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ABSTRACT OF DISSERTATION
Synthesis and Characterization of Transition Metal Polypyridine Complex

Fullerene Salts

In recent years, ionic fullerene (Ceo) salts have attracted much attention due to
their interesting chemical and physical properties. Transition metal polypyridine
complex, most notably, tris (2, 2'-bipyridine)ruthenium-based compounds, [RuL3]""",
have a number of photochemical and electrochemical properties which make them of
interest for both fundamental and applied studies. The similarity of electrochemical
potentials of [RuLs]  and Ceo™ gives rise to the possibility of a new charge-transfer
ionic salts [RuLb ™ n(C60")m+ In chapter I, the background of ionic Ceo salts as well as
the motivation of preparing transition metal polypyridine complex Ceo salts is
described in detail. A chart of electrochemical data is generated and used as a
guideline to predict the possible stoichiometries of ionic salts throughout the whole

research work.

In Chapter II, the synthesis and characterization of three ionic salts using
[Ru(bpy)3]"* (m = 1, 2) as cations are fully described. All three salts are
semiconducting with the highest conductivity at ~ 10 S ¢ m’. Interesting

paramagnetism is reported as well. The detailed discussions based on single crystal



and powder X-ray diffraction studies are useful in better understanding the electronic
conduction and magnetism. The physical properties of ionic Ceo salts can be
rationalized based on the crystal packing. In the presence of a bulky cation

Ru(bpy)3", an expanded crystal lattice is found with weak site-site interactions.

In Chapter III, the ligand substitution effect of [RUL3"""n(C60" )mis examined.
Four ligands: 4, 4'-dimethyl-2, 2'-bipyridine (4DMB), 5, 5'-dimethyl-2, 2'-bipyridine
(5DMB), 4, 4'-di-tert-butyl-2, 2'-bipyridine (TBB) and 4, 4', 5, 5'-tetramethyl-2, 2'-
bipyridine (TMB) are chosen as the targets. The ligand substitution not only changes
the redox potentials of cation Ru(bpy)3”“but also alters its size. This provides a route
for tuning the properties of [RUL3 > n(Cé0" )me Electrical and magnetic properties of
all compounds as prepared are investigated. The highest conductivity found is also

closeto 10Sem ".

In Chapter 1V, the effect of substituting ruthenium by chromium in metal
complex ionic C) salts is studied. Cr(bpy)3"”and Ru(bpy)3""are very similar in size
but of quite different redox potentials. The electrical conductivity of their

corresponding ionic salts shows large dependence on the redox potentials.
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CHAPTER I

INTRODUCTION TO IONIC FULLERENE SALTS



Background

Buckminsterfullerene (C6o) has attracted extensive attention since its first discovery
in 1985." In recent years, great improvement in the production of high purity Csq has
effectively extended its practical applications over a wide range of scientific fields,

including physics, materials chemistry, electrochemistry and organic chemistry, etc.

Many of the special properties that Ceo exhibits are directly related to its high
symmetry. Ceo is a closed cage-like hollow molecule composed of twelve hexagons and
twenty pentagons with an overall icosahedral symmetry (Figure 1.1).* Each carbon atom
is trigonally bonded to the other three in a *p'-derived bonding configuration.” However,
Chas a tendency to avoid double bonds in pentagons which prevents the electrons from
delocalizing over the whole cage."" The result is that Ceo behaves much like an electron-
deficient alkene and as such readily reacts with electron-rich species.” The electron
affinity of Ceo in the gas phase was measured to be ~ 2.65 eV.* Some important physical

constants for Ceo molecules are listed in Table 1.1.

The strong electron-accepting ability of Ceo allows the addition ofup to six
electrons into its triply degenerate LUMO orbital and thus forms anions with charges
down to -6 (Figure 1.2)." This has been demonstrated by observing six reversible
reduction peaks of Ceo in a mixture of acetonitrile/toluene solvent at -10°C (Figure 1.3)."
The six reductions occur, respectively, at ca. -0.98, -1.37, -1.87, -2.35, -2.85, -3.26 V vs.
Fc/Fc . The relatively even spacing of ca. 0.45 V for the successive reductions is striking,

which is a particular feature of fullerenes as reflecting their delocalized LUMOs.*



Figure 1.1: Buckminsterfullerene Céomolecules.

Table 1.1: Physical constants of Qo molecules.

Quantity Value

Average C-C distance 1.44 A

C-C bond length on pentagon 1.46 A

C-C bond length on hexagon 1.40 A

Ceomean ball diameter 7.10 A
Ceo ball outer diameter * 10.34 A
Binding energy per atom 7.40 eV

Electron affinity 2.65 £0.05 eV

AThis value for the outer diameter is found by assuming the thickness of the »- electron
cloud to be 3.35A. In the solid, the Ceo-Cio nearest neighbor distance is 10.02 A."



Mg
0 hu 1.897 eV

(solution)

9g+ hg

'2u
f f iHff hg

A IFIE tig
ff 3g

1.54 eV

(solid-state)

Figure 1.2: Molecular orbital energy diagram for Céo(The graph was obtained from reference 6.)
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Figure 1.3: Cyclic voltammograms of (2 in acetonitrile/toluene at -10°C. (The
graph was obtained from reference 7.)

Table 1.2: Physical constants for crystalline Ceo, K3C#) and TDAE'Ceo in solid
state.”

Compound  Crystalline Phase  Lattice Constant Ceo-Ceo distances
(A) (A)
Ceo face-centered cubie 14.17 10.02
K3Ca face-centered eubic 14.24 10.06
TDAE-Cso monoclinic C n= 15.807 9.98 (along c axis)
b= 12.785 10.26 (along a-b plane)

c=9.859



Ionic Fullerene Salts

In the presence of a strong reducing agent, Ceo can be readily reduced to C&"' (n =
1~6) and thus a charge-transfer ionic salt is formed. “Fulleride” has been commonly used
as a generic name for negatively charge fullerene. Upon reduction, except for the
increased electron density on Ceo, the original buckyball cage stays almost intact without

any bond breakage. This allows Ceo ' to remain most ofthe properties of unreduced Ceo-

Among a number of ionic Ceo salts reported previously, there are mainly three
types of reducing agents used to transfer charge onto Ceos. The first type is a metal
reducing agent, for example, alkali-metal or alkaline-earth metal.The second type
includes coordination and organometallic compounds, for example, Cr”’(TPP) (TPP =
tetraphenylporphyrin)* and Cp*2Co (decamethylcobaltocene)” . Lastly, some organic
molecules, like amines and thiols, etc., have been successfully used as selective reducing
agents as well.® All ofthose ionic Ceo salts exhibit interesting physical properties. The
two most famous ones are the superconducting tris-alkali-metal doped fullerides and the

molecular ferromagnet TDAE"'Cé0"- {TDAE = [tetrakis(dimethylamino)ethylene]}

The M3C&) or MxMa-xCso (where x = 1, 2, 3) alkali metal-doped fulleride (M, M'
are different alkali metals) have attracted a great deal of attention since the relatively high
critical temperature (Tc = 18K) of KsCeowas observed.® This work was soon followed by
observations of superconductivity with even higher critical temperatures in RbsCe (Tc=
29K), in Rb2CsCéo(Tc= 31K), in RbCs2Céo (Tc= 33K), and in CS3C@under pressure (Tc
=40K)." In alkali-metal doped fullerides, the resulting cations, required for charge

neutrality, reside in the interstitial voids ofthe Ceo lattice (Figure 1.4), and most M3C&



crystals retain the pristine face-centered cubic lattice of Ceo- The exceptional ball-ball
interaction is believed to be the basis of superconductivity/* As the size of cation

. . . . . 2
increased, a larger lattice expansion was observed along with higher Tc.

TDAE"Ceo ’is well known as an organic magnet by its ferromagnetism with a high
Curie temperature of 16.1 K."* The relatively large TDAE molecule effectively changed
the f c.c. structure of Ceo to monoclinic C (Figure 1.4).* As indicated in Table 1.2, the
Ceo-Ceo intermolecular distance in TDAE"Ceo ’ is reduced along ¢ axis as compared to
Céand KsCeo- The ferromagnetic ordering is believed to be mainly attributed to the ball-

ball close contact.’

Obviously, the size and shape of'the reducing agent are critical to the crystal
structure which has a substantial effect on the physical properties of ionic Cbo salts. If a
larger cation also participates in the crystal packing, the ball-ball contact is very likely to
be broken and thus interesting properties might arise. It is therefore of fundamental
interest to study discrete fulleride ions and to explore the nature of weaker or less

extended interactions between them.

Transition Metal Polypyridine Ceo Salts

Ruthenium and chromium polypyridine complexes seem to be promising
candidates as the electron donors to form ionic fullerene salts. In solution, the first four
reductions of Ceo occur precisely in the potential region where Ru/Cr polypyridine
complexes are reduced. Consequently, it should be possible to prepare fulleride salts of

the general form; [MLs"” In(C60")mwhere M is Ru or Cr, L is bipyridine (substituted or



unsubstituted); m+ = +1, +2; and n- = -1, -2, -3. In addition, since these complex cations
are roughly spherical with dimensions comparable to Ceo, very different structures from
those alkali metal doped fulleride will necessary result. Both Ru/Cr polypyridine
complexes and Ceo are rich in electrochemistry and photoelectrochemistry. By

incorporating them into ionic salts, interesting properties might be found.

Besides the well-known superconducting properties of alkali-metal doped
fulleride (MsCeo), they also exhibit metallic conductivity at room temperature. > The
conduction is thought to occur by charge transfer through weak overlap of wave
functions on adjacent Ceo molecules.” In ionic salts [ML3"" n(Cé0"”)m both cations and
anions are redox active and therefore novel electronic materials could result since both
Cé0" and can participate in the electron conduction. The conducting ability of
[Ru(bpy)3”* and [Ru(bpy)3]” has been demonstrated before and especially, [Ru(bpy)3]° shows o
=15Sem" at 25 In Figure 1.5, a simplified molecular orbital of [Ru(bpy)3|" is
shown. By adding electrons to the ti* orbital originating from the ligand, [Ru(bpy)3"*and
[Ru(bpy)3]*“ can be readily formed. Both species have unpaired electrons. When forming

corresponding ionic Ceo salts, they will contribute to the magnetic properties as well.

