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ABSTRACT A

A series of room temperature ionic liquids (RTILs) containing MX,> (where M = Co, Ni and X = Cl,
I) as the counterion have been synthesized from alkyl imidazolium chlorides and the appropriate
MX, species. A secondary series of RITLs in which the imidazolium cation has been replaced by
trihexyl(tetradecyl)phosphonium chloride is also introduced. These salts are liquid at ambient
temperatures (ca. 20 °C) and deep blue in color. The thermal behavior and decomposition
products of these salts have been probed and provide new synthetic routes to nanoparticulate
materials. Also presented is their entrapment in silica matrices to form ionogels and

introductory probes into their electrochemical behavior.

ABSTRACT B

Computational modeling was carried out on a variety of >>Na organometallic compounds.
Geometry optimization was carried out with DFT calculations in the Gaussian

03W suite of programs. The gauge-including atomic orbital (GIAO) method was then used to
calculate their >Na NMR magnetic shielding values. It was determined that the chemical shift
of unsubstituted Na(C3Hs) was very sensitive to the presence of coordinated THF (20 ppm
upfield shift). The addition of silyl groups to the allyl has an even larger effect (30 ppm). This is

in contrast with NaCp, where coordinated THF causes only a 4 ppm upfield shift.
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PART A

SYNTHESIS AND CHARACTERIZATION OF NOVEL, METAL-RICH ROOM TEMPERATURE IONIC

LIQUIDS

INTRODUCTION

In recent years, the chemistry of room temperature ionic liquids (RTILs) has rapidly
expanded as they have become better understood and their use more prevalent in academic
and commercial settings." They possess unique chemical properties, such as large liquid
temperature ranges, negligible vapor pressure, and variable pH. They are highly polar non-
coordinating solvents whose properties can be fine-tuned in myriad ways. RTILs have been
utilized in catalysis,” electrochemistry,®” and as designer solvents.® Metal-containing anions
have been incorporated into these ionic liquids, some of which can be air and moisture stable.
Many of the metal anions used form the compounds [MCl,]*", where M is a metal such as Zn, Sn,

Fe, Ln, etc.>

The properties of nickel-based anions in ionic liquids have been explored in
several studies.* It was found that in several haloaluminate melts an equilibrium existed
between AICl, and the dimer, [Al,Cl;]". This equilibrium leaves a free chlorine anion, which can
be used to complex with nickel(ll). The electrochemical behavior of the new species was
explored and the standard potential of the species was found to be E; = 1.433 V (at 175 °C,
versus an Al standard). Furthermore, the existence of similar species, such as the cobalt analog,

was explored by Oye and Gruen." In contrast, in these studies the metal chloride anion was

present in only very small quantities, and was not considered the predominant anionic species.



RTILs with metal halides as the predominant anion were examined by Seddon in 1996 and in
previous work by this group in 2009.*
Pnictogen compounds of transition metals have been the focus of many recent studies.

1516 35 well as in

They have been found to be useful for their magnetic and catalytic properties
thin films.” They are also currently being explored for their possible uses in data storage
devices.”® However, synthesis of these compounds can be somewhat problematic. For instance,
phosphide compounds were commonly produced by direct reaction of highly toxic nanocrystals
using cobalt dichloride and white phosphorous as starting materials.”> These nanocrystals
proved to be useful for the photo-catalytic degredation of various organic dyes.

This work investigates the synthesis of ionic liquid species and their thermal
decomposition behavior. Due to their well-understood properties, the dianonic species NiCl,”

and CoCl,” were chosen to be the primary anions of investigation.™"

EXPERIMENTAL

General Considerations

Commercial ionic liquids were purchased from Strem and Acros. All other reagents
were purchased from Aldrich or Fluka and used as received.

Elemental analyses were performed by the University of Illinois Microanalytical
Laboratory, Desert Analytics (Tucson, AZ), or at the Micro-Mass Facility, University of California,
Berkeley (Berkeley, CA). NMR spectra were taken on a Bruker 400 MHz NMR.
Thermogravimetric analyses (TGA) were run on an Instrument Specialist's TGA-1000. Thermal
decomposition of bulk ionic liquids was carried out in a Lindberg/Blue tube furnace.

Transmission Electron Microscopy images were taken on a Philips CM20 Transmission Electron



Microscope. All electrochemical measurements were conducted using a CHI 660a potentiostat
from CH Instruments (Austin, TX). The electrochemical cell was used in a three-electrode
configuration with 1.5 mm Pt disc working electrode, Ag wire reference electrode, and a 0.5 mm
platinum disc counter electrode. The working and counter electrodes were sealed in epoxy on a
resin surface. The surface of the disc electrodes was polished with 3 micron Buehler Metadi Il

Diamond Polishing Compound.

Synthesis of Parent lonic Liquids

~
AN\ omemx T \eX
N \\/N\
—~—/  wccish ~ (CHCHy
X=Cl1
n=4,6,7

Figure A.1 Synthetic pathway of parent compounds.

1-pentyl-3-methylimidazolium chloride, [Csmim]Cl. N-methylimidazole (4.9 g, 59.8 mmol) and
1-chloropentane (6.3 g, 59.4 mmol) were placed in a 50 mL round bottom flask equipped with a
magnetic stirring bar. The mixture was heated to 95 2C with stirring for 18 h. The resulting
yellow liquid was washed with Et,0 (3 x 30 mL) and heated to 100 2C under dynamic vacuum for
1.5 hours. (9.9 g, 88%)

1-heptyl-3-methylimidazolium chloride, [C;mim]CI.

1-chloroheptane (21.12 g, 156.9 mmol) and N-methylimidazole (12.36 g, 150.5 mmol) were
placed in a 50 mL round bottom flask equipped with a magnetic stirring bar. The mixture was

heated to 95 °C with stirring for 20 h. The resulting yellow-orange liquid was washed with Et,0

(3 x 30 mL) and heated to 100 2C under dynamic vacuum for 1.5 h. Yield was near quantitative.



1-heptyl-3-methylimidazolium iodide, [C;mim]I.

1-iodoheptane (12.35 g, 54.62 mmol) was treated as for 1-chloroheptane to yield a red liquid in
guantitative yield.

1-octyl-3-methylimidazolium chloride, [Csmim]CI.

1-chlorooctane (22.38 g, 150.5 mmol) was treated as 1-chloroheptane to yield the product as a

yellow liquid in quantitative yield.

1-benzyl-3-methylimidazolium chloride, [Armim]CI.

Benzyl chloride (8.23 g, 65.0 mmol) was treated as for 1-chloroheptane to yield the product as a

yellow liquid in quantitative yield.

