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ABSTRACT
SPECTROELECTROCHEMICAL STUDIES OF
METALLOPORPHYRINS IN ROOM
TEMPERATURE IONIC LIQUID

Yong Soo Hoo, B.A., M.S.
Marquette University, 2010

The oxidation/reduction reactions of porphyrins and metalloporphyrins play an
important role in medicinal, industrial and biochemical reactibnMetalloporphyrins
are particularly useful as potential catalysts for a variety of pgesaacluding catalytic
oxidations. The unique properties of metalloporphyrins make them good candidates as
electrocatalysts for fuel cells. Metalloporphyrins also play some tangaoles in
biological functions.

By incorporating spectroscopic experiments such as UV-visible or iedra-r
spectroscopy along with electrochemical experiments such as cy¢ciowoétry, one is
able to determine the structural changes of the molecule when oxidation oraeducti
reaction is carried out.
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|. Introduction

1.1. Metalloporphyrins

The oxidation/reduction reactions of porphyrins and metalloporphyrins grlay
important role in medicinal, industrial and biochemical reactibnsvietalloporphyrins
are particularly useful as potential catalysts for a waéfprocesses including catalytic
oxidations. As global fossil fuel resources are diminishing, corahtee attention is
being focused on the search for more efficient energy soufdes.unique properties of
metalloporphyrins make them good candidates as electrocatdlystduel cells.
Metalloporphyrins also play some important roles in biological fonsti For example,
heme, a porphyrin which contains iron, is the prosthetic group of a muwvhbeajor
proteins and enzym@s These hemoproteins have a variety of biological functions such
as storage of oxygen (hemoglobin), activation and transfer of oxymesuldstrates
(cytochromes P450), and peroxidase reactions. During these msctss porphyrin
molecule serves as an electron source.

Electrochemical experiments are a good tool to use in orderéstigate these
processes. However, electrochemical experiments lack coeclidormation on the
electronic structure of the products. To predict the product’s efectrstructure,
spectroscopic evidence is required. To obtain this evidence, spectroehemistry is a
wise choice. By incorporating spectroscopic experiments asithv-visible or infra-red
spectroscopy along with electrochemical experiments suciicls eoltammetry, one is
able to determine the structural changes of the molecule wheatioxi or reduction

reaction is carried out.



Metalloporphyrins, particularly Co(I)TPP, Mn(lI)TPPCI and RHTIPPCI, were
investigated in our laboratory using spectroelectrochemistghnique with room
temperature ionic liquids (RTILs) as solvent. The Co(ll)TPR waed as primary
investigation for understanding how metalloporphyrins work in ionic liquitse
Co(I)TPP oxidation process is widely known and investid%(t@djsing conventional
solvent/electrolyte system. Reported in literature, the oxidapiotential of the
Co(Il)TPP/Co(lI)TPP is lower in potential than that of COHITPP/Co(lI)TPPP!. As a
result, Co(I)TPP will be completely oxidized to Co(lll)TPPfdre the oxidation of
Co(llNTPP to Co(ll)TPP take place. Hence the cyclic-voltammogram(CV) collected
will have two distinct oxidation peaks.

In one of the literature articles reported by Netral®®!, the oxidation reaction of
Co(I)TPP is carried out with dioxygen plus aldehyde. TheirviBible spectral changes
of the cobalt porphyrin complex were summarized in the Scheme 1 shown below.

-8 -8
colrPp) ———— colltPPy ———— Colll(TPP)*+
EPR signal EPR silent EPR signal (g = 2.0047)
UVhis

Soretband =412 nm 448 nm
Q bands = 528 nm 522, 562, 604 nm

Scheme 1. Scheme of Co(l1)TPP oxidation'®.

Another report on the UV-visible spectroelectrochemistry issgieetral changes
of Co(TPP) during the one electron oxidation, shown in Figut8l.1.Erom the data, one

can observe the decrease in the 410 nm Soret band while the 440 nmb&ualet



increased in absorbance as the oxidation reaction is carrie@natcan also observe the
shift of the 537 nm Q band to 612 nm. The spectral changes in Figune Xelagively

close to the one reported in Scheme 1.

Figure 1.1. Timeresolved thin-layer UV-visible spectroelectrochemistry of one-
electron oxidation of Co(11)TPP in CH-Br,-MeCN (1:1) containing 0.1 mol dm™

NBu4PF4.

Mn(IINDTPPCI was found to undergoes an quasi-reversible on&r@beeduction
at around -250mV. In a non-coordinating solvent, e.g,@H the axial Clligand is
bound to the metal in both oxidation st&ffesThe electrode reaction is shown as below.

Mn(lINTPPCI + & = Mn(ll)TPPCI
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Figure 1.2. Spectroelectrochemical reduction of Mn(TPP)CI in (A) propylene

carbonate and (B) tetrahydrofuran containing 0.1 M Bu4NBF4. Working electrode

potential: 0.0V (-); 0.5V (- - -)I"L

Figure 1.2 above shows the spectroelectrochemical reduction of NMIREICI in
propylene carbonate and tetrahydrofuran containing 0.1MNBE, done by Mu and
Schult’). At a potential of OmV, the Mn(Ill) complex shows the Soret band76nm
while two other Q bands at 582 and 620 nm. The 476 nm Soret band was fourfid to shi
to 442nm when the potential was held at -500mV. By comparing theofatie Q band
to the Soret band, the authors claimed that, during the reduction prifeesd is still
bounded to the metal center. As a result, the Mn(lll) and Mn(ligiepeexist in the
solution are Mn(lITPPCI and Mn(Il)TPPTI

Also reported by the same authors, the UV-visible spectra ehémg the
reduction of Mn(llI)TPPCI to Mn(I)TPPCI when the electrode potential is held

at -400mVP!. The results are shown in Figure 1.3.
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Figure 1.3. Thin-layer spectra recorded before and after controlled-potential

Ml TPR)CE
476

reduction at -0.4 V of 57 X M Mn(TPP)CI in CICH2CH2CI containing 0.1 M

Bu4NBF4 and (A) 0.0, (B) 0.092 M methanol®.

Oxidation of Mn(lI)TPPCI is also of interest to us. Reportgd Mu and
Schult??! in the same article, Figure 1.4 show the UV-visible spectrantakiile
Mn(IIDTPPCI undergoes oxidation process during CV. From the digwe see that

when Mn(llI)TPPCI undergoes oxidation process, the 476nm Soret band s#etiea



intensity and the peak shape broaden, while the baseline of thesi\espectra also

increased.
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Figure 1.4. UV-Visible spectra recorded during thin-layer cyclic voltammetric
oxidation of 2.3 X 10* M Mn(TPP)CI in CICH,CH-CI containing 0.IM BudNBF,.

Inset: Thin-layer cyclicvoltammogram recorded at a sweep rateof 5mV s'.

Among the wide range of metalloporphyrins available, iron prophgnpossibly
the most difficult to understand. There are generally threes typelectronic transitions
for iron porphyrins: porphyrin to metal charge-transfer, electransfer from axially
coordinated ligand to iron charge-transfer, and porphysin” transitions.

Shown in Figure 1.5 is a typical UV-visible spectrum of Fe(lI)TPPCI irCGtat

room temperature.  When the reduction process is carried outrrilcectamplex was



reduced to a ferrous complex. It is well known that the redostiogaof the five-
coordinated high spin Fe(lll) complexes (i.e. Fe(llHOEPCI andllFEPCI) depends
upon the solvent counteriSh If one takes account of the possible spin states of every
reactant and their reduced product, there are nine different tfpekectron-transfer
reactiof”’. High spin F& may be reduced to high, intermediate, or low spith *¥here
intermediate P& may reduced to high, intermediate, or low spifl. Feastly, low spin

Fe" may be reduced to high, intermediate, or low spih. FeHowever, due the the
known chemistry of the iron porphyrin system, 3 electrode react@wesgenerally
observed, which is high spin 'Eeo high spin F& intermediate F& to intermediate Fe

and low spin F& to low spin F&.

