cm) (Slcm)
0 0.2 33 x 10°° 21 X 107° @
0.2 0.2 411 x 1078 452 x 103 358 x 10°°
0.4 0.4 7.51 X 10°° 7.67 x 1078 6.85 X 10°°
0.6 0.6 9.00 X 1078 8.92 x 1078 8.98 x 10°°
0.8 0.8 8.24 x 1078 8.10 x 1078 954 x 10°°
1.0 1.0 7.76 X 10°° 6.49 X 1073 9.00 X 10°°
1.2 1.2 6.62 X 10°° 467 X 10°° 7.68 x 1072
2The solubility of LiF was low; therefore, the conductivity was not measured.
Table V. lonic conductivity of compound (8)+ lithium salt in DME solutions.
Conductivity Conductivity Conductivity
Concentration of Concentration of CF;COOLi C,FsCOOLi LiF
compound(8) (M) lithium salt (M) (Slcm) (Slcm) (S/lcm)
0 0.2 33 x 10° 21 x 107° @
0.2 0.2 3.60 X 10°° 3.92 x 1073 @
0.4 0.4 6.16 X 1073 6.56 x 1073 @
0.6 0.6 6.95 X 1073 7.15 x 1073 @
0.8 0.8 6.60 X 1073 6.00 x 1073 3.42 x 1073
1.0 1.0 522 x 1073 411 x 108 3.78 x 1073
1.2 1.2 3.47 x 1073 2.23 x 1073 3.46 x 1073
aLiF was only partially dissolved in these solutions; therefore, conductivity was not measured.
Table VI. lonic conductivity of compound (9)+ lithium salt in DME solutions.
Conductivity Conductivity Conductivity
Concentration of Concentration of CF,COOLi C,FsCOOLi LiF
compound(9) (M) lithium salt (M) (Slcm) (S/cm) (S/cm)
0 0.2 33 x 10°° 21 x 10°° a
0.2 0.2 3.15 x 1078 3.46 x 10°° 7.40 X 1074
0.4 0.4 495 x 1078 533 x 10°° 1.38 X 1073
0.6 0.6 5.89 x 10°° 6.14 X 1073 1.90 X 1073
0.8 0.8 5.65 x 10°° 579 x 1073 231 x 1078
1.0 1.0 459 x 1078 4.46 X 10°° 2.47 x 1078
1.2 1.2 3.02x 1078 2.78 X 1073 2.40 X 1078

2The solubility of LiF was low; therefore, the conductivity was not measured.
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Table VII. lonic conductivity of compound (11)+ lithium salt in DME solutions.

Conductivity Conductivity Conductivity
Concentration of Concentration of CF;,COOLi C,FsCOOLi LiF
compound(11) (M) lithium salt (M) (S/cm) (S/cm) (S/cm)
0 0.2 33 x 10°° 21 x 10°° 2
0.2 0.2 430 x 10°° 457 x 1072 3.47 x 1073
0.4 0.4 7.07 x 1078 7.16 x 1078 6.13 x 1073
0.6 0.6 7.83 x 1078 7.72 x 1078 453 x 1072
0.8 0.8 6.74 x 1078 6.27 x 1078 7.48 x 1073
1.0 1.0 469 x 10°° 3.97 x 1078 6.55 x 1073
1.2 1.2 2.86 x 1078 1.91 x 1078 5.10 x 1073

2The solubility of LiF was low; therefore, the conductivity was not measured.

but using dichloro-pentafluorophenylborane to replace the dichlo-increasing number of the electron-withdrawing grofip&he larg-
rophenylborane. The yield was 43%. The boiling point of the com- est conductivity enhancement in group 2 is from compo(8y
pound was 73-75°C/15 mm Hg. HNMR (CDLCppm) & 4.9 (q, which has fully fluorinated rings on both sides. Compound 6 has the
CH). IR (neat cm?), v 2972.8, 1654.8, 1491.3, 1379.6, 1271.7, strongest effect in group 2. This tells us that the conductivity en-
1209.0, 1113.7, 982.5, 874.5, 693.4. hancementobtained from the anion complexation effestrongly
o - depends on the electron-withdrawing effect of the substituting