Based on the luxury of tuning the properties of metal complexes by ligand or
metal substitution, a systematic study for a new type of solid-state materials
[ML3"™ In(Céo”)mIS allowed. There are several variables we can change, like cation/anion
charge, cation size, and the relative cation/anion redox potentials. Electrochemical data in
the format presented in Chart 1.1 was used as a guideline for predicting possible
accessible stoichiometries. Because of the solubility difference of Céoand metal

complexes, their redox potentials were first measured in different electrolytes and then



calibrated by the Fc/Fc"* couple. The first three half-wave redox potentials of Ceo in
acetonitrile/toluene were found to be -0.51, -0.88 and -1.38 V vs. SSCE. The detailed
electrochemical data of other metal complexes vs. SSCE is illustrated in the following
chapter II-IV. In Chart 1.1, along the x-axis is the potential. Each horizontal line except
the bottom one for Ceo eorresponds to a different metal complex indicated on the left-
hand side. The vertical marks indicate each respective £ The color bars indicate the
charge borne by the dominant redox form ofthe complex within the potential range.
Chart 1.1 is useful in establishing what oxidation states of Ceo are compatible in solution
with what metal-complex oxidation states. In solid-state phase, different redox potentials
should be found because there will be more interactions between ions. However, the
difference is believed to be modest. This idea is supported by previous studies on a wide
array of disordered polymers based on [M(bpy)3]"™". The redox sites within these
polymers and their corresponding monomers have very similar redox properties.™’

Even in the ordered crystalline [M(bpy)3]"” solids, no strong and long-rang interactions
were found as well.*" Furthermore, in solid [ML3"*[n(C&" )m, since both cation and
anion are bulky with similar size, a crystalline structure with almost discrete Ceo sites is
very likely to be formed. The direct Ceo-Ceo interactions will be much weaker than in
pure fc.c. solid Ceo- The diminished interaction could produce a more solution-like redox
behavior. Therefore, the redox potentials of [MEs"™ |n(Cé0' )min solution and in solid-
state phase should be at least similar. The effectiveness of Chart 1.1 as a guideline has
been demonstrated by the fact that most of'the predicted ionic salts have been actually

synthesized through our research work. In the latter chapters, the synthesis and



characterization of ruthenium or chromium polypyridine complex fullerides are fully

described.

®

O

Figure 1.4: Ciystal packing of (A) Ceo (ref.*”) (B) KsCgo(ref.”) (C) TDAE'Ceo (ref:*) [These
graphs are attributed to reference 27 and reference 28.]
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CHAPTER II

SYNTHESIS AND CHARACTERIZATION OF THIS (2, 2'-BIPYRIDINE)

RUTHENIUM COMPLEX FULLERENE SALTS



Introduction

In superconducting alkali-metal doped Ceo and ferromagnetic TDAE'"*Coo
cations are basically redox-inert." Synthesis of new ionic C"o salts containing larger and

redox-active cations can potentially produce new solid-state materials with interesting

new physical properties. [Ru(bpy)3]"” is a potential candidate for such materials because

ofits rich electrochemistry and its comparable dimension to the Ceo molecule -

As shown in Figure 2.1, there is significant overlap in the potential regions where

[Ru(bpy)3]*"and C60" each is redox active; thus the feasibility of generating ionic salts
with a general composition [Ru(bpy)3™n(Cé0"' )mexists. The presence of large cations
can effectively break the ball-to-ball close contact between CeoS and perhaps allow the
formation of classical ionic structures such as rock salt.””” Besides the alteration of
structure, since both cations and anions are redox active relative to, for example, alkali-
doped Ceo where only the anions can exchange electrons, the possibility arises for novel
electronic and magnetic properties for the ionic salts.®” Semiconducting
[Ru(bpy)3*](Céo*)2has been successfully synthesized by Foss et ah’ This material was
reported to have a two-probe conductivity of 1.0 S e m™ at 25 °C.” However, neither
structural information nor magnetic properties were reported.” The previous study gave

rise to a demand for in-depth study of this new series of solid-state materials.

In this chapter, we present our work on synthesizing and characterizing three tris

(2, 2'-bipyridine) ruthenium Ceo ionic salts predicted from Figure 2.1. They are

[Ru(bpy)3""J2(C60™)> [Ru(bpy)3’"|(C60™), and [Ru(bpy)3°~(C60")2, respectively.

16



Compared with the electrocrystallization method reported in literature, a much simpler
chemical method was utilized. The reaction sequence was carried out as described in
Scheme 2.1. UV-vis-NIR, XPS, and elemental analyses were applied to characterize the
compounds. Their electronic, magnetic as well as structural properties are also

investigated and discussed in detail.

m+

it*m Ru(bpy)3"™"
P n

1.0 -1.5 2.0
E vs. Fc/Fc" (V)

Figure 2.1: Reductive potential regions of [Ru(bpy)3]"”* and Ceo™” referenced to
ferrocene/ferrocenium redox couple.

Rl ™M "RulL"®

IRuL,” + C * *[R uL;*],(C*"~)

2

RuL™ +2Qo )

Scheme 2.1: Chemical synthesis of ruthenium metal complex €50 ionic salts. L represents 2,

2'-bipyridine ligand.
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Experimental

Materials

Ceo (> 99.5 % purity) was purchased from Term-USA. 2, 2'-bipyridine was
supplied by Alfa Aesar. Ammonium hexafluorophosphate (EIf Atochem) and tetra-n-
butylammonium hexaflurophosphate (electrochemical grade, Sigma Aldrich) were used
as received. Benzonitrile (99 %, Aldrich) was dried over sodium metal for 12 hrs and
distilled under reduced pressure. Dry deoxygenated acetonitrile, N, N'-
dimethylformamide (DMF) and toluene were obtained from Pure-Solv solvent
purification system. All solvents were stored in an inert atmosphere glove box and were

purged with N2 gas prior to each use.
[Ru(bpy)3](PF6)2

A modified literature procedure was used.* Ru(DMSO)4CI12"(400 mg, 0.826 mmol)
and 2, 2'-bipyridine (400 mg, 2.56 mmol) were combined in 30 mL ethylene glycol and 8
mL 1; 1 CH30H;H20. The mixture was refluxed for 2 hours in 100 °C oil bath producing
a clear red solution. An aqueous solution of NH4PF6(300 mg, 1.84 mmol) was added to
the cooled solution whereupon a reddish orange precipitate immediately formed. After
filtration, the solids were washed with H20 and then EtOH. Recrystallization from

EtOH/acetone yielded red/orange erystals. The final yield is 600 mg, 85 %.

[Ru(bpy)3]*’

Controlled-potential electrolytic reduction  was performed on [Ru(bpy)3](PF6)2

in an inert atmosphere box to produce [Ru(bpy)3]". A three compartment bulk electrolysis

18



cell was used with Pt as counter electrode, Pt mesh as working electrode (W.E.) and
Ag/Ag" O.IM in DMSO as reference electrode. The supporting electrolyte was 100 mM
TBAPFe in CH3CN. Prior to electrolysis, cyclic voltammetry was performed to determine
the appropriate potential for reduction. For the specific reference electrode used, the
maximum equilibrium concentration of [Ru(bpy)3]° was obtained at -1.90 V. The W.E.
was held at this potential until the measured coulombs passed matched the calculated
value for the two-electron reduction of [Ru(bpy)3](PF6)2- The [Ru(bpy)3]° has limited
solubility in acetonitrile and precipitated as a violet/black solid where it was collected
from the Pt mesh electrode and washed with a few pipettes of fresh acetonitrile to remove
excess supporting electrolyte. The washed solid was then dried by passing glove box
atmosphere over the solids with a vacuum suction. The oxidation state ofthe product was

confirmed by UV-visible spectroscopy comparison with literature spectrum.”
[Ru(bpy)3°*]2(Cé0™") (1)

All manipulation was carried out in an inert atmosphere box. [Ru(bpy)3] (40 mg,
0.070 mmol) was mixed with Ceo (25.3 mg, 0.035 mmol) in 10 mL benzonitrile. The
solution turned to reddish brown over 24 hours of stirring and then 30 minutes of
ultrasonication at ambient temperature. Toluene (20 mL) was added in to precipitate
more solid. The solid was filtered, washed with toluene and then hexane and dried under

vacuum.
[Ru(bpy)3"1(C60'-) (2)

The compound was prepared the same way as 1 except a 1:1 molar ratio of

[Ru(bpy)3]":Céo was used. The solution showed a sienna color.

19



[Ru(bpy)3'1(Qo*)2(3)

Procedure used was the same as that for 1 except molar ratio of [Ru(bpy)3]*:Cbo

was changed to 1:2. The solids dissolved in benzonitrile showed a goldenrod color.

Results and Discussion

UV-vis-NIR Spectroscopy

To evaluate the composition of prepared solids, visible/near IR spectra were
measured on a Cary 500 UV-VIS-NIR spectrophotometer in a I mm air-tight quartz cell.
Solvent background correction was done for all samples. According to literature,” the
red curve (2) in Figure 2.2 indicates the only fullerene anion present is Ceo while
absorption at 422 nm, 458 nm is due to [Ru(bpy)3}*" Similarly, the green curve (1)
demonstrated Ru(bpy)3“*and Ceo™ ¢ The black curve (3) shows the evidence for

[Ru(bpy)3/**and Ceo’’ m
Molar Ratio Calculation

In order to obtain the extinction coefficients of [Ru(bpy)3]*"and [Ru(bpy)3}i‘k in
benzonitrile, spectroelectrochemistry was performed by utilizing a home-made optically
transparent thin layer electrode (OTTLE) cell with a path length 040 pm (Figure 2.3).
A solution of [Ru(bpy)3}*" in benzonitrile with known concentration along with
supporting electrolyte TBAPFe/benzonitrile was transferred into the working
compartment ofthe OTTLE containing the Au minigrid working electrode located in a

HP 8452A diode array spectrophotometer. As electrolysis proceeded, the absorption

20



N 113
spectrum was monitored at the same time. For [Ru(bpy)3]2N ("max~452 nm), s (M’lcm'

was calculated to be 17,200, and for [Ru(bpy)3]"" (X = 520 nm), e (M"”cm") was 16,700.
Combining this data with extinction coefficient values of Ceo™ from literature,” the molar
ratio between cation and anion in each compound prepared can be calculated. The results
are listed in Table 2.1. The calculated molar ratios match within £10% ofthe expected

values.
X-ray Photoelectron Spectroscopy

From Figure 2.4, the presence of only trace amount of phosphorus and fluorine
were detected by X-ray photoelectron spectroscopy which indicates that no significant
amount of PFe' anion is incorporated into the ionic material. Combining with the molar
ratio calculation result, the prepared fullerides 1, 2, 3 were deemed pure enough for

further characterization.
Elemental Analysis

To further demonstrate the compositions and purity, elemental analysis was done.
The results are listed in Table 2.2. The deviation was found out to be within £0.4 %
between the calculated C-H-N percentages and the experimental values for compound 1
and 3, which indicates that acceptable purity was found in these two compounds and

formulas [Ru(bpy)3]2(Céo) and [Ru(bpy)3](Céo)2 are appropriate for 1 and 3, respectively.

However, relatively larger deviations were found in the case of compound 2. To
best fit the experimental values, [Ru(bpy)3Ji.oACéo) * 1.84(C7THSN) was derived. The
excess 7 % Ru(bpy)3 species is speculated to originate mainly from the excess
[Ru(bpy)3]” in the stoichiometric synthesis. Since the equilibrium potential of

21



[Ru(bpy)3*""](Ceo™) lies between [Ru(bpy)3' "[2(C60'Oand [Ru(bpy)3**](Céo")2, any excess
of [Ru(bpy)3]° or (o added will result in the formation of either ofthe two above
compounds. Because and Ceo™ are quite distinguishable in the UV-vis-NIR
spectrum, if any excess Ceo present, the formation of Ceo' can be easily identified.
However, when [Ru(bpy)3]°is added in excess, it will be hard to know it by UV-vis-NIR
because the resulting [Ru(bpy)3[** has very similar absorption peaks as [Ru(bpy)3['™ It
was noticed that the unstable pressure and atmosphere of glove box induced some
random fluctuation to the readings of balance used for mass measurement. Especially
when the experiment was done on a small scale (<20 mg) because ofthe solubility
concern, the error bar on the measured amount can be magnified. Although this can also
happen to compound 1 and 3, the excess [Ru(bpy)3]° for 1 or excess Ceo for 3 can be
removed easily by washing the solid with toluene. But for [Ru(bpy)3]i .0/ C6o), the similar
solubility of [Ru(bpy)3]2ACéo) and [Ru(bpy)3](Céo) in most organic solvents make it hard
to separate them and obtain the pure powder form of [Ru(bpy)3](Céo) However, the
single crystals ofthese two compounds have been grown in different solvent systems.
(See next section) Therefore, it might be possible to separate them as single crystals

based on their different morphology.
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Figure 2.2: Absorption spectrum of compound 1( A), 2 (¢) and 3 (m) in benzonitrile.
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Figure 2.3: Schematic design of OTTLE cell.

