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ABSTRACT

A clean and sustainable alternative to fossilsfigsolar energy. For efficient use
of solar energy to be realized, artificial systethmast can effectively capture and convert
sunlight into a usable form of energy have to beetiged. In natural photosynthesis,
antenna chlorophylls and carotenoids capture surndigd transfer the resulting excitation
energy to the photosynthetic reaction center (PE@jall reorganization energy,and
well-balanced electronic coupling between donord aecceptors in the PRC favor
formation of a highly efficient charge-separate&)Gtate.

By covalently linking electron/energy donors toceyators, organic molecular
dyads and triads that mimic natural photosynthestse synthesized and studied.
Peripherally linked free base phthalocyanine (Rdgfene (G and a zinc (Zn)
phthalocyanine-g dyads were synthesized. Photoexcitation of thenBiety resulted in
singlet-singlet energy transfer to the attached @®llowed by electron transfer. The
lifetime of the CS state was 94 ps. Linkingp@xially to silicon (Si) Pc, a lifetime of the
CS state of 4.5 ns was realized. The exceptionaiig-lived CS state of the SiPg{C
dyad qualifies it for applications in solar energgnversion devices. A secondary
electron donor was linked to the dyad to obtainaeotenoid (Car)-SiPc+g triad and
ferrocene (Fc)-SiPc+g triad. Excitation of the SiPc moiety resulted &stf electron
transfer from the Car or Fc secondary electron dotmthe Go. The lifetime of the CS

state was 17 ps and 1.2 ps in Car-SiBgaDd Fc-SiPc-gg, respectively.



In Chapter 3, an efficient synthetic route thatldeel regioselective oxidative
porphyrin dimerization is presented. Using’Cas the oxidantnesep doubly-connected
fused porphyrin dimers were obtained in very higglds. Removal of the copper from
the macrocycle affords a free base porphyrin difibis allows for exchange of metals
and provides a route to a wider range of metallpgrip dimers.

In Chapter 4, the development of an efficient aaml expedient route to
bacteriopurpurin synthesis is discussétesel10,20- diformylation of porphyrin was
achieved and one-pot porphyrin diacrylate synthesisl cyclization to afford

bacteriopurpurin was realized. The bacteriopurpbéd a reduction potential of — 0.85 V

vs SCE an@® a2y, 845 nm.
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1.1 INTRODUCTION
One of the biggest challenges facing mankind ia teintury is access to affordable and

clean energy. With a very high population growtipeoted to reach 9.6 billion by 205and
rapid industrialization being experienced in maattg of the world, the demand for energy will
be astronomical and finding a reliable source argy will be a matter of urgency. In the year
2012, the rate of global energy consumption was T8V 2 Going by the current rate of energy
consumption, the global annual energy demand withbleast 20 TW by 2030, doubled by mid-
century, and tripled by the turn of the centtiry.

Currently 85% of the total global energy consumenhes from burning fossil fuels; for
developing countries 90% of their energy comes ffossil fuels® Over-reliance on fossil fuels
presents energy security, national security, enwrental security, and economic security issues
which need to be addressed within the next 10-2@rsyeAt the current rate of fossil fuel
consumption, the atmospheric €@oncentrations within the Zicentury will be more than
double the pre-anthropogenic valiésAgainst this backdrop of challenges associatet thits
energy source, there is an urgent need for eneygy diversification away from fossil fuels and
switching to carbon neutral energy sources.

Nuclear fission is a carbon-neutral alternativeisltestimated that existing terrestrial
uranium (U) resources are capablepafducing [1100 TW of electricity using the conventional
once-through U reactor technologyAt the present global energy consumption rate @81
TWlyear, these terrestrial U resources will be esited in six years. Besides, use of nuclear

energy has associated safety concerns after atsidech as Fukushima in 2011 and Chernobyl
1



in 1986; in addition nuclear energy presents aritiatddl challenge of waste disposal of used
nuclear fuels.

A promising alternative to the fossil fuels thathceeet a rapidly increasing global
demand for energy is the nearly infinite and inesdtidole solar energy. The energy from the sun
that reaches our planet is 100,000 TW/yr. This ra¢hat the energy from one hour of sunlight
is equivalent to all the energy currently used bgnkind in a yeaf.Photovoltaic technologies
have been utilized to capture sunlight and prodieetricity, and their efficiency and robustness
are rapidly improving:® However, in terms of price, the photovoltaic sgsteurrently in use is
more costly than fossil based fuélsOne approach to realizing a long-term solution to
addressing the energy challenge lies in the dewstop of solar conversion systems that are

modeled on the principles of the natural photosgtittsystems.

Natural Photosynthesis

Natural photosynthesis is a process where sunkglargy is converted into organic

molecules of biomass such as carbohydfates.



solar energy

photosynthesis
light reactions

dark reactions
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\\
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energy 0, fossil fuels
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Figure 1: A diagrammatic representatid energy flow in natur.

Figure 1 shows how solar energy is utilized in ratiAt the light reactions part of
photosynthesis, light absorption, charge separati@ter splitting, and electron/proton transfer
take place. The dark reaction uses these reduqgumgaents from the light reactions in the form
of energized electrons and a proton gradient tovexatncarbon dioxide into carbohydrates
(CH0O) and useful organic molecules which makes up bBssnincluding those that provide
humanity with food. Fossil fuels that we burn towgo our technology are a product of
photosynthetic reactions that happened millions/edrs ago. Respiration and combustion of
biomass are the reverse of photosynthesis, rep&3, H,O and energy. It can be concluded
that photosynthesis is a way of storing solar enarghe form of chemical bonds.

Natural photosynthesis utilizes two photosystenrsefertron to drive water splitting and
carbon dioxide fixation. The energy of two ‘red’qibns is required for every electron/proton

extracted from KO and used to reduce GOThe two photosystems are: photosystem Il (PSII)



where light is used to split water and releasetedas and protons, and photosystem | (PSI),
where light is used to provide additional reducipatential energy to the electrons from PSII so
as to reduce carbon dioxide via NADPH.

Figure 2 is a schematic representation of how yoithesis uses PSIl and PSI to capture
sunlight and convert it to chemical energy. PSk igery powerful oxidant; in fact, P68& the
most oxidizing species in living systems and isatd@ of extracting electrons from water due to
its potential at 1.2 V Vs SCE? To produce one molecule of oxygen, PSII accuresldbur
oxidizing equivalents that are needed to abstragt feducing equivalents (4e/&Hrom two
water molecules (scheme 1).

2 H,0 + 4 - 4H" + 46 + O,

Scheme 1: Overall water oxidation reaction by P680
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Figure 2: A simplified Z-scheme of the light reacts of photosynthests.

On the reducing side, PSII has pheophytin (Phed)cauinone molecules as electron acceptors.
The redox potential of Ph&0(-0.5 \P) is sufficiently negative and in turn it passes taducing
equivalent along an electron transfer chain to fgure 2). In PSI, a second ‘red’ photon is
absorbed by a chlorophyll molecule, P700, to atireducing potential of -1 V vs SCE or
more® The electron donated by the excited P700 (P706t9 gccepted by a 4Fe-4S center. The
low-potential 4Fe-4S center reduces NAD® NADPH through ferredoxin. The reduced
‘hydrogen carrier’ NADPH is the cofactor used byymes to drive fixation of CO Natural
photosynthesis can be used as a blueprint to designdevelop highly efficient, artificial,

molecular-based conversion of solar energy to cbalnenergy.

Artificial photosynthesis

Artificial photosynthesis refers to use of the uyglag scientific principles of natural

photosynthesis to harvest solar energy for elegtrior fuel production. There are many

5



approaches that have been used to convert sutdigimother form of energy. For the purpose of
this dissertation, we will restrict artificial plastynthesis to the use of molecular species to store
energy from the sun in a charge separated state\ardually a useful fuef

Carotenoid (Car)-porphyrin (P)-fullereneggCmolecular triad (figure 3§ dissolved in 2-
methyltetrahydrofuran vyielded a long-lived chargeparated state after excitation of the

porphyrin followed by electron transfer and chasbift.*®

e
W%

Figure 3: Structure of carotenoid-porphyrin-fulleeeartificial reaction centéf.

On excitation, the porphyrin moiety yields thesfiexcited state CaR-Ggo, this decays
by transferrring its electron to the fullerene wéthifetimet of 32 ps and a quantum yield of 0.99
for Car-P*-Cgo"~. Here the molecule has converted the absorbedophot electrochemical
potential, but the back electron transfer to yitHd ground state leading to energy wastage
occurs witht = 3.3 ns. This is a very short time making it idifft to accessing the redox
potential. However, in the triad, a fast chargeftsivith rate constant of 125 ps competes
favorably with charge recombination, yielding treng-lived charge separated state *G&-
Ceo”~ Wwith a lifetime of 57 ns and overall quantum yielfl 0.95 A lifetime of 170 ns at

ambient temperature and [ 1 s at 77 K has been observed for a similar G@goRriad ™ In the
6



triad the electron transfer step is fast enougltdmpete with other alternative deexcitation
pathways. The forward electron transfer is favdogdsufficient thermodynamic driving force
and a relatively strong electronic coupling betwéeinitial and final state's.In the final state
of the triad, Ca¥'-P-Cso"~, the charges are well separated and the coupleakwThis retards
recombination even when the driving force is hi@h.the other hand, stepwise recombination is
slow due to the endergonicity of the first steptudal photosynthetic reaction centers also use a
long-lived, energetic charge-separated state witiigh quantum yield achieved by step-wise,
short-range electron transfers.

Photosynthetic organisms use antennas to capturgglsuand transfer the resulting
singlet excitation energy to reaction centres. Madtiral systems use chlorophgl(figure 4) to

efficiently capture the photons from sunlight andriel it to the special pair.

(CHz)3——C——(cH
g (CHas G (CHs——cHme,

Figure 4: Molecular strucutre of chlorophglt’



The chlorin ring is the chromophore that absorlght)i and is responsible for the
oxidation-reduction activity of chlorophydl pigment. The side chain referred to as phytoldhil
the molecule is used to properly orient the pigmmantecule when it binds protein. About 99%
of chlorophyll molecules in most photosynthetic nbeame are involved in excitation energy-
transfer reactions, serving the antennae role. Qfty or less of the remaining chlorophyll
molecules are involved in the redox-active catalgite where electron transfer reactions are
initiated'®

In artificial systems, porphyrins, analogues ofocbphyll, have been used as artificial
antennae. Porphyrins are naturally occuring madiotyeteroaromatic conjugated compounds
and they are synthetically easy to prepare and ralge photostable than chlorophylls. They
exhibit very intense absorption in the visible oegiwith a Soret band at 400-500 nm and weak
Q bands at 550-650 nm spectral regiths.

Chlorophyll a has very strong light absorption around 425 nm @@ nm but exhibits weak
absorption bands in the regions between these wagttls. Natural photosynthetic systems use
accessory antenna chromophores to harvest enemggions where chlorophyll has poor light

absorption. Carotenoid polyenes are examples afdahee of the commonly used molecufies.
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Figure 5: Absorption spectrum of Chlorophgland carotenoid specié’.

As shown in figure 5, carotenoids absorb sunlighuad 470 and 500 nm, the blue and
the green part of the solar spectrum where chlgibploesn’'t absorb. Use of antennae can also
benefit artificial photosynthetic systems. The i electron donors in artificial reaction
centers such as porphyrins and phthalocyanine®tlabsorb equally at all wavelengths and the
overall efficiency of the solar radiation can bergased by incorporating antennas. Carotenoid
antennas offer an additional benefit of photopriaoaé™?*to the artificial system just as it does
in the natural systems.

An effective way of using artificial photosynthes$ts generate sustainable energy is by
efficient use of the renewable solar energy to pecedH and fuels; particularly those fuels
obtained by conversion of carbon dioxide to safé aasily storable liquid fuels are the most

useful?®*** A bio-inspired efficient and cost-effective artifil system such as solar fuel making



device should have the the key steps of naturatoslyothesis; capture of sunlight, long-lived
charge separated state and energy transductiorHintr another fuet®> Figure 6 shows the

simplified general scheme of a solar fuel system.
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Figure 6: Simplified diagram of a general solad fyestem®

The solar fuel assembly absorbs sunlight and agehseparated state is created. The
resulting electrochemical potential is used byphetocatayst at the anode to oxidize water. The
produced electrons and protons are transportedet@dthodic side. At the cathode, proton and
electron recombination to form,Hakes place in presence of a reduction catalystadvanced
system will have a cathode that can chemsorb & in the presence of electrons and protons
catalytically covert it to fuels or valuable cheal&?®

In a nutshell, an efficient artificial solar energpnverting system must meet the
following criteria: (i) light captured by antennaotacules and/or photosensitizers should result
into excited state formation, (i) the absorptidntlee sunlight must result in a fast transfer of
electrons to the acceptor component, (iii) thedfanof electrons must be directioRaljv) the

charge separated state should be long-lived enfmrgtharge-shift or electrochemical reaction
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to occur, (v) photoprotection capability and/or aepmechanism should be included for long

term usage.

1.2 Artificial Photosynthetic Reaction center moded
When covalently linked, supramolecular systems saagkdonor-linker-acceptor (D-L-A)

are often used as photosynthetic models. In thgsterss, D is the light absorbing molecular
unit, L is a covalent linker, and A is the componef the supramolecule that accepts light or
electrons from D in the light induced process. Atftee donor absorbs light (scheme 2.1), the
singlet excited state of the dondDj is formed, and this excited state can relax backhe
ground state through different relaxation pathwa@msong them is the transfer of energy to the
acceptor (scheme 2.2) or transfer of the excitedtten to the acceptor to form a charge

separated state (scheme 2.3). A schematic repatigenof these relaxation pathways is shown

in Scheme 2.

D-L-A + hv— 'D-L-A photoexcitation (2.1)
ID-L-A - D-L-*A electronic energy transfer .22
D-L-A - D**-L-A* electron transfer (2.3)

Scheme 2: Energy transfer and electron transfémaats of de-excitation of the excited state.

Energy transfer processes
There are two energy transfer mechanisms througbhhwtnansfer of excitation energy

from the donor to the acceptor can occur

11



Coulombic Mechanism

The coulombic mechanism also referred to as resenarstef® or through space
mechanism is a long range mechanism that can oegithout presence of physical contact
between donor and acceptor. This mechanism of grngagsfer is efficient in systems in which
the radiative transitions connecting the groundessad the excited state of each partner have
high oscillator strengtf’ The rate of energy transferg(k) in coulombic mechanism is given by
the Forster equation ¢t)

kent= 0.52%®pJ /n*NTHR® 1)
Wherex is the orientation factor which takes into accotng directional nature of the dipole-
dipole interaction, and?is 2/3 for random orientatiod is the quantum yield of fluorescence of

the donor,t IS the lifetime of the excited state of the donor,sRte distance in cm between

donor and the acceptatl,is the Forster overlap integral between the emisspectrum of the
donor and the absorption spectrum of the acceptds,the dielectric constant of the medium,
and N is the Avogadro’s number.

When a good spectral overlap integral is presedttae photophysical properties are
right, the energy transfer by this mechanism oceaifisiently over distances that exceed the
molecular diametet’ Large aromatic molecules can exhibit an efficisimglet-singlet energy
transfer; this process is analogous to the one bgedature in the photosynthetic antenna

systent>
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Exchange Mechanism
The rate constant for energy transfer by the exghanechanism, also referred to as Dexter
mechanism, is given by equation ¢2).

kenr=KJ exp (-2R/L) (2)
Where K is related to the specific orbital interaics between the donor and the accepts,the
overlap intergral between the emission spectruth@idonor and the absorption spectrum of the
acceptor, and R is the distance between the damibrttee acceptor relative to their Van der
Waals radii, L.

The exchange mechanism is a double electron trapsieess; it involves the transfer of
one-electron from the LUMO of the excited donortth® LUMO of the acceptor, and the
remaining electron moves from the acceptor HOMQh® donor HOMG? This mechanism
allows electrons to be transferred in the casesaevwecited states involved are spin forbidden in
the usual spectroscopic sense. An example of areeff exchange mechanism is that of triplet-

triplet energy transfer in metal complexes fromltweest spin stat&'

Electron transfer processes

Photoinduced electron transfer is one of the paysvilarough which deexcitation of the
excited state donor occurs via transfer of electtonthe acceptor. It's in competition with other
deactivation pathways such as fluorescence, irg@sy crossing (ISC) to the triplet state, and
internal conversion to the ground state. Electrandfer leads to a decrease in the lifetime of the

excited singlet state of the donor and the fluease quantum yield.

13



Electron transfer processes is described by Matoeich, Hush and Jortner thed®/*° The

rate of the electron transfer process is givenduagon (3)
ket = (h*AksT)Y4VFexp[-(AG® + \)?/4AKsT) (3)
whereh is the Planck’s constank,is the nuclear reorganization energy is the Boltzmann’s

constantyV is the electronic coupling matrix element betwédsn donor and the acceptor of the
supramolecule, andG’ is the standard free energy of the reaction. Feormogenous series of
reactions a log & versusAG® forms a bell-shaped curi®.Figure 7 shows the relationship

between log kverseAG.*°

kmax, 'AGO=)\,

ket (s-7)

Normal region

Inverted region

-AG® (eV)
Figure 7: An example of a Marcus curve showingrtbemal and the inverted region
As shown in figure 7 above, there are three dis8oenarios in the bell-shaped curve. In

the normal region AG [ A, the rate of electron transfer increases witlneasing driving force.
14



At the activationless region, the rate of electt@msfer is optimum (A= AG), in this region
increase or decrease in the driving force doecaase much changes in the rate of the electron
transfer. In the “inverted region,” the reactiorsieongly exergonic G > A ) and increasing the
driving forces leads to a decrease in the eledtansfer raté’

The reorganization energ, is the sum of two independent reorganization giesr
there are the “inner” (bond lengths and angles wighdonor and acceptor partners) and “outer”
(solvent reorientation around the reacting paiglear modes. The outer reorganization energy
is the predominat term in the electron transfecesses’

From figure 7 it can be deduced that the electransfer rate in donor-acceptor systems with
smaller is faster (small AG% and slower recombination (largeAG®) compared to those
having largerh values® The early events of natural photosynthetic cen(BRC) have near
100% efficiency and reduced energy-wasting recoatlmn. This is achieved by shuttling
electrons away a long distance from its point a@iarand kinetically by employing a low
reorganization energy.{0.3 eV) which forces back electron transfer int® kharcus “inverted”
region?® Artificial donor-acceptor systems that replicatesé important properties has been the
focus of research to design mimics of PR artificial systems, fullerene has been usedras

electron acceptor due to its superior electron @toog ability and low reorganization energy.

