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Abstract

In the recent years, solar energy has become ait gneerest due to the diminishing
supply of the fossil and nuclear fuels and thewimmmental effects. Solar energy is the most
abundant and accessible renewable energy sourdehenled the researchers to trend toward
the dye-sensitized solar cell (DSSC). The dye-sigpdi solar cell is the best technique to
convert the solar light to different applicable égpof energy such as electrical energy.

Ruthenium-based dyes have been widely used in @ysitized solar cells.

The research proposal mainly focuses on an innavaipproach to a new class of solar
cell dyes, based on dicarboxylated terpyridine-tgoeplexes. The research will focus on

creating new ligands that will be used to attaehrttetal complexes, mainly Ru and Fe.
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1. Introduction
1.1. Dye-Sensitized Solar Cells (DSSCs)

Renewable energy sources will effectively replaossii fuels which are the current
primary energy resources. Solar energy is oneefribst promising forms of renewable energy
sources, and it is an ideal and great source afyjgn&€he demand for energy is increasing these
days, and there is an excessive use of non-renewargy sources. According to recent
studies, "the resource base represented by teéatdastadiation exceeds by far that of all other
renewable energy sources combink#iarnessing this huge amount of the solar enerapyféfis
on the earth is a good idea, especially becausestiiar energy is free and virtually limitless.
The best idea to harness this solar energy is byerting the energy into more applicable forms
by use of photosensitizers. A photovoltaic soldl isethe best means to utilize this renewable
energy. Photovoltaic cells are able to convertgblar light to electrical energy. The Gratzel
solar cell, also called dye-sensitized solar cBIS$C), is a type of photovoltaic cell. It was
invented by Michael Gratzel and Brian O’Regan i®1,9and it is considered as an alternative to
traditional silicon-based solar cells. The effiggnof these photosensitizers requires

improvement because it typically does not exceed2e?

There are many different types of solar cells saskhe silicon solar cell, solid-state solar
cell, organic solar cell, thin-film solar cell, gki-film solar cell, and dye-sensitized solar cell.
These different types of solar cells are usuallyssified into three main categories called
generations. The first generation of solar celilic{ photovoltaic cells) is relatively expensive
to produce, and it has a high efficiency. In addifiit is made of semiconducting p-n junctions.

The second generation of solar cells (thin-film s@mductor) is relatively cheap to produce, and



it has lower efficiency than the first generatidrhe third generation of solar cells is a new
generation which combines the advantages of tis¢ dind second generations. It is relatively

cheap to produce, and it has a high efficietity.

A silicon solar cell is the first generation of @otells, and it represents 40% of the solar
cell production. Crystalline silicon (c-Si) and amploous silicon (a-Si) are the two types of
silicon solar cells which are the most prevalemte Trystalline silicon solar cell can be classified
into multiple categories depending on its crystéli and its crystal size. These categories of
crystalline silicon solar cell are monocrystalliséicon (single crystal silicon), polycrystalline
silicon (multicrystalline silicon), and ribbon gibn. Moreover, this generation of solar cell is the
traditional solar cell that has quite high effi@grand is very abundant. However, these silicon
solar cells have a risk to lose some of their efficy at high temperatures like hot sunny days.
In addition, they need very pure silicon, and they fairly expensive. Furthermore, they have a
low band gap, and they are fragile. In comparisgh amorphous silicon, crystalline silicon has
a lower photon absorbance, and it has a smallet gap. The band gap of the crystalline silicon
is 1.1 eV while the band gap of amorphous silicoid.i7’5 eV. However, the crystalline silicon
has a higher efficiency than amorphous silicon, iarfths a slower degradation over time than
amorphous silicon. Generally, a lot of silicon satalls are configured in n-p junctions (or vice
versa) for one side and-n-p” (or vice versa) for double sides, and all the actst are in the

back of the cel.

A thin-film solar cell (TFSC), also called a thimafi photovoltaic cell (TFPV), is the
second generation of solar cells, and it is madedéyositing one or several thin layers of

photovoltaic materials onto a substrate. The geeat Iis to produce solar panels at a lower cost,



and this is achieved by using less material innla@ufacturing processé3here are three main
types of thin-film solar cells that can be categed by the photovoltaic material that is deposited
onto the substrate. These three types of thin-8lolar cells are amorphous silicon (a-Si),
cadmium telluride (CdTe), and copper indium gallidiselenide (CIGS).This generation of
solar cell requires a small amount of semiconductaterial, and it is much cheaper to produce
than crystalline silicon solar cells. Moreoverhds the best performance at high temperatures
compared with other types of solar cells, and i¢ tlae best performance under low light
conditions. In addition, it can be made flexibleigthcan open up many new applications.
However, it is very difficult to manufacture gooithfs, and defective films will result in cells
with low efficiency. Furthermore, these cells ténddegrade faster than crystalline silicon solar
cell and require a lot of spaldn manufacturing these types of photovoltaic ¢etisalth and
environment can be affected by some chemical angigdl hazards, such as the toxicity,
corrosion and even explosion of materials. For egtamhe production of amorphous silicon

requires hazardous gases, and cadmium is foxic.

The third generation of solar cells is a new geti@maof solar cells that combines the
advantages of the first and second generations. Jéneration of solar cells strives to achieve
the highest efficiency of converting the light iretectricity and to reduce the cost of solar célls.
The third generation of solar cells includes the dgnsitized solar cell (DSSC) and the organic
solar cell (OPV). The new photovoltaic solar célattis the DSSC is very different from the
conventional silicon p-n type solar cell. A DSSQa#fer both good performance with good
stability and low cost. It requires low-cost mat#siand a low-cost manufacturing process. In
addition, DSSCs have special advantage; they aable to provide both cell flexibility and

transparency. Moreover, they require a simple proda process, and they use environmentally



benign materials in their manufacturing processuslThthey have a low potential for

environmental pollution and they have a good reatyitity.'%**14*3

1.2. The Structure and Operation of DSSCs

In fact, there are several types of DSSCs suchaasition metal complexes (inorganic
dyes) and pure organic dyes (metal-free organis)dyéhese two types of dye sensitizers have
very different structures. Polypyridyl metal comy#e with Ru or Os are typical of inorganic dye
sensitizers while organic dyes include natural synthetic organic dye. The transition metal
complexes have relatively higher power conversitiitiencies than pure organic dyes. The
Gréatzel cells using Ru dye complexes are the bestvk type of DSSC because of their high
efficiency. However, pure organic dyes have manyaathges compared to inorganic dyes for
their application in DSSCs, such as their largeogiigon coefficient, their low cost and their
wide diversity of molecular structure due to theiasy modification in the molecular

design15,16,17

The design of the Gratzel cell as shown in Figureofisists of three parts that are a
photo-electrode, an electrolyte (solid-state owiti}) and a counter-electrode. In addition, it also
involves a set of different layers that includeransparent conducting layer, nanocrystalline
TiO,, and dyes. The photo-electrode and the countetretie are built onto transparent glass
plates. In dye-sensitized solar cells, the glagsstsate is not the only choice; it can be any

surface that is strong enough to support thesedaeh as plasti¢:*?
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Figure 1. Schematic of a liquid electrolyte dye-sensitizelll ¢aken from reference 20).

The glass substrate is usually coated with indivmexide (ITO), a transparent
conductive oxide (TCO) that acts as the contaciotfhe-doped tin oxide (FTO) glass is another
common transparent conductive oxide (TCO) thatless widely used for the DSSC. The glass
Is then coated with a film of semiconducting titami dioxide particles Ti@(anatase), which is

then covered with a film of ruthenium polypyridyraplexes as photosensitiZ&f% 2122

Ruthenium-based dyes have been widely used in pbibéic cells due to their strong,
wide absorptions over much of the visible rangevali as the ultraviolet region, moderately

long excitation lifetime, and efficient metal-taiind charge transfét?