<— Syringe
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Table 2.1: Calculated molar ratio between cation and anion in each fulleride.

* The stoichoimetry of [Ru(bpy)s]"" was calculated assuming the value of (&d~to be 1.0.

Compound Cation present in ~ Anion present in ~ Theoretical ~ Calculated molar

solution solution molar ratio ratio *
1 [Ru(bpy)3]"" Cs0- 21 20(02): L0
2 [Ru(bpy)3" (tio- I:1 10(+ 0.1): 10
3 [Ru(bpy)3]" Ceo- 1.2 0.50 (= 0.05): 1.00

Table 2.2: Results of elemental analysis for compound 1, 2, and 3.

1 2 3

Elements [Ru(bpy)3“12(C60") [Ru(bpy)3ti (C6'-) [Ru(bpy)3 < |(C60™)2

Calculated Found Calculated Found Calculated Found

(%) (%) (Vo) (%) (%0) (%)
C 77.50 77.22 83.78 82.58 89.60 89.20
H 2.58 2.61 1.86 2.29 1.19 117

N 9.04 8.89 6.51 7.63 4.18 4.58



Binding Energy (eV)

Figure 2.4; XPS survey spectra for oxidized fullerides 1(a), 2 (b), 3 (c)
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X-ray Crystal Structure Determinations of 1 and 2

Single crystals of [Ru(bpy)3*2(Céo™) (!') suitable for X-ray diffraction analysis
were obtained by slow vapor diffusion of benzene into DMF at room temperature. Single
crystals of [Ru(bpy)3'|(Céo™) (2') were grown by slow diffusion oftoluene into
benzonitrile at room temperature. The crystals were coated in Paratone oil prior to
removal from inert atmosphere box, then glued to glass fibers, and mounted on a Bruker
Kappa Apex 2 CCD diffractometer under N2 stream. Data for crystal 1' and 2' were
collected using graphite-monochromatized Mo Ka radiation X= 0.71703 A) at 120 K
and 100 K, respectively. Absorption correction was performed with Apex 2 software
package. The structures were solved using the SHELXTL software package.”* Details of

crystal data and structure refinements for 1' and 2' are summarized in Table 2.3.

Patterson method was applied for solving crystal structure of2'. The space group of
2' was determined to be centrosymmetric C2/c. The [Ru(bpy)3]™** sits on a 2-fold rotation
axis thus only 1.5 bpy ligands show up in the asymmetric unit. The Ceo species also sit on
the 2-fold rotation axis. A whole benzonitrile (CeHsCN) molecule sits on a general
position which is clearly seen in Figure 2.5. A toluene molecule sits on an inversion
center, so the methyl group is disordered over 2 sites and was refined isotropically at 50 %
occupancy. However, another toluene molecule which sits on a 2-fold axis appears to be
much more disordered. The thermal parameters for the latter toluene molecule were
refined isotropically, and no H atoms were included for this badly disordered toluene
(CS-C &) H atoms were calculated for all other C atoms, and the thermal parameters
were set to be 1.2 times that ofthe attached carbon atoms except for 1.5 times that of the

disordered methyl group on the first toluene. The solvent disorder resulted in the deviant
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short intermolecular contact between C%and Cei. Overall, Rj value was found out to be

5.48 % and WR: was 15.3 %.

In crystal 2', the mean values of 6-6 and 6-5 bonds in Ceo ’ were found to be 1.396(5)
A and 1.449(5) A. As compared to neutral Ceo (ae= 1.40 A, as= 1.46 A), the 6-5 bond in
partieular is significantly shorter in Ceo" * The diameter of Ceo™ anion was evaluated by
measuring the distance of the two oppositely located carbon atoms. The longest diameter
was measured to be 7.120 A and the shortest one was 7.030 A. Thus, the ellipsoidal
deviation is ~ 0.090 A, which is almost 3.6 times that for the parent Ceo (0.025 A). The

addition of two electrons onto Ceo greatly inereased the distortion.

The single crystal 1' was block-shaped with brownish red color. Unfortunately, its
diffraction quality was poorer than that of single crystal 2'. There existed some disorder
in the reduced Céo- Also, much worse solvent disorder was observed. SQUEEZE program

was applied to circumvent the solvent problem. The crystal structure was refined as

centrosymmetric R3¢ with acceptable 17/ (8.12 %) and wR2(22 %) values. The
asymmetric unit of crystal 1' is shown in Figure 2.6. While it is probably inappropriate to
make a detailed discussion about the bond length and angles in Ceoof crystal 1'due to the

disorder the crystal packing and interionic distances are still reliable.

The crystal packing of 1' and 2' projected on be plane is shown in Figure 2.7. It is
obvious that in crystal 2, ions are well separated from each other. The nearest center-to-
center distances of Ceo***(Ctoand Ru(bpy)3***Ru(bpy)3 are both 10.914 A while the
distance of Ru(bpy)3***Ctois shorter at 9.308 A. The shortest carbon-to-carbon contact

between [Ru(bpy)3**and Ceo™ is 3.557 A. In crystal 1', the CeoS are even farther apart.
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The nearest center-to-center distance is now 13.906 A. However, much shorter distances
of Ru(bpy)3*»*Ru(bpy)3 (8.119 A) and Ru(bpy)3***Cto (8.836 A) were observed. The
shortest carbon-to-carbon contact between [Ru(bpy)3]'* and (f,¢ "is 3.418 A. Comparing
with KsCeo [C60*** (o= 10.06 A, C(,0(C) **+*Ceo(C) =3.01 A], both crystals have Ceo™
well separated. However, in crystal 1', there is possible close contact between

[Ru(bpy)3] " cations. The different interionic distances within crystal 1' and 2' potentially
affect their electronic and magnetic properties, which will be discussed more in detail

later.

X-ray Powder Diffraction

Since no diffraction quality single crystals were successfully obtained for
compound 3 due to its poor solubility in most organic solvents. X-ray powder diffraction
was conducted to investigate its crystallinity. Because compound 3 is very sensitive to air,
a solution mixture composed of 2:5 mineral oil/hexane was used to coat the solid sample
prior to XRD analysis. It has been demonstrated that this coating can prevent the sample
from being oxidized for up to 2 hours. XRD measurements were performed using a
Bruker D-8 discover diffractometer using Cu Kqradiation (E = 8041.3 eV). The
diffraction pattern indicates that compound 3 does show some crystallinity. The cell was
determined to be monoclinic P and refinement of observed seven reflections gave the cell
parameters as a = 13.088 A, h=15.145 A, c=9.554 A, a=y=90° P=104.84° and V =
1830.57 A”*. Considering the mean ball diameter of Cso is 7.10 A, these cell parameters
indicate that at least along c axis, there might exist some van der waals close contact

between Ceos.
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In order to obtain more reliable results, more measurements need to be done. But
before that, a better method for coating the sample has to be developed in order to

prevent air oxidation of sample during the long-time measurements.

</

Figure 2.5: Asymmetric unit of Crystal 2'
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Figure 2.6: Asymmetric unit of crystal 1'
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Table 2.3: Crystallographic data for 1' and 2

14 I
Empirical Formula ClIHANRU C150HI02NigDoRU2
Structural formula  Ru(bpy)3-(C6oKC6HSCN)2-(C7H8)-Cv  [Ru(bpy)3]12-(C6oHC3H7NO)6-(C6H6)2
Formula weight 1672.67 2454.64
(g*mof)
Crystal size (mm) 0.68 X0.16 X0.09 0.28 X0.26 X0.25
Dydle (g¥em”) 1.477 1.474
Temperature (K) 100(2) 120(2)
Crystal system Monoclinic Trigonal
Space group C2/c R3c
a(A) 10.914(2) 13.9063(2)
b{k) 40.612(8) 13.9063(2)
c(4) 17.303(4) 99.067(3)
«n 90.00 90.00
pn 101.17(3) 90.00
yn 90.00 120.00
vik") 7524(3) 16591.3(6)
z 4 6
Unique Reflection 8743 4592
R(int) 0.0357 0.0628
Parameters 561 (0) 267 (0)
FO00 3400 7584
2e,,u°) 56.56 56.56
Resolution (A) 0.75 0.75
GOOF 1.045 1.092
R, [Fo> 40(Fo)] 0.0548 0.0812

wi2 0.1530 0.2200
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Figure 2.7: Projection of'the crystal structures of2' (top) and 1' (bottom) on the b-c plane. The
solvent molecules were omitted for clarity.
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Figure 2.8: Powder diffraction pattern of compound 3 at 293 K.
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Four-probe Electrical Conductivity

The dc conductivity was measured using a homemade four-probe design (Figure
2.9) on the central section of a circular pellet (radius = 3.5 mm) pressed at room
temperature. Four tungsten wires (d = 75pm) were lined parallel with equal spacing (A=
0.77mm + 0.02 mm). A knot was tied in each wire and the knots were aligned in parallel
The knot on each tungsten wire was then coated with silver paint and serves as the
contact. The apparatus was calibrated with BaiTes prior to use. The following equation B

was used to calculate the bulk resistivity.

p =C"xtxR"

Rg represents the sheet resistance which can be directly obtained from the 1-V curve
measured from the four-probe design, 7 is the thickness of thin sample sheet. The

insulating KBr pellets were made as substrates to support the fragile sample sheets. Cj is
the correction factor which depends on the ratio ofthe diameter of thin sheet to the
spacing of probes."”* The value of Cg used is 4.17."* When measuring the sheet resistance
Rg, standard deviation O was obtained by multiple measurements with rotating the
sample sheet to different positions. The thickness ¢ was obtained by subtracting the

thickness of KBr pellet (t/) from the total thickness {#). The standard deviation 02 ofz is
a combination of error bars on # and #.- Finally, the standard deviation for bulk resistivity

p was calculated to be around + (|ai|-i-|a2]).
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Figure 2.9: (a) The schematic design of four-probe conductivity measurement; (b) The
homemade four-point probe apparatus.

Table 2.4: Electrical conductivities of compounds 1,2,3 at room temperature and calculated
distribution of redox species in solution at room temperature. L represents 2, 2'-bipyridine ligand.

Compound o (Sem™)  Rus™ Ruls*' Rula® @0  Cho- Co'-
1 95(+2%) 0068 1900 0032 0 0 0964 0.036
2 0.018 (x13%) 0998  0.002 0 0 0002 0998 0
3 20(31%) 1000 0 0 00015 1997 00015 0
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The measurements were also repeated several times by using different batch of samples.

The average conductivity and the value of standard deviation are listed in Table 2.4.