Fullerenes

Buckminsterfullerene, & was discovered by Kroto and co-workers in 1$88wing to

the high degree of symmetry and the arrangemeit$ ofiolecular orbitals, § has a number of
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interesting chemical and physical properfie€s is a superior electron acceptor, and its triply-
degenerate low-lying LUMOs (1.5-2.0 eV above theNHD) allow it to reversibly accept up to
six electrond” Due to the remarkably small reorganization energigsociated with reductions
of Cgo and its derivatives, donor-acceptor systems coimigifullerenes have been proposed as
models for photosynthesis and as energy convessistems'®>°

Imahori and co-workers compared the electron teanshate k) and the charge
recombination ratek{g) of the dyads shown in structut@ and structurelb. In structurela,
benzoquinone (Q), a commonly used acceptor, wdaaeg with the g as both of them have
similar reduction potentials, the reduction potaintor Q = -0.45 V vs. Ag/AgCl while that of
Cso= -0.65 V vs. Ag/AgCI. Also the semi-rigid amiderzbbetween the electron acceptor and

the porphyrin ensures a similar separation distamze nature of the linker between the redox

pair.

la. Porphyrin-Cgo dyad 1b. Porphyrin-quinone dyad

Structuresla and1b above shows molecular structures of two D-L-A eyst with a zinc
porphyrin as the donor and it was observed thatdteeof charge separation was faster using a
fullerene than Q by a factor of six. However, tiharge recombination rate ira was smaller by
a factor of less than 1/25 compared with thatlef This superior property ofggover the two-

dimensional acceptors has been attributed to thallemreorganization energy of thesoC
16



compared to those of their two-dimensional couratggp The small reorganization energy @ C
pushes the photoinduced charge separated stdte tog of the Marcus parabolic curve (figure
7) in the normal region, but forces the charge mdmoation downward into the inverted region.

This phenomenon favors photoinduced electron teanile retarding charge recombinatiéh.

2.1 Design and synthesis of phenylethynyl-bridgedhphalocyanine-fullerene dyads

Phthalocyanines (Pcs) are structural analogues avphgrins which have strong
absorption in the visible and near-infrared region3he stronger absorption at longer
wavelengths is as a result of extended conjugatitorded by the peripheral benzene rings
Figure 8 shows the structure of a simple unsultstitinetal free phthalocyanine #ft) and the

nomenclature of the positions on the fused benrege

B a
P

Figure 8 : Phthalocyanine (Pc) core structure asitipn nomenclature
Pcs have very versatile macrocycles which makeessible to place seventy different

elemental ions in the central cavity, which can used to tune the physical propertiés.

Phthalocyanine solutions have a characteristimgtiabsorption between 670 and 690 nm (Q-

17



band) (Figure 9). There is also a strong absorgieomd in the UV region between 320 and 370

nm (B-band or Soret band).

i .\!I
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Figure 9: UV/Vis spectrum of #Pc in chloronapthalert@.

It is the Q-band that is responsible for the chiarastic intense blue or sometimes blue-
green color of the compound and also it is thetbaeis susceptible to substitution and to the Pc
macrocycle environment. The Q-band absorption is duester* transition from the HOMO of
ay, symmetry, to the LUMO of gsymmetry>* This leads to a doubly degenerate first excited
state of'E, symmetry. The split in the Q-band usually obseriveti,Pc is as a result of lower
symmetry (By) compared with those of planar metal Pcsy(Dvhich leads to the loss of
degeneracy of the LUMO orbital to producg @d Q.>® Also, the position of the Q-band in the

absorption spectrum of Pcs is sensitive to theraemetal ion. Distinct metal-ligand charge
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transfer (MLCT) bands arising from excitation frahe atomic orbitals of the metal ion to the
ligand’s molecular orbitals owica versahave been observéd.The effect on the optical
properties of Pcs by substitution on the fused beezring depends on the position of
substituentso- Substitution greatly influences the energy levailgshe molecular orbitals and
hence the absorption spectrum. For example, itbeas shown that electron-donating groups
such as alkoxyl moieties cause a 70 nm red-shithefQ-band of CuPc substituted at the
position by raising the energy level of the HOMOON the other hand, with exception of
substitutions that results in an extension ofitfwebital, most3-substitution has very little effect
on the Q-band's positioH. Due to these interesting properties phthalocyanihave been
extensively investigated for their promising el@al, optoelectronics, photochemical and
catalytic properties®

Pc-fullerene dyads with the electron donor andetleetron acceptor covalently linked is
an important approach to artificial photosynthesisl molecular electronic devic&sDonor-
fullerene dyad systems that exhibit a fast photeted charge separation (CS) with a fairly long
lifetime of the charge separated state was injtialbserved in porphyrin-fullerene dyads and
several of those types of dyads has been prefatmlvever, connecting Pc donor and fullerene
acceptor has several advantages over porphyrieréuie dyads. Unlike porphyrins, which have
poor absorption in the red part of the visible tijgAcs have strong light absorption in the red
region of the solar spectrum (figure 9) and thisves for efficient conversion of solar energy in

organic solar cells by collecting a larger sectminthe available sunlight. In addition, the

19



relatively large driving force for photoinduced @l®n transfer favors charge-separated state
even in non-polar solvents.

A number of peripherally connected Pc-fullerenedsyhave been synthesized in the last
few yearse®® These dyads are known to have an open conformattere the fullerene is
located aside the Pc macrocycle rather than orotdp>® and it has been concluded that the
electron transfer in these dyads take place thrapgtte rather than through bofi88: The
general trend in these type of donor-acceptor wamgshat the alignment is edge-to-edge and the
charge recombination is faster than those thafameto-face’ The shorter the donor-acceptor
linkage, the shorter the recombination time. Quarti and co-workers observed that the lifetime
of charge-separated state is shorter in the dysddck a linker between the ZnPc and the C

moiety (figure 10§*

Figure 10: ZnPc-6 dyad
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The role of the donor-acceptor spacer in dyadshatenly structural, it is also involved
in the electronic communication between the terinimats. The modular composition of the
spacer is also important as it allows one to dherseparation without affecting the electronic
nature of the linkag®&" Of the linkers studied, acetylene linkers havenshthe longest lifetime
of the radical ion-pair stafé.It is postulated that a longer linker that hasrhethynyl spacer
can lead to fast charge separation and slower feication. Towards this goal phthalocyanine-
Cso dyads separated by phenyl-ethynyl linkers werehggized and the electrochemical and

photochemical properties studied.

Results and Discussion

Synthesis

Phthalonitrile2 was synthesized by Sonogashira coupling of 4-ibttegonitrile with 4-
ethynylbenzyl alcohol in the presence of [Pd(B#81] and Cul as the catalyst (scheme®%).
Silica column purification of the crude using ethgtetate/dichloromethane (1:9) solvent
afforded compoun® in 93% vyields. It was observed that higher yieddfavored by use of
increased amount of catalyst.

X
NC:©\ +\\©\/ [Pd(PPhs),Cl,], Cul NC O
OH TEA, 70°C,12h
| NC \\

NC

(o

Scheme 3: Synthesis of 4-(2-(4-(Hydroxymethyl)pheztiaynylpthalonitrile2
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As shown in scheme 4 below, unsymmetrical Pavas obtained by a statistical
condensation reaction between phthalonitrdle and a commercially obtained tdrt-
butylphthalonitrile in N, N-dimethylaminoethanol MAE) heated to reflux in the presence of
Zn(OAck.2H,0O. Thin-layer chromatography (TLC) of the crude darct showed two main
products: the less polar symmetrically substitutstdatert)butylphthalocyaninatozinc (1) side
product and the desired asymmetrically substitufad3. Due to the significant polarity
difference between the two products separation @zsly achieved by using silica column
chromatography to yield P8 17%. This approach was preferred over the alteanethod
where tritert-butyl-iodophthalocyanine get reacted in a Sonogastoupling reaction with 4-
ethynylbenzyl alcohol to afford compould because the condensation reaction to prepare tri-
tert-butyl-iodophthalocyanine yields three products echhare all very similar in polarity hence

difficult to separate, and also the target proavers recovered at a lower yield of 10 %.

NC A
NC '

QO B

NC A Zn(OAcC),.2H,0/DMAE, 135°C

S

Scheme 4: Synthesis of Tri(tert)butyl(benzylalcetia@thynyl)phthalocyaninatozinc (I8

The hydroxyl functionality on the unsymmetricallybstituted Pc3 was oxidized to a

formyl group by use of 2-iodoxybenzoic acid (IBX) dimethyl sulfoxide/tetrahydrofuran
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mixture as the reaction solvent at room temperdtuggeld Pc4, 79% (scheme 5). MALDI-TOF

(terthiophene)m/z 874.49

><\ /)4 X\ /)4
\ S N\ AN / \ X N\ A /
\ N N= \ =
N IBX, THF/DMSO, r.t N, N
N\ /,Zn\ /N
N

Y o

Scheme 5: Tri (tert)butyl(benzaldehyde-4-ethynyifyatocyaninato (11}
Synthesis of ZnPc+4g dyad5 from ZnPc4 was achieved by a 1, 3-dipolar cycloaddition

of azomethine ylide generatausitu in a Prato reaction. Scheme 6 shows the reacebnden
ZnPc4 and fullerene, & in the presence of sarcosine in refluxing toluengield a 53% of dyad
5 after silica column purification with toluene/TH&9:1). MALDI-TOF MS (dithranol): [MT":

m/z 1620.48.
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Scheme 6: Synthesis of ZnPhthalocyaningdyad5
Scheme 7 below shows the synthesis 244G, dyad7 and its precursor, #Pc6. Heating P&}

in HCI-Pyridine/pyridine mixture at 128C for 24 hours afforded Rc6 in a quantitative yield

of 98% without the need for a column purification.

24



HCI-pyridine/pyridine \ -

Cgo, Sarcosine,

toluene, reflux, 22h

Scheme 7: Synthesis of Tte(t)butyl(benzaldehyde-4-ethynyl)phthalocyanthe
and HPhthalocyanine-g dyad7

Then, a 1,3-dipolar cycloaddition (Prato reactida@tween HPc 6 and fullerene g in the
presence of sarcosine was carried out to obtalcts, dyad 7, 69% vyield, after silica gel
column purification with toluene/carbon disulphidél) as the solvent. MALDI-TOF (dithranol

matrix) showed a single peak, [M]m/z 1558.8.
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De-zincation of hydroxyl substituted unsymmetri@aPc 3 model was achieved by
heating it in pyridine-HCI/Pyridine at 12 for 21 hours (scheme 8) followed by adding water
to the reaction mixture, then cooling, centrifugatiand filtration to obtain a pure hydroxyl
substituted unsymmetrical,Ac model8, 38% yield. The yield here was far lower than dine
obtained during dezincation of ZnHg¢ this may be attributed to the presence of therdwyd
functionality on ZnPc3 which may be interfering with the effectivenesstioé pyridine-HCI

reagent.

N0 X M NS
\ N N\ O ) \ RS N\ N /
\ N A= Pyridine-HCI, pyridine \ NH N=
N N N N
» N N 120°C, 21 h {\1 HN
N . N N N7
=
e o = O
8

Scheme 8: Synthesis of Tteft)butyl(benzylalcohol-4-ethynyl)phthalocyaniBe

Scheme 9 shows the synthesis of fulleropyrrolidpteenol model9 and its precursor,
fulleropyrrolidine methoxyphenylQ. A Prato reaction between 4-anisaldeyde and &rlerG,
in the presence of sarcosine in refluxing toluefieréded compoun®, 60% after silica column

purification with toluene/ethyl acetate solvent.
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Scheme 9: Synthesis of N-methyl-2-(p-methoxypheByB-fulleropyrrolidined and N-methyl-
2-(p-phenylalcohol)-3, 4-fulleropyrrolidink0

Demethylation of compounél was done by reacting it with boron tribromide (BBat room
temperature and the reaction crude was quenchadslying with water. The crude was purified
by silica column chromatography with toluene/metial9/1) solvent system to afford N-
methyl-2-f-phenylalcohol)-3, 4-fulleropyrrolidin&0, 65% yield.

The structures of the molecules were confirmed'#hyNMR (CDCL), the precursor,
hydroxyl substituted phthalonitril2 showed all the expected signals. All the 10 pretaere
accounted for, the single aromatic proton betwgema group and the alkynyl group appeared
down field at 7.83 ppm, the two benzylic protonpegred at 4.68 ppm while the hydroxyl
proton was a broad signal at 1.85 ppm. Due to tha golubility of the phthalocyanines in
chloroform, all the NMR measurements for all thehglfiocyanine molecules were taken i d
THF. On condensation to form phthalocyan®ehe hydroxyl proton was down field shifted to
4.35 ppm an indication that it is experiencing delsing from the phthalocyanine aromatic
system. Due to the presence of the regioisomerth@lPc aromatic protons appeared as broad

signals. The single proton between the Pc macrecgod alkynyl group was further shifted
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downfield to 10.02 ppm, an indication that beingdaiched between the macrocycle and the
triple bond deshields it more than the other Ponatec protons. Théert-butyl protons appeared
up field between 1.73 and 1.85 ppm. Oxidizing3®mw formyl-derivative phthalocyaning a
slight up field shift of most protons was observiédrmyl proton could be seen as a sharp singlet
at 10.00 ppm. All the Pc and the phenyl aromatatqrs appeared as poorly resolved multiplets.
In the ZnPc-G, dyad5, the signals of the Pc protons were not signitigaimpacted, while
those on the functionalized fullerene were when gamed to those of fullerene model compound
10. The pyrolidine protons signals were shifted ddehd from 4.97-4.23 ppm in the model
compoundl0 to 5.06-5.01 ppm in dyaf, while the N-CH protons in the dya8 were up field
shifted from 2.97 ppm in the model compoub@to 2.86 ppm in the dya#. Generally the
signals in the dyad were broad and poorly resolvbith could be attributed to poor solubility
of the dyad in g THF, addition of few drops of carbon disulphidetih® NMR solvent did not
yield much improvement in signal resolutions.

In the free base dyad,,Pic-Go dyad7, the same pattern as dyadvas observed where
the Pc signals did not change much from those wbdein the model compounds. However,
notable differences were observed in the functiaadlfullerene components, inPt-Go dyad
7, the N-CH signals broadened and were shifted upfield to @& from 2.97 ppm in the

model fullerenelO.
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Steady-state Absorption

Figure 11 shows the UV/vis spectrum in THF aPld-G, dyad7 and shows Q-band at
694, 672, 644 and 613 nm and a Soret band at 33lwhite the Q-band of the JAc model
compoundd was at 694, 667, 644, 611 nm and Soret band ahB8d4~or the ZnPc-§ dyad5
the most red Q-band appeared at 685 nm and thé Isamd at 350 nm and the Q-band of the
ZnPc model compoun@ was at 683 nm and its Soret band at 350 nm (figl¥e These
observations where the Q-bands in both Zn and nietaldyads were not significantly shifted
compared to those of the respective models is dicdtor that there is no significant ground

state interactions between the electronic systdrtieedwo chromophores.
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Figure 11: UV/Vis spectra of iPc-Gso 7 (solid line) and HPc modeB (dashed line), normalized
at Q-band in THF.
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Figure 12: UV/Vis spectra of ZnPc mode(dashed line, - - -), ZnPc aldehydi¢dotted line, ),
and ZnPc-G 5 (solid line, —) normalized at Pc Q-band in THF.

As shown in figure 12 above, the dyadhows a weak absorption at 432 nm and this is a
characteristic of the [6, 6] mono-adduct afp.CThe bands for HPc 3 model and the $Pc-Gso
dyad 7 are broader than those of their zinc counterpdhis, can be attributed to the poor
solubility of the metal free compounds and thissemuaggregation. The better solubility of the
zinc containing molecules can be attributed to dbdity of the central metal to bind a fifth
ligand®, such as the solvent. This binding affects botl dptical and electronic transfer
propertie&’, and could be useful in sensor applicatidiBoth the dyads show higher absorption
in the UV region than their respective models; thibecause of the additional absorption by the
fullerene moiety. The fulleropyrrolidine compondras a high extinction coefficient at 310 nm,

seen from the fullerene mod&d (spectrum not shown). The weak absorption at #3ohthe
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fullerene component was not seen in the dyads gatst eclipsed by the strong Q-bands of the
Pcs.

The Q-band of the metal free compounds are redeshtfy 7-8 nm when compared to
those of their Zn counterparts, this observationinisagreement with HOMO-LUMO gap
differences in these molecules as supported byelbetrochemistry data (table 1). Using the
oxidation and the reduction potential values theMi@LUMO gap were found to be 1.4 eV and
1.6 eV for the HPc model8 and ZnPc modeB respectively. Oxidizing Pc alcoh@l to the
corresponding aldehydg the Q-band was shifted from 683 nm to 687 nng tld-shift can be
attributed to the extended conjugation due to thdtimnal formyl double bond which raises the

HOMO and consequently reduce the HOMO-LUMO gap.

Electrochemistry
Table 1: Redox potentials of Pc-fullerene dyadsthaed respective models (Electrochemistry
measurements were done by Dalvin Mendez)

Molecule Oxidation (V vs SCE) Reduction (V vs SCE)
H,Pcmodel8 | 0.62 (160) -0.78 (54)

H.Pc-Ceo7 | 0.74 (irr) -0.46 (90)
CeomodellC |- -0.63 (80)

ZnPc-Ce5 | 0.54 (210) -0.66 (74)
ZnPcmodel3 | 0.59 (145) -0.99 (90)

The first oxidation potential of the free base Rudel8 is 0.62 V vs SCE as measured by

cyclic voltammetry in benzonitrile solution. A mdder ZnPc modeB is oxidized at 0.54 V vs
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SCE whereas the first reduction potential for a ehddllerenelO is -0.63 V vs SCE (table 1).
Using these data, the energies of the charge defdastates of dyadsand7 in benzonitrile are
as follows: HPC*-Cgo"” and ZnP&'-Cgo" are 1.25 eV and 1.17 eV, respectively. The freseba
Pc dyad retains higher energy of the absorbed pkoto

The electrochemistry data are approximately a tireenbination of the oxidation and
reduction potentials of the model phthalocyaninesfallerene. This observation agrees with the
absorption spectra and these are evidences tha¢ tlseno strong perturbation of the
chromophores due to the covalent linkages.