In addition, the nanocrystalline titanium dioxid€i@,) became the semiconductor of
choice for the photoelectrode because it has astigletural stability under solar irradiation, low
cost, and wide availability. Moreover, it is enviroentally benign because it is non-toxic, and it

is also very abundant?®%



The nanocrystalline Tigis made of fused spheres and that leads to highsppp. This is
very important because it provides two advantafest, it offers very large surface area to
attach the dye molecule. The dye molecule can paEeeinto the surface through the porosity
and it will attach to much of the surface of FiGecondly, the electrolyte can penetrate within

the pores at the same time in order to perforrfuitstion?>2%’

There are two different crystal structures of fiiam dioxide, anatase (a-Ti#pand rutile
(r-TiOy). The anatase phase (a-3j@s most popular, and the most work on DSSCs le&s b
focused on the anatase form of Zidhis anatase phase (a-§)@ained this important property
for the DSSCs due to its large active surface chgynand to its small particles that leads to an
increase in dye adsorption. Compared with the apabtased solar cell, the rutile-based solar cell
has slower electron transport in the rutile laymant in the anatase layer. This difference is
because of the differences in the extent of theneotivity between the particles associated with

the packing density of particlé&2°-3031

The other glass plate, the counter-electrode, wisiadn the back of the DSSC is coated
with an electrocatalyst usually made of a layeplatinum, and this thin layer of platinum acts as

the cathode to regenerate %%

Figure 2 shows the catalytic cycle during the agberation. This catalytic cycle
illustrates how the iodide/triiodide redox coupdein equilibrium, and how an electron transfers

from the dye-based ground state to an excited efdtee dye*’*
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Figure 2. Thedye sensitized solar cell operati@gaken from reference 42)

When light comes through the uncoated back sidbephoto-electrode and hits the dye
surface, it is absorbed by a monomolecular layedysd on the coated side. This absorption
promotes an electron from the 'Rased ground state to an excited statd’ (R@@quation 1),
and there is a metal to ligand charge transfer.eMogted electron is injected into the conduction

band of the TiQ surface, leaving behind the oxidized form of tHeotpsensitizer (RU)

(equation 23323334
el ®
D'—D' +€(T0) ()
preemel ©)
20°+3M=2D+k (&)



The injected electron in the conduction band of;Ti@nsfers to the TCO, and then the

electron reaches the counter electrode after adisinugh the circuit. At the counter-electrode,
the electron reduceg/ls to I (equation 3). The travels back to the photo-electrode and reduces
the oxidized photosensitizer (R) leading to regeneration of the dye ground sta&e')
(equation 4). In the electrolyte, the oxidized redoediator (§) diffuses back to the counter

electrode, and the cycle can start agaiii:>>34

The two electrodes are placed in an electrolytgainmg a high concentration of the
iodide/triiodide (I/1I37) redox couple in an organic solvent such as adeten or

methoxyacetonitrile. This is the most common etdgte, and this kind of electrolyte is good for
ion diffusion and infiltrates well within the TiXfilm, promoting the highest efficiency of all

DSSCs. In addition, this combination leads to tighést efficiency known®

However, this electrolyte and these solvents hagblpms in terms of long-term stability
because solvents tend to leak and evaporate, dvémeicell is hermetically sealed. Our

experimental cells use acetonitrile because we walyt to test their efficiency?:*

However, it is clear that the iodide/triiodide/id) redox couple is not the ideal redox

couple because it has some problems. For examflg, dbsorbs visible light, and this may

reduce the amount of light that is available to diye. In a DSSC, the light comes in from the
back of photo-electrode and hits the dye surfasé #\ny light that passes through will continue
through the electrolyte onto the platinum surfanetle other electrode and reflect back toward
the dye, so that the dye has a second chance dept a photon. However, because the
iodide/triiodide redox couple is coloured (brownisgd) and absorbs a lot of the visible light,

8



there is less light reflected by the platinum stefaand there is less light reaching the dye layer

that there could b&:383°

Another problem is corrosion of the circuit contadh a DSSC experimental cell, the
most common way of joining copper wire to the T&hrough ordinary alligator clips. In an
installed cell, a soldered contact would be uséa groblem with iodide/triiodide is that when it
leaks, it tends to cause corrosion towards mosalsstuch as silver, copper, aluminium, and
gold. This corrosion weakens the connectivity a& jbint, and therefore it is not good for the
circuit. This then requires extra protection of theetal parts, and this will increase the

manufacturing cost&:>9404

Another disadvantage of th&l} system is that the iodide/triiodide redox coupls ha

relatively low redox potential, and this limits tle@pen-circuit voltage (Mc). To improve the

efficiency, the redox potential of the electrolyteeds to be as positive as possible to increase

35,38,42,43
VOC.

On the other hand, there are alternative redoxlesufhere are two basic categories of
these alternative redox couples, molecular speaieb transition-metal-based complex&$:

Many varieties of molecular species have been astuth replace the iodide/triiodide such as
SCN/(SCNY", SeCN/(SeCNY, Br/Br*, and hydroquinon&**As well, a wide variety of the
transition-metal based complexes have been studgedlternative redox couples such as

cobalt(11/111), copper(I/11), nickel(l1I/1V), ferraccene/ferrocenium(Fc/Fpcomplexes: 38424445

Cobalt (C4"™) polypyridine complexes have drawn attention beeahey present some

important advantages such as their low visibletlagbsorption, their low corrosiveness, and their



positively high redox potential, which leads to @&crease on the open-circuit voltage

(VOC) 40,42,43

However, the overall conversion efficiencies witlegse alternative redox couples do not
outperform the conversion efficiency with iodidedidide. The photovoltaic performance with
the alternative redox couples is affected by séviadors, such as fast electron recombination
and the slow dye regeneratitif**® Nevertheless, our experiments use the iodide/td®d
system because we want to compare it with the atdnithat we adopted, which is N3 dye. N3

dye shows a high conversioffieiency (11%) in combination with/l5".474849°0

Many attempts have been made to replace liquidrelgtes with solid-state or quasi-
solid-state electrolytes. This offers several atlwges in terms of size, weight, and flexibility.
The most important advantages of the solid-state qurasi-solid-state electrolytes are a high

long-term stability, no corrosiveness and no sdivém leak or dry up>>%>*
1.3. The Design of DSSCs

The design of the DSSCs has to meet some requitsnierorder to obtain a high
efficiency. For example, the redox medi&avxidation potential must be higher than the'slye
ground-state oxidation potential in order to accefgctrons effectively and to be able to

regenerate the dye after photo-excitation of ebecinjection>>>3°4%°

Another requirement is that the excited state |l®fahe dye must be a little higher in
energy than the conduction band (CB) of the sendigotor in order to inject the electron

efficiently >34

10



The voltage output of the DSSC is determined by dhference between the redox

potential of the redox couple in the electrolyte &me conduction band of T3>

In meta- based dyes, the band gap is the differbrt@een the unrelaxed excited state
energy and the ground- state energy, is relatdie¢avavelength absorbed. Thus, the HOMO-
LUMO gap needs to be suitable to absorb light ia thsible region while leading to a

sufficiently high-energy excited state.

Although much of solar light is the visible lighand there is also near-infrared light
(NIR). Some of the solar irradiance lies in the NHgjion, and this is largely not absorbed by
dyes. Those are relatively low energy wavelengths, the absorption of the dye should ideally
be extended to the NIR. There have been seveeshpts to generate a dye that is able to absorb
strongly in the NIR, which means that the minimur®@MO-LUMO needs to correspond to
those kind of wavelengths (900 -1200 nm). Howetresn dye will also be able to absorb longer
wavelengths as well, and those will then send thetmns to much higher orbitad%>%°78>°
Fortunately, intersystem crossing brings down teeteon from the very high-energy LUMOs to
the lowest-energy excited state LUMO which then tamsfer it to the CB. However, that
represents a loss of energy because it is nottosgenerate the cell voltage. Consequently, that
energy becomes heat, and the cell tends to warwepdo not want the cell to be operating at a
temperature that accelerates the decompositioheotell, leaking the solvents or changing the
photovoltaic parameter® low HOMO-LUMO gap means a high-lying HOMO, sintlee
LUMO needs to lie above the CB. This limits theaedange of the redox mediator and cuts

down the \g. 22505759

11



The dye should also carry attachment groups sudard@®xyl groups to be able to graft
itself onto the semiconductor oxide surface. Tecghthe electrons into the solid efficiently after
the excitation, there ideally should be good othazerlap between the CB and the excited

state?%:%

With Ru(ll) dyes, the optical transition has MLQmetal-to-ligand charge transfer)
character, that is excitation of the dye promoteglactron from the metal-based HOMO to a

orbital of the ligand, leads to charge separation.

The dye itself needs to be photo stable and thestaole.®°*%***For instance, in the
case of bipyridine complexes, such as N3, the alisorof light sometimes results in ejection of
a pyridine nitrogen that opens up a coordinatida around the Ru that the solvent can then
occupy. The nitrogen may come back at room temypezaalbeit slowly. That process is called
anation. Moreover, bipyridine can do this more tbane, and an entire bipyridine molecule can
be lost from the complex. The bipyridine compleres quite stable but terpyridine complexes

are much more stable, so a high degree of chelativery important>©¢-67:8

In addition, N3 has unidentate thiocyanate grotyas tisually link through the nitrogen
atom. Such unidentate groups are much more eastyby both thermal and photochemical

process?

The absorption rates are very fast, on the ord@fdfs™, and intersystem crossing (ISC)
is also fast (92 fs). The transfer to the conduchiand is also on the femtosecond time st4fe.
In view of this, the excited state lifetime (typigaon a nanosecond time scale) is less important
than it would be in homogeneous solution. Normalhge lifetime of the exited state in Ru

complex is in the nanosecond range, whereas sdmee cdmplexes show excited state lifetimes

12



measured in the microsecond or millisecond rangesvever, that is still good enough because
they transfer the excited electron into the condacband in femtosecond, so this step is much

faster. Thus, the exited state lifetime is notitical component?