At room temperature, all three compounds show absolute conductivity in the
semiconductor range (Table 2.4). As the temperature increases, their conductivities
increase as well. The order for descending conductivity is 1> 3 > 2 compound. 1 is about
500 times more conductive than 2, while 3 is about 100 times more conductive than 2.
Based on the result of elemental analysis. Compounds 1, 3 correspond to [Ru(bpy)3]2Céo
and [Ru(bpy)3](C6o)2 respectively, while compound 2 is mainly [Ru(bpy)3]Céowith minor
amount of possible compound 1 [Ru(bpy)3]2Céo (< 7 %). Because of'the relatively high
conductivity of compound 1, the pure form of compound 2 should exhibit conductivity
even smaller than 0.018 S*m". Since this does not conflict with the observed trend of
conductivity, the following discussion will be based on the assumption that compound 2

is pure with formula [Ru(bpy)3]Céo

In the single crystal structures of 1 and 2, there is only weak site-site interaction
since the cations and anions are all well separated from each other. The electronic
conductivity is best described by an electron hopping model in this immobilized

polyvalent redox system rather than by band structure."'*”**

There are two limiting factors for electron hopping efficiency. The first is the
relative concentrations of electron hopping sites, which greatly depend on the degree of
mixed-valency.” Increasing the relative number of electron donor and acceptor increases
the probability of charge transport.”*”” For [Ru(bpy)3]n(Céo)mcompounds, both cation

and anion are in principle electroactive. Supposing the respective stoichiometries of
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compound 1, 2 and 3, distribution of various redox species in solution at equilibrium can
be calculated from the Nernst equations and the electroneutrality principle (Table 2.4).
As an example, the equations used for calculating the distribution ofredox species for
compound 1 are shown in Table 2.5. The calculated equilibrium potentials of compounds
in solution turned out to be right in the middle ofthe overlapped potential region of
corresponding cation and anion. For qualitative discussion, disproportionation calculated
in solution can serve as a reasonable approximation for the case in solid state but is
almost certainly not quantitatively the same. Possible electron hopping pathways are
predicted in Scheme 2.2. Obviously, among the three, 1 has the highest degree of mixed-

valency and the maximum possible electron transfer pathways.

The second important factor in determining the operative electron-hopping
pathways is the intersite hopping distance.* The overlap of HOMO and LUMO of
electron donor and acceptor decreases as the distance increases, which results in a higher
activation energy for electron to hop. Therefore, shorter site-site distance generally
should result in easier electron hopping. In the single crystal of 2, [Ru(bpy)3]"*and Ceo"
basically occupy the interchangeable positions in the unit cell (Figure 2.10). There are
two types of [Ru(bpy)3]"™" (or Ceo" ) sites with different surroundings (Figure 2.11).
Both types represent the shortest electron hopping distance (9.308 A) between adjacent
[Ru(bpy)3]"** and Ceo™ on the a-c plane. And the second shortest distance (10.780 A) is
between adjacent [Ru(bpy)3[™ and Ceo" along the b axis. In the single crystal of 1, three
types of [Ru(bpy)3]'""" sites as well as two types of Ceo™ sites were found (Figure 2.12).
The shortest electron hopping distance is 8.119 A between adjacent [Ru(bpy)3]"* sites on

the a-b plane.
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Table 2.5: Equations for calculating disproportionated redox species for compound 1 in solution
with the assumption that [Ru(bpy)3]° and Ceo are mixed in exact 2:1 molar ratio.

[RuL™*\ + [RuL'*] + [RuL"} =2

[Qol +[Qo'n +[Qo']=1

2[Rul,"* |+ [RuL;*]1=1Q ;-1+2[Q /-1+3[Qo0’"]

“ F  [RuF"%]
RT, [RuE ]
oq = E ' o/+1 In
F  [RulL'¥]
eq.
F [Qo'n
’ F  [c,;-]
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RuLg/\/\v ( AGON (CGO/\-)

Scheme 2.2: Schematic pictures of possible electron transfer in compound (a) 2 (b) 3 and (¢) 1. L
represents 2, 2'-bipyridine ligand.
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The second shortest distance turned out to be 8.836 A between the neighboring
[Ru(bpy)3]" and Ceo" along the ¢ axis. Apparently, longer intersite distances were found
in the single crystal of compound 2 and thus it will be harder for electrons to hop from
one site to another as compared to those in the single crystal of compound 1. The
indication from structural information is in accordance with the conductivity results that
compound 1 is much more conductive than compound 2. As for compound 3, the electron
transfers exclusively reside in the Ceo manifolds while [Ru(bpy)3]™ only act a spacer
(Scheme 2.2). Because the electrons only hop from one Ceo to another, the Ceo-Ceo
distances are of more importance for conductivity than other site-site distances. Although
no single crystal structure was obtained for 3, the preliminary result of powder diffraction
data indicates a high probability of close contact between CeoS at least along the c axis.
When the degree of mixed-valency and number of electron-transfer pathways are similar
in 2 and 3, easier electron hopping would most likely happen in 3 because it very
possibly has shorter Ceo-Ceo distances. This speculation is in accordance with the

measured conductivity that 3 is about 100 times more conducting than 2.

Based on Scheme 2.2, all possible electron transfer mechanisms for all three
compounds are listed in Table 2.6. Combining the conclusions from analyzing intersite
distances in compounds 1, 2 and 3 with their mixed-valency information, the favorable

electron hopping pathway can be predicted as follows.
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Al B2

Figure 2.10; In single crystal 2 ; the positions of [Ru(bpy)3]“"(left) and Cso™ (right) in one unit
cell.

CD Ru(bpy)3™+ % Cro'-

"T
Ab
Al A2
1
B1 B2

Figure 2.11: The surroundings of two types of [Ru(bpy)3]”sites (Al, A2) and two types of Ceo’”
sites (BI, B2) in single crystal 2'.
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Figure 2.12: In single crystal 1°, the positions of [Ru(bpy)3]”” and Czo" in one unit cell.
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Figure 2J3: The surroundings of'three types of [Ru(bpy)3]*“" sites (A-1, A-2, A-3) and two types

of Ceo™ sites (B-1, B-2) in single crystal 1'.
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Table 2.6: Prediction of possible electron hopping mechanism in compound 1, 2 and 3. L
represents 2, 2'-bipyridine ligand.

Compound Possible Mechanism Favorable (F) or Unfavorable (UF)
1 RuL- + RulN => RuL-™ + Rul  (I-1) UF
RuLN + RuL™* ~ RN + Rul™  (1-2) F
RuL," +Qo'“~ RuL," +Qo'" (1-3) UF
Rul,®° + Rul,”™ => Rul,"™ + RuL® (1-4) F
RulL® = Rul ™" 1-5) F (possible)
RuL,®° +Rul, ™" => Rul," + RuL,"" (1-6) UF
& rGo ArAg ™ 460 (1-7) F
QQ* +Rul™ = QG +Rul." (1-8) F (possible)
Cj~+ A QoM + 1-9) UF
2 RuL™ +RuL™ =#>Rul-™ + RuL™ (2-1) F
RulN" +Qo'"" => +Qo'" (2-2) UF
6 A0 M A60 2-3) F
Qo' + RuL™ n>Qo" + Rul" (2-4) UF
3 Geo™” 60 =>65)° # & (3-1) F
Ca” * 6™ =G0 ° *(g0 (3-2) UF
C ®+C =C *+C (3-3) F
60 460" ==4G0 " *4g0 (3-4) UF
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In compound 1, there are nine possible electron-transfer mechanisms, which fall

into three groups. Group I includes the following four equations.

Rul™ + A RuL® + Rul™™ 1-1
Rul,® + Rul,-* Rul™N" + RulN'* (1-6)
RuL,™ +Qo"  Rul™" +Cj~ 1-3)
Cj~ +RuL™ = Qo" + RulN" (1-9)

Consider first reaction (1-6), where the relative concentrations calculated from solution
redox data of RuLs”, RuLa""" and RulLa™ are 0.036, 0.068 and 1.900, respectively (Table
2.4). In order for electron to hop via this mechanism, one RuLa® and one RuLa™" must
happen to sit on the adjacent positions. Considering their small relative concentrations
and assuming a random distribution over the solids, the possibility ofthis electron hop to
be a major contribution to the overall conduction would be very small. Therefore,
equation (1-6) is not likely to be an important electron hopping mechanism. Reaction (1-9)
is also unfavorable for the same reasons. (Concentrations ofreactants Ceo and RUL3

are only 0.036 and 0.068.) Reactions (1-1) and (1-3) are simply the reverse of (1-6) and
(1-9). Although here both reactants have large concentrations, the probability to generate
two minor species would be small for thermodynamic reasons. On the whole, the first
group of mechanism (1-1), (1-3), (1-6) and (1-9) is considered as “unfavorable” in their
contributions to the hopping. In group II, three “favorable” mechanisms for electron

transfer were found.

¥y RuL = RuL-p + RuL™ (1-2)

+ RuUL™ A Rulj™ + RuL / (1-4)
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C ~+C C +C a-7)

The similarity of all three above equations is that the reactants and products are the same,
thus, since the equilibrium constant for each reaction equals 1, the thermodynamic “cost”
is zero (Ignoring, of course, any columbic contribution to rearrange charges within the
solid). Also, the presence of at least one ion present at high relative concentration in the
reactant side greatly increases the probability of electron hopping. Contribution from

reactions in the third group (shown below) is less clear.
Rul,® +C™~ => RuL-™ £ 1-5)

=6 Cj~ + RUI™ (1-8)

Based on the concentration given in Table 2.4, the Keq for (1-5) and (1-8) are calculated
to be 2.22 and 0.45 respectively. Also, each reaction involves one reactant that is present
at a large relative concentration. Thus, while they are not thermoneutral processes, their

contribution to the overall conduction mechanism carmot be discounted.

Combining the above discussion with the site-site distribution information
obtained from X-ray diffraction of compound 1, the most preferable electron hopping
mechanisms can be predicted as follows with hopping distance 8.119 A along the a-b

plane.

RuL,® + Rul" »~  Rul™N" + Rul ™"
K
RulL™ * + RuL™ » -> RuL{" 4. RuL"

The same protocol was followed to figure out the favorable and unfavorable

electron hopping mechanisms in 2 and 3 (Table 2.6).
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In the single crystal of 2, electrons would prefer the following two hopping

pathways with hopping distance in each case of 10.914 A along the a axis.

RuL” + RuL.” = Rul,** + RuL"

e
all

gl Sl ¥ g T
In compound 3, electrons can only transfer between Cgys and they should prefer to

hop from one Cgq to another Cgq with one unit charge difference.

oo e Sp S gt debcs. (P
P i A

2= I- 1- 1
Cl‘fﬁ' + C{Iﬂ' = ('_'rt‘ll'l + C{:-IJ

In summary, among these three fullerides, compound 1 exhibits the highest
electrical conductivity due to its highest degree of mixed-valency and its shortest intersite
electron jump distance. Although 2 and 3 have similar relative concentration of electron
donors and acceptors, the much higher conductivity observed in 3 can be explained by

possible existence of Cgp-Cyg close contact in 3.