120000 5

100000 4

80000

15000 10000

Figure 1.5. UV-visible adsorption spectrum of Fe(I11)TPPCI measured in CHCI3 at

room temper atur €%,



Shown in Figure 1.6 is a general reduction reaction mechanism oflliyron(
porphyrin to iron(ll) porphyrins. Depending on the solvent (S= DMF, D\V&c) used
and the nature of X (X=CIBr , N3, F, etc), the electrode products formed can be
different. For example, a reactant Fe(lll)TPPX can be redtawedher [Fe(I)TPPX]
Fe(IDNTPP(S), or [Fe(IDTPPX(S)] In our case, we will focus on the iron porphyrin
where X is a halide. When an anion like Ginds to iron porphyrin, the resulting
reactant are usually a high-spin Fe(lll) complexes. As merdgibove, it had been
generally found that the iron porphyrin system, high-spifi #él be reduced to high-
spin F&. For example reduction of Fe(lI)TPPCI or Fe(lI)TPPBIl wield high-spin
[Fe(IDTPPX] as initial product, and the ultimate Fe(ll) complex is thelHRP. The
reason X was used in the initial product is because it is well4kribat the original axial

ligand can be easily replaced in iron porphyrin comptéx*”.

ECECTRODE ELECTROIE
REACTANTS PROGJCTS
- X
| - |
=
S - - Fomm, wn s
I
X ! ; X . .
: F Fe ' Fe i
-—foum, m " wm - E., -Fle-. - .
|
5 = |
EN X 5 O .
] | " I
- o, -Fle- -Fomm, wm’cum
< 5 5 5

Figure 1.6. Summary of overall electron-transfer schemes'™.



Shown in Figure 1.7 is a UV-visible spectral changes of an 82X%0
Fe(lI)TPPCI in chloroform when N-methylimidazole is addedHe solutiof®. The
authors claimed that addition of amine (in their case N-metijgizole) can lead to the
dissociation of the halide ion bounded to the iron center of the iron porgoynplexes.
Suggested by the authors that addition of higher concentration of Ndmmadiazole will

lead to the reaction shown below:

T
I meeIm + TPPFeCl =—= TPPFe(Im--Im).*Cl-

The authors also reported that when this reaction is carried oehltrele ion is

found to be hydrogen bonded to one of the imidazole N-H groups.

ARSORBANCE

SO0 ¥ig ko Kz Ty
WATLLEMGTH, nm

Figure 1.7. UV-visible spectral changes observed upon addition of N-

methylimidazoleto an 8.4X10° M solution of Fe(I11)TPPCI in chlorofor m™®.



Reported by different authors, Shanéheal, also observed the similar UV-visible
spectral changes when 1,2-dimethylimidazole (1,2HVWigL,) was added into the
Fe(lIDTPPCI solution. The authors reported that the disappeadcinte 370nm and
510nm bands (which are characteristic of coordinated chloride irorespeeiads them
to believe that the discrepancy is due to the formation of tfewobdinated
[Fe(TPP)(L)]"CI" iron(lll) comple%“]. If the reaction is carried out in chloroform,
which has a higher equilibrium constant that is capable of H bondimgre complete
depolymerization of the imidazole will occurs where the formatiofiFrefTPP)(ly)2] "CI
species occured.

Kadish et. al. reported in three separate articles, from 1980 to 1983, on the
influence of counterion and solvent effects on the electrode reactimmaforphyrin§?
13171 At lower [Fe(II)TPPCI], the Clwill dissociate (shown in Figure 1.8), when a
coordinating solvent such as THF is used. Thus, the THF can coordmatsolvent
molecule to the iron center of Fe(ll)TPPX where X=,@r, N3 and F, where if
X=CIlO4, then two solvent molecules will bind to the iron center. Thetaea at the
electrode surface would be either Fe(ll)TPPX(THF) or IBG®PP(THF) CIO,.
Proposed by the authors is a mechanism of the reduction reactioa electrode, shown

in the equation below:

[PFe!"'Cl]® s==—== [PFe"ICl]" — PFe!l + CI

rELE
axnbralling

10



TPPFeCl in DMF
0.7
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[
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3 ;e 595 x16° M
m 'l 5
< 03k LR 199 % 15" M
Dl-l ~
1 [ 1
700

600
WAVELENGTH  (nmi
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Figure 1.8. UV-visible spectral changes as a function of [Fe(Il11)TPPCI] in DMF

(0.1M TBAP)!,

Shown in Figure 1.9 is the thin-layer UV-visible spectra of rednateaction of

Fe(I)TPPCI. The spectra in solutions that contain additionadé&alon show the

presence of a species other than just Fe(ll)TPP due to the appeaf the 570nm and

610nm peaks. Initial proposal was that these peaks could be due tizaime of

11



Fe(I)TPP to [Fe(l)TPRP. However, after comparing with the data shown in Table 1.1,
the authors came to the conclusion that the unknown species could b FFXI] or

the well-known five coordinate, high-spin Fe(ll)TPP(L) whereslaisterically hindered

ligand.

]

2.0

e

LY & I R T S —

S50 & 50 550 (2 Tn] 75y
b mmm

Figure 1.9. Thin-layer spectrain EtCl, for 1X10> M Fe(I11)TPPCI in the presence of
3X10* M TBAP + 2X10" M (TBA)CI at 1) 0.20V, 2) -0.40V, and 3) -0.70V.

Reduction of Fe(l11) occursat -0.32V vs SCE.
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Table 1.1. Comparison of visible spectra for several complexeswith Fe(I1)TPP!,

Sh = shoulder.

complex solvent E;r?l ?ﬁt} other maxima [n vizlble region, nm (10%e@
{TPMFe benzene 470 (9.6) 445 (.00 40 (1.0
{TFPFe EtCl, 417 (8.0) 443 (6.5) 37 (0.9
(TPPIFeF- EtCl, 441 (223 530 sh (0.48) ST00L.2) G610 (0.8
[TPPiFeCl ErCl, 441 (20,52 530 s (0L53) 5T0(1.2) G100 {84
{TPFFe0AL" Etll, 441 (18.3) 530 sh (1.51) £70 (1.0 610 ((L66)
(TPPFeBr~ EuCl, a4l (18.9) 530 ah (48) 701,10 G610 (0.74)
{TPP}Fei 2-Me ImH) EtCl, 437 {17.6) 5§34 (0.74) 568 (D.AD BOB (D.48)
(TPPIFe(2-Melm)~ THF 446 (11.0) 530 (0.7) 573 (1.7 614 (1.5)
(TPP)FeilmH), EtCl, 426 {24.00 534 (2.0) 565 (042
(TFFFeiMe, 500, Me, 50 428 (17} 532 (0.93) 561, 602 sh

From the data reported up to this point, the electroreduction of nesytrahetic
iron(lll)porphyrins containing axially coordinated halides form aately charged
halide-bound Fe(ll) complex which can be found as the initial produtdyebéully

converted to Fe(I)TPP.

13



1.2. Purpose of using hydrophobic room temperatureionic liquid

A room temperature ionic liquid (RTIL) is defined as a maten which only
ionic species are present in the solution with a melting termyerbelow 398K. RTIL is
usually formed with a bulky organic cation that weakly interagith an inorganic
anion*®. The use of ionic liquids in electrochemical and organic syrsthess been

widely investigated in the past few yeat¥*?.

Due to their ionic conductivity, low
volatility, high chemical and thermal stability, low combustipjliand high-quality
solvating properties for most organic compounds, ionic liquids have bddg aarepted
in the electrochemistry field® 2. Since the discovery of 1-ethyl-3-methylimidazolium

chloroaluminates reported by Wilkes al®®!