The energies of the excited singlet states areulestsd using the frequency-domain
average of the most red wavelength absorption amst ilue wavelength emission. They were
calculated for the free base phthalocyar@r{é.79 eV), the zinc phthalocyaniBg1.82 eV), and

the fulleren€l0 (1.76 eV) (figure 13).

ZnPc-Gyo

Figure 13: High energy states and possible interexaion pathways for ZnPcsgdyad5
following photoexcitation of the ZnPc chromophore.
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The energy of the charge-separated state is estinfiam the cyclic voltammetric data of model
compounds in benzonitrile. Solid arrow represehts hain pathway while the dashed arrow
represents a minor pathway.

From the spectroscopic and cyclic voltammetric rmeasents in benzonitrile, a polar
solvent, the thermodynamic driving forces for plhadoiced electron transfer fromiPc-Gyo to
HoPC*-Ceo™ and ZrtPc-Gyo to ZnP&*-Ceo® are -0.54 eV and -0.65 eV respectively. The rate
constant for most electron transfer processes asithis one is expected to be dependent on the
thermodynamic driving force, the electronic cougliand the nature of the linker. For the ZnPc-
Cso dyad 5 and the free base PgfCdyad 7 under study here, the last two factors are not
different. However, from the thermodynamic argumeiis expected that the rate of electron

transfer is faster in dydslas long as the process is in the normal regioheMarcus curve.

rJ
Figure 14: DFT calculated (gaseous phase) moleoutatals of the ZnPc-§ dyad5, the
HOMO is localized on the Pc (top) moiety and theM® on the Gy (bottom).
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Figure 15: DFT-calculated (gaseous phase) molecutatals of the HPc-Gso dyad?7, the
HOMO is localized on the Pc moiety (top) and theM® on the Gy (bottom).

As shown in figures 14 and 15 above, the HOMO dwestvely on the Pc and the LUMO
is on the G in both dyads, this gives a further support to ¢beaclusion that in the Pcs&
conjugates under study, Pc is the electron dondrtlaa G is the electron acceptor and that the

molecular orbitals of the components of the dyadasin their individual properties.
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Stead-state emission
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Figure 16: Steady state emission spectra fftrcHnodel7 (figure 16A) and ZnPc mod8l
(figure 16B), excitation at 330 nm.

The emission wavelength for the models argRdH(figure 16A): 705, 719 and 781 nm (toluene)
and 709, 721 and 784 nm (benzonitrile) and ZnRyu & 16B): 704 and773 nm (toluene) and
700 and 770 (benzonitrile). Just like as been aelesem the absorption spectra, the emission

spectra of the models also show that the free Pasenodel emits at a longer wavelength.
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Supporting the conclusion that free base Pc modglahsmaller HOMO-LUMO gap than the
ZnPc model. The emission spectra are mirror imafiise absorption spectra, an indication that

fluorescence is the major deactivation pathwaytierexcited singlet state Pc

200000

150000
Toluene

100000

Intensity (a.u)

50000 -

Wavelength, nm
300000 -

250000 - Toluene

200000 -

150000 -

Intensity (a.u)

100000 -
50000 -

O i
650 700 750 800 850

Wavelength, nm

Figure 17: Emission spectra of theRd-Go dyad7 (top) and ZnPc-gg dyad5 (bottom) in
toluene and benzonitrile after excitation at 345wavelength.

In figure 17 the fluorescence intensity is quenckederal orders of magnitude in the

polar solvent, benzonitrile, compared to the flsgence intensity in the non-polar solvent,
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toluene. The solvent dependent quenching in thelslyaeans that electron-donor acceptor
interactions are involved in the excited-state tleatton of the photoexcited singlet state Pc.
This observation is a preliminary evidence thattetan transfer from the excited state Pc tg C
is the predominant deexcitation pathway in poldvestds. Polar solvents are able to stabilize the
charge separated state and hence lowering its \ertburgs, thermodynamically favoring charge

separation as can be seen from the respedi@esvalues of the dyads in table 2.

Energetics
Table 2: Energies (eV) of the dyads in benzonitrile

Feature ZnPc-6g 5 | HoPc-Gso 7
YPc 1.82 1.79
PC"-Ceo” | 1.17 1.25
-AGcs 0.65 0.54
- AGcr 1.17 1.25

As shown in the table 2 above, the energies otltlaege-separated states lie well below those of
the three singlet excited states in benzonitfilBnPc @) (1.82 eV),  H,Pc @) (1.79 eV) and
YCeo (1.76 €VJ°. This favorable driving force £Gcs)suggests a strongly exothermic electron

transfer in both cases to form ZARS;," and HP*-Cgo”".
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Time-resolved studies

To investigate the dominant pathways of the deatitus in the Pc-§ as a result of electron-
donor-acceptor interactions time-resolved studieseveonducted.

Transient Emission

Table 3: Fluorescence lifetimes (ns) measuremdri®s onodels and Pcggdyads after
excitation at 330 in toluene and benzonitrile. (sl@aments were taken by Robert Schimtz)

Molecule Toluene Benzonitrile

ZnPc Q) 2.4 2.3

H.Pc @) 6.5 6.3

ZnPc-Gyo (5) 0.11 (51%) 1 0.020 (90%)
1.7 (22% 0.1 (9%)
2.18 qay 2.3 (1%)

HoPc-Go (7) 0.22 (59%) 0.08 (55%)
2.0 9¢8) 0(24%)
6.5 (2%) 2.3 (1%)

As shown by data in table 3 above, both Zrf?Pand HPc 8 models have solvent
independent fluorescence lifetime. The lifetimedPofexcited state in both dyads were
significantly reduced, although the reduction iscimigreater in benzonitrile than in
toluene. In the non-polar solvent, toluene, thera presence of a characteristic emission

of the'Cso, in dyad5 it is 1.7 ns (22 %) and i it is 2.0 ns (39 %). In benzonitrile, for
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both dyads there is no evidence'®f, emission, it appears if does exist, it get quedche
very fast.
In both solvents, the lifetime of thecged state Pc is shorter in ZnPgyG than
in HoPc-Gso 7. These observations in addition to the solventeddpnt quenching of
dyads observed in steady fluorescence can be usecbriclude the existence of
energetically favorable fast intramolecular elestrmansfer processes from locally
excited Pc to the §. The long-lived minor component in the free bagadd7 which
makes up 2% and 1% of the decay in toluene andopénife respectively is most likely
an impurity
Transient absorption
To test the nature and dynamics of the charge-atgghradical ion-pair state of ZnPgC
conjugate, femtosecond-resolved transient absorpdjmectroscopy was utilized. Due to the
observed aggregation phenomenosP&iG, dyad 7 was not studied. In figure 18ansient
absorption spectra for ZnPg¢5 are gathered.
There is a competing energy transfer from Pc sire}{eited state to £ singlet excited state and
formation of ZnP'-Cso" CS state with 1.3 ps. After that there is sloweit 10 ps) formation
of ZnP¢*-Cgy” CS state. The CS state due to ZYiR&s," decays in 94 ps. The longer-lived CS

state is attributed to the presence of the phemyiet linker.
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Figure 18: differential absorption spectra (visjtained upon femtosecond flash photolysis
(695 nm) of5 in benzonitrile with several time delays at RT fExment was done by Dr.
Gerdenis Kodis)

Torres and co-workers reported shorter CS stanie for ZnPc-G conjugates with no linker

(figure 10) or with just an ethynyl linker (figude).

Figure 19: Ethynyl-linked ZnPc+gdyad
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The lifetime ¢) of the CS state for the structure in figure 1&weported to be 32 ps and
that of the structure in figure Mas36 ps® The driving force (AGcr) for the CS for5 and for
the structure in figure 10 is 1.19 eV and 1.17 eSpectively, therefore it cannot be the main
factor favoring the longer lifetime of the CS stateb. It can be concluded that for ZnPgy,C
conjugates with similar charge-recombination (CRYyidg force, the lifetime of CS state is

significantly influenced by the linker.

Experimental section

Synthesis
4-(2-(4-(Hydroxymethyl)phenyl)ethynylpthalonitrile 2

Thirty mL of E{N was placed in a round-bottom flask immersed @viater and degassed
with argon for 40 min. A mixture of 4-ethynylbenzglcohol (126 mg, 0.953 mmol) and 4-
iodophthalonitrile (219 mg, 0.862 mmol) was dissalun the degassed and coldNE{30 mL).
This was followed by addition of [Pd(PH¥CI,) (63 mg, 0.0898 mmol) and Cul (21 mg, 0.11
mmol). The reaction mixture was stirred for 15 &r§CEC under argon atmosphere. The solvent
was removed under reduced pressured and the crumbugd purified by flash column
chromatography on silica gel GEI,/EtOAc (9:1) to yield 207 mg (93%) @fas a white solid.
'H-NMR (CDCk, 400 MHz)8y 7.83 (s, 1H), 7.75-7.69 (m, 2H), 7.48- 7.46 Jd8, 2H), 7.35-

7.33 (d,J=8, 2H), 4.68 (s, 2H), 1.85 (br s, 1H)
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Tri (tert)butyl(benzylalcohol-4-ethynyl)phthalocyaninatozinc(ll) 3

A mixture of 4-tertbutylphthalonitrile (715 mg, 88nmol), phthalonitrile2 (200 mg,
0.775 mmol), and Zn(OAgPH,0O (825 mg, 3.76 mmol) in 30 mL DMAE was stirred drechted
at 130C for 24 hrs. Then the mixture was cooled to roemgerature, the solvent was removed
and the residue was washed with MeOMIH(5:1) and the dark green crude obtained was
purified by flash column chromatography on silied, goluene/THF (9:1). The blue symmetrical
Pc was eluted first, followed by the greenish eS8 119 mg, 17%
'H-NMR (dg-THF, 400 MHz)&y , ppm 10.02 (s, 1H), 9.45-9.20 (m, 8H), 8.33-8(&¥ 3H),
7.86-7.72 (m, 4H), 4.71 (s, 2H), 4.35 (br s, 1HB5L1.73 (m, 27H)
UV/Vis (THF): Amax 683, 611 and 350 nm
MALDI-TOF (terthiophene): calc. for £H4sNgOZn: [M] *: m/z 874.37, found 874.75.
Tri (tert)butyl(benzaldehyde-4-ethynyl)phthalocyaninato (11)4

A mixture of Pc3 (20 mg, 0.0229 mmol), IBX (20 mg, 0.0714 mmol) THF (3
mL)/DMSO (3 mL) was stirred under argon atmosplareom temperature for 48 hrs. Stirring
was stopped and 10 mL of brine was added to theunexXollowed by extraction with ether.
Solvent was removed from the organic layer undeluced pressure and crude purified by
column chromatography toluene/THF (19:1) to yielgreen P&, 16 mg, 79%.
'H-NMR (dg-THF, 400 MHz)3 , ppm 9.99 (s, 1H), 9.40-9.28 (m, 4H), 9.22-911 4ir), 8.22-
8.15 (m, 4H), 7.96-7.86 (m, 4H), 1.75-1.62 (m, 27H)
UV/Vis (THF): Amax 687, 672, 611, 352 nm

MALDI-TOF (terthiophene): calc. for £H44NgOZn: [M] *: m/z 872.29, found 874.49.
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Phthalocyanine-G, dyad 5

A mixture of Pc4 (15 mg, 0.0172 mmol), & (41 mg, 0.0569 mmol), sarcosine (11 mg,
0.123 mmol) in an anhydrous toluene (25 mL) wasestiat reflux temperature for 22 hrs under
argon atmosphere. After this time the mixture wasled and solvent removed under reduced
pressure. The crude was purified by a column chtognaphy in silica gel, toluene/THF (49:1)
to obtain the ZnPc-§ dyad5 as a dark-blue powder 15 mg, 53%.
'H-NMR (dg-THF, 400 MHZ)3y; , ppm 9.41-9.49 (m, 4H), 9.31-9.23 (m, 4H), 8.3228(m,4H),
7.98 (br s, 2H), 7.87 (br s, 2H), 5.06-5.01 (m, 3#HP8-4.25 (dJ=12, 2H), 2.86 (s, 3H, N-C}J,
1.94-1.76 (m, 27H)
UV/Vis (THF): Amax 685, 672, 632,610, 350 nm
MALDI-TOF MS (dithranol): calc. for @sHagNgZn: [M] *: m/z 1620.34, found 1620.48
Tri (tert)butyl(benzaldehyde-4-ethynyl)phthalocyanine 6

Tri(tert)butyl(benzaldeyde-4-ethynyl) phthalocyaninatozic4 (100 mg, 0.115 mmol),
pyridine (10 mL) and pyridine-HCI (0.3 g) were sd under argon for 24 hrs. After this time,
stirring and heating was stopped and to the hoturexHO (10 mL) was added. The mixture
was allowed to cool and resulting precipitate wallected by centrifugation at 3,250 rpm. The
bluish green precipitate was washed several timigswater, MeOH followed by drying on high
vacuum to obtain 91 mg of B¢a98% vyield.
'H-NMR (dg-THF, 400 MHz)8y , ppm 10. 05 (s, 1H), 8.70-7.19 (m, 16H), 1.7181(8, 27H)
UV/Vis (CH2Cl,): Amax 693, 677, 646, 620, 338 nm

MALDI-TOF MS (terthiophene): calc. for4gHeNg: [M] *: m/z 810.38, found 810.55
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Phthalocyanine-G dyad 7

A solution of tritert)butyl(benzaldeyde-4-ethynyl) F&(20 mg, 0.0247 mmol), & (59
mg, 0.0819 mmol), sarcosine (15.8 mg, 0.177 mmolam anhydrous toluene (25 mL) was
heated to reflux with stirring under argon atmosphier 22 hrs. After this time, solvent was
removed under reduced pressure and the crude produded by column chromatography
toluene/C$% (1:1) to obtain a green product 26.7 mg, 69 %.
'H-NMR (dg-toluene, 400 MHzpy , ppm 9.14-8.65 (m, 9H), 7.96-7.68 (m, 7H), 4.7 1H),
4.67-4.64 (dJ=12, 1H), 3.99-3.97 (dJ=8, 1H), 2.62 (s, 3H, N-Ck), 1.66-1.63 (m, 27 H), 2.29
(br s, 2H)
UV/Vis (THF): Amax 694, 672, 644, 613, 343 nm
MALDI-TOF MS (dithranol): calc. for @sHsiNg: [M] *: m/z 1558.43 found 1558.79
Tri (tert)butyl(benzylalcohol-4-ethynyl)phthalocyaninato 8

Tri(tert)butyl(benzylalcohol-4-ethynyl) phthalocyaninatazii) 3 (36 mg, 0.412 mmol),
pyridine (10 ml) and pyridine-HCI (0.089 g) wereaksd at 12GC while stirring under argon for
21 hrs after which to the hot mixture® (5 mL) was added. The mixture was allowed to cool
and resulting precipitate was collected by cengation at 3,250 rpm. The green precipitate was
washed several times with water, MeOH followed byirty on high vacuum to obtain 12.7 mg
of Pc6, a38% yield.
'H-NMR (ds-toluene, 400 MHz}y; , ppm
UV/Vis (THF): Amax 694, 667, 644, 611, 344 nm

MALDI-TOF MS (terthiophene): calc. for#gHsgNgO: [M] *: m/z 812.39 found 812.44
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N-methyl-2-(p-methoxyphenyl)-3, 4-fulleropyrrolidine 9

A mixture of Gy (216 mg, 0.3 mmol), 4-anisaldeyde (20 mg, 0.15 MHnamd sarcosine
(136 mg, 1.5 mmol) in toluene (60 mL) was warmeddftux under argon environment while
stirring for 26 hrs. Solvent was removed under cedupressure. The crude was purified on
silica column chromatography, toluene/EtOAc (99dldbtain a brown powder fullere®g78.8
mg, 60% yield).
'H-NMR (CDCls, 400 MHz)3y , ppm 7.69 (br, s, 2H), 6.95-6.93 (&8, 2H), 4.97-4.95 (d]=8,
2H), 4.87 (s, 1H), 4.25-4.21 (@12, 2H), 3.80 (s, 3H, N-C§ 2.77 (s, 3H, O-Ch)
MALDI-TOF MS (terthiophene): calc. for#gHsgNgO: [M] *: m/z 883.10 found 883.18
N-methyl-2-(p-benzylalcohol)-3, 4-fulleropyrrolidine 10

To a solution of fulleren® (32 mg, 0.0362 mmol) in toluene (20 mL) immersedcit
cold water, 1.5 mL of 1M BBr(1.5 mmol) in dichloromethane was added drop wikee
mixture was stirred at room temperature for 24umder an argon atmosphere. The mixture was
transferred to a separating funnel and washed witter (30 mLx3) and then the solvent was
removed under a reduced pressure. The crude wagegury a column chromatography on
silica gel, toluene/MeOH (19:1) to obtain a browtigrene10 (20 mg, 65%)*H-NMR (CDCl,
400 MHz)3y , ppm 7.65 (br, s, 2H), 6.85-6.83 (&8, 2H), 4.97-4.95 (d]=8, 1H), 4. 86 (s, 1H),
4.25-4.23 (dJ=8, 2H), 2. 973 (s, 3H)
UV/Vis (Toluene):Amax 704, 433, 310 nm

MALDI-TOF MS (terthiophene): calc. fordgH1:NO: [M] *: m/z 869.08 found 869.15
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2.2 Synthesis and photophysical studies of a nowrotenoid silicon Pc-G triad
Due to the presence of 18-electron aromatic cloud, most Pcs have cofacial

intermolecularr-n interactions, even at low concentrations, and thisses aggregation which
leads to fluorescence quenching and poor soluBfiilihe steric effect of the axial substituents
on silicon phthalocyanines (SiPc) have been shanexhibit a non-aggregation characteristics
and increased solubility in common organic solvefits

Phthalocyanines with two symmetrical fullerene s$ibsnts connected axially through
central silicon have been reported in the last f@ars. " In addition to improving the
solubility by diminishing intermolecular interactis, fullerenes bring additional properties to the
phthalocyanine molecule. As mentioned earlier ef@lhes (6) are good electron acceptors and
have low reorganization energy;*°
Cso-SiPc-Gyo triads are good models for artificial photosynitheeaction centers. However, to
develop a better mimic of natural photosynthegifi@al photosynthesis will require a system
with two electron donors and one acceptor whemng-lived charge separation can be achieved
via a step wise electron transfér.