Magnetic Properties

EPR spectra of solid samples were recorded on a Bruker X-band EPR
spectrometer equipped with a temperature controller. A Quantum Design MPMS-XL
SQUID magnetometer was used to measure dc magnetic susceptibilities of finely ground
polyerystalline samples 1-3 between 300 and 5 K at 100 mT static magnetic fields. A

sample holder contribution and diamagnetic susceptibility (yp) of the compound were
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subtracted from the experimental values. The value of xo was obtained from literature L1

which is in good agreement with the calculated value using Pascal’s constants. ®

According to Hund’s rule, Ceo™ should have a triplet ground state {S= 1).
However, many previous observations have demonstrated that C"o' prefers a singlet
ground state (5= 0) with a close-lying triplet excited state (S = Although
neutral Ceo has a triply degenerate LUMO, upon reduction, the excess electrons on the
buckyball lower the symmetry which results in the Jahn-Teller splitting of orbitals
(Figure 2.14). Similarly, for Ceo”, instead of having a spin quartet, it prefers a doublet

ground state (S =

The corresponding molecular formulas for compound 1 and 3 are
[Ru(bpy)3"R(C&o") and [Ru(bpy)F[(Ceo' )2 respectively. By elemental analysis, their
purity has been demonstrated. However, compound 2 turned out to be a mixture with
minor amount of compound 1. The derived formula [Ru(bpy)3]i oA C6o) for compound 2
can be rewritten as 0.93 {[Ru(bpy)3""](C60™)}* 0.07 {[Ru(bpy)3'“|2(C60™’)}- The presence
of impurity Ru(bpy)3** exhibits small but significant contributions to the magnetic

properties.

In compound 1, both [Ru(bpy)3]"* and Ceo™ are EPR active. The signal at 285 K is
a single line with g= 1.9999 (£ 0.0002). According to literature, [Ru(bpy)3]'* should
exhibit a broad signal (AHp.p= 100 -150 G) at 285 However, in the presence of a
much sharper signal from Ceo™ near RT, the signal from [Ru(bpy)3]'* is almost
completely obscured (Figure 2.15). Since the width of [Ru(bpy)3]"* peak is strongly

temperature dependent, by cooling down, the [Ru(bpy)3]™' signal became narrower and
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stronger?™ At 230 K, a bump at -3385 G started to show up. It was noticed that the signal
of Ceo ' at near RT is very weak indicating the singlet ground state for most Ceo * anions.
The signal is mainly contributed from the minor portion of thermally accessible triplet
state in and the possible paramagnetic impurity More detailed

discussions about Ceo™ signal will be carried out in the section for compound 2.

The temperature dependence ofthe magnetic susceptibility of solid 1 is shown in
Figure 2.16. From 300 K to 100 K, the product T behaves as a linear function of

temperature. The data can be fit to the following equation.

C
Xm ~j " (1)

From 100 K to 300 K, compound 1 shows paramagnetism with two contributions. One of

them obeys the Curie law yielding C = 0.5014 emu K inof'. The other contribution is the

so-called Van Vleck temperature-independent paramagnetism (TIP) with Xtip= 15.9x 10"

emu-mof'."”" Generally, in alkali-metal doped Ceo, Xtip was found to be less than 1 x
10" emu'moF“.* Since the HOMO and LUMO of [Ru(bpy)3[** and Ceo™ are of similar
energy and their energy separation is small, the sizable experimental Xip can be

speculated to mainly arise from the Zeeman mixing of the ground state of [Ru(bpy)3] ”
and the abundant low-lying excited states in Ceo” 29232728 By ysing equation (2),
considering the spin multiplicity of [Ru(bpy)3] , the theoretical curie constant Co was
calculated to be 0.75 emu'’K- mof'.

C= S(S =A 1
3 (S +1) 8S(S +1) )
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In equation (2), N is Avogadro’s number and (3is electronic Bohr magneton. Arepresents
the Boltzmann constant while g represents g-factor. In the cgsemu unit system, N3/ 2k is
equal to 0.12505 (very close to 1/8)."* The smaller experimental curie constant observed
(C=10.5014 emu K'niol ’) might be explained by a possible antiferromagnetic coupling
between two [Ru(bpy)3]' . This is consistent with the small curvature observed below

100 K in the vs. T'curve. Also, from single-crystal structural analysis, compound 1

has short center-to-center distances between Ru(bpy)3***Ru(bpy)3 (8.119 A) and
Ru(bpy)3*"»(C60 (8.836 A). The possible close contact between two [Ru(bpy)3] ™ makes

antiferromagnetic coupling a possibility.

In compound 2, since [Ru(bpy)3}** has no unpaired electron,” the C6#and
impurity [Ru(bpy)3]'* needs to be considered as the major source for EPR signal. The
EPR spectrum of2 at 292 K exhibits a broad single line with g=2.0028 (£ 0.0002). A
broad signal I is superimposed with a narrow signal II (Fig. 2.17). The total integral
intensity only accounts for a few percent ofthe total Ceo, which indicates that the
majority of Ceo’™ possesses diamagnetic ground state. As temperature decreased, signal I
(at RT, AHp-p= 30 G) became narrower and weaker while signal II increased and became
more dominant. The feature of signal I allows it to be assigned to the thermally
populated triplet iS=1) excited state of Ceo™ ***® For signal II, there are mainly two
possible sources. First, the curie impurity [Ru(bpy)3]’™( 5"= 14) shows a broad signal
with a strong temperature-dependent linewidth. As temperature becomes lower, the signal
of [Ru(bpy)3] ™ grows up. Secondly, C 120 is a common impurity in solid Ceo samples
(up to 1%) because ofthe exposure to air and light.” With reduction, C 120" (n = 1, 3, 5)

can give rise to a sharp signal as well.
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Generally, compound 2 represents similar dc magnetic behavior as compound 1
(Figure 2.18). However, over the whole temperature range, by fitting data into equation
(1), much smaller Curie constant (C = 0.05898 emu K-mof') and Xtip (4.97 x 10"
emu-mof') were obtained. This can be explained by the presence of 2 equivalents of

paramagnetic [Ru(bpy)3]"* (5= /a) in compound 1" The temperature-dependent Xip is

mainly due to the coupling between the ’Ai ground state of [Ru(bpy)3}**and the rich

b

close-lying excited states in Ceo ' By using equation (2), the actual spin is
calculated to be 0.107. By eliminating the contributions from curie impurities, the spins

originated from (6o only arises from less than 4 % of'the total Ceo species. This is in

accordance with the EPR result that the major Ceo™ has singlet ground state.

In the EPR spectrum of solid 3 (Figure 2.19), a characteristic broad signal of Ceo'
(S = F) was observed with g =2.0014 (+ 0.0002) at 292 The peak-to-peak linewidth
decreased from 40G to 20 G as temperature decreased from 292 K to 100 Since the
linewidth is proportional to the electron spin-lattice relaxation rate, at higher temperature,

faster electron spin-lattice relaxation rate resulted in broader signal.

SQUID measurement of solid 3 displays slightly different magnetic behavior with

comparison to solid 1 and 2 (Figure 2.20). The data is reproducible with measurements
on different batches of samples. Three segments were found in the T curve. From
300 K to 210 K, Xmgradually increased as T decreased. The data can be fitted into
equation (1) with C = 0.55045 emu-K-mof' and Xzip=3.94 x 10" emu-mof'. Considering

spins from Ceo" (S = ) in solid 3, curie constant should be 0.75 emu-K mof".'"* The

smaller experimental value again indicates possible antiferromagnetic coupling this time
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between adjacent Ceo ' anions. This speculation is consistent with the negative Weiss

constant 6 obtained by fitting data linearly from 210 to 300 Kin ~ vs 7 curve (Figure

2.21). As temperature continued to decrease, )j4 almost leveled off. Below 150 K,

resumed to increase with a steeper slope. It seems that there exists a phase transition in
the range of 150 to 210 K. A possible phase transition can be speculated to be the partial
dimerization of Cgo® forming diamagnetic (€ 50)2" wThis reversible phase transformation
has been reported before in the similar temperature range. ° Furthermore, possible close
contact between Ceos indicated from powder diffraction data also supports the possibility
of partial dimerization. Differential scanning calorimetry measurements were done to
detect the phase transition (Appendix I). An obvious crystallization transition was
observed at ~ 170 K when the solid sample was warmed up from 145 K to 293 K during
the first measurement. However, the transition disappeared in the second measurement on
the same batch of sample, which is probably due to the decomposition of sample by its

exposure to the air.

Qo”+Qo™<"(Qo0)2"

In summary, EPR data demonstrated that in compound 1 and 2, Ceoz' prefers
singlet ground state. In compound 3, C&0 exhibits doublet ground state. Since both Ceo'
and ({,¢ 'are both rich in low-lying excited states, Van Vleck temperature-independent

paramagnetism was observed in all three compounds.
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Figure 2.14: Illustration of LUMOs for Ceo and Ceo" (n=1-3). Ast represents the calculated
energy difference between Cao™ (singlet) and Ceo™ (triplet).



Figure 2.15: EPR spectra of solid sample 1 at 285 K (violet), 230 K (c\ an), 205 K (blue), 180 K
(green), 150 (red), and 125K (black).
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Figure 2.16: Temperature dependence of molar magnetic susceptibility ( ) and the product of
molar susceptibility and temperature () for compound 1 at I0OmT magnetic field.
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Figure 2.17: EPR spectra of solid sample 2 at 292 K (black), 260 K (red), 235 K (green), and
165 K (blue).
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Figure 2.18: Temperature dependence of molar magnetic susceptibility () and the product of
molar susceptibility and temperature (0) for compound 2 at 100mT magnetic field.
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H (Gauss)

Figure 2.19: EPR spectra of solid sample 3 at 292 K ( 1), 225 K (violet), 200 K (cyan).
175 K (blue), 145 K (green), 130 K (red), and 100 K (black).

56



cmS m

’.'TT‘LA)

Figure 2.20: Temperature dependence of molar magnetic susceptibility ( ) and the product of
molar susceptibility and temperature () for compound 3 at 100mT magnetic field.
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Figure 2.21: Temperature dependence ofthe reciprocal of molar magnetic susceptibility of
compound 3 at 100mT magnetic field.
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CHAPTER 1II

SYNTHESIS AND CHARACTERIZATION OF RUTHENIUM RING-

SUBSTITUTED BIPYRIDINE COMPLEX FULLERENE SALTS



Introduction

One important feature of ruthenium bipyridine complex is its broad tunability of
electrochemical properties by ligand substitution.' By using 4, 4'-dimethyl-2, 2'-
bipyridine (4DMB), 5, 5'-dimethyl-2, 2'-bipyridine (SDMB), 4, 4'-di-tert-butyl-2, 2'-
bipyridine (TBB) or 4, 4', 5, 5'-tetramethyl-2, 2'-bipyridine (TMB) as ligands (Figure
3.1), the redox potentials of ruthenium complexes can be varied but are still in the similar
region.' This opens up a new direction for synthesizing many possible ruthenium ring-
substituted complex Ceo salts. Changing the size ofthe ligand could change the lattice
stimcture of resulting fulleride salts. Also, changing the chemical structure of'the ligand
shifts the HOMO and LUMO of ruthenium complexes, thus affecting the barrier of
electron transfer in the conduction. The effect of ligand substitution on electronic and

magnetic properties has been studied in detail in this chapter.

TBB
Figure 3.1: Molecular structures of ligand 4DMB, SDMB, TBB and TMB.
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Experimental

Preparation of Metal Complexes

[Ru(@dDMB)3|(PF6)2  (A)

Synthesis ofthis complex is similar to that of [Ru(bpy)3](PF6)2 (vide supra,
Chapter II) except that the mixture was refluxed for 12 hours at 100 °C producing a dark
red solution with a noticeable amount of precipitates at the bottom of'the flask. The final
product is a brick red polycrystalline solid after multiple recrystallization from

EtOH/acetone.