Synthesis of Metal Containing lonic Liquids

—~—— — 2
N\ —_— N\
< (CH3),CH3 90 OC’ 18h = (CH2),CHj3
M = Nij, Co, Pd, Fe
X=CL1I
n=4,6,7

Figure A.2 Synthetic pathway of metal containing imidizolium species.

Bis(1-pentyl-3-methylimidazolium) tetrachloronickelate(ll), [PentMelm],[NiClz]. 1-pentyl-3-
methylimidazolium chloride (5.26 g, 27.9 mmol) and NiClp(H20)g (3.31 g, 13.9 mmol) were
placed in a 50 mL round bottom flask equipped with a magnetic stirring bar. The flask was
flushed with Ny and the reaction was allowed to stir at 80 °C for 18 h. The reaction was removed
from heat and allowed to cool to room temperature. The solution was dried under vacuum at 95
°C to afford a dark blue liquid (6.24 g, 88%). Anal. Calcd for C1gH34Cl4NgNi: C, 42.64; H, 6.76; N,
11.05. Found: C, 39.31; H, 6.38; N, 10.19. The empirically found C:H:N values are in the molar

ratio 18.0 : 34.8 : 4.0, suggesting that combustion was incomplete.
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Bis(1-hexyl-3-methylimidazolium) tetrachloronickelate(ll), [Csmim],[NiCl,].
1-hexyl-3-methylimidazolium chloride (4.29 g, 19.8 mmol) and NiCl,(H,0)¢ (2.35 g, 9.89 mmol)
were placed in a 100 mL round bottom flask equipped with a magnetic stirring bar. The flask was
flushed with N, and the reaction was allowed to stir at 80 °C for 17 h. The reaction was removed
from heat and allowed to cool to room temperature. The solution was dried under vacuum at 95
°C to afford a dark blue liquid in 83% vyield. Anal. Calcd for C,,H4,Cl4NyNi: C, 46.92; H, 7.53; N,
9.95. Found: C, 46.04; H, 7.57; N, 9.80.

Bis(1-heptyl-3-methylimidazolium) tetrachloronickelate(ll), [C;mim],[Nil,].
1-heptyl-3-methylimidazolium iodide (5.37 g, 17.4 mmol) and Nil,(H,0)s (3.58 g, 8.51 mmol)
were treated as for [C;mim],[NiCl,]. The solution was dried under vacuum at 100 °C to afford a
dark red liquid in quantitative yield.

[Camim][Cemim][NiCl,].

1-butyl-3-methylimidazolium chloride (2.25 g, 12.9 mmol), 1-hexyl-3-methylimidazolium
chloride (2.61 g, 12.9 mmol), and NiCl,(H,0)s (3.06 g, 12.9 mmol) were placed in a 100 mL round
bottom flask equipped with a magnetic stirring bar. The flask was flushed with N, and the
reaction was allowed to stir at 90 °C for 23 h. The reaction was removed from heat and allowed
to cool to room temperature. The solution was dried under vacuum at 100 °C to afford a dark
blue liquid (5.97 g, 91%).

Bis(1-octyl-3-methylimidazolium) tetrachloronickelate(ll), [Csmim],[NiCl,].
1-octyl-3-methylimidazolium chloride (4.54 g, 19.7 mmol) and NiCl,(H,0)s (2.34 g, 9.84 mmol)
were treated as for [C;mim],[NiCl4]. The solution was dried under vacuum at 90 °C for 2 h to
afford a dark blue liquid (5.17 g, quantitative). Anal. Calcd for C,H4sClsN4Ni: C, 48.72; H, 7.84; N,

9.48. Found: C, 47.91; H, 7.90; N, 9.38.



Bis(1-benzyll-3-methylimidazolium) tetrachloronickelate(ll), [Armim],[NiCl,].
1-benzyl-2-methylimidazolium chloride (2.17 g, 10.4 mmol) and NiCl,(H,0)s (2.52 g, 10.6 mmol)
were treated as for [Csmim],[NiCl,]. The resulting dark blue liquid was obtained in quantitative
yield.

Bis(1-octyl-3-methylimidazolium) tetrachlorocobaltate(ll), [Csmim],[CoCl,].
1-octyl-3-methylimidazolium chloride (9.54 g, 41.3 mmol) and CoCl,(H,0)¢ (4.92 g, 20.7 mmol)
were treated as for [Cgmim],[NiCl,]. The resulting dark blue liquid was obtained in quantitative
yield.

Bis(1-heptyl-3-methylimidazolium) tetrachloropalladate(ll) [Csmim],[PdCl,].
1-heptyl-3-methylimidazolium chloride (4.72 g, 21.8 mmol) and P1Cl, (1.93 g, 10.9 mmol)were
placed in a 100 mL round bottom flask equipped with a magnetic stirring bar. The flask was
allowed to stir at 90 °C for 18 h. The reaction was allowed to cool to room temperature. The
solution was dried under vacuum at 110 2C to afford a maroon solid in quantitative yield. Anal.
Calcd for C22H42CI4AN4Pd: C, 43.63; H, 6.77; N, 11.05. Found: C, 39.31; H, 6.38; N, 10.19.
Bis(1-hexyl-3-methylimidazolium) tetrachloroferrate(ll), [Csmim],[FeCl,].
1-hexyl-3-methylimidazolium chloride (4.82 g, 22.2 mmol) and anhydrous FeCl,*4H,0 (2.22 g,
11.2 mmol) were placed in a 50 mL round bottom flask equipped with a magnetic stirring bar. 20
mL of acetonitrile was added, and the mixture was stirred for 1 h. The reaction was placed on a
Schlenk line and heated under dynamic vacuum (75 °C, 18 h) to afford a red liquid in

guantitative yield.



R‘\ Ry
P/

[a] + MCl(H;0)y 2090 [p*],MCl,

RT’/ \R|
Ri = hexyl R: = tetradecyl
M = Ni, Pd, Co

Figure A.3 Synthetic pathway of metal containing phosphonium species.

Bis(trihexyl(tetradecyl)phosphonium) tetrachloronickelate(ll), [P*],[NiCl,].
Trihexyl(tetradecyl)phosphonium chloride (P*Cl, 2.51 g, 4.85 mmol) and NiCl,(H,0)¢ (0.58 g, 2.42
mmol) were treated as for [Csmim],[NiCl,]. The resulting dark blue liquid was obtained in

guantitative yield.

