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Aim of the Work

This work aimed at the development of new appreadio the building up of axially
functionalized phthalocyanines of titanium, molybdm, tungsten and rhenium, in which the
organoimido or the diarylureato axial function&giare capable to do further reactions with
other reagents such as,3J PhSIiOH, etc. Further we aimed at characterizationthaf
prepared phthalocyanines using MS, UV/VIS, FTIR,RATGA, DSC, etc. to get a close
approach to the relation between their structuteepes and properties. Despite of the poor
solubility of the prepared MPcs relative to theipleerally substituted MPcs, this work aimed
at carrying out several attempts to grow up simgiestals suitable for X-ray crystal structure
measurements in order to identify the common aearemt patterns, which are seen among
the different phthalocyanine structures. Crystaudtires of the phthalocyanines are the
fundament for the calculations or prediction ofitlpgoperties. Different arrangements of the
molecules in the lattice lead to materials withfaté#nt physical properties such as
photoconductivity and optical properties. Therefaegreat interest lies in the prediction of
crystal structures from the molecular structure aaltulations of physical properties there
from. An important advantage of these axially fumetalized metalphthalocyanines may be
the possibility to anchor them covalently and innmmeric distribution in the pores of
different silica templates, to prepare new MPc rfiedimesoporous silica materials. These
materials have attracted the attention of manyarebers in the last decade trying to
understand the chemistry of these materials sihee MPc/silica materials have found
industrial applications. The chromophore-loadedgaaic hosts have been investigated in the
last years for different properties, such as phattdgst,novel pigments and nonlinear optical
materials exhibiting optical bistabilities, frequyndoubling, and spectral hole-burning or
lasing.



Zusammenfassung

Ringsubstituierte  Titanylphthalocyanine sind pheiteinde Materialien im
xerographischen Prozess von Photokopierern odariasickern, die im Sinne eines ,green
chemistry” Konzeptes Selen als photoleitende Sthetsetzt haben.Aul3erdem sind
[(RxPc)Ti=0O] Verbindungen Laserpigmente der CD-R@kthnologie Wahrend organische
Substitutionen am Ring im Fokus der gegenwartigers¢hung stehen, sind Substitutionen
an der axialen Titanylfunktion weitgehend unerfbis©as Ziel der vorliegenden Arbeit war
die Erforschung der Chemie der Titanylphthalocyanies wurden Metathesereaktionen von
[PcTiO] (1) untersucht, um isoelektronische Verbindungen dgs PcTiX (X =S, Se, NR,
usw) zu synthetisieren. Die Isocyanat-Metathese¢i@akhangt stark von der Grosse der
Arylisocyanate ab. Im Fall des sterisch anspruckewo2,6-Diisopropylphenylisocyanats
(DIpNCO) scheint, dass nur eine Addition eines ysmates maoglich ist. Der Angriff eines
zweiten Isocyanat Molekils an die [Ti=NAr] Funktiast durch den hohen sterischen
Anspruch der zwei Isopropylgruppen gehindert. Hémle Gruppen, wie z.B. R = Phenyl,
konnte der Imidokomplex nicht isoliert werden, dae leitwilig mit einem zweiten
Aquivalent ArNCO in einer [2+2] Cycloaddition zu N-Diarylureato-titan-phthalocyaninen
(3a-d) reagiert. In diesen Féllen wurden die entsprecheridiarylcarbodimide als weil3e

- N \
DipN=C=0 Y N\ ”R/N N
N i N
—N"~

Nebenprodukte beobachtet.

_Ti Organoimido-TiPc

. \ )
N \ Ar = Dip
N N (2)

-Co,

PcTiO (1)

N,N’-Diarylureato-TiPcs

| 2ANTCTO N il N Ar=Ph (3a)

-Co TN N = p-Tol (3b)
2 \ = Mes (3c)
N X = p-CIC ¢H, (3d)




Die Reaktion von1l) mit Arylisocyanaten, die kleine Arylgruppen entieal konnte in der

katalytischen Metathese von Arylisocyanaten zu yiarbodiimiden und C®angewendet

werden.
PcTiO + 2ANCO —»  [PcTi(N,N -diarylureato)] + CO, - (1)
Katalysator
2 ArNCO + Katalysator —— > ArN=C=NAr + CO, e, )

Die Verbindung(2) kristallisiert in der zentrosymmetrischen RaumgeigP2/n) mit vier
Molekulen in der Elementarzelle. Das Molekul entii@hffach koordiniertes Ti (IV), welches
von vier aquatorialen Isoindolin-Ringen des Pc Mals umgeben ist. Der Imidoligand steht
in axialer Position. Das Titanatom liegt 0.594(1) dberhalb der Ebene der vier
Stickstoffatome. Die Verbinduna) kristallisiert in der zentrosymmetrischen Raumgeip

(P2/n) mit vier Molekilen in der Elementarzelle. DieeNindung(3b) kristallisiert in der

zentrosymmetrischen Raumgruppéd. it zwei Molekiilen in der Elementarzelle. In beid
Strukturen(3a) und(3b) enthalt das Molekiil flinffach koordiniertes Ti (IWyelches von vier
aquatorialen Isoindolin-Ringen des Pc Molekils ubsgeist. Der Ureatoligand steht in
axialer Position. Das Titanatom liegt oberhalb ddrene der vier Stickstoffatomen in
Richtung auf den Imidoligand mit einem Abstand @A91(1)A in(3a) und 0.763(6)A in
(3b) zur Ebene.

Die Molekdilstruktur von [PcTi=NDip{2).



Die Molekulstruktur von [PcTi(N,N -DitoylureatoBb).

Die Reaktion von N,N’-Ditolylureato-(phthalocyaniagtitan (3b) mit H,S Gas in
Chlornaphthalin hangt sehr stark davon ab, ob sterunertgas oder an Luft durchgefihrt
wird. Wird die Reaktion unter Inertgas durchgefiilamtsteht quantitativ Verbindun@).
Wird die Reaktion an Luft durchgefihrt, entstehtamtitativ Verbindung (5). Die

Kristallstruktur von(5) zeigt dass dig>-S, Gruppe “side-on”in axialer Position koordiniert.

H,S / Inertgas
——

4

R = p-tolyl (3b) H,S

wenig luft

()



Die Molekiilstruktur von [PcTi(*-S,)] (5).

Die Reaktion von(3b) mit 1,2-Phenylendiamin fihrt zu [PcT{(NbQsHs}] (6).
AulRerdem reagiert3b) mit PhSiOH zu trans-[PcTi(OSiRk] (7). Diese Reaktion fuhrt zu
einer trans-Addition von zwei Triphenylsiloxy-Ligd®n am Titanatom. Die cis-Addition
wird durch die starke sterische Hinderung der Btreznylgruppen verhindert.

R = p-tolyl 2 Ph,SiOH
(3b)




Die Molekulstruktur von trans-[PcTi(OSiB)g] (7).

Neue Organoimidokomplexe der allgemeinen SummerdbfPcM(NR)CI] (M = Mo,
W, Re) (9a,b, 11a,b, 15a,b)wurden in der Schmelze von Phthalsauredinitril J(Rhit
Imidokomplexen [M(NR)Clx(dme)] (M = Mo, W; R =ZBu, Mes) bzw. [Re(NRLI] (M = Re;
R = 'Bu, Mes) dargestellt. Als Produkt erhdlt man immdie Chloro-imido-
phthalocyaninkomplexe. Erhitzt man andererseits h&b&uredinitrii mit  Wolfram-
imidokomplexen der allgemeinen Summenformel [W(RER)(R = Ph, p-Tol, 3,5-GICsH3)
(13a-c) so wurden immer die diamagnatischen Imido-wolf{fafphthalocyanine mit zwei
Chlorsubstituenten am aromatischen Ring des Phayahins [(C}Pc)W(NR)] (13a-c)
isoliert. Man kann dies auf die stark chlorierendgigenschaften von die®d/erbindungen
[W(NR)CI4] zurtckfuihren. Die Chlorierung der aromatischendri fuhrt zu verschiedenen

Isomeren, so dass keine einheitlichen Kristallekeh werden kdnnen.

[W(NR)CI,] [M(NR),Cl,(dme)]
4PN

or [Re(NR),Cl]

Mixture of regioisomers M=Mo; R = tBu(9a), R = Mes (9b)

R = Ph (13a), p-Tol (13b), 3,5-Cl,C,H, (13c) M=W: R = 'Bu(1a), R = Mes (11b)

M = Re; R = 'Bu(15a), R = Mes (15b)



Werden die Verbindungef©a,b), (11a,b) (15a,b) mit AgSbFk in Dichlormethan unter
Ruckfluss umgesetzt, beobachtet man einen weil3edelichlag von AgCl. Das heifl3t, dass
das Chloratom an dem Metall gebunden ist. Andeitersard kein weil3er Niederschlag
beobachtet, wenn die VerbindunggBa-c) mit AgSbk in Dichlormethan unter Rickfluss

umgesetzt werden.

[(POM(NR)CI] + AgSbF, > [(Pc)M(NR)] *SbFg™  + AgCl ¢

M = Mo, W, Re ( weilRer Niederschlag)

[(CLPc)W(NR)] + AgSbF;, —m > Kein Niederschlag

Die Verbindung(9a) kristallisiert in der zentrosymmetrischen RaumgmigP4/n) mit vier
Molekilen in der Elementarzelle. Das Molekul enthgih sechsfach koordiniertes Mo(V)
Atom, welches von vier aquatorialen Isoindolin-Ringdes Pc Liganden umgeben ist. Der
Imidoligand und das Chloratom stehen in axialento®n in einer trans-Konfiguration. Das
Molybdanatom liegt oberhalb der Ebene der vier kStmffatome mit einem Abstand von
0.305(0) (A) von der Ebene.

Die Molekdlstrukture von [PcMo(1Bu)] (9a).



Die Reaktion von 1,2,4,5-Tetracyanobenzol (TCB) miOBu), im Molverhaltnis
von 2:1 bei hohen Temperaturen von ca. 220°C fabreinem Pentamer der idealisierten
Summenformel GdHsNs4sOsTis. Dieses Oligomer hat ein Molekulargewicht von 3b4®ol.
Wird dieses Oligomer mit 2,6-Diisopropylphenylisacyat in DMF unter Ruickfluss
umgesetzt, erhalt man das entsprechende Pentamdemimidofunktionalitat. Die Reaktion
von TCB mit [Mo(NMes)Cly(dme)] fihrt zum Phthalocyanin-Pentamer mit [Mo(Nyel]-
Funktionalitat.

il
@@:
Ezi

|
—M~ N
)

M=[TiO] (16), M=[Mo(NMes)CI] (17), M=[Ti(NDip)] (18)

Die GPC Messungen der DMF Losungen der Oligomeseodpen auf Poystyrol, zeigen mit
geringen Abweichungen die erwarteten Molekulargbteicdder Pentamere. Allein durch die
spektroskopischen Untersuchungen, lasst sich hitatusfinden, wie die fiunf PcM-Einheiten

miteinander verbunden sind.

In einer Kooperation mit dem AK Prof. Ruhle (FB Biy wird die zeitaufgeltste
Photolumineszenz von Phthalocyanin@) and (3b) untersucht. Das Sauerstoffatom des

Titanylphthalocyanins wurde hierbei durch einendaische N,N -Ditolyureato-Baugruppe



ausgetauscht. Ziel dieser Funktionalisierung iste dVerbesserung der optischen
Eigenschaften, insbesondere der Photoleitfahigk&itm Vergleich werden beide
Phthalocyanine fluoreszenzspektroskopisch untetsubiie Untersuchungen an diesen
Phtalocyaninen haben gezeigt, dass nur die Intgndiér Emissionsbanden in den PL-
Spektren und der Transienten konzentrationsabhaisgignicht aber deren qualitativer
Verlauf. Beide Proben weisen ein ungewoéhnlichelicees Abfallverhalten der PL-Intensitét
auf. Die Lebensdauer ist vergleichbar mit anderexpeementellen Ergebnissen
zeitaufgeloster Fluoreszensspektroskopie (4$6) und bestatigt das Potential der
Phthalocyanine auch fir den medizinischen und lisighlischen Bereich, z.B. in
bildgebenden Verfahren, bei denen Ilebende Organismenit Hilfe der

Fluoreszensspektroskopie auf der Nanosekondeskatst untersucht werden oder im

Bereich der Optical Limiting Materialien.

Materialien von Metallphthalocyaninen und Kieselgield Materialien in industriellen
Anwendungen. So sind Materialien von PcTiO/Sader PcTiO mit anderen Metalloxiden in
einem japanischen Patent als Materialien fur op@sénwendungen beschrieben. Diese
Materialien werden hergestellt, indem man [PcTiG} Metalloxiden wie TiQ mit einer
Partikelgrésse von einem Durchmessé).5 1 oder amorphes Sgbehandelt. Das erhaltene
Material ist amorphes Titanylphthalocyanin, das nkei klaren Reflexe bei
Rontgenbeugungsuntersuchungen zeigt. Zuerst wudga@liSBA-15 durch Einbringen von
TBOT als Titan-Quelle in die Poren von SBA-15 egtelDiese Methode fiihrt zu einem
Titangehalt von 2.66%. Anschliel3end wurde Ureate(8b) in die Poren von SBA-15 und
TiIO@SBA-15 eingebracht. Hierbei wurden folgende Fadttoausgenutzt: (i) Der grolie
Porendurchmesser von SBA-15 Materialien erlaubtEirindung von grof3en Molekilen,
(i) Die Harnstoffgruppe ir{3b) ist eine gute, protolytisch leicht abspaltbare Algsgruppe
(iif) Die Passivierung der au3eren Oberflache dirhisiCl, vor der Behandlung mit Ureato-
TiPc (3b). Der Ureatoligand vor§3b) reagiert mit den Silanolgruppen der Oberflache des
SBA-15 Materials. Folglich ist TiPc zunachst kovdlen das SBA-15 Material gebunden,
solange kein Wasser die [Si-O-Ti] Bindung hydraisieDie UV/VIS Spektren der
hergestellten Materialien stimmen mit den Spektien einzeln verteilten Phthalocyanin-
Molekile in SBA-15 lberein. TEM Aufnahmen zeigea dingebundenen Phthalocyanine als
verteilte kleine dunkle Flachen auf der Oberflactes Tragermaterials. Auf den TEM
Aufnahmen sind keine ausgedehnten Flachen der aA-1S8B Trager gebundenen

Phthalocyaninmolekile zu sehen. Dies stimmt selirngtu UV/VIS Spektren tberein und



spricht fur das Vorliegen einzelner, nicht asset@iePhthalocyaninmolekile. Daraus folgt,
dass die in der TEM beobachteten dunklen Flacheraniiden Wéanden der Poren verteilt
sind und nicht Gber das gesamte Volumen.

0 o o 0 0

——
/SBA—lS/////// /SBALSI/)I//)//

N/
Ph — Si— Ph

Tio,
/ \ O 0o

O
R I

PTG

[PcTi] in den Poren von SBA-15 und Ti@SBA-15.



1. Introduction

1.1 History of Phthalocyanines

Theword phthalocyanine— from the Greek for naphthak(rail) and cyanine (blue) - was
used about hundred years ago to describe a setgdaunds of great importance in industrial
and medical fields. Phthalocyanines (Pcs) werd fitsserved in 1907 when Braun and
Tscherniac observed a blue insoluble substahgeng heating phthalimide to prepare
o-cyanobenzamidé. Similarly, in (1927), PcCu was prepared by hegfir2-dibromobenzene
with copper (I) cyanide in pyridineHowever, we owe the discovery of the structurehef
phthalocyanines to an accident, which occurredhatright time and the right place, when a
blue colored compound was detected in a reactask flivhere only colorless materials were
expected. Normally such an impurity is simply drslel, however, this accident occurred in
(1928) in a dye company and the blue product dddaonmediate interest which shows the

material’s potential as an exceptionally stablemggt?

1.2 Structure of Phthalocyanines

Linstead and co-worker$ determined the molecular structure of phthaloayesiand
reported the synthesis of many phthalocyaninessaiggested that a phthalocyanine ligand
consists of four isoindoline units and has a higbbnjugated systenilhe structure of
phthalocyanine was established later by Robertswhca-workers who reported the X-ray
single-crystal structures of nickel -, copper - aatinum- phthalocyanine Phthalocyanines
(Figure 1) are systematically known as tetraazalbetnzporphyrins (TABP) because of the
apparent relation between the structure of the ghbtlyanines and the well-known
porphyrins®  Generally, phthalocyanine molecule is a hesgsiem contains four condensed
isoindoline rings in a symmetrical planar f&lectron aromatic macrocycle, closely related
to the naturally occurring porphyrins. The dianmhgand can play host to a metal ion in its
central cavity. About 70 different elements could doordinated with the Pc ligand, almost
every metal, also some metalloids such as bordiepisj germanium and arsenic. The
coordination number of the square-planar phthaleicyais four. In combination with metals,

which prefer a higher coordination number, squa®eld pyramidal, tetrahedral or octahedral
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structures result. In such cases, the central netalordinated with one or two axial ligands
such as chlorine, water or pyridine. Together Jaththanides and actinides, complexes of a
sandwich structure formed by two phthalocyaninesl ame central metal with eight
coordinated nitrogen atoms resUliA lot of derivatives can be prepared by axialssitbtion

at the central metal or peripheral substitutiothatbenzene rings. The substitution increases
the solubility of the phthalocyanines due to sedriindrance oftstacking of the molecules
such in [(BusPc)M]. Phthalocyanine polymers are also establiskititer as coordination or

network polymers.

Metalporphyrins Metal-free phthalocyanine Metal phthalocyanines

Figure 1: Structure of metalporphyrins, metal fapel metalphthalocyanines.

1.3 Synthesis and Purification of Phthalocyanines

Phthalocyanines (Pcs) have been synthesized wahynall metals of the periodic
table. The metal-free phthalocyanines (Pcéte normally formed as a one pot multiple-step
reaction from derivatives of phthalic acid, phthadinhydride, phthalimide, or phthalonitrile
usually by fusion or in a high boiling solvent suckhloronaphthalen®@When the reaction is
carried out in presence of metal salt the metahglbtyanines PcM are formed (Scheme 1).
Insoluble (unsubstituted) phthalocyanines can benlmagurified by sublimation at high
temperature at 450°C under vacuum, by dissolutioncancentrated acids followed by
precipitation in water, or by extensive extractiith organic solvents. However, soluble
(substituted) Phthalocyanines can be purified loyysgalization from organic solvents or by
chromatography on alumina or silica g&lagneret al ° reported the technical details of a
simple train sublimation (carrier gas) system forification of MPcs and studied the effect of

sublimation on the physical properties of MPcs.
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NH dJ\NH
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o CN
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Phthalimide o-Cyanobenzamide Phthalicanhydride

M
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CN
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CN

NH

Phthalodinitrile diiminoisoindoline

Scheme 1: Synthesis of metalphthalocyanines.

1.4 Mechanism of Phthalocyanine Formation

Despite of all suggestions made for the reactiochaerism, the mechanism is not
fully understood. There are generally differentgasjed mechanisms for the phthalocyanine
formation depending on the starting materials am@ teaction promoterS. For
phthalocyanine synthesis in presence of an alc(@dieme 2), the alcohol is supposed to be
firstly deprotonated by some basic promoters suefDBU or DBN resulting in strong
nucleophillic alkoxide specie& which attack the nitrile or the imide linkage iase of
phthalonitrile and diiminoisoindoline respectivelyThis leads to formation of the
intermediates2 and 3 which are suggested to condense or add furthennPal template
reaction forming the intermediade Two dimers o# surround metal-ion template to form the

tetramer intermediat® which losses aldehyde and a hydride equivalentedriby the
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aromatization of the formed phthalocyanine moledi#eM). The same mechanism is also
suggested for the reactions, which involve theaida or Na. In this case the metal serves as

electron donor for the template cyclization accogdio the following equation:

- 2-
4PN + 2¢ ——> Pc

The phthalocyanine synthesis in presence of arhalgs illustrated in (Scheme 2).

CN
Cla,

_~_ DBUOrDBN PN
R OH————> R O~ +
Li or Na NH,
1
N_ - ] /\ -
N R @ NH
NH — N R~ OH
PN -~ NH
o O R O~ \R -NH
> 8 NH
R
3 _

B R
N o~
N
_—N two dimers surround /
N, N=
N/

N metal-ion template

B
[8)]

Scheme 2: Mechanism of phthalocyanine formaticthénpresence of an alcoH8l.

The high temperature reactions of phthalonitrilethwa metal or a metal salt, either
neat or in a high boiling solvent, are likely tapeed by a similar mechanism to that shown
in (Scheme 2). It has been observed that the oeacti phthalonitrile with copper bronze,
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Cu(l) iodide does not occur under a nitrogen atrhesgi® This implies that at least some
copper (I) ions are necessary for the formatiofPo€u in a template mechanism. However,
cyclotetramerization with Cuglesults in [CIPc)Cu] at 260°C. This can be exmdimy the
chloride anions acting the role nucleophile instefithe alkoxide depicted in (Scheme 3). In
order to provide the two electron reduction neags$ar the 18 electron aromaticity, a
chloronium ion (Cl) and a chloride ion (Qlare ejected from the dichloro intermediate. The
chloronium ion then attacks the phthalocyaninenrekectrophillic substitution reaction. The
species that takes the role of nucleophile in tbat meaction with copper bronze must be a

phthalonitrile anion (or radical anion) formed Bguction with the metal.

— [CI*] [CI*]
_ = PcCu —— [(CIPc)Cu]
— CI™ -H*

Scheme 3: Mechanism of phthalocyanine formatiomfroetal chlorides.

1.5 Crystal Structures of Phthalocyanines

Crystal structures of the phthalocyanines are tlmeddment for the calculations or
prediction of their physical properties. Differeartangements of the molecules in the lattice
lead to materials with different physical propesti€®olymorphic PcM modifications were
therefore referred to as physical isomersTherefore, a great interest lies in the predictd
crystal structures from the molecular structure aaltulations of physical properties there

from. Recently, Kadishet al 2

gave an overview of all published crystal struesuiof
phthalocyanine compounds and attempted to identi®y common arrangement patterns
which are seen among the different phthalocyaninectsires. In the case of metal-free
phthalocyanine, Pcklthe two central atoms are hydrogen atoms, whiehseall enough to
be both coordinated inside the central cavity. Wix@ hydrogen atoms are either coordinated
to one set of the centrosymmetrically related idolime nitrogen atoms (localized hydrogen

atoms) or to both sets (disordered half-hydrogemaj and this means that every isoindoline

5
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nitrogen atom is coordinated to 50% of one of theer hydrogen atoms. In the case of a
single central atom, coordination within the inmawvity depends on the size of the {dn.
From geometrical considerations, it was calculaked the center—Nradius, (N denotes to
nitrogen atoms of the isoindoline rings), with tienimized strain of the relatively rigid
macrocycle isca. 1.90 A If the ion is smaller or larger than the optimwize, then
insertion of the ion into the cavity introduces faymational stress, which themacrocycle
can be partially reduced by moving the isoindoliiteogen atoms closer to or further away
from the center accordingly. However, if the iortas large, and is unable to enter the cavity
it rests “atop” or “out of plane” coordinated, ausition that is sometimes referred to as extra-
coordination®> The macrocycle adapts to this special bapgituation by deformation.
In most of simple MPcs, the phthalocyanine moleadepts a planar conformation in which
the large metal ion is located between 0.1 A a8dAl.from the plane defined by the four

N; isoindoline nitrogen atomgFigure 2) shows the molecular structure of a pbthanine

complex with an out-of-plane coordinated centrahaM and an axial ligandz.** A review

of the molecular structures of phthalocyanine caxes shows that they basically derive
from two types of structures, either from moleculgth an approximately planar macrocycle
or from molecules with a bent macrocycle whéne macrocycle takes the appearance of

a saucef?®

isoindoline unite

(p=180°
O —c LNy
o i i ch
(p<180° turn through axis Ca

M
o NS

(© c.—

a ‘/
N M N. saucer shape
(d) C < '~ ¢
_— o o \

Figure 2: Rearrangement of the MPc macrocycle argaucer-shaped form.
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1.6 The Electronic Structure of Metal Phthalocyanimes

When a molecule is irradiated with lightvjh the electrons gain energy and undergo
transition from the ground stategfSo the first excited state {Sor to higher excited states
(S2) and () (Figure 3). After certain time the deactivatiorogess involves radiative and
nonradiative processes. The radiative deactivatiom S to & is called fluorescence and
from a triplet excited state;To & is called phosphorescence. The nonradiative dexictn
involves internal conversion (IC), intersystem esing (ISC), vibrational and rotational
processes. According to selection rule not all dittons are allowed, for example the
transition from a singlet state to a triplet statgpin-forbidden because it involves change in
the total spin multiplicity (M=2S+1). Also the trsition between two orbitals of the same

symmetry in centrosymmetric molecules is called syatry forbidden.

S3
[ 3 S
IC
/4‘_}\ " s, IsC
U \ T,
—& A A F |IC
/_\ ISC Ph
. S
-1—# 0
w

Figure 3: Jablonski diagram for energy levels aadous electron transitiort$.

1.7 Applications of Phthalocyanines

In recent years there has been a growth in the aumblaboratories exploring the
fundamental academic aspects of phthalocyanine isklrigminterest has been focused, inter
alia, on the synthesis of new types of soluble andymmetrical phthalocyanines, on the

development of new approaches to the synthesisobyinpclear, bridged, and polymeric

7
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species, on their electronic structure and redowpemnties, and their electro- and
photocatalytic reactivity. Potential uses of phtlecganines include nonlinear optical
materials'® liquid crystalst® langmuir-Blodgett (LB) films?® applications to optical data
storage (computer recordable DVBS)as electrochromic substanéésas low dimensional
metals™® gas sensors, as photosenstizéf, and as NIR electrochromic materidisjn
photoelectrochemical celfé,and in electrophotographic applicatidfisCertain substituted
derivatives of phthalocyanines serve as photodynaeagents for cancer therapy and other
medical applications (e. g. Zn and AIPES).