., ionic liquids have been shown to have a
broad electrochemical window of more than 3V. As a resudctreichemical
experiments have gradually evolved from using conventional organic gelygmbrting
electrolyte system into this non-volatile system. By usingcitiquids, one can decrease
the emission of organic solvents into the environment since the vamsupreof the
ionic liquids is almost negligible.

Another important aspect of RTILs that is widely accepted is tu¢heir
abundance of charge carriers. Hence, RTILs can be used as solikeots the need of
added electrolytes which, in return, minimizes wa%teSince the use of electrolyte can
be eliminated, the RTILs can also be easily recycled. Asualtr this will cut down the
cost of expensive electrolyte and reduced the waste of solvent wirenng
electrochemical experiments.

However, the real advantage to using RTILs is not entirely dues tmtrinsic

conductivity but to its low volatility. Even though the RTILs anade entirely of ionic

14



species, the conductivities are close to the traditional solvents swipporting
electrolytes added. The reason for this phenomenon is due to its bogisity. As a
result, RTILs are named “green solvents” because of their low volatility.

In many cases, not all ionic liquids are useful in the prdciEase if the melting
points of the salts are too high. On the other hand, some ionic lay@ideee flowing at
room temperature. These ionic liquids are cabedbient temperature ionic liquids.
Given that one is able to “tune” the solvent using a varieth@fcations and anions in
order for a specific purpose, RTILs are also given the name “desiguents’?” 28

In the electrochemical field, RTILs have been used as sslwemhany different
applications such as solar cells, fuel cells, sensors, capaeimatdithium batteriés’.
Due to the characteristic of ionic liquids being able to sustaih tegperature and
pressure changes while remaining physically and chemically unchahggdaan be used
as the electrolyte in gas sensors. Conventional electrolyts wded in gas sensors (e.g.
H,SO/H,0), rely on water which is volatile and over time evaporates, #nmtening

the lifetime of the sensg?.

15



1.3. Variety of ionic liquids and their properties

Room Temperature lonic Liquids are typically formed from organimgen-
contained heterocyclic cations and inorganic anions. Table 1.2 (shoowm) m#Eintains
some examples of combinations of cations and anions which arellfypisad in
synthesizing ionic liquids. Table 1.3 shows the physical propestis®me commonly

used ionic liquids.

[T?ble 1.2. Typical cation/anion combinations in ionic liquids, taken from reference
19

Cations® Anions

o O [BFs] . [PFg] . [SbFs] . [CF3S0s] . [CuCh] .
TR [AICL]", [AlBrs], [AlL]", [AICLEd]". [NOs] .
| [NO:]". [SO41
R
PRs4t, SRyt NE4™t [CuzCl3]™, [CusCla]™, [AL2Cl7]7, [AlsClio]™

R =alkyl

Table 1.3. Physical properties and solubilities of commonly used ionic liquids, taken
from reference!’?.

Tonic liguid* MW Color (with Density  Ligquid temperature (*C)  Solubility in common solvents®
(g/mol) impurities) (g/ml) " . -
Lowest Highest Water Methanol Acetone  Chloro-  Petroleum  Hexane  Acetic Toluene
form ether anhydride
[bmim]|BF, 226.02  Light yvellow 1.320 —48.96 300,20 5 s 5 5 i i i i
[bmim|PFg 284.18  Light vellow 1.510 13.50 3EE.34 i s s s i i s i
[brim|CAIC; 0500 154,01 Light brown 1.421 BE.69 263,10 r r 5 5 i i 5 5
0.55 15194  Light brown 1.456 —04.44 286.59 r T 5 5 i i 5 5
0.60 14987  Light brown 1.481 —95.87 316.34 r r 5 5 i i 5 5
[emim]Br/AICT; 050 16221  Purplish black 1575 13.61 272.51 r r s i i i 5 i
(.35 15932 Brownish black 1.656 6.45 204.02 r r 5 i i i 5 i
0.60 156.43  Brownish black 1.995 —19.08 34534 r r 5 i i i 5 i
[emimPFg 256,13 Yellow 1.426 271 304.65 i i 5 5 i i 5 i
N-butylpyridine/ 050 15250 Yellow 1412 1880} 240.00 r r 5 i i i 5 5
AlCIz
(.55 150.39  Brownish yellow 1,430 33,73 245,39 r T 5 i i i 5 5
0.60 148.67  Brownish vellow  1.497 18.11 260.24 r T 5 i i i 5 5
(CHs)sNHCI 066 36225 Brownish yellow  1.621 G790 BO.25 r r ] i i i 5 5
JAICT;
*[bmim] = 1-butyl-3-methylimidazolivm, [emim] = I-ethyl-3-methylimidazolium,

" Apparent mole fraction of AICI;.
“s: soluble, it insoluble, 1 may react with each other.
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1.3.1. Viscosity

In an electrochemistry experiment, viscosity of a solvent paysnportant role.
As the viscosity of the solvent increases, the rate of reactibslew down, especially
when the reaction is diffusion controllfd For example, in large molecules such as
ferrocene, the diffusion coefficient is found to be inversely propmat to the viscosity

as shown in the Stokes-Einstein equdifin

kgT
6rnr

D=

D= diffusion constant

kg =Boltzmann’s constant

T= absolute temperature

1M = Viscosity

r = radius of the spherical particles

The viscosity of the ionic liquids can be related to the catamusanions used.

The alkyl group on the imidazolium cations can increase the vigadsihe ionic liquid
as the chain gets longer. This is due to the increase in vaMades forced®. Viscosity
of the RTILs also changes as the size, shape, and molar massaniidn used changes.
As the anion becomes smaller, and more symmetric, the RTILs bemame viscou®
%1 A symmetrical anion such as [fFand [BR] have a viscosity of 371 ([P and
112 ([BR]) mPa*s(Pa*s= Pascal-second), while the viscosity of adgssnetrical
anion [NTH]” decreases to 34mP&%". From the data, one can also observed that
increasing the number of fluorine atoms to the imide anion alseases the viscosity of

the RTILs due to the increase in van der Waals f6féesThe data also show that these

RTILs are highly temperature dependent with a 20% change in iysowsr 5K around
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room temperatuf®’. Viscosities of 23 different RTILs have been reported by Okoturo
and VanderNo&t”! over the temperature range from 283 to 343K, and found that most of
the ionic liquids with symmetric cations fit into an Arrheniusaen while cations with
functional groups fit the Vogel-Tammann-Fulcher (VTF) plot equation shbelow
better.

o(T) = AT exp[-E/R(T-T)]

Where o is viscosity andA is the pre-exponential factor proportional td?r
where T is the temperature of the RTILs is being examineglis The temperature at
which the transport function ceases to exist. The VTF equatsumides the temperature
dependence of amorphous materials such as glasses and rmelg. tdmperature is
significantly lower than the glass transition temperature, thereguation simplified to
an Arrhenius type equation. It is known that in a solvent, whenothdransport is
governed by the mobility of the solvent molecules, the conductivityperaing on the
free volume of the solvefit. Although RTILs do not require the addition of electrolyte,
the conductivity of a 100% ionic liquid should be depends on the mobilitigeofoins
exist in it. Thus, the viscosity is an important factor that wiluence the conductivity
of the RTIL$". From the VTF equation, one can see that by increasing tpetature
of the ionic liquid, the viscosity will decrease. As a resultjdhemobility will increase.
Thus, charges can pass through the analyte easier, which in tuasetne conductivity.