In natural photosynthesis the roles of carotenanmtfudes acting as an antennae by
transferring excitation energy to the photosynthetaction centéf and protection by quenching
chlorophyll triplet states to prevent generationtleé cell damaging reactive singlet oxygen

species?

""" Excited state carotene has a high energy (~1.9°&nd this allows it to act as
antenna via singlet-singlet energy transfer, betttiplet state is much lower in energy (0.63 eV)
than singlet oxygen (0.98 e)and triplet chlorophyll (~1.3 e¥j and these properties allow it
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to be a good energy acceptor as well. FiguresBObws some of the naturally occurring

carotenoids that play a light-harvesting role imfolsynthesis.
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Figure 20: Molecular structures of four importaatatenoid$™

In addition, under stress conditions, for exampl&In-depleted PSII or at low temperatupe,

carotene has been observed to be an electron twtte highly oxidizing P68G*
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Incorporating carotenoids into artificial photodyetic reaction center may lead to a
long-lived charge separated state by charge shit rovide photoprotection. Also use of
carotenoids and phthalocyanines together will ensgcess to a wider spectral window of solar
radiation. Hence an asymmetrical axial linkage @#¥cSvith potential electron donor on one side
and a potential electron acceptor on the other siuile be a good mimic for natural
photosynthesis. To this end, synthesis of caroserkfullerene axially connected to a SiPc was
achieved. Electron transfer and energy transfergases in the triad were investigated by use of

spectroscopic and electrochemical methods.

Results and Discussions

Synthesis

Axially substituted phthalocyaninell was afforded by a reaction between a
commercially available silicon phthalocyanine ditgidde with 4-iodobenzoate and 4-
formylbenzoate (1:1) as shown in scheme 10. Thdecproduct contained a statistical mixture
of diformylbenzoate, diiodobenzoate, and the taeggimmetrically linked 4-formylbenzoate-4-
iodobenzoate SiPc products. By column purificatithe bluish green phthalocyaniid was
obtained in 30% vyield. MALDI-TOF (terthiophene majrshowed the molecular ion peak at
m/z=1160.3 as the 100 % peak, fragments were dsereed at m/z=1011.33 (target molecule
with the formylbenzoate cleaved off) and m/z=913(@#sget molecule with the iodobenzoate
cleaved off). Jesse Bergkamp and co-workers rega@tsimilar kind of fragmentation pattern

with axial ether linkages on SiBt.
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Scheme 10: Synthesis gfjodobenzoate)gformylbenzoate)(2,9,16,23-tettar-
butylphthalocyaninato)silicohl.

Heating a mixture of phthalocyaninid, sarcosine anddgin o-dichlorobenzene at 140
afforded SiPc-6 dyad12 as shown in scheme 11. Column purification gav@mfluorescent
green compound dyad, 40 % yield. MALDI-TOF (TBPPM matrix, mode-reflest 6000)
showed the molecular ion peak at m/z=1909.2 asthepeak, no fragments beside the peak at

m/z=720 for the unfunctionalized;£w~as observed.
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Scheme 11:-iodobenzoate)d-(N-methyl-3’, 4’-fulleropyrrodin-2’-yl) benzoatdl, 9, 16, 23-
tetratert-butylphthalocyaninato) silicob2.
Compoundsl3 and 14 shown in scheme 12 were synthesized followingterdture

4-(N-

11

method® Reacting commercially obtained B-apocarotenal with
acetylamino)benzyltriphenylphosphonium bromide dkgndonated by Dr. Smitha Pillai) in a

Wittig type reaction in presence of sodium methexid dimethyl sulfoxide solvent gave 4-

amidophenylB-carotene 13, 30% yield after column purification and crystadliion over

hexane/dichloromethane to remove tiisomer.
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Schemes 12: synthesis @fT’-apo-7’-(4-aminophenylB-carotenel4.

4-AmidophenylB-carotenel3 was hydrolyzed using methanolic potassium hydroxid€HF at
65 °C to obtain 4-aminopheng@-carotenel4 in near quantitative yield of 94% after column
purification.

Synthesis of carotene-SiPgddriad 15 was attempted by stirring a mixture of SiPgC
dyad 12, 4-aminof-carotenel4 in presence of a new commercially acquired tris€dezylidene
acetone) dipalladium (0)/BINAP/sodiutert-butoxide (1:3:4) in freshly distilled and degassed
toluene and heated at®under argon environment (scheme 13). No prodast ngalized after
7 hours of stirring. Increasing the temperaturé16°C, addition of more catalysts and increase
of the reaction time to 45 hours did not help tarfa product. After stirring was stopped and the
mixture cooled to room temperature, the reactamsepartially recovered. It appears that the

presence of g may have interfered with the effectiveness ofgghkiadium (0) catalyst.
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- dipalladium(0)}/toluene, 80°C

15

Scheme 13: Attempted synthesis f-apo-7’-(4-aminophenylp-carotenobenzoatep{-(N-
methyl-3’, 4’-fulleropyrrodin-2'-yl) benzoate] (3, 16, 23-tetrdert-butylphthalocyaninato)
silicon 15.

Carotene-SiPc dyad6 was synthesized by reacting SiRt with 4-aminophenyp3-
carotenel4 in presence of a new commercially obtained catifilyand/base mixture of
tris(dibenzylidene acetone) dipalladium (0)/BINAGI&IM tert-butoxide-1:3:4 in freshly
distilled and degassed toluene at°80(scheme 14), on column purification a yellowiskean

product, compoundl6 was obtained, 33% vyield. It was observed the ywhs inversely
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dependent on the temperature; lowering the temperancreases the yield. Increasing the
temperature to 9C, the yield decreased to 12%, af®@5:nd the yield was 4% at 1Wthere
was no detectable product formed. This is thoughbd¢ as a result of decomposition of the
reaction intermediates, this conclusion is supbbig the presence of multiple unaccounted for
spots on the analytical TLC of the reaction crudd @& was also observed that the number of
spots increased with increasing temperature.

MALDI-TOF (Tertiophene matrix) showed only a tinyegk of the molecular ion,
m/z=1537, the major peaks observed were the fragnem'z=913.6, 100% intensity (target
product with 4-aminopheny-carotenobenzoate cleaved off) and m/z=1389.0, At#msity

(target product with 4-formylbenzoate cleaved off).
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tris{dibenzylidene acetone HoN Q 7Y Y 7 Z Z ‘
dipalladium(0)}/toluene, 80°C 14

Scheme 14: Synthesis @f{’-apo-7’-(4-aminophenylp-carotenobenzoatep{
formylbenzoate)(2,9,16,23-tettart-butylphthalocyaninato)silicoh6.

As shown by scheme 15, carotene-SiRg-ttiad 17 was afforded by a single Prato
reaction from |-7’-apo-7’-(4-aminophenylp-carotenobenzoatep{formylbenzoate)(2,9,16,23-
tetratert-butylphthalocyaninato)silicorl6 in 62% yield after purification by silica column

chromatography.
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105°C, 24 h

Scheme 15: Synthesis gff’-apo-7’-(4-aminophenylp-carotenobenzoatep{-(N-methyl-3’,
4’-fulleropyrrodin-2’-yl) benzoate] (2, 9, 16, 28ttatert-butylphthalocyaninato) silicoh?7.

MALDI-TOF (TBPPM matrix) showed the molecular ioegk at m/z=2284.5 as the only peak,
no fragments beside the peak at m/z=720 for thenmibnalized G was observed.

The model compound, SiA8 and compound9 were prepared as shown in scheme 16.
Reacting commercially obtained silicon phthalocyendihydroxide with 4-toluic acid/4-formyl
benzoic acid mixture (1:1) gave SiP8 and SiPcl9 after column purification in 17% and 27%
yield, respectively. MALDI-TOF (Tertiophene matrighowed both the molecular ion peaks and
the fragments peaks. For B8, peaks were observed at m/z=1048.5, which wasniblecular
ion peak, m/z=913.4 (target molecule with the 4hylstenzoate cleaved off) and m/z=899.5

(target molecule with the 4-formylbenzoate cleawdt). For Pc19, peaks were observed at
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m/z=1034.5, which was the molecular ion peak and=889.4 (target molecule with the 4-

methylbenzoate cleaved off).

CHO

/%\ QH = 50
H COOH
y N\:S. N { COCH

N Si N
\r\/ Y { DMF, 170°C, 11h Z?/ % /%%L
PN
J N \
%/ ol \>L

18

OHC
19

Scheme 16: Bigtmethylbenzoate)(2,9,16,23-tetiext-butylphthalocyaninato)silicoh8 and -
formylbenzoate){-methylbenzoate)(2,9,16,23-tetiext-butylphthalocyaninato)silicoh.

To obtain SiPc-gy dyad 20, Pc 19 was reacted with & and sarcosine imo-
dichlorobenzene (scheme 17). Column purificatidorded a near quantitative yield of dyad,

94%.

4 :\&7 Sarcosine, Cgy/0-DCB,
140°C, 3h

OHC

19

Scheme 17:@-methylbenzoate)pt(N-methyl-3’, 4’-fulleropyrrodin-2’-yl) benzoatdR, 9, 16,
23-tetratert-butylphthalocyaninato) silicoR0.
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MALDI-TOF (terthiophene matrix) showed the moleculan peak at m/z=1795.4 as the
only peak, no fragments beside the peak at m/zfdt2be unfunctionalised 4 was observed.

As shown in scheme 18,¢£model 21 was prepared by a Prato type reaction of 4-
methylester benzaldeydegdand sarcosine in refluxing toluene. On column fpation a yield
of 14% of Gp 21 was obtained. It was observed that no detectaloléupt was obtained when
the reaction was carried out ardichlorobenzeneotDCB), this may be attributed to solubility
difference of the reactants in toluene aAdCB. Better solubility in the former may be favayi

product formation.

Cgo/Sarcosine

Toluene,
reflux,reflux, 3 h

CHO

Scheme 18: N-Methyl-2ptmethylbenzoate)-3, 4-fulleropyrrolidirg.
The 'H NMR (CDCE) spectrum of phthalocyaniriel showed an up field shift of the

signals of benzoate protons to the range 6.67-g@B8 as opposed to the expected region of
around 8 ppm for phenyl aromatic protons. This olm@n confirms the influence of the
shielding effect of the phthalocyaninecloud. In addition, the presence of four distipehzoate
signals at 6.73, 4.58, 5.26 and 4.83 ppm givehdursupport to the presence of an asymmetric

axial linkage on the phthalocyanine. On the othendy attachment of the carotene to the
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phthalocyanine to form dyatb had no effect on the resonance of either of tmepaments, i.e.
phthalocyanine and carotene. TH& NMR (CDCL) spectrum of carotene-phthalocyanine dyad
16 was a sum of the spectrum of the two parts. Thisdcbe attributed to the presence of the two
phenyl rings that separate the two components andehprotect the carotene from the shielding
effect of the phthalocyanine aromatic electron dloln contrast, earlier work by our group
showed that when a carotenoid is directly, axialtpched to SiPc there was a very significant
shift in the resonance of the carotene prof6r@n attaching the & to form the triadl7, the up
field shift of the benzoate protons and those pr®tf the pyrrolidine linker between thgos@nd

the phthalocyanine were similar to the one repoktgdviartin-Gomis and co-workeré® The
signal of the benzoate protons adjacent g @yrrolidine protons and N-CiHrotons were all
shifted up field when compared to the correspondginggons of the g model21. Benzoate
protons were shifted from 7.84 ppm to 5.17 ppm,geolidine protons from 4.97, 4.96, and
4.25 ppm were moved to 4.63, 4.28, and 3.84 ppmi;the N-CH protons were shifted from
2.78 to 2.17 ppm. This observation suggests thaattached £ is in the range of the strong

aromatic current of the Pc.

Steady-state Absorption
The UV/Vis absorption spectrum of the tridd and model compounds were taken in

dichloromethane. It was observed that the absor@mectrum of triad7 showed that the Q-
band of the phthalocyanine is unperturbed on faonabf the triad (figure 21); the addition of
the carotenoid pigment causes a larger increasbsorption in the middle of the spectrum.

Figure 22 shows that the carotenoid moiety bandi8@t nm in carotene-Si Pc dydé is red-
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shifted compared to model 4-aminophefiydarotene, which has a maximum absorbance at 475
nm. The carotene moiety absorption maximum is 8t in triadl7, not a significant change
from that observed in the carotene-F&dyad. However, the absorption spectrum of the SiPc
Cso dyad 20 in dichloromethane is a close superposition of spectra of the component
chromophores making up the dyad. This is an intinathat there is not much electronic
interaction between the individual chromophoreshat ground state. In addition, the sharp Q-
bands are indications that the silicon phthaloayans not aggregating.sf has its intense
absorption at 220, 265 and 330 ¥inand these bands are buried under the stronget Sore
transition of the phthalocyanine and are only seean overall intensification of the absorption

in the UV/Vis region.

1.2 ~
= — = Carotene-SiPc dyad 16
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Figure 21: Normalized UV/Vis absorption spectrunrad 17 (—), carotene-SiPc dy&lb (- - -
-) and SiPc mod€l8¢(.....) .
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Figure 22: Normalizedue480 nm) uv/vis absorption spectrum of triad(—), carotene-sipc
dyad16 (- - - -) and carotene model (.....)

The UV/Vis spectrum of SiPt8 and SiPcl9 were exactly the same and yet at plaea-
position of the phenyl moiety on SiR8&, is the electron donating methyl group while on ohe
the para-position of the phenyl moiety of SiPXO there is the electron withdrawing formyl
group. Based on this observation it can be condutiat the functional group on thpara-
position of the axial phenyl substituent does ratehany influence on the conjugation of the Pc

core.

Electrochemistry
Electrochemistry measurements were performed bywlakime Fournier
Table 4: First reduction potentials ofg@nodel21 and Gg-SiPc dyad?0.

Molecule| Ereq

18 -0.47
21 -0.56
20 -0.64
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Table 5: Oxidation potentials of carotene modealptame-SiPc dyad6, SiPc modell8, Cso-SiPc
dyad20.

Molecule| Eox! | Eo¥

Carotene| 0.49

model

16 0.470.93
18 0.93

20 1.10

The first charge separated state, Car-5#%g," lies at 1.48 eV (figure 25) above the ground
state, therefore the charge recombination to rettvrground state is likely to lie in the inverted
region of the Marcus curve, where an increase enditiving force past the optimum leads to a
decrease in electron transfer riaté>®’ This phenomenon is expected to favor the charife sh
towards the carotene moiety.

Electron transfer rates are determined by thermaaycs, steric and electronic effects. In the
present triad, an initial electron transfer frontieed singlet SiPc to 4, followed by a charge
shift to the carotenoid moiety to form a long-ligitharge separated state®(SiPc-Go™) is

thermodynamically favorable.
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Steady-State Emission
Figure 23 shows the steady-state emission spetCttamSiPc-Gp triad 17 taken in toluene and

benzonitrile after excitation at 363 nm.

150000 -
Toluene
----- Benzonitrile

= 100000 -
s
Z
w
[
3
£ 50000 -

0

650

Wavelength, nm

Figure 23: Emission spectra of Car-SiPgriad 17 in toluene and benzonitrile after excitation
at 363 nm

Time-resolved Emission

The steady-state emission spectra of td@dshown in figure 23ndicate that there is
solvent-dependence quenching, an indirect indinadibexistence of electron transfer in polar
solvent. To get an insight into the nature of fesmence, time resolved fluorescence experiments

were carried out using single-photon-counting tépma (Experiments were done by Robert

Schimtz). The results are summarized in Table 6
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Compound Toluene Benzonitrile
SiPc18 7.4 6.43
SiPc-Go2C | 0.035 ~0.035 (52%)
(65%)
1.69 (26%)| 0.490 (46%)
2.62 (9%) | 4.84 (2%)
Car-SiPc-Gp | 0.030 110.020 (84%)
17 (74%)
0.303 (8%)| 0.430 (13%)
1.32 (14%)| 5.56 (3%)
3.66 (4%)

Table 6: Lifetimes (ns) of excited singlet staté®o moieties as determined from time-resolved
fluorescence studies in toluene and benzonitrite @xcitation wavelength was 635 nm.

As was observed with peripheral Zn®Pand BPc 8 models, SiPd8 model also shows
similar lifetime of excited state in both toluenedabenzonitrile. The fluorescence lifetimes of
model SiPcl8 in toluene and benzonitrile were 7.4 and 6.43aspectively. The lifetime of
excited Pc is significantly reduced in dy&® in both solvents but roughly by the same
magnitude, this solvent independent quenching neague to energy transfer from the locally
excited SiPc to &. In toluene for dya@0, there is presence of characterisfig, emission (1.69

ns, 26 %) and this is missing in benzonitrile. Bagne phenomenon was observed in the triad
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17, where the characteristi€s, emission occurs with 1.32 ns (14%) lifetime anid ik again
absent in benzonitrile, and it can be concludet ithhenzonitrile, eithetCg, doesn’t form or it

get quenched very fast as soon as it forms.

Time-resolved absorption studies

Pump-probe transient absorption experiments wareedsout to characterize the various
excited species in the dyad models and the triadtarallow detection of nonemissive species
such as charge-separated states. Experiments artoenped by Dr. Gerdenis Kodis.

The occurrence of electron transfer from the egcgtate Pc to the ggacceptor in the
SiPc-Go dyad20 was confirmed by femtosecond laser flash photslgsiperiment. A degassed
benzonitrile solution containing SiPgdlyad20 was subjected to 100 fs at 800 nm laser pulses.
The resulting transients were monitored in theblesiand the near-IR region (figure 24).
Distinct characteristic absorption bands due ta&%iF555 nm and 880 niff)®®and G¢*~ (1000
nm)*>* were observed. This data is in agreement with riyadrted by Martin-Gomis and co-
workers for Go-SiPc-Go.”® This is a clear evidence of formation of chargeasated (CS) state.

A long-lived band at=530 nm is a characteristic 8iPc.%®

The presence of the long-livé8iPc is an evidence that the back electron transfen fro
the CS state forms the excited SiPc triplet stadéend of the ground state because of the lower
triplet energy (1.26 eV§) compared to the CS state (1.48 eV) determineth fthe redox

potentials of the model compounds as shown in é@%.
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Figure 24: Differential absorption spectra (visibled near-infrared) of SiPcsg&dyad20 upon
femtosecond photolysis (695 nm) in deaerated betiden

Overall, there is energy transfer from Pc singbatited state to form § singlet excited state
with ~24 ps. After that there is slow (with ~540 ps)mation of P&"-Cg* CS state, which is
expected due to closeness in energy betweelCgd1.75 eV) and PE-Ceo* (1.48 eV) (figure

25).
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Figure 25: High energy states and possible intesexamon pathways for SiPcsgdyad20
following photoexcitation of the SiPc chromophore.