IRu(SDMB)3](PF6)2  (B)

The complex was prepared by using the same method used for [Ru(bpy)3](Pp6)2,

except 5, 5'-demethyl-2, 2'-bipyridine was used.

[Ru (TBB)3](PF6)2 (C)

The procedure followed was the same as that for [Ru(bpy)3](PF6)2 with the
substituted 4,4'-di-tert-butyl-2, 2'-bipyridine ligand. The compound was recrystallized

from ethanol only.

[Ru (TMB)3](PF6)2 (D)

The synthesis of4, 4', 5, 5'-tetramethyl-2, 2'-bipyridine (TMB) was described
elsewhere.” A similar procedure as that for the above two compounds was used except
that the purification was slightly different. Since TMB shows limited solubility in most of

the organic solvents, washing by EtOH is not sufficient to remove the excess TMB.
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However, the solids can dissolve in acetonitrile and then the insoluble TMB ligand can be
removed by filtration. The filtrate was collected and the solids were obtained by
rotoevaporating offthe solvent. Recrystallization from EtOH/acetone yielded a reddish

orange crystal.

Electrochemical Properties o fMetal Complexes

Cyclic voltammagrams of metal complexes A-D are shown in Figure 3.2. The

corresponding half-wave potential of each redox couple are listed in Table 3.1.

Preparation ofNeural Metal Complexes
Reductive Bulk Electrolysis

Controlled-potential electrolytic reductions were performed to produce the
following four neutrally-charged metal complexes. A similar procedure as that for

[Ru(bpy)3]° was used except that the reductive potential was different for each compound.
[Ru(4DMB)3]°  (A-0)

To achieve the maximum equilibrium concentration, the reductive potential E was
set to be -2.0 V. At the end of electrolysis, only small amount of solids were obtained and
the solution showed an intense reddish violet color. As compared to [Ru(bpy)3]°, A-0
displayed a much higher solubility in acetonitrile as compared to [Ru(bpy)3]°. In order to

increase the yield, prior to the filtration, the final solution was cooled and the volume



reduced by at least one third under vacuum. Only a small amount of acetonitrile was

applied to wash off'the supporting electrolyte.
[Ru(SDMB)3|® (B-0)

The reductive potential is -2.075 V. The final solution was no longer violet but
light tomato color. A significant amount of black solids was obtained by filtration. The
solubility of B-0 in acetonitrile was much lower than that of A-0 but was still a little

higher than that of [Ru(bpy)3]°.

[Ru(TBB)3]' (C-0)

E is -2.005 V close to that of A-0. It turned out that [Ru(TBB)3]'* only has
moderate solubility in acetonitrile as determined by the observation of orangish brown
suspension at the end of one-electron reduction. This can be explained by the presence of
two bulky tert-butyl groups on the ligand. The final solution was reddish violet with a lot
of solids present. The color of C-0 solid is brownish rather than pure black as was the

color for the other zero-valent solids.

[Ru(TMB3|®  (D-0)

The reductive potential was set to be -2.18 V which is more than 100 mV more
negative than the above three. D-0 showed small solubility in acetonitrile and the solution

was violet color.



Spectra ofNeutral Metal Complexes

UV-visible spectra of A-0 and B-0 are shown in Figure 3.3 while those of C-0
and D-0 are shown in Figure 3.4, They all have similar peak positions but different

shapes.

Synthesis and Characterization ofMetal Complex Fullerides

General Method

The neutral metal complex is mixed with Ceo in the desired stoichiometry to obtain
the ionic salts predicted from Chart 3.1. The experimental steps are very similar to those

for preparing [Ru(bpy)3"*"n(Céo™me
Outcomes

As a whole, 16 ionic salts are predicted from Chart 3.1. However, five of them
containing Ceo™ have not been successfully synthesized yet. Those five are
[Ru(4DMB)3'13(C60'-), [Ru(5DMB)3'"'|3(C60'-), [Ru(TBB)3'13(C60'"),
[Ru(TMB)3'"3(C&™), and [Ru(TMB)3" 3 CéoV)2respectively. Although Ceo™” anion has
been detected by UV-vis-NIR spectroscopy in the solution, it turned out to be difficult in
isolating discrete Cso salts as solids with acceptable purity. As compared to Ceo and
Ceo , Ceo is more sensitive to both oxygen and water. Therefore, more attention must
be paid to the solvent purity and also the O2H?2O0 level in the glove box. Besides, a

suitable organic solvent with appropriate polarity as well as a large potential window
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down to at least -2.2 V vs. Fc / Fe” is required for the isolation. The formulas of the other

eleven ionic salts synthesized are listed in Table 3.2.
Identification of Cations and Anions

The oxidations states of cation/anion in each prepared ionic salt were identified by

UV-visible-NIR spectroscopy. Their spectra were shown in Figure 3.5 ~ Figure 3.8.

(B)

E (V) vs. SSCE

Figure 3.2: Cyclic voltammagrams of (A) [Ru(4DMB)3](PFe)2 (B) [Ru(SDMB)3](PF6>2 (C)
[Ru(TBB)3|(PF6)2 (D) [Ru(TMB)3|(PF6)2 in acetonitrile with TBAPF6 as supporting electrolyte,
Pt as auxiliary electrode, glassy carbon as working electrode and SSCE as reference electrode.
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Table 3.1: Half-wave potentials for compound A-D vs. different reference electrodes.

Complex E/ (V) vs. SSCE Ey, (V) WS Aj Ey, (V) vs. Fc/Fc”
+2/+1  +1/0  0-1  +2/H41 +1/0  0-1 +2/41 +1/0  0/-1

Ru(4DMB)3™  -143  -1.60 -184 -168 -176 -200 -182 -199 -223

Ru(5SDMB)3™  -149 -1.68 -194 -1.74 -194 221 -18 -2.07 -2.33

Ru(TBB)3" -144  -162 -188 -1.68 -1.88 -2.13 -1.83 201 -227

Ru(TMB)3™»  -L61  -181 -206 -1.86 -205 -231 200 -220 -245

Ru(IVB3™
Ru(IBB)3"#
Ru(5SDVB)3"™

Ru(@DvB)3"

-0.5 -1.5 -2.5

E (V) vs. Fc/ Fc*

Chart 3.1: Electrochemical data of compound A-D and Co referenced to ferrocene/ferrocenium
couple.
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Figure 3.3: UV-visible spectra of (A-0) [Ru(4DMB)3]° and (B-0) [Ru(5DMB)3]° in acetonitrile
measured in 1mm air-tight quartz cells.
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Figure 3.4: UV-visible spectra of (C-0) [Ru(TBB)3°] and (D-0) [Ru(TMB)3°] in DMF measured
in 1mm air-tight quartz cells.
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Figure 3.5: UV-vis-NIR spectra of (A-1) [Ru(4DMB)3]2Cép), (A-2) [Ru(4DMB)3|(Cto), (A-3)
[Ru(4DMB)3|(C6)2 in benzonitrile.
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Figure 3.6: UV-vis-NIR spectra of (B-1) [Ru(5SDMB)3]2Cép), (B-2) [Ru(SDMB)3|(Ctp), (B-3)
[Ru(5DMB)3](Cé®)2 in benzonitrile.
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Figure 3.7: UV-vis-NIR spectra of (C-1) [Ru(TBB)3]2Ctv), (C-2) [Ru(TBB)3](Cto), (C-3)
[Ru(TBB)3](C60)2 in benzoniti'ile.
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Figure 3.8: UV-vis-NIR spectra of (D-1) [Ru(TMB)3](C60), (D-2) [Ru(TMB)3](C60)2 in
benzonitrile.
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Results and Discussion

Four-probe Electrical Conductivity

The room-temperature electrical conductivities of all eleven ruthenium complex

fullerides lie in the range from 10~10 S*m" (Table 3.2.). They are all semiconductors.

There are four groups of ionic salts with four different ligands. Among each group,
the most insulating salt turned out to be the one with the general formula [RuL3](Céo) In
[RuL3](Céo), the molar ratio of cation to anion is 1:1 and both ions bear two unit electric
charges with opposite sign. Its poor conduction ability can be explained by its least
mixed-valency indicated from the calculated disproportionated distributions of redox

2

species m solution.

As we can see in Table 3.1 and Chart 3.1, [Ru(4DMB)3]"" shows very similar
redox potentials to [Ru(TBB)3]""" Therefore, it is reasonable that their corresponding
ionic CA) salts exhibited similar mixed-valency in the solution. The most conducting
solids in these two groups turned out to be [RuL3]2(Céo). These salts have the highest
amount of mixed-valency (thus the highest relative number of electron donors/acceptors)
as well as multiple possible electron hopping pathways. Also, by comparing groups of
4DMB, TBB, and TMB, lowest conductivity was observed as the ligand becomes more
bulky. With larger ligand, the structure of ionic salts should tend to be more expanded

which might result in longer intersite electron-hopping distances.

Generally, in each group, as the degree of mixed-valency increases, the

conductivity increases. However, in the SDMB group, [(RuL3)]2(Céo) shows smaller
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conductivity than [RuL3](Cé6o)2 although it exhibits higher mixed-valeney based on the
calculated distribution ofredox species in solution. One explanation is that [R1IL3](050)2
might possess a crystal packing structure which includes mueh shorter intersite distances
than [RuL3]2(Céo) and thus lower potential barrier for electrons to hop. Another interesting
thing is that, as shown in Table 3.2, more than half should be disproportionated to
Ceo™. Also, significant amount of RuL3" should be present as well. However, the UV-vis-
NIR spectrum of [(RuL3)]2C6o ( L = 5SDMB) does not show obvious peaks assignable
specifically to Ceo™ and [RuL3}™ For [RuL3}", since its absorption peaks are very similar
to [RuL3]", it would not be easy to distinguish it from RuL3'"™' For Ceo", considering its
predicted eoncentration and the values of'its extinction coefficients (c = 14,000 at 788 nm;
E= 6,000 at 1367 nm), it should be able to be identified in the spectra if assuming that
Ceo™ in solution is stable. However, the discrepancy of disproportionations between solid

state and solution phase should be also taken aceount.

Overall, [Ru(5DMB)3]2C60and [Ru(SDMB)3](050)2 show the highest conductivity
among the eleven compounds. They both show electrical conductivity similar to

[Ru(bpy)3]2C50 and [Ru(bpy)3](C50)2.

To fully understand the electrical properties and the magnetism deseribed in next
section, single-crystal structures are necessary. Much effort has been devoted to crystal

growth but so far no diffraction quality crystals have been obtained.
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Ligand

4DMB

SDMB

TBB

Table 3.2: Electrical conductivities of eleven ruthenium complex fullerides and their calculated

Compound

[RuLblzZ(s0)

[RUL3KCA)

[RuL3](Coo2

[RuL3]2(Cto)

[RUL3KCA)

[RuL3](CS0R2

(RuL3)2(Co)

[RULKCH)

[RuL3}(C60)2

[RUL3KCA)

[RuL3](C6o)2

a (Sem*)

0.60
(£35%)

0.012
(+30%)

045
(+35%)

3.1
(#23%)

0.0039
(£20%)

74
(#22%)

0.31
(£20%)

0.0091
(£15%)

0.20
(#£35%)

0.0028
(£10%)

0.055
(#11%)

RuLj™

0.250

0.9997

0.5494

0.9999

0.287

0.9998

RuLjHI

1.734

0.0003

1.4483

0.0001

1.707

0.0002

Rulj®

0.016

0

0.0023

0

0.009

0

0

0

Ceo Coo* Ceo-

0

0.0015

0

0.0015

0

0.0015

0.0015

0

0.0003

1.9970

0.0001

1.9970

0.0002

1.9970

0.0001

1.9970

disproportionated distributions of redox species in solution at room temperature.