Research has also been done in applications such as electroticepacitol,
catalysis in organic synthe[sA'?é using mixture of ionic liquid with other organic solvents.
As noted that when ionic liquid is mixed with a solvent, the conductindseases. One

of the most abundant solvents that exist in the planet is waterh whn be dissolved
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into the ionic liquid from the atmosphere if the ionic liquid is not kepder vacuum
when stored, even for the hydrophobic RTit's

When the water content in the RTIL increases, the viscosityedses. The
conductivity of the RTIL increases subsequently. This mighthsdike an advantage at
the first glance. However, research done by Comettaad. shows that even though the
conductivity of the RTIL have increased, the electrochemicaldew of the RTIL
however was narrow&f. The reduction of the electrochemical window was found to
occur at both anodic and cathodic limits. This reduction of theretdemical window
was found due to the water electrol¥ls In our case, we were using ionic liquids that
contained P§ anion. This anion is known to go through hydrolysis when in contact with

water to form hydrogen fluoridfé'.
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[I. Experiments

2.1. Equipment

All electrochemical oxidation/reduction experiments were done ithrae-
electrode cell. The potential is controlled using a computer ctatrGlypress System
Inc., model 2R potentiostat. The electrochemical analyses dwre in a glass vial
incorporated with a Pine Instrument Company Ceramic Pattereetr@le (usually Pt).
The ionic liquid was degassed with Bvernight before the electrochemical experiment is
carried out in order to eliminate,@om interfering with the analyte and also to allowed
the analyte to dissolve.

All UV-visible spectra were taken using the HP-8452A photo-diodayarr
spectrometer. The analyte was diluted to about 0.05 mM or lessguwtherwise noted)
in order to obtain a spectrum of the Soret-band of the porphyrin. n\Whmning the
spectroelectrochemistry experiments, an independent CypresamSist. OMNI-101
microprocessor controlled potentiostat is used. The data colleotadttie potentiostat
was recorded using e-DAQ e-corder 401, which was triggerec byicro switch
embedded in the shutter system of the UV-visible spectrometes.thé shutter is
activated in the UV-visible spectrometer, the switch was treggevhich completed a
home-made open circuit that sent a signal to the e-recorder.e-€order then recorded
the potential as well as the current from the potentiostat.

The temperature of the UV-visible sample was controlled by antQome

Northwest temperature controller. If the experiment that was dbademperature other
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than the standard room temperature, the sample holder in the UV-\@pixd&rometer
was replaced by another sample holder which had a built-in heating/coolmgnele

The conductivity test for the ionic liquid was carried out by usingS| model 35
conductance meter. The resistance of the ionic liquid was mdalsyranmersing a
probe into the ionic liquid. When in the ionic liquid, the two electrodeke probe will
complete a circuit where the resistance can be measuredrast is passed through the

ionic liquid.

Silicon cap

Reference
electrode made
from Ag

Counter

electrode

made from Au

Working electrode made
from Pt mesh spot-welded to
Pt wire

Figure 2.1. Schematic of electrode used in a 5mm UV-visible cell.

Above is a schematic of the design for the electrodes used in the
spectroelectrochemistry experiments. The electrodes wede maa proper length in
order to be fitted into a rectangular 5mm UV-visible cell, whitre light path was
directly passed through the Pt mesh. The solution was thehthllithe point where the

silver reference wire was immersed in the solution. Thereldes were passed through
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the silicon cap which was cut in a way so that it could sealUfevisible cell to

minimize air from getting into the solution.

2.2. Materials

The metalloporphyrins complexes Co(I)TPP (98%) and Mn(lI)TPRE80%0)
were used as received from Aldrich. The Fe(lll)TPPCI vadr@ined from Midcentury
Chemical Co., and were also used as received.

Dichloromethane, spectrophotometric grade, 99.7+%, stabilized with @enyle
used in the synthesis of the RTILs was used as received flanAdsar without further
purification.

Chloroform also used in synthesis of RTILs is purchased fromrichld

(spectrophotometric grade, 99.8%), and was used without any further purification.

2.3. Procedures
2.3.1. Synthesis of 1-Butyl-3-methylimidazolium bromide (BMIMBr) ionic liquid
1-Butyl-3-methylimidazoliumbromides were synthesized by reactf either
using neat 1-methylimidazole (Aldrich, 99%) and 1-bromobutane *dfsar, 98+%) at
110 to 126C in a round bottomed flask submersed in an oil bath for 2 hours; or 1-
methylimidazole and 1-bromobutane in chloroform at®M a round bottomed flask
submersed in an oil bath for 24 hours.
Reactions of neat 1-methylimidazole and 1-bromobutane will yieldstl89% 1-
butyl-3-methylimidazolium bromide without purification and can be accismgd in a

shorter tim&®. A round bottom flask with 1:1.3 equivalent molar amount of 1-
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methylimidazole and 1-bromobutane was heated to 120 fi€1inG oil bath for 20 to 30
minutes. An emulsion process will take place during the heating.the emulsion
disappears, the liquid will turn into a transparent golden color whiahghtly viscous.

The oil bath is removed and allows the mixture is allowed to codévaeing stirred for
another 20 to 30 minutes. The solution is then heated to 120 %6 f@tOanother hour.
At the end of the heating, the temperature is reduced to 100 6 42 the mixture is
dried under vacuum for a period of 24 hours or longer in order to removes estadsng

materials (mainly bromobutane).

Proton 'H-NMR spectra were obtained using the Varian 300MHz in order to
determine the purity of the ionic liquid made. The results gatheere compared to the
results found in literatub®. Figure 2.2 is the protofH-NMR spectra of BMIMBr
collected using chloroforrd-as the solvent. The peaks positions were close to the

reported data shown in Table 2.1 from the literature.

TE0 {
155°0 {

N
<3

6.0

-

T T T T T T T T T T T T T T T T T
10 8 6 4 2 PPM

Figure 22. 'H-NMR of BMIMBr collected using chloroform-d as solvent, b) H

NMR of 1-butyl-3-methylimidazole.
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Table 2.1. Proton chemical shiftsfor BMIMBr from literaturd?.

CompoundCH;N NCHN NCHCHN NCHCHN NCH, NCH,CH, alky!l Term CH;

4 4.15(s) 10.30(s) 7.80(t,1.7) 765(t,1.7) 436(t,73) 1.97 (m) 1.34 (4H, m) 0.89 (t, 6.7)

From Figure 2.2, there is some trace of un-reacted 1-methylinl@axisted in
the solution which can be seen from 6.8 to 7.4 ppm. This explained whyetde
obtained by us is only roughly 75 to 80% instead of 89% as reported in literature.
2.3.2. Synthesis of 1-Butyl-3-methylimidazolium hexafluor ophosphate (BMIM PFg)
ionicliquid

1-Butyl-3-methylimidazolium hexafluorophosphate was synthesized Ing Usi
butyl-3-methylimidazolium bromide as a precufr In a round bottom flask, equal
molar amounts of 1-butyl-3-methylimidazolium bromide (usually about 8l and
potassium hexafluorophosphate(0.37 mol, Alfa Aesar, 99% min) were \aidsah
distilled water. The mixture of solution was then stirred at reemperature for at least 2
hours. The result was a two phase system. The organic phase steesiwath excess
amount of water (at least 5 X 100 mL). The ionic liquid was then dried under vacuum for
about 24 hours. After the ionic liquid was removed from the vacuum, 3%ughgtirous
magnesium sulfate and 100 mL of dichloromethane were added. Aftdroomethe
suspension was then filtered. The ionic liquid was then put ungacwum at about
50°C for about 24 hours in order to remove any volatile material. Thet neas a

yellowish viscous liquid of 1-butyl-3-methylimidazolium hexafluorophosphate.
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Figure 2.3 *H-NMR of BMIM PFg collected using chlorofor m-d as solvent.