1.8 Titanium Phthalocyanines

1.8.1 Dichlorotitaniumphthalocyanine [PcTiCb]

Taube* hasprepared [PcTiG] by reaction of LiPc with TiCk and subsequent oxidation.
Block et al** prepared [PcTiG] by a more convenient route by reaction of PN Viiil;
(Scheme 4). This reaction is very convenient irt Théll) furnishes the electrons necessary,
2 electrons, to convert PN to the phthalocyaninmranTiCl, is readily removed by
evaporization. The author tested also the reagtioit [PcTiCL] with different organic

reagents (Scheme 4). Goedkenal *

solved the X-ray crystal structure of PcTiCl
synthesizedby reacting PN with TiGlin 1-chloronaphthalene. The Ti atom was founddo b
displaced 0.84 A above the,Mlane toward the coordinated Cl atoms. The tworate
atoms were proved to locate imia configuration. The author reported also severetassful
substitution reactions of the chloride ions of [R&}] producing new axially substituted

titanium phthalocyanines.

boiling EtOH
> (PcTiO),

- Ticl,

4PN + 2TiCl;, — >

Ph,SiOH

PCTI(OSiPh,),

Scheme 4: Synthesis and reactivity of [PcF]iCl
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1.8.2 Oxotitaniumphthalocyanine [PcTiO]

Titanylphthalocyanine has been in commercial useras of the most sensitive organic
photoreceptors in electrophotographic printiiglndustrial production of [PcTiO] has been
carried out by a reaction of 1,2-dicyanobenzeneN) (Bnd TiCl, at elevated temperature
higher than 210°C in aprotic solvenrifs. High-yield synthesis of pure [PcTiO] has been
conveniently achieved by heating a mixture of PNVI)butoxide, urea, and 1l-octanol at
150° for 6 hours (Scheme %) Two electrons are essentially needed for buildipghe P&
macrocycle from 4 units of phthalonitrile (Figurg& Ammonia can not be assumed as the
source of these two electrons since the generaifoammonia in aprotic solvents, like
chloronaphthalene, is only thermal which is slowla®°C. Consequently it is supposed that
[Ti(OBuU)4] acts as a source of the two electrons. The @actiechanism was suggested to
involve a nucleophillic attack of 1-octanol whick facile enough to generate ammonia at
sufficient steady state concentration. The in-g#unerated ammonia activates [Ti(OBWy
formation of [2+2] adduct. The Bis(butoxide) comple unstable and readily losses two units
of 2-isobutene within an interamolecular arrangetmengive the dihydroxy complex. The

later losses a molecule of water forming [PcTiQy (e 4).

Y

CN NH,CONH, / 1-Octanol % N\ﬁ AR
4 + Ti(OBu), LTS N
oN 150C (87%) ’

PN

PcTiO

Scheme 5: Synthesis of [PcTiO].
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)

CN _ N N
4 ’ :l + 2 ( > < \M/ >
CN NS ON\N

PN

N4
Nu attack
NH,CONH, + ROH NH,COOR

(1-octyl carbamate)

N 1
H,C —C|IH CH —CH,
| |
H,C CH, CH, CH,
Buo OBu o 0%1
4PN N \_/
+ Ti(OBu), —>  H,N.Ti(OBuU), /T| \ - Wy, Ti e
7\
Adduct (2+2 Adduct )
O
[ —H,0 H—aq O0—H — 2isobutene
//I}Tii\ 2 n,, \52 / \\_6

7 N\
Figure 4: Mechanism of [PcTiO] formation.

Hiller et al **resolved the crystal structure of [PcTiO] and stddits monoclinic and
triclinic modifications built up by the monomeriomplexes (Figure 5 and Table 1). The
titanium atom exhibits a square pyramidal coordamatvith a short Ti-O distance of 165.0(4)
and 162.6(7) pm for monoclinic and triclinic phasespectively. Close contacts exist
between the phthalocyaninato planes of neighbonnglecules. Later an additional

amorphous phase of [PcTiO] has been describedveyaleauthors’
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Triclinic modification Monoclinic modification
(Phase I) (Phase II)

Figure 5: Triclinic and monoclinic modifications #cTiO].

Table 1: Cell Data of two different Modification$ [®cTiO]

Phase | Phase Il
Space group R& pi
Cell unit Z=4 Z=2
Lattice constants
a 1341.1 +0.6 pm  1343.1 #0.7 pm 1216.6 +0.4 pm
b 1323.0 +0.3pm  1325.8 0.3 pm 1216.6 +0.4 pm
C 1381.0 +0.4pm  1390.5 +0.4 pm 1216.6 +0.4 pm
a 96.28 +0.03
B 103.72 +0.03° 103.78 +0.03° 95.03 £0.04°
Y 67.86 £ 0.04°
Cell volume (pr) 2381.2. 10 2404.7x16 1216.4x10
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Peripherally substituted phthalocyanines (Figurevéje found to be more soluble in
organic solvents than their unsubstituted analagddse bulk peripherally substituents
enhance the molecular stacking of the Pc molecuidsch normally stack side by side.
Soluble Tetra substituted titanylphthalocyanin®Bu{Pc)TiO], as a mixture of structural
isomers, are well known in the literatur®. Also octa- alkyl-and alkoxy-substituted
oxotitaniumphthalocyanines of general formulaHBTIO; R= GH7, C4Hg, CsH11, N-C;H45 oOr
OGsH11] have been also synthesized starting with alky atkoxy disubstituted dinitrile¥.
Both symmetrically and asymmetrically peripheralybstituted [PcTiO] were reported, the
later was found to be more soluble in organic suivelue to the formation of four isomé¥s.
New axially substituted titanium phthalocyanineseverepared by the reaction of the soluble
titanylphthalocyanine with numerous bidentate liggH Thus, [PcTiO] reacts with strongly
chelating oxygen or sulfur donor ligands leadinghte formation of PcTiX complexes with
X = oxalate (GO, %), catecholate (§H40, %), dithiocatecholate (E4S; *). These new
compounds possess an enhanced solubility in cosgrato [PcTiO]. The replacement of oxo
group with such bidentate ligands discards thectieg band ¥ ti-o0 = 970 cnT) in the IR
spectra, but did not induce a significant changéUV/VIS spectréd’

R:Rl = H, R=H,|i:'tBuy|, QH7, C4H9, C5H11, n'C7H15 or OQH]_;[)
R’=R*=R*=H;R=H, R=R'=Bu; R=R'=H, R=CN, CHO, COOH, X =NH, O or S

Figure 6: Soluble peripherally substituted titaniphthalocyanines.
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Mountford ** has studied the chemistry of dibenzotetraaza[htjme ligands
which are tetraazamacrocycles related to porphyruishave smaller Ncoordination cavity
(hole size) and typically possess a non-planardlsashaped confirmation. In this study, the
author presented the reaction of titanium phengoncomplex with tolylisocyanate that

results in the corresponding ureato derivative (+yl, N-tolyl ureato derivative) (Figure 7).

O=—0

N
NPh Ph N N Tol

LN = L /N T2
S~ S~

Figure 7: Synthesis of diarylureato derivativeit#rtium dibenzotetraaza[14]annulene.

Enokidaet al ** reported the synthesis of novel chalcogenido-Tifgure 8) (M = V, Ti,
Mo; A= O, S, Se,Te) or (M=Si, Ge, Sn; A = SH, S¢ht). The R* groups are H, halogen,
OH, NG,, CN, NH,, CO;H, alkoxy, (un)substituted alkyl, aryl, allyl; a, b, d = 0-6. The
compounds were described as useful materials irgekhgenerating layers.

RY, A RYy

(R, B R,

Figure 8: MPcs containing metal-chalcogen bondsoésntial charge generation materials.

1.9 Titanium Porphyrins

Berreauet al ** prepared [(TTP) Ti=NR)], since R 585, CsHa-p-CHs, or GH1a, by
reaction of the corresponding dichloro complex witNHR (Scheme 6). The X-ray crystal

structure of the product [(TTP)Ti=NPh] showed thiganium atom is displaced from the
13
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mean plane of the pyrrole nitrogen atoms towardithido ligand by 0.52 A. The imido

complexes readily hydrolyzes to the correspondiag aimines and [(TTP)Ti=O].
(TTP)TICl, + 2LINHR — s (TTP)Ti=NR + 2LiCl + NH,R

R = phenyl, p-tolyl, or cyclohexyl.
Scheme 6: Preparation of imidotitaniumporphyrins.

Grayet al *° reported that reaction of [(TTP)Tiflwith excess NaOR (R = Ph, Me,
'Bu) affords the Bis (alkoxide) derivative [(TTP)DR)]. The corresponding amido
complexes [(TTP)Ti(NP),] were prepared by reaction with LINPHhe imido derivatives
[(TTP)TiNR] were prepared by reaction of [(TTP)TiPWith LINHR. Thormanet al *® have
prepared [(TTP)Ti=NR]; (R ='Pr, 'Bu) by reacting [(TTP)Ti{>3-hexyne)] with
'PrN=C=NPr, 'PrNCO, or 'BUNCO (Scheme 7). The reaction between [(TTRyF&-
hexyne)] and O=P(Oct) resulted in formation of the paramagnetic Ti(llerigtative
[(TTP)Ti{O=P(Oct)},]. The crystal structure of the later showeams configuration. Keith
Woo et al *' have prepared [(TTP)Tif- RC=CR'}] with different alkyl groups. Ther-
complex reacts with pyridine (py) and 4-picolineicjpto afford the complexes$rans-
[(TTP)Ti(py).] and trans[(TTP)Ti(pic),] respectively (Figure 9). The crystal structure of
trans-[(TTP)Ti(py),] shows that titanium atom resides in the centréhef24 atom porphyrin
plane. Guilardet al “® prepared a series of disulfur and diselenium itiian(I\V) porphyrins.
Each compound was prepared by one of two methdusfifist involves oxidative addition of
S, generated from[GfTiSs] or [Cp,TiSe;] to [(P)TiF] leading to formation of [(P)Tif-S,)]
or [(P)Tilm?Se)] derivatives, where (P) is the dianion of octg&ibrphyrin (OEP) or other
porphyrins. The second pathway involves substitutd fluoride at [(P)Tik] with either
[Cp.TiSs) or [Cp:TiSe;]. The S entity is side-on bonded to the titanium atom.
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N Bu

tBuNCO
—
-CO
-3-hexyne
/E/\
, _ N iPr
'PrN=C=N 'Pr
-ipiNC
-3-hexyne
OP(Oct)4
2 0=P(Oct)4
—_—
OP(Oct)g

Scheme 7: Synthesis of axially substituted titanporphyrins (ring = TTP).

=\

Figure 9: Structure of trans-[(TTP)Ti(pit)

1.10 Phthalocyanines and Porphyrins of Mo, W, and &

[PcMoO] has been prepared by the reaction of pbthaitrile with [Mo(CQO)] in
toluene at 180°C in a sealed tBe.This compound has been also prepared by reacting
phthalodinitrile and with ammonium heptamolybd¥te. The paramagnetic compound
[PcMo(O)(OH)] has been prepared by washing of [PEJiavith 0.1M NaOH* The
compound [PcMo(Q) has been prepared by heating a mixture of,Retd [MoQ(acac)] in
chlorobenzene for 3 hours, and the product showgambd catalytic activity in epoxidation of
olefins with alkyl hydroperoxide¥ Blue diamagnetic [PcMoO] has been synthesized by
reduction of [PcMo(Q) with boiling triphenylphosphii® Padillaet al ** have prepared the
compound [(CIPc)W(O)OH] by reacting phthalodinitrile with tungsteexachloride WGJin
air at 280°C. When this compound was extracted waithine, the diamagnetic compound
[(CIPc)W'] has been formed. The author proposed a struciuittee type [(CIPc)W(O)OH]
with a W=0 double bond in an axially compressediloetiral symmetry and chlorine atom

15
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attached to the isoindoline unit. The preparatbrunsubstituted and substituted [PcMoN]
was found to be successful starting from the appatg phthalonitrile and [MoNG] by
melting them at 210°C for 20 mfi. Unsubstituted and substituted nitrido(phthalodyato)
metal (V) complexes [R4PcMN] were prepared by the fusion of the correspund
phthalodinitrile with [MoNC}], [WNCI3] or [NHsReQy] under an atmosphere of nitrogen
(Scheme 85°

MoNCl4

1
R CN 220°C / 15 min.
+  WNC,
CN

R

NH,ReO,

M = Mo, W, or Re

Scheme 8: Different nitrido phthalocyanines of M¢, and Re.

The soluble nitridophthalocyanine 'B(,Pc)ResN] was used for preparation of new
complexes with nitrido bridges between Rhenium aletnents of the third main group. For
example, it reacts with BX GaXs, AICls, InCls, BPhCh, BRs, and'BuMe;SiCl giving non-

ionic, green nitrido-bridged compounds (Figure 10).

Y
|

N

Y = BXg3, InCl, BPhCI,, etc.

Figure 10: Nitridoidged RePcs.

The paramagnetic compound [PefRePc] has been prepared by the thermal decompuositio
of trans-Bis (triphenylphosphine)-phthalocyaninat(2-) rhenium (II), in boiling
triphenylphosphiné®
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Most of the imidomolybdenum porphyrin examples knoin literature are Mo(V)
complexes, and only one has been structurally cteniaed®>® For example, the air stable
organoimido molybdenum (V) porphyrin salt of formy(TPP)Mo(NMe)(HO)][l3] has been
prepared by heating of [(TPP)MoN] with methyl iddi The IR spectrum of this complex
displays a strong absorption at 752 ;rpartially overlapping one of the typical porphyri
bands, which was assigned to the molybdenum-imittetching band. The ambient
temperature ESR spectrum of this organoimido comjife toluene is typical for a'd
configuration around the molybdenum atom. It cdassaf a strong central line (interaction
among thd = 0 isotopes of Mo and the single electron) and siaknaes (interaction among
%9Mo (I = 5/2) and the electron). The strong cenlira is further split due to the interaction
with four pyrrole nitrogen atoms and one axialoggn atom. The isotopic g value was found
1.9766. The crystal structure of this organoimidmplex showed that the molybdenum atom
is octahedrally coordinated by the four pyrroleragen atoms and two axial ligands,
methylimido and water. Berreawet al °® have recently prepared a series of
organoimidomolybdenum (1IV) porphyrin complexes bgacting of [(TTP)MoC] with
various lithium amides (Scheme 9). These Mo(IV)pbgrin complexes have been shown to
exhibit both paramagnetic [(TTP)Mogd"* and diamagnetic [(TTP)Mo=0] properti&s.

(TTP)MoCl, + 2LHNR —— (TTP)Mo=NR + 2LiCl + H,NR

R = CgHs, p-CH3CgHy, 2,4,6-(CH3)3CgH,, 2,6-(Pr),CgHs

Scheme 9: Synthesis of imidomolybdenum (IV) porpisr

1.11 Phthalocyanine Polymers

Phthalocyanine polymers are important in many ibthlsfields such as catalysis,
electrocatalysis, and manufacture of thermostataeerials®® Phthalocyanine polymers have
been prepared for the first time by Marvell and bisvorkers’® They have prepared low
molecular weight soluble polymeric phthalocyanifresn mixtures of pyromellitic acid and
phthalic anhydride and of 3,3'4,4'-tetracarboxyheinyl ether and phthalic anhydride
Generally, metal phthalocyanine polymers are switlee by polycyclotetramerization of
tetra functional building blocks such as 1,2,4,5dmne-tetracarboxylic dianhydride or
1,2,45-benzenetetracarbonitrile. The reaction payhwis far more complex when
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benzenetetracarboxylic acid derivatives insteadb@fizenetetracarbonitrile derivatives are
used as starting materials. For conversion of beste¢racarboxylic acid derivatives, urea as a
source of ammonia, and a suitable catalyst suddoas acid or ammonium molybdate, have
to be present. In absence of metal salts the oeattiads to the production of metal-free
phthalocyanine polymers, and in the presence ofntie¢éal salt, the corresponding metal
phthalocyanine polymers are obtained. The reactiansbe carried out either in bfkor in
high-boiling solvents such as nitrobenz8hé polymeric “CuPc” has been produced by the
reaction of pyromellitic dianhydride, copper (Ilhloride, urea and catalyst at 180°C.
Molecular weights and equivalent weights have lgarmined by elemental analysis and by
potentiometric titration and the shapes of the wmuks have been determined. Average
molecular weights as high as 4000 have been idenfif Structurally uniform polymeric
phthalocyanines of Cu, Co, Ni, and Fe and contgimmdo end groups were synthesized by
reaction of different derivatives of 1,2,4,5-benai@tracarboxylic acid with the corresponding

metal salt, urea and a catal§/t.

Abd El-Ghaffaret al ® have prepared a series of phthalocyanine polymithere
metal-free or containing the transition metal Ca, Cr, and Fe from pyromellitic dianhydride
by the conventional urea fusion method (Scheme 18bd El-Ghaffaret al *° have also
preparedfluorinated phthalocyanine and phthalocyanine enamitrile polymers. The
synthesis of novel titanium phthalocyanine polymeas been also reported by Block and his
coworkeré! by replacing the chloride ions in the moisturesitive [PcTiC}] to give
(TiPcO)x, or an oligomer of formula {TiPc(OPPH&}. Lo et al "? have prepared a series of
silicon (IV) phthalocyanines with two axial poly tlglene glycol) chains
[PCcSiXs{(OCH,CH,)NOCHs},] (X=H, CI, Br; n=16). The prepared materials shdwe
enhanced photosensitizing properties as the pesipbfethe macrocycle is substituted with
heavier halogens. Van der Peil al *® have prepared coaxially polymerized, peripherally
substituted derivatives of phthalocyanine by heptof dihydroxy silicon octaalkoxy-
phthalocyanine under vacuum at 210°C for 24 holing. reaction results in the formation of
oxygen-bridged siliconphthalocyanine polymer. GetrReation Chromatography (GPC) was
used to estimate the degree of polymerization.
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HOOC ~ COOH  Hooc ~ cOOH

HOOC COOH
HOOC
o} o} o) COOH
)k MX3 | catalyst
Q O + HN NH,
220-240C
o) o)
HOOC , COOH
N M- N
HOOC |
N COOH
HOOC HOOC  COOH

Scheme 10: Synthesis of phthalocyanine polymers.

1.12 Mesoporous Molecular Sieve Materials

1.12.1 Preparation of Mesoporous Molecular Sieve§SBA-15 and MCM-41 Materials)

Mesoporous materials locate a middle position betwehe macroporous and

microporous materials according to the pore sizechameter (Table 2).

Table 2: Pore Size and Diameter of Molecular Sieves

Definition Pore size (A Pore diameter (A)
Macroporous > 500
Mesoporous 20-500 15-100
Microporous <20

The MCM family of mesoporous silica has been digged in 1992 by researchers at
Mobil as materials prepared from surfactant-corigjmels’* The family includes MCM-41,
MCM-48 and MCM-50"° Among the wide variety of silica mesophases, SBA® and
MCM-41"" have been the most extensively investigatémught both of them exhibit two
dimensional hexagonal structurg@&ihm), they have some notable differences: (i) SBAsL
endowed with larger pores and thicker pore walnthMCM-417° (i) MCM-41 is purely
mesoporous in nature, whereas typical SBA-15 sitioatains a significant amount of
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micropores within the pore wall&:while the channels of MCM-41 are not connectedaoch
other, those of SBA-15 are interconnected via npiores or secondary mesopofésAn
extensive work was devoted to the morphologicakroomf the mesoporous silicd8 As far

as SBA-15 is connected, the most common morphotoggists of bundles of fibers several
tens of micrometers in length obtained by coupkhgrt rodlike particle& Zahoet al "
have firstly used the amphiphilic triblock copolymmeto direct the organization of
polymerizing silica species has resulted in theparation of well-ordered hexagonal
mesoporous silica structures SBA-15 with unifornrepsizes up to approximately 300
angstroms. The SBA-15 materials are synthesizexdtioic media to produce highly ordered,
two dimensional hexagonal (space groppmm) silica-block copolymer mesophases.
Calcination at 500°C gives porous structures witliqually large interlatticel spacing of
74.5 to 320 angstroms between the (100) planeg, giges from 46 to 300 angstroms, pore
volume fractions up to 0.85, and silica wall thiekses of 31 to 64 angstroms. SBA-15 can be
readily prepared over a wide range of uniform psimes and pore wall thicknesses at low
temperature (35° to 80°C), using a variety of pallylene oxide) triblock copolymers and by
the addition of cosolvent organic molecules. EsgBgi mesoporous host materials of the
SBA-15 type can provide pore diameters up to 10amah relatively thick wall§? Covalent
Grafting of the guest molecules onto the functiceal interior surface of the host is a well

known method to achieve the fixation proc&s&?

1.12.2 Preparation of Titanium Containing SBA-15 ad MCM-41

Titanium-containing SBA-15 and MCM-41 materials bakeen prepared by two
different technique®>® The first is calledn situ incorporation and involved incorporation of
Ti onto Si-MCM41 material during the hydrothermajnthesis. The second technique
involved impregnation of titanium in siliceous MCM- either with tetrabutylorthotitanate or
with titanyl acetylacetonate. A perfect orderingloé hexagonal structures was revealed from
XRD patterns and nitrogen adsorption isotherm. amif of titanium in the pores was
demonstrated by UV/VIS diffuse reflectance spe(@®aS).

Aguadoet al % obtained TIG/SBA-15 (TiO, ~20 wt%) by stirring a mixture of
SBA-15 with (TTIP) in {-PrOH) followed by addition of water.  Seguetaal ®° prepared
Ti-SBA-15 by heating solution of TiO(acac)n toluene with SBA-15 followed by

calcinations of the product. TiO(acaayas found to covalently bound to most of the OH
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groups on SBA-15 surface. The product did not sttmavtypical Raman absorption bands of
anatase Ti@(638-519, 399, 147 ci).  Luanet al ®° studied the impregnation of Ti in
SBA-15 via incipient-wetness method using titaniilgopropoxide as titanium precursor. It
was revealed that low titanium loading of 1 atomeSults in monoatomic dispersion of Ti
ions in SBA-15. These titanium species reach a mami of 6 atom % relative to silicon. A
higher Ti loading leads to formation of anatasemBa spectra showed absorption bands at
790, 830 crit assigned to (Si-OSi) linkage, and 485 and 603 ¢assigned to four and three
membered siloxane rings), and 981 tassigned to surface silanol groups). With Ti prs
the band at 981 chis not observable even at low titanium loadings. thanium loading
increases the Raman spectra resemble one reportéahied silica coated with TiCat 397,
515 and 639 cth UV-spectra for the low titanium loaded samplesvelabsorption at 230 nm
like tetrahedral titanium in TS-1 which represecitgrge transfer between*Tiand oxygen
ligand. The high titanium loaded samples show giigor band at 290 nm (Tianatase, blue
shifted from 335 nm of the bulk Tianatase). Landaet al %°achieved TiQ loading of
(30-80%) inside the pores of SBA-15 silica by chaahisolution decomposition (CSD) or
internal hydrolysis (IH) of Ti[n-BuQ] producing composites with high TiQanatase).
Perathonekt al ' reported that in case of titanium loadings ufl2e13 wt%, the XRD
patterns are in agreement with the model of a golesse layer uniformly covering the inner
part of SBA-15 walls, while higher titanium loads¢pads to patterns like that of separate
TiO, nanoparticles. Callejat al ®9 studied the grafting of Ti(1-3 wt%) in SBA-15 ugin
titanocene dichloride (Cp)iCl,. DR UV-VIS of the prepared Ti-SBA-15 showed the
presence of titanium isolated species tetrahgdcalbrdinated and the absence of bulky ;TiO
Phase. Peng Wet al ®" studied the post synthesis of Ti-SBA-15 by titiovaof pure SBA-
15 with TBOT in glycerol containing quaternary anmiwn hydroxide. Brutcheyt al
achieved (0.17 and 2.64 wt%) loading of Ti into SBA and the grafting yielded mostly
isolated Ti(IV) sites. Srivastavet al ® functionalized Ti-SBA-15 to Ti-SBA-15-pr-Cl and
Ti-SBA-15-pr-NH, using the corresponding isopropyl derivatives.eAftards adenine was

grafted in these active sites to result in an actiatalyst for the synthesis of cyclic carbonates.

1.12.3 Properties of Mesoporous Molecular Sieves

The discovery of mesoporous molecular sieves whawed by a variety of reports
on the inclusion chemistry of these materials withpect to the surface silanol grodps.
Zhao et al ¥ distinguished three types of silanol groups (Fégad) and determined the
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number of the silanol groups of the MCM-41 by meah&IMR and found 2.5 to 3 silanol
groups per nf The silanol groups are not acidic and Bronstd-aridging OH groups are

formed only after modification with aluminuffi.

H H H H
oH o on No” Ny N,/
| N/ I
M M /4 [?2222/// //W ///77_
Single Geminal

Hydrogen-Bonded
Figure 11: Types of silanol groups in M41S matstrial

1.12.4 Phthalocyanine Modified Mesoporous MoleculaBieves

The high density of surface silanol groups of mesops materials opened the way
for manifold inclusion chemist§? However, here as in the clays the problem oftifixea
occurs. Some complexes are impossible to be euleapd inside the cages of zeolites
because of their too large dynamic diameters (aegligand of [CPc] with a diameter of
15 A cannot be encapsulated by NaY zeolite). Althefse drawbacks can be overcome by

taking advantage of MCM-41, as shown in (Figure b2rause the advantages of MCM- 41.