There is a back reaction that can affect the DS&@pnance, and this is a return of the
injected electron from the conduction band to theugd state of the dye. There is also non-
radiative loss, where the exited state just retlrask to the ground state, and the energy is

dissipated as he&t."

One other important side reaction is recombinat®®&combination is when the injected
electron is transferred directly to the oxidizednoof the redox mediator. That means that if a
trilodide has access to the ROt can pick up the electron and generate iodld®t iodide can
then reduce the oxidized dye and return it badkéoground state. Thus, using light to promote
the electron, transfer it to the conduction bandhe redox mediator and then return it back to
the oxidized dye basically short-circuits the cdlhese three important side reactions are
considered wasteful of the energy, and they redueeonversion efficiency. Thus, they lead to

reduce DSSCs performanég??7%73

As previously mentioned, triiodide can penetrdieowgh the pores of the titanium
dioxide surface, where it could promote this slndtuiting recombination. This can be reduced
by limiting access to the surface with very highedgadings, or with an additive to cover the
surface of the Ti@ that does not contain dye. Some examples of additiare 4-tert-
butylpyridine (TBP) and cholic acid. 4-Tert-butyhmine has been widely used as an additive.

Cholic acid is a steroid with three hydroxy grougsd it will bind very strongly to Tig%#*%°

13



1.4. The Photovoltaic Efficiencies of Gratzel Cells

The best photovoltaic efficiencies in terms of cersion yield and long-term stability
have been achieved with polypyridyl ruthenium(ldhaplexes. N3 dye, N719 dye, and black dye
are the most well-known Ru complexes showing tipgdst efficiencies in DSSCs and constitute

benchmark reference dyes. Black dye has a suggtapvoltaic efficiency* "

As shown in Figure 3, N3 and N719 have the genstalcture MlX, where M
represents the metal, L represents the ligandb#y2rdyl-4,4'-dicarboxylic acid, and X or X

represents an ancillary ligand such as a halidanidg, thiocyanate, or acetylacetonate.
Moreover, N719 dye is simply a particular salt lné N3 dye, witH'BusN*. On the other hand,

black dye has the general structure Mlihere M represents the metal Ru(ll), L represtms

ligand 2,2';6';2"-terpyridyl-4,4',4"-tricarboxya and X represents an ancillary ligand,

thiocyanato (NCS.**™

Both N3 and N719 have local symmetry in the sehse all four pyridine rings are
normally the same from the electronic point viewhelle are some slight differences between
those trans to each other and those that arematldition, all three dyes in Figure 3 are attached
to the titanium dioxide surface through just twebcylic groups. Occasionally, a third will be
used depending on whether or not dye is seateghatlket, and is able to reach a second surface.
However, most often only two carboxylic groups aeed. In any case, there have been some

suggestions that those groups that are not usdsrfding can actually be detrimenta’*">

Black dye has some symmetry. The central pyridendifferent from the other two, but
the other two are the same. However, as soonlasds using two adjacent carboxylic groups,
the third one becomes different. This producedsliifferences in the energy levels and among
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orbitals over the three pyridine rings. Such slighifferences broaden the absorption

envelopes®’®

Halide, cyanide, thiocyanate and several otherllangigroups have been tested in N3
and black dye, and it turns out that the thiocyesaire the best in this family. The reason seems
to be that it facilitates the reduction of the ozétl version of the dye by iodide, and that seems
to require interaction with the sulfur orbitals.oBe kinds of interaction are simply not available

with the other group®."®"’

COOH COOTBA
7
HOOC NN COOH HOOC NN COOH
N | N
. I ~ o 1
o Ru s - Ru e
AN " v N
C x =
v Il 7 |
7 - COOH s ﬁ:} COOTBA
N3 dye S 3 N719 dye
COOH
Ry
TBAOOC P COOTBA
T
ZZ R|u -
Black dye " w | \N
Z N X
£
§% 1 s
!?[ TBA = tetrabutylammonium cation

Figure 3. Structures of N3, N719 and Black dyes, the mostiefit DSSC dyes (taken from reference 74).
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1.5. Iron Complexeg>78.79:8081.82

In 1998, Ferrere and Gregg reported iron(ll) potyiyl chromophores that can replace
ruthenium(ll) polypyridyl chromophores in the DSSé&pplications. lron(ll) polypyridyl
chromophores are currently of great interest duéhéir low cost, their abundance, and their
recyclable metal. This promising result led usdous in our research to prepare iron(ll)-based

chromophores.

Although many of the first row transition metal® anore abundant and cheaper than
ruthenium, iron is the best choice in replacinghemium because it shares several similar

properties.

As previously mentioned, the excited state of awlaphore should be higher than the
conduction band of Tig) and it should be sufficiently long-lived for aleetron to be injected
into the conduction band of the TA®emiconductor before relaxing to a lower grouradestThis
means that the injection from an upper lying extis¢ate into the semiconductor prior to any
relaxation would be required. However, it has besported that iron(ll) based complexes have

extremely short-lived charge transfer excited state

Several attempts have been made to determine dwtividing coordinate of the MLCT
excited state and to study the relaxation dynarofcgotential sensitizers. A series of iron(ll)
terpyridyl complexes has been prepared to investitfze steric effects on rotational freedom
about the C2 axis that may modulate MLCT to thani field kinetics. There is a suggestion
that torsional twisting modes can be involved ia telaxation from the initial excited state to the

longer-lived ligand field excited state.
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In addition, the iron(ll) sensitizer with a low-gpground state have better metal-ligand
orbital overlap than a high-spin complex. This Hessin an increase in metal-ligand bond length
because it provides good electronic communicatietwéen the metal and the ligand which
increases the intensity of the MLCT. Moreover, (fgiow spin complexes are more stable than
high spin complexes that are more easily oxidizeglan(lll) in air, and that will affect the long

term stability in a DSSC.

Iron complexes that have different ligands areechlimixed-ligand complexes. The
preparation of well-defined mixed-ligand iron comes is very difficult because they tend to
undergo scramble ligand which means that the ligaxthange rapidly between the complexes.
For instance, if we have 1:1 ratio of terpyridinghwan ordinary iron salt, then we will have a
mixture of complexes in solution consisting of thé& complex, the 2:1 homoleptic complex and
free iron. The absence of well-defined species m@mon difficulty. Cyano-containing Fe

complexes, such as Ferrer's, are exceptions.

Our approach is twofold. First, we are going toceasisle mixed ligand Fe(ll) complexes
on the surface of titanium dioxide Ti(Basically, the idea is to attach the ligand te srface
first, and then to introduce the iron. This wilkepent ligand scrambling. The second approach is

to use homoleptic complexes, which are easy togoesp
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1.6. The Proposal

This project mainly focuses on an innovative apphd@ prepare a new class of solar cell
dyes, based on dicarboxylated terpyridine-type dergs. The research will focus on creating

new ligands that will be used to attach Ru and Fe.

The first design@,) in Figure 4 has the general formula of [Mi]X with L representing
a terpyridine-based ligand with three anchoringugeo(consisting of two carboxylic acid groups
and one 2-furylmethanol group). This design st lan element of symmetry like the black dye,
but we get a slight change of symmetry once itudase-bound through two of the three
anchoring groups. However, the difference fromltaek dye is the furyl methanol group that is
considered a relatively strong binding group. Tleeah ring is relativelyrn-electron rich.
Moreover, the alkoxy oxygen is natconnected to the furan ring and therefore discotauke
from the terpyridine ring. Thus, this group is slyngn anchoring group and the furan ring serves
as an electron-donating group. The furan tendsateerthe LUMO levels for those orbitals
centered over the central ring. It reduces thetmlecdeficiency in the central pyridine ring,
compared to what that in black dye, which makesotlter rings relatively electron-poor, which
is where we want the excited state electron densitlfe, where thet-connected carboxy is
located. This design is simple to make, but it dea$er from the same potential drawback as
black dye. This potential drawback is that ther# ne¢ one unused carboxylic acid group that
may affect performance. As previously mentioned)saad carboxylic acid groups have been

shown to be problematic.

The second dye desig@«) has the general formula of [MIgK where M is the metal, L

is the terpyridine based ligand with two carboxybkcid anchoring groups, and X are
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isothiocyanate groups. The terpyridine-based ligaearing two carboxy groups are destined to
be the electron-poor portions of the ligand. Thesehisothiocyanate groups are relatively
electron-rich and will supply electron density dlst. This is a variant of black dye which lacks
its third carboxylic group. Thus, presumably we @oid the problem of unused carboxylic
group. This design is more asymmetric, which giddterent LUMO levels and a broader

absorption envelope.