0.766

0.9997

0.0015

0.453

0.9999

0.0015

0.722

0.9998

0.0015

0.9998

0.0015

(fio-

0.234

0.547

0.278

0.0001
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Masnetism

SQUID measurements were done to investigate the magnetic properties of all
eleven ruthenium complex fullerides. Neither superconductivity nor ferromagnetism was
found. All complexes exhibited paramagnetism including a temperature-independent
portion and a Curie paramagnetism portion. Since their magnetic properties appear
similar, only [Ru(5DMB)3]a(C60)b (B-1-B-3) were given detailed interpretation. In
addition, some comparison was made between [Ru(5DMB)3]a(C60)b and
[Ru(bpy)3Ja(Céolb- The magnetic data for all other eight compounds are included in

Appendix 1L

In compound [Ru(5SDMB)3]2(C60) (B-1), unpaired electrons on [Ru(5SDMB)3]"*
are the major source of magnetic spins. The vs. T curve (from 300 to 50 K) can be

fitted linearly generating the following equation. (Figure 3.9)

C
Xm ~ 1, XTIP (1)

Curie constant was calculated to be 0.5029 emu’K mof " while )(tip equals 6.63x10"

emu'mof’. By comparing B-1 with [Ru(bpy)3]2(Céo) (C =0.5014 emu'K mof', Xtip= 15.9
X 10" emu'mof’), similar spin concentrations were found. In addition, a possible

antifen'omagnetic coupling was indicated by the obvious curvature in the temperature

range of 5~50 K in the Xni*Tvs. T curve (Figure 3.9). This is in accordance with the

negative d value obtained from linearly fitting xmvs. 7T curve from 100 to 300 K (Figure
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3.10). The smaller %ip value indicates that the coupling between the ground state of

cation [Ru(5DMB)3]" and low-lying excited states of anion Ceo™ is relatively weaker

than that between the cations and anions in [Ru(bpy)3]2(Céo)-

The magnetism of compound (B-2) [Ru(5SDMB)3](C60) can be also expressed by

equation (1). By fitting Jja'T vs. T curve (Figure 3.11) linearly over the entire

temperature range, C = 0.01596 emu'K mof” and %ip = 4.7 x 10" emumrof’. By using
equation (2)", the total spin was calculated to be 0.031.

-~ R-S{S+\)=AS(S +
i {S+V 8{ v o

Since [Ru(SDMB)3]""" is diamagnetic", the spins are mainly from Ceo® assuming
compound B-2 is pure. This result is consistent with the statement that the majority of
Ceo™ possesses a singlet ground state (S= 0)." The small bump at around 50 K might be
assigned to the antiferromagnetic transition of contaminant oxygen in the sample
chamber of MPMS-XL instrument (Figure 3.12). This bump became less obvious when

the amount of sample used was increased.

The dc magnetic susceptibility measurement of compound (B-3)
[Ru(5DMB)3](C60)2 generated very similar temperature dependence of molar
susceptibility as compared to [Ru(bpy)3](Céo)2- (Figure 3.13, 3.14) By fitting XndTvs. T
curve linearly from 300 to 200 K, Curie constant was found to be 0.475 emu'K'mof' and
Xripis 6.06x1 0" emu-mof'. Fitting vs. T in this temperature range produced a

negative 6 value which indicated a possible antiferromagnetic transition. From 150 to
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200K, the molar susceptibility almost leveled off, which might be explained by the
presence of a possible phase transition. Similarly to [Ru(bpy)3](C6o)2, this transition can

be speculated to be the dimerization of Ceo forming diamagnetic (Ceo) ¢

Summary

In this chapter, the synthesis of eleven ruthenium polypyridine complex Ceo salts
has been fully described. The ligand substitution has a potential effect on the room
temperature conductivity. All eleven compounds exhibit conductivity in the
semiconductor range. However, their magnetic properties are qualitatively similar to
those [Ru(bpy)3jn(Céo)m analogs. For ionic salts with the same stoichiometries between
ions, their molar susceptibilities show similar

temperature dependence.
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Figure 3.9: Temperature dependence of molar magnetic susceptibility ( ) and the product of
molar susceptibility and temperature () for (B-1) [Ru(5DMB);]2(Cep) at 100mT magnetic field.
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Figure 3.10: Temperature dependence of the reciprocal of molar magnetic susceptibility of (B-1)
[Ru(5DMB);]:(Cso) at 100mT magnetic field.
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Figure 3.11: Temperature dependence of molar magnetic susceptibility ( ) and the product of
molar susceptibility and temperature () for (B-2) [Ru(SDMB):)(Cg) at 100mT magnetic field.
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Figure 3.12: Temperature dependence of the reciprocal of molar magnetic susceptibility of (B-2)
[Ru(5DMB);](Cso) at 100mT magnetic field.
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Figure 3.13: Temperature dependence of molar magnetic susceptibility () and the product of
molar susceptibility and temperature () for (B-3) [Ru(SDMB);](Cén): at 100mT magnetic field.
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Figure 3.14: Temperature dependence of the reciprocal of molar magnetic susceptibility of (B-3)
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CHAPTER IV

SYNTHESIS AND CHARACTERIZATION OF TRIS (2, 2'-BIPYRIDINE)

CHROMIUM COMPEEX FULEERENE SALTS



Introduction

Tris (2, 2 -bipyridine) chromium is well known for its rich photochemistry and

electrochemistry.A'* By doping Ceo with [Cr(hpy)3]°, interesting properties might he found.

From Chart4.1, the significant overlap o f potentials between [Cr(bpy)3]”"*and Ceo

indicates that [Cr(bpy)3]n(C60)m with three different stiochiometries are possible. Also,

[Cr(bpy)3]"” exhibits very similar size to [Ru(bpy)3]

™" while their redox potentials are

widely different.A'r This allows us to study the independent effect ofredox potentials on

the electric properties ofionic salts, which is also the major goal o f this chapter.

<">(bpy)3” +
1

Ru(bpy)3™+1

Ceo

+3

r

—,nl"_
Ru
13
+2 H +1
+2
L _ 1
-1 -1.5

E (V) vs. Fe/Fc+

mt

-2 -2.5

Chart 4.1: Electrochemical data of [Ru(bpy)3]"" [Cr(bpy)3]” *and Cao referring to Fc / Fc/.
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Experimental Section

[Cr(bpy)](Cio4)s

A modified literature procedure was used. QQCer’dHiO (1.29 g, 0.005 mol) was
refluxed under N2 over granulated zinc metal (~1 g) in acidic aqueous solution (3 mL 70%
perchloric acid diluted in ~20 mL distilled water). The sky blue solution produced after
one hour reflux was then cannulated into a N2 purged suspension of bpy (3.9 g, 0.025 mol)
in 10 mL aqueous HCIO4 of pH = 2. Some methanol (~10 mL) was added to increase the
solubility of bpy. A red wine solution with significant amount of black precipitates was
immediately formed. Under constant stirring, Brz (diluted in H2o/methanol) was added to
oxidize the solids from black to yellow. The yellow solids were then collected by
filtration, washed well with ethanol, dichloromethane and only small amount of water.
Finally, the solids were recrystallized from water. Four characteristic reduction peaks of

[Cr(bpy)3](C104)3 were observed in its cyclic voltammograms (Figure 4.1).*

[Cr(bpy)3]*

A similar controlled-potential electrolytic reduction as that for [Ru(bpy)3]** was
performed to produce the zero valent complex. The reduction potential was set to be -
1.913 V. Obvious color changes were observed indicating the formation of different
oxidation states. Starting from yellow solution of [Cr(bpy)3]"*, after one-electron
reduction, [Cr(bpy)3] was generated showing a wine red color. Further reduction turned
solution to blue purple which indicated the formation of [Cr(bpy)3]’A. When the
electrolysis approached the end, the solution displayed a light brownish color with a lot

of'black solids [Cr(bpy)3]**at the bottom. Moderate solubility of [Cr(bpy)3]° in
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tetrahydrofuran (THF) and bezonitrile was found. The UV-visible spectrum of

[Cr(bpy)3]° in THF showed three characteristic peaks at 446, 484 and 554 nm (Figure

472) 4.0 i

[Cr(bpy)3],,(C60)m

A similar stoichiometric chemical synthesis as for [Ru(bpy)3]n(C60)m was applied
to prepare [Cr(bpy)3]n(C6o)m- Three ionic salts were successfully prepared as predicted
(Table 4.1). Both [Cr(bpy)3]2(C60) and [Cr(bpy)3](C60) show similar violet color with
good solubility in benzonitrile while [Cr(bpy)3](C60)2 exihibts a totally different grayish
brown and is only barely soluble in benzonitrile. The oxidation states of cations/anions
were identified by UV-vis-NIR spectroscopy (Figure 4.3)."™" It is worthwhile pointing
out that in the 1:1 molar ratio compound [Cr(bpy)3](C60), both Cr(bpy)3 and Cso bear one
unit charge with opposite sign. This is different from all the other [RulL3](C60)
compounds obtained previously. In [RuL3](C60) ( L= bpy, 4DMB, SDMB, TBB, TMB),

RuLs has +2 charge while €50 has -2 charge.

Table 4.1: The oxidation states of all three Cr complex fullerides and their corresponding
absorption peaks for cations and anions in benzonitrile.

Formula Cation Peaks (cation, nm) Anion Peaks (anion, nm)
1Cr(bpy)312(Cbo) Cr(bpy)3" 568 Ceo- 844, 966
1Cr(bpy)31(C60) Cr(bpy)3" 565 C60“ 1086
[Cr(bpy)31(Qo)2 Cr(bpy)3™"' 597 (shoulder) Ceo 1086
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Figure 4.1: Cyclic voltammogram of Cr(bpy)3(Ci04)3 in 0.1 M TBAPF6/CH3CN with Pt as A.E.,
glassy carbon as W.E. and SSCE as R.E.

Figure 4.2: UV-visible spectrum of Cr(bpy)3“ in THE.
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Figure 4.3: UV-vis-NIR spectra of (A) [Cr(bpy)3]2(C60) (B) [Cr(bpy)3](C60) (C) [Cr(bpy)3](C60)2
in benzonitrile.
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Results and Discussion

Four-probe Electrical Conductivity

The room-temperature conductivity of [Cr(bpy)3]n(Céo)mranges from 10°~ 10"
S*m'* in the semiconductor range. The order of descending conductivity is
[Cr(bpy)3](C602 > [Cr(bpy)3](C60)> [Cr(bpy)3]2ACéo). The information on
disproportionation is included in Table 4.2. A similar way as for [Ru(bpy)3Jn(Céomwas
used to calculated the relative concentration of variable redox species. An example for

[Cr(bpy)3’"|(C&' ) is shown in Table 4,3.