Preparation of lono-gels

Bis(trihexyl(tetradecyl)phosphonium) tetracobaltate(ll), [P*].[CoCl,].
Trihexyl(tetradecyl)phosphonium chloride (17.16 g, 33.0 mmol) and CoCl,(H,0)s (3.94 g, 16.5
mmol) were treated as for [CsMIM],[NiCl,]. The resulting dark blue liquid was obtained in
guantitative yield.

Acid Catalyzed preparation of Bis(trihexyl(tetradecyl)phosphonium) [NiCl,] ionogel

1.61 g [P*],[NiCl,] (1.38 mmol) was added to a beaker with 3.51 g of TMOS (23.05 mmol) and
3.66 g MTMS (26.87 mmol). The solution was exposed to sonication until the system became
homogenous. Next, 0.5 mL of formic acid was added to the solution. The system was allowed
react under sonication for 8 h. The thickened solution was allowed to set and age. The system
shrank slightly and the final gel was a mint green cracked solid. This solid was placed in a 100 °C

oven to remove any associated water and turned a royal blue color.



Base Catalyzed preparation of Bis(trihexyl(tetradecyl)phosphonium) [NiCl,] ionogel
[P*],[NiCl,] (0.291 g, 0.25 mmol) was added to a beaker with TMOS (0.796 g, 5.23 mmol),
Methyltrimethoxysilane (MTMS, 0.704 g, 5.15 mmol) and 1 mL ethanol. Two drops of
concentrated ammonium hydroxide was added to catalyze the system. The solution was stirred
rapidly until a blue power formed. This powder was dried in a 100 °C oven and then ground in a
mortar.

Base Catalyzed preparation of Bis(trihexyl(tetradecyl)phosphonium) [CoCl,] ionogel
[P*],[CoCl,] (0.146 g, 0.12 mmol) was added to a beaker with TMOS (0.320 g, 2.10 mmol),
MTMS (0.322 g, 2.37 mmol) and 1 mL ethanol. Two drops of concentrated ammonium
hydroxide was added to catalyze the system. The solution was stirred rapidly until a blue power

formed. This powder was dried in a 100 °C oven and then ground in a mortar.

RESULTS AND DISCUSSION

Synthesis of Metal Containing lonic Liquids

In previous work, RTILs have been prepared containing a variety of MCl, anions (where
M = Fe, Ni, Zn, Mn).“’ 9 Nickel was chosen as the metal of choice for continuing investigation
and a variety of chain lengths were explored for the functionalization of the imidazolium cation
(See Figure 1). The syntheses were not without some difficulty, as the pentyl derivative
([Csmim],[NiCl,]) was found to gel occasionally if the system was overheated, making it difficult
to work with. However, the other two nickel species were both liquid at room temperature, in
contrast to some other ionic liquids which have to be warmed up slightly before melting occurs.
Also, the iron derivative ([C;mim],[FeCl,]) was found to deposit an orange precipitate after

several days; it may be an iron oxide, but this has not yet been further investigated. The



palladium derivative ([C;mim],[PdCl,]) initially formed a dark garnet-colored liquid, and upon
standing, solidified into a dark brown-red solid. It is thought that this is due to the planar nature
of the PdCl,* anion. This planar character allows for a more efficient degree of packing,
something not allowed by the tetrahedral shape of the other anions.

The RTILs previously prepared by Meredith et al. containing iron, zinc, and manganese
all had acceptable elemental analyses.'® However, some difficulty was seen with the elemental
analysis of the nickel compounds. Typically, the carbon and hydrogen percentages were a bit
low, indicating an incomplete combustion of the materials in the analysis procedure. It is
presumed that upon analysis, the species form side products that are not detectable in the
combustion process.

The imidazolium cation is somewhat problematic in that it is hygroscopic; excess water
causes the NiCl,” cation to dissociate into NiCl, and CI". (Note: The addition of water is
completely reversible, and is easily removed under heat or vacuum, as seen in Figure A.4.) The
trihexyl(tetradecyl)-phosphonium cation was introduced to provide an alternative to
imidazolium as it is not hygroscopic. Cobalt and nickel were the metals of choice as they have

11,12

been previously studied in RTILs and the ionic salts synthesized here are liquid at room

temperature.

blue 2 green
dried  with H20

[C7mim],NiCl [C7mim]CL, NiCl,-6H,0

Figure A.4 Hygroscopic behavior of imidazolium species.



Viscosity Comments

The viscosity of RTILs tend to vary drastically from about 18-1100 cP or more (8,10). The
nickel ionic liquids discussed here typically have a viscosity of 110-180 cP at room temperature.
Their viscosities were measured previously** from approximately 23-60 °C. (Figure A.5) A
representative sample of viscosities, including representative samples of analogous [BF,]” and
[PF¢] compounds, is presented in Table A.1 The two longer-chained salts ([C;mim]" and
[Csmim]" cations) have higher viscosities than do those with shorter chains. Below 30 °C, the
viscosity of the mixed species ([Csmim][Csmim][NiCl,] which could be considered to have an
““average” chain length of Cs) tracks closely with that of the single-chained [Csmim],[NiCl,] salt.
Above 30 °C, the viscosities start to diverge, and values for the mixed imidazolium salt stay
roughly 15% below that of the single. The effect of mixed cations on the viscosities of ionic
liquids is not well studied (cf. the relative rarity of viscosity measurements in systems with

9,20,21

mixed anions ), so that it is not clear how typical the behavior of [C;mim][Cemim][NiCl,] is.

-8 [C,mim]*,[NiCI,J*~
-&- [Csmim]*,[NIiCI,J>-
—A- [Cgmim]*,[NiCl,J2-
-8~ [C,mim]*[Cgmim]*[NiCl %~

Viscosity (In cP)
w

01 . v ' . - - \
0.015 0.020 0.025 0.030 0.035 0.040 0.045

1/Temperature (°C)

T .s A T

Figure A.5 Viscosity behavior of imidazolium parent compounds.
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The salts containing the [NiCl,]* anion seem to have considerably lower viscosities than

the analogous [PF] salts and similar viscosities to the [BF,] species.’* %

The similarity of
viscosity is somewhat surprising due to the fact that the higher charge on the [NiCl,]* anion
would be expected to strengthen the coulombic attractions between the ionic species. This
would, in turn, increase the viscosity of the species. However, this seems to be counteracted by
the larger radius of the [NiCl,]* cation (with effective radii of ca. 2.9 A versus 2.1 A,
respectively)** which serves to weaken the interactions between the cation and anion, and this
compensate for the higher charge. Also, the viscosity of the mixed species,

[Camim][Cemim][NiCl,], is comparable to that of [C;amim][BF,]. This further underscores the

potential of mixed cationic species to lower viscosities.