The third design@p) is a homoleptic complex that has the general tdanof [ML]*".

The ligand L is a tridentate with a single carbaxygroup, an electron-donating group at the
central ring and potentially an electron-donatihgd ring, such as phenylene. This clearly has
no local symmetry, and can have two sources otreleconation, making very different ligand

orbital levels. The electron donating group coudddnm aniline type, anisole, pyrrole or similar
type. The idea is not so much to push electronitjetmsvards the anchoring groups but to force

the excited-state electron into those orbitalserext nearest the anchoring groups.

With a phenylene third ring, the complexes will part of class of complexes called
cyclometalated complexes, and there are numeroam@es of these. These complexes show
differences in the spectral properties and in theteochemical properties. With an ionic ligand,
the LUMO levels are raised, and the HOMO levelweli even higher, which then raises the
HOMO-LUMO manifold relative to the conduction bamahd relative to the iodide/triiodide
redox couple. The HOMO-LUMO gap narrows wheneverehs an electron-donating group or
electron-withdrawing group. The narrowing of HOM@MO gap means that the lowest energy
absorption will be at longer wavelength, reachiogidrd the red and NIR regions. We also

expect to see a very broad absorption due to thesyonmetry.
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Figure 4. The structures of the dye designs.
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2. Experimental Section
2.1. Materials & Instruments

The reagents that used in the experiments werénagsed from Sigma-Aldrich and Alfa
Aesar, and all the solvents used were from Calddis Inc. NMR spectroscopic data were
acquired using Bruker ARX (AV) 300, 400, and 600 MBpectrometers. ESI-MS data were
obtained using a QSTAR Elite Quadrupole-TOF insgaotnFT-IR spectroscopy was performed
using a Nicolet 380 FT-IR Spectrophotometer. UMbles analysis was obtained using a

Ultrospec 4300 Pro)V/Visible Spectrophotometer.

There are some known compounds sucR7asndP8 that are involved in the synthesis
of some ligands.

The production of the pyridinium s& ( Figure 5) is mentioned in the literatiife.

\
+ -_
"N
X
= CHs + |, + Pyridine A—> N o
N 9 min
N p7

Figure 5. The synthesis of pyridinium s&7.
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The production of this enori®8 is mentioned in the literature procedéftend Figure 6

illustrates the synthesis of this end?

H o)
X 15% KOH
+
_ CH, CH4OH
N H,0
0 NO,

Figure 6. The synthesis of enoriR8.

2.2. Compound P1 (Minisci Compound/Methyl 2-AcetyBonicotinate)

CompoundP1 was prepared using the procedtrélustrated in Figure 7. Methyl
isonicotinate (1.02 mL, 8.6043 mmol) was mixed wéwaldehyde (> 97%, 6.8 mL, 51.144
mmol) in a round bottom flask containing 3 mL tBuB@70%), 0.66 mL TFA (8.6 mmol), 25
mL CH3CN, and FeSQ7H,0 (0.05 g, 0.1798 mmol). The flask was equippedthaistirring bar,
and the mixture was heated to reflux for two hoiitse reaction mixture was then evaporated,
and extracted twice with toluene. The toluene Isyegre collected and evaporated. The product
was a brown solid with a mass of 1.4376 g, whichresponds to a 93% yield. The NMR data,

the data match those in the literattite.
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| o o
0 o)
HaC 0 CHs
Y Y Fes0, N
+ '
X O o t-BUOOH ‘
‘ TFA = CH,
— CHZCN N
N CHs
P1 o

Figure 7. The scheme of compouifrd.

2.3. Compound P6 (1-(2-(4-Methylcarboxyl)pyridinylarbonylpyridinium lodide)

CompoundP6 was prepared by following the procedure that wagorted in the
literature®* and Figure 8 illustrates the synthesis. A mixtofeompoundPl (0.2388 g, 1.3346
mmol), b (0.3387 g, 1.3346 mmol), and pyridine (10.0 mL)swaoiled for 9 minutes. The
mixture was allowed to cool to room temperature laftdfor many days to precipitate. The solid
was isolated by filtration and washed with ChlGielding the product as a brown solid (0.2865

g, 55%). The spectral data matched those in the literdftffe.

CH
[ s
O o} +
N / |~
X H;COO N
‘ + 1, + Pyridine ——— 3 o
= CH, 9 min
N N
= P6

P1 O

Figure 8. The scheme of compouiRb.
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2.4. Compound P11

Minisci productP1 (0.3197 g, 1.7863 mmol) and furfural (0.15 mL,863 mmol) were
mixed with an excess of KOs (0.5 g) and dissolved in MeOH (10 mL), as is iliagtd in
Figure 9. The product precipitated out of the rneactmixture after 10 minutest room
temperature. The mass of the product was 0.1568rgsponding to a 34% yield. The melting
point was 140-241° GH-NMR (300 MHz, CDCY): 5 8.95 (d, J = 4.8 Hz,1H), 8.71 (s, 1H), 8.19
(s,1H), 8.12 (s,1H), 8.09 (dd, J = 4.9 Hz), 7.793(¢ 1.6 Hz, 1H), 6.83 (d, J = 2.6 Hz, 1H), 6.57

(d, J =1.6 Hz, 1H), 4.012 (s, 3H) ppm.
CH; CHj

O, O

‘ N O H chon
+
= CH, | / K2COs
N o)
o)

Figure 9. The scheme of enorrl L

2.5. Ligand L1

P1(0.2138 g, 1.1944 mmol) was mixed with 5-hydroxyhy#furfural (0.0756 g, 0.5994
mmol) in MeOH (8 mL), 15% KOH (7.2 mL) and conc. MPH (0.8 mL), as shown in Figure
10. The reaction mixture was left at room tempegmto precipitate, and then the mixture was
fillered and washed with 1:1 MeOH/8. The mass of the collected product was 0.26 ¢
corresponding to a 93% vyieltH-NMR (300 MHz, DMSO-g): § 8.98 (d, J = 4.0 Hz, 2H), 8.67
(s, 2H), 7.98 (d, J = 4.0 Hz, 2H), 7.56 (d, J =BZ, 2H), 6.58 (d, J = 3.1 Hz, 2H), 4.53 (s, 2H)
ppm.
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OH
o) o]
N 15% KOH
‘ V4 vl ‘ cp.  CNH.OH
H N/ ®  CH30H
P1 o]
Figure 10.The scheme of liganidLl.
2.6. Ligand L4

CompoundP8 (0.0757 g, 0.2971 mmol) and pyridinium saé (0.1141 g, 0.2971 mmol)
were mixed with NHOAc (0.6699 g, 8.6919 mmol) and,®O; (0.4975 g, 3.5997 mmol) in
CH3OH (10 mL), as explained in Figure 11. The reachurture was allowed to react for one
day at room temperature, and then it was heatedrusflux for 3 hours with stirring. It was left
for 3 days at room temperature to precipitate, theddesired product was collected by filtration.
The overall yield of the product was 0.1207 g (99%)-NMR (300 MHz, CDCJ): & 9.32 (s,
1H), 8.89 (d, J = 4.8 Hz,1H), 8.78 (s, 1H), 8.741¢4), 8.70 (d, J = 1.8 Hz, 1H), 8.55(d, J = 7.0
Hz, 1H), 8.486 (d, J = 8.7 Hz, 2H), 8.11 (d, J % Wz, 2H), 7.88 (dd, J = 1.5 Hz, 1H), 7.54 (d, J

= 1.6 Hz, 1H), 7.43 (dd, J = 5.3, 6.6 Hz), 4.123() ppm.
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N A~ I~
H4CO0 N .
/N
P6
Figure 11. Thesynthesif ligandL4.
2.7. Ligand L5

A mixture of the compoundé11 (0.1019 g, 0.3968 mmol) and the pyridinium dah
(0.1293 g, 0.3968 mmol) was dissolved in4OH (10 mL) with an excess of NBAc (1.4 g),
as is illustrated in Figure 12. The mixture wagatd to react for one day at room temperature
and then heated to reflux for 3 hours with stirriddter that, the reaction mixture was left at
room temperature for 3 days to precipitate, and the precipitate was collected by filtration.
The mass of the collected product was 0.0259 gespanding to an 18% yieldH-NMR (300
MHz, CDCk): § 9.21 (s, 1H), 8.98 (d, J = 4.9 Hz, 1H), 8.87 {8),18.86 (s, 1H), 8.85 (d, J = 2.7
Hz, 1H), 8.77 (d, J = 8.1 Hz, 1H), 7.98 (d, J = Bz 1H), 7.87 (dd, J = 2.0, 1.4 Hz, 1H), 7.66
(d, J = 7.6 Hz, 1H), 7.45 (dd, J = 5.0, 7.5 Hz, TH?3 (d, J = 3.3 Hz, 1H), 6.64 (dd, J = 1.4, 1.8

Hz, 1H), 4.12 (s, 3H) ppm.
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N
= p7 P11

Figure 12. Thesynthesisf ligandL5.