All ofthe tliree ionic salts have four possible electron transfer pathways. (Scheme
4.1) From the probability and thermodynamic standpoint, only two ofthem for each
compound are favorable. As seen in Table 4.4, in each favorable electron transfer
reaction, one reactant is at relatively high concentration while the other is of low
concentration. As the amount of minor species increases, the probability of electron
transfer increases as well. Obviously, among the three, [Cr(bpy)3](C60'O2 has relatively
the largest amount of disproportionated electron donor/acceptors. Therefore, as expected,
it showed the highest conductivity. The experimental data is in good agreement with the

statement that high mixed-valency results in high conductivity.

It is interesting note that the trend of conductivity for [Cr(bpy)3n(Céo)mis totally
different from what was observed in [Ru(bpy)3jn(Céoymt [Ru(bpy)3]2ACéo) >
[Ru(bpy)3](C60)2 > [Ru(bpy)3](C60). By comparing [Cr(bpy)3‘"2(Coo) with
[Ru(bpy)3*2(Céo) specifically, both cations have the same shape, same charge and very

similar size. Theoretically, they can be isostmctural. However, [Ru(bpy)3]2(Céo) is about
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150 times more conducting. This can be explained by the wide differences of redox
potentials for the +2/+1 and +1/0 processes between [Ru(bpy)3]”"and [Cr(bpy)3]"™ As

such, the relative extent ofthe solid state reactions (1) and (2) will be also very different.

!w la) ( 1)

(2)

Based on Chart 4.1, [Ru(bpy)3] "*prefers to exchange electrons via reaction (1) while
reaction (2) is the dominant electron exchange pathway for [Cr(bpy)3]'"™ The
consequences ofredox differences are the formation of different disproportionated

species which actually participate in the electron conduction. Apparently, [Ru(bpy)3]2ACéo)

exhibits much higher mixed-valency as compared to [Cr(bpy)3]2(Céo). Therefore, it is

much more conducting.

It was also found that [Cr(bpy)3"*](Cé0") is almost 20 times more conducting than
[Ru(bpy)3 ](Cé6o ) Although they have same stoichiometry, the cation/anion charge is
different. Also, due to the difference in redox potentials, they prefer different electron

exchange reactions.

[ML, //\] +CU A [ML s + '«0 (3)

4)

[Cr(bpy)3~](Céo*) prefers reaction (3) while (4) is the dominant reaction for
[Ru(bpy)3""(Coa™ m Interestingly, reaction (3) happens to be the reverse of reaction (4).

From Table 4,2, it is obvious that [Cr(bpy)3"|(Céo") has relatively larger amount of
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disproportionate species. Therefore, it is more conducting due to its higher mixed-

valency.

For [Cr(bpy)3](Ct0)2 and [Ru(bpy)3](Céo)2 both cations bear +2 charge and their
conductivities are similar too. While the electron transfer mainly resides in the Ceo
manifold for [Ru(bpy)3](Cé0)2, [Cr(bpy)3]""species also contribute to the electron

conduction in [Cr(bpy)3](Céo)2-

In summary, the redox potential of cation does have a substantial effect on the
conductivity of ionic Ceo salts. Among the three, [Cr(bpy)3](C60)2 seems to be the most

promising because of its relatively high conductivity.



Table 4.2: Electrical conductivity data of [Cr(bpy)3Jn(Céomand [Ru(bpy)3n(Céomat 25°C and
the calculated disproportionation ofredox species in solution at room temp. L represents bpy

ligand.
Compound a(S*m') ML3 M® Ceo Céo~ G (tio-
+
[CrL312(C60) 0.06 0 0 19977  0.0023 0 0.0023  0.9977 0
(& 13 %)
[RuL3]2(Co) 95 0 0.068 1.900  0.032 0 0 0964  0.036
(£ 26 %)
[CrL3'"]|(C«/-) 0.36 0 ool  0.9889 0 0 0.9889 0.01!! 0
(£ 30 %)
[RuL3'1(C60-) 0.018 0 0.998 0.002 0 0 0.002  0.998 0
(= 13 %)
[CrL3.1(C60)z 227 0 0.914 0.086 0 0.086 1.914 0 0
(25 %)
[RuL3](Co0)2 20 0 1.000 0 0 0.0015 1997  0.0015 0
*31%)
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Table 4.3: Equations for calculating disproportionated redox species for [CrL3](Céo) in solution
with the assumption that Cr(bpy)3 and Ceo are mixed in exact 1:1 molar ratio. L represents bpy
ligand.

[GL ] +[CrL'* ]+ [GZ, = 1

[0 +[C)"]+[Qo"] =1

2[CrL, N1+ [Cri: M =[Qf" ]+2[Q /-]

@ F  [Cri,""]

” ) RT, [CrL,"]

. =E 041——1n

F \CrL'*]
eq.

F [Qo“]
. = E"W o —
! Foo1Q 54
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CrL,<* > (C, *

(A) (B)

0 Ceo”-:

©

Scheme 4.1: Possible electron transfer pathways in compound (A) [CrL3JACéo) (B) [CrL3|(Céo)
(C) [CrL3|(C)2-L represents 2, 2'-bipyridine ligand.
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Table 4.4: Favorable electron transfer reactions in [Cr(bpy)3n(Céon

Compound Favorable Electron Transfer Reactions

[CrL3]2(C60) CrL" + CrL,"" + CrL,""

ﬁ/\m‘" 7‘1;‘@60 AR G0 A ATAG(

[CrLsKCeo) crlL,”" + CrL,™M ~ CrL,"™ +CrL,"™

[CrL3](C60)2 CrL,"™ + CrL,""  CrL~" + CrL,"™

G0 ~FHg0 xAGo A0
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Magnetism

EPR and SQUID measurements were done to investigate the magnetic properties
ofall three chromium complex ionic Ceo salts. The experimental data are included in

Appendix III & IV. As compared to [Ru(bpy)3n(Coo)m [Cr(bpy)3n(Céoymshows much higher
magnetization and very different temperature dependence of magnetic susceptibility under the
applied field. This is mainly attributed to the multiple unpaired electrons on molecular orbitals of
[Cr(bpy)3I* and [Cr(bpy)3]*. The magnetism cannot be simply illustrated by Curie-Weiss law or
fitted into the linear equations used for [Ru(bpy)3n(Céomcompound. The complicity of magnetic
behavior is a result of combining all the contributions of the magnetically active species in the

compound. Not serious effort has been devoted to explain the data.
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APPENDIX 1

Differential Scanning Calorimetry (DSC) Curves of [Ru(bpy);](Cs0-
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Figure A.l: DSC curve of 8.2 mg [Ru(bpy)3](Céo2 by first cooling down to -145 K and then
warm up to near room temperature.
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Figure A.2: DSC curve of 8.2 mg [Ru(bpy)3](CéoR2 for the second time measurement.
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APPENDIX II

Magnetic Susceptibility of [Rul;],,(Csom
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Figure B.1: Temperature dependence of molar magnetic susceptibility (- ) and the product of
molar susceptibility and temperature () for [Ru(4DMB);]2(Cg) at 100 mT magnetic field.
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Figure B.2: Temperature dependence of the reciprocal of molar magnetic susceptibility of
[Ru(4DMB);]2(Cqg) at 100 mT magnetic field.
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Figure B.3: Temperature dependence of molar magnetic susceptibility (o) and the product of
molar susceptibility and temperature (0) for [Ru(4DMB)3](C60) at 100 mT magnetic field.

Figure B.4: Temperature dependence ofthe reciprocal of molar magnetic susceptibility of

[Ru (4DMB)3](C6o0) at 100 mT magnetic field.
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Figure B.5: Temperature dependence of molar magnetic susceptibility (o) and the product of
molar susceptibility and temperature (n) for [Ru(4DMB)3](C60)2 at 100 mT magnetic field.
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Figure B.6: Temperature dependence ofthe reciprocal of molar magnetic susceptibility of
[Ru(4DMB)3](C60)2at 100 mT magnetic field.
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Figure B.7: Temperature dependence of molar magnetic susceptibility (o) and the product of
molar susceptibility and temperature (q) for [Ru(TBB)3]2ACép) at 100 mT magnetic field.

Figure B.8: Temperature dependence ofthe reciprocal of molar magnetic susceptibility of
[Ru (TBB)3]2(Céo) at 100 mT magnetic field.
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Figure B.9: Temperature dependence of molar magnetic susceptibility (0) and the product of
molar susceptibility and temperature (00) for [Ru(TBB)3](Céo) at 100 mT magnetic field.
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Figure B.IO: Temperature dependence ofthe reciprocal of molar magnetic susceptibility of
[Ru(TBB)3](C6o) at 100 mT magnetic field.
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Figure B .1I: Temperature dependence of molar magnetic susceptibility (o) and the product of
molar susceptibility and temperature () for [Ru(TBB)3](Cé9)2 at 100 mT magnetic field.
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Figure B.12: Temperature dependence ofthe reciprocal of molar magnetic susceptibility of
[Ru(TBB)3](C®)2 at 100 mT magnetic field.
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Figure B.13: Temperature dependence of molar magnetic susceptibility ( -) and the product of
molar susceptibility by temperature (0) for [Ru(TMB)3j(Céo) at 100 mT magnetic field.

Figure B.14: Temperature dependence ofthe reciprocal of molar magnetic susceptibility of

[Ru(TMB)3](Céo) at 100 mT magnetic field.
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Figure B.15: Temperature dependence of molar magnetic susceptibility () and the product of

molar susceptibility by temperature (0) for [Ru(TMB)3](C2 at 100 mT magnetic field.

Figure B.16: Temperature dependence of'the reciprocal of molar magnetic susceptibility of

[Ru(TMB)3](C6o)2at 100 mT magnetic field.
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APPENDIX III

EPR Spectra of [Cr(bpy); |n(Cso)r

110



Figure C.1: EPR spectra of [Cr(bpy)3ACéo) (2.16 x 10" mol) at different temperatures.
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Figure C.2: EPR spectra of [Cr(bpy)3|(C6o) (2.42 x 10" mol) at different temperatures
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Figure C.3: EPR spectra of [Cr(bpy)3](C02 (2.5 x 10" mol) at 292 K. As temperature cooled
down, the signal was more noisy and obscure.
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APPENDIX IV

Magnetic Susceptibility of [Cr(bpy);],,(Cson
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Figure D.l: Temperature dependence of molar magnetic susceptibility (O) reciprocal of molar
magnetic susceptibility (0) for [Cr(bpy)3]ACép) at 100mT magnetic field.
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Figure D.2: Temperature dependence ofthe product of molar susceptibility and temperature of
[Cr(bpy)3]2(C60) at 100mT magnetic field.
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Figure D.3: Temperature dependence of molar magnetic susceptibility (o) reciprocal of molar
magnetic susceptibility () for [Cr(bpy)3(Céo) at 100mT magnetic field.
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Figure D.4. Temperature dependence ofthe product of molar susceptibility and temperature of
[Cr(bpy)3](C60)at 100mT magnetic field.
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Figure D.5: Temperature dependence of molar magnetic susceptibility (o) reciprocal of molar
magnetic susceptibility (0) for [Cr(bpy)3](Ct)2 at 100mT magnetic field.
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Figure D.6: Temperature dependence ofthe product of molar susceptibility and temperature of
[Cr(bpy)3](CtoR2 at 100mT magnetic field.
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