P [Co'"Pc]
dynamic diameter 15A
2

Figure 12: Schematic representation of [Bg| trapped in MCM-41 channels.

Schulz-Ekloff et al "° reported the synthesis and optical properties afious
molecular-sieves-based materials. Synthetic meti@dghe inclusion of dyes in molecular
sieves include the following methods:
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(i) Dye loading by sorption

The sorption of the dye is carried out from solnsi@r from gas phase. The size of the
dye molecule must be smaller than the free diantétdre channels in order to give access to
the pore systeff. The dye molecules are physically adsorbed ancdeaherefore relatively
extracted. The diffusion depends also on the stremd the guest-host interaction. An
inhomogeneous distribution may occur. Example lics method is the sorption of CuPc into
mesoporous Al-MCM-4£°

(ii) Dye loading by ion exchange

Cation exchange of ions originally present in neg#f charged molecular sieves is an
important strategy in their inclusion chemistiyThe process is usually occurs from solutions

according to the following equation:

[A" (mol. sieve)™] + B™ —= [B™ (mol. sieve)™] + A"

(iii) Covalent anchoring of the dye onto pre-syntksized calcined mesoporous silica

(a) Covalent anchoring after modification of the surface:

One possibility to overcome leaching of the dyavide-pore mesoporous materials is
their covalent bonding at pore walfs.In the first step the external surface must lesated
through the reaction with RPBICl, whereas selective modification of the internafate can
be achieved by reaction of the silanol groupthepores with different reagents such as
3-aminopropyltriethoxysilane or 3-chloropropylthekysilane (Figure 13). The dye to be
anchored must have a functional group, which isibbgpto react with the amino group or the
chlorine, and consequently can be fixed onto thepof the M41S materials. RuPc was
incorporated into a Si-MCM-41 modified with 3-amipeoopyltriethoxysilané>  Also
[{(NH 2)4Pc}Fe] has been immobilized in chloro-modified ali(Cl-MCM-41)??  Similarly,
[CIAIPc(SO.CI);] was grafted onto amino-modified MCM-41 silith. Bartelset al **
immobilized tetrasulfo-phthalocyanine in SBA-15 ®me 11a). The extraction stable
fixation was achieved by either covalent or ionim8ing in the pores of differently modified
hosts. Modification of the host material with Natethoxysilyl-propyl-N,N,N-
trimethylammonium chloride provides a material that suitable for ionic grafting of

negatively charged dyes with less aggregation coedpaith covalently grafted dyes.
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Figure 13: Modification of the surface of M41S matks.
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Scheme 11a: Immobilization of Pc in SBA-15 or MCM{dy covalent bonding.

(b) Phthalocyanine covalently bonded to an inorganic network:

Ribeiro et a %" described the preparation phthalocyaninosilica, where the
phthalocyanine is covalently bonded to an inorgar@twvork (Scheme 11b). The synthesis
consists of the reaction between tetrachlorosulfdriitalocyanine (PcS£LI) and 3-amino-
propyltriethoxysilane (APTES) under reflux in dryclkloroethane. After that, ethanol,
tetraethoxysilane, water and 1 M HCl or 1 M M were added to the reaction mixture. In
this method the phthalocyanine molecules are iraratpd into the silica network and the
product was described as hybrid material, wheteasdvalent bonded phthalocyanines to the

modified surface of mesoporous silica was descriasedomposite materi&f?

24



I ntroduction

/
S
(0] o—

o {—so O) 4 H,N(CH,),Si(OEY), _ (TEOS) S/

Al T ke {—SOZNH(CHZ)SS(OEt)g) ————— Pc - SONH(CH,),S —0—S—O0—
4 4 HOCasalyst N\ o

O\Si\
/\ °—

0

. 4

Scheme 11b: Preparation of phthalocyaninosilicaiiyiaterials.

(iv) Coordinative anchoring

Recently, Warlet al ® has provided a method to impregnate ZnPc onto TMv4l
by heating with ZnPc in dried DMF (Figure 14).

/N i\N gzN\
N—2Zn—pN
| =
N NS—N«
A N
/TKQ /TiOx H
o o) o -

| (0]
TITTTTT T T

Figure 14: Coordinative anchoring of ZnPc onto TGM-41.

(v) Dye synthesis in nanopores (ship in the bottEynthesis)

In this method the dye is synthesized from two prears. The first precursor is
incorporated by diffusion and fixed by host-guederaction. Addition of the second
precursor results in synthesis of the dye inside dages. Wohrlet al ° have used this
method for synthesis of polymeric and low molecwagight phthalocyanines from nitriles
and metal carbonyls (Scheme 12) and used the peddwatrices as catalysts in the sulfide
oxidation. Also [CuPc] and [gPcCo] have been prepared inside the pores of MCNsy41
heating a mixture of phthalonitrile and €r CF* ion exchanged MCM-41 materials.
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Route A oM
T, - CO

-
T, 3
M/(CO), + SiO,orTiO, — » %[---MX(CO)y — ‘+ nitrile

Route B
--- MPc
T, + nitrile - CO

Scheme 12: Synthesis of MPc on Sdand TiQ.

(vi) Encapsulation of the dye during the preparatbn of the host

The dye must be acid stable and soluble in thenggrix in order to achieve a
monomolecular encapsulation. CuTsPc-silica-sonogedr composites can be obtained by
hydrolysis and polycondensation of tetramethoxys&lafrMOS) with [CuTsPc] in an aqueous
solutior?® Sol-gel polymerization of tetraethoxysilane ie firesence of some phthalocyanine
polymers has been successfully achieved produciogposites with the rod-like

phthalocyanine polymers incorporated within ordedredagonal channe?s.

The axial ligand is also employed natzor the dye to the nanocrystaline particles and
to prevent the aggregation of the macrocycle. Rutime phthalocyanine pigment bearing
pyridine-4-carboxadehyde as an axial ligand has Ipeepared and the carboxaldehyde group
of the apical ligand has been used to link the demo the chemically modified surfat®.
Palomareset al ' described a titanium phthalocyanine (Figure 15) anchored it in
nanocrystaline Ti@ films through the axial carboxylate ligand withotite use of co-
adsorbents. The choice of titanium as a centrahinadfows axial ligation to the metal centre.
State selective electron injection into the Ti@as demonstrated resulting in efficient

photocurrent generation in dye sensitized soldr cel
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Figure 15: Axially substituted TiPc.

1.12.5 Characterization of MPc Modified Mesoporoudviolecular Sieves

Kadishet al °has summarized the recent developments in the mlesigomposites
based on porphyrins or phthalocyanines and inocgdiuists and discussed their most
important applications. The Characterization of MICM-41 materials includes mostly
powder X-ray diffraction, UV/DSR, FTIR, XAS, TEM, T3/, nitrogen physisorption, and
fluorescence excitation spectra. The stepwise dser®f the pore size could be precisely
shown by nitrogen adsorption measurements e.g.nkdge of 0.9 nm in case of
functionalization with quaternary ammonium alkoXgse The powder XRD patterns of the
obtained composites, as well as the fact that tihelections disappear upon calcinations
point to a lamellar structure of the mesoporousenmt In UV/VIS spectra a drastic change
in the intensity ratio of the soret bands and thiea@ds is often observed in comparison to the

ration in solution.

1.12.6 Applications of MPc Modified Mesoporous Moleular Sieve Materials

The chemical stability of phthalocyanine chromogsois often drastically enhanced
after inclusiom®® The applications of such composite materials eponted in literature in
the last decade and include the development ofapdievices, improved and high stereo- and
regioselective catalysts, etc. For optical applcet embedding in polymers might be
necessary", requiring refractive index matching or chemicabdifications at the external
surface of the mineral crystals to improve the ingtby the polymer material. Methods for
the production of colored composites as pigments darge scale might be required. The

coupling of molecular sieve based host-guest cortggo$ external devices is essential for
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fully exploiting their potentiaf® The realization of devices consisting of guestvei

assemblies interacting with other components ctutstia challenging field of research in
which considerable progress can be expected irfufuee®  Molecular sieve pigments
where dyes are encapsulated in molecular sieveg éxhibit better stability against
photobleching, chemical degradation and thermalomposition®® Phthalocyanines with
loading of (~ 1wt%) are mentioned as dyes with hegtiinction coefficients for normal

absorption coloring®**°

A series of studied molecular sieves pigmentserehthe
chromophores could be encapsulated without dedoagaexhibited perfect migration

stability. In most cases, high dye loadings weldeaed for sufficient color intensity.

1.13 Photoluminescence of Phthalocyanines

In the last decade, titanylphthalocyanine [PcTiO@swfound to have excellent
photoconductive response at the near-infrared Gaks&r wavelength and consequently its
Y-form crystal has acquired a leading status ahatqueceptor in laser printing systéff.
Moreover, some substituted phthalocyanines compoume used as CD-R dy&4.In
addition some recent repofts'® on the electroluminescence (EL) of phthalocyanines
compounds offer a new potential application as tighitting materials. Most of these
functions are generated through the excited stateslid phase phthalocyanines. Therefore,
knowledge of their excited electronic states anthxagion processes is important to
understand these functions. Photoluminescencei¢R_powerful probe for the excited states,
because it supplies important information by meaguts properties such as quantum yields,
spectra, time decay, and temperature dependenagolitninescence of phthalocyanines
molecules in solution (and in vapor) has been itigated extensively and many fluorescence
spectra and quantum vyields are reported in theatitee’'>*** However, PL properties in the
solid or crystalline phases have been only stufibedh limited number of phthalocyanines
materials such as Pgf? [ZnPc]M3 [PcAICI),** [PcVO] M [PcTiO] ° Sakakibara and his
coworkers!’ have measured the photoluminescence propertiesvafouum-deposited thin
films of magnesium, chloroaluminum, bromoaluminuamd metal-free phthalocyanines
(MgPc, AICIPc, AIBrPc, and HPc). The authors observed an increase of the 8Baerze
intensity with decreasing temperatures in all saspbut the extent of the increase was at
most as large as 10 times, even at the liquid metemperature, indicating that nonradiative
relaxation is still dominant. The spectral featunesse very difficult depending on the crystal
phases and the materials. The as-deposited AlBnBdHPc films showed broad emission
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bands at approximately 1000 and 900 nm. This feaias interpreted by the very weakly
allowed transition from the forbidden lowest-lyiagciton state to the vibronic sublevel of the
ground state. The appearance of new bands wasbedcto the change of the crystal
packing** The expandettorbitals of the phthalocyanines and metal phthaaies create
the large oscillator strength in the Q band) (®gion and result in high quantum yields of
fluorescence. Pigments, dyes, nonlinear optics,cmtidal data storage devices are important
applications of phthalocyanines. Phthalocyanines aso important for applications in
electronic conduction because of their extra gtadiibn of electrons/holes in their large

m—electronic frameworks!®

1.14 Phthalocyanines as Laser Pigments

Sakaguchi et al '*° reported the manufacture of a material, which shewcellent
electrophotographic characteristics containing tantim-phthalocyanine pigment and a
charge-transporting layer containing a hydrazonelewthe charge-transporting layer is
prepared by coating with a solution containing bygarbonate resin and a dioxane-containing
solvent. The image formation was claimed by realedevelopment using a photoreceptor
containing composite particles of a phthalocyarane a polycyclic quinone pigment or a
polycyclic anhydridd?® The photoreceptor shows high sensitivity to réaray, i.e., of a
semiconductor laser, and stable potential at thet fiharging. Kimet al *** prepared a
polyoxymethylene resin composition for laser magkiwhich has improved thermal stability,
durability, and abrasion-, chemical-, and fatigasistance comprising 100 parts
polyoxymethylene, 0.01-3,0 parts carbon black abatdéth OH group, 0.01-5.0 parts
dihydrazide compounds, such as oxalic dihydrazidkraalonic dihydrazide, Ti§)inorganic
pigment and phthalocyanine blue as an organic pigmeShimomuraet al *# utilized CuPc
pigment in the manufacture of ink cartridges frégmmblems associated with precipitation.
The cartridges contain microporous absorbing malterjpolyurethanes) filled with CuPc

pigment dispersion and displayed improved ink gferstability.

29



2. Results and Discussions

2.1 Titanium Phthalocyanines

2.1.1 Synthesis of Imido-TiPc (2) and Ureato-TiPdSa-d)

We became interested to investigate the typicaiti@apatterns of [PcTiO(1) aiming
at the synthesis of its isoelectronic derivative3iR (X = S, Se, NR, etc) that have not been
isolated in a pure form up to date. As one ofdimethetic strategies for the replacement of
the oxo functionality and generating an organoimgtoup, we chose the metathesis of
[PcTiO] (1) with several organic isocyanates (Scheme 13)his metathetical transformation
was found to depend largely on the size tbe aryl group. For the large group,
2,6-diisopropylphenyl, the imido complé€R) was the final product. For small groups such
as R = phenyl, the imido complex could not be i&alan an analytically pure form since it
reacts readily with a second equivalent of theismglyanate in a [2+2}ycloaddition forming
the N,N’- diarylureato complex¢3a-d).

DipN=C=0 74
N N Dip-imido-TiPc
(2

PcTiO N,N’-Diarylureato-TiPcs
(1) 2ArN=C=0 Ar = Ph (3a)
—
- CO, = p-Tol (3b)
= Mes (3c)

= p-CIC4H, (3d)

Scheme 13: Reaction of [PcTi{d]) with different arylisocyanates.
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In the last case the molecular ion peaks of theesponding diarylcarbodiimide were
detected in MS measurements of the crude samplesufieato products were purified from
these white byproducts by extraction with the orgawolvents. These byproducts were not
detected in the reaction of [PcTiO] with 2,6-disgpylphenyl isocyanate since the final

product is the imido complex.

2.1.2 Mechanism of the reaction of [PcTiO] with arlisocyanates

The suggested mechanism of reaction of [PcTiO] witharylisocyanates containing
small aryl groups is illustrated in (Figure 16).eTmechanism involves a [2+2] cycloaddition
of an isocyanate molecule with the titanyl groupnfing the cyclic intermediatd). This
unstable metallocycle readily losses a moleculeC@% forming the corresponding imido
complex [PcTi(NR)|I) .

In the case of sterically demanding 2,6-diisoprppghyl isocyanate only one addition
(cycloreversion step) seems to be possible andntfdo complex is the final product. Any
further addition of a second isocyanate moleculdéo[ Ti=NAr] functionality is supposed to
be hindered because of the high steric occupaaased by the two isopropyl groups around
the reacting Ti=N bond. In case of arylisocyanateth aryl groups having less steric
hindrance, ArN=C=0 (Ar = phenyl, 4-tolyl, mesityt d-CICsH,) another [2+2] addition of
an isocyanate molecule at the [Ti=N] bond is obsérleading to the formation of the
corresponding ureato compl@x) .

The carbodiimide byproduct(V) was not observed in the reaction of
titanylphthalocyanine with 2,6-diisopropylphenyloéyanate, since the formation of the
corresponding carbodiimides is essentially depepdon the second addition of an
arylisocyanate molecule and formation of the cyritermediateglll) and(lV). This second
addition is completely hindered in the case of diSepropylphenyl isocyanate. It is
noteworthy to mention, that all attempts made gyio react tert-butyl isocyanate, with
[PcTiO] were unsuccessful. Also, vanadylphthaloayarfPcVO] seemingly does not react

with the aryl isocyanates under the same conditaqmudied for the reaction of [PcTiO].
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Figure 16: The suggested mechanism for the reaofiffacTiO] (1)

with different arylisocyanates.

Thus, the reaction of [PcTi@]) with arylisocyanates containing small aryl groam c

be used in the catalytic metathesis of the

aryjyisnates into the corresponding

arylcarbodiimides and carbon dioxide. The geneaddlgtic reaction can be summarized as

follows:

PcTiO + 2ArNCO [PcTi(N,N"-diaryl

_—

Catalyst

2 ArNCO + Catalyst —— ArN=C=NAr
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2.1.3 Characterization of Imido-TiPc (2) and UreateTiPcs (3a-d)

Mass Spectra and Elemental Analysis

The m/z values of the molecular ions of the pregpamedo- and ureato-TiPcs in El,
MALDI-TOF, and ESI measurements were observed with expected isotopic patterns as
illustrated in (Figure 17). There are five natwrabundant isotopes of T¥Ti, “°Ti, *'Ti, **Ti
and *°Ti) with the following natural abundance 8%, 7.3%3.8%, 5.5%, and 5.4%
respectively. The absence of M 576 of [PcTiO] was observed for the pure ureEfes.
The structures of2) and(3a-d) were confirmed also by the elemental analysis Gf %H,

and %N in addition to determination of the titanioontent using AAS technique.
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Figure 17: MALDI-TOF spectrum d8b) and the isotopic pattern

of the molecular ion.

UVIVIS

UV/VIS spectra of the prepared imido- and ureatBeBi show the characteristic
metalphthalocyanine absorptichs(Figure 18shows the UV/VISspectra of compound$),
(2) and (3b). The Q band at X max ~ 698) nmis attributed to an allowedi{z* transition).
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A second allowed-n* transition (B band), near 340 nm, extending te ktue of the visible
spectrum is also observBdlhe shoulders at max ~ 665 nm and 628 nm are vibronic
transitions’®® The intense Q band arises from the doubly degeetbtaansition between the
A4 (ef1,) ground state to the first excited singlet statdcw has Ea'ie'y) symmetry?*’
Generally, no significant changes have been indupoethe absorption positions in the
UV/VIS spectra as the titanyl group replaced wille timido- or ureato-ligand. This is
attributed to the fact that the absorption posgicand patterns arise mainly from the
phthalocyanine basic moiety and are only slighffgcied by the nature of the axial ligarfds.
The absorption measurements were carried out im @othloronaphthalene and chloroform

(cut-off point at 240 nm) and no significant dié@ce was observed.

— [PcTi(ureato)] (3b)
— [PcTiO] (1) m
[PcTi=NDip] (2)
c
i<}
IS
S}
3
<
T T T T T T T T T T T
300 400 500 600 700 800 900

Wavelength (nm)

Figure 18: UV/VIS spectra of the compour{d} (2) and(3b) in CHCl.

IR Spectra

The vibration spectra are dominantly internal Vilores of the PT ligand. The IR
absorptions common to the spectra of the basic Gletyn such asc-c arom. at 1608 cih
were observed (Figure 19). New bands, which arteobserved in the spectra of PgH
PcTiO, PcTiC}, or PcMnCl, were observed in the spectra of imigod ureato-TiPcs. These
new vibrations, underlined in IR data @) and(3a-d) in the experimental work, include the
Vc=o Vibrations at (1675-1690 ¢l Other new signals at different values along fthger
print region of the spectra (800-1400 tmare also observed. However, unambiguous
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assignment to stretching of the [Ti=N] bond in imidnd the [Ti-N] in ureato-TiPcs bonds
can not be assumed because of the well known rhgiltypof IR absorptions of Pcs in this
region. This is also known in imidoporphyrins whosieilar IR spectrd® One of the
important features in IR spectra of the preparetiomand ureato-TiPcs is the absence of
VTi=o at 965 crit.

(1) 1
Ti=0

(2)

: |
- 4
C=iD

’ T T T T T
3500 3000 2500 2000 1750 1500 1250 1000 750 S00

Wavenumber (cm )

Figure 19: IR spectra (KBr pellets) of [PcTi(]), [PcTi(NDip)] (2), and
[PcTi(N,N -diphenylureato){3a).

'H-NMR Spectra

The'H-NMR spectra of Pcs are known to show large diaretig ring-current effects
due to the macrocyclic 18systent®**" Thus, the signals of the aromatic protons of
phthalocyanines appear at lower field than in Pidtdhs of the axially bonded ligands show
a large shift to higher field. The shift to higteli depends on the distance and relative
position of the protons to the macrocycle. Plarfah@locyanines exhibit a large shift of the
aromatic and central ring protons at different @nrations and temperatures due to

aggregation phenomen®@. When the aggregation is prevented by addition&l digands or
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by long side chains in the 1,4-position, this iefiee should be reduced. T&NMR spectra
of arylimido-TiPc(2) and diarylureato-TiPc&8a-d) show the expected resonance patterns and
integration values for the suggested structuresctspm of (3a) is shown in Figure 20).
Moreover, the spectra display pure compounds free fany signals of [PcTiO], unreacted
arylisocyanate, and the diarylureato byproductse Tthalocyanine unit shows in the
aromatic region the characteristic AA'BB spin pattdor an unsubstituted Pc, with two
multiplets, the first multiplet found generally tihe region 9.46-9.93 ppm for eight protons in
the 1,4-positions and the second multiplet in #ggan 8.21-8.47 ppm for eight protons in the
2,3-positions. The protons of the axial ligand shapfield-shifted signals due to the well-
known current effect of the phthalocyanine ringheTaromatic protons of the axial ligand
appear in the region 4.95-6.60 ppm and the mettodgs in the region 0.74-2.07 ppm. The
CH and CH protons of the isopropyl group ({2) show a typical upfield shift, the methyl
group at (0.03 ppm] = 4.9 Hz) and CH group at 0.27-0.39 ppm. This elgfishift may be
attributed to two factors; the first is the lowtdisce between th®(p substituent, and the Pc
macrocycle, the second may be the higher exteplaofarity in(2) compared t¢3a-d) which

increases the aggregation and the ring-currencteffé

Solvent o R - \/
I . N—TID

o
=2

o silicon
I grease

Figure 20: *H-NMR spectrum of3a) (500 MHz, at 373 K, itC¢DsBr).
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Fluorescence Measurements

The expandedtorbitals of Pcs create the large oscillator stiengtthe Q band ($
region and result in high quantum yields of flueesce and therefore they are efficient
pigments:?®*??  Room temperaturBuorescenceneasurementsf (1) and(3b) (Figure 21)
show that the emission intensities are comparableed shift in the emission spectrum is
observed as the axial group is replaced from oxthéoureato group (B-band excitation at
Aexc = 230 nm). Consequenil¥) displays a higher radiative energy-deactivaticantt3b).
The fluorescence which results from Q-band exatabccurs at higher wavelength (lower
energy) in(3b) than in(1) (at Aexc = 630 Nm and 650 nm respectively) but the radiativ
deactivation and the fluorescence quantum yiefdase in(1) than in(3b).

Fluorescence Intensity

T
300 400 500 600
W avelength (nm)

Fluoresence intensity

T T T T
600 650 700 750 800
Wavelength (nm)

Figure 21: Fluorescence spectra of [PcT({D](dotted line) and3b) (solid line).

[A] excitation at 280 nm; [B] excitation ¢f) at 630 nm an{Bb) at650 nm.
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TGA&DSC

(i) [PcTi(NDip)] (2)

Although the MPcs are generally robust at ambiemperature, most of axially
substituted Pcs underwent axial bonds cleavagdeatated temperatures. Generally, two
successive thermal decompositions are charactefmtithe axially substituted MPcs. The
first one occurs in the temperature range (250-450and represents the destruction of the
axial ligand and the second occurs at about 600fCrapresents the destruction of the Pc
macrocyclé®®. The thermal gravimetric pattern of [PcTi(NDip)]ilkistrated in (Figure 22).
Generally, [PcTi(NDip)](2) shows a high thermal stability since no weighsl@s observed
up to 300°C. Afterwards, the compound shows twoodmetrmic effects (as shown from DSC
measurements), the first weight loss occurs inténgperature range of (300-420 °C) and is
attributed to the thermal destruction of the axmiety that represents the loss of the imido
ligand (NDip, G2H17N) (Figure 23). The second one starts at about®@0rd is attributed to
the thermal destruction of the basic skeleton @f pinthalocyanine. This TGA profile is
common for most of the axially substituted phthgloanes. Calculations made for the TGA

diagrams matched well with those experimentallyeobsd for compoun(®).

100

804

60

weight (%)

40

20

T T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800

Temperature (C)

(Figure 22): TGA Diagram af2).
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NDip
| 300- 420 °C (- NDip; C 1,H,,N)
PcTi = PcTi
W. loss calc.(found) 23.8% (24%)

Figure 23: Thermal decomposition of the axial mpt(2).

(ii) Diarylureato-TiPcs (3a-d)

The [PcTi(N,N -diarylureato)] compounds are thetsnatable up to 220°C since no
weight loss is observed before this temperature higher temperature a different TGA
profile, a three steps thermal decomposition, waseoved for the ureato-TiPcs. The
decomposition of the axi@ireato)igand occursn the temperature range of (220-300 °C) and
involves two successive weight losses associatélal twio endothermic effects (Figure 24).
The first weight loss represents the loss of ArNECmolecule via a [2+2] cyclo reversion
and formation of an imido complex and the secomtagents the loss of nitrene fragment
[ArN] (1) and consequently the formation of the fragmentI{P(Il) (Figure 25). Thisis in
addition to the third step at about 600°C, whigbresents the complete decomposition of The
Pc macrocycle. Quantitative calculations for thertnal destruction of diarylureato-TiPcs

have been made and the values match well withdlwellated values (Table 3).
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Figure 24: TGA diagram dBc).
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Figure 25: Stepwise thermal decomposition of thalaroiety in(3a-d).