2.8. Homoleptic Ru Complex (C1)

As shown inFigure 13,L4 (0.0824 g, 0.1934 mmol) was mixed with RgGH,O
(0.0261 g, 0.0998 mmol) and AgBED.0584 g, 0.2999 mmol) in a 100 mhund bottomflask
containing 10 mL DMF. The reaction mixture was kdaat reflux overnight with stirring. The
mixture was filtered free of AgCl by using Celitéidr aid and rinsed with C4#N, and then it
was evaporated by means of a rotary evaporatanmve of DMF as much as possible. After
evaporating, it was dissolved in @EN, and then it was slowly added to saturated aggieo
solution of ammonium hexafluorophosphate ¢RFR;) (2 equivalents or more) to precipitate the
product as a RFsalt. The precipitate was collected by vacuumatiibn then washed with DCM
to remove organic materials and with water to reend¥,PF;. The mass of the product obtained
was 0.043 g, which corresponds to a 35% yield, thedoroduct had a dark red coldd-NMR
(300 MHz, CRCN): 6 9.36 (s, 2H), 9.13 (d, J = 9.4 Hz, 2H), 8.77 (¢, 9.3 Hz, 2H), 8.62 (d, J
= 8.7 Hz, 2H), 8.45 (d, J = 1.3 Hz, 2H), 8.38 (& 1.8 Hz, 2H), 8.10 (dd, J = 8.6, 7.4 Hz, 2H),
7.65 (s, 2H), 7.64 (s, 2H), 7.49 (d, J = 5.6 Hz),ZH34 (dd, J = 5.5, 6.6 Hz, 2H), 3.98 (s, 6H)
ppm. C-NMR (CDsCN, 600 MHz),5 (ppm): 53.8, 123.5, 123.6, 123.8, 124.6, 124.%.6,2
125.9, 127.3, 127.6, 128.8, 130.2, 139.6, 139.0,314143.7, 143.8, 147.4, 147.5, 150.1, 153.6,

154.5, 154.6, 156.2, 156.3, 156.7, 158.7, 160.0,116164.6, 164.7. Mass spectrometry (ESI),
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Mz 1070.0 [M-PR]*; 462.5 [M-2PE]?". UV-vis (CHCN): kmax = 501 nm. FT-IR (ATR): 1734,

1599, 1522, 1344, 841 ¢

NO,

DMF

=]

+RuCly3H,0 + AgBF,

L4

Figure 13. Thesynthesif complexC1.

2.9. Homoleptic Fe Complex (C2)

A solution of ligandL4 (0.2 mmol, 0.0824 g) in DMF was prepared and adued
solution of Fe(NH)2(S0Oy),.6H,O (0.1 mmol, 0.0392 g) dissolved in,® and DMF, and the
synthesis of this complex is illustrated in Figd#e The colour of the reaction mixture turned to
a very dark purple colour. Then, the reaction mixtwas added slowly to saturated aqueous
solution of NHPF; (0.25 mmol, 0.0407 g). The product precipitatet@ftthe reaction mixture,
and it was collected by vacuum filtration, rinsedbmwCHCL to get rid of DMF. Then, it was

dissolved through the filter with acetonitrile. Aftevaporation, the product had a dark purple
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color with a mass of 0.1031 g which corresponds 6% yield*H-NMR (300 MHz, CRCN):
$9.49 (d, J = 3.78 Hz, 2H), 9.36 (d, J = 2.1 Hz),2423 (d, J = 1.5 Hz, 2H), 8.75 (s, 2H), 8.74
(s, 2H), 8.62 (d, J = 2.9 Hz, 2H), 8.48 (s, 2H)48(dd, J = 3.8, 2.3 Hz, 2H), 7.55 (d, J = 2.1 Hz,
2H), 7.41 (d, J = 3.9 Hz, 2H), 7.19 (dd, J = 2.8 Mz, 2H), 3.98 (s, 6H) ppnt*C-NMR
(CDsCN, 600 MHz), (ppm): 54.0, 123.4, 123.8, 125.3, 125.7, 126.8.8,2130.3, 140.3,
140.9, 143.6, 149.6, 150.3, 154.1, 155.5, 158.8,116161.1, 161.5, 164.7. Mass spectrometry
(ESI), m/z 1025.0 [M-PR]*. UV-vis (CHiCN): Amax = 583 nm. FT-IR (ATR): 1734, 1668, 1599,

1522, 1344, 841 cih

DMF

Figure 14. Thesynthesif complexC2.
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2.10. Homoleptic Fe Complex (C4)

Following the same procedure@g, L5 (0.2 mmol, 0.0714 g) and Fe(WASOy)2.6H,0O
(0.1 mmol, 0.0392 g) were transformed to complekand a 99% yield (0.1540 g). In addition,
this synthesis is illustrated in Figure ¥5-NMR (300 MHz, CRRCN): § 9.49 (d, J = 2.7 Hz,
2H), 9.37 (d, J = 5.4 Hz, 2H), 9.23 (d, J = 4.4 PH), 8.65 (s, 2H), 8.64 (s, 2H), 8.10 (s, 2H),
7.96 (dd, J = 8.1, 7.7 Hz, 2H), 7.68 (d, J = 3.5 P#4), 7.45 (d, J = 5.5 Hz, 2H), 7.35 (d, J = 4.5
Hz, 2H), 7.19 (dd, J = 7.4, 5.9 Hz, 2H), 6.99 (dc¢ 1.7, 1.6 Hz, 2H), 3.98 (s, 6H) ppHiC-
NMR (CDsCN, 600 MHz),6 (ppm): 53.8, 114.2, 114.6, 118.6, 119.3, 123.5,8,2126.6, 128.6,
140.1, 140.6, 140.7, 147.5, 151.3, 154.1, 155.8,515160.2, 160.7, 161.2, 163.4, 164.7. Mass
spectrometry (ESvz 915.0 [M-PK]". UV-vis (CH:CN): Amax = 588 nm. FT-IR (ATR): 1726,

1619, 839 crit.

+ Fe(NH,)5{S0,),.6H,0 _DMF _

Figure 15. Thesynthesiof complexC4.
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3. Results & Discussion

A large number oéxperiments have been carried out in pursuit dable ligands for our

new classes of solar cell dyes.

3.1. Compound P1 (Minisci Compound/Methyl 2-AcetyBonicotinate)

The Minisci reaction places a carbonyl group oryadme or other nitrogenous aromatic
ring. It is a transition metal-mediated radicalatézn utilizing t-BuOOH as radical source and
carbonyl precursors such as pyruvic acid, an aldehyr a trioxane. Following a published
proceduré® methyl isonicotinate was acetylated at the 2-pwsiusing excess paraldehyde
(acetaldehyde trimer), excess TFA, excess t-BuO@#i @atalytic FgSOy); at reflux for 6
hours. The synthesis of this compoundl is illustrated in Figure 16. The product was ayver
dark oil that was highly contaminated and which Idomot be crystallized. Chromatography
revealed that the principal impurity was the 2,&8editylated product from evident over-reaction.
A second impurity was probably the 2,6 isomer, atiogg to NMR. While we found that we
could employ this crude product in the one-pot yadine synthesis (see later), we could not
successfully isolate either an enone or a pyridmderivative required for the Krohnke reaction

(see below).

We reason that the products of overreaction, thead 2,6 isomers, resulted from residual
reactivity of the initial Minisci product towardfé radical. The TFA in this reaction serves to
protonate the pyridine nitrogen, activate the rogard attack and direct the incoming acetyl
radical to the 2-position. The product being legsity a second acetylation is then less likely, but
use of excess TFA as in the original procedure seenpromote over-reaction. In order to

reduce this, we took advantage of the fact thatRhas less basic than the starting methyl
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isonicotinate, and therefore we reasoned that weldhdecrease the amount of TFA present in
order to reduce the propensity for the producteglntonated and then to react. This reaction
has been performed many times in order to obtaguymt with a high level of purity, by
variation of the reaction time and the quantityf6¥A employed. Thus, the reaction was allowed
to proceed for one-and-a-half, two, three, four &we hours. By NMR, it was determined that
the purity increased with decreasing reaction tiftee colour of the product also decreased, but
so did the yield. After one-and-a-half hours, angigant amount of unreacted methyl
isonicotinate was also present. With a two-houctiea time, the amount of TFA was varied
from > 6 equiv. to 1 equiv. to 0 equiv. The bestutewas obtained with one equiv. of TFA. On
the other hand, the complete absence of TFA disii@bthe reaction and much starting material

remained.