Table A.1 Representative values for substituted imidazolium salts.

lonic Liquid T(°C) n (cP) Ref
[Csmim],[NiCl,] 24.9 125 14
[Csmim],INiCl,] 30.2 76 14
[Csmim],INiCl,] 40.2 33 14
[Cmim],INiCl,] 263 178 14
[C;mim][NiCl,] 30.1 116 14
[Cmim],INiCl,] 40.0 49 14
[Cemim],INiCl,] 27.7 144 14
[Camim],INiCl,] 30.2 109 14
[Cemim],INiCl,] 40.0 50 14
[Camim][PF¢] 30.0 452 22
[Csmim][BF,] 30.0 82 23
[C4mim][Comim][NiCl,] 25.1 122 14
[C4mim][Cemim][NiCl,] 30.0 70 14
[CAmim][Cemim][NiCl,] 40.0 30 14
[C,mim][PF¢] 30.0 204 2
[Camim][BF.] 30.0 91.4 22
[Cemim][PF¢] 30.0 363 2
[Cemim][BF,] 30.0 177 22
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Plots of the complete data sets (Figure A.5) indicate slightly non-Arrhenius behavior for
the ionic liquids at higher temperatures. Nevertheless, a fit of the data to an Arrhenius-like
equation that expresses the energy of activation for viscous flow, n = nee™"", for which En is the
energy of action for viscous flow, and ng is a constant, is very good for all four liquids (r* > 0.99).
The En values (Table A.2) cluster around 65-69 kJ mol-1, without an obvious correlation with the
chain length. These are near the value of 55.7 kJ mol™ determined for the RTIL [choline][Zn,Cls]*
2> but are roughly four times higher than the average of 17 + 3 kJ mol™ found for various RTILs
with more common anions ([BF.], [PFs], [Tf,N], [Tf,C]), even when the cations are hydroxy-

substituted, and thus capable of engaging in hydrogen bonding.”

Table A.2 Energy of activation for viscous flow of tetrachloronickelate salts.

Compound En (kJ mol™) r’
[Csmim],[NiCl,] 65.8 0.997
[C;mim],[NiCl,] 67.8 0.998
[Csmim],[NiCl,] 64.6 0.995

[C4mim][Csmim][NiCl,] 68.7 0.996

Thermal Behavior
[C;mim],[NiCl,], [C;mim],[Nil,], [P*].[NiCl,] and [Armim],[NiCl,].

The decomposition of imidazolium salts is heavily influenced by the identity of the
anion. For instance, [C;mim][PFs] decomposes in a single step but [C;mim][BF,] does so in
several steps.’® Thermal decomposition was carried out for all of the species. The resulting TGA
analysis for [C;mim],[NiCl,] is shown in Figure 1.6. The first decomposition step begins at
around 305 °C and the second starts at 430 °C. Decomposition is completed near 700 °C, with a
residual mass of 14%. This mass does not correspond to the presence of completely reduced

nickel metal or nickel chloride. To further explore this point, a sample of [C;mim],[NiCl,] was
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placed in a tube furnace at 700 °C for 30 min under N,. After cooling, powder XRD was run on
the decomposition product, and indicated the presence of both elemental nickel and nickel

chloride. Given this information, the residual weight in the TGA experiment corresponds to a

Ni:NiCl, ratio of 3:1.
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Figure A.6 Thermal decomposition process for [C;mim],[NiCl,] under N..

Similar analyses were run for [C;mim],[Nil,]. Powder XRD analysis (Figure A.7) run on
the decomposition product showed the presence of elemental nickel alone. A Scherrer analysis

of peak widths suggested an average particle size of 44 nm.
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Figure A.7 Thermal Decay Product for [C;mim],[Nil,] Under N,.
The thermal decomposition of [Armim],[NiCl;] under nitrogen gas occurs in four total
steps (Figure A.8). The first step begins around 213 °C and the final step ends around 580 °C.
The total loss of mass indicates the presence of nickel metal. Also, the parent compound,

[Armim]Cl, was unsuccessfully investigated for use as a MALDI matrix.
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Figure A.8 Thermal decomposition process for [Armim],[NiCl,] under N,.

The thermal decomposition of [P*],[NiCl,] under nitrogen gas is carried out from 300-

400 °C and occurs in a single step (Figure A.9), as expected for imidazolium and phosphonium

14



based RTILs." Analysis of the curve reveals that the salt does not decompose cleanly into nickel

metal.
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Figure A.9 Thermal Decomposition of [P*],[NiCl,] under N,.

[Csmim],[CoCl,] and [P*],[CoCl,]

The thermal degradation of both [Csmim],[CoCl,] and [P*],[CoCl,] begin at about 285 °C
and ends at around 600 °C. The TGA of [P*],[CoCl,] is similar to the analogous nickel salt. Figure
A.10 shows the powder XRD of the decomposition product for [P*],[CoCl,]. This overlays quite
nicely with the expected XRD results for Co,P. Co,P is a semiconductor and a substance of

interest in catalysis®® and corrosion resistant coatings.”’
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Figure A.10 Thermal Decay Product for [P*],[CoCl,] under N..

The powder XRD of the decomposition product for [Cgmim],[CoCl,] is shown in Figure
1.11 a-b. In Figure 11a, the XRD scan has been overlayed with the expected XRD output for fcc
cobalt metal, in 11b, the overlay for hcp cobalt has been added. Both agree quite well with the
shown peaks. Such a mixture of packing arrangements can be expected to form around 800 °C,

the temperature at which the largest part of the decomposition was carried out.
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Figure A.11 Thermal decay products of [C;mim],[CoCl,] under N, (a) fcc cobalt (b) hcp cobalt.

[C;mim],[PdCl,], [P*],[PdCl,] and [C;mim],[FeCl,]

The decomposition of the palladium salt analogous to [C;mim],[NiCl,] follows the same
basic pattern, but at a slightly higher temperature (500-625 °C as opposed to the 300-425 °C
decomposition observed in the nickel species). The preparation of [P*],[PdCl,] resulted in a
blood-red liquid that decayed in a similar fashion to the analogous nickel salt. The iron salt
begins its decomposition at an even lower temperature, but loses its ligands in a total of three
steps. The first is between 275 and 375 °C, the second from 375-450 °C and the final
decomposition step is from 450-550 °C (Figure A.12). Analysis of both of these scans suggests a

mixture of metal and metal chloride as seen in the analogous nickel species.
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Figure A.12 Thermal decomposition process of [C;mim],[FeCl,] under N,.