Table 3: Thermal Analysis Data of Diarylureato-TsP8a-d)

Weight loss (%) Weight loss (%)
R at the end of the®istage at the end of the"2 stage
Temp. (°C) | Calcd| Found| Temp. (°C) Calcd Found
Ph 220-250 15.5 19 250-300 27.3 28
4-tolyl 212-260 16.8 18 260-520 30 30
mesityl 317-320 19 22 320-435 34.4 35
4-CICgH4 266-300 18.3 300-330 33.2 35

2.1.4 Crystal Structure of [PcTi(NDip)] (2)

The crystal structure df2) (Figure 26) was solved and its crystallographitadare
reported. It crystallizes in the centrosymmetpace group P2n with 4 molecules per the
unit cell (P: primitive cell; 2 two fold screw axis; n: diagonal glide plane “aaing to
International Tables for Crystallography: Volume)A” The molecule consists of a five-
coordinate titanium (IV) atom surrounded by foumuawprial isoindoline rings of the Pc
molecule and the imido group in the axial positidrherefore, the geometry about the
titanium atom is square-pyramidal with the fourmslmline nitrogen atoms forming the basal
plane and the imido group at the apical site. Titanatom is too large and unable to enter the
cavity of the Pc macrocycle, so it sits “atop” aut-of-plane” from the N plane. Such
situation called extra-coordination and the maccteyadapts to this special situation by
deformation and the macrocycle takes the appea@aeeaucer witlp = 156.28(1), since
is the angle between the plane of isoindoline anil the Ni-M bond? Since the angle is
less than 180° the molecule suffers from conforomati stress particularly for the %sp

isoindoline nitrogen atoms.
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Titanium atom is displaced from the plane defingdhe four Nisoindoline nitrogen
atoms toward the imido ligand by 0.594 A. This aliste is 0.70-0.72 A in [PcTiOf and
0.84 A in [PcTiC}].** The imido group is nearly linear with a C42—N41-ahgle 178.20(3)°.
The slight deviation from 180° may be due to thernaction with the two adjacent isopropyl
groups. The bond length of [TirNgo] is 1.707(3) A, therefore a Ti-N triple bond chetex
can be suggested. Compou(®) belongs to thecis complexes which have two different
molecular sides, a “phthalocyanines only” side, argide, which is dominated by the central
atom and the axial ligand, Due to the resemblanite wptical lenses, lyechik& first
adopted the terms “concave side” to represent tiibappcyanines only side, and “convex
side” to describe the “metal-axial-ligand side’ry&tal structure of the imido TiRR) is very
similar to that of its analogue phenylimido-Ti &tloylporphyrine [(TTP)TiN=Ph{?
Selected bond distances (A) and bond angles (d&(R) are given in (Table 4).

2
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Figure 26: The molecular structure(@.
Displacement ellipsoids at the 50% probability le{id atoms are omitted for clarity)
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Table 4: Selected Bond Distances @y

Bond Distances (A)
Ti—N1 2.062(3) Ti—N12 2.057(3)
Ti—N22 2.059(3) Ti—N32 2.069(3)
Ti-N41 1.707(3) | N41-C42 1.396(3)
Bond Angles (deg)
C42-N41-Ti 178.20(3) | N41-Ti-N12 105.89(15)
N41-Ti—N22 107.85(14) | N12-Ti-N22 85.54(12)
N41—Ti—N1 105.67(13) | N12-Ti-N1 85.13(12)
N22—Ti-N1 146.48(13) | N41-Ti-N32 107.58(14)
N12-Ti—N32 146.52(13) N22-Ti—N32 84.83(13)
N1-Ti—N32 85.44(13)

The Molecular Packing and the Arrangement in the Cystal Lattice of (2)

From studying the molecular packing and the arraregg of the molecules in the unit
cells of (2) (Figure 27),it can be concluded that the presence of the axialo group at the
central titanium atom results in increasing of gteric demand in the face-to-face lattice
more than that observed in some isoelectronic pitiianines such as [PcTi®]. Due tor-n
interaction of the basal faces of the pyramidaleuolar structure the crystal lattice consists
in a close packing of face-to-face dimers. A criysggaphic inversion centre relates the two
molecules of the dimer with respect to each othidée imido moieties are stacked in the
crystal lattice in a trans-arrangement to minimide interaction between each two
neighboring phthalocyanine molecules. This modifiesstically the molecular packing of the
phthalocyanine in the solid state relative to theleoular packing of [PcTiO]. Therefore,
relevant consequences for the electronic and NLGpeties would be expected for the
prepared [PcTi(NDip)[2).
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Figure 27: The molecular packing (@) View along [101] diagonal.
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2.1.5 Crystal Structures of Ureato-TiPcs (3a) and3p)

The crystal structures ¢B8a) and (3b) were solved and their crystallographic data are
given (Figures 28, 29). Compoufi@h) crystallizes in the centrosymmetric space grougrP2

with 4 molecules per unit cell (P: primitive cellj: two fold screw axis; n: diagonal glide
plane). Compound (3b) crystallizes in the centrosymmetric space group WRith 2

molecules per unit cell (P. primitive cell containing an inversion centreYhe inversion
centre in(3b) is the titanium atom.In both structures the molecule consists of a six-
coordinate titanium (IV) atom surrounded by foumuawprial isoindoline rings of the Pc
molecule and the ureato group in the axial positiohherefore, the geometry about the
titanium atom is square-pyramidal with the fourimslmline nitrogen atoms forming the basal

plane and the ureato group at the apical site.

The titanium atom is too large and unable to etttercavity of the phthalocyanine
macrocycle, so it sits “atop” or “out-of-plane” frothe N, plane. Such situation is called
extra-coordination and the macrocycle adapts ®gpecial situation by deformation and the
phthalocyanine macrocycle takes the appearandeec§aucet? Titanium atom is displaced
from the plane defined by the four iMoindoline nitrogen atoms toward the imido ligand

0.791 A in(3a)and 0.763 A in(3b).

Selected bond distances (A) and bond angles (@ég3a) and (3b) are given in
(Tables 5 and 6). A comparison of bonding pararsatéthe compound@), (3a) and(3b)
with [PcTiO] and [PcTiC]] is also reported in (Table 7). From this comparjso can be
concluded that the titanium atom in all known titem phthalocyanines is displaced above the
N; mean plane. The distance in which the titaniummate displaced out of the J;N\plane
follows the order: [PcTiG] > (3a) > (3b) > [PcTiO] >(2). Consequently, the [Ti4&] bonds

lengths follow the same previous order.
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Figure 28: The molecular structure(8f).

Displacement ellipsoids at the 50% probability le{id atoms are omitted for clarity)

Figure 29: The molecular structure(8b).

Displacement ellipsoids at the 50% probability le{id atoms are omitted for clarity)
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Table 5: Selected Bond Distances (A ®4) and(3b)

(3a) (3b)
C41-N42 1.389(3) C41-N42 1.396(7)
C41-041 1.217(3) C41-041 1.221(7)
C41-N49 1.393(3) C41-N50 1.402(7)

N1-Ti 2.113(2) N1-Ti 2.060(5)

N12-Ti 2.069(3) N12-Ti 2.111(5)

N22-Ti 2.105(2) N22-Ti 2.066(5)

N32-Ti 2.060(2) N32-Ti 2.104(5)

N42-Ti 2.001(2) N42-Ti 1.982(4)

N49-Ti 1.972(2) N50-Ti 1.990(9)

Table (6): Selected Bond Angles (deg.f3a) and(3b)
(3a) (3b)

N49-Ti—N42 65.42(8) N42-Ti—N50 65.59(18)
041-C41-N42 130.0(3) 041-C41-N42 130.6(5)
N42-C41-N49 101.1(2) N42-C41-N50 100.5(5)

N12-Ti—N22 81.50(9) N22-Ti—N12 82.30(18)

N32-Ti—-N1 81.73(9) N1-Ti—-N32 82.89(18)

N12-Ti—-N1 81.60(9) N1-Ti-N12 81.97(18)

N22-Ti—N1 131.86(8) N1-Ti-N22 140.26(19)

C41-N42-Ti 96.02(16) C41-N42-Ti 97.1(3)

C41-N49-Ti 97.17(16) C41-N50-Ti 96.5(3)

Table 7: Comparison of Bonding Parameter@in(3a), (3b), [PcTiCL], and [PcTiO]

Complex Av. Ti-N (A) | Tifrom N plane (A) Reference
[PCTICl] 2.087 0.84 32
[PCTIO] 2.067 0.63 36
2) 2.062 0.594 this work
(3a) 2.086 0.791 this work
(3b) 2.085 0.763 this work
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The Molecular Packing and the Arrangement in the Cystal Lattice of (3a) and (3b)

From studying of the molecular packing and therayeanent of the molecules in the
unit cells of(3a) and (3b) (Figures 30, 31)we noticed that two molecules of the solvent of
crystallization (chlorobenzene) are included in tentre of the unit Cell of3b). The
presence of the prism-shaped axial ureato groutheatcentral titanium atom results in
increasing of the steric demand in the lattice entran that of the [PcTi(NDip)] and
[PcTiO] Due ton-r interaction of the basal faces of the pyramidalemalar structure the
crystal lattice consists in a close packing of faméace dimers. A crystallographic inversion
centre relates the two molecules of the dimer wadpect to each other. The ureato groups are
stacked in the crystal lattice in a trans-arranganmelative to the other ureato ligands to
minimize the expected high interaction among thdemdes in the crystal lattice. This
modifies drastically the molecular packing of tHghalocyanine in the solid state relative to
the molecular packing of [PcTi@l). Therefore, relevant consequences for the eldcteord
NLO properties would be expected for the prepaRal [(N,N -diarylureato)[3a-d).

Figure 30: The molecular packing (@a). View along [101] diagonal.
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Figure 31:The molecular packing ¢B8b), View along approx. [010] diagonal.
Two molecules of solvent of crystalization (chloenzene) are shown in the middle
of the unit cell.
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2.1.6 Reaction of Diarylureato-TiPcs with HS

The solution of(3b) in chloronaphthalene reacts with$gas in absence of the air
yielding the compound [PcTi=S}). IR spectrumof (4) shows(vri=s) at 563 crit and in
Raman spectrum at 560 ¢mwhich is in agreement with values reported for émalogue
porphyrins?’ The presence of slight amount of air in the reactiessel leads to formation of
perchalcogenido species [PcJ]i5) (Scheme 14). The reaction mechanism (Figure 32)
involves forming of the intermediate [PcTi(SH)which is probably oxidized by the air

forming [PcTiS]. The m/z values of the molecular iong6f together with its analytical data
confirm the structure of [PcTif Raman spectrum ¢b) shows Ytis) at 424.6 cnit and
(vs.9 at 548.4 crit and this in accord with the values reported fer ahalogue porphyrins at
(426.0) and (549-553 ch) respectively’®®  Comparison ofus.g in (5) with thatin free $
(725 cmt), ionic § (589 cm'), and $% (446 cnm")*” *®indicates that the S-S bond strength of
(5) lies between that of the;Sand $°. *H-NMR spectrum of(5) shows two multiplets at
8.38-8.32 and 9.82-9.72 ppm which prove the pres@iconly one complex [PcTif The
electronic absorption spectrum of [PcT[i$5) is similar to that of [PcTiO[1) with a small
blue shift of Q pandQzo. The Qoband is not present in [PCLIS5).

/u\ H,S /inert gas

R = p-tolyl
(3b) HyS

small amount of air

Scheme 14: Reaction (8b) with H,S gas.

49



Results and Discussions

O

)k HS SH

TolN NTol s \ S—sS
2 / 1/2 O, \ /
Ti Ti +

_— >

Q - (TOINHCONHTOI) U U

H,O

Figure 32: Reaction mechanism suggested for foomatf (5).

2.1.7 Crystal Structure of [PcTif>S,)] (5)

The crystal structure db) was solved and its crystallographic data are tedoiThe

molecular structure is shown in (Figure 33).

Figure 33: Side view of the [PcTf-S,)] (5) illustrating the position
of the titanium and chalcogen atoms relative toRbeing.

Displacement ellipsoids at the 50% probability le{id atoms are omitted for clarity)
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The prominent features of the molecular strucafreompound5) are:

The moleculecrystallizes monoclinic inthe centrosymmetricspacegroup P2/n with 4

molecules per unit cell. The molecule consists oéiecoordinate titanium (IV) atom
surrounded by four equatorial isoindoline ringstlodé phthalocyanine macrocycle. Thg S
group ism
geometry at the titanium atom is square-pyramidéh whe four isoindoline nitrogen atoms

2 “side-on” bonded to the titanium atom in an axiasition. Therefore, the

forming the basal plane and the dichalcogen grodlpesapical site. This coordination scheme
is similar to that of the [(OEP) Tiit-02)]*® and [(TpTP) Ti §%S,)].*® The titanium atom is
located 0.702 A above the plane of the four nitrogeoms. This out-of-plane displacement
drives the macrocycle to adapt to this specialsion by deformatiod? This distance is
comparable to the corresponding distance of 0.658o8erved for the analogue porphyrin
[(TPTP)TiM*S,)].*® The titanium (VI) atom and the two sulfur atonigRcTi(n*S,)] fit into

a triangular structure. Similar coordination patteeare documented in the literature for the
peroxo-, disulfur-, and diselenium analog®sit was noticed for [PcTif-S,)] (5), as
expected for such coordination patterns, that fdifferent bond distances between the
titanium atom and the/toms are present: Ti-N1 = 2.1412(2) A, Ti-N2:0542(2) A

Ti -N8 = 2.091(2) A and Ti -N11 = 2.0292 A. Thesslues are similar to those found in
[(OEP)Ti(n>0,)]*® and [(TpTP)Tif>S)]*®® The S-S distance of 2.029(2) A is close to
those found in the otheP-S, compounds?® and are comparable with values found for free
S, (1.89 A) or ionic § (2.00 A) and & (2.13 A)!*® Selected bond distances (A) and bond
angles (deg.) of [PcTif-S,)] (5) are given in (Table 8). A comparison between some
structural parameters of [PciitS,)] (5) and [(TpTP)Tif*S,)] is shown in (Table 9).

Table 8: Selected Structural Parameters [A dmd 5). The low précis is due to the very

small crystal.
Ti—N1 2.141(2) N1-Ti—N7 81.63(7) S1-Ti-S2 51.90(3)
Ti—N7 2.054(2) N1-Ti—-N11 | 85.05(8) Ti-S1-S2 64.38(3)
Ti—N8 2.091(2) N7-Ti—N8 83.05(8) Ti—-S2-S1 63.72(3)
Ti—-N11 2.029(2) N8-Ti—N11 | 84.19(9) N8-Ti-S2 81.90(7
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Table 9: Structural Parameters A /° of [PgTi§,)] (5) in comparison to (TpTP)Tif-S,)*

Structural parameters PCHitS,) (5) (TPTP)Ti(*-Sy)
Ti-S1 2.312(10) 2.283(2)
Ti-S2 2.325(10) 2.311(2)
S1-S2 2.029(2) 2.042(2)
S1-Ti-S2 51.90(3) 52.78(6)
S2—-S1-Ti 64.38(3) 64.30(7)
S1-S2-Ti 63.72(3) 62.92(8)

Molecular Packing and Arrangement in the Crystal Latice of (5)

Figure 34: The molecular packing of [PcT]i$5).
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From studying of the molecular packing and the rayeanent of the molecules in the
molecular cells of [PcTi*-S,)] (Figure 34),it can be concluded that the presence of the axial
disulfur group does not display a similar steriand@d in the face-to-face lattice as it is
observed in imido-TiP¢2a) and ureato-TiPc§3a,b). Consequently, the-x interaction of
the basal faces of the pyramidal molecular stinecthe crystal lattice is low in comparison
to these compounds and this leads to morsedemolecular packing in the unit cell.
A crystallographic inversion centre relates the tmwolecules of the dimer with respect to
each other. The disulfur moieties are stacked éndtystal lattice in a trans-arrangement to

minimize the interaction between each two neighigpphthalocyanine molecules.

2.1.8 Preparation of [PcTi=S] (4) starting with [Pd@iO] (1)

The compound [PcTiS§) could be prepared alternatively by the reactiofPafTiO]
(1) with phosphorus /%,. This reaction results firstly in formation of axture of [PcTiS]
(M* =592) and [PcTig (M* = 624) (Scheme 15). However, reduction of the [BgTportion
was achieved successfully by reaction of the mextuith melted PP at 160°C yielding a
homogeneous product of [PcTi@l). The byproducPhP=S had to be removed by extraction

with different organic solvents.

_ CIN Ph,P
PcTO + PSSy ——— PcTi=S + PcTiS, ————— PcTi=S + PhypP=S
160TC /10 hrs 160C/ 4 hrs

@) (4)

Scheme 15: Synthesis of [PcTi@) from [PcTiO].

El-mass spectroscopic measurements were used tdomtre homogenity of the product.
After the first reaction both the molecular peaKs[PcTiS] and [PcTig were observed,
however after completeness of the reduction witbheémylphosphine, only the molecular
peak (M=592) of [PcTiS] was observed in MS measurementieuthe same conditions. The
analysis of sulfur content matched well with théthcompound rather than the perthio-
compound. The stretching vibration of (Ti=S) idet¢ed in IR spectrurat 563 cnit and in
Raman spectrum at 560.0 ¢nf'’ Identical spectroscopic data were obtained for the

[PcTi=S] (4) prepared in this way and that prepared by thetimaof (3b) with H,S gas in
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absence of air. However, starting with [PcTiQ] results in a reduced yield ¢f) because of
the essential need of successive extraction toiredii® the byproducts in the two reaction
steps.

2.1.9 Preparation of N, N'-(1,2-phenylendiimino) pthalocyaninato titanium (1V) (6)

Donor ligands such as catechol were proved to gessactivity toward the [PcTi¢]
and [PcTiC}].>* Therefore, a similar or higher reactivity towatkse donor ligands was
expected from the ureato group, since reaction JRtTiCl] yields HCI and with [PcTiO]
yields HO which is supposed to hinder the completiohefreaction. Compoun@b)
was found to react withl,2-phenylenediamine to produdd, N'-(1,2-phenylendiimino)-
phthalocyaninato titanium (IV()6) in a quantitative yield. The corresponding ureadvdgive

is formed as perfect leaving groufhe reaction is illustrated in (Scheme 16).

0
[

+ (TolyINH-C-NHTolyl)

Scheme 16: Synthesis ().

The new axially substituted titanium phthalocyaniéwas characterized with MS,
UV, IR, TGA and CHN analysis. The mass spectroimelata and elemental analysis values
of (6) match well with the calculated values of the st product. UV/VIS and IR spectra

are characteristic for a metal phthalocyanineanedn agreement with those of the analogue
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compounds such as catecholato and thiocatechdtamisim phthalocyanin€®. IR spectrum

of (6) shows the expected absorption the N-H group (vn.4 = 3450 cni). Thermal
gravimetric analysis of6) (Figures 35) show that the compound is thermatyple up to
350°C. Afterward, two weight losses can be observEde first loss occurs in the
temperature range (350-450 °C) and is attributetthédoss of the axial ligand {B4(NH),)
moiety, weight loss calcd./found 14/14% (Figure$. ke second one starts at about 600°C

and is attributed to the thermal destruction of Haesic skeleton of the phthalocyanine
macrocycle.

100 H—
90
80
§/ 70
E |
oy
% 60 -
50 -
40 —+
30 T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800
Temp. (°C)
Figure 35: TGA Diagram di6).
HN  NH
\ / 350 - 450C - {CgH,(NH),}
Pc Ti . Pc Ti

Wt. loss calc. /found (14% /14%)

Figure 36: Thermal decomposition of the axial mpist(6).
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2.1.10 Preparation of trans- Bis (triphenylsiloxy)phthalocyaninato (2-) titanium (1V) (7)

Compound3b) was found to react with two molecules o;8i0OH forming trans- Bis
(triphenylsiloxy) phthalocyaninato (2-) titaniumV{l (7) (Scheme 17). The blue green
compound is air sensitive; it turns readily int@TRO] (1) in air as indicated by mass and IR

spectroscopic measurements.

Ph;SiOH / CIN/180C

- TOINHCONHTOol

R = p-tolyl
(3b) )

Scheme 17: Synthesis @f).

The UV/VIS spectrum of7) in chloronaphthalene (Figure 37) shows splitted fQ
absorption band atimax = 741 nm and 698.0 nm. Another allowedt transition at
Amax = 356.5 nm (B-band) is observed. The shouldexmax = 663.5 nm and 630.0 nm are
observed and attributed to thei(@@ and (Q) vibronic transitions. The broadening and
splitting of the Q band into two maxima &nax = 741 nm and 698.0 nm, which is not
observed in spectra of PcTiO or ureato-TiPcs, maatiributed to the exciton interaction
between the Pc ligand and the two triphenylsiloxgugs in the axial positiort§’ The IR
spectrum of(7) is very similar to that shown by the same produmiamed starting from
[PcTiCL).** The small absorption band at 821tin the IR spectrum of7) is attributed to
the antisymmetric stretching of (O-Si-O) grotp?
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Absorption
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Figure 37: UV/VIS spectrum ) (CIN, 10°M).

The 'HNMR spectrum of(7) (Figure 38) shows the typical expected resonance
patterns and integration values for the pure com@d@u). The phthalocyanine unit shows in
the aromatic region a characteristic resonancesfpafor an unsubstituted phthalocyanine,
with two multiplets. The first multiplet in the reg 9.62-9.70 ppm for eight protons in the
1,4-positions and the second multiplet in the redda25-8.32 ppm for eight protons in the
2,3-positions. The protons of the axial ligand shapiield-shifted signals due to the well
known ring current effect of the phthalocyanine roagcle?® The aromatic protons of the

axial ligand are found in the region 5.23-6.87 ppm.
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..............................................................................................................

Figure 38 H-NMR spectrum of7), 500 MHz, in GDsBr, 373K.

2.1.11 Crystal Structure of (7)

The X-ray crystal structure ¢¥) (Figure 39) revealed that the reaction proceeds vi
trans addition of two of triphenylsiloxy ligands on thiéanium atom. After the first addition
of a triphenylsiloxy group the high steric demamduad the titanium atom hinders aoig
addition of another triphenylsiloxy group. Conseaflie the titanium atom fits into the core
of the N, plane and the saucer shape is not regarded inmibliscule in contrast to most of

titanium phthalocyanines. Compou(i) crystallizes in the centrosymmetric space grodp P

with one molecule per unit cell IP primitive cell containing an inversion centrehel
titanium atom represents a crystallographic ceotrimversion symmetry in the molecule of
trans-[Ti(OSiPB).P¢] (7). Compound(7) belongs to the group (CNpB since the
coordination number of the metal is six and the ax@l substituents are located in a trans
configuration relative to the central metalThis unusual geometry of the octahedral titanium
atom in the compound trans-[Ti(OS¥MPE] (7) between the upside and the down side
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siloxy groups affords a high strain of the axialietp of the molecule and this is supposed to
affect largely the properties of the produced plaityanine molecule such as its high air
instability.

Figure 39: The molecular structure of [PcTi(OSIFIN(7).
Displacement ellipsoids at the 40% probability le{id atoms are omitted for clarity)

The molecule trans-[Ti(OSIBRPE] (7) crystallizes in the space groupl P The
structure of(7) is very similar to that of [(TTP)Ti[OP(Ocf}].*® The titanium atom resides in
an octahedral environment with the four nitrogeona of the four isoindoline rings in the
equatorial plane and the two (OSiPbroups occupying the axial positions. Owing teater
of symmetry at titanium, the [TUjl unit is planar and the OSiRgroups adopt a staggered
trans conformation. Acis configuration is not possible because of the Hggtic demand of
the triphenylsiloxy groups. A cis orientation likeat given for [PcTiGl in the literatur& is
not possible in the case of [PcTi(OSiRh (7) because of the high steric demand of the
triphenylsiloxy groups. The angle (O1-Ti-Ola) i0X®)° but the angle between the titanium
and the two silicon atoms is (Si1l-O1-Ti) is 162)9(8 Selected bond distances and angles of
(7) are given in (Table 10).
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Table 10: Selected bond distances /A and angles(7)

Ti-N1 2.0227(13) Ti—O1 1.8521(11)
Ti-N12 2.00235(14) Si1-01 1.6272(11)
Sil—O1—Ti 162.9(8) O1-Ti-N1 89.6(5)
Ola-Ti-O1 180 O1-Ti-N12 90.2(5)
Ola-Ti-N1 90.4(5) N1-Ti-N12a | 89.4(6)
N1-Ti—N12 90.6(6) N12-Ti-N12a| 180

The Molecular Arrangement of the Crystal Lattice of (7)

The molecular stacking of trans-[Ti(OS#MPE] (7) is shown in(Figure 40). Four

molecules are packed in the unit cell. The presehtee two bulk triphenyl- siloxy groups in

a trans orientation influences the molecular pagkm the unit cell. In comparison to the

compoundg?), (3a) and(3b), the molecules in the lattice are not stacked tadace as most

of phthalocyanines but the Pc faces are packed gvéhter distances due to the bulky trans

triphenylsiloxy groups. This reduced molecular kiiag in the unit cell enhances the

solubility of the product in most of organic solt®such as 1,2-dichloroethane.

Figure 40: View of the molecular packing of trafsTi(OSiPh),] (7) in the crystal lattice.
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2.2. Molybdenum Phthalocyanines

2.2.1 Synthesis of [PcMo(NR)CI] (9a,b)

We aimed in this part to prepare new axially substd molybdenum
phthalocyanines, definitely the organoimido Mo(V3P@e did not try to react [PcMoO] with
the corresponding isocyanate, since no reasongblbetic procedure for preparation of a
pure [PcMoQ] is documented in literature as in¢hse of [PcTiO]. Therefore, we suggested
another strategy for preparation of [PcMo(NR)]stetg from phthalonitrile and building up
the phthalocyanine molecule in the presence ofbagirimido molybdenum comple€8a,b)
as a precursor of the imido functionalities (SchetBa). Thus, if about four equivalents of
PN are thoroughly mixed with one equivalent(8&) or (8b) and the mixture was put in a
preheated oil bath at 210°C for 15 minutes, a pagmatic air stable organoimido compound
(9a) or (9b) respectively is formed. Elevated temperatures nibesn 210°C have been
avoided since it may cause a partial thermal decsitipn of the imido complex into the
corresponding nitrido complex (PcMN). The formatiointhe nitrido complex [PcMoN] can
be safely ruled out depending on the absence ofidgigcular ion peak (M= 622.5) in mass

spectra, and the absence of the medium absonpjign at 953 crt in the IR spectrd >°

210T
4PN + [Mo(NR),Cl,(dme)] B
15 min.
R ='Bu (8a)
= Mes (8b)

R = 'Bu (9a)

= Mes (9b)

Scheme 18a: Synthesis of [PcMo(NR)(®4,b).
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The suggested reaction mechanism (Scheme 18b)vas/dhe generation of the two
electrons, essential for reduction of four phthétde units to the phthalocyanines dianion,
from oxidation of molybdenum in its diimido-dichtr precursor from MY to Mo®* by
losing of a nitrene and chlorine at elevated termijpee followed by the reaction of Mowith

four units of phthalonitrile forming [PcMo(NR)Clhiwhich molybdenum is Mo.