Having optimized the conditions (93% yield) in thisanner, this reaction remained
unfortunately fickle because it is a liable to give different yield each time even though the
same conditions are used. THd-NMR spectrum of one fairly pure product mixtureasv
obtained and is shown in Figure 17, and it showthal requisite hydrogen signals. However, it
also shows a small amount of some additional prisduts mentioned before, one of those

additional products is the product of overreaction.

CHg
| o o]

)

o CHs
FeSQ, X
o)

0
HaC
+ \( \(
X o t-BUOOH
‘ TFA _ CHs
> CH4CN N

N CHe P1 o)

Figure 16.The synthesis of compourri.
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Figure 17. The'H-NMR spectrum of compouri@lin CDCl.

3.2. Terpyridine L1

This ligand is designed to be a tridentate ligdrat has three anchoring groups consisting
of two carboxylic acid groups and one 2-furylmetblagroup. As shown in Figure 18, Minisci
productP1l was mixed with 0.5 equiv. of 5-hydroxymethylfurfilirKOH and NHOH in the
standard procedure that we have used many timesai® symmetrical terpyridind8. The
Product precipitated from the reaction and, filoat necessitated no purification. The yield was
90%, and théH-NMR spectrum of the potassium salt is given belowFigure 19. It clearly
supports the structure assignment, with the furatops giving a pair of weakly coupled signals
at half the integration value of the other signélefortunately, we have not had the time to
return to this ligand to incorporate it into a cdexp
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Figure 19. The'H-NMR spectrum of terpyridinel in DMSO-d;.
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After synthesizing symmetricdll successfully, we turned to use the Kréhnke pyadin

synthesis to prepare the unsymmetrical varietigerpfyridines’’

N
EoL EE
|

Figure 20.The Kréhnke pyridine synthesis.

The Krohnke reaction requires a pyridinium salt andenone in combination with a source

of ammonia that typically is ammonium acetate iet@cacid or methandf.

To prepare our desined ligands, two approaches wepored (Figure 20) in which the
carboxylatedP1 contributes the nucleophilic component, in combaratvith an enone carrying
a phenyl or pyridine ring, or the electrophilic ggmment in combination with a pyridinium salt
delivering the third ring. Both enones and pyridimi salts are to be prepared from the same
acetylated reactants. Several of the intermedistgaired have already been reported in the
literature, but enones derived froRll have not. Further, we were unable to reproduce the

preparation of the known pyridinium salt frdd, so we needed to develop a new preparation.
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3.3. Enone P2

The production of this enone was very fast; it ppiéated immediately at room temperature
from a mixture of N,N-dimethyl 4-aminobenzaldehyded 2-acetylpyridine in aqueous
methanol containing KOH (Figure 21). The overaélgiwas very high (93%), and the product
had a distinctive bright orange colour. TH&-NMR spectrum a good matched with the one

reported in the literatur®.

/
N . HsC 15% KOH
—_—
CHZOH

Figure 21.The synthesis of enori2.

3.4. Enone P5

A similar reaction with 4-methoxyacetophenone prtdlualdehyde was also successful,
and the synthesis of this enoRé& is illustrated in Figure 22. The overall yield wasry good

(83%), and théH-NMR spectrum matched that reported in the litee®
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HyC 15% KOH
[EER—" .

CH4OH
H,O

CHs OCH,

Figure 22.The synthesis of enoris.

3.5. Enone P8

The aim here was to prepare an enone that woulde meactive than enon2. The
production of this compound was very fast; it ppéeited immediately at room temperature from
a mixture of 4-nitrobenzaldehyde and 2-acetylpyedin aqueous methanol containing KOH.
Figure 23 illustrates the synthesis of this enBBeThe overall yield was very high (97%), and

theH-NMR spectrum matched that reported in the liteet’

H o)
X 15% KOH
+
_ CH, CH3OH
N H,0
O NO,

Figure 23.The synthesis of enoris.

37



3.6. Enone P10

We made many attempts to produce this enone, ih bBqueous conditions and non-
agueous conditions. We wished to ideally produee ¢bmpound in non-agueous conditions so
as to avoid hydrolysis of the ester group of thenibtii productP1 when converting it td®11
We therefore used the synthesis of non-carboxylBigbas an inexpensive model reaction with

which to develop noraqueous conditions.

The non-aqueous condition was a mixture of 2-dogtiyline and furfural in methanol and
potassium carbonate, at reflux for two hours orcaim temperature. None of these attempts
worked successfully. In comparison, the aqueoudlition worked very well; it precipitated
immediately at room temperature from a mixture edc2tylpyridine and furfural in aqueous
methanol containing KOH (Figure 24). The overadlgifrom two crops was very good (90%),

and the'H-NMR spectrum matched that in the literattfre.

SUNSSC

Figure 24.The synthesis of enoi®l0

3.7. Enone P11

Despite the failure to makel10in non-aqueous environment, we carried on thechefar
non-aqueous conditions suitable to the preparatfioR11l A mixture of furfural and Minisci

product P1 was dissolved in dry C#DH and treated with excess,®0s;, and the reaction
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mixture was set to reflux for two hours. This atpmresulted in hydrolysis (absence of an ester
peak at 4 ppm in the NMR spectrum and poor solyhillherefore, this reaction was performed
with Diisopropylamine instead of potassium carbenat order to avoid the hydrolysis.
Unfortunately, there were some starting materighais in the'H-NMR spectrum, indicating a

poor conversion.

The successful method of synthesizing this enonelewhvoiding hydrolysis was
accomplished in dry C¥DH using K.CO; at room temperature, illustrated in Figure 25. The
product started to precipitate after 10 minutessyite the temptation to allow precipitation to
continue, it should be collected promptly. If alledvto stand, the precipitate redissolves
eventually, and the worked-up crude product. Therall/yield of the initial precipitate was not
very satisfactory (34%) but the material was vamep The'H-NMR spectrum of the enorfel 1

is shown in Figure 26.

COOCHS,
N R H ch,oH
+
P CH, | Y K,CO4
o)
o O p11

Figure 25. The synthesis of enori®l 1

The spectrum showed all of the requisite signalduding a strongly coupled AB

pair (E, F) indicative of a trans alkene moiety.
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Figure 26.The'H-NMR spectrum of enonel1in CDCL.

3.8. Enone P3 and other unsuccessful targets

EnoneP3is similar toP2, but bears a COOGHjroup derived fronP1. In accord with our
design objectives, this target features an elealmrating group to render the central ring of our

ligands relatively electron-rich.

To maintain the ester group, we explored a vardtgon-aqueous conditions employing
catalytic base'Pr,NH or NaH) or acid (pTsOH) in THF or toluene atuaf sometimes for many
days. In none of these attempts was the desiredecsation product obtained, however.
Similarly, reactions with some other aldehydes f(fial, pyrrole-2-carboxaldehyde, 4-
methoxybenzaldehyde) also failed, with either 2bdpgridine or Minisci producfPl1. In some
cases, product was obtained but NMR suggested dhmafion of 3:2 or 3:1 condensation
products, as had been found to be commonpfaSeme reaction optimization will be required

to avoid such by-products.
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CHs COOCH,

Hee” =

P3 o}

3.9. Enone P4

EnoneP4 was destined to provide a dicarboxylated analaguglack dye. To synthesize
this enone with the two ester groups, we employedreety of conditions. A simple mixture of
4-carboxybenzaldehyde afd was dissolved in aqueous methanol containing KQ# laft at

room temperature, followed by reflux for more tféahours.

Ester hydrolysis was, of course, expected but wanared to esterify the carboxy group in a
second step in any case. However, the crude prathogted consumption of the aldehyde but no
sign of the desired enone. In a second attemptixtura of 4-carboxybenzaldehyde aRd in
EtOH was treated with catalytic NaH. The crude patdvas insoluble in CDgJlunsurprisingly,
but unfortunately, the only f®-detectable product appeared to come solely from 4
carboxybenzaldehyde but lacked the aldehyde group.

COOCH,4

H,COO

\
/

P4
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3.10. Enone P9

This enone is similar t88, but bears a COOGHyroup derived fronP1. A mixture of 4-
nitrobenzaldehyde and 2-acetylpyridine was dissblve CHBOH and treated with }CO; at
room temperature, and left to react for many day® 'H-NMR spectrum of the crude product

showed no sign d?P9, it showed starting products.

COOCH,

O.N

\
7

P9

3.11. Enone P12

This enone would also be destined to provide arbmeylated analogue of black dye. To
synthesize this enone, a mixture Rf and glyoxylic acid was dissolved in aqueous methano
containing KOH and left at room temperature. Toagbthe'H-NMR, we tried many different

solvents to dissolve iUnfortunatelythese attempts did not work very well.
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COOCH,4

COOCH,

P12

We were unable to generate an enone containingc@endecarboxylic group which is
needed for the desigba. However, we knew that a furan ring can be comeento a carboxylic
group?? Thus, the furan ring stands in for a carboxylioup, and then it can be used in the
synthesis of th€ type complex or can stay put foiCa type complex and act as an electron-

donating ring.