Figure 2.3 above is the protdf-NMR spectra of BMIMPE collected using
chloroformd as the solvent. The BMIMREBynthesized was found to be relatively clean
as there is no trace of any starting material shows up iprtten NMR. The'H-NMR
peaks are found to be close to as reported in literature appedioas: d 0.72 (t), 1.15
(sextet), 1.68 (qnt), 2.25 (s, br), 3.73 (s), 4.05 (t), 7.22 (s), 7.30 (s) and &'86 (s)
However, again the yield obtained by us (65%) is slightly lowen treported in

literature (71%) from the starting materials.
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I11. Results And Discussion

3.1. UV-visible studies of metalloporphyrinsin ionic liquid

All UV-visible spectra were collected using the HP-8452A diodeayarr
spectrometer as mentioned in Chapter 2. lonic liquid (either BMIMBBMIMPF;) was
used as background spectra. The concentration of the metalloporpagr adjusted to
0.02 to 0.03 mM in order to acquire an UV-visible spectrum without the Banet being
saturated.

The purpose of acquiring UV-visible spectra was to confirm that the
metalloporphyrins and the ionic liquid did not react with each othenvddded. This
step was particularly crucial because when one incorporatesdible with CV together,
one can determined if the changes in the UV-visible spectra auyr avas due to
electrons added to the metalloporphyrin system. Since the metalyporadded into
the IL was very small (0.02mM in 5mL solution), the metalloporphyrasalved easily.
However, at larger concentration for electrochemical expatsnedissolving the
metalloporphyrin in IL was a problem. This will be discussed late3ection 3.2. The
UV-visible spectra obtained were similar to those collected in chlorofornteCle

Figure 3.1a and d are the UV-visible spectra of Fe(IIl)OBRGMIMBr and in
BMIMPFes. The Soret band and Q bands are similar to the one collecteddiiGy as
solvent*!,

Figure 3.1b and 3.1e are the UV-visible spectra of Fe(lll) TRFPBGMIMBr and
BMIMPF¢. Both spectra collected are consistent with the spectra showhaipter

1(Figure 1.5), which was collected using Ckl&$ solvent.
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Figure 3.1c and 3.1f are the UV-visible spectra of Mn(II)OER@MIMBr and
BMIMPF¢. The Soret band at around 440 nm is sharper compared to the iron porphyrins

which is consistent to the one reported in literattlre
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Figure 3.1a. UV-visible spectrum of Fe(l11)OEPCI in BMIMBr.
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Figure 3.1b. UV-visible spectrum of Fe(l111)TPPCI in BMIMBr.
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Figure 3.1c. UV-visible spectrum of Mn(l11)TPPCI in BMIMBr.
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Figure 3.1d. UV-visible spectrum of Fe(I11)OEPCI in BMIM PFs.
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Figure 3.1e. UV-visible spectrum of Fe(l11)TPPCI in BMIM PFe.

31



20+

—— Mn(lCOERd

~ 154
=
L
QO
(&)
[
(v}
2
3
Q :LO_
<

05

) I ) I 1
400 500 600

vavelength (nm)

Figure 3.1f. UV-visible spectrum of Mn(111)OEPCI in BMIM PFs.

3.2. Cyclic Voltammogram (CV) of metalloporphyrinsin ionic liquid
Figure 3.2a-d show the cyclic voltammograms for the first rgolucof
Fe(lIOEPCI, Fe(IIDTPPCI, Mn(lI)OEPCI and ferrocene with BMBYlas the solvent.
From the Figure 3.2a, the reduction potential of the wave sugdestshie
reduction reaction is independent of the porphyrin ring as it wasodie reduction of

Fe* + € > F&*. The figure also showed that the reduction wave was irreveratbl
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lower scan rates. This Fe(lIDTPPCI (Figure 3.2b) also sHosmnilar behavior of
irreversibility for the first reduction wave at scan ratesdpthan 100mV/s. However, as
the scan rate increased, the reversibility of the firduecBon wave improved. This
indicated that the reduction product may undergo a slow chemicéibrea®d possible
chemical reaction that could be happening was the exchange lajahd. Because of

the large excess of Bigand and the fast ligand exchange, the axial ligand was probably
bromide in the ferric complex.

Comparing the reduction potential of Fe(ll)OEPCI and Fe(lIDTRPthe
Fe(llDTPPCI has a less negative potential. This is not sprising because the
Fe(lI)TPPCI has four electrons-withdrawing substituent rirtggch to it.  Surprisingly,
the potential difference is very small (~35mV). As reportecKhglist®" in a paper in
1973, the F& < Fe* transition occurs at -0.24V for Fe(lI)OEP(OH) which is quite
similar to our results. In the same paper, Kadish also tegpdhe MA* <> Mn?*
transition occurs at -0.42V which is very close to the value obtayed (-0.49V shown
in Figure 3.2c). However, since the reference electrodesindeth cases are different,

it is normal that the electrode potentials are slightly different.
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Figure3.2a. CV of Fe(111)OEPCI in BMIMBr.
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Figure 3.2b. CV of Fe(I11)TPPCI in BMIMBr.
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Table 3.1a. Electrochemical data from the CV of 8mM Fe(l11)OEPCI in BM I M PFe.

Scan rate (mV/s) | s Epy Epy e (Epst+Ep,)/2
20 12 -78 -50 0.106 -64
50 21 -101 -35 0.1174 -68
100 31 -117 -30 0.1225 -74
200 42 -152 -5 0.1174 -79
500 72 -206 46 0.1273 -80
Table 3.1b. Electrochemical data from the CV of 8mM Fe(111)TPPCI in BM 1M PFe.
Scan rate (mV/s) lps Epy = |,/V'°C (EpstEp,)/2
20 20 -40 53 0.1758 7
50 35 -59 60 0.1957 01
100 52 -82 81 0.2056 -1
200 77 -121 117 0.2152 -2
500 137 -198 195 0.2422 -2
Table 3.1c. Electrochemical data from the CV of ImM Mn(I11)OEPCI in BMIM PFs.
Scan rate (mV/s) | Epy = e (Epst+Ep,)/2
20 1.7 -252 -126 0.1202 -189
50 3 -295 -100 0.1342 -198
100 4.9 -349 -90 0.1575 -220
200 8 -391 -22 0.1789 -207
500 15 -496 76 0.2121 -210
Table 3.1d. Electrochemical data from the CV of 8mM Ferrocenein BM|1M PFs.
Scan rate (mV/s) | Eps Eps I,/v/“C (Eps+Ep)/2
20 25 -28 24 0.221 -2
50 45 -47 49 0.2516 1
100 63 -70 72 0.2490 1
200 88 -105 98 0.2460 -3
500 158 -167 162 0.2793 -3

Table 3.1a-d is the summary of the CV of metalloporphyrins frayurgi3.2a-d.
By calculating the #v*°C, one can compare to a known system to find out how many
electrons are being transfer from the electrode to the anmlythe reaction. A good
example to use as comparison is the ferrocene/ferrocenium nealiion since the redox

reaction only involved one electron. Comparing the data from Table 8.bpserved
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that the reduction reaction of the metalloporphyrins involved less tharleaon if
compare to ferrocene/ferrocenium. The reason this phenomenon iseobisetive to the
solubility problem of the metalloporphyrins in pure RTILs. Durirfge tsample
preparation, we noted that Fe(ll)TPPCI dissolved in RTILs e#sar Fe(lI)OEPCI and
Mn(IIOEPCI. As we can see, the data in Table 3.1c showsttieab/V''°C value is
close to the one in ferrocene/ferrocenium.

Compton et. al. reports the voltammetric characterization of
ferrocene/ferrocenium redox couple in RTfEs The By, value for the one electron
oxidation of ferrocene/ferrocenium is found to be at +385mV vs. Ad@0 mV/s).
The B/, value collected by us is at close to zero potential using a O.8iemreter silver
wire as reference. The difference could be cause by a numlbmsgs. In the literature
it was reported that the authors used a micro electrode whereereeusing a macro
electrode. The RTIL used in the literature is 1-butyl-3hylehidazolium
bis(trifluoromethylsulfonyl)imide (BMIMNT$), where we were using BMIMBr.