The energy of the charge-separated state is estinfiam the cyclic voltammetric data of model

compounds in benzonitrile.

The CS state decays in ~4.5 ns. Because of the felonation of CS state there is
substantial formation of g triplet excited state which decays to Pc triplatieed state.
The charge recombination (CR) of the CS state tectly regenerate the ground state has a
driving force of , AGcr=1.48 eV and this must be lying in the invertedioagof the Marcus
curve and this explains the long lifetime of the &&te and the decay first to the long-lived
3SiPc and then to the ground state.
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The decay associated spectrum of Car-SiPc dgatissolved in benzonitrile and excited
at 695 nm is shown in figure 2Bhe excitation light at 695 nm is exclusively alist by the Pc
moiety leading to a fast (with 3.3 ps) formation@dr’-Pc” CS state. This is evidenced by the
presence of a near-IR (~980 nm) band, a charatitesizssorption of a carotenoid radical species.
Previous work from our group on carotene-SiPc-e@ettriad where the carotene lacked the
aminophenyl linker showed a carotenoid radical & 8m® The bathochromic shift in the
carotenoid radical transient of the current mayatigbuted to the extended conjugation which
makes it a better electron donor by raising the HDM

The transient in the 550-640 nm range also riselsdeecays with same time constant as
the carotenoid radical. The huge negative ampliatde690 nm also recovers in the same time
constant and is associated with the ground stai@ching of SiPc moiety. The match of the rise
of the carotenoid radical cation transient with tleeay of SiPc Slevel (3.3 ps) is an evidence
of electron transfer from the carotenoid to theitexc'SiPC state as a dominant fluorescence

guenching mechanism.

67



301 &

] J4pc” —=—33ps A+
) c p —4—940 ps
Y
/. ‘il»,A
s VWS \ R ;V’ i T
Vv‘ A‘fv Wiy

10 —v— const

7ot ‘)/n“
2 L))
W‘\\VV“_VV\-\"%A S I RN
e ‘V\"\vvv AL W we

-10

-20 H '. ’ vl
] ['3

.30 -
[ )

1 Car-Pc dyad in BZN '// x10

404 with excitation at 695 nm

Amplitude (a.u.)
I.

//
T T T T T T T T T T
550 600 650 700 750 1000
Wavelength (nm)

Figure 26: Decay associated spectra of the tranhalesorption of Car-SiPc dydd in
benzonitrile after a 100 fs laser pulse at 695 nm.

As shown on figure 26, the CS state forms aftep3.and decays in 13 ps. There is some
minor dyad conformation which shows much slowerstfie recombination lifetime of ~940 ps.
There is small impurity of SiPc that has a singbetited state that does not decay on time scale

measured. The fast CS and CR is in agreement hatlhatge driving force for both processes, -

AGcs= 0.81 and theAGcr= 0.96 (figure 27).
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Figure 27: Deexcitation pathways for Car-SiPc dy&dollowing photoexcitation of the SiPc
chromophore.

The energy of the charge-separated state is estinfiadm the cyclic voltammetric data
of model compounds in benzonitrile. The ultrafastnfation of Ca¥-Pc® CS state is in
agreement with previous studies on Car-SiPc-Cad twhich gave a value of 2.5 ps and 10.5 ps

as the rate of CS formation and the lifetime of@&respectivel§
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Figure 28shows the decay associated spectrum (DAS) of (Re-&jp triad 17 dissolved in

benzonitrile and excited at 695 nm.

20

10

L S
A
B asdiad

/:; 0
&
]
S -10
%- i
<
< 201 —=—25ps I
J 7.717 ps \V/
—4—945 ps % o
-30 .
—v— const %A/- Car-Pc-C_ triad in BZN

¥ with excitation at 695 nm

40—/
550 600 650 700 750

I T I T
950 1000
Wavelength (nm)

Figure 28: Decay-associated spectra of the trahatesorption of Car-SiPcgg17 in
benzonitrile of 100 fs laser pulse at 695 nm

There is a fast (with ~2.5 ps) dominating formatadrCar’*-Pc”” CS state. There is also
possible minor pathway of energy transfer from Pglst excited state to g singlet excited
which competes with formation of Ca&Pc CS. The Cdf-Pc™ CS state decays in ~17 ps.
There is some minor triad conformation which shawsch slower CS state recombination
lifetime of ~945 ps. Since a6 transient has not been observed, this slowly dega@S state

is not likely to be caf-SiPc-Go*". There is small impurity of Pc whose singlet eadistate does
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not decay on time scale measured. The DAS speotranied; it possibly contains a few
transient species and corresponds to a few praze§kere is no long living Car radical cation

signal in the IR, so there is no significant CaPc- Go* final CS state forming in benzonitrile.
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Figure 29: Deexcitation pathways for Car-SiPg-@/ad17 following photoexcitation of the
SiPc chromophore.

Dominant pathways are represented by full arrowd arnor pathways are represented by
broken arrows. The energy of the charge-separatatk 3s estimated from the cyclic
voltammetric data of model compounds in benzoeitril

As shown in figure 29, the fast CS and CR involv@ay®*-SiP¢"-Cgis the most favored
thermodynamically and this supports the data obthiinom the transient absorption. The other
possible explanation for the fast intramoleculangfer in the Car-SiPc components of the triad

is the enhanced coupling that exists between treereoid and the phthalocyanine as evidenced
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by the 5 nm red shift observed M,.x of carotene moiety after it was attached to the

phthalocyanine.
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Figure 30: DFT calculated HOMO-LUMO energies of tmenponents of the Car-SiPgd@riad
17.

Figure 30 shows the HOMO-LUMO energies (calculatione by Dalvin Mendez) of the
components making up the tridd, the HOMO-LUMO gaps are:dg(1.86 eV), SiPc (2.11 eV)
and carotene (2.16 eV). The calculations are ieegent with the experimental observations.
Because of the relatively lowest level of the HOMOthe Go, an alternative approach to
realizing a long-lived C&f-SiPc-Go~ CS state is by exclusive excitation of theoC

chromophore which will in turn result into a flow electrons by gradient.
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Experimental Section
Synthesis of p-iodobenzoate)-p-formylbenzoate)(2,9,16,23-tetrdert-

butylphthalocyaninato)silicon 11

4-lodobenzoic acid (242 mg, 1.0 mmol), 4-formylb&iczacid (150 mg, 1.0 mmol), and
(‘Bu)sSiPc(OH) (92 mg, 0.115 mmol) in 25 mL anhydrous DMF weiierei at 165°C under
argon atmosphere for 10 hrs. The mixture was comedom temperature and solvent removed
under reduced pressure and the crude purified bashfl chromatography (SiO
dichloromethane/hexane 7:3) to yield 39 mg (30%Pific11 as a blue-green solidd NMR
(400 MHz, CDC}) 5 9.74-9.56 (8H,m, Pc-Ar-H ), 9.37 (1H, s, CHO), B&.43 (4H, m, Pc-Ar-
H), 6.73 (2H, d, J=8 Hz, Ph-Ar-H), 6.58 (2H, dBJdz, Ph-Ar-H), 5.26 (2H, d, J=8 Hz, Ph-Ar-
H), 4.83 (2H, d, J=8 Hz, Ph-Ar-H), 1.80-1.79 (36H, 4x(CH)s). UV/Vis (kmaxnm CH.Cly):
694, 662, 624, 360. MALDI-TOF-MS (Terthiophene mgtrm/z calcd for GsHs7INgOsSi
1160.33 obsd 1160.35
Synthesis of p-7’-apo-7’-(4-aminophenyl)$-carotenobenzoate){§-
formylbenzoate)(2,9,16,23-tetraert-butylphthalocyaninato)silicon 16

SiPc11 (53 mg, 0.053 mmol)p-7’-apo-7’-(4-aminophenylp-carotene (31 mg, 0.0608
mmol) 14, and 41 mg of a commercially obtained mixture a$(ttibenzylidene acetone)
dipalladium (0): BINAP: sodiuntert-butoxide (1:3:4) were stirred in a freshly digdl and
degassed toluene (28 mL) at°80under argon atmosphere for 48 hrs until almdsbfathe
starting material have been consumed. The solutias then allowed to cool to room

temperature. The solvent was evaporated at redo@ssure and the crude purified by column
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chromatography (Si§) hexane/dichloromethane/EtOAc 8:1.5:0.5) to obtai6 mg (31%) of
the dyad16.H NMR (400 MHz, CDCJ) § 9.68-9.51 (8H, m, Pc-Ar-H), 9.32 (IH, s, CHO),
8.39-8.37 (4H, m, Pc-Ar-H), 7.01-6.99 (2H, m, PhAY, 6.68-6.66 (2H, m, Ph-Ar-H), 6.62-
6.44 (8H, m), 6.30-625 (2H, m), 6.19-6.08 (6H, BY5 (2H, d, J=8 Hz, Ph-Ar-H), 5.20 (2H, d,
J=8 Hz, Ph-Ar-H), 5.13 (1H, br s, NH), 4.98 (2HJ&9 Hz, Ph-Ar-H),1.97-1.87 (m, 14H), 1.74-
1.64 (m, 36H), 1.58-1.53 (m, 4H), 1.41-1.38 (m, 3B)97-0.96 (M, 6H). UV/Vis Mna/NM
CH.Cl,): 694, 661, 623, 508 (sh), 480, 450 (sh), 341. MATOF-MS (Terthiophene matrix)
m/z calcd for GooH10aN9OsSi 1538.79 obsd 1538.60
Bis(p-methylbenzoate)(2,9,16,23-tetraert-butylphthalocyaninato)silicon 18 and ©-
formylbenzoate)-(-methylbenzoate)(2,9,16,23-tetraert-butylphthalocyaninato)silicon 19

A portion of 4-toluic acid (136 mg, 1.0 mmol), 4rfoylbenzoic acid (150 mg, 1.0
mmol), and 'Bu);SiPc(OH) (92 mg, 0.115 mmol) in 25 mL anhydrous DMF weiged at 170
°C under argon atmosphere for 10 hrs. The mixture sealed to room temperature and solvent
removed under reduced pressure and the crude quurliiy flash chromatography (SiO
dichloromethane/hexane 8:2). The symmetrical 3®was eluted first, yielding 20.5 mg (17%),
followed by asymmetrical SIPIO (32. 7 mg, 27 %).
SiPc18'H NMR (400 MHz, CDCJ) § 9.75-9.48 (8H, m, Pc-Ar-H), 8.35-8.33 (4H, m, PcH),
5.95 (4H, d, J= 8 Hz, Ph-Ar-H), 4.96 (4H, d, J= 8 IRh-Ar-H), 1.73-1.72 (36H, m, 4x (G},
1.60 (3H, s, 2xCh. UV/NVis (Amaxnm CH)Cly): 693, 662, 623, 361. MALDI-TOF-MS

(Terthiophene) m/z calcd forggHesNsO4Si 1034.47 obsd 1034.45.
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SiPc19 'H NMR (400 MHz, CDCJ) § 9.69-9.50 (8H, m, Pc-Ar-H), 9.30 (1H, s, CHO), B.3
8.35 (4H, m, Pc-Ar-H), 6.67 (2H, d, J= 8 Hz, PhiAY-5.95 (2H, d, J= 8 Hz, Ph-Ar-H), 5.20
(2H, d, J= 8 Hz, Ph-Ar-H), 4.97 (2H, d, J= 8 Hz-RhH), 1.73-1.72 (36H, m, 4x(C§k), 1.60
(3H, s, CH) . UV/Vis (kmaxnm CH,Cl,): 693, 662, 623, 361. MALDI-TOF-MS (Terthiophene)
m/z calcd for GsHsoNgOsSi 1048.45 obsd 1048.46
(p-methylbenzoate)-p-(N-methyl-3’,4’-fulleropyrrodin-2’-yl)benzoate](2, 9,16,23-tetratert-
butylphthalocyaninato)silicon 20

SiPc19 (32 mg, 0.0305 mmol), & (55 mg, 0.0764 mmol), and sarcosine (30 mg, 0.337
mmol) in o-dichlorobenzene (12 mL) were stirred at £@under argon atmosphere for 2 hrs.
The mixture was cooled and solvent removed undiraed pressure. The crude was purified on
silica gel (toluene) yielding 52 mg (94%) of SiPg@yad20 as green solid"*H NMR (400
MHz, CDCk) & 9.73-9.55 (8H, m, Pc-Ar-H), 8.42-8.40 (4H, m, Pci4), 6.68 (2H, br s, Ph-Ar-
H ), 6.01 (2H, d, J=8 Hz, Ph-Ar-H), 5.23 (2H, brP)-Ar-H), 4.59 (2H, d, J=8 Hz, Ph-Ar-H),
4.59 (1H, d, J=8 Hz, CHN), 4.25 (1H, s, CHN), 3.83 (1H, d, J=8 HZ1BN), 2.17 (3H, s, N-
CHs), 1.79-1.78 (36H, m, 4x(CH), 1.66 (3H, s, Ch). (\max/nm CH,Cl,):694, 663, 623, 360,
331. MALDI-TOF-MS (Terthiophene) m/z calcd for£gHgsNoO4Si 1795.49 obsd 1795.35
N-Methyl-2-(p-methylbenzoate)-3, 4-fulleropyrrolidine 21

A mixture of Gy (50 mg, 0.0694 mmol), methyl-4-formylbenzoate (3§, 0.183 mmol),
and sarcosine (28 mg, 0.314 mmol) in toluene (10 mkre heated to reflux under argon
atmosphere for 3 hrs. The mixture was then coaletbdom temperature and solvent removed

and crude purified by flash chromatography (Si©luene:/EtOAc-19:1) yielding 9 mg (14%) of
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21 as a brown solidH NMR (400 MHz, CDCYCS; 1:1)5 8.03 (2H,d,J=8 Hz, Ar-H), 7.83 (2H,
br s, Ar-H), 4.96-4.94 (2H, m, G#N & CHN), 4.25 (1H, d, J=9.6 Hz,lHHN), 3.84 (3H, s, N-
CHs), 2.77 (3H, s, Ch). ). (\ma/ NM, toluene): 703, 432, 326 . MALDI-TOF-MS (Tdtphene)
m/z calcd for G;H13NO, 911.09 obsd 910.61

Synthesis of p-7’-apo-7'-(4-aminophenyl)f-carotenobenzoate]4p--(N-methyl-3’,4'-
fulleropyrrodin-2’-yl)benzoate](2,9,16,23-tetratert-butylphthalocyaninato)silicon 17

Dyad 16 (23 mg, 0.015 mmol), & (54 mg, 0.07 mmol), and sarcosine (42 mg, 0.47lohmim
anhydrous toluene (20 mL) were stirred at fG5under argon atmosphere for 24 hrs. The
mixture was then cooled and the solvent removedeumdduced pressure. The crude was
purified on silica gel (toluene) yielding 21 mg 6 of triad17.

'H NMR (400 MHz, CDC}) § 9.68 (m, 8H, Pc-Ar-H), 8.36-8.34 (m, 4H, Pc-Ar-H7)00-6.98
(d, 2H,J=8, Ph-Ar-H), 6.72-6.43 (m, 10H, vinyl H, Ph-Ar-H§,30-6.03 (m, 8H, vinyl H, Ph-Ar-

H ), 5.75-5.72 (d, 2HJ=12, Ph-Ar-H), 5.18-5.16 (br, d, 2H, Ph-Ar-H ), 8:8.94 (d, 2HJ=8,
Ph-Ar-H ), 4.63-4.62 (d, 1H=4, CHHN), 4.28 (br s, 1H, CHN ), 3.85-3.83 (d, 18, CHHN

), 2.17 (s, 3H, N-Ch), 1.97-1.88 (m, 14H, CH18C, CH-20C, CH-19'C, CH;-20'C, CH-4C),
1.75-1.65 (m, 36H, 4x (Ct ), 1.57-1.53 (m, 3H, CH19C), 1.41-1.38 (m, 4H, G+2C, CH-
3C), 0.97-0.96 (m, 6H, CH16 and CH-17C)

UV/Vis (Amadnm CH,CL,): 693, 663, 623, 508 (sh), 479, 455 (sh), 360, 329

MALDI-TOF-MS (Terthiophene) m/z calcd forig;H10dN1004Si 2284.83 obsd 2284.50
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2.3 Design and Synthesis of Ferrocene-Silicon Phtleayanine-Fullerene triad

The design, synthesis and study of artificial pbgtthetic reaction center molecular
models utilizing SiPc-6 dyad was investigated further by incorporatingeasily oxidizable
molecule, ferrocene, as the secondary electron rdomehe triad in place of the carotenoid
moiety. Ferrocene (Fc)-porphyrin (PygCtriads®?*°° have been shown to have a long-lived
charge separated (FeP-Cso™) state. A Fc-P-g (figure 31) in which the chromophores are
separated by short linkers was reported to havdoimgest charge-separated lifetime, 630 ps,

ever reported for triads at room temperafire.

Figure 31: Ferrocene-Zinc porphyrin-fullerene trfad

Due to the superior light harvesting and opticalparties of axially substituted silicon
phthalocyanine over porphyrins, it was thought tit#ching ferrocene as a secondary donor to
SiPc-Go dyad will afford fast forward electron transferdaa long-lived CS state, towards this
goal, a ferrocene (Fc)-silicon phthalocyanine (%ilatterene (Go) triad (figure 32) was

synthesized and the photophysical properties wearkesl.
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Figure 32: Molecular structure of proposed ferraesiticon phthalocyanine-fullerene (Fc-SiPc-
Ceo) triad.

The short linkers between the components are exgetd provide better coupling
between adjacent chromophores which will enhanckasa forward electron transfer. The
excellent electron accepting ability offds expected to favor forward electron transfentfrine
excited state SiPc and on the other hand its Emwganization) is expected to retard CR and
consequently favoring hole transfer to the Fc nyie€dequential electron transfer is expected to
be achieved by initial electron transfer from amiged phthalocyanine to theg(Fc-*SiPc-
Cso— FC-SiP&*-Cgo™) and followed by charge shift to obtain the fimhlarge separated state

(Fc-SiP&*-Ceo™ — FC™*-SiPc-Go™).