As the palladium salt is solid at room temperature, a DSC scan was run on the maroon
solid (Figure A.13). This scan shows a lattice transformation of 15.6 J/sg at about 75 °C before
melting occurs at between about 95-100 °C. The lattice transformation corresponds to a
physical change where the solid converts from a dull maroon powder to a rather more vividly

maroon gel-like substance.
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Figure A.13 DSC scan of [C;mim],[PdCl,].
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Electrochemical Behavior

The electrochemical behavior of metals in ionic liquids is a subject of some interest.
Discovering a completely reversible redox system is necessary to the development of any
probes.’® Initial cyclic voltammagram (CV) investigations were complicated by the fact that
NiCl,* tends to dissociate in aqueous media. Therefore, a system was devised to take CVs of the
neat ionic liquids. This was done by obtaining a sensor head from multianalyte
microphysiometer. (Figure A.14). This probe was inverted and the inlet and outlet holes sealed

so that neat ionic liquid could be smeared on the surface.

Figure A.14 Modified Electrochemical Sensor Head.

The CV scans of neat [C;mim],[NiCl,] show an irreversible oxidation (Figure A.15) This is
contrasted with the CV scans of similar cobalt species. For instance, [C;mim],[CoCl,] shows two
irreversible oxidation peaks and the CV of [P*],[CoCl,] shows a single oxidation peak. None of
these are suitable for use in any kind of electrochemical sensor, so more investigation is needed

to find a suitable system.
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Figure A.15 Electrochemical Behavior of [C;mim],NiCl,.

lono-gel Preparation

Early attempts at iono-gel synthesis involved acid catalysis of monoliths. The process
was extremely long and the resulting solids tended to crack extensively. However, it was noted
that the equilibrium between NiCl, and NiCl, in the presence of water was maintained as shown
in Figure A.16. This is useful as it demonstrates communication between the encapsulated ionic

liguid and the outside atmosphere, without allowing the ionic liquid to escape.

BN blue 2 green
é dried  with H20
"

Figure A.16 Hygroscopic Behavior of Imidazolium Species Encased in Silica.

As the ionic liquids are not completely miscible with the silicate solution, separation into

phases was a common problem, leading to phased materials instead of the homogenous
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monoliths desired. Therefore it was decided to move to base catalysis of powdered ionogels.
This method streamlined the ionogel production process, allowing quick and efficient synthesis.
TEM analysis of base catalyzed ionogels containing [P*],[NiCl,] and [P*],[CoCl,] (Figure A.17)
showed amorphous particles with a large size range from about 20 nm to several hundred
nanometers. This synthesis offers benefits in that is done in a single step, in contrast to previous
work where the sol-gels were synthesized with non-metallic ionic liquids and the metal ions

added after the fact by long exposure to sonication.”

Figure A.17 TEM images of sol-gel encapsulated ionic liquids. a) [P*],[NiCl]; b) [P*],[CoCl,].

CONCLUDING REMARKS

The synthesis of RTILs of NiCl,” and CoCl,> with imidazolium and phosphonium based
cations has opened avenues of interest into several areas of research. We have shown that
their thermal decomposition products can lead to new synthetic routes to possibly
semiconducting nanoparticulate materials. We have also shown that they can be successfully

immobilized in silica matrices in a single step. This behavior, coupled with the conductive
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properties of these species could lead to the development of new probes for sensor

apparatuses.
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CHAPTER I

COMPUTATIONAL MODELING OF *Na NMR SHIFTS OF ORGANOMETALLIC COMPOUNDS

INTRODUCTION

Overview

The study of >Na NMR has been of great interest in many contexts, from the study of
sodium presence and behavior in cheese® to how sodium behaves in cancerous cells.** This
type of investigation is aided by the fact that sodium is a monoisotopic species with / = 3/2 and
fairly small shift range (ca. 80 ppm).** This shift range can be divided into three major subsets,
aqueous sodium (ca. —10 to +20 ppm), organometallic sodium (ca. +30 to -40 ppm) and the
sodide anion (-60 ppm and above) . The *Na nucleus has a receptivity that is 545 times higher
than that of *C, and a high resonance frequency (e.g., 106 MHz at a magnetic field strength of
9.4T (*H = 400 MHz).

Previous studies of >Na in non-aqueous environments have focused on solid-state NMR
chemical shifts with Hartree-Fock and DFT methods®* *; allowing for a better controlled
coordination environment around the sodium nuclei. To our knowledge, no computational

investigation of >Na NMR shifts in organic media has been carried out. The object of this paper

is to set forth an initial probe into this sphere of investigation.
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Relevant Experimental Background

Table B.1 provides a compilation of reported 2Na chemical shifts of both organometallic
and, for comparative purposes, some coordination compounds in nonaqueous solvents. The list
only hints at some of the potential difficulties in attempts to rationalize chemical shift values.

To begin with, although a sodium chloride solution in H,0 or D,0 is universally used as
the standard for Na NMR spectroscopy, and 1.0 M is the most commonly encountered
concentration, other values that have been used range from saturated solutions (approximately
6.2 M at room temperature) to 0.02 M. In a study published several decades ago, however,
Popov et al. demonstrated that for a given solvent, providing strong ion pairing was not in play,
concentration effects in simple sodium salts were relatively minor.>> The shift of Na[BPh,] in
THF, for example, varies by less than 0.2 ppm over the concentration range from 0.5-0.125 M.

Temperature effects on shift values and especially line widths can be larger, however;
on cooling a methanol solution of Na[BPh,] from 310K to 210K, the chemical shift moves
downfield by 1.5 ppm, but the line width increases from 60 Hz to 330 Hz.*® Linear correlations
between chemical shifts and empirical solvent parameters (e.g., Gutmann’s donor numbers®’)
have been observed when it seems likely that the cation is in a solvation cage (e.g., with

solutions of Na[ClO,], Na[BPh,]); that correlation is weaker or nonexistent when contact ion

pairing is involved.*
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Table B.1 Sodium complexes and their corresponding 23Na NMR chemical shifts in nonaqueous media ¢

Compounds dexp (PPM) Solvent (ref.) Ref.
Na(MeCsHa) -36.5 THF—dg (1.0 M NaCl) 33
Na(CsHs) -334 THF—dg (1.0 M NaCl) 33
Na[BPhg] (0.5 M) -8.12 THF—dg (satd. NaCl;ca. %