N/\N-
+Ze_ ( >
4PN -
N N
N4

PC2.

NR NR NR N

N NR

G\'\Ub “NR G\J/L -C C'\'\‘/L 4PN \l\lllo/ >
—_— E— PN

o | a” RN
2¢e N a N
NR N_

3+ St

Mo Mo

(Scheme 18b): The suggested reaction mechanisfarfoation of [PcMo(NR)CI|9a,b).

In case of carrying out the reaction in chloronaphgne, the compound8a) and(9b)
are formed at 190-210°C with a lower yield evernhia presence of ammonium molybdate as
a reaction promoter. The use of urea as promotgrtdde avoided because the presence of
urea promotes the formation of the metal free ghttyanine (Pch) rather than the slower
process involving the cyclotetramerization of f&tM units at the imido metal template. The
compound was recrystalized from chloronaphthalenerésence of few drops of water, this
means that the complex is stable against hydrolyBiss stability against hydrolysis is
characteristic for iMo complexes rather than fof domplexes.
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2.2.2 Characterization of [PcMo(NR)CI] (9a,b)

Mass Spectra

The m/z values of the (M-Cl)ions of the prepared compoun@s,b) were obtained
in MALDI-TOF measurements with the expected isotopatterns. We could not detect the
molecular ion peak (V) of all compounds containing inorganic chlorine-@Mbond) with or
without using of different matrices to assist tnergy transfer. This is the first indication that

the Mo-ClI bond is rather weak.
UV/VIS

UV/VIS spectrum of [PcMo(fBu)CI] (9a) is shown in (Figure 41). The spectrum
shows characteristic metalphthalocyanine absorptas indicated in the literatuté’ The
observed bands arise from an isolated band (Q ket far-red end of the visible spectrum
of light near 871 and 730 nm. A second allowed* transition (B band), near 326 nm,
extending to the blue of the visible spectrum isoabbserved if the solvent (CIN) is
compensated by the base line correction. Additibaalds, which appear in the spectrum, can
be assigned to ligand-to-metal charge trarfsferThere are no remarkable differences
between the UV/VIS spectra (Fa) and(9b).

Absorptio

300 400 500 600 700 800 900

Wavelength (nm)

Figure 41: UV/VIS spectrum ¢Pa) (CIN, 10° M).
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IR Spectra

IR absorptions common to the spectra of the basim&iety (e.gvc-c arom. at nearly
1602 cm' were observed fai©a,b) (Figure 42). New absorptions, which are not okein
most of the other phthalocyanines such as;Rotdl [PcTi(NR)], were observed in the spectra
of (9a) and(9b). A shoulder at about 1260 €mvas observed in the IR spectra of b(gh)
and (9b) which can be assigned t(yo=n) in the (Mo=N-C) system. On the other hand, the
characteristic absorption foye) in [PcMoN] at 953 crif > *° were mot observed in both
spectra. The IR spectra (da) and (9b) are remarkably similar, and they match well with

those of other metal phthalocyanines.

!

Mo=N-C

T T [ [ [ [ I [ T
4000 3500 3000 2300 3000 1730 1300 1250 1000 730 500

Wavelength

Figure 42: IR spectrum ¢8b).

TGA:

The thermal analysis diagram (@a,b) is typical for a metal phthalocyanine. The

compound is thermally stable without any weighslap to about 250°C.

Raman Spectra (RS)

The metal-phthalocyanine skeletal vibrations arseoled in the frequency range
1300-1610 cnl. (Figure 43) shows the high-frequency region @& Beman spectra for the
organoimido molybdenum phthalocyanin@®a,b) obtained with excitation at 432 nm. The
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extreme complexity of these molecules has preclugedrom performing complete, high-
frequency region normal-mode analysis. The mostomant feature is the absence of the
characteristic absorption ofo.mo) at 310 crit and consequently the formation of ‘ad}

M-M bonded molybdenum phthalocyanine dimer canafelg ruled out-**>°
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Figure 43: Raman spectrum @b).

2.2.3 ESR Spectra of (9a,b)

Molybdenum is an element of the group (6), consetiydlo of oxidation state (5+)
such as in [PcMo(lBu)Cl] (9a), has one unpaired electron’4&stem). Therefore, ESR
measurements may give a lot of information aboeitctemistry of the central metal atom and
its ligand regime such as the estimation of theray® metal hyperfine coupling.
Molybdenum has 6 naturally occurring isotopes, foithem are ESR inactivé*ilo, **Mo,
%Mo, and*®Mo; | = 0 and natural abundance 74.82%), while the dtherisotopes®Mo and
%Mo are ESR active with= 5/2 and natural abundant®lo: 15.72%:>’Mo: 9.46%'%° ESR
measurements of [PcMo{BL)CI] (9a) in toluene and in a mixture of toluene and
chloronaphthalene at ambient temperature arerditest in (Figures 44-46). The ESR spectra
of (9a) are similar to that of the corresponding phthaémiges, such as [PcMbl], given in

the literature> **° The following facts can be concluded:
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- The high sensitivity (low resolution) scan ESRedpa (Figure 44) of a solution ¢9a)
solution in toluene show the hyperfine structuraraflybdenum which contains one strong
central peak and six satellite peaks. The laegdral line is due to the interaction of the
unpaired electron with the molybdenum isotoped of 0 which account for 75% of the
integrated intensity Zeeman effect since 21+1 = 2x1x0+1 = 1”. The six satellite peaks
(hyperfine structure of molybdenum) are due totspg with the isotopes of = 5/2 (since
2nl+1 = 2x1x5/2+1 = 6). The nuclear gyromagnetic rafithe twol = 5/2 isotopesMo and

Mo are very similar and are not usually distingeistvy ESR spectroscopy.

exp
exp

sim.
sim.

dif.
e exp.
stick diagram w:
) . sim.

T T T T T T T T T T
3100 3200 3300 3400 3500 3100 32'00 33'00 34'00 3500
magnetic field [Gauss] magnetic field [Gauss]
(A) (B)

Figure 44: The hyperfine structure of molybdenunE8R spectra d®a) (toluene/CIN)
A: at 330 K; B: at low temperature (130 K) and migd eight times (X8).

- The high resolution scan ESR spectr§9af) are shown in (Figures 45, 46). One of the most
relevant features of the spectra is the rich supedtructure of molybdenum resulted from
the hyperfine coupling of two magnetically none@é@nt nitrogen atoms (4 equatorial vs.
laxial N). The most abundant nitrogen isotop&Nswith S=1. Splitting of the central peak,
due to interaction of the unpaired electron wité tbur nitrogen atoms, leads to formation of
nine lines or resonances (2x1x4+1=9). Every lin¢heke nine resonances splits further with
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the fifth nitrogen atom resulting in 27 lines. Besa these lines are similar and relatively
broad, only 12 lines are observed. However, indinek diagram (Figure 46), in which the
peaks are replaced with sharp lines, the expectdih@s can be observed. If the compound
(9a) could be prepared containing th#\ isotope regardless the high costs, only 10 lines
would be obtained because tlh# isotope has | = 1/2, and the spectra would bs les
complicated. The experimental diagram (top) fitshwihe simulated one (bottom). The
modulation amplitude was 1 Gpr. Three g factors loa distinguished at 130K, because the
anisotropic effect is highly reduced, and thg was found to be 1.9799. The g value of the
free electrons is 2.0023, consequently the dewidtom the value of the free electrons is
(Ag = (g-g) = 0.0224, which is comparable to g = 0.0313400(TTP)CI**° The following
values were determined”Mo (A iso = 45.7 G),”’Mo (A iso = 46.7 G), 4xNy (A iso = 2.6 G),

1XNeq (Aiso = 3.7 G). (Figure 45) shows the super hyperfimacstire of the molybdenum
central line withl=0 with the five nitrogen atoms (4jMand 1N).

EXp.
Sim.
Diff.
I I I
3250 3275 3300 3325 3350

Magnetic field (Gaus)

Figure 45: The super hyperfine structure of molyhae in ESR spectra ¢9a) in
(toluene/CIN), high resolution scan (at 220 K), ¢hatation amplitude 1 Gpr).
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Figure 46: The super hyperfine structure of molyhde with 5N atoms (4) are equal)
in ESR spectra dPa) in (toluene/CIN) and the stick diagram.

2.2.4 Crystal Structure of [PcMo(NBu)CI] (9a)

Single crystals of (9a) were obtained by dropping water to its heated
chloronaphthalene solution. The crystal structuréda) was solved and its crystallographic
data are given in (Figures 47, 48) and (Table tXyystallizes in the centrosymmetric space
group P4/n with 4 molecules per unit cell (P: ptiva cell containing a four fold rotation
axis; n: diagonal glide planekight disordered molecules of water per moled@e) are
observed and omitted for simplicitfhe molecule consists of six-coordinate molybdenum
atom surrounded by four equatorial isoindoline sing the Pc molecule whereas the chlorine
atom and the imido group are located in the axiasitpns in atrans configuration.
Therefore, the geometry around the molybdenum asometahedral with the four isoindoline
nitrogen atoms forming the basal plane and twol digi@ands, the chlorine atom and the imido
group. The compoun(®a) belongs to the group (CNJB since the coordination number of the
metal is six and the two axial substituents aratied in a trans configuration relative to the
central metal? The molybdenum atom is too large and consetuamable to enter
the cavity of the phthalocyanine macrocyclejtssits “atop” or “out-of-plane” from the

N4 plane’® The molybdenum atom is displaced from thenmglane defined by the four
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N; isoindoline nitrogen atoms toward the imido ligaog a distance of 0.305 A. This
distance is shorter than that of molybdenum atemPcMoO] (0.69 A)* and that of
titanium atom in the compound®, 3a,and 3b). This can be attributed to the presence of
chlorine atom that is bonded to the molybdenum aabitine other side of thesNlane. The
out-of-plane distance is 0.334 A in methylimido gilenum (V) porphyrind® On the other
side, the distance between the chlorine atom aad\thplane is 2.295 A which is much
longer than that of molybdenum atom and this isbaited to the thermodynamic trans effect
of the imido functionality. The (Mo-Cl) bond is @20(2) A. This unexpected weak
interaction gives this bond ionic character whicaynexplain the solubility of the complex in
the most of the polar solvents such as THF. Thddnrestis not perfectly linear with a
C10-N11-Mo angle of 161.93(6)°.  An angle 601180° has been found in many other
N-organoimidio complexes. The bond length of [Mgsdb] is 1.704(7) A which compares
well with that of 1.689(6) A in [Mo(NMe)(TPP)#®)][13].>® Selected bond distances and
angles of9a) are given in (Table 11). (Figure 48) shows clegmly SP hybridization and the
high displacement observed for theatyl group. In (Figure 47) only one of these disglable
positions is shown for clarity. Also (Figure 47)osVvs clearly the bending deformation of the

phthalocyanine macrocycle in the saucer sHape.

Figure 47: The molecular structure(6g).

Displacement ellipsoids at the 50% probability le{id atoms are omitted for clarity)

69



Results and Discussions

Figure 48: The four fold displacement of thatyl group and the deformation of the Pc

macrocycle in a saucer appearance in comp¢@ay

Table 11: Selected Bond Distances and Anglé9af

Bond distances (A) Bond angles (deg)
Mo—N11 1.704(7) Cl-Mo—N11 179.99(14)
Mo—N1 2.053(3) Mo—N11-C10 161.93(58)
Mo—N1a 2.053(3) C5-Mo-C5 101.00(5)
Mo—N1b 2.053(3) N1-Mo—N1 88.74(11)
Mo—N1c 2.053(3) N11-C10-C11 113.87(150)
Mo—Cl 2.600(2) N11-C10-C12 108.99(175)
N11-C42 1.403(16) N11-C10-C13 115.06(148)

Molecular Packing and Arrangement in the Crystal Latice of (9a)

From studying of the molecular packing and therayeanent of the molecules in the
unit cell of [PcMo(NBu)CI] (9a) (Figure 49),it can be concluded th#he presence of two
axial substituents (chlorine atom and imido groaipdhe central molybdenum atom results in
a reduction of the stacking degree of the molecirethe unit cell. Due to the molecules
shape the crystal lattice consists not in a cloaekipg of face-to-face dimers. The

phthalocyanines rings in the lattice are close dplanar, however only half-faces of the
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phthalocyanines rings may interactrastar due to the trans-axial substituents. Thuaered
lattice of coplanar Pc-rings with short interlagkstances separated by chlorine atoms (and
water molecules) and with large interlayer distaseparated by the bulky tert-butylimido

groups is observed.

Figure 49: View of the molecular packing in thdita of (9a) along the N planes.
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2.3 Tungsten Phthalocyanines

2.3.1 Synthesis of [PcCW(NR)CI] (11a,b)

Aiming to prepare the imido-WPcs, the analogue s$tg1g compounds to the imido-
TiPcs and imido-MoPcs, we applied the typical fasfeaction of PN in the presence of a
proper imido tungsten compound [WBNI),Cl,(dme)] (10a) or [W(NMes)Cl,(dme)] (10b)
as a precursor of the imido ligand. The reactiomdpct was identified as the paramagnetic
organoimido species [PcW(NR)C(L1a,b)(Scheme 19).

210T
APN + [W(NR),Cl,(dme)] —_—
15 min.
R = 'Bu (10a)
= Mes (10b)

R ='Bu (11a)

= Mes (11b)

Scheme 19: Synthesis (¥fla,b)

2.3.2 Characterization of [PcCW(NR)CI] (11a,b)

The m/z values of the ions [M-Cllof (11a,b) were obtained in MALDI-TOF
measurements with the expected isotopic pattergainAthe molecular ion peaks {Mcould
not be detected in MALDI-TOF measurements with aheout use of an additional energy
transfer matrix. This is typical for the phthalooysges with weakly coordinated inorganic
chlorine. However, the elemental analysis of C, N4, and Cl together with the ESR

measurements emphasizes the presence of inorgaloitne linked to the tungsten central
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atom. When an equamolar mixture(bfia)or (11b)and AgSbE was refluxed for 2 hours in
dichloroethane, a white precipitate of AgCl waseskied after few minutes according to the

following reaction:

AgSbF, e -
PcW(NR)CI . PCW(NR) | SbF; + AgCl l

(11a) or (11b) white ppt.

The formation of this precipitate is evidence thateakly bonded chloride ligand is attached
to the tungsten atom and not to the aromatic rinfise formation of metal —free
phthalocyanines can be also ruled out accordinghéoabsence of (M= 514) of PcH.
UV/VIS spectra of(11a,b) show characteristic metal phthalocyanine absampfloA small
blue shift of the (Qo) and the broadening of the B band is observeteniV/VIS spectra of

(11a,b)in comparison to that of the molybdenum analog@ash).

IR Spectra

IR absorptions common to the spectra of the basim&iety (e.gvc-c arom. at nearly
1602 cm* were observed. The IR spectra(@fia,b) are very similar to that of9a). The
absence of the characteristic bands o&f)/and (W=0) at 978 and 953 cmespectively,
ensures that the product is free of [PcWN] and [PgW>> New absorptions, which are not
observed in the spectra of Pcbr [PcCWN] were observed in the spectra(bfa,b) (see the
experimental work). The formation of Pglds a byproduct can be again ruled out according

to absence of its characteristic IR absorptior087icn*. *

2.3.3 ESR Spectra of [PcW(NR)CI] (11a,b)

Tungsten in the compound&la,b) has the oxidation state (+V) and since it is an
element of group (VI), it has one unpaired electfdhelectronic configuration). Therefore
the ESR spectroscopic measurements are possiblsmaydonfirm the structure around the
central tungsten atom. ESR spectrum of [PcW(NM4gs)Clb) in a mixture of toluene and
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chloronaphthalene (3:1) at 220 K is shown in (Feglb0). Thespectrum displays one strong
central signal with g, = 1.914, g = 1.927, g = 1.908, and g§= 1.911; but with poorly
resolved super hyperfine structure. This stroggaliis attributed to the unpaired electron of
the tungsten isotopes of= 0 (W% W% W' and W®9). The coupling with the isotope
W83 (1 = 1/2) was observed as doublet. Both of thesesiguals have a relative intensity of
7% of the main signal which is comparable to thiewdated values. ESR spectrum(afLb)

at 240 K is shown in (Figure 51). The spectrum wshthat both of the first and the second
derivatives fit well with the simulated ones. Theper hyperfine coupling of the nitrogen
atoms are [(4¥N)Aiso = 3 Gauss and (#N)A;s, = 3.5 Gauss. The & of (**3W) was found

to be 84 Gauss.

The first derivative ESR spectrum ¢i1b) at 130 K (Figure 52) fits with the
simulated spectrum and delivers the nitrogen arapat hyperfine values (goodness of fit =
0.16). ESR spectrum ¢11b)is comparable to that of [(CIPc){{O)OH] °>* and that obtained
for [PcWN] in which tungsten displays alsb-ebnfiguration>® The second derivative of the
spectrum was made mathematically aiming at enhgrtbmresolution of the spectrum.

T T T T T
3350 3400 3450

[C]

Figure 50: ESR spectrum (f1b) at 220 K, in toluene/CIN (3:1).
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Figure 51: ESR spectra @f1b) at 240 K in toluene/CIN (3:1).
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Figure 52: The first derivative in ESR spectrd1ifb) at 130 K.
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Raman Spectra of (11a,b)

The Raman spectrum ¢f1b) is shown in (Figure 53). The spectra(bia,b)display
typical absorptions of MoPc. The spectra are riclthwintense absorptions in the
phthalocyanines finger print region 500-1500 'tm The absence of the characteristic
absorption of W-W bond at 275 ¢hremphasizes that no tungsten phthalocyanine dimer i
formed*?® as a result of high temperature synthesis.
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Figure 53: Raman spectrum (dflb).
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2.3.4 Synthesis of [(GPc)W(NR)] (13a-c)

The typical fusion reaction of PN was also studiedhe presence of other imido
tungsten complexes of general formula [W(NMeg)@ks a precursor of the imido ligand.
Thus when PN was heated at melt with [W(NMeg)@R = phenyl, p-tolyl, or 3,5-GC¢H3)
(12a-c),the corresponding compounds [fPt) W(NR)](13a-c)were obtained (Scheme 20).
The products were crystallized by layering hexatewly to their solutions in 1,2-
dichloroethane. Despite this crystallization pr@ddfeather-like crystals which were not

suitable for X-ray structure determination, thefped analytically pure samples.

Cl

210C
4PN+ [W(NR)CI,] _ >
15 min.

(12a-c)

Cl

Mixture of regio-isomers

R = Ph (13a), p-Tol (13b), 3,5-Cl,CH, (13c)

Scheme 20: Synthesis of [(BL)W(NR)](13a-c)

The two chlorine atoms are suggested to be bondedhé aromatic rings of the
phthalocyanine molecule and not to the central gterg atom according to the following

points:

- A molecular ion containing two chlorine atoms abserved implying that chlorine is

covalently bonded to carbon not to the tungstemato

- The m/z values, of the highest intensity, aiediin MALDI-TOF measurements for

(M*, M*-CI, and M-2CI) corresponded always to the chlorine ring stiied molecule

whose molecular mass is lower than that of thecichloride compound by two mass units.
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- We have detected some molecular ions of thenttitatrachloro substituted complex in the
crude samples that could be eliminated within tkteresive extraction from different organic
solvents. The appearance of such species givedaibelieve that the chlorine atoms are
bonded to the aromatic rings of the Pc molecule maodto the central tungsten atom;

otherwise the later would reach impossible oxidattates (7+ and 8+).

- [W(NR)Cly] as & species are strong chlorination reagents and qoesdly are capable for
chlorination of the aromatic rings. Similar cass baen observed in literature, when PN was
heated with [WGJ in which tungsten has’aonfiguration, compounds of formula [(CIPc)W]
and [(CIPc)W(O)OH] were obtained.

- Ring chlorination gives chance to different isesnand this may explain the failure of all
attempts made to obtain crystals of the prod({t&a-c) even under the same conditions

applied successfully with analogue compounds $8ah

- When the complexes [(#c)W(NR)] (13a-c) were refluxed with AgShf in
dichloromethane for several hours, no white préaipiof AgCl was observed and the m/z
values after the reaction corresponded also tditthtoro species. Therefore, the two chlorine

atoms are supposed to be bonded to aromatic catbors.

[(CLPC)W(NR)] + AgSbF,

No precipitate

- The mechanism of such phthalocyanine formatidmchkvinvolves fusion of the reactants at
elevated temperatures in absence of urea, alcabroisaction promoters such as ammonium
heptamolybdate, is given in the literature (Sch&n¥ The mechanism suggested that the
chlorine anion plays the role of the nucleophilenf@onia in synthesis procedures which
include urea). Thus, chlorine is supposed to atthek-position in the isoindoline hetero ring
and later at high temperature the chlorinum iofoimed and attacks the benzene ring in an
electrophillic substitution reaction forming the oaratic chlorine substituted metal
phthalocyanine. A similar mechanism is to be supgdsr the reaction of PN with the strong

chlorination reagents of formula [W(NRYE(Scheme 20).

78



Results and Discussions

2.3.5 Characterization of [(CbPC)W(NR)] (13a-c)

Firstly, the formation of the nitrido complexes asresult of an expected thermal
degradation of the produced imido compound, cansdifely ruled out according to the
absence of its molecular ion peak 8710) and the absence of its characteristic I&ating
absorption avw-y = 953 cnt-.>® Further, solutions of different concentrationsttoé product
were found to be ESR silent; this varnishes thesipdgy of formation of the monochloro
(W°") species. Other known complexes of W(IV) and Md(stich as [(CIPc)W=0f and
[PcMo=0T" have been reported to be ESR silent.

Mass Spectra

The m/z values of the molecular ions*(NW*-Cl, M*-2Cl) of the prepared compounds
(13a-c)were obtained in MALDI-TOF measurements with thpexted isotopic patterns. The
formation of metal —free phthalocyanines can be alded out according to the absence of
(M*=514) of PcH.

Elemental Analysis

Elemental analysis of C, H, N, and CI together wité estimation of %W using AAS
of the prepared compoun{k3a-c)confirm the suggested structure of the dichlorcssitiied
phthalocyanines ring. Chlorine analysis was impurta ensure the presence of chlorine in

addition to estimation of the number of chlorineras labeled in the produced complex.

UV/VIS and IR Spectra

The UV/IVIS spectra of [(GPc)W(NR)] (13a-c) in chloronaphthalendFigure 54)
display both B and Q band absorptions of metahadbtyanines around 320-330 nm and
640-720 nm respectivef?> A small blue shift relative to the analogue commps(2) and
(3a-d) is observed. The splitting of the Q-band may Kebatted to the lower molecular
symmetry in(13a-c) relative to the peripherally unsubstituted Pcsabse of presence of
different regio-isomers. This may result in differelipolmoment interactions between the Pc
macrocycle and the axial imido ligand and consetiydower degeneration of the first
excited state. The different aryl groups in the imido gps do not result in
remarkable differences in the electronic spectrdR absorptions common to the spectra

of the basic Pc moiety (e.gc-c arom. at nearly 1602 cth were observed. New
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absorptions (underlined in the experimental wowk)jch are not observed in the spectra of
PcH,, [PcWOQO] and [PcWN], were observed in the specfrélda-c) The formation of Pc

as byproduct can be again ruled out according $erate of its characteristic IR absorption at
1007 cmt*®

Absorptio

300 400 500 600 700 800 900

Wavelength (nm)

Figure 54: UV/VIS spectrum qfl3c)(CIN, 10°M).
TGA

TGA of (13a-c) show that they are highly thermal stable since reagit loss is
observed up to about 350°C. Further at 500°C about of the material has not yet thermally
decomposed. TGA of compouliti3a)is shown in (Figure 55)
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Figure 55: TGA of(13a)
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2.4. Rhenium Phthalocyanines

2.4.1 Synthesis of [PcRe(NR)CI] (15a,b)

With the goal to prepare novel imido rhenium phbcginines we applied the typical
fusion reaction of PN with complexes of the genésahula [Re(NR)CI], R="butyl (14a) or
mesityl (14b), as precursors for the (Re=NR) bond (Scheme Zhe corresponding chloro
(organoimido) phthalocyaninato Re (V) complex@&$a,b) were obtained in good vyields.
Elevated temperatures were avoided to avoid anmynidledegradation of the imido complexes

into the nitrido complexe [PcReN].

210C
APN + [Re(NR),CI] >
15 min.
R ='Bu (14a)
= Mes (14b)

R ='Bu (15a)

= Mes (15b)

Scheme 21: Synthesis of [PcRe(NR)$a,b)

Despite of the complex and unknown mechanism inaghoss of a nitrene radicals
[CI] at the metal, this fusion reaction has beencsasfully applied for the preparation of
similar 4d- and 5d-phthalocyanine species suchtadmphthalocyanines [PcCMN], M = Mo,
W and Re?® All attempts done to obtain crystals suitable Xeray structure analysis of the
imido rhenium compoundg15a,b) were unsuccessful because of the poor solubility.
However, utilizing the crystal structure data obé&al for the analogue compoul@a) we
suggest an isotype structure(8@,b). Because of the large radius of the rhenium atowant
not be inserted in the mean plane identified by filné isoindoline nitrogen atoms but

displaced above this equatorial plane toward thedangroup. The formation of the nitrido
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complex [PcReN] as a result to an expected thedegradation of the produced imido-
complex, can be safely ruled out in accord withdbsence of its molecular peak "&112)
and the absence of its characteristic IR chieg absorption ofRe=N) at 953 crit.