3.12. Pyridinium Salts P6 and P7

Several attempts were made to convert the Minisadyct P1 to the known pyridinium
saltP6 by the literature proceduf@ This procedure is modeled on the original Krohwkek. It
uses § in pyridine as solvent with heating under reflor 8 hours, with precipitation of the
product. In our hands, the NMR spectrum of the ipre&te corresponded to the desired salt, but
it was always contaminated with pyridinium iodider (triiodide). No such difficulty was

encountered when using simple 2-acetylpyridinecet@henone.

There was no means to purify this salt with co-jmiéation, however we found a good
method to produce the salt at a high level of gufdllowing the procedure in a second literature
report® According to this, the reaction mixture should Bacpd in an oil bath preheated at
130C°C, which should then solidify after only 8 min, acdntinuing to heat for another minute.
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However, we modified this protocol and our reactmmxture was heated under reflux for 9 min
(Figure 27). Then it was allowed to cool at roormperature and left for many days for

precipitation. The overall yield of this pyridiniugalt was decent (55%).

COOCH

HsCOO
+ 1, + Pyridine —»

Figure 27.The synthesis gdyridinium saltP6.

The 'H-NMR spectra for this pyridinium saR6 is shown in Figure 28. The spectrum is

much cleaner and all of the signals expected fR@are present.

pom 10.0 en 80 7.0 60 30 40 ip

Figure 28.The'H-NMR spectra of pyridinium saR6in DMSO-ds.
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Using the same modified procedure, we were ableraduce pyridinium salP7 (Figure
29) from 2-acetylpyridine with an even higher lewélpurity thanP6, and the overall yield was

also very good (61%). TH&l-NMR spectra folP7 is shown in Figure 30.

X
+ -
N / |
X
= CH; + |, + Pyridine A—> N o
N 9 min N
= P7
Figure 29.The synthesis gdyridinium saltP7.
A
o ; J\j | =

i I J
- Lﬁl lt.-"'ﬂ A eyt fur T S
ppm 900 550 500

Figure 30The'H-NMR spectra opyridinium saltP7in DMSO-d;.

3.13. Terpyridines L2 and L6

Several attempts were made to synthek2ebearing an electron-donating amino group.

Table 1 lists the conditions used. In one of sedvatempts, the Minisci produ&l was mixed
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with enoneP2 in CH;OH containing KOH and NFDAc at room temperature. We also tried a
reaction in THF, containing two drops of the strdrage DBU at reflux for one day. A third
more direct attempt usd®ll was mixed with 2-acetylpyridine and 4-dimethylaobenzaldehyde
(2:1:1) ratio in CHOH containing KOH and c. N/OH at room temperature. This was also
carried out using Hanan'’s conditiSh$EtOH, solid KOH, NHOAC) at room temperature. In the
last attempt, a mixture of enoR and pyridinium salP6 was dissolved in C¥DH containing
NH4OAc and KkCO; and left at room temperature for one day, thereueto reflux for 3 hours.
Unfortunately, none of these attempts furnished dbsired product. In some cases, NMR

showed that there were 2 or 3 products, and notieeai was the desired product.

Table 1. Reactants and conditions used in attempted Krohesketions.

Reactants Conditions
P1 andP2 CH;OH, KOH and NHOAc
P1 andP2 THF, and DBU

P1, 2-acetylpyridine and 4-| CH3;OH, KOH and NHOAc

dimethylaminobenzaldehyde

2374

P1, 2-acetylpyridine and 4- EtOH, solid KOH and
dimethylaminobenzaldehyde NH,OAc
P2 andPé6 CH3OH, NH;OAc and KCOs
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Taking a step back, we decided to generate the Inhédehich lacks the carboxyl group of
L2. This ligand is already known, and we repeatectbeedure reported in the literatutéThe
overall yield was not very high (45%), and the prctchad a distinctive bright green colour. The

'H-NMR spectra matched that reported in the litewatti
3.14. Terpyridine L3 and L7

To produce this ligand, we employed two differeaaation conditions using the same
mixture of compound?1 and P5. In the first trial, the mixture was dissolved @H;OH and
treated with 15% KOH and c. NBH at room temperature. Thd-NMR spectrum showed only
the presence of startirigfl. In the second attempt, NBAc and solid KOH were used in EtOH.
However, the crudéH-NMR spectrum showed that this reaction producedesy complex

mixture.
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OCHg OCH;

We also attempt to produce the simgdl& which lacks the carboxyl group, and this is a
known compoundHowever, we could not obtain this product by thecedure that was reported

in the literaturé?

3.15. Terpyridine L4 and L8

In the first attempt at ligand4, Minisci productP1 was mixed with 2-acetylpyridinend
4-nitrobenzaldehyde with 15% KOH and c. M#H in CH;OH at room temperature. The second
trial involved a mixture of compouné8, pyridinium saltP6 and NHOAc in CHOH, which

was refluxed gently for two hours. Sadly, thesematits were unsuccessful.

However, after extensive optimization, we were dblestablish a good method to produce
the desired.4. A mixture of compoundP8, pyridinium saltP6, NH;,OAc and KCO; in CH;OH
was allowed to react for one day at room tempeegatinen at reflex for 3 hours. It was then left
for 3 days at room temperature to precipitate, #reh the desired product was collected by
filtration. The'H-NMR spectra of this ligand (Figure 32) confirnmst it is the desired product,

and the overall yield was very high (99%) as well.
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H,COO

P6

Figure 31.The synthesis of terpyridiries.
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Figure 32The'H-NMR spectra of terpyriding4 in CDCl.

The preparation of the simpl&8 lacking the carboxyl group following the procedure

reported in the literature also work¥d.

The interest in this product lies in the fact ttheg nitro group of this ligand can be easily

reduced to amine group using one of several difter@agents in order to obtain a new ligand
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with an electron-donating aniline group, since wexewunable to prepare the dimethylamine

analogue directly.

3.16.Terpyridine L5 and L9

Several attempts have been performed to synthéisizdigand while maintaining the
ester group. In the first attempt, intended to titeg 1,5-diketone intermediate, 2-acetylpyridine
was mixed with the compourfelll in CH;OH containing NHOAc and KCO;, either at room
temperature or at reflux for two hours, or even fiwore than two hours. The crude product
showed NMR signals consistent wilts but it was contaminated with another product
containing a pyridine ring and an ester grouphinfice of this part success, we tried two sets of
reagents that would sacrifice the ester group (¥, NH,OH, CHOH or solid KOH,
NH4OH, and EtOH at room temperature or at reflux),ibull cases the only detectable product
was 2-acetylpyridine. In an alternative, even ndirect approach, a mixture of 2-acetylpyridine,
Minisci productP1, and furfural (1:1:1) ratio was allowed to rea¢trmdi5% KOH and NHOH
in CH;OH for 3 days at room temperature, followed bydiion and washing with MeOHA0

(1:1). The rationale for this attempt was the httya¢ P1 would more easily form the enolate and
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undergo aldol condensation with the aldehyde befbee involvement of 2-acetylpyridine.
Unfortunately, this strategy failed as the colldcpgoduct appeared the symmetrical terpyridine

derived from 2-acetylpyridine and furfural, accomglto NMR.

In the next attempt, the complimentary pair of Kiké reagents that are the endtl
and the pyridinium saP7 were dissolved in C$DH containing NHOAc, and the solution was
heated under reflux for two hours. This producedomplex reaction mixture. Several other
variations were also explored, such as,8KHc and AgO (to trap moisture) in AcOH with
heating for 2 hours, which resulted in an insolumeduct lacking the desired ester group, or
NH;OAc and KCQO; in CH;OH at room temperature, which produced a complexture of
products, one or more of which showed unexpectgtiatic signals. The opposite combination,
using compound?10 and pyridinium saltP6, also failed, again producing an undecipherable

product mixture.

However, after all of these unsuccessful attempésfinally found a suitable method to
produce the desired product, illustrated in Fig@& A mixture of compound”ll and
pyridinium saltP7 was dissolved in C¥DH and treated with an excess of X0Ac. The mixture
was allowed to react for one day at room tempeeatumd then at reflux for 3 hours. After that,
the reaction mixture was left at room temperatane ¥ days before filtration of the product.
Though the overall yield df5 was not very satisfactory (18%), it was very pitee *H-NMR
spectra of terpyridiné5 are shown in Figure 34. As mentioned earlier, tmarf ring carbe

oxidized to a carboxylic acit.
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Figure 33The synthesis of terpyridines.
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Figure 34The'H-NMR spectra of terpyriding5 in CDCl.