6.2 M)
Na[Zn(1,3—(SiMe3),C3H3)3] —7.16 THF—dg (1.0 M NaCl) 38
[Na{C(SiMe3)Ph2}In —5.4 (Avy/; =500 Hz)  CgDg (1.0 M NacCl) 3
Na[BPhg] (20 mM) -3.77 1:1 (v/v) CDCl3: CD3CN) “°
(0.02 M Nacl)
[Na{C(SiMe3)Ph2}(PMDETA)] —3.4 (Avy/ =550 Hz)  CgDg (1.0 M NaCl) 39
Na[1,3—-(SiMe3);C3H3] -3.30 THF—dg (1.0 M NaCl) 38
(Na, BPhy)-calix[4]arene’  -2.11 1:1 (v/v) CDCl3: CD3CN) “°
(0.02 M Nacl)
Na*(aq) (1.0 M NaCl) 0.00 (reference) D,0
2—ethylhexyl sodiumeNaCl 8.1 heptane (10% NaCl; ca.  *
1.7 M)
\/\LNa'NaCI
Na[Zn(1,3—(SiMe3),C3H3)3] 12.89 CeDg (1.0 M NaCl) 38
2—ethylhexyl sodium 27 heptane (10% NaCl; ca. 41

1.7 M)
\/\/i/Na

@ Abbreviations: calix[4]arene’ = 5,11,17,23—tetra—tert—butyl-25,26,27,28—tetrakis(N,N—
diethylaminocarbonyl)methoxy-calix[4]arene, PMDETA = N,N,N’,N’,N"’-pentamethyldiethylenetriamine,
THF = tetrahydrofuran.
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Areas of Interest

The data in Table B.1 does suggest a few characteristic regions of interest.
Cyclopentadienyl derivatives have strongly upfield resonances, which are undoubtedly related
to the Na® being in the ring current of the Cp” ligand; similar influences are known for lithium

4243 Other n-bound ligands do not provide the same degree of shielding, as

cyclopentadienides.
evidenced by the shift of Na[1,3-(SiMe;),C3Hs], some 30 ppm downfield of NaCp. Alkyl groups
are not easily characterized; both slightly shielded (Na[C(SiMe3)Ph,], at 6 =5.4 ppm) and strongly
deshielded species (2-ethylhexyl sodium, at +27 ppm) are represented. The sensitivity of these
shifts to ion pairing is illustrated by the NaCl adduct of 2-ethylhexyl sodium, which is 19 ppm
upfield of the parent compound. There is very limited data on solvent effects; Na[Zn(1,3—
(SiMe;),C5H3)s] displays a downfield shift of 20 ppm in moving from THF to benzene, but this
may reflect a substantial change in coordination environment (as observed in the lithium
analogue*), which is of course affected by the solvent polarity but would not be simply
correlated with solvent donor properties. There is not a consistent picture of the role of
coordination number in 2Na NMR shifts, as there is in, for example, °Be or 3%y NMR* *¢
spectroscopy (i.e., higher coordination numbers leading to more shielding), partially because the

exact coordination environments of the sodium ions in solution is difficult to establish. Whether

there is such a correlation even in the solid state has been disputed.”’

COMPUTATIONAL METHODS

Geometry optimization and NMR shielding calculations were performed with the
Gaussian 03W suite of programs™® and the GIAO (gauge—including atomic orbitals) method.*

For geometry optimizations and shielding calculations, the parameter—free PBE1PBE> functional
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was used; it provides reliable NMR shielding values. The standard 6—311+G(2p,d) basis sets
were used for all geometry optimizations and shielding calculations. For the calculations on the
aquo ions, an ultrafine grid and DIIS convergence acceleration was used owing to the extremely
flat potential energy surfaces involved. The aggregate species, {Na(1,3-(SiH3),CsHs)}s, was

synthesized by Cameron Gren, and the synthesis outlined in a paper by McMillen et al.*®

RESULTS AND DISCUSSION

General Considerations

It is imperative to accurately determine the geometries of the selected species in order
to maximize the efficacy of the computational process. In order to carry this out, a
comparatively high level of theory must be used.”* Figures B.1-4 and 6-8 contain the geometry—
optimized structures and selected bond lengths of the complexes used in this study. The bond
distances and angles are reasonable, although exact comparisons with crystallographically
determined structures are not usually possible. The Na—O bond distance calculated for the
[Na(thf),]* cation, however, precisely matches the 2.301 A average distance reported for the
cation in the crystal structure of tetrakis(tetrahydrofuran)sodium tetrakis(4-

methylbenzenecarbodithioato) samarium(lll).>
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Standard Species

‘ g |
NaO)l" (T) (1) NatHONHOM €02 adhhl* (S0 (3)
Na-O = 2.383 Na-O1= 2396, Na—O = 2.300
01...02=2.93

Figure B.1 Optimized structures of standard species.

[Na(OH,),].: [Na(OH,)sl. (1), [Na(OH,)6(OH,)s]. (2). It is essential to carefully select the choice for
modeling the shift reference for any NMR project; if its geometry and shielding value are
incorrect, all calculated chemical shifts are affected. This becomes complicated in Na NMR as
the sodium aquo ion, [Na(OH,),]’, is a somewhat ill-defined species. Hydration numbers from 4—

333 The value of x (i.e., for the first coordination shell) is commonly

8 have been cited for it.
taken as approximately 6, for example Waizumi and Fukushima used 1 with T, symmetry as the
reference molecule in a DFT study of cluster models of aquo ions.>® They noted that this ion was
not found to be a minimum, and we confirmed this at the PBE1PBE/6-311+G(2d,p) level (3-fold
degenerate frequency at 62 cm™).

Liu et al. have thoroughly discussed the general inadequacy for NMR calculations of a
“single shell” ion as a model for [Na(OH,),]*.*” We accordingly added three additional water
molecules to bridge the directly coordinated waters of the T, structure. It optimized to a
geometry of C3, symmetry in which the direct coordination environment of the sodium is

trigonal prismatic (2). Although it also is not a minimum at the PBE1PBE/6-311+G(2d,p) level

(one frequency at —44 cm™), it maintains a coordination number of 6 for the first “shell” and
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adds the beginning of a second coordination sphere around sodium. We deemed this an
improvement over the minimal [Na(OH,)¢]" ion, and used it as our reference. Interestingly, the
calculated isotropic shielding values for 1 and 2 differ by 8.8 ppm, illustrating the sensitivity of
calculated shifts to small changes in coordination environment (the Na—O bond distances differ
by only 0.013 A).

A theoretical shift is calculated by subtracting the absolute shielding of a complex from
that of a calculated reference. Experimental and predicted >>Na NMR shifts of the complexes
studied are listed in Table B.2. As discussed below, the calculated shifts were close enough to
the experimental value that scaling methods were not applied.*®**>°
[Na(thf),]*(3). The tetrasolvated 3 was used as a likely species for the sodium ion in THF

8062 1ts calculated shift of § =5.6 ppm is near that observed for several species in THF

solution.
solution, including Na[BPh,], Na[Zn(1,3—(SiMe;),C5H3);], and Na[1,3—(SiMe;)2C;H;], and suggests

that these complexes may exist as solvent separated ion pairs in THF.
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Table B.2 Predicted shielding constants (ocalc) and chemical shifts (&calc) in ppm.