2.4.2 Characterization of Imido-RePcs

Mass Spectra

The m/z values of the molecular ions of the preppatemplexes [PcRe(NR)CI]
(15a,b) were obtained in both EI and MALDI-TOF measurersenith the expected isotopic
patterns. There was no need for using of a spetaifix for energy transfer since a lot of
metal phthalocyanines serve as LASER-energy tramafgerials. The molecular ion peak
(M¥) could not be detected as the case of the pushjialiscussed complexes containing a
M-CI bond.

Elemental Analysis

The CHN elemental analysis ¢f5a,b) matched fairly with the suggested structure.
However, lower values of %C than expected wereiodth This may be attributed to the
formation of the extreme thermally stable rhenitarbades at elevated temperatures. Chorine

analysis confirms the monochloro rhenium complex.

'H-NMR Spectra

The 'H-NMR spectra of(15a,b) show the expected resonance patterns of the
diamagnetic Re(V) organoimido complexes. The dbtly@nine unit shows in the aromatic
region two multiplets, the first multiplet in thegion 9.42-9.63 ppm for eight protons in the
1,4-positions and the second multiplet in the reddol3-8.38 ppm for eight protons in the
2,3-positions. The protons of the axial ligand shapfield-shifted signals due to the current
effect of the phthalocyanine rin§d>*! The aliphatic protons, tert-butyl group (h5a) and
methyl groups in(15b) show a drastic upfield-shift (-1.48:-1.54 ppm) A0l 75:-1.95 ppm)
respectively. Because of the well known ring curedifect of the phthalocyanine macrocycle,
the aromatic protons of the axial ligand(itba,b) suffer an excepted upfield shift as to they

are found in the region (5.06-5.13) ppm.
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UVIVIS

The electronic absorption measurements of the pediga5a,b)in chloronaphthalene
display characteristic absorption patterns of a onweric metalphthalocyanifé’ The B-
bands in solution measurements (@ba,b) show unexpectedly sharp absorptions and are

splitted into two mean absorptionsAatax =341 nm and 323 nm.

IR Spectra

The IR absorption spectrum of [PcRe(NMes)@5bb) is shown in (Figure 56). The
spectra of (15a,b) display the usual pattern common to the spectrth@fbasic Pc moiety
(e.g.Vc=c arom. at nearly 1602 ¢h® The medium strong stretching band at 1288'cm
which is not observed in [PcReO] and [PcR&NT can be assigned to the (Re=N-C)
stretching. Also disappearance of the stretchingitif (Re=N) at 953 crit >>®rules out the

thermal degradation of the imido complex into titedo complex.

.....

| i ! |
4000 3500 3000 2500 2000 1750 1500 1250 1000 750 00
wavelength cm-1

Figure 56: IR spectrum of [PcRe(NMes)Clbb), KBr pellets.
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2.5 Phthalocyanine Polymers

2.5.1 Synthesis of Phthalocyanines Polymers (16-18)

The typical reaction of pyromellitic acid dianhydii with anhydrous Cu (1) chloride
in 2:1 ratio has been found to produce MPc olig@rteaving average molecular weight of
4000%" Other synthetic procedures of metal and meta-frathalocyanines polymers have
been reported in the literature by reaction of pyeditic acid derivatives with a metal salt
and urea in presence of a cataffsf or by reaction of 1,2,4,5-tetracyanobenzene (T@#)

a metal or a metal saft®®' wohrle et al ** have prepared metal-free

phthalocyanineoctacarbonitrile [(C#PcH,] monomer by the cyclotetramerization of 1,2,4,5-
tetracyanobenzene (TCB) in which two of the nitgteups react. Complexation with a metal
was accomplished by treating the product with aairelt in DMF at 100°C. We applied this

method to prepare the metal-free octacyanophthatong as low molecular weight model

compound for structurally uniform, nitrile grouprtaining polymeric phthalocyanines.

Planar and ladder phthalocyanine polymers, becafseaheir interesting long
T—electron conjugation system and high thermal stgbdisplay very interesting thermal and
photoelectrical properties. However, the poor sifitybin the common organic solvents
increases the difficulties of their purificationdaprocessing schemes. We aimed in this part to
prepare low molecular phthalocyanine planar oligan{€igure 57a) which possess both the
relatively enhanced solubility of the axially suhgted Pc monomers (e.g. organoimido
complexes) and the extended long-range conjugationthe high thermal stability of the Pc-
polymers. To best of our knowledge, the titaniunthptocyanines planar-oligomers have not
been yet reported in the literature despite of shecess of a large number of titanium

phthalocyanines monomers and dimers in many indl§tlds.
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Figure 57a: Idealized systematic structure of thigt@mer involving TCB as building blocks;
M=[TiO] (16), M=[Mo(NMes)CI] (17), M=[Ti(NDip)] (18).

Reaction of 1,2,4,5-tetracyanobenzene (TCB) witpraper titanium source e.g.
Ti(OBu), under certain conditions e.g. molar ratio 2:1 dritbur heating at 220°C was found
to produce high molecular weight phthalocyaninduding the pentamer, 1goHgNe4OsTis,
molecular weight = 3145.59. This is in agreementhi® previous schemes reported in the
literature for synthesis of Pc-oligomers havingrftm nine phthalocyanine units. Four of the
possible isomers for the pentamer (Figure 57b) lsanpostulated. On the basis of the
spectroscopic data, it can not be excluded thatctmnectivity of the five PcM building
blocks differs from the idealized structure shown(Figure 57a). After formation of the
trimer, two TCB molecules may attack the cyano geoaf this trimer in three different ways
(B, C, and D in Figure 57b). According to stericttas the attack which leads to formation of
the structure (B) has the highest probability coregato the others (A and C), and
consequently should be more predominant. The si@diC) has the lowest probability on

basis of the steric hindrance caused by the cyamapg of the trimer.
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Figure (57b): Four of the possible isomers of ththplocyanines pentamer.
D efers to Pc unit and

—  refers to cyano group.

2.5.2 Characterization of Phthalocyanines Polymer& 6-18)

The prepared phthalocyanines oligomers (n = 5) weeracterized using elemental
analysis, GPC measurements, UV/VIS, FT-IR, TGA, . efthe formation of the
octacyanophthalocyanine monomers can be safelg nué since their molecular peaks were
not detected in several mass spectroscopic measntentEl, FAB, and MALDI-TOF).
Moreover, the values obtained by analysis of CNHand estimation of the metal content
using the atom absorption spectroscopy (AAS), supbe formation of Pc-oligomer rather
than the octacyanophthalocyanine monomers. The reasbnable suggestion for the reaction
mechanism of Pc-Polymer formation from TCB has begorted by Wohrlet al ***%who
expected from the high reactivity of the nitrileogps of TCB in ortho position, compared
with those of metal-free (Chfc monomer, that TCB reacts partially to form thetahfree
(CN)sPc monomer at first. This monomer is supposed &wtrevith itself or with TCB

molecules to form products of high molecular wesght

GPC

Partially soluble (PolyMPc) in DMF are known in thieerature*® The prepared

(PolyMPcs) were found to be soluble in DMF. Sinee DMF soluble(3b) can be considered

as a low molecular weight model compound for theppred (polyMPcs), we carried out the
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GPC measurements for this monomer under the santtions as the prepared (polyMPcs).
The molecular weight of the monomer, calculated-&00), was determined by GPC as
(Mn=1012). This means that the GPC measurementsther analogue oligomers are
reasonable and can be taken in account. The differdetween the theoretical and the
obtained molecular weights are considered as expetal error. The GPC of the oligomers
showed unimodel curves and the molecular weightaiméd with respect to polystyrene
standards could be taken in consideration as ahresgmation of the molecular weights of
the prepared poly Pcs.

Elemental Analysis

The values obtained by C and N analysis are caahpato the calculated values for
the planar phthalocyanines oligomer of (n=5) (Fég6i7a). Additionally, the metal analysis

using AAS supports the assumption of formation ¢fdvbligomers.
FTIR

For both TiPc oligomers, the resolution of the gectra are relatively good and
exhibits the typical absorptions of the phthalogganpolymers at 1500, 1308, 1082,1028,
790 cm™*®" The absence o6 oop (N-H) vibration at 700 ci ensured the complete
metalation of the oligoméF. IR spectra permit conclusion on the nature ofethe groups in
the Pc-polymers. Because of the reaction conditiand working up method e.g. dry
conditions, all the prepared Pc-oligomers possesyg witrile end groupsvc=yn) at 2221-
2225cm'. The presence of (C=N) containing structure etengX) is demonstrated by the
absorption bands at 1582-1578, 1522-1520, 1310;18082-1080, and the band at 2225-
2221 cntt (Figure 58 ** The formation of triazine structure (Y) from niiés is possible in
the presence of metal chlorides acting as Lewidsaand can be excluded in case of the
prepared MPC-oligomers depending on absence chasacteristic absorption band at 1360
cm®.%81% The resolution of the IR-spectrum of the MoPgolner is bad and shows only
few phthalocyanines frame vibrations and this Wwetwn in the literature for some analogue

Pc-polymers.
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(Figure 58): The possible bonding schemes in MRynpers.

UVIVIS

The UV/VIS spectra of the prepared oligométs-18)in DMF show the expected
absorption patterns of a high molecular weight plutyanine (Q and B band®) %% 132 The
strong absorptions begin at 312 nm and extendintip¢o742 nm. By comparison of these
spectra with those of the analogue monong&)s(2) and(9b) it can be concluded that the
planar Pc-oligomer contains the main skeleton gfhthalocyanines unit but with a poor
resolution (broadening) of the Q-bands which intdickhe high aggregation and highr
interaction in the MPc-oligomers in DMF. UV/VIS gpam of (16) in DMF is shown in

(Figure 59).

Absorption
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Figure 59: UV/VIS. spectrum of (Poly PcTiQd)6) in DMF.
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TGA

Polymers with a Pc ring are resistant to thermatlation® ® The prepared (Poly
MPcs) show high thermal stability and no weighslasobserved below 250°C. The stability
of (Poly PcTiO) is much higher than that of theestholymers which show degradation of the
axial moiety in the temperature range (380-400 °Ggnerally, about 70% of the material is
maintained up to 500°C. TGA diagram of (PolyPcJli®shown in (Figure 60).
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Figure 60: TGA diagram of (Poly PcTi@)6).

X-ray diffraction measurements of the prepared ¥PdPcs) show broad diffuse
peaks. This is characteristic for low molecular giai(Poly MPcs), since they show broad

bands and by increasing the molecular weight tffasdi peaks become more intefise.
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2.6 Time-resolved Photoluminescence

PcTiO (1) has been successfully used to compensate the aoxichard disposable
selenium as photoconductor in xerograptf¥. The aim of this part was studying the effect of
the chemical modification on the optical properties these materials specially the
photoconductivity. The transient photoluminescefiRle) measurements were carried out for
solutions in chloronaphthalene (1®) of [PcTiO] (1) and [PcTi(N,N’-ditolylureato)[3b).
Afterwards the solutions were microfiltered for soiamples prior to the measurements to
avoid the presence of any solid particles. Sucid $wle particles must be eliminated to avoid
the dimer aggregation of the phthalocyanine motscuh the solid state which retards the
fluorescence process. This effect was indicateccdiyparison of the PL properties of the
filtered and not filtered samples. The spectro-terapstreak camera images for [PcTiQ)

and [PcTi(N,N"-ditolylureato){3b) are shown in (Figure 61).
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Figure 61: Spectro-temporal streak camera imaggd féeft and(3b) right.

The fluorescence spectra of [PcTi()) and [PcTi(N,N"-ditolylureato)](3b) were
measured to study the effect of replacing the asia group with the ureato group in the
optical properties. The measurements were carngd® part of this work in a cooperation
project with the research group of Prof. Dr. WotfgaRUhle, Physics Department, Philipps-

Universitat, Marburg. For this purpose a TilBgfhaser with an excitation light of
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doubled frequencyi(= 380 nmpeyxc ~ 120 W/cni) was applied. We carried out preliminary
investigations at these phthalocyanines and fohatldnly the intensity of the PL spectra and
the transient ones is concentration dependentnbutheir qualitative process. (Figure 61)
shows a typical photo recorded on a streak canwraobm temperature measurements of
[PcTiO] (1) and [PcTi(N,N -ditolylureato)] (3b). The corresponding time-integrated PL-
spectra of both samples are shown in (Figure 68everal maxima are observed in both
spectra and the most two sharp maxima are lett@sed and B. Similar PL-spectra were

obtained and reported in the literature for theepgshthalocyanines derivative¥.

600 -

PL intensity
(arh. units)  3qQ -

15 1.6 1.7 1.8
Energy {(eV)

Figure 62: Comparison of the Time integrated P[RafTiO] (1) solid line and
[PCcTi(N,N-ditolylureato)](3b) dashed line. (T = 290 K arndexc ~ 120 W/cr).

Although the exact electronic configuration and libeation of the energy transitions
are not known, it must be nevertheless concludatttie observed emission bands in case of
the investigated phthalocyanines are caused bybéséc structure of the phthalocyanine
molecule. Otherwise the relative strength or thergetic situation of the individual signatures
would have to change. [PcTi(N,N -ditolylureato)]3b) seems to have a lower
photoconduction than [PcTiO(l). This statement is based on the circumstance ttieat
transition of an electron from the excited stateM@-S1 to the ground state HOMO-SO is a
competitive process to the photoconduction procéss depends on the fact that when an
organic photoconductor shows higher fluorescencBlothis means that it processes lower
photoconductivity. It is noteworthy to mention thagher PL density leads to a less effective

photoconductivity but to enhanced optical limitipgpperties.
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To discuss the dynamics of the emission of thestigated compounds, we measured
the spectral integrated PL-transients of both samfFigure 63). It can be concluded that
both samples show unusual time-decay behaviomhéfitst 750 ps the strength of the signal
is fast unchanged and then decreases with timdaitnsft ~ 3.9 ns. The life time values are
comparable with the other values of the time-reswlfluorescence spectra (4-6 ¥3ynd
confirms the potential of the phthalocyanines dsahe medical and biophysical range, e.g.
in imaging procedures, with which living organisrage examined with the help of the
fluorescence spectroscopy on NS time scales. Thetaot PL intensity in the first time

period can not be definitely explained.

The decay timer] is calculated according to the equation:
lbL=lo.e " (t=twhen b= /e = b/2.71)

(Figure 63) shows the spectral resolved emissioraohyc of [PcTiO] (1) and
[PcTi(N,N -ditolylureato)](3b) for the energy transitions marked in (Figure 62).ttJthe PL
intensity the qualitative process of the PL lossres depends neither on the kind of the metal
complex nor on the detection energy. This explaagsin that the fundamental optical
properties such as absorption and emission dynaofidhe studied compounds depend
mainly on the basic organic building block. Due ttee expandedi-electron system the

phthalocyanine compounds possess very strong,meamloptical characteristics.

Experiments for optical limitation show typical flodensities of 100 mJ/cim®® with
which the transmission coefficient reaches appraxéty a minimum saturation value. Then
a (Nd:YAG-laser with puls time okt puls~7 ns) is generally applied so that the pulse
maximum performance decisive for the delimitatiprocess lies within the range of
10-20 GW/cri. The energy pro puls in case of using (Ti:Sephsers) is actually smaller
than (~ 1.5x18 J/cnf) but within the short puls (puls-period ~ 80 fhjs can be

compensated.
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Figure 63: Top: The spectral integrated PL-trantsiéfiPcTiO] (1) and(3b).
Bottom: Transient PL-decay at enefigfA) = 1.57 eV andg(B) = 1.705 eV.

Generally, it can be concluded from this study thatnew prepared compoun@b)
shows higher PL density than PcT({@). This suggests that compou(®b) is expected to
display relatively less effective photoconductiviityit enhanced optical limiting properties in

comparison to the well known photoconductor andcaptimiting material [PcTiO]1).
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2.7 Phthalocyanine Modified SBA-15 Mesoporous SilicMaterials

Systems combining inorganic host and organic goesecules provide a source of
new materials with challenging propertfé& Chromophore- loaded zeolites have been

137c-e an d

investigated for different properties, such as pbatalyst*’® novel pigments
nonlinear optical materials exhibiting optical hisilities!*”" frequency doubling®’%"
spectral hole-burning” or lasing™>" Dye molecules adsorbed on the surface of,Ti@no
crystals were found to inject electrons into thepgnstates of the Ti©from a photo excited
state of the dye (dye sensitizatidi}' This photoinduced electron transfer via a single-
photon process is the basis of the remarkabtgogbnsibilisation cells introduced by
Gréatzel and coworket¥™ and can be used to realize a photochemical hokgrmras shown
recently by Machida and coworkers for a titaniasgsulated derivative of zinc
tetrabenzoporphin€™ In this work, we aimed at studying the impregmatof titanium
phthalocyanine in SBA-15 and Ti@SBA-15 utilizing the reactivity and better soluttyilof

the diaryl titanium phthalocyanines, relative t@TRO], to entrap monomeric TiPc molecules
in close contact with SBA-15 and with titanium aast highly dispersed inside the pore

system of the SBA-15.

In this work SBA-15 template has been preparedrdaog to the schemes reported in
the literature®® SBA is an abbreviation of Santa Barbara and tHhéxagonal structuré?
For preparation of TiI@SBA-15, we used a method similar to that previpusedfor
impregnation of titanium speci&€ &" % 14erhys titanium species were impregnated in a
previously synthesized calcined siliceous SBA-lmgidetrabutylorthotitanate (TBOT) as a
precursor of titanium species. It is known, th&8OIT interacts with the surface silanol
groups of SBA-15°? In our experiments, unreacted TBOT was removeeiaction with
dried solvents under inert conditions. During tbéofving calcination in air at 600°C, the
remaining butoxy ligands are assumed to be burffadhile the TiO, species remained fixed
via a Si-O-Ti linkage at the surface of SBA-15 (tig 64). According to AAS we obtained a
Ti-loading of about 2.66 wt.% and this value is gamable to that achieved applying this
method for MCM-41 materials where loadings of 1.898 were reporteff® The lower Ti
loading in the pores compared with that achievadM&M-41 using TiO(acag)may be
attributed to the weaker interaction of TBOT wille tOH groups because of its hydrophobic
hydrocarbon chaif?® While high loadings (30-80%) of TiOn SBA-15 led to the presence
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of anatas&>®the material TIQ@SBA-15 prepared in this work having relatively lGt@nium
loading displays monodispersed isolated Ti(IV) sif€his is in agreement with other reports
of SBA-15 materials of low titanium loadiffg®"® Raman spectrum of the prepared
TiO,@SBA-15 shows absorption bands at 789, 832 assigned to the Si-O-Si linkage, and
at 488 and 601 cthassigned to four and three membered siloxane fifigehe absence of
the typical Raman absorption bands of anatase (638, 519, 399, 147 cf) ensures the
absence of the anatd$8. It is suggested that due to the strong extractioth® unreacted
TBOT under inert atmosphere and low titanium conlé(V) is only covalently bonded to
the surface of SBA-15 via 1-3 Ti-O-Si links formitign layer of TiQ.

\O\ /O_/_/
/Tl\o

/_/_O
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Figure 64: Interaction of TBOT with the pore wallsSBA-15.

Interaction of Titanium Phthalocyanines with SBA-15 and TiO,@SBA-15

The large pore size of SBA-15 offers the possipild tether sizeable and complex
catalytically reactive sites within the silica framork. As we previously mentioned in the
synthesis of compound7), the good ureato leaving group in N,N -di-4-tolylate
(phthalocyaninato) titanium (IV{3b) results in smooth reaction with the silanol growps
PhsSIOH. In the following part, compoun@b) was used to anchor and fix the TiPc dye in
the pores of SBA-15 and TU@SBA-15 where the titanium atom(8b) can smoothly link to
the silanol groups in SBA-15 molecular sieves (Fégu65a,b). Several samples were
included in this study (Scheme 22). In (Sample #gas (SiO,) was heated with a dilute
solution of the phthalocyanine dye. In (Sanplethe SBA-15 material was heated with
a dilute solution of the phthalocyanine dye. n€asmuently, the TiPc species is expected

to be immobilized predominantly inside theawhels to give the modified material
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shown in (Figure 65b). In (Sample C) the SBA-15siiestly treated with Pi8iCl, (0.01
equivalent) on the assumption that the most kiayiavailable silanol groups were those at
the outside surfaces of the silica particles (aldpot in diameter) and hence, these would be
silylated and deactivated prior to heating wi@b)."** Thus in (Sample C), only the inner
surface of the host SBA-15 is decorated with [Pcfgcies. In (Sample D) the prepared
TIOx@SBA-15 (Ti 2.66 wt.%) was heated with a diluteduson of (3b) and since some
surface silanol groups are still unreacted, theolbygtical monolayer coverage of SBA-15
with TiOx is about 35 wt.98"", the dye molecules are presumably covalently batadhe
remaining silanol groups or via the Ti-OH groupsickhmay be present at the T(OH),

sites (Figure 65a).

(0]
I
PN OSiPh,
AN NAr Ph,SiOH @
@ Cl-benzene
OSiPh,
Ureato-TiPc
(3b) (7
Ureato-TiPc
Amorphous SiO, PcTi@SiO, (Sample A)
CIN/150C
Ureato-TiPc/ CIN/150C
SBA-15 ] PcTi@SBA-15 (Sample B)
Imido-TiPc / CIN/150C
Ph,SIiCl, / THF ) Ureato-TiPc
SBA-15 SaBsA;-i\l/:tgg\gggsurface (Sample C)
0.02 ml for 100 mg SBA-15 P : CIN/150C
Ureato-TiPc/ cIN/150C
TBOT/iPrOH PcTi&TiO, @SBA-15
] i i ] cTi&Ti -
SBA-15 TiO,@SBA-15 Imido-TiPc / CIN/150C ’
(Sample D)

Scheme 22: Reaction (8b) with triphenylsilanol and preparation of PcTi@xsalj
PcTi@SBA-15, and PcTi&Ti@SBA-15 materials.
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In all samples the physically adsorbed phthaloayarye was supposed to be removed by
intensive extraction of all samples with differemganic solvents such as toluene, MeCN and
chlorobenzene. Finally, the samples were dried unelduced pressure. This study further
included the impregnation using imidoTiE&) which was found to lead to the same results as
(3b) but lower load because of lower solubility and low#fusion of (2) relative to(3b). For
comparison, we also impregnated PcTO in SBA-15, however lower dye content and
higher dye aggregation was obtained because th#ynmaeraction is physical adsorption. No
remarkable differences were detected in the spmmipic data of (Samples B and C).
However, (Sample C) allows selective anchoringhefdye into the internal surface and may
also offer a better view of the Pc molecules in ploees in TEM investigations. In another
experiment, we passivated both the internal andreat surfaces of SBA-15 by with excess
amount of PESICL, When this material, whose both internal and exiesmafaces are

passivated by silylation, is heated with a solutmin(3b) a very low dye loading was

obtained.
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Figure 65a: Covalent anchoring of [PcTi] onto diffiet SBA-15 materials.
97



Results and Discussions

—oH Ho-|
O 4
—-OH
O__
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Figure 65b. Fixation of (TiPc) in the hexagonalque of SBA-15 (Sample B).

Mass Spectroscopy

In mass spectra measurements (MALDI-TOF) of alppred samples the ion peak of [P§Ti
m/z = 560 instead of the molecular ion peak of NJN4-tolylureato (phthalocyaninato)
titanium (1V) (3b) or the imido-TiPd2) has been detected. This gives rise to the assumptio
that the ureato complex reacted with the silanouigs on the surface of the SBA-15 material.
The formed urea derivative (TOINHCONHTOoIl) was egteml from the produced materials by

successive washing by several organic solvent asdioiling acetonitrile.

Titanium Analysis

The amounts of the loaded titanium in T@&@SBA-15 and PcTi&TiIQ@SBA-15 were

determined using Atom Absorption Spectra (AAS) dralfollowing results were obtained:
%Ti in TIO@SBA-15 = 2.66

%Ti in PcTi&TIO@SBA-15 (Sample D) = 3.44
%Ti because of PcTi dye = 0.78 (consequently cardERcTi-dye = 9.13%).
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UV-VIS/NIR Transmission Spectra of the Prepared Magrials

The analysis of the UV-VIS transmission spectrah® pure mesoporous SBA-15,
conventional silica and the products of immobiliaat of N,N’-di-4-tolylureato-
(phthalocyaninato) titanium (IMBb) by different techniques in silica matrices can bedito
give an idea about the nature of the interactiamvéen the dye and the inorganic template
and to reveal if the dye is aggregated at the tate@urface or monomeric encapsulates in its

poreSSSa, 94, 95

The UV-VIS/NIR transmission spectra (200-2000 nrhpore N,N’-di-4-tolylureato
(phthalocyaninato) titanium (IM)3b), dye/silica, dye@SBA-15 and a mechanical mixture o
dye and silica are shown in (Figure 66). It isaept that the spectral patterns are different
and this is attributed to different interactionstioé dye with the silica when the components
are mechanically grounded in a mortar and wherdyleeis covalently anchored onto the pore
walls by heating the SBA-15 or silica with the dy@ution.