Conductivity measurementsConductivity measurements were qrqun byt it is also affected by steric hindrance effects. Compound
made at 25°C using a Hewlett-Packard 4129A impedance analyzefg) has a greater conductivity enhancement effect than compound
in the frequency range from 5 Hz to 10 MHz. Cells with Pt elec- (5), due to the two stronger CF3 electron-withdrawing groups as
trodes were used for the measurements. The cell constants Wel&mpared to the two single fluorine atoms in compo(B)d It has a
calibrated by measuring a 0.05 N KCI standard aqueous solutionyeaker effect than compouri8) due to the steric hindrance effect
The ionic conductivities of dimethoxyetha®ME) solutions con- ¢ yhe bulky CR structure. All compounds in groug8) and(4) are
taining various boron-based compounds and lithium salts were comyq,jigs at room temperature due to their partial branch structures.
pared with the conductivities of DME solutions containing lithium p.c liquid nature makes them much easier to be dissolved in non-

salts only. aqueous solvents. In group 3, the conductivity enhancement in-

Near-edge absorption X_ray fine structure measurements Creases with the increased number of SUbStitUting fluorine atoms.
Near-edge absorption X-ray fine structdNEXAFS) measurements ~However, in group 4, the conductivity enhancement does not have
were made at the iodink, edge for Li/DME solutions with and ~ clear correlation with the number of fluorine atoms. This may be due
without boron-based anion receptors. The measurements were dori@ the more flexible branch structure of group 4. Although we have
at Beam Line X19A of the National Synchrotron Light Source Measured conductivity data for all 14 compounds at various concen-
(NSLS). The data were collected using a large solid angle ionizatiorfrations, only selected data are presented here for each group. The
chamber as the fluorescence detector. The solutions containing L#onic conductivity data of compound 1 and compound 2 as additives
salt and various boronate compounds were poured into cells witi? DME with various concentrations are listed in Tables Il and IlI.
thin Mylar windows for NEXAFS studies. The corresponding data for compouf®) and compound8) are

listed in Tables IV and V. Table VI contains data for compoyéy

Electrochemical stability measurementsElectrochemical sta- and Table VII contains data for compourtl). The results for
bility measurements were performed using a Solatron S| 1287 eleccompound(14) are listed in Table VIIl. For most compounds, the
trochemical interface in the potential dynamic mode. conductivity has a maximum at around 0.8 M concentration. For
compounds with CE substituting groups attached to phenol rings,
the conductivity decreases rapidly with increasing concentration af-

The ionic conductivity of electrolytes containing lithium salts ter the maximum was reached, while the others with fluorine substi-
only, such as CEO,Li and GFsCO.Li, dissolved in DME are  tuting atoms only decrease slightly. We would like to point out that
low, with respective conductivities of only 3.3 and 2110 ° S/cm
at concentrations of 0.2 M. LiF is insoluble in this solvent. The
conductivity enhancement effects of the boronate compounds are
summarized in Table | for 0.8 M concentrations of both the lithium
salts and the anion receptors. All measurements were done at 25°C:
According to the chemical structures in Fig. 1, the 14 compounds
can be divided into four groups: compour(ds3), compound$4-8),

Results and Discussion

Table VIII. lonic conductivity of compound (14)+ lithium salt
in DME solutions.

compoundg(9-11), and compound&l2-14). The 0.8 M concentra- Concentration  Concentration

tion data are given because this is close to the optimized concentra- of of Conductivity Conductivity
tion. With the addition of stoichiometric amounts of compounds compound(11) lithium salt CF;COOLi LiF
(1-3) as additives, the conductivities of 0.8 M solutions of (M) (M) (Slem) (Slem)
CR,CO,Li and GFsCO,Li salts in DME were significantly in- 0 0.2 3.30 X 105 a
creased to a range around>4 103 S/cm, as shown in Table I. 0.2 0.2 367 x 103 145 x 1073
However, their anion complexation effects of these compounds were 0:4 0:4 4'49 % 1073 2'70 % 1073
still rather weak and the solubility of LiF remained low. When the 0.6 0.6 8'96 % 10°2 3'56 % 1073
second group compounfisompoundg4-8)]were used as additives, 0.8 0.8 833 x 103 403 x 10°3
their effects were strong enough to dissolve LiF salt to concentra- 1.0 1.0 630 x 103 409 x 10°3
tions as high as 1.2 M. The main difference between the first group 1.2 1.2 368 x 103 377 x 10°3

and the second is the fully fluorinated left ring in group 2. This is
consistent with our previous results on the increased conductivity 2The solubility of LiF was low; therefore, the conductivity was not
enhancement effects of other boron-based anion receptors with the measured.
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a Figure 7. Electrochemical stability of electrolyte containing 0.2 M LIF and
@O (4)+Lilin DME (b) compound(14) in EC-DMC solution(viv 1:1).
Lil in DME (a) these spectra. This technique has been used to study the complex-
ation between Cl and aza-based anion recept8rand other types
of boron-based anion receptSrShe white line in curvea) for Lil
in DME is a broad peak. When Lil salt was dissolved in solvent, the
|~ ion experiencing a spherical symmetric environment, thdisal
1 | 1