Results and Discussions

Synthesis
Reaction between the commercially available tatrabutylphthalocyanine silicon

dihydroxide, ferrocene carboxylic acid and 4-forbemzoic acid (scheme 19) yielded a
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statistical mixture of products. Silica column pigation (hexane/dichloromethane 3:7) afforded

Fc-SiPc dyad®2, a 22% yield

CHO

COOH

OH
/%\ /)< Fe /
N,
LSy - TS
\ N\ N= , CHO N\ N=
N Si N > N Si N
\ N/ \ N \N /)
NG DMF, 165°C, 2h NS L)
NN NYEN \

Scheme 19 : Synthesis of Fc-SiPc dgad

A Prato-type reaction between compowz] sarcosine and g in 0-DCB as the solvent was
used to obtain the tria23. The reaction crude was purified on silica columthwoluene:EtOAc
(49:1) as the solvent to obtain ferrocene-silicbthplocyanine-fullerene tria#3, a 65% yield.
MALDI-TOF (Terthiophene matrix) showed a single bed m/z: 1889.47 which matched the

target triad. No peaks representing fragments whserved.
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Scheme 20: Synthesis of ferrocene-silicon phtha@ome-fullerene tria@3

'H NMR spectrum was measured in CBGolvent. On attachment of the
ferrocene carboxylic acid, the resonance signalthefphthalocyanine moiety did not change
significantly from that of phthalocyanine mode. The SiPc signals shifted from 9.75-9.55 ppm
and 8.43-8.41 ppm in the model SiP8 to 9.70-9.52 ppm and 8.40-8.37 ppm in the Fc-SiPc
dyad22. This is an indicator of some slight shieldingtioé Pc protons by the Fc. The formyl
proton of Fc-SiPc dya@d?2 appears as a singlet at 9.32 ppm which is alsbtbfigip field from
9.37 ppm of SiPd9. The nine Fc protons appeared as three distinctdopeaks at 3.17 ppm
(2H), 2.75 ppm (5H) and 2.17 ppm (2H).

In the final Fc-SiPc-6p triad 23, no shift in the resonance of the Pc protons were
observed from that of Fc-SiPc dyad. The phenyl aromatic protons between the SiPcthad
Cso became broader due to the effect of the lattee. @rbtons of the fulleropyrrolidine moiety in

the triad23 were shifted upfield when compared to those ofGgemodel21. The pyrrolidine
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and the N-CH protons were shifted from 4.97, 4.95, 4.25 an® pm in Go model21to 4.57,
4.21, 3.80 and 2.13 ppm in the tridd, respectively. This means that the fulleropyrroleis

close enough to have its protons shielded byttbeud of the phthalocyanine moiety.

Steady-state Absorption

1 -
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0.8 - = = = Fc-SiPc dyad
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Figure 33: Normalized UV/Vis spectra (dichlorometbpof SiPc model8 (solid line), Fc-SiPc
dyad22 (- - dashed line), and Fc-SiPgy@riad 23 (" dotted line).

From figure 33, it can be seen that no shift in @and of the SiPc chromophores
occurs after the attachment of ferrocene agglwhich supports the notion that there are no
ground state interactions among the chromophotes simall absorption at 431 nm and the band
at 343 nm in the spectrum of tri&3 is a characteristic peak for [6, 6] fulleropyrcblie and

Soret band of fullerene, respectively.
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Electrochemistry
Table 7: First reduction potentials of SiPc mabti&lCso model21, and Go-SiPc-Fc triad23

Molecule | Ered

18 -0.47
21 -0.56
23 -0.55

Table 8: Oxidation potentials of SiPc mod8| Cso model21, SiPc-Fc dya@2 and Gy-SiPc-Fc
triad 23

Molecule| Eox' | EoxX | EoX’

18 0.93

21 1.48 (irr)
22 0.74 | 1.19

23 0.71 | 1.14| 1.54 (irr

The reduction potential of thes&moiety in the triad®3 did not change significantly from
that of the model § 21, this confirms that € is a superior electron acceptor, a property it
retains even in the triad. The first oxidation poi of the SiPc-Fc dya@2 did not change
much after coupling to form tria2t3; however the oxidation potential of SiPc changednf0.93
V vs SCE in the model SiP@to 1.19 V vs. SCE and 1.14 V vs SCE in the SiPcyaxd22 and
triad 23, respectively. This anodic shift in the oxidatiootgntial of the SiPc moiety in the dyad

and the triad can be attributed to the fact thmathese two molecules, SiPc oxidation is th 2
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oxidation potential of the molecule and the preseoicthe neighboring oxidized ferrocene may
make the Pc macrocycle less electron rich henceltiserved reduced ease of oxidation. The
observed irreversible oxidation peak at 1.48 Vhi model Gy 21 and 1.54 V in the triad3 has
been reported in similar molecules and is due ® dkidation of the nitrogen atom in the
fulleropyrrolidine®

The electrochemistry data above supports the csiociumade from the absorption
spectra data that at ambient condition there isnach ground state chromophoric interactions

between the components of the triad.

Time-resolved absorption

The decay-associated spectra of Fc-SiPc @&Zdnd Fc-SiPc-gp triad 23 dissolved in
benzonitrile and subjected to 100 fs laser pulsg9&tnm is shown in figure 34. There is a very
fast (with ~200 fs) formation of FePc™ CS state in both dyad and triad. The CS stateyddna

1.2 ps.
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Fer-Pc dyad in BZN

e PN with excitation at 695 nm
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Figure 34: Femtosecond transient absorption spetfa-SiPc dya@2 (top) and Fc-SiPc-£
triad 23 (bottom) in deaerated benzonitrile after laseitakon at 695 nm
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There is some impurity or most likely decompositmnduct [fluorescence SPC does not
show impurity, <5% (data not shown)] of Pc whosegkit excited state decays in 6.4 ns forming
triplet excited state. The 24 ps component is niiksty solvation of Pc excited singlet state.
Absence of characteristic transients of SIRc880 nm) and &" (1000 nm) rules out formation
of Fc-SiP¢"-Ceo”” CS state.

The dominant factor that determines formation ofpeetive CS state is the
thermodynamic driving force, and this is what seémise favoring the formation of FeSiPc -

Ceo ((AGcs=0.56 eV) over Fc-SiPE-Ceo” (-AGcs=0.29 eV). The shorter distance between the
SiPc and the Fc could also explain the ultra fastrge separation and recombination between
these two moieties. The ultrafast charge-recomininain FC*-SiPc™-Cqo is also due to the

enhanced coupling between the ion radical pairraswalt of a short linker and short distance.

Experimental Section
Synthesis of ferrocene- silicon phthalocyanine dya#g2

A mixture of (Bu).SiPc(OH) (46 mg, 0.0576 mmol), 4-formylbenzoic acid (75 rod
mmol), and ferrocene carboxylic acid (115 mg, O0/mat) in DMF ( 10 mL) was stirred and
warmed to 160°C under argon atmosphere for 3 hrs. Stirring wapstd, the mixture was
cooled to room temperature and the solvent remaweter reduced pressure. The crude was
purified by silica column chromatography (hexan€&ND 3:7) and three greenish blue bands
were observed. The middle band which was the talggd22 was isolated and solvent removed
to obtain a greenish blue solid Fc-SiPc dgadwith a 22% yield’H NMR (400 MHz, CDCJ) 6

9.70-9.52 (m, 8H, Pc-Ar-H), 9.32 (s, 1H, CHO), 8887 (m, 4H, Pc-Ar-H), 6.69-6.67 (d, 2H,
85



J=8, Ph-Ar-H), 5.23-5.20 (d, 2H=8.4, Ph-Ar-H), 3.17 (br s, 2H, Fc-H), 2.75 (bi5$], Fc-H),
2.20-2.10 (m, 2H, Fc-H), 1.75-1.74 (m, 36H, 4x H UV/Vis (Amaxnm dichloromethane):
694, 663, 624, 361
MALDI-TOF-MS (Terthiophene) m/z calcd forg@Hs,FeNsOsSi 1142.43 obsd 1142.31.
Synthesis of ferrocene-silicon phthalocyanine-fultene triad 23

To a mixture of ferrocene-silicon phthalocyaninad@2 (14 mg, 0.0123 mmol), ¢ (22
mg, 0.0305 mmol), and sarcosine (12 mg, 0.135 mmd)CB (5 mL) anhydrous was added.
The resulting mixture was stirred and heated ttuxefinder argon atmosphere. The reaction
progress was monitored by TLC and after three hrtha dyad22 starting material has been
consumed and the stirring and refluxing was stopgadi the reaction mixture cooled to room
temperature. The solvent was removed under redpeestsure and the crude was purified by
silica gel column chromatography (toluene: EtOAc1490 obtain a blue compound, triad,
65% yield.
'H NMR (400 MHz, CDC}) § 9.70-9.50 (m, 8H, Pc-Ar-H), 8.36-8.34 (m, 4H, Pct), 6.63 (br
S, 2H, Ph-Ar-H), 5.16-5.14 (d, 2H76.8 Hz, Ph-Ar-H), 4.58-4.56 (d, 1H79.2 Hz, GiHN),
4.21(br s, 1H, CHN ), 3.81-3.79 (d, 18£9.2 Hz, GiHN), 3.26 (br s, 4H, Fc-H), 2.88-2.75 (m,
5H, Fc-H), 2.13 (s, 3H, NC#), 1.74-1.73 (m, 36H, 4x (CHt ).
UV/Vis (Amaxnm CH,Cly): 694, 664, 624, 431, 360, 343.

MALDI-TOF-MS (Terthiophene) m/z calcd for,geHs7FeNsO,4Si 1889.48 obsd 1889.47.
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3. Regioselective oxidative synthesis of mepdused diporphyrin

Introduction
Extending the conjugated aromatic system of poipeyleads to a significant change in

optical and electrochemical properties, and suemgés finds use in a wide range of fiéldhat
includes technology and medicifievhich utilizes the linear and non-linear opticabgerties of
then-extended porphyrinoids systerA$so, owing to their rigid shape and conjugatectietaic
system as evidenced by their absorption bands eki@nd into the NIR, these arrays have
potential use as a molecular wif€sThere are several methods of extending porphyrihane

of them is the oxidative dimerizatidf Oxidative aromatic coupling is a favored methodtfe
extension of tha system of the porphyrin chromophores as it gitesmost significant red shift
of absorptiort” Osuka and coworkers have reported a number oftagen one electron
oxidation of porphyrin rings. The most popular @aats are tris(4-bromophenyl)aminium
hexachloroantimonate (BAHA} AgPR'®, and combinations of 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) and scandium trifluorometharfiesate (Sc(OT§)'®% Although these
reagents have been shown to be effective in gengraktended porphyrins, BAHA has been
observed to caugchlorination of porphyrins*°**while the other reagents are expensive. In an
effort to suppress halogenation, our group hasizetl copper (ll) perchlorate and
tetrafluoroborate salts in acetonittflé This method was effective because no chlorinatibn
porphyrins were observed, however it lacked redgaseity, the products were mixtures pf3
triply-connected and megbdoubly connected dimers. These posed a purificathallenge such

that a series of chromatographic column separatieme required.
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A method that can give a regioselective oxidatiogopyrin dimerization without causing
unwanted halogenation and a high yield is desirableursuit of this, we utilized Glias an
oxidizing agent in the solvent nitromethane to cérely form mesd3 doubly-connected fused
porphyrin dimer in almost quantitative yield witmlg a short flash column required for
purification'®. Just like in acetonitrile, Gl is a strong oxidizer in nitromethane, with an
oxidation potential of 1.0 V vs SCE**% Unlike the other oxidation reactions, using®Cin
acetonitrile allowed us to obtain the pure m@stdeubly connected diméf®. Removal of the
copper metal from the macrocycle to obtain the frase dimer allows for exchange of metals

and provides a route to a wider range of metallplpgnin dimers.

K

Py il

Figure 35: Schematic representation of the two HOMI@tals of the B, porphyrin ring®®

The regioselectivity of Cu porphyrin to give exdliedy a mesg3 doubly linked diporphyrins
could be due to the £/ HOMO orbital characters of Ewhich has nodal planes through the

meso positions and a higher electron density a8 fsition {(figure 35 (AJ)}**.
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Results and Discussions

Synthesis

Dimerization of pyrrole was achieved by using alswabwn protocol that employs
paraformaldehyde, Ingland NaOH’’. The unreacted pyrrole during the first reactioasw
distilled off and taken through the reaction precesie more time, the crude from the two

reactions were combined and purified over flashiewl to yield an overall 3% yield.

2 // \\ Paraformaldehyde, InCl,, NaOdM
N S

24

Scheme 21: Synthesis of dipyrrometh2de
Porphyrin25 was synthesized by a BIOEL catalyzed condensation of dipyrrometh@devith

mesityl aldeyde followed by DDQ oxidation and nelimation by triethyl aminé® Silica

column purification afforded 26% of pure compowid

®

X = BF3OEt2/CHCI3, DDQ, Et3N
\_ y >
N
24
z
25

Scheme 22: Synthesis of porphy2h
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The brominating agent N-bromosuccinimide was usedatry out monobromination of
the mesoposition of porphyrin25.1%° The HBr generated was neutralized with pyridinee T
reaction was very fast and it was monitored by Tdri@l MALDI-TOF and it was stopped as
soon as the dibromo product appeared. Lower teryeréavored the monobromo product and
to optimize the yield of the monobrominated porpiyne reaction was carried out at belo¥% 0

temperature.

& ®

NBS/CHCI3, Pyridine

Br

o =z
25 26

Scheme 23: Synthesis of porphy2@

A yield of 50% was obtained and an unfragmentedemdér ion peak, m/z = 624.3 that
correspond to the target monobrominated porphyarevebserved.

Porphyin 27 (scheme 24) was synthesized by Suzuki couplingticmadetween tolyl
boronic acid and monobromo pophyrig6. Under a reflux condition in presence of
heterogeneous solvent mixture of toluene/water/areih a high yield of 72% of porphyr@7

was realizedin MALDI-TOF a single peak at m/z = 636.6 was obsel
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Tolyl boronic acid, K3P0O4.H,0,

Tetrakis (triphenyl phosphine) paladium (0)/
toluene/H,O/MeOH

-
>

Scheme 24: Synthesis of porphy2n

As shown in scheme 25, stirring of porphy@i with Cu(ll) acetate monohydrate in
methanol at room temperature gave a quantitatietel yif Cu(ll) porphyrin28 which was easily
isolated by washing with water and brine withoueaéor a chromatographic purification.
MALDI-TOF gave a single peak at m/z = 697.5 indiegtthat the Cu (ll) is tightly held in the

macrocycle under the MALDI condition.
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Scheme 25 : Synthesis of porphy28

The porphyrin dimeR29 was obtained by a selective one electron oxidatougpling of
porphyrin 28 using Cu(ll) tetrafluoroborate in nitromethaneveuit. By treating porphyrir28
with 3.3 equivalents of Cu(ll) tetrafluoroborateritromethane at room temperature for 3 hours
all starting materials were consumed and the meaatnixture was quenched with aqueous
potassium ferrocyanide so as to reduce any rengai@in(ll) and unreacted oxidized porphyrin

(scheme 263%°
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CU(BF),/NO,CHs, K,Fe(CN)g

28 29

Scheme 26: Synthesis of compowgd

A short and a quick silica gel colu were used to obtain a pure compo@8dwith
almost quantitative yield of 90%. MALDI-TOF resuf the crude mixture also showed only a
single peak at m/z = 1393.0 which matches the ttkd mass of the target porphyrin dir@ér

Stirring compour2b in a mixture of trifluoroacetic acid and concetgrhsulfuric acid
(2:10 v/v) at ambient temperature yielded compoB8dafter only 20 minutes. Only a single
product was obtained as evidenced by a single pesdérved in MALDI-TOF, m/z = 1267.0 and
a single spot on TLC. A short silica column was tarobtain a pure compourg®, 85% vyield;

there was no trace of the starting material orctiemn.
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TFA/H,S0,

29

Scheme 27: Synthesis of compo8tl

The ease of demetallating compo&ito produce a free base dingfropens up a possibility of
producing a wider range of metallodiporphyrins.

'H NMR (CDCLk) spectroscopy was used to characterize the cdpgerintermediates
and the final product. The aromaticity of the elecic = system of porphyrins can be deduced
from the chemical shift of thg-protons and the inner N-H. In the monomer porph#i, the -
protons appear at 8.71-9.26 ppm and the inner Netbps appear at -2.89 ppm in CRClhe
'H NMR spectrum of thenesep doubling linked fused diporphyi®0 shows upfield shifts of the
B-protons to 8.16-9.24 ppm and downfield shift oé timner N-H protons at 0.72 ppm. The
upfield shifts of thep-protons are an indicator that the aromatic ringrent is decreased
probably as a result of increased conjugation tvediporphyrin. The dramatic downshift of the
inner N-H chemical resonance of the diporphydrelative to that of the monome8 is a
further evidence that aromaticity, as measuredity-current effects, is reduced in the doubly

fused porphyrin as opposed to the monoporphyrins.
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Steady-state Absorption

The UV/Vis/INIR absorption spectra shows a broad bathochromically shifted three
major bands (bands I, Il and Ill) as shown in f|g@6. The shift in the major bands towards red
is understood to be as a result of extensive cauijig over the diporphyrim-electronic
systems. The positions of band | (414-423 nm) efdiporphyrins are similar to those of the
Soret bands of the monomers, only slight red-shéte observed, Soret band of Cu porphyrin
dimer 29 is at 414 nm while the Soret of the correspondimanomer27is at 410 nm. On the
other hand, the Soret band of free base porphyirnmerd30 is at 423 nm and that of the

corresponding monome7 is at 412 nm.

1.2 4
1
0.8
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Figure 36: UV-visible-NIR oR7 (broken),28 (dots),29 (solid) and30 (dashed) in
dichloromethane

The spectra was normalized at the highest absoeljzesk.
Band Il are not only red-shifted and their intelesitmagnified, but they are also more

broad and complicated. This is an indication ofspree of interactions in the ground state and
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first excited state. The most red-shifted bandasdlll and it is dramatically intensified when
compared to the Q-bands of the porphyrin monomEmsre is a difference in the position of
bands, particularly band Ill between the free-bdiperphyrin30 and CU diporphyrin29. Band
Il of Cu" diporphyrin29 is observed at high-energy 770 nm and free-baserghiyrin 30 is
observed at low-energy position 814 nm., this nmibah the HOMO-LUMO gap is narrower in

the latter diporphyrin when compared to the former.