Comparing the E, of the metal reduction in the metalloporphyrins with those
done in conventional solvent with supporting electrolyte added, the differergqgte
consistent for the Fe(lll)/Fe(ll) and Mn(lI)/Mn(ll). Repodtby Kadishet. al., the redox
potential for Fe(lll)/Fe(ll) done in 0.01 M TBAP in DMSO is foundo® at -240mV vs
SCE®Y. The difference between ours and the one in literature is about 200m¥
authors also reported the redox potentials of Mn(lll)/Mn(ll) donthésame solvent to
be at -420mV vs SCE. The difference between ours and the literatateo about

200mV.
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Since we were unable to use ferrocene/ferrocenium redox potensi@ndardize
the reduction potential of the metalloporphyrins, we have to relh@sgectral changes

in spectroelectrochemical experiments in order to observe the reduction process

3.3. Studies done by incorporating CV with UV-visible of metalloporphyrinsin ionic
liquid

While the CV was able to identify at what potential metallopwripls can accept
or release an electron into the system, it was unable to giamyuformation as to
where the electron transfer had taken place. However, whepeoioems the CV along
side with the UV-visible, one can also at the same time obpaictr®scopic information
which could lead to the determination of the structure of the loptaphyrin. The
changes will allow us to understand if the metal or the porphyrgwas reduced. From
previous CV data, we can gather the information at what potentiahét@lloporhyrin
was reduced. Hence around that potential region, we can determute paint of the
metalloporphyrin is being reduced with the help of the UV-visible spectra.

Due to the limitation of the UV-visible spectrometer, the comeéinhs of the
metalloporphyrins in the ionic liquid had to be reduced in order to obtaablgsgpectra
in a 5mm UV-visible cell capable of running CV at the same.tiffiee cell design was

previously described in Chapter 2.

3.3.1. Studiesdoneon Co(I1)TPP inionic liquid

3.3.1.1. Reason Co(l1)TPPisused in our case

The reason Co(I)TPP was used in the investigation is due tdattethat
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Co(INTPP is easily oxidized to Co(ll)TPP, then to Co(ll)TPPHowever, the CV
collected by us only shows only one single oxidation peak at around +¥70Uvinen
UV-visible spectra were collected at the same time, thegesaobserved were minimal.
The Soret band at 434nm decreased a little, while the shoulder ah 4Hoame more
distinct. As predicted, there should be more significant chamgdgbe UV-visible
spectrum as Co(IDTPP oxidized to Co(ll)TPP, since theres \@achange in its
coordination environment (i.e. square planar or square pyramidal fol)TEdI and
Co(IITPP respectively).

After numerous experiments, we found that the conductivity of the Ri&HK not
sufficient to carry the current needed in the spectroeldatroistry. In order to increase
the conductivity of the RTIL, tetrabuthylammonium perchlorate (TB#Bs added into

the solution. The results obtained will be discussed in Section 3.3.1.2.

3.3.1.2. What happenswhen electrolyteisadded into theionic liquid

Various concentrations of TBAP (0.1M, 0.05M, 0.01M and 0.005M) were added
into the RTIL along with the Co(ll)TPP. The solutions were theimg degassed under
N, overnight in order to eliminate;@rom the solutions.

Shown in Figure 3.3 is the CV of 0.1mM Co(Il)TPP in 30% BMIMRRd 70%
CH.Cl,. All CVs are scanned at 100mV/s. The reason that the savaplerepared
with a combination of RTIL and Ci€l, was to decrease the viscosity of the solvent,
hence increasing the mobility of the ions in it. From the &duglow, one phenomenon
that can be observed is that the shifting of the ring oxidation pe#keoporphyrin.

Similar patterns can be also being observed more clearly whenedif percentages of
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RTIL exist in the solvent which will be discussed in Section 3.4.5.eM0.1M TBAP is
added to the solution, we observed the ring oxidation peak at around 1300mal,isvhi
close to those reported in literattife However, when less electrolytes were added into
the system, the oxidation peak shifted to higher potential. Thissrskese because
more electrolyte added to a system, it helps to eliminateaigilsution of migration to
the mass transfer of the electro-active species. Ascdmeentration of electrolyte
decreases, the solution resistance increases, hence, the uncoedpbessiatance also
increased between the working and reference electrodes. Adtaligausing RTILs as
solvent/electrolyte, one should be able to eliminate or minimizedesistance in the
system. However, as mentioned in Section 1.3.1, if using the pute Re have the
problem where the solution is too viscous that it reduces the ion tyobflithe
porphyrins. As a result, we used a mixture of RTIL ang@} By using the mixture,

the ion mobility increases while eliminating the added electrolyte.
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Figure3.3. CV of 0.1mM Co(II1)TPPin 30% BMIMPFg and 70% CHCl.>.

3.3.1.3. Mixtures of different per centage of Dichloromethane added intoionic liquid
as solvent

Figure 3.4 shows the CV of 0.2mM Co(ll)TPP in various mixturestfCI, and
BMIMPFe. All CV’s are prepared at a scan rate of 100mV/s. As pestliavhen the
solvent consists of 90% GBI, the ions are more mobile, hence, more current passes
through the system. As the RTIL increases to 20%, one can oltbatwbe oxidation
peak of the porphyrin ring shifted from 1300mV to 1400mV. When the solgent
composed of 25% Ci€l, and 75% BMIMPE, the oxidation peak shows up at 1650mV.
The results show that by increasing the IL to the right concemtraine can eliminate
the solution resistance; hence, the uncompensated resistance dwgeEnhibie working
and reference electrodes. At the same time, by adding jusgtiteamount of CHCI,

will decrease the viscosity of the IL, allowing ions to gain ehoombility to increase

43



the mass transfer of the electro-active species. This iafmmobtained is crucial to
spectroelectrochemistry experiments because the experiméine wione are in a thin
layer cell where the solution resistance is high and the coatentof the analyte will is

low (around 0.02mM).

100
0 _& - \
< — 90%
= —— 80%
g 70%
S 1004 | 0o
@) 25%
<5%
-200
| different % of CH,CI, added into Co(I)TPP in BMIMPF_
-300 g T g T g T

T 1
0 500 1000 1500 2000
Potential, E(mV)

Figure3.4. CV of 0.2mM Co(lI)TPP in various per centage of CH,Cl,in BM|M PFe.

3.3.1.4. Conductivity test done on mixture of various concentration of ionic liquid
with CH,Cl,

Conductivity is crucial to an electrochemical experiment. As imeed earlier,
most RTILs have conductivities similar to organic solvent witltedéytes added into it.
Figure 3.5 shows the conductance test done on BMIMBr by varyingdtentage of

RTIL and CHCIL..
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Figure 3.5. Conductivity test of various percentage (in volume) of BMIMBTr in

CHCl..

From Figure 3.5, we observed that 100% pure ionic liquid has the lowest
conductance, hence the highest resistance. Hence, the electroghearised out
showed that the current was passing through the ionic liquid and not thleygor
sample added in there. This shows that the high viscosity and gleeslae ion reduced
the ion mobility and average conductivities. As shown in Section 3.4.3bdke
combination to carry out the electrochemistry experiment isdtb 26% CHCI, was
added into the RTIL. By adding GEl,, the viscosity of the RTIL is reduced and at the

same time enhanced the mass transport of analyte to the electrode swfdwanced.