Complex ocalc 6calc Sexp (solvent) it
[Na(H20)s(H20),]* (2) 558.01 0.0 0.0° 0.0
[Na(thf),]" (3) 565.61 -5.6 -
Na(CsHs) (4) 590.84 -32.8 -33.4 (THF-d8)** 0.6
Na(CsHs)(thf) (5) 595.30 -37.3 -3.9
Na(C;Hs) (6) 519.57 38.4 —3.30 (THF—d8)° 41.7
Na(C;H;)(thf) (7) 540.99 17.0 20.3
Na(1,3-(SiH,),CsHs) (8)  551.46 6.5 9.8
Na(1,3-(SiH,),CsHs)(thf) (9) 556.90 1.1 4.4
{Na(C;Hs)}. (10) 575.27 -17.3 ~14.0
{Na(1,3-(SiH;),C;H5)}, (11) 579.14 -21.1 -17.8
{Na(C;H;)(thf)},(12) 572.94 (Nal) -14.9 -12.5
574.45 (Na2) -16.4 -12.8
Na(CgH-) (13) 603.06 -45.1 N/A
Na(CoH,)(thf) (14) 589.39 -31.35 N/A
NaBH, (15) 571.42 -13.41 -5.3
NaB(CHs), (16) 580.04 -22.0 ~13.9
NaB(CHs)a(thf) (17) 560.20 -2.19 5.9
Na(BPh,) (17) 614.46 -56.5 —8.12 (THF—d8) -48.3
2—ethylhexyl sodium (19) 566.04 -8.0 27 35.0
Sodium Adamantazane(18)631.65 -73.63 -61.0° -12.6

A8 = 6calc — Sexp. bBy definition. “This work; the experimental value is for Na(1,3-
(SiH3),(CsHs)(thf). “solid state
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Cyclopentadienyl Species

Na(CsHs) (4) NNagins)éghzf) (5)
Na-C = 2.501 (av) a&a_-o o zézv)’

Figure B.2 Optimized structures of cyclopentadienyl species.

Complexes 4,5: Na(CsHs) (4), Na(CsHs)(thf) (5). These molecules were included for calibration
purposes; the predicted 2Na NMR shift for sodium cyclopentadienide is extremely close to that
reported for the compound in THF solution, and the addition of THF causes an upfield shift of
less than 5 ppm. This indicates that, as discussed above, the ring current of the Cp” anion

evidently dominates the shift.
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Allylic Species, Derivatives and Tetramers

Na(CsHs) (Cs) (6) Na(CsHs)(thf) (7)
Na-C1 = 2.465; Na-C1 = 2.506; Na—C2 = 2.427; Na—C3 =
Na-C2 = 2.397 2.498; Na-O = 2.294

Na(1,3-(SiH3)2CsHs) (Cs) (8) Na(1,3-(SiH3),CHs) thf) (9)
Na-C1 = 2.501; Na-C1=2.521; Na—C2 = 2.439; Na—C3 =
Na-C2 = 2.402; 2.572; Na-O = 2.266
C1-Si1 = 1.829

Figure B.3 Optimized structures of allylic species and derivatives.

Complexes 6—9: Na(C;H;) (6), Na(CsHs)(thf) (7), Na(1,3-(SiH3),CsHs3) (8), Na(1,3-(SiH3),C3H;)(thf)
(9). Although the chemical shift of only the substituted allyl Na(1,3-(SiMe3),CsH3)(thf) is
available, several simplified model compounds were examined in order to determine the effect
of different substituents on the shift. The parent sodium allyl 6 has a shift that is over 40 ppm
downfield of the experimental value, but in contrast to the case with NaCp, the addition of THF
(7) causes a large upfield shift of over 20 ppm. The bare allyl anion evidently does not dominate
the shift to the extent that the Cp anion does.

The profound effect that silyl substitution (using SiH; as a computationally less
demanding substitute for SiMe3) has on the electronic environment of the allyl anion is evident

in compound 8, whose shift is more than 30 ppm upfield of the unsubstituted allyl, and within
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10 ppm of the experimental value for the trimethylsilylated species. Addition of THF to this
species in the form of compound 9 again causes an upfield shift, but of just slightly over 5 ppm,
putting the calculated shift within 5 ppm of the experimental value for the trimethylsilylated
species. It could be that most of the structural features required to model the chemical shift of
Na[1,3-(SiMes),CsHs] in THF solution have been captured at this level of theory, but as discussed
above, it is also possible that the observed chemical shift for the allyl complex is really that of

the solvated ion [Na(thf),]".

{Na(CsHs)}s (Dz0) {Na(1,3-(SiH3),C5Hs)}s {Na(C3H3)(thf)}4 (C2)
Na-C1 = 2.653; Na—C2 = (Do) Na1-C1 = 2.750; Na1-C2 = 2.596; Na1-C3
2.567; Na—C3 = 2.617 Na-C1=2.681;  =2.633; Na1-O1=2.312; Na2-C4 = 2.629;
Na-C2=2.576;  Nal-C2 = 2.616; Na1-C3 = 2.780; Na2-O2
Na-C3 = 2.639 =2.314

Figure B.4 Optimized structures for allylic tetrameric species.

Figure B.5 Crystal structure for {Na(1,3-(SiMes),CsH;)(thf)},.
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Complexes 10-12: {Na(CsHs)}, (10), {Na(1,3-(SiHs),CsHs)}s (11), {Na(C;sHs)(thf)}, (12)

The preceding calculations implicitly assume that the tetrameric solid state {Na(1,3-
(SiMe;),CsHs)(thf)}s complex (see Figure B.5) dissociates into monomeric species in solution.
Tests of this assumption were made by studying simplified models of the aggregated complex.
The smallest model (10) removed all substituents from the allyl ligand and the coordinated THF.
It minimized to a structure with D,; symmetry, and has a shift that is 14 ppm upfield of the
experimental value, evidently reflecting the presence of two negatively charged allyls in the
environment of the sodium. These now dominate the shift calculation, and the previously
observed effects of silyl substitution and THF addition on the monomeric 6 are muted. There is
an additional shift of only 4 ppm upfield with {Na(1,3-(SiH3),C3Hs)}s (11) and essentially no
change (~1 ppm downfield) with {Na(C;Hs)(thf)}s (12). These results are highly suggestive of

fragmentation of the tetramer in THF solution.