Experimental Section

General procedure for metallation of porphyrin.

Metalation of porphyrins was performed by addingpbgrin and 5-10 equivalents of
Cu(ll) acetate to a 5:1 solution of dichloromethameethanol. The solution was heated for 30
min and then allowed to stir overnight under aagign atmosphere. The organic layer was
washed with distilled water, saturated agueoususodbicarbonate, and again with distilled
water, and the solvent removed under reduced pesall reactions went to completion.
Synthesis of di(1H-pyrrol-2-yl)methane 24

Undistilled pyrrole was passed through a short alancolumn to obtain a clear pyrrole.
To the clear pyrrole (205 g, 3.06 mol), paraforneghtie (0.92 g, 30.6 mmol) was added, and the
mixture degassed for 30 min while stirring. The mig was then warmed at 80 in an oil bath
for 1 hr followed by addition of InGI(0.68 g, 3.07 mmol), and then the resulting mixtwas
stirred for another 3 hr after which NaOH (3.63@,75 mmol) was added and stirring continued

for another 1.5 hr at room temperature. The crude passed through celite and the filtrate was
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taken through distillation. The dark oily residuasnstored while the pyrrole (169 g, 2.5 mol)
distillate was taken through the procedure desdréd®ove with paraformaldedye (0.76 g, 25.3
mmol), InCk (0.56 g, 2.53 mmol), and NaOH (0.297 g, 7.43 mmbhe crude from the two
reactions were combined and silica column chrommafy was run  with
dichloromethane/hexane 7:3 to obtain a snow whiféyfsolid dipyrromethan4, 3.2 g, 3%.
'H NMR (400 MHz, CDC}) éppm 7.80 (2H, br s, N-H), 6.64-6.63 (2H, f+H), 6.15-6.13
(2H,m,B-H), 6.03 (2H, br sp-H , 3.96 (2H, s, meso0).
Synthesis of 5, 15-dimesitylporphyrin 25

A solution of dipyrromethan24 (0.2 g, 1.37 mmol) and mesityl aldehyde (0.23.§41
mmol) in CHC} (140 mL) was purged with argon for 15 minutes, #meh Bk OEb
(0.14 g, 0.972 mmol) was added and the mixtureestiat room temperature. After 6 hr, DDQ
(0.467, 2.06 mmol) was added. After a total of 8the reaction mixture was neutralized by
adding 2 mL of triethylamine. The crude mixture Viitered through a pad of basic alumina and
the filtrate was evaporated under a reduced pres®urification was carried out by silica
column chromatography (hexane: &Hp- 3:7) to afford 5, 15-dimesitylporphyri®5, 98.5 mg,
26% yield.
'H NMR (400 MHz, CDC}) 5ppm 10.21 (2H, s, meso), 9.32 (4H Jd4 Hz, p-H), 8.88 (4H, d,
J=5 Hz,B-H), 7.33 (4H, s, Ar-H) , 2.66 (6H, s, Ar-GH 1.85 (12H, s, Ar-Ch), -3.05 (2H, s,

N-H). MALDI-TOF-MS m/z calcd for GgH34N4546.3 obsd 546.4.
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Synthesis of 10-Bromo-5, 15-dimesitylporphyrin 26

85 mg (0.156 mmol) of 5, 15-dimesitylporphy@&b was dissolved in CHEI(40 mL) and
the mixture cooled to below -2@ by immersing the round-bottom flask in dry iceéhbeooled
with isopropyl alcohol. To the mixture, NBS (29 nfy163 mmol) and pyridine (0.196 g, 2.48
mmol) were added and the resulting mixture wasestiunder argon atmosphere for 20 minutes
after which stirring was stopped and acetone wake@do the crude mixture. Solvent was
removed under a reduced pressure and the resattinig was purified on a short flash silica gel
column (hexane/toluene 1:1) to obtain 10-Bromo-ZB,diimesitylporphyrin26, 48.5 mg,50%
yield.

'H NMR (400 MHz, CDC}) § 10.07 (1H, smes), 9.65 (2H, d,J=4 Hz, B-H), 9.21 (2H, dJ=4
Hz, B-H), 8.77 (4H, dJ=5 Hz,B-H), 7.29 (4H, s, Ar-H) , 2.64 (6H, s, Ar-GH 1.84 (12H, s, Ar-
CHs), -2.88 (2H, s, N-H). MALDI-TOF-MS m/z calcd f@;sH33BrN4 624.2 obsd 624.3
Synthesis of 5,15-dimesityl-10-tolylporphyrin 27.

A solution of 48 mg (7.69 x T0mol) of 26, 30 mg (2.24 x 16 mol) of tolyl boronic
acid, and 54 mg of potassium phosphate hydrat& mll of toluene/water/methanol (27:1.5:1.5)
was degassed for 40 minutes and then 14.4 mg K1®F mol) of tetrakis (triphenyl phosphine)
palladium (0) was added and the resulting mixtefeuxed under argon atmosphere for 10 hrs.
The crude mixture was filtered through celite arasked with 50 mL diethyl ether. The filtrate
was successively washed with saturated sodiumbmoate, water and brine. The organic layer
was dried over anhydrous magnesium sulfate anddivent removed. The purplish residue was

purified on a silica gel column using a mixturehekane/dichloromethane (2:1), to obtain a pure
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porphyrin26 (35mg, 72%) *H NMR (400 MHz, CDCJ) § 10.10 (1H, s, meso), 9.26 (2H, d, J=4
Hz, B-H), 8.85-8.81 (4H, mB-H), 8.72 (2H, d, J=5 H#-H), 8.10 (2H, d, J= 8Hz, Ar-H), 7.53
(2H, d, J= 8Hz, Ar-H), 7.30 (4H, s, Ar-H) , 2.6TH3s, Ar-CH,), 2.64 (6H, s, Ar-H), 1.84 (12H,
s, Ar-H), -2.89 (2H, s, N-H). MALDI-TOF-MS m/z aa for C;sHsoN4 636.3 obsd 636.6; UV-
visible (umax, CH.Cl) 412, 507, 538, 582, 637 nm.
Synthesis of Cu (ll) 5,15-dimesityl-10-tolylporphyin porphyrin 28

This material was prepared fro®T as specified by the general procedure for porphyri
metalation to obtain a quantitative yield. MALDI-FEMS m/z calcd for GsH3sCuN, 697.2,
obsd 697.5; UV-visible-NIRNnax, CH>Cl,) 533, 410 nm
Synthesis of Cl diporphyrin 29

Thirty-nine mg (5.59x 18 mol) of 28 in 20 mL nitromethane was sonicated for 30
minutes and then degassed and then transferretbtond bottom flask containing 63 mg (1.83x
10* mol) of Cu(BR)»*6 H,O in 15 mL nitromethane which has previously beenicated until
all salt has dissolved followed by degassing. €alr of the mixture immediately turned to
dark purple. Stirring at room temperature undepargtmosphere for 2 hrs was continued. The
reaction mixture was quenched with potassium fganme in 50 mL water followed by
addition of 50 mL chloroform. Organic layer wasedtiover anhydrous sodium sulfate and
filtered. Solvent was removed to obtain purplishde. The purplish residue was purified on a
silica column using a mixture of hexane/dichloronagte (4:1), to obtain copper (IlI) diporphyrin

29 (35 mg, 90%)MALDI-TOF-MS m/z calcd for GoH76Cu:Ng 1392.5, obsd 1392.7;
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UV/Visible/NIR (Amax, CHaCl,): 414, 487 (sh), 552, 628, 702 (sh), 770 nm.
Synthesis of free base diporhyrin 30

A solution of 35 mg (2.51x 10mol) of copper (II) diporhyrir29in 15 mL HSO,/TFA
(2:10 v/v) was stirred at room temperature undgo@ratmosphere for 20 min when all the
starting material were gone by TLC using hexanéldromethane (1:2) mixture. The reaction
mixture was quenched by adding excess ice. Theuptodas extracted with dichloromethane
and the organic phase was washed with aqueous Na@H, w/w) water, brine and dried over
anhydrous Ng50O,. The resulting crude was purified on a short ailigel column using
hexane/dichloromethane (1:2) to obtain free baperghyrin 30 (27 mg, 85%)*H NMR (400
MHz, CDCE) 8y 9.23 (2H, dJ= 5Hz, B-H), 8.90 (2H, sB-H), 8.42 (2H, dJ=5 Hz, p-H), 8.36
(2H, d,J=5 Hz,p-H), 8.31 (2H, dJ=4 Hz,B-H), 8.20 (2H, dJ= 5Hz,p-H), 8.16 (2H, d,)= 5Hz,
B-H), 7.95 (4H, dJ= 8Hz, Ar-H), 7.49 (4H, dJ=13 Hz, Ar-H), 7.29 (4H, s, Ar-H), 7.23 (4H, s,
Ar-H), 2.64 (12H, dJ= 4Hz, Ar-CH;), 2.60 (6H, s, Ar-Ch), 2.07 (12H, s, Ar-Ch), 1.94 (12H,
s, Ar-CHs), 0.72 (4H, br, s, N-H). MALDI-TOF-MS m/z calcd fdCyooH76Ng 1269.6, obsd

1484.2; UV-visible-NIR Xmax, CHoCl,) 423, 499, 560, 611, 737(sh), 814 rith.
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4. Expedient synthesis of bacteriopurpurin: A red-&#sorbing dye for potential application
in hydrogenproduction

Introduction
Dye-sensitized solar cells (DSCC) based on,TiBing Ruthenium (Ru) dyes with

efficiencies of up to 11% has been reportédHowever, the cost and the environmental issues
associated with ruthenium dyes demands for disgovércheaper and safer organic dy¥s.
Some of the advantages of organic dyes includeersity, ease of modification of their
molecular structures and their intense absorgtion.

Porphyrin (figure 37) sensitizers make good candgldor this purpose owing to their
intense absorption in Soret and Q bands to hasaat energy efficiently in a broad spectral
region*** However, porphyrin-sensitized Ti@ells have poor light harvesting properties retati
to Ru dyes at 450-500 nm and 650-900 nm due texistence of a gap between the Soret and Q
bands and this is a major limitation. One possiidg to overcome this problem is to modulate
the electronic structures of porphyrins so thatcar match the light-harvesting properties with

the energy distribution on the edrthparticularly in the visible and NIR regions.

Figure 37: Porphyrin 1-24 numbering system
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These types of dyes can be used to replace Ruady@$} sensitizers and coupled to
water splitting catalytic center to produce hydmg&igure 38 shows a working of water

splitting DSSC.

bias voltage

e S
Dye- / TiO, H20§
sensitized e b &
TiO, film ;\ 2
/ Op_~ N F§ ) &
o 3 :
o L) o o ro,nH,0
Pt
i \ Tio, | N

Figure 38: Schematic diagram of the water splitdyg sensitized solar c&ff.

The electrons injected by the sensitizer are cameduthrough the wire to the cathode,
where protons are reduced to hydrogen. The nettrgssolar production of hydrogen gas and
molecular oxygen. Towards the goal of developindya with the right absorption spectra and

redox properties, bacteriopurpuBli was synthesized.

CO,Et

EtO,C

Bacteriopurpurin 31
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Bacteriopurpurins possesses two annelated cyclglpgngs which are opposite to each other.
The reduction of the pyrrolic rings in the porpmyrnacrocycle has a significant effect on the

absorption spectrum of the reduced compodfs.

Results and Discussions

Synthesis
Synthesis of bacteriopurpurBil was started from metalation of Porphy8# (obtained

from Dr. Paul Liddell) as shown in scheme'23.

NiCl,.6H,0, DMF
O O ™ O W
/ 110°C, 28h, 47% /

33

32

Scheme 28: Nicklyation of porphyrd2

The yield was not very good, and also it was albseoved that the percent yield
decreased when scaling up was attempted. This maylteen due to the HCI formed displacing
Ni from the product and reforming the starting miale Different reagents and reaction
conditions were used to obtain a better yiel@®fReaction between compou@ and Ni (II)
acetylacetone hydrate in refluxing toluene for 2duns afforded compoun®3 in a near

guantitative yield, 92% vyield (scheme 29)
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Q O [CH3COCH=C(O-)CH3],Ni.xH,O Q O
Toluene, reflux, 36 h
33
32

Scheme 29: Nickel 5, 15-bis(tolyl)-2,8,12,18-tethge 3,7,13,17-tetramethylporphyrB8

Monoformylation of 33 using Vilsmeier formylation  protocol  with
(chloromethylene)dimethyl ammonium chloride yieldedeep green compouf3d as shown in
scheme 30 The diformyl product was a tiny slow moving bam the silica gel column and

separation was easily achieved.

CHO
(i) Vilsmeier reagent, CICH,CH,CI, 55°C, 2h
) - O W
Q (ii) Sat. NaOAc, 60°C, 2 h
33
34

Scheme 30: Nickel 10-meso-formyl- 5, 15-bis(tol®]®,12,18-tetraethyl-3,7,13,17-
tetramethylporphyrir34

A Wittig type reaction between compoursd and (carboethoxymethylene) triphenyl
phosphorane afforded compour@b (scheme 31). Compoun85 was purified by flash
chromatography on silica column (dichlorometharexame 3:1) followed by recrystallization in

methanol: dichloromethane to obtain a small dadegrcrystafs’ to obtain high yield, 84%.
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CHO

& aY,

34

Ph3P=CHCO,Et, Xylene, reflux, 52h

Scheme 31: Synthesis of porphy8h

Several attempts to formylate position 20 (figur® 8f compound35 using the method
used by Robinsd®® were not successful. Although it has been repdsietorgan et af® that
nickel porphyrin undergo only monoformylation, difoylation of Ni (II) porphyrin33 was
realized by modifying the method used in schemelBfng an excess of a freshly prepared
Vilsmeier reagent obtained by drop wise additionpbbsphorous oxychloride to DMF and
running the reaction longer at higher temperattine, diformyl product, compoun86 was
obtained as the major product. The diformyl produets separated from the monoformyl
product on a silica flash column (dichloromethahexane 3:1) and obtained in 61% yield.
Scheme 32 shows conversion of nickel porph88iio 10, 20-diformyl nickel porphyriB6.

c

HO
(i) Excess Vilsmeier reagent/CICH,CH,CI,
O O 70°C, 7h O
(i) Sat. NaOAc, 70°C, 2 h O
33

CHO
36

Scheme 32: Nickel 10,20-bis(meso-formyl)- 5, 151tboiyl)-2,8,12,18-tetraethyl-3,7,13,17-
tetramethylporphyrir86
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Compound 36 was converted to compound87 as shown in scheme 33, column
purification afforded porphyrir87, 43% vyield. The side product had one of the forgrgdup
unreacted and it was separated from comp@¥wh a silica flash column with dichloromethane

as the mobile phase.

CHO

O PhyP=CHCO,Et
/

Xylene, reflux, 24h

CHO

36

Scheme 33: Synthesis of nickel Porphyih

Demetalation of37 was attempted following the method used by RolifiSavhich
employed the use of concentrated sulfuric acicbWdd by neutralization with saturated sodium

bicarbonate as shown in scheme 34.

CO,Et

1. Conc. HySO4, 3h
2. Sat. N32CO3

CO,Et
38
Not obtained

Scheme 34: Attempted synthesis of porphgan
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Compound 38 was not obtained; from the MALDI-TOF results it svabserved that the
concentrated sulfuric acid used hydrolyzed the hangsters to the corresponding vinylic acids
without removing nickel from the macrocycle.

We thought of a way of avoiding reactions involviegncentrated sulfuric acid in
presence of esters, an easily hydrolysable grdwp,ohly way to do that was to remove the
nickel from 10, 20-diformyl nickel porphyri84, generally aldehydes are known to be less
susceptible to acid hydrolysis than estek$ter all, the role of nickel was tdacilitate
formylation, a role it has served diligently andéino longer needed in further steps.

Free base 10, 20- diformyl porphy38 was obtained by reacting Ni (II) 10, 20-diformyl
porphyrin36 with concentrated sulfuric acid as shown in sch8meThe progress of the reaction
was monitored by TLC, and in less than 20 minutetha starting material has been consumed.
After neutralization with sodium bicarbonate theds was purified on silica column to afford

free base porphyri@9, 21% yield

CHO

CHO
Q O 1. Conc. H,SO,, 18 mins Q
2. Sat. NaHCOs,, O
CHO
CHO

Scheme 35:10,20-bis(meso-formyl)- 5, 15-bis(toB$,12,18-tetraethyl-3,7,13,17-
tetramethylporphyrir89
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The low yield was attributed to high polarity oetproduct which made it stick to the silica flash
column used, 4% methanalichloromethanewas used to elute the compound from a short

column.

Synthesis of 5,15-(3,7,13,17-tetraethyl-2,8,12,18-tetramethyR0O
ditolyl)bacteriopurpurin 31 was achieved by reacting free base porphy8f with
(carboethoxymethylene) triphenyl phosphorane inefluxing xylene. Scheme 36 shows
synthesis of bacteriopurpuriBl. Column purification with dichloromethane as thieieat
afforded bacteriopurpurpuri®il as a lime green product, 31% yield.

CHO

Q O Excess PhsP=CO,Et
xylene, reflux, 24h

CHO

39

Scheme 36: 5,15-(3,7,13,17-tetraethyl-2,8,12, I&teethyl-10,20-ditolyl)bacteriopurpurBi

It important to note that the formation wiesodiacrylate free base porphyrin and cyclization to
bacteriopurpurir81 occurred in one step without the use of non-nyatienbase such as DBU as

used in the literature.

Steady-state Absorption
Bacteriopurpurin31 dye shows a characteristic Soret band at 435 abdn@s at 578,

611, 696 and 845 nm. Figure 39 shows UV-Vis-NIRoapton of bacteriopurpuriil.
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Figure 39: UV/Vis/NIR spectra absorption of Baadgurpurin31in dichloromethane.

The ability to absorb into the NIR makes it a gdaavester of light across the electromagnetic

spectrum.
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Electrochemistry
Figure 40 show the CV scan of bacteriopurp@dr{Electrochemistry measurement was done by

Dr. Ben Sherman)

1.2

0.8

0.4
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Figure 37 : CV scans of bacteriopurpusih

The experiment was performed in dichloromethané& @it M TBAPK, Pt working electrode,
Ag'/Ag quasi-reference calibrated to SCE with ferrac@dc/Fc 0.45 V vs SCE). Scans shown
were measured at a rate of 100 mV/s.