3.3.1.5. Dissolution of Co(l1)TPPin BMIMBr

We had considerable difficulty trying to reduce/oxidize metallpbwrins in our

45



SEC cell with RTILs. No charges were obtained with Soret barnldeaslectrochemistry
was being carried out. The initial peak of the Soret band obsenadi&inm. After
searching the literature, we learned that the Soret band 8 TR should be at 410nm
when CHCI, is the solvent. To understand the spectral changes, we addelEB(ll
into CHCI, in a sealable UV cell and pumped under vacuum for approximately 20-
30min. A UV-visible spectrum was then collected (results showlaak line in the
Figure 3.6). The Co(Il)TPP solution was then mixed with the ILcivin$ isolated in a
separated compartment of the UV cell. UV-visible spectraewsllected every 5
minutes after mixing. The 410 nm peak gradually decreased a43thenxm peak
increased. After about 45-50 minutes, the 410 nm completely disadpehile a new
peak at 434 nm appeared (result shown as the red line in FigureTi€)showed that
the Co(IDTPP was oxidized by the ionic liquid to Co(lll)TPP. sThaiso helped to
explain why the Co(ll)/Co(lll) oxidation and reduction peaks were mebserved

(usually around 100-500mV range).
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Figure 3.6. UV-visible spectrum of Co(l1)TPP in CH.CI, (black line), after 70%
BMIMPF¢ added for 30 minutes (red line), in mixture of 70% BMIMPFg and 25%
CHClI, while holding the potential of the working electrode at 3500mV (green line),

and in pure BMIMPFg ( blueline).

Reported in a literatuf® is the UV-visible spectra of Co(I)TPP undergoing
oxidation. The results that we collected from the UV-visiplectra are close to the ones
reported on the scheme shown in Section 1.1 (Scheme 1). We did olxbenaret
band change from 410nm to 434 nm. However, for the Q bands we werabbalio
observe the 528nm band shifted to 553nm. This might be due to the low conmemtrati

the Co(Il)TPP or the interference of the electrodes plac#ukispectroelectrochemistry
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cell. The literature also reported the timed UV-visible speafrthe Co(ll)TPP being
oxidized through out the period of 7 hours (shown in Figure 1.1a). As thetiorida
progresses from Co(lI)TPP to Co(lll)TPRhe 448nm peak is suppressed as the 412nm
peak becomes more visible. The same result (green line in Bddrevas also being
observed in our case. During the spectroelectrochemistry experitmentotential was
set at 3500mV while UV-visible spectrum was collected. Our refidws the 443nm

peak decreased by roughly 30% while the 412nm peak emerged.

3.3.1.6. Co(I1)TPP oxidized by theionic liquid under different temperature

Since we learned that the Co(ll)TPP was able to be oxidigdRiTibL, one thing
we would like to determine is if the oxidation was dependent on tetapralp to this
point, all the experiments were done are at room temperatli@)(20he same vacuum
sealed oxidation experiments were done %,510°C, and 18C. Results collected are
shown in the Figures 3.7a-d.

Figure 3.7a-d shows that the rate of oxidation reaction deweims lower
temperatures. By calculating the ratio of the changes acgotdithe temperature, we

can determine what order the oxidation process is.
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Figure 3.7a. Co(l1)TPP oxidized by BMIMBr at 5°C.

Figure 3.7b. Co(I1)TPP oxidized by BMIMBr at 10°C.
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Figure 3.7c. Co(I1)TPP oxidized by BMIMBr at 15°C.
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1

Figure 3.7d. Co(I1)TPP oxidized by BMIMBr at 20°C.
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Figure 3.8 below shows that the oxidation process of Co(l)TPP bRRTHhes is

temperature dependent.

Absorbance (a.u)

0.4 7 Co(Il)TPP in BMIMBr sealed, oxidation over time increased of 434nmpeak

37—+
0 500 1000 1500 2000 2500 3000 3500

Time (sec)

Figure 3.8. Absorbance change of 434nm peak of Co(I1)TPP in BMIMBr at

temperature held at 5, 10, 15, and 20°C.

Figure 3.9 shows the Arrhenius plot obtained by measuring theaedéaat k of
the oxidation reaction of Co(ll)TPP by the ionic liquid at difféeréemperatures. The
activation energy can be calculated by multiplyong the slopbeofime above by the

negative value of the gas constant, which turns out to be 29 KJ/mol.
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Figure 3.9. Arrheniusplot of In(K) vs UT.

3.3.2. Studiesdone on Mn(I11)TPPCI inionic liquid
3.3.2.1. Reduction

Studies on Mn(III)TPPCI in RTIL were also carried out in our fabary. During
our experiments, using RTIL as solvent, formation of six-coordinatellylspecies,
such as Mn(lI)TPPCI(L) and Mn(Il)TPP(E), and five-coordinate Mn(Il) species, such
as Mn(I)TPP(L), might exist in the solutih

The results shown in the Figure 3.10 were obtained by using RTHOIH
mixture as solvent. 0.02mM of Mn(llI)TPPCI was added into a msadent of 75%
BMIMPFs and 25% CHCIl,. UV-visible spectra were taken as the potential of the
working electrode is increased from OmV to -600mV at the rate &f/4,nvith spectra
taken roughly every 10 seconds. From the spectra, we can obsertre thdénm Soret
band shifted to 442nm gradually which agree with the reported froratlite shown in

Figure 1.%1.
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Figure 3.10. UV-visible spectra of Mn(111)TPPCI while undergoing reduction.

However, in the UV-visible spectra taken, we were also able tonabskee Q
band at 550 and 580nm. The ratio of the Q band and Soret band remaimadhas st
implied that the Clion is still bound to the Mn metal center.

Figure 3.11 is the absorbance plot of the 476 nm Soret band vs thedsect
potential. The 476 nm Soret band started to decreased and shifted to 45 then
electrode potential reached around -1V. As the potential sweptda@mV, the 476 nm
Soret band did not increase back to its original absorbance intembit/either indicates
that the re-oxidation process takes longer time or the Mn(lInhdidully oxidized back
to Mn(ll). The reason re-oxidation process takes longer timalue to the
uncompensated resistance of the solvent. This phenomenon is not unegpeictieid

liquid was used as the solvent in our case.
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Figure 3.11. Reduction reaction of Mn(l111)TPPCI. Amax VSE.

Figure 3.12 below is the regenerated CV using the date colleciedtiie UV-
visible changes shown in Figure 3.11. The value of the potentlargalt from the CV
shown in Figure 3.12 is consistent to the ring reduction of the Mn w@batihyrins

which is usually around -1 V to -1.5%.
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Potential, E(V)

Figure 3.12. Plot of AA/AE vs. E. Bold lineisthe raw data. Thin lineisthe smoothed

data wher e two data points wer e aver aged together.

Figure 3.13 shown below is the CV collected during the spectioatbemical
experiment of reduction reaction of Mn(II)TPPCI in BMIMPF The CV collected
should show the reduction peak similar or close to the potential @\thgenerated from
the UV-visible spectra shown in Figure 3.12. However, in our experithentloes not
seem to be the case. The reason the CV collected did not shoedtiction peak at all
is due to the background current of the ionic liquid. This can bewaasar Figure 3.10

where the background around 380 nm was changing.
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Figure 3.13. CV of reduction reaction of Mn(l111)TPPCI in BMIM PFe.

3.3.2.2. Oxidation
Shown in Figure 3.14 is the UV-visible spectra changes of Mn(llIOTRRring
oxidation reaction. Result obtained is similar to the one showrngurd-1.4. As the

reduction reaction is carried out, the 476 nm band will decreases.

Figure 3.14. UV-visible spectra of Mn(I11)TPPCI while undergoing oxidation

reaction.
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Figure 3.15 is the absorbance of the Soret band of Mn(ll)TRPZY6 nm plot
against the electrode potential. From the figure we observedtibaBoret band
decreased as the potential at the electrode increased. W©goation process, the
absorbance of the 476 nm Soret band increased back to relativadyteltdse original
absorbance. This shows that after the oxidation process, the Mn posptigrreduced
back to Mn(lll) complexes. The data collected is consistent toottee reported in
literature shown in Figure 1.4.