The UV-VIS/NIR transmission spectra of the preparedterials (Figure 66) and
(Table 12) display sharp Q-band absorptions. @&bsorption behavior which is very close
to that of(3b) dissolved in chloronaphthalene (Figure 18) and ithdicates that the titanium
phthalocyanine dye in the two materials is moledyldispersed in the silica and SBA-15
matrices. The absorption band at 698 nm for PcTi&@38B material and at 700 nm for the
PcTi@silica is the monomer absorption correspontiing)-0) transition from the HOMO to
the LUMO. The second absorption band at 640 nnPEIri@SBA-15 and at 612 nm for the
PcTi@silica is the (0-1) transition from the HOM®the first overtone of the LUM and

its presence is a strong indication for the absefeggregated phthalocyanines dffe.

On the other side, the two spectra of solid N,N4-dolylureato (phthalocyaninato)
titanium (1V) (3b) and the mechanical mixture of PcTi/silica (Fig6& show an absorption
Q-band around 820 nm which is attributed to the adin stacking in the solid
phthalocyanines since this band is not observedhén solution spectrum of the dye in
chloronaphthalene (Figure 18). The monomer baondral 700 nm in both samples shows
only a weak intensity and overtone signal can temtiffied®™ These are evidences for the
presence of high degree of aggregation in solid(@cdato)(3b) and PcTi/silica (mechanical
mixing). We resolved the crystal structure @) and discussed the molecular packing
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of the molecules in the unit cell. We identifidgeat (3b) exists in the solid state as dimeric
species in a face-to-face configuration whigsutts in UV-VIS absorption band at about
800 nm. In the case of PcTi&Ti@SBA-15 the chemical and physical properties wddd

slightly different as documented in literature ase of impregnation of ZnPc into the pores of
the calcined Ti-MCM-41 and TE@®MCM-412%% The high dispersion of both components
and their close contact enables a charge transfer the titanium phthalocyanines to the

titanium centers.
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Figure 66: UV-VIS/NIR transmission spectra(8b) and some prepared materials.
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Table 12: UV/VIS Spectroscopic Data(@b)and Panodified SBA-15 Materials

Material A max (nm)
PcTi(ureato)3b) solid 306 575 716 828 932
PcTi(ureato)/SiQ 310 602 713 818 930

(mechanical mixing)
PcTi(ureato)/SBA-15 | 329 586 702w) 793 | -

(mechanical mixing)

PcTi(ureato)@SiQ 324 612 700 | - | e
(Sample A)
PcTi@SBA-15 340 640 698 | - | -
(Sample B)
PcTi(ureato)3b) 347 629 697 | - | mee--
Solution in CIN

Raman Spectra

Raman spectra (RS) of N,N -di-4-tolylureato (phticganinato) titanium (IV)3b),
PcTI@SBA-15, and PcTi&TiG@SBA-15 ati(exc) = 632 nm are shown in (Figure 67) and
the band positions are reported in (Table 13).dLinand 2) in (Figure 67) are made for
comparison of the most important band positionshim spectra of the prepared materials.
There are remarkable differences in the spect(@mfand the two prepared materials due to
the different compositions of each material. Theesgpance of the basic absorptions of the
titanium-phthalocyanine dye emphasizes the inciusad the dye in the impregnated
materials. The absence of{o at 965 crit) * rules out the assumption that [PcTi@) may

be formed and hydrogen bonded to the OH groupsegbdres surface.
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Table 13: Raman Bands of the prepared Materials

Material Wavenumber (cih)
PcTi(ureato)3b) 1506, 1491, 1449, 1433, 1338, 1303, 1212, 1192,
1142, 1104, 1009, 97938, 835, 751, 677, 591, 484,
308, 254, 235, 216, 188.

PcTi@SBA-15 1611 1529 1511, 1451, 1432, 1338, 1304, 1210,
(Sample B) 1190, 1142, 1104, 25 937, 835, 778, 749, 677, 589,
483, 215.
PcTi&TiIOx@SBA-15 1528, 1514, 1453, 1433, 1338, 1307, 1210, 1190,
(Sample D) 1143, 1105, 953938, 837, 825, 780, 751, 679, 599,
485, 236, 217.

Line 1 Lite 2

PcTifureato)

PcTi®Ti0 @5SEBA-15

PeTig@SBA-15

400 =iulu] 200 000 1200 1400 1600

Figure 67: Raman spectra of PcT(iO, PcTi(ureato)3b), PcTi@SBA-15,
and PcTi&TiQ@SBA-15.
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TEM investigations on the PcTi@SBA-15 material

The PcTi@SBA-15 material obtained from interactiof (3b) with SBA-15
mesoporous silica was investigated by electron esmrpy. Transmission electron
microscopy (TEM) images were taken for the on-tepmwand a cross-section of the pore
system (Figures 68a,b). The TEM micrographs showallsznd very distributed dark contrasts
from the metal-containing dye anchored on the wallface. No extended areas of
accumulated dye molecules are found on the micpbgrawhich is in good accordance with
the UV/VIS spectroscopic data indicating the preserof individual non-aggregated
phthalocyanine molecules anchored to the pore w@bmsequently, the observed dark spots
in the TEM micrographs are evenly spread over thre pvalls but are not found in the pore

volume.

Figure 68a: On-top view of the hexagonal pore awdly dark contrast
showing the presence of titanium phthalocyaningénpores.
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Figure 68b: Cross-section of the ordered pore systhere dark spots originating from the
dye can be seen on the pore wall system wheresgatk originating from the dye can be

seen on the pore wall.

After studying the chemical and physical propertiegluding the molecular
arrangement of the prepared MPc molecy®Bsand (3b), the (PcTi) dye were successfully
grafted in the pores of SBA-15 and T@SBA-15 materials. As indicated by the different
analytical and spectroscopic techniques, the apphiethods offer two advantageous: (i) the
monomolecular dispersion of the dye molecules smzeggregation of the dye molecules
was observed and (ii) the covalent fixation of dlye. Consequently, the applied methods can
be further used to overcome the common problemthéndye/molecular sieve inclusion
chemistry. The prepared materials were charactérizng MS, AAS, Raman spectra,
UV/VIS-NIR absorption spectra and TEM. The prepameaterials are expected to retain the
physical and optical properties of both silica amanium phthalocyanines such as [PcTiO].
A lot of studies concerned this inclusion chemisifier the discovery of these mesoporous
materials in the last decade. Systems combininggaroc host material and organic guest
molecules processing interesting optical propeResi) are expected to provide a source of
new materials with challenging properties for sal@application such as optical application,
photochemical hole burnif®"and use as molecular sieve pigménits.
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3. Summary

Ring substituted titanylphthalocyanines are greemenastry photoconducting
materials in the xerographic process of photocomchimes or laser printers that have
replaced selenium as photoconducting layer. Furtber [(RPc)Ti=0O] is the laser pigment
of CD-ROM disc technology. While organic transfations of the ring-substituents are the
focus of most recent and current research effahis, axial transformation at the titanyl
functionality were largely unexplored. The aim this work was to develop the chemistry
of titanylphthalocyanine. We investigated the ¢gbi metathetical reaction patterns of
[PcTiO] (1) with arylisocyanates aiming at the synthesis of ifoelectronic compounds
(PcTiX ; X = S, Se, NR, etc). This metatheticahstmrmation was found to depend largely
on the size of the aryl group. In the case of sédly demanding 2,6-diisopropylphenyl
isocyanate only one addition cycloreversion steprseto be possible and the imido complex
[PcTi=NDip] (2) is the final product. Any further addition of aceed isocyanate molecule to
the [Ti=NAr] functionality is hindered because dethigh steric occupation caused by the
two isopropyl groups. For small groups such as phenyl, the imido complex could not be
isolated in an analytically pure form since it nsaceadily with a second equivalent of
ArNCO in a [2+2] cycloaddition forming the N,N -didureato-TiPc(3a-d). In these cases,
the corresponding diarylcarbodiimides were obserasdwhite byproducts. Whereas the

carbodiimide was not observed in the reactio(ldfvith 2,6-diisopropylphenyl isocyanate.

DipN=C=0
Organoimido-TiPc

-CO, Ar = Dip

@

N,N’"-Diarylureato-TiPcs

@) 2ArN=C=0 Ar=Ph (3a)
= p-Tol (3b)
=Mes (3c)
= p-CIC4H, (3d)

-Co,
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The reaction of1) with the arylisocyanates containing small arylugr® may be applied in

the catalytic metathesis of arylisocyanates intmydcarbodiimides and carbon dioxide.

PcTiO + 2ANCO _____ o [PcTi(N,N -diarylureato)] + CO, ... [1]
Catalyst
2ArNCO +  Catalyst ———=  ArN=C=NAr +  CO, [2]

Compound?2) crystallizes in the centrosymmetric space grougrP&ith 4 molecules
per the unit cell. The titanium is displaced abdke mean plane of the four isoindoline
nitrogen atoms toward the imido ligand by 0.594k1)Due tozn-n interaction of the basal
faces of the pyramidal molecular structure the tatymttice consists in a close packing of
face-to-face dimers. The two molecules of a dinterralated with respect to each other by a

crystallographic inversion centre.

The molecular structure of [PcTi=NDig2).

The compound3a) crystallizes in the centrosymmetric space grougrP®ith 4 molecules

per unit cell, whereas the compou(®b) crystallizes in the centrosymmetric space group

P1with two molecules per unit cell. The titanium atdsndisplaced from the mean plane of
the four isoindoline nitrogen atoms toward the toebgand by 0.791(1)A in(3a) and
0.763(6)A in(3b).
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The molecular structure ¢8b).

The reaction of N,N -di-4-tolylureato (phthalocyaaio) titanium (IV)(3b), dissolved
in CIN, with H,S gas was found to be largely affected by preseha&. When the reaction is
carried out under inert atmosphere the compoundiff&} (4) is formed in quantitative yield.
However, in presence of air the disulfido compoyiAdTiS;] (5) is the main productThe
reaction mechanism of formation of [PcJjiSnvolved the oxidation of the intermediate
[PcTi(SH)] with the oxygen of the air. The crystal struetaf (5) revealed thathe $ group

is 1 “side-on” bonded to the titanium atom in the axiasition.

/U\ H,S / inert gas
——

R = p-tolyl
(3b) H,S

S

small amount of air

(5)
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The molecular structure of [PcHftS,)] (5).

Compound (3b) was found to react with 1,2-phenylenediamine fouigmi
[PcTi{(NH)2CeH3}] (6). Furthermorg3b) was found to react with RRIOH formingtrans-
[PcTi(OSiPh),] (7). The reaction proceeds viatrans addition of two of triphenylsiloxy

ligands on the titanium atom.

2 Ph,SIOH

(3b) -
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The molecule structure of trans-[PcTi{(Nd@xH3] (7).

Novel organoimido compounds of the general fornfl@M(NR)CI] (M = Mo, W,
Re; R ='Bu, Mes)(9a,b; 11a,b; 15a,b)were prepared using the typical fusion reaction of
phthalonitrile (PN) in the presence of a properahedmplex [M(NR)CI,(dme)], M = Mo, W
or [Re(NRXCI], respectively, as imido ligand precursor. Theducts have been always the
chloro (imido) metalphthalocyanines. On the othemdy when phthalonitrile was heated with
other tungsten imido complexes [W(NR)EIR = Ph, p-Tol, 3,5-GICsH3, the products have
been always the corresponding imido tungsten pbtlyahines with two chlorine atoms
bonded to the aromatic rings of the phthalocyar{(@.,Pc)W(NR)] (13a-c) This can be
attributed to the fact that the compounds [W(NR)@k ¢ species are strong chlorination
reagents and are capable for chlorination of tleenatic rings. Ring chlorination results in

formation of different regioisomers.

Cl

. y ' \ [W(NR)CI,] [M(NR),Cl,(dme)]
” W\ N ™ or [Re(NR),CI]
)
Cl
Mixture of regioisomers M=Mo; R = tBu(9a), R = Mes (9b)
R = Ph (13a), p-Tol (13b), 3,5-Cl,C¢H; (13c) M=W:R = tBu(lla), R = Mes (11b)

M = Re; R = 'Bu(15a), R = Mes (15b)
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The compoundg§9a,b), (11a,b)and(15a,b)form a white precipitate of AQCl when refluxed
with AgSbFs in dichloromethane and consequently we suggestadtihe chlorine atom is

bonded to the central metal atoms. On the othex, $id precipitate of AgCl was observed
when the complexegd 3a-c)were refluxed with AgShfin dichloromethane for several hours

and therefore the two chlorine atoms are suppased bonded to aromatic carbon atoms.

[(POM(NR)CI] + AgSbF, — = [(POM(NR)] *SbFg" + AgCl ¢
M = Mo, W, Re (white ppt)

[(CLPc)W(NR)] + AgSbF; o No precipitate

The compound9a) crystallizes in the centrosymmetric space groupn Rvdth 4 molecules
per unit cell. The molecule consists of a six-camaite molybdenum atom surrounded by four
equatorial isoindoline rings of the Pc molecule,evdas the chlorine atom and the imido
group are axially in @rans configuration with respect to the central metdie ™Mo atom is

displaced from the meanyjlane toward the imido ligand by 0.305(0) A.

S
<

N

g

The molecular structure of [PcMo®u)Cl] (9a).
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Reaction of 1,2,4,5-tetracyanobenzene (TCB) witt©Bu), under certain conditions
e.g. molar ratio 2:1 and high temperature, was dawnnclude the four cyano groups of TCB
in a cyclotetramerization process producing a highmlecular weight phthalocyanine
including the pentamelC160HsN4OsTis, molecular weight = 3145.59. When this oligomer
was refluxed with 2,6-diisopropyl-phenylisocyanatdMF, the corresponding oligomer was
isolated and identified to contain the imido ligar&imilarly, the reaction of TCB with
[Mo(NMes),Cl(dme)] produces a phthalocyanine pentamer haviregg [Mo(NMes)CI]
functionality. The GPC measurements of these DMlsbée oligomers showed unimodel
curves and the molecular weights obtained witheesm polystyrene standards matched well
with the calculated molecular weights of the threlegomers. On the basis of the
spectroscopic data, it can not be excluded thatctmnectivity of the five PcM building

blocks differs from the idealized symmetrical sture displayed below.

i
éa:
iéi CN
Ei

M
|
M-
Ll

N

NC CN ; i

M=[TiO] (16), M=[Mo(NMes)CI] (17), M=[Ti(NDip)] (18).

The time-resolved photoluminescence measurementserapounds [PcTiO[1) and
(3b) and were carried out s aiming to study the efééateplacing the axial oxo group with

the ureato group in the optical properties. Theeolked emission bands in case of both
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investigated phthalocyanines are caused by thec bstsucture of the phthalocyanine
molecules. Otherwise the relative strength or tmergetic situation of the individual

signatures would have to change by variation ofatkial ligands. Both samples show unusual
time-decay behavior. The life time values (4-6 an® comparable with the values of the time-
resolved fluorescence spectra of other phthaloogsniand confirm the potential of the
phthalocyanines also for medical and biophysicalliegtions, e.g. in imaging procedures,
with which living organisms are examined with trehof the fluorescence spectroscopy on

nanosecond time scales and as optical limiting nadse

Metal phthalocyanine modified silicas are importanaterials in many industrial
applications.  Firstly, we prepared the Ti@SBA-15 material by impregnating titanium
species in the pores of SBA-15 using TBOT as aysser of titanium species. This method
resulted in a Ti-loading of up to 2.66 wt.% titamiwcontent. We prepared the PCTi@SBA-15
and PcTi&TiQ@SBA-15 materials by impregnation of the Pc dyedelely on the pores of
SBA-15 templates depending on three factors: tlizirthe large pore size, which offers the
possibility to tether sizeable and complex cateblty reactive sites within the silica
framework, secondly the protolytically cleaved petfureato leaving group in compound
(3b) and finally the passivation of the external suefa the templates using fiCl prior
to the impregnation process. The ureato ligandhentitanium atom of3b) was found to
react with the silanol groups of the walls of thesthmaterial. Consequently, the TiPc dye is
covalently bonded to the walls of the host mate®iBA-15 or TIQ@SBA-15 as long as no
water may induce hydrolysis of the Si-O-Ti linkag&he UV/VIS spectra of the prepared
materials are in accord with a monomeric graftimghe dye in the silica templates. The
TEM micrographs show small and very distributedkdasntrasts from the metal-containing

dye anchored on the wall surface.

No extended areas of accumulated dye moleculeg®ane on the micrographs, which
is in good accordance with the UV/VIS spectroscogata indicating the presence of
individual non-aggregated phthalocyanine moleculaschored to the pore walls.
Consequently, the observed dark spots in the TERragraphs are evenly spread over the

pore walls but are not found in the pore volume.
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Summary

© “5 o) o)
internal surface

I
/SBA.-15//////J /SBA|15‘//||///|//

external surface

N/
Ph — Si — ph

o o 0O 0o

Co |0
PTITTT T T T

Covalent bonding of titanium phthalocyanine ontibedent SBA-15 materials

(The ring denotes to phthalocyanine macrocycle).
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4. Experimental Work

4.1 Materials and Methods

- All transfer and manipulations of reagents anddpcts were performed under an inert
atmosphere of nitrogen using a vacuum atmosphereelgbx (Type MB 150 BG.II or
LABMASTER 130 Braun) equipped with a gas-purifyisgstem (< 1ppm oxygen) or on a
vacuum line using standard Schlenk techniques.

- All solvents were purified and rigorously driedcarding to the standard techniqueesd
stored under dry argon over 3A or 4A molecular sge\Chlorine containing solvents were
stored in dark bottles. Chloronaphthalene was @seth fromAcros as a mixture of , 90% of
1-chloronaphthalene and 10% of 2-chloronaphthalsamers, and was dried by vacuum

distillation over Cakl

- 1,2- Dicyanobenzene (PN) and 1,2,4,5- tetracyanpéne (TCB) were sublimated under
reduced pressure. The liquid arylisocyanates wistdleld under reduced pressure and kept
under nitrogen at 4°C. Solid arylisocyanates weystallized and kept under nitrogen. The
other organic reagents were purchased as pure r@ueArcos with no need for further

purification. Micro filters of pore size 0.45vere purchased frofoth, Germany.

- SBA-15 template was prepared according to thegquiore reported in the literature having

pores diameter of 200 nm.

- The following complexes were prepared accordmtie literature (Table 14):

Table 14: Referensdor the Synthesis of the Complexes Used in thiskiVo

Compound Ref. Compound Ref.
PcTiO(1) 35 | [W(NRLCI,(dme)] (10a,b) 145
[Mo(N'Bu),Clx(dme)](8a) 143 | [W(NR)CJ] (12a-c) 144
[Mo(NMes),Cl, (dme)](8b) 145 [Re(NRXCI] (14a,b) 146
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4.2 Technigues of Characterization

For characterization and structure elucidation bé tprepared compounds the

following techniques and instruments were utilized:

UV/VIS Absorption Measurements

UV/VIS measurements were carried out for solutiohthe metal phthalocyanines in
chloroform, chloronaphthalene or DMF. The specteaemecorded on UV-1601Pc, UV/VIS
Spectrophotometer (Schimadzu, Japan). The followabigeviations were used to identify the

intensities of the peaks:(strong) m (medium)w (weak),sh (shoulder).

The extinction coefficients) was calculated according to the following equatio
€=DIC.A

g : extinction coefficient (crit M™).

D: The maximum absorption (without units).

C: The molar concentration of the sample (M).
A: The cross section of the cell (&n

UV/VIS
UV/VIS NIR spectroscopic measurements of the mesmysomaterials were recorded

on a Hitachi-U 310 spectrophotometer equipped witliffuse reflectance attachment.

FT-IR
IR spectra were recorded on a Bruker IFS 588 speetter using KBr pellets. The

following abbreviations were used to identify tiensities of the peakss (very strong)s

(strong),m (medium),w (weak),w (very weak), br (broad), and Sh (shoulder) wave-

number(cmi®); v = stretching vibration (Hz, ség

Mass Spectra (MS)
EIMS (Electron Impact Mass Spectr&@7 Mass-spectrometer, Varian MAT (450°C,
10°Tor, 70 eV). ESI-MS (Electron Spray lonization)nfigan-Mat TSQ 700. MALDI —TOF

(Matrix Associated Laser Desorption (Time Of FliglBruker Flex 1ll, without addition of an

energy transfer matrix. The m/z values refer tolilghest peak of the isotopic pattern ratio

according to the natural abundance of the isotopes.
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Elemental Analysis (EA)

Analysis of C, H and N elements was carried ouhgisan Elementar, Vario EL.

Combustion of the samples was carried out at 950°C.

Microanalysis

Analysis of chlorine was carried out using 636 d4processor (Mitrohm). Analysis of

sulfur was carried out using 662 Photometer (Mitnph

Atom Absorption Spectrometry (AAS)

Determination of the metals (Ti, Mo, W and Re) wasried out using a Perkin EImer
Atom absorption spectrometer 5000. To prepare thmptes, the Pc complexes were

dissolved in conc. §$0u.

Nuclear Magnetic Resonance (NMR)

The'H-NMR spectra were recorded 8i-NMR: Bruker, AMX 500 (500.1 MHz).
The solvent used @DsBr) was calibrated against TMS as standard and stidtwree signals
at 7.2275, 7.2854, 7.5207 ppm.

Electron Spin Resonance (ESR)
The ESR spectra were recorded on a Bruker ESP)30@r{d) at 9 GHz. ESR data fit
and simulation program: SIMESR (Version 1.1).

Fluorescence Measurements

The fluorescence spectra were recorded on a Shinfigectrophotometer RF-1502.
Presentation of the data was achieved with (OBgd). Measurements were carried out for

(10° M) solutions in chloronaphthalene.

Raman Spectra (RS)

Raman spectra were recorded on a Jobin Yvou Labi@tR 800, Light energy
25mW, Excitation line 632 and 817 nm. The foliogv filters were used: D1: for
compoundg3a), (3b) and(3c); D0.6: for compoundgl) and (2); D2 : for compound3d).
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Thermal Gravimetric Analysis (TGA)

TGA measurements were carried out using a TGA/SIBbA, Mettler Toledo. The
program of evaluation was STARe from Mettler. Tleating range was from 25°C to 800°C,
heating rate was 10°C/min. and slower rate from280 °C (1°C/min.), weight of the sample
was from 8-20 mg. The measurements were carriedralgr N-atmosphere. Presentation of

the data was carried out with Origin 6.0 software.

Differential Scanning Calorimetry (DSC)

DSC measurements were carried out using a DSC &2fyreed by Mettler. Weight of

the sample was from 7-12 mg in an aluminum contai@gclic temperature program with

heating and cooling rate 10/min was used. The measurements were carried ralgr uN-
atmosphere. Program of evaluation was STARe fronttl&éte Presentation of the data was

carried out with (Origin 6.0) software.

Gel Permeation Chromatography (GPC)

GPC measurements were carried out using a GPCaomstisting of HPLC-pump and
UV/VIS spectrophotometer and knauer refractomelee software used was derived from
PSS win scientific GPC version 4.01. The columnsewebtained from PSS, SDV with

particle size of 10, and pore size of 0%, and 16 A. Length of the columns was 60 cm.

Crystallographic Measurements

We carried out about 60 attempts in I#i®ratory to isolate single crystals of the
prepared MPcs under hard conditions, such as pobisty and moisture sensitivity of the
compounds, and only six were suitable for measunésn@he crystal structure measurements
and data collection were carried out by the membérthe Crystal Structure Laboratory,
Philipps-Universitat Marburg: Prof. Dr. Massa fasngpound(5), Dr. K. Harms and Mrs.
Geiseler for the other compounds. An IPDS-II (Stiffactometer was used. Afterwards we
used the programdiamond 2.1e to draw the molecular structures. Space groupsymen
according to “International Tables for Crystallgging: Volume A”.

TEM

High Resolution Transmission Electronmicroscope JEMO (Jeol, Japan)
with LaBg-cathode, double kipp- and double kipp-Kryo (LN2)ygple holder,
integrated 2K x 2K CCD-camera from Gatan, USAinPdresolution: 0.17 nm Acc.
Voltage: 100-300 kV, magnification 60-1.500.000Efnitter: LaBs

117



Experimental Work

4.3 Titanium Phthalocyanines

4.3.1 Preparation of 2,6-Diisopropylphenylimido (plthalocyaninato) titanium (1V) (2)

A mixture of [PcTiO](1) (300 mg, 0.52 mmol) and 2,6-diisopropyl-phenyliztate
(2 ml, 10.4 mmol) (20 fold excess.) in 20 ml dhlaronaphthalene was heated at 180°C for
6 hours. The color turns dark green. After coolithg, product was precipitated by addition of
20 ml hexane. The precipitate was collected on asgglfrit and washed by successive
extractions from refluxing MeCN (10x50ml), reflugjnoluene (10x50ml) and finally washed
with pentane. The produ(2) was then dried at 120°C/fénbar for 3 hours.

Yield: 320 mg (83%) blue-violet crystals  Solubility: CIN, CIB and DMF.

Ca4H33NgTi  (735.6) EA: calcd. C71.84 H 452 N17.14
found: C71.81 H 450 N16.19
MS (El, MT, ESI): m/z = 735 (M)
UV/VIS (CHCl; 2x107 M)
Amax (nm) = 698.5 (s)(§2), 665.0 (sh)(Qo), 628.0 (M)(Q), 344.0(m) (B).
Extinction coefficient (€) (Qo,0) = 35x10° cmi* M™
IR (KBr): v (cm™) = 2958W) (Ve aiiph), 1607(w), 1476(m), 14%ih), 1414m), 1330(vs),
1284(s), 1160(m), 1117(s), 1074@92(m), 798(w), 771(m), 752(m), 725(Vs).
(Underlined values are new andfaond in the spectra of Pgldr PcTiO).