We also tried to produde9 thatlacks the carboxyl group and this is a known conmglou
However, we were unable to obtain this product by procedure that was reported in the

literature®
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In addition, we made other attempts at the ligamsiag enond®10 and 2-acetylpyridine
under many different conditions. These attemptiedathe base catalysPENH or K,COs), the
source of NH (NH4OAc, NH,Cl or NH,PFR;) and the solvent (THF, GEN, or CHOH). In
some cases, the reaction mixture was allowed t@ega without the NEDAc, NH,Cl or
NH4PFs in order to prepare the 1,5 diketone intermedidteese attempts were performed at
room temperature, with heating under reflux foraufs and sometimes for more than 2 hours.
We also tried using K metal in GBH or acidic conditions (C¥OOH, NHOAc, AcO0).

Sadly, all of these attempts failed.

3.17. Homoleptic Ru Complex (C1)

A mixture of L4, RuCk-3H,0 and AgBR was heated overnight in DMF, and then the
product was precipitated as agPalt. The overall yield of the product was notyeigh (35%).
The *H-NMR spectra of this complexC(l) which are shown below (Figure 36) was fully

consistent with the desired structure. It did v as much asymmetry as the spectrutndof
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NO,

L4

+RuCl3H,0 + AgBF, _ DMF

Figure 35.The synthesis of complex1.
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Figure 36.The'H-NMR spectra of comple€1 in CD,CN.

In addition, the"*C-NMR spectrum was also obtained (Figure 37), arsthdwed all the

requisite carbon signals, confirming the absendeaal symmetry.
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Figure 37.%°*C-NMR spectrum ofc1in CDsCN.

The IR spectrum (Figure 38) confirms the preserid®Fg and it also shows the carbonyl

and nitro stretches.
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Figure 38.FT-IR spectrum for theomplexCL1.
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The ESI-MS spectrum fa€1 showed two diagnostic clusters. The first clusteswed a

doubly charged species corresponding ©1J¢Ru*+, and the experimental spectrum has the

same isotopic distribution as the calculated onigufeé 39). In addition, the second cluster

corresponded to {{{1),Ru](PR)}", also with an isotopic distribution matching welith that

expected for the proposed formula (Figure 40).
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Figure 39.Mass spectrum oE1 cluster[(C1),Ru]** in CH,CN:
at left, experimental; at right, calculated.
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Figure 40.Mass spectrum oE1 cluster{[( C1),Ru](PFR)} “in CHsCN:
at left, experimental; at right, calculated.
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3.18. Homoleptic Fe Complex (C2)

The second desigrC@) is of a homoleptic iron complex and a terpyridbesed ligand
bearing one carboxylic acid group and a nitrobeazgoup. Several attempts have been made to
synthesize this complex in various solvents (MeQH;CN, acetone) but the best solvent found
was DMF. The ligand.4 solution was treated with the iron salt dissolue&éi,O and DMF. The
colour of the reaction mixture changed to very daukple colour. Then, the reaction mixture
was added slowly to saturated aqueous solutionHPR; to precipitate the product. The overall
yield was good (60%). Th#H-NMR spectrum is shown in Figure 42. Although shayvonly

broad signals, was not inconsistent with the ddssteucture.

Figure 41. Thesynthesiof complexC2.
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Figure 42. TheH-NMR spectrum of comple€2 in CDsCN.

The'*C-NMR spectrum obtained in GON was more diagnostic, as it showed all the

requisite carbon signals, confirming the low logainmetry.
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Figure 43.*C-NMR spectrum of22 in CDsCN.

The IR spectrum is shown below (Figure 44) confuirttee presence of RFas well as

carbonyl and nitro stretches.
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Figure 44.FT-IR spectrum for theomplexC2.

The ESI-MS spectrum that was obtained for this demn@@2 showed an overlap between
two isotopic patterns of two different species, dasger than the other. The experimental
spectrum (A) has some extra peaks when compartiek tcalculated spectrum (B). These peaks
correspond to the dimer complex of twice the sizé fwice the charge (half the peak-to-peak
separation) (C). The experimental spectrum ancc#heulated spectra are shown below (Figure

45).

62



700 1(a)
600 -
500 -
400 -
300
200 -

100 4

A

L

o]
1021

100+
90-
807
70-
60
50.
40
30-
20
10

102z 1023 1024

()

A

Pl

1025 1026 1027 1028 1029

L.

1022

100 ()

1.024

AL

1026 1028 1,030

1V

top, experimental, and middle, calculated@@; bottom, calculated for the dimer.

1.0

1.0

1.0:28 103

Figure 45.Mass spectrum d£2 in CH;CN:
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The proposed structure of the dimer complex is shbelow in Figure 46. This would
result from a small amount of ligand scramblingvimich one of the terminal pyridines from one
of the terpyridine units becomes a unidentate tigbor a second iron. That means that one
pyridine falls off, and then the two such molecupesr up together. This represents a simple

dimerization, most simply being described by thefeing equation.
2 [Fel4)]™" — [Fe(L4)z]:"

This simple dimerization of the two regular com@exo forming the dimer of double
charge has the same mass to charge ratio, busdtape variants in the dimer species differ by

half the m/z value (0.25 amu). This helps us digtish between those two complexes.

Since there is absolutely no evidence for the foionaof this dimer complex by NMR or
any other means, a possible explanation for thectleth of this dimer in the mass spectrum is
that it is an artifact of the sampling in electn@gpionization. As the concentration within the
droplet increases due to solvent evaporation, thelierium between monomer and dimer is
shifted towards the dimer. There was no evidenaetths happened with the other iron complex

(see below).
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Figure 47.The structure of the proposed dimer complex uliegoall and stick model.
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3.19. Homoleptic Ru Complex (C3)

We attempted to prepare a homoleptic ruthenium éexnfrom L5 using the same
reaction procedure as for the previous complex. él@r, the NMR spectrum in the resulting

product was not clear, giving only broad signals.

3.20. Homoleptic Fe Complex (C4)

There were several attempts to produce this com@kso beset by solubility issues.
Using the same procedure as &%, the overall yield was very high (99%). Again, theNMR
spectra of Figure 49 showed relatively broad sigmath a little bit more definition than before,

but it was entirely supportive of the structure.
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Figure 48. Thesynthesif complexC4.
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Figure 49. The'H-NMR spectrum of comple€4 in CD;CN.
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In addition, thé*C-NMR spectrum (Figure 50) was obtained in4CIN, and it showed

all the requisite signals.

T T
PPM 210 200 190 {80 170 160 150 140 130 120 110 100 90 8O T0O &0 50 40 30 20

Figure 50.°C-NMR spectrum of24 in CDsCN.

The IR spectrum (Figure 51) confirms the preseriéd&and also shows the carbonyl

stretch.
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Figure 51.FT-IR spectrum for theomplexC4.

The ESI-MS spectrum for comple€4 showedan ion cluster fitting the formula
{[(C4).Fe][PR]} * whose isotopic distribution matched well with tleadpected for the proposed
formula. There was no clear evidence here of tmmdtion of a dimer complex. Hence, the

spectrum was fully consistent with the proposedcstrre.
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Figure 52.Mass spectrum d£4 in CH;CN:

at left, experimental; at right, calculated.

The UV-visible analysis of these three complexeshewn below in Figure 53. The
spectra showed single MLCT bands at 500 nnCfbr582 nm forC2, anda very similar one at
586 nm forC4. The spectra are entirely consistent with thosetbér homoleptic Ru and Fe

terpyridine species.
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Figure 53.The UV-Visible spectra of the three complex@€H;CN.

4 .Conclusion & Future Work
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There are two mono-4-carboxylated and one’-ljidarboxylated terpyridine ligands
which were prepared with good yields, and the ndwaholeptic ruthenium(ll) and iron(ll)
complexes have been synthesized with these ligantls excellent yields. They have been
characterized by using ESI-MSH-NMR, *C-NMR, UV-visible spectroscopy and FT-IR
spectroscopy. These characterizations confirmdéstity and structural integrity of the prepared
complexes.

In the future, these complexes need further chamaetions by elemental analysis, as
well as COSY NMR, HSQC, HMBC, and perhaps NOESY NMPorder to more completely
assign the NMR signals with confidence.

After characterization, these dye complexes wiltha@sformed to carboxylate forms and
then transferred over to Prof. Morin’s laboratooy &bsorption onto titanium dioxide plates in
the evaluation of the surface properties as welthasphotovoltaic performances. Moreover,
more work can be done to refine the process byhvie could obtain the other enones.

Furthermore, the furan-containing ligab8 could be transformed to a dicarboxy species,
and the nitrophenyl ligand.4 could be transformed to the aminophenyl analogiige
aminophenyl variety would give rise then to new lteptic complexes of ruthenium and iron,
and the dicarboxylic form obtained frob% could then be usetd assemble complexes of type
Cg with MLX 3 formula.

In addition, future work could be done such astebetemistry in order to be able to
characterize the HOMO levels, and we need the emnistata to be able to assess LUMO levels

and to make sure that LUMO levels are near the wctiwh band.
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