From the Mn(lII)TPPCI data obtained, we can conclude that Mn@PCI is not
oxidized or reduced by RTIL as solvent. Since Fe(ll)TPPCI thgesimilar behavior,

we would expect the same results as Mn(III)TPPCI.
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Figure 3.15. Oxidation reaction of Mn(I11)TPPCI. Amax VSE.
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3.3.3. Studiesdone on Fe(l11)TPPCI inionic liquid
3.3.3.1. Fe(I11)TPPCI reduced by ionic liquid

Figure 3.16 shows the UV-visible spectra changes of Fe(lliETBRIing reduced
by BMIMBr. Reduction of F& to Fé' porphyrin by anionic ligands and good bases is

851531 Ysually halides do not do this

well known in the metalloporphyrin literatur€s
reaction, but, as part of the solvent, the reaction may be fast endbgh418nm Soret
band decreased in absorbance as the Soret band at 431nm increasedanedsmer
time as the RTIL is added into the solution. We also observed tygpd@rance of the Q
band 511 nm and were being replaced by the 537nm Q band. This sudgaistedthe

Fe" is reduced to Pe the anion of the RTIL is interacting with the prophyrin azew

ligand. This reaction is not uncommon for high coordination metal such as iron.
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Figure 3.16 UV-visible spectra of Fe(l11)TPPCI being reduced by BMIMBTr. Spectra

weretaken every 5 minutesin avacuum sealed UV cell.

3.3.3.2. Fe(I11)TPPCI further reduced by electrochemistry
Spectroelectrochemical experiments were also done on Fe(IDTRAPRTIL.

From Section 3.3.3.1, we found that the Fe(lll)TPPCI is able to bezexidiy the RTIL.
A time dependent UV-visible spectra changes were obtained durengcdntrolled
potential reduction of Fe(ll)TPPCI in RTIL. The resultsisown in Figure 3.17. The
potential of the working electrode was held at -1700mV. The changes \M-visible
spectra are similar to the time dependent UV-visible speaitree(lll)TPPCI being
reduced by RTIL shown in Figure 3.16. The difference between these twonesipisris

by holding the working electrode’s potential at -1700mV, the redudsoffiaster
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compared to the reduction by the ionic liquids. The spectra gdilgere 3.17) agree
with those reported in literatures in Section 1.1. This concludesiplataddition of the
RTIL into the Fe(lII)TPPCI, iron(lll) is reduced to four coordirdatee(ll)TPP along with
a five-coordinated iron(ll) complex. When the potential of the mldetis held beyond
the reduction potential, only the five-coordinated iron(ll) complex i®emasl. This is

due to the counter ions in the RTIL help to stabilize the five-coordinated iron porphyrins

—_ —— azmins
S —— a7’mins
& al2mins
§ ——— al8mins
_CEU a20mins
?

Ee

400 500 600
Wavelength (nm)

Figure 3.17. Time-dependent UV-visible spectra changes obtained during the

controlled-potential reduction of Fe(l11)TPPCI in BMIMBr.

Figure 3.16 shows the Soret band at 418 nm and 431 nm along with the Q band at
537nm are consistent with the data shown in Table 1.1. These bandsigmedto the
four coordinated Fe(ll)TPP. As the electrode potential vedd &t -1700mV, the only

band that was observed were the Soret band at 431 nm and the Q band at $3@mm.
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the Table 1.1 we can conclude that the majority of the speciée isotution when the
electrode potential was hold at -1700mV was [Fe(ll)TPPQHowever, due to the low
concentration of the sample used, it is reasonable to assume thZ0then and 610 nm
bands were too weak to be observed. Another explanation of why the 570 nm and 610 nm

bands were not observed is shown in Figure 3.18.

Cl BMIMBY

v

__Fe >
< _Fe > -1700mV

X =ClIor Br
Figure 3.18. Scheme of the prediction of thereduction of Fe(l11)TPPCI.

Figure 3.18 is a proposed scheme of reduction of Fe(lIDTPPCI iVl As
the Fe(lIDTPPCI is dissolved in the ionic liquid, the porphyrinbeng reduced to
Fe(IDTPP and was stabilized by the ion in the ionic liquid. &ithe Bris much more
abundant in the ionic liquid compare to thé dissociated from the Fe(lll)TPPCI. As Le
Chatelier’'s principle suggested, there is a good possitfilgly Br is associated with the
iron(Il) center rather than Cl Due to that Br- is much bulkier than CI-, the interaction
between the halide and iron center is weaker. This could exgaia ef the Q bands

were too weak to be observed.
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V. Conclusion

lonic liquids based on imidazolium cation and two different anions have bee
used in spectroelectrochemistry studies. The low melting dointyiscosity, and high
conductivity, which are the desired properties for an ionic liquid, agpedepend on the
following requirements. Both the anion and the cation must be smalbearda well-
delocalized charge, and symmetry of the imidazolium cation is tavbeled for low
melting point§®.

From the results obtained, we found that RTIL is reasonably good ifuy as
solvent in spectroelectrochemical experiment. The major probligmusing RTIL as
solvent is the viscosity of the RTIL which leads to low conductiatythe analyte.
However, the issue can be resolve by adding a small portion g£1€idto the solvent.
Another way to dissolve the porphyrins in pure RTIL is to put theurexin an ultra-
sonic cleaner. Although most RTILs are hydrophobic; some RTHeSkaown to
dissolve water from the atmosphere.

From all the electrochemical experiments collected using RiElLsolvent, we
come to conclusion that RTIL can be used as a solvent during aoetsrhical
experiments. The redox reactions of metalloporphyrins behave rstmithose done in
conventional solvent/electrolyte solutions. By using RTILs, orabie to eliminate the
used of electrolyte where contamination could interfere with xperements and costly.
RTILs are more environmental friendly as they can be redyateer each experiment;

this will minimized the production of chemical waste significantly.
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Since RTILs are not typical conventional solvents, they do proces® s
unconventional properties that lead to a few phenomenons that requiredeotiomtt
The initial problem we encounter is the solubility problem of theysmah the ionic
liquids. Porphyrin complexes were added into the ionic liquid and need s$artssl
vigorously and degassed for 12 to 24 hours before the UV-visible sp@c@& can be
taken. Aside from the dissolution problem, we also encounter the conguidsue.
Although in ionic liquid, where ions are abundant and more than suffimetmansfer
charges, the resistance was high enough that complete elastietysss the working
electrode surface could not be observed. As a result, the redox qiethles analyte
observed in the CV were difficult to observe. The same problsmaacurs when the
spectroelectrochemical experiment was carried out, with fioguft electrolysis in the
spectral window. As the electrode potential increases, thdirneasd the UV-visible
spectra increases as well.

In order to overcome this issue, we decide to create mixtumniaf liquid with
CH.CI,. This will enable us to dissolve the analyte faster. And byngddH:.Cl, into
the ionic liquid, the viscosity of the solvent was decreased. Wieenanductivity test
was carried out on various mixtures of £LHp and ionic liquid, we found that as the
amount of CHCI, increases, the conductivity of the solvent increases. As a, nbelh
redox reactions were carried out in the CV, we found that morentuvas able to pass
through the solutidh” 3! Hence, we are able to obtain decent CV and were able to

observe the UV-visible spectral changes during the spectroelectricahexperiment.
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Addition of solvent like CHCI, helped to break up the aggregation of the ionic
liquid. Loss of aggregation in the ionic liquid enabled higher diffusiod,l@ad to more

currents being able to pass through the analyte instead of into the ionic liquid.
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