states of the 1 are close to being degenerate, and the transition
5180 5200 5220 5240 feature is a broad peak. White-line peak splitting can occur if there
Energy (eV) is an asymmetric distribution of atonier molecules)surrounding
the I” with strong bonding. The more asymmetric the distribution is,
Figure 6. NEXAFS at the IL, edge for DME solutions of(a) 0.2 M Lil salt, the stronger the splitting effect will be. The asymmetric local field
(b) 0.2 M[Lil + compound(4)], (c) 0.2 M[Lil + compound(7)], (d) 0.2 experienced by each of the degenerapeffal states of T is dif-
M [Lil + compound(8)], (e) 0.2 M[Lil + compound(10)], and(f) 0.2 M ferent and the degeneracy is lifted. This results in a splitting of the
[Lil + compound(11)]. absorption peak. In curvé), when the Lil salt was dissolved in
DME, the white-line splitting is almost undetectable, because the
distribution of the solvent molecules has a spherical symmetry sur-
for the practical lithium battery electrolyte, DME is not a good rounding the T ions, and the interaction between the solvent and |
choice due to its poor electrochemical stability compared with otheris weak. We classify these anions as uncomplexed anions. In curve
solvents such as dimethyl carbon&fMC). (b), white-line splitting was observed when compout® was
In our previous publicatioR, NEXAFS was used to study the added into the solution. This gives strong evidence that thes |
anion complexation of boron compounds. This technique is usedndeed complexed with the boron atom in compouy In curves
here to study the anion complexation effect of boronate compounds(c-f), for solutions containing Lil and compoundg-10), respec-
NEXAFS spectra at the iodine, edge were used to study the tively, the white-line splitting becomes more and more obvious, in-
coordination symmetry of the lion in solutions. It would be better  dicating stronger and stronger anion complexing effects of these
if we could get spectroscopic evidence for complex formation in LiF compounds. For easy comparison, the chemical structures and the
solutions directly by studying the fluorin€edge. Unfortunately, the ionic conductivities of these compounds used as additives for LiF
energy of fluorinek edge is too low and difficult to apply to solution salts are also shown in Fig. 6. It is quite clear that the stronger the
studies. Therefore, the spectroscopy was done at the chikrauge electron-withdrawing power of the substituting groups in the bor-
and iodinel edges. We report our iodirleedge spectroscopy results onate compounds, the higher the conductivity enhancement, and
here. In an iodineL edge NEXAFS experiment, as the incident also the larger white-line splitting of the NEXAFS spectra.
X-ray energy is scanned through the iodinedge, the ejecteds2 The electrochemical stability studies were carried out using a
photoe|ectrons can undergo bound state transitions to empty 5SO|atr0n S| 1287 electrochemical interface in potential dynamic
states. Coordination symmetry can affect the energy levels of thénode at a scan rate of 20 mV/s. A three-electrode cell with a glassy
final states. Therefore, the fine structure of the absorption spectr&arbon as working electrod@.0 mnf), platinum wire as counter
near the edge provides information about the coordination symmetrglectrode, and metal lithium foil as reference electrode was used for
of the I anion. this study. The resulting curve is plotted in Fig. 7. The electrolyte
Figure 6 shows how the boron-based additives with differentmade of compound14), LiF salt, and ethylene carbonate/diethyl
electron-withdrawing groups have a dramatic effect on fine structuret@rbonatd EC/DMC) solvent has excellent electrochemical stability
of the absorption spectra. NEXAFS data at the iodinedge are &t voltagevs.Li as high as 5 V.
given for DME solutions ofla) 0.2 M Lil, (b) 0.2 M Lil + 0.2 M
compound(4), (c) 0.2 M Lil + 0.2 M compound(7), (d) 0.2 M Acknowledgment
Lil + 0.2 M compound8), (e) 0.2 M Lil + 0.2 M compound10), This work was supported by the U.S. Department of Energy,
(f) 0.2 M Lil + 0.2 M compound(11). The “white line” peak, Division of Materials Science of the Office Basic Energy Sciences,
between 5185 and 5195 eV, above the edge, is due to dipole-allowednd the Office of Energy Research, Laboratory Technology Re-
transitions to final states gf symmetry. The structure of the white search Program, under contract no. DE-AC02-98CH10886. The
line is sensitive to the coordination of the absorbing atom,ih NEXAFS experiments were done at Beam Line X19A at NSLS.
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