Indenide Species
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Figure B.6 Optimized structures of sodium indenide species.

Complex 13, 14: Na(CgH;) (13), Na(CgH;) * THF (14)
The calculated shift for sodium indenide (13) was —45.1, and the addition of a thf to the

sodium atom (14) moved the shift to —31.35, which is in the same range as the experimental
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shift for sodium cyclopentadiene (—33.4 ppm). The implication is that the shift value for this
molecule is also dominated by the electron current in the five-membered section of the
indenide ring. It is interesting to note that, in the optimized structure, the sodium was not
centered over the ring, but was much closer to the carbons bridging the bicyclic ligand. The
next logical step in this project would be to synthesize and record the experimental shift of
sodium indenide. Further computational, and synthetic work, should then be carried out on
sodium complexes with different substituted indenide anions to take advantage of the indenyl

ligand’s versatility.

Sodium Borate Species
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Figure B.7 Optimized structures of sodium borate species.

Complex 15-17: NaBH,(15), NaB(CHs), (16), NaB(CHs), (17), and Na(BPh,)(18).

Sodium tetraphenyl borate is an important counter ion in many compounds. The
chemical shift for this compound is —8.12 ppm. Two simplified compounds in the same family
were also investigated to observe the effects of simplification on the compound. The first,
NaBH, (15), showed an adjusted chemical shift of —13.42 ppm. The second, NaB(CHs), (16),
had a calculated shift of —22.03. The third, NaB(CHs)4(thf) (17), had a calculated shift of

—2.19 ppm. Finally, the calculated shift for NaBPh,(18) was —56.45 ppm. The calculated
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shift for 15 (AS = -5.30 ppm) was much closer to the shift or NaBPh, than it was expected to
be as NaBHy, is not a close approximation of 18. The calculated shift for 16, —22.03, is
farther away from the experimental value than 15, indicating that this is still not a good
approximation. The calculated shift for 17 (Ad = 5.93 ppm), as a thf adduct, is as close (in
magnitude) to the expected value as 15. Both of these are likely close to the expected value
due to other factors rather than accuracy of the simulation. The calculated shift for 18, the
target molecule, was —56.45 ppm. This diverges from the experimental value of —-8.12 ppm
by 48.33 ppm, a significant amount. It seems likely that, in solution, the sodium molecule
spends most of its time surrounded by thf molecules and not in the influence of the ring
current of the BPh, anion. Further evidence for this is the chemical shift of sodium in THF

(=5.6 ppm) which is quite close to the experimental shift of —-8.12 ppm.

Alkyl Sodium

2-ethylhexyl sodium
Na-C =2.170

Figure B.8 Optimized structure of 2-ethylhexyl sodium.

Complex 19: 2-Ethylhexyl sodium
The calculated value for 19 is —8.0 ppm, while the experimental value is 27 ppm. There are
two possible explanations for this. First, the experimental value is not close to the range

where organometallic sodium in generally found in >Na NMR, so it is possible that the
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literature value is incorrect. Alkyl sodium complexes tend to be made through
experimentally demanding processes and have very short shelf-lives*’, so it is not feasible at
this time to reproduce the results. The other possibility is that the compound exists as
some sort of dimer or oligomer in solution. Further calculations and experimental work, as

well as other examples of alkyl sodium complexes are needed.

Sodide Complex
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Figure B.9 Optimized structure for sodium 3°adamanzane.

Complex 14: Sodium 3°Adamanzane Hydride (20)

Sodide compounds contain the Na™ anion. Their general shift range is below —60 ppm, far from
any other sodium species. The literature value for this compound is from what has been
termed “Inverse sodium hydride”.> A compound where a hydrogen nucleus is
encapsulated in a 3%adamanzane cage was explored; the negatively charged sodide anion is
located outside of the cage (Figure B.10%%). The experimental shift for 20 is —=61.0 ppm, and
the calculated shift is =73.63 ppm, a difference of —12.6 ppm. This is actually a fairly good
first approximation as there is not much computational data on the sodide anion. The

addition of some solvent molecules to the calculation would most likely bring the calculated

value closer to the experimental value.
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Figure B.10 Structure of inverse sodium hydride.

CONCLUDING REMARKS

Calculation of ®Na NMR shifts with DFT/GIAO methods has been shown to be feasible
for a variety of organometallic molecules. The experimental data are still extremely limited, but
satisfactory agreement of chemical shift values can be found for cyclopentadienyl and allyl
species. With the latter, addition of silyl substituents to model compounds has a large upfield
effect on the chemical shifts. It may be possible to distinguish states of aggregation in solution
by a comparison of calculated and observed chemical shifts. Much still remains to be
understood about the NMR of alkyl sodium complexes and those compounds in which cation—nt
effects are important, and on the chemical shift in polymetallic aggregates. Future work
includes the synthesis of additional compounds, investigation with Na NMR, and comparison

to computationally determined chemical shifts.
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APPENDIX 1: SYNTHESIS OF A BI-METALLIC IONIC LIQUID

Background

Recently work has been published showing the synthesis of imidazolium based ionic
liquids with transition metals in both the cation and anion.** These ionic salts, [Cu(Im*2),][CuCl,]
and [Cu(Im*?),][CuBr,], were both solid at room temperature. The chloride salt melted at 73 °C
and decomposed at 281 °C while the bromide salt melted at 66 °C and decomposed at 278 °C. It
was thought that with a medium or even short length carbon chain, the salt might be liquid at

room temperature.

Synthesis

Tetra(methyl imidazolium) copper tetrachlorocuprate(ll), [Cu(mim),][CuCl,]

CuCl,*2H,0 (2.36 g, 13.8 mmol) was added to a round bottom flask with methyl imidazole
(2.80 g, 34.1 mmol) and approximately 25 mL of acetonitrile. Upon addition of the copper
chloride the solution turned the characteristic yellow of [CuCl,]*. Upon the addition of
methylimidazole, the solution turned cobalt blue and became warm to the touch. The solution
was allowed to react for several hours under sonication. The solution was dried to obtain a

green honey-like solution in quantitative yield.

Results and Discussion

Characterization has not been carried out on this product as yet. However, [C;mim][CuCl,] was
previously synthesized for electrochemical analysis, but yielded no positive results. The neat

ionic liquid contains CuCl,> and is yellow. Addition of water causes the solution to turn red due

39



to the presence of CuCl;. However, [Cu(mim),][CuCl,] is a green color. It is assumed this is due

to the presence the blue [Cu(mim),]” anion.
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