As shown in figure 39 bacteriopurpuridl undergoes successive oxidations. First
reversible single oxidation occurs at 0.38 V vs 0@ the second irreversible oxidation occurs
at 0.92 V vs SCE. The first reduction potentiatted excited state is -1.07 V vs SCE. Therefore,
the synthesized bacteriopurpuBt is likely to be a good donor to TiQE®"= -0.85 V vs SCE)
when incorporated onto a photocathode catalystptfcdioelectrochemical device for light driven

H,O splitting by reducing hydrogen ions'{& -0.6 5V vs SCEJ® to produce hydrogen gas.
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In conclusion, an expedient route to the synthesisacteriopurpurin has been developed. CV
studies have shown that this dye has promisingxredaperties to be used as a T&&nsitizer in
a dye sensitized solar cells for the productionhgfirogen. The molecule was found to be
unstable in air due to oxidative decomposition.
Experimental Section
Nickel 5, 15-bisfi-tolyl)-2,8,12,18-tetraethyl-3,7,13,17-tetramethylprphyrin 33

A solution of 5, 15-big{-tolyl)-2,8,12,18-tetraethyl-3,7,13,17-tetrametrophyrin 32
0.208g (0.313 mmol) and nickel (ll) acetylacetone hydrat241 g (4.8 mmol) in toluene (50
mL) was heated under reflux for 24 hrs. The resglsolution was cooled and the solvent was
removed under reduced pressure. The resulting onafe dissolved in dichloromethane and
washed with water several times. The organic layene combined and solvent removed. Silica
column chromatography of the crude product onaiiith dichloromethane as eluent gave only
one band, which was collected to yi&8(0.206 g, 92 %) as a bright red solid.
'H-NMR (CDCl, 400 MHz)54 9.41 (s, 2H, mesét), 7.69 (d, 4H,)=7.6 Hz, ArH), 7.41 (d, 4H,
J=7.6 Hz, ArH), 3.71-3.66 (m, 8H, 4xi8,), 2.63 (s, 6H, 2xAr-B3), 2.26 (s, 12H, 4x83),
1.62-1.58 (t, 12H, 4xCHCH53)
UV/Vis (CH.Cl,): AmaxNm 562, 520, 400
Nickel 10,20-bis(meso-formyl) - 5, 15-big¢tolyl)-2,8,12,18-tetraethyl-3,7,13,17-
tetramethylporphyrin 36

A 20-mL portion of Vilsmier reagent, prepared bgrap wise addition of POg(14 mL)

to DMF (11 mL) at °C and allowed to stand at room temperature for diuting which the
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solution turned pink was transferred to a rounddotflask immersed in an oil bath heated to 70
°C. To this solution Nickel 5, 15-bjfolyl)-2,8,12,18-tetraethyl-3,7,13,17-
tetramethylporphyrir33 (107 mg, 0.15 mmol) dissolved in anhydrous 1,2Mdiomethane (62
mL) was added drop wise. The reaction mixture w#ased for an additional 9 hr while
maintaining at around 7. A saturated solution of sodium acetate (200 ma$ then added,
and stirring and heating were continued for 2 ntowars. The organic and the aqueous phase
were separated and the former was washed withattarinlethane three times. Organic layers
were combined and the solvent removed under redpcessure. The resulting crude was
purified on silica flash column, the first red bawds eluted with ChCl,/hexane 4:1 and the
major green band eluted with @El,. On drying, the green band gave a bright greeid sadkel
10,20-bis(meso-formyl)- 5, 15-bstolyl)-2,8,12,18-tetraethyl-3,7,13,17-tetramettrofphyrin
36 (95 mg, 82%).
'H-NMR (CDCl, 400 MHz)5 11.53 (s, 2H, 2x80), 7.55 (d, 4H,)= 8 Hz, ArH), 7.39 (d, 4H,
J= 8 Hz, ArH), 3.39-3.35 (m, 8H, 4x8,), 2.58 (s,6H, 2xAr-El3), 1.96 (s, 12H, 4x83), 1.48-
1.45 (t, 12H, 4xChCH3).
MALDI-TOF-MS m/z calcd for GgHsN4NiO, 770.3 obsd 770.6
10,20-bis(meso-formyl)- 5, 15-bigttolyl)-2,8,12,18-tetraethyl-3,7,13,17-
tetramethylporphyrin 39

To a solution of nickel porphyri®6 (110 mg, 0.1429 mmol) in dichloromethane (30
mL), concentrated sulfuric acid (0.4 mL) was addeab wise and the mixture stirred at room

temperature for 6 minutes. The mixture was neutedliby addition of saturated aqueous sodium
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hydrogen carbonate (30 mL) and the organic layer eadlected, washed and dried. The solvent
was removed under reduced pressure, and the cruogugd purified on a silica gel
(CH.CI/MeOH 9.5:0.5) to yield a dark green salil (61.7 mg, 60%).
'H-NMR (CDCL, 400 MHz)8 12.14 (s, 2H, 2x80), 7.98 (d, 4H, J= 8 Hz, Ar), 7.541 (d,
4H, J= 8 Hz, ArH), 3.02-2.99 35 (m, 8H, 4%d), 2.66 (s,6H, 2xAr-El3), 1.85 (s, 12H,
4xCH3), 1.28-1.25 (t, 12H, 4xC}CH3).
MALDI-TOF-MS m/z calcd for GgHsoN4O2 714.9 obsd 715.4
5, 15-Bisf-tolyl)-2,8,12,18-tetraethyl-3,7,13,17-tetramethylacteriopurpurin 31
(Carboethoxymethylene)triphenyl phosphorane (0.5953.71 mmol) was added to a
solution of porphyrin39 (13 mg, 0.0182 mmol) in xylene (20 mL) and the tuig heated to
reflux while stirring under argon atmosphere for t#4. The mixture was cooled and solvent
removed under reduced pressure. The crude wasigourdn silica gel chromatography
(dichloromethane) and the only lime green band meskwas collected to yield bacteriopurpurin
31 (4.8 mg, 31%).
IH-NMR (CDCl, 400 MHz)4 9.22 (s, 2H, 2x isocyclic ringl), 7.70-7.68 (m, 4H, AH), 7.52-
7.50 (m, 4H, ArH), 4.39-4.37 (m, 4H, 2xC{H,), 4.24-4.16 (m, 2xCHB3;, 2xCHCHj3,
2xCHCHg), 2.55 (s, 6H, 2xCh) , 2.34-2.69 (m, 4H, 2xCH#E), 2.02 (s, 6H, 2xCh), 1.71-1.62
(m, 6H, 2xCQCH,CH3), -0.26-0.3 (t, 6H, 2xCHCHCH3).

MALDI-TOF-MS: M/z calcd.for GeH22N4O4 854.5, obsd. 854.9.
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Conclusions
An efficient synthesis of several organic molecutawdels of artificial photosynthetic

reaction centers were realised and interesting @nothising photophysical properties were
observed. Both free basejHbhthalocyanine(Pc)-fullerene {§ and Zinc (Zn) Pc-¢; where the
Pc and the g moeities are separated by a phenylethynyl linkas wealised in high yields.
While H,Pc-Gsp exhibited aggregation characteristics and wadubé$®in most common organic
solvents, ZnPc-g was soluble. While in non-polar solvents the fesmence of the excited Pc
chromophore is quenched mainly by singlet-singtetrgy transfer to £ in polar solvents both
dyads exhibited a ultrafast electron transfer ® ¢bvalently-linked &. Transient absorption
studies on ZnPc+4 showed formation of a charge-separated (CS) witntum yield of unit
that had a lifetime of 94 ps. This is the longdst time reported for similir dyads with similar
electron transfer driving force, it can be conclidbat the unusually long-lived CS state
achieved with the current dyad is as result ofghenylethynyl linker.

A novel non-aggregating silicon (Si)-Pc dyad whitwe Pc and the g are linked axially
via the central Si was synthezied and lifetime 8f<fate of ~5 ns was observed. The lifetime for
axially linked dyad's CS state is about 50 timeat thf the the peripherally linked dyads, an
observation that can be used to infer that theirtie of CS state is not only dependent on the
type of linker separating the donor and the accelpib also on the orientation, pheripheral or
axial. Assymetrical diaxial substitution on the tahSi in SiPc was achieved, and this presents a
possibility of attaching different kind of ligandsich as donor-acceptor, push-pull systems on

the opposite plane of the SiPc chromophore thrdbghcentral Si without the occurence of the
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photoinactive aggregates in solution and this altaning of the optical and electrochemical
properties of the phthalocyanine for efficient sotmergy capture and other photochemical
applications.

A carotenoid (Car) and a ferrocene (Fc) seconddegtron donors were covalently
attached to the SiPcsgthrough axial linkage to form Car-SiPggCand Fc-SiPc-6p triads
respectively. A very fast charge separation andggieecombination (CR) within Car-SiPc and
Fc-SiPc dyads were observed. Lifetime of the C&staere 1.2 ps and 200 fs for Car-SiPc and
Fc-SiPc dyads respectively. The ultra fast chaepaation observed is favored by enhanced
couplng afforded by the short linkers and a largeing force in the Car-SiPc and Fc-SiPc
dyads. The driving force 4Gcs) for the formation of the CS state for CaBiP¢ and F&'-
SiP¢ are 0.81 eV and 0.56 eV respectively. In the GReEotriad, the transfer of electrons to
the Gy to form Car-SiPt’-Cso"" is a minor pathway for quenching of the SiPc flsoence. This
is because the slower electron transfer from SPE€sh gets outcompeted by the very fast
electron transfer from the ground state carotetmwithe hole in the HOMO of the excited SiPc.
Molecular orbital calculations has showed that hifghest occupied molecular orbital (HOMO)
of the Go moeity is below those of both car and SiPc, aaddier of electrons from SiPc tg/C
has been observed to occur after singlet-singletggntransfer from excited state SiPc to the C
followed by a hole transfer from the HOMO of thgy@ the energetically higher HOMO of
SiPc. Currently, exclusive excitation ofd&hromophore so as to realise step wise hole &ansf
to the Car moeity to afford a long-lived arlC-SiPc-Go"” is under investigation. Alternative

approach that may favor formation of Ca8iPc-G'™ as the final state includes: Use of shorter
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carotenoid to lower the HOMO of the Car moeity,asoto make it a poor donor to the excited
state Pc, decoupling of the Car and SiPc dyad aldlb slower the rate of electron transfer
between the Car to the SiPc, while introducing artehn linker between the SiPc and thg @ill
make the intramolecular electron transfer from$ifec to the & faster hence enabling this step
to be kinetically competitive to afford a chargefisto the Car moeity. The above modifications
between the respective dyads can also be appliEd-6iPc-Go to give a long-lived FE-SiPc-
Cso"" CS that will enable harnessing of the stored gnerghe CS state.

An efficient route to mes@-doubly connected porphyrin dimer was developedheAr
quantitative yield with minimal purification was ®@lined. Use of cheap &uoxidants and
chloride free solvent ensured absencp-afhlorinated porphyrin impurities as was repongth
use of tris(4-bromophenyl)aminium hexachloroantiaten(BAHA), 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ) and trifluoromethanesulfendiinlike the lack of regioselectivity
reported with use of copper (Il) perchlorate artcafeioroborate salts in acetonitrile, use ofCu
salt as the oxidant in nitromethane affordedsep doubly-connected fused porphyrin dimer
exclusively. Stirring the copper (II) porphyrin démin HLSO/TFA mixture easily converted it
into free base porphyrin dimer in 20 mins with ghhiyield of 85 %. The optical and the
electrochemical properties of the porphyrin diman de tuned by inserting different metals or
combinations of metals into the macrocycles. Theresting photophysical properties and the
low band gap of the porphyrin dimer find applicasmot only in solar energy conversion but in

other fields of technology and medicine.
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An efficient and expedient route to bacteriopurpua red-absorbing dye was developed.
Due to the presence of stereocenters and two dadeleyclopentyl rings, synthesis of
bacteriopurpurin has been reported to be a syoHibti challenging task. Starting with a
guantitative nicklyation of porphyri82 by nickel (II) acetylacetone hydrate, one-step2@0,
diformylation of porphyrin33 was achieved by using a freshly prepared Vilsmaagent as
opposed to the commercially available one whichyoyields monoformyl product. Use of
(Carboethoxymethylene)triphenyl phosphorane, Witkggent, to synthesizeesediacrylate
product and stereoselective cyclization to affoagttbriopurpurin31 occurred in a single step
without the need for additional reagents. Overdle tseven steps from porphyrin to
bacteriopurpurin reported in literature were redute four and still with a higher yield of the
final product.

The bacteriopurpurin obtained was observed to hateresting electrochemical and
optical properties, reduction potential (-0.85 V S€E) andA\nax 845 nm. These properties
makes it an ideal candidate for use as a dye tsits@n TiQ, which can be coupled to the'H
reduction side of the water splitting catalytic teero produce b a clean source of energy.
General Experimental Methods
Materials: Unless noted all reagents and solvents were aatafrom commercials sources
which are referenced where applicable. Toluenehlaliomethane and hexanes were distilled
prior to use. Silica gel chromatorgraphy was cdrraeit using 230-400 silica gel (Silicyale,

Siliflas F60).
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General analytical methods
Stead-state spectroscopy

UV-Visible-NIR spectroscopy was performed usinghen®&dzu UV-3101PC UV-Visible
spectrophotometer or Shimadzu UV-2550 UV-Visibleedpophotometer. Excitation was
provided by a 75 W xenon-arc lamp and single ggatimonochromator. Fluorescence was
detected at 90° to the excitation beam via a simgling monochromator and an R928
photomultiplier tube having S-20 spectral resposuse operating in the single photon counting
mode.
Time-resolved fluorescence

Fluorescence decay measurements were performegtmalty dilute (ca. 1x 10° M)
samples by the time-correlated single-photon-cogntnethod. Two different systems were
employed. Excitation source for the first systenswaamode-locked Ti:Sapphire laser (Spectra
Physics, Millennia-pumped Tsunami) with a 130-f¢spuduration operating at 80 MHz. The
laser output was sent through a frequency doubldrpulse selector (Spectra Physics Model
3980) to obtain 370-450 nm pulses at 4 MHz. Flumerse emissions was detected at the magic
angle using a double grating monochromator (JolkionYGemini-180) and a microchannel plate
photomultiplier tube (Hamamatsu R3809U-50). Therument response function was 35-55 ps.
The spectrometer was controlled by software baseith® LabView programming language and
data acquisition was done using a single photomtiogicard (Becker-Hickl, SPC-830).

Excitation source for the second system was a fdogrercontinuum laser based on a

passive modelocked fiber laser and a high-nonlite@hotonic crystal fiber supercontinuum
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generator (Fianium SC450). The laser provides fytses at a repetition rate variable between
0.1 — 40 MHz. The laser output was sent througtAeousto-Optical Tunable Filer (Fianium
AOTF) to obtain excitation pulses at desired wavglk. Fluorescence emission was detected at
the magic angle using a double grating monochroméiobin Yvon Gemini-180) and a
microchannel plate photomultiplier tube (Hamama&8B809U-50). The instrument response
function was 35-55 ps. The spectrometer was cdetrddy software based on the LabView
programming language and data acquisition was damieg a single photon counting card
(Becker-Hickl, SPC-830).
Transient absorption

The femtosecond transient absorption apparatusistedsof a kilohertz pulsed laser
source and a pump-probe optical setup. Laser pofs&30 fs at 800 nm were generated from an
amplified, mode-locked Titanium Sapphire kiloheldser system (Millennia/Tsunami/Spitfire,
Spectra Physics). Part of the laser pulse energy seat through an optical delay line and
focused on to a 3 mm sapphire plate to generataite Vight continuum for the probe beam. The
remainder of the pulse energy was used to pump picab parametric amplifier (Spectra
Physics) to generate excitation pulses, which veedected using a mechanical chopper. The
white light generated was then compressed by ppairs (CVI) before passing through the
sample. The polarization of pump beam was setdarhgic angle (54.7°) relative to the probe
beam and its intensity adjusted using a continyoualiable neutral density filter. The white

light probe is dispersed by a spectrograph (30®dirating) onto a charge-coupled device (CCD)
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camera (DU420, Andor Tech.). The final spectrabh&son was about 2.3 nm for over a nearly
300 nm spectral region. The instrument responsetiimwas ca. 150 fs.

The nanosecond-millisecond transient absorption sorements were made with
excitation from an optical parametric oscillatoivén by the third harmonic of a Nd:YAG laser
(Ekspla NT342B). The pulse width was ~4-5 ns, amdrépetition rate was 10 Hz. The detection
portion of the spectrometer (Proteus) was manufedtby Ultrafast Systems. The instrument
response function was ca. 4.8 ns.

Data analysis

Data analysis was carried out using locally writteftware (ASUFIT) developed under a
MATLAB environment (Mathworks Inc.). Decay-assoeitspectra (DAS) were obtained by
fitting the transient absorption or fluorescencaraie curves over a selected wavelength region

simultaneously as described by Eq 1 (parallel iknebdel),
A= AR )exd-t/7) (1)
i=1

whereAA(LA,t) is the observed absorption (or fluorescence) gha a given wavelength at time
delayt andn is the number of kinetic components used in thed). A plot of Ai(1) versus
wavelength is called a decay-associated spectraothrepresents the amplitude spectrum of the
i™ kinetic component, which has a lifetimewmf

The global analysis procedures described here bage extensively reviewed in literatdfé. Random
errors associated with the reported lifetimes ottéifrom fluorescence and transient absorption

measurements were typicaty5%.
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Mass spectrometry was performed using the MALDI-Ti@€thod using a Voyager DE
STR from Applied Biosytems in reflector mode forrablecules. Commonly used matrices were
terthiophene, dithranol and  trans-2-[3-(4-tert-tpitgnyl)-2-methyl-2-propenylidene]-
malononitrile.

'H NMR spectra for the molecules were obtained intef@ted solvents using a Varian
400 MHz instrument with tetramethysilane as intereéerence. Proton assigments were by the
use of COSY and NOESY experiments.
Electrochemical measurements were performed usinG@Ha instruments 650C or 760D
electrochemical workstation using a standard 3tedde cell setup. Counter and reference
electrodes were platinum gauze and pseudo Ag/AyGtking glassy electrodes and electrolytes
were specific for each experiment. Potentials weeferenced to SCE using the
ferrocene/ferrocenium redox couple as an intertahdard, with values depending on the

solvent!?
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