'H-NMR (500 MHz, GDsBr, 373 K) (ppm): N a
5 = 0.03 ppm [d,) = 4.91 Hz, 12 Hf)], 0.27-0.39 o Y BTH3
[m, 2H@)], 5.88-5.97 [m, 2H()], 6.02-6.11 HE cl:H
[m,1H@)], 8.36-8.47 [m, 8H(], 9.83-9.93 [m, CHy  ch,
8H()]. ! H
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Growth of Single Crystals

Blue-violet needles of [PcTi=NDip[2) were grown by controlled cooling of its solutiam i
chloronaphthalene from 180°C to room temperatutbiwié hours. Beautiful crystals could
be also obtained by controlled cooling of the rescmixture when the reaction is carried

out in an excess of the isocyanate without solvent.

Table 15: X-ray Data Collection of [PcTi=NDif2)

Empirical formula G4 Hzz Ng Ti
Molecular weight 735.69
Color; Habit blue needle
Crystal size (mr) 0.30x0.06x0.03
Crystal system monoclinic
Space group P2/n

Cell dimensions:

a (A 10.9727 (13)

b (A) 17.148 (3)

c (A 19.532 (2)

a (deq) 90.00

B (deg) 104.518(9)

v (deg) 90.00
Cell formula units (2) 4
Volume (&) 3557.9(9)
Temperature (K) 193
Calculated density (Mg/M 1.373

4.3.2 Preparation of N, N'-Diarylureato (phthalocyainato) titanium (1V) (3a-d)

A mixture of [PcTiO](1) (300 mg, 0.52 mmol) and the corresponding arylianate
(ArNCO: Ar = Ph; 4-tolyl; 2,4,6-MgCsH, or 4-CIGH,) (10.4 mmol, 20 fold excess) in 20 ml
of chloronaphthalene was heated at 180°C for 6 holine color turns dark green. After
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cooling, the product was precipitated by additidn20 ml hexane. The precipitate was
collected on a glass frit and washed by successkteactions from refluxing MeCN
(10x50ml), refluxing toluene (10x50ml) and finalsashed with pentane. The produ@a-d)
were dried at 120°C/T®mbar for 3 hours. The same products were obtainkenwthe
reactions, in case of liquid arylisocyanates (phead tolylisocyanates), were carried out in
excess of the isocyanate without solvent. Whitesgances, identified as the corresponding
N, N'-diarylcarbodiimides (ArN=C=NAr), were detedteand could be removed from the

ureato-TiPcs by successive extractions from refig®eCN.

Color: generally blue-green solids Yield: (-~ 75%)
Solubility: CIN, chlorobenzene, DMF and partially in CH@hd THF.

Table 16: Mass Spectroscopy and Analytical DathefUreato-TiPcé3a-d)

Compound| Molecular formula m/z Elemental analysis

(molecular weight)| (found)

%C | %H| %N | %Ti

(3a) CasH26N10OTi 770™) calcd. |70.13] 3.40| 18.17| 6.21
(770.6) 651 45 found | 69.57| 3.59| 17.97| 5.46

(3b) Ca7H30N1OTi 798M calcd. | 70.68| 3.78| 17.54| 5.99
(798.7) G found | 70.56| 3.85| 17.36| 5.84

(3¢) Cs1H3gN10OTi g55™M [ calcd. |71.66] 4.48]16.39| 5.60
(854,8) 693® found | 71.24| 4.52| 16.26| 5.66

(3d) CusH24 CbN;gO Ti | 685 [calcd. |64.38] 2.88]16.68| 5.70
(839,5) found | 64.21| 3.06| 16.69| 5.15

(E): The fragments of the corresponding Imido€T[Pc=NAr]" detected by both El- and
MALDI-TOF MS.

(M): The fragments of the ureato-TiPc, which cobéldetected only by MALDI-TOF MS.
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Table 17: UV/VIS Data of [PcTiO[1) andUreato-TiPcg3a-d) (in CHCk, 2x10” M)

Compound A max (nm)
Qo0 Qo Qo B
[PcTiO] (1) 698.5(s) | 667.0 (sh) 628.5 (m 341.0 (nm)
(3a) 699.0 (s) | 665.5 (sh) 628.5 (m 343.0 (m)
(3b) 698.5(s)| 665.5(sh)]  629.0 (m 345.0 (M)
(3c) 700.5 (s) 627.5 (m) 343.0 (m
(3d) 698.0 (s) | 666.6 (sh) 628.0 (m 342.0 (m)

- Extinction coefficient (€) (Qo.0) of compound3b) in CHCk = 34.9x10° cm* M

Table 18: IR Data of [PcTiQJl) and Ureato-TiPcg3a-d)

Compound

IR (KBr) v (cm™)

PcTiO (1)

1608(w), 1488(m), 1476(m), 1412(m), 1331(vs), 125
1118(s),1068(vs), 962 (m)f-c], 892(m), 801(m), 751(w), 730(w).

1162(w),

N—r

(3a) 169qQw) [vc=q], 1666m), 1584(m),_153(v), 1488(m),_1450n), 1414(w),
1332(s), 1287(m), 1162(w), 1118(s), 1071(vs),(@94751(s), 731Vs).

(3b) 1683m) [vc=g], 1589m), 1503m), 148%m), 1414(w), 1332(vs), 1286(m
1160(m), 1118(vs), 1069(vs), 970(s), 894(s),(8Y5/51s), 729vs).

(3¢) 1684s)[vc=al, 150qw), 1469(w), 141@v), 1333(s), 1287(w),_12%&),
1161(w), 1117(m), 1082(w), 1068), 1057(m), 1006w), 894(w), 829w),
749(m), 734vs).

(3d) | 1685S)vc-o], 1607Aw), 1539(w),1486(s), 141%), 140Qw), 1332(s),

1286(s), 1161(m), 1118(s), 1072(s), 10ap 895(m), 83(m), 75qm),
73X(vs).

(Underlined values in the IR data are new and owtd in the spectra of Pgldr PcTiO).
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'H-NMR (500 MHz, GDsBr, 373 K) (ppm):

y
Compound3a) —a /lk

5 = 4.97-5.05 [m, 4 R(], 6.44-6.50 [m, 2HY)], 6.52-
6.60 [m, 4H{)], 8.21-8.32 [m, 8H()], 9.50-9.60 [m, X
8H(e)].

N—Q

Yy B )CL
Compound3b) O NO

5 = 1.97-2.03 [s, 6H(], 4.95-5.03 [m, 4HY)], 6.32-

6.44 [m, 4H()], 8.25-8.35 [m, 8H()], 9.64-9.72 [m, ©¢ —T'/D

8H(E)].

(o]

Compound3c) < >_N)K N—4 >—EH
§ = 0.74-0.79 [s, 12Hy)], 2.03-2.07 [s, 6HY)], 6.30

[m, 4H)], 8.28-8.36 [m, 8HQ], 9.67-9.73 [m, 8HY)]. \ /

N—Ti )

@“

O

Compound3d) )K CB
6 = 5.12-5.19 [m, 4 H()], 6.48-6.60 [m, 4H()], 8.26- \ /
8.36 [m, 8H{)], 9.46-9.55 [m, 8H{)].

[ 0] [m, 8H{)] —Ti:>

@@

Growth of Single Crystals

- Single crystals of N, N -diphenylureato (phthalacinato) titanium (IV)(3a) were grown
directly from the reaction mixture of [PcTiO] widxcess phenylisocyanate without solvents.
- Dark blue prism shaped crystals, suitable fordtystallographic structure determinations of
N,N’-di-4-tolylureato (phthalocyaninato) titaniunivV] (3b), were obtained by controlled

cooling of its solution in chlorobenzene from 138G oom temperature within 3 hours.
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Table 19: Comparison of the Elemental Cell¢3a) and(3b)

Crystal data
Molecular formula GsH26N100Ti (3a) C47H30N100Ti(3b).CeHsCl
Molecular weight 770.6 798.6

Color

prism, dark blue

prism, dark blue

Crystal dimensions (mﬁ)

0.30x0.12x 0.08

0.17 x 0.06 x 0.04

Crystal system

monoclinic

triclinic

Space group

P

P1

Unit cell dimensions a/ A

11.8342(10)

12.3080(17)

b/A | 26.0933(19) 12.5821(14)
c/ A |12.4701(11) 16.717(2)

al° 90 70.981(10)

B/° 116.845(6) 78.757(11)

v /° 90 68.628(10)
Volume (43) 3435.7(5) 2270.6(5)
Cell formula units (2) 4 2
Dearca/giBm 1.490 1.415
Absorption p /mmnit 0.305 0.332
Data collection
Diffractometer IPDS-IlI (Stoe)
Radiation MoK graphite monochromatok  0.71073 A)
Temperature (K) 193 193
O /° 28 23
Reflections total 25798 15399
Refinement
Reflections unique, >H) 3564 3220
Parameters 515 648
ResidualR, wR, (all refl.) 0.0420, 0.0914 0.0678, 0.1321

(observed refl.)

Goodness of fitS

0.804

0.924
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4.3.3. Preparation of Sulfido (phthalocyaninato) ianium (1V) (4)

4.3.3.1 By reaction of (3b) with H,»S gas

Into a solution of (400 mg, 0.5 mmol) b) in 20 ml of chloronaphthalene in a
sealed teflon valve container, drg$lgas (1 bar) was bubbled for five minutes undes\eer
of nitrogen gas. The container was tightly seld and the solution was stirred at 160°C
for 3 hours. After cooling and removing of the g product was precipitated by addition
of about 10 ml of hexane. The produced bluish-gie#id was collected on a glass frit and
washed with MeCN (5x50 ml) and finally with pentai@e product PcTi=$4) was dried at
120°C/10° mbar for 3 hours.

4.3.3.2 By reaction of PcTiO with P4S;o

A mixture of [PcTiO](1) (300 mg, 0.52 mmol) and;8 (230 mg, 0.52 mmol) in 10
ml of chloronaphthalene was heated at 160°C fondurs. The color turns dark green. After
cooling, the product was precipitated by additidn20 ml hexane. The precipitate was
collected on a glass frit and washed by extradtiom refluxing MeCN (3x50ml), refluxing
toluene (3x50ml) and finally washed with pentaniee olid was dried at 120°C/3tnbar for
1 hour. A 200 mg sample of this product (mixturePafTiS and PcTi§ was heated with 1 g
of PhP to a melt (160°C) under nitrogen atmosphere foodrs. The blue-green mass was
washed by successive extractions from refluxing Me(Gx50 ml) and refluxing toluene
(5x50 ml). The product4) was finally washed with 50 ml of ether and driedl26°C/10®
mbar for 3 hours.

Yield: 170 mg (57%) blue-green solid Solubility: CIN, CIB, and DMF.
C32H16NgS Ti (592.4) EA calcd.: C64.87 H 272 N1891 S542
found: C64.60 H 3.20 N18.44 S4.17
MS (El, MT): m/z =592.3 (M), 560.3 (M-S).
UV/VIS: (CIN, 10° M):
Amax (nm) = 696.0 (s) (§), 667.0 (W) (Q o), 635.5 (W) (Qp, 339.0 (s) (B
IR (KBr): v (cm™) = 1647(m),1608(w), 1553(br), 1491(s), 1415(m), 1332(1287(m),
1160(w), 1118(vs), 1071(vs), 1053(vs), 894(s), #MNB(751(s), 730(vs),
563(m) @ri=s), 501(w), 411(vw).
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'H-NMR (500 MHz, GDsBr, 373 K) (ppm): o

: S
[
5 = 8.03-8.11 [m, 8HY], 9.45-9.9.59 [m, 8HY)]. N—Ti

4.3.4 Preparation of Disulfido (phthalocyaninato) itanium (1V) (5)

The same procedure as applied in the preparatioRcdi=S with HS gas was
followed but in presence of air and heating at @B®r 6 hours. The final product was
identified as [PcTig (5).

Yield: 210 mg (67%) blue-green solid Solubility: CIN, CIB and DMF.
C32H16Ng S Ti (624.53) EA calcd.: C6154 H 258 N 17.94 S10.30
found: C62.68 H 297 N18.16 S 7.74
MS (El, MT): m/z = 624.2 (M), 592.3(M-S), 560.3 (M-S,).
UV/VIS: (CIN, 10° M) Amax (nm) = 699 (s) (§o), 665.4 (w) (Q. 1), 337.1 (s) (B band).
Raman Spectra: v (cm') = 1606.5, 1515.8, 1430.8, 1386.4, 1334.5, 1105026.8,
833.9, 677.2, 590.2, 559.2, 548.4(9), 484.1, 424.6(si.s), 560.0.

s—S
1H-NMR (500 MHz, GDsBr, 373 K) (ppm): o \/
5 = 8.32-8.38 [m, 8H()], 9.72-9.83 [m, 8HY)]. N—Ti

Growth of Single Crystals

Crystals suitable for X-ray structure analysis (b were obtained by controlled
cooling of the reaction mixture (130-20 °C) with&h hours. The compound crystallizes
monoclinic with Z = 4. Table (7) shows some seléateystallographic data of the obtained

crystals.
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Table 20: X-ray Data Collection ()

Molecular formula

G His Ng S Ti (5)

Formula mass

624.55

Crystal description block, black
Crystal size /mrh 0.045 x 0.03 x 0.03
Crystal system monoclinic
Space group Rh
Unit cell alA 13.114(3)
b /A 9.752(2)
c /A 20.975(5)
al° 90
B/° 100.46(2)
y/° 90
Volume /A2 2637.9(10)
Z 4
Dcalcd /g@m'3 1.573
Absorption p /mmni* 0.524
Data collection
Diffractometer IPDS-1l (Stoe)
Radiation MoK, graphite monochromator

(A =0.71073 A)

Temperature /K 100(2)

Omax /° 25.00

Reflections total 16523

Refinement

Reflections unique, >#) 4643, 912

Parameters 188

ResidualR, wR; (all refl.) 0.444, 0.349
(observed refl.) 0.198, 0.225

Goodness of fitS 1.001

3p (max, min) /e’ 0.568, -0.947
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4.3.5Preparation of 1,2-Phenylenediimino (phthalocyanin®) titanium (1V) (6)

A mixture of (3b) (400 mg, 0.5 mmol) and 1,2-phenylenediamine (280 2nmmmol) in
20 ml of chloronaphthalene was heated at 160°@ foours. The product was precipitated by
addition of 20 ml of hexane. The precipitate walected on a glass frit and washed by
successive extractions from refluxing MeCN (5x5Qmdfluxing toluene (5x50ml) and finally
washed with pentane. The prod(®)was dried at 120°C/1Umbar for 3 hours.

Yield: 270 mg (82%) blue-violet crystals Solubility: CIN and CIB.
CsgH22NipTi  (666.5) EA: caled.: C 68.48 H 3.33 N21.01
found: C67.63 H 3.35 N20.26

MS (El, MT): m/z = 666 (M).

UV/VIS: (CIN, 10° M)
Amax (nm) = 698.5(s) (§), 668.0(sh) (Qo), 629.5(m) (Q.), 337.0(s) (B)

IR (KBr): v (cm?) = 3450(m)vny), 1606(w), 1491(w), 1476(w), 1414(w), 1330(s),
1283(m), 1230(w), 1160(w), 1117(s), 1074(vs), 89R(r&26(w), 748(s),
724(vs).

(Underlined values are new andfaonhd in the spectra of PcTiQ) or (3b).

4.3.6Preparation of trans-Bis (triphenylsiloxy) phthalocyaninato titanium (1V) (7)

A mixture of(3b) (400 mg, 0.5 mmol) and triphenylsilanol (550 mgnéhol) was refluxed in
40 ml of chlorobenzene for 1 hour. After coolinige tsolid was collected on a glass frit and
washed with MeCN (3x50 ml), toluene (3x50ml) anagiafly with pentane. The produ€t)
was dried at 120°C/10mbar for 3 hours.

Yield: 620 mg (92%) dark green crystals Solubility: CIN, chlorobenzene and DMF.
CesHasNs O S Ti - (1111.2) EA: calcd.: C 73.50 H 417 N 10.08
found: C 72.75 H 4.65 N 9.50
MS (EI, MT, ESI): m/z = 1111 (M).
UVIVIS: (CIN, 10° M) A max (nm) = 741.5 (m), 698.0 (s), 663.5 (sh), 62%)) 356.5 (m).
IR (KBr): v (cm™) =1590(M)¢c=c arom), 1429(m), 1305(s), 1104(m), 1043(s), 998(w),
971(w), 944(w), 886(vs), 82W)(Vo-si oop, 800(wW), 766(w), 736(m), 711(m),
707(m), 697(s).
(Underlined values are new aatifaund in the spectra of PcTiQ@) or (3b).
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B
'H-NMR (500 MHz, GDsBr, 373 K) (ppm): 3 ©
6 = 5.31-5.23 [m, 12H()], 6.57-6.49 [m, 12HJ)], Q @
Si

6.87-6.78 [m, 6H()], 8.32-8.25 [m, 8H()], 9.70- !

€ (0]
9.62 [m, 8HE)]. X @N—Tlij
N |

Growth of Single Crystals

Blue needles of compourn(@) were obtained by controlled cooling of the reattiixture
from 130 to 20°C within 3 hours. Table (8) showmsaselected crystallographic data(of

Table 21: X-ray Data Collection ¢T)

Molecular formula Gs Hae Ng O Sk Ti (7)
Formula mass 1111.21
Crystal description prism, dark green
Crystal size /mrh 0.38 x 0.32 x 0.27
Crystal system triclinic
Space group pi
Unit cell alA 10.4160(8)
b /A 11.2160(8)
c/A 13.1495(9)
al° 114.124(5)
B/° 99.452(6)
v/° 96.174(6)
Volume /A’ 1356.7(2)
Z 1
Dcalcd /dam™ 1.360
Absorption p /mnit 0.259
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4.4 Molybdenum Phthalocyanines

4.4.1 Preparation of Chloro fbutvlimido) phthalocyaninato molybdenum (V) (9a)

A mixture of PN (282 mg, 22 mmaind[Mo(N'Bu),Cl,(dme)](8a) (200 mg, 5 mmol)
was finely ground in a mortar under nitrogen uatihomogeneous powder is obtained. The
mixture was heated at melt (210°C) for 15 min. pheduced dark-green solid was suspended
in 50 ml of toluene and the suspension was treaitd ultrasound at 70°C for 2 hours. The
precipitate was collected on a glass frit and wddhesuccessive extractions from refluxing
toluene (10x50ml), refluxing MeCN (10x50ml) anddily washed with pentane. The product
(9a) was dried at 120°C/10mbar for 3 hours.

Yield: 220mg (67%) green solid Solubility: CIN, CIB, and partially in THF and toluene.
C3sH25Cl Mo Ng  (715.05) EA: calcd.: C 60.47 H 3.52 N 17.63
found: C 59.61 H 4.33 N 17.12
MS(EI, MT, ESI): m/z = 679.5 (M-Cl )
UV/VIS: (CIN, 10° M)  Amax (nm) = 871.0 (m), 729.5 (s), 328.0 (s).
IR (KBr): v (cm') = 1602(m), 1463(m), 1328(s), 1284(w), 126%n.c)), 1161(w),
1115(s), 1063(m), 973(w), 893(m), 802(w), 772(VHO{M), 728(s), 570(w).

ESR: (CIN/toluene 1:3, 130 K) g1 =1.989, g2 = 1.983/1.977.

Growth of Single Crystals

Blue needles o{9a.8H,0) were obtained by adding few drops of water to aceatrated
chloronaphthalene solution and controlled coolirigthee solution (160-20 °C) within 6
hours. The compound crystallizes tetragonal witke 2. (Table 22) shows X-ray Data
Collection of(9a.8H,0)
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Table 22: X-ray Data Collection ¢@a.8H,0)

Molecular formula Gs Ha1 Cl Mo Ny Og.8H,0

Molecular weight 859.17

Color plate, dark green

Crystal size (mm) 0.18 x 0.113 x 0.01

Crystal system tetragonal

Space group P 4/n

Formula units Z=2

Unit cell dimensions a=13.8148(12) A o= 90°
b =13.8148(12) A B=90°
¢ =10.0926(9) A y =90°

Volume (&) 1926.2(3)

Temperature (K) 193 (2)

Calculated density (Mg/mh 1.481

Absorption coefficient (mrf) 0.473

F(000) 886

Rint 0.0863

Omax 24.99

Cell determination 8979 reflections, with=1.5 to 26.0°.

4.4.2 Preparation of Chloro (mesitylimido) phthaloganinato molybdenum (V) (9b)

A mixture of PN (282 mg, 22 mmol) and [Mides)Cl,(dme)] (8b) (262 mg,
5 mmol) was finely ground in a mortar under nitnogentii a homogeneous powder is
obtained. The mixture was heated at melt (210°€1%min. The produced dark-green solid
was suspended in 50 ml of toluene and the suspemss treated with ultrasound at 70°C for
2 hours. The precipitate was collected on a glassamd washed by successive extractions
from refluxing toluene (10x50ml), refluxing MeCN Q#50ml) and finally washed with
pentane. The produ¢@b) was dried at 120°C/Imbar for 3 hours.
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Yield: 280 mg (72%) green solid Solubility: CIN, CIB and partially in THF and toluene.
CssH25Cl Mo Ng (771.1)
EA: calcd.: C 63.36 H 3.50 N16.22 Cl4.6 Mo 12.3

C63.84 H3.76 N 1455 CI15.8, Mo 12.8

MS(EI, MT, ESI): m/z = 743 (M-CI).

UV/VIS: (CIN, 10° M) Amax (nm) = 871.0 (m), 729.5 (s), 328.0 (s).

IR (KBr): v (cm®) = 1602(m), 1462(m), 1327(s), 1286(w), 126@QLn-c), 1161(w),
1114(s), 1063(w), 972(m), 891(m), 802(w), 772(W)9(), 727(s), 569(W).

ESR: (CIN/toluene 1:3, 130 K) g1 =1.986, g2 = 1.983,41.974.

4.5 Tungsten Phthalocyanines

4.5.1 Preparation of Chloro fbutvlimido) phthalocyaninato tungsten (V) (11a)

A mixture of PN (520 mg, 4.06 mmol) and [WEN),Cl,(dme)] (10a) ( 521mg,
0.94 mmol) was finely ground in a mortar underagen until a homogeneous powder is
obtained. The mixture was heated at melt (210°€1%min. The produced dark-green solid
was suspended in 50 ml of toluene and the suspemn&s treated with ultrasound at 70°C for
15 minutes. The precipitate was collected on asdiatsand washed by successive extractions
from refluxing toluene (10x50ml), refluxing MeCN Q#50ml) and finally washed with
pentane. The produ¢tla)was dried at 120°C/Tmbar for 3 hours.

Yield: 518 mg (69 %) green solid  Solubility: CIN, CIB, partially in THF and, toluene.
C3H2sCINgW  (802.92) EA: C53.85 H 3.14 N 15.70 Cl 4.41
C 51.33 H 4.01 N 15.40 Cl 5.15

MS(EI, MT, ESI): m/z = 767 (M-Cl)

UVIVIS: (CIN, 10° M) Amax (nm) = 870.5 (m), 732.5 (s), 664.0 (m).

IR (KBr): v (cm™) = 2994(S) Ych-aiph), 1604(w), 1467(m), 1408(w), 1332(s), 1286(m),
1162(w), 1115(s), 966(s), 956(w), 891(m), 853(WJ3(@n), 750(m), 724(s),
571(w).

ESR: (CIN/toluene 1:3, 293 K) ig = 1.9509.
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4.5.2 Preparation of Chloro (mesitylimido) phthaloganinato tungsten (V) (11b)

A mixture of PN (520 mg, 4.06 mmol) and [W(NMgSIy(dme)] (10b) ( 577mg,
0.94 mmol) was finely ground in a mortar underagen until a homogeneous powder is
obtained. The mixture was heated at melt (210°€)1%min. The produced dark-green solid
was suspended in 50 ml of toluene and the suspenss treated with ultrasound at 70°C for
2 hours. The precipitate was collected on a glassamd washed by successive extractions
from refluxing toluene (10x50ml), refluxing MeCN Q#50ml) and finally washed with
pentane. The produ¢t1b)was dried at 120°C/Imbar for 3 hours.

Yield: 580 mg (71 %) green solid Solubility: CIN, CIB, partially in THF and, toluene.

Cs1H27CINgW (865.03) EA: C56.93 H 314 N 1457 Cl 4.1 W 21.3
C56.17 H 3.15 N 1390 Cl 5.01 W 19.3

MS (El, MT, ESI): m/z = 830.9 (M-CI).

UV/VIS: (CIN, 10° M) Amax (nm) = 870.0 (m), 731.0 (s), 664.0 (m).

IR (KBr): v (cm™) = 1605(w), 1468(m), 1404(w), 1329(s), 1284(m)pl(v), 1117(s),
966(s), 951(w), 893(m), 853(w), 773(m), 749(m), EA571(W).

ESR: (CIN/toluene 1:3, 130 K)g= 1.927, g=1.908, g = 1.911.

4.5.3 Preparation of [CbPcW=NR] (13a-c)

A mixture of PN (282 mg, 22 mmol) and [W(NR)E| R = Ph; 4-MeGHy; or 3,5-
Cl,CeH3 (12a-c)(5 mmol) respectively, was finely ground in a nortinder nitrogen until a
homogeneous powder is obtained. The mixture watetiest melt (210°C) for 15 min. The
produced dark-green solid was suspended in 50 ndleéne and the suspension was treated
with ultrasound at 70°C for 2 hours. The precigitafas collected on a glass frit and washed
by successive extractions from refluxing toluen@x@0ml), refluxing MeCN (10x50ml) and
finally washed with pentane. The produ¢t8a-c)were dried at 120°C/1mbar for 3 hours.

The products were obtained as a mixture of diffelgamers.
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Color:

generally dark green solids

Yield:

(60-70%)

Solubility: CIN, CIB, DMF, and partially (~ 80%) i@H,Cl,, CHCkand THF.

Table 23: Mass and Analytical Data(@fBa-c)

Compound | Mol. formula m/z Elemental analysis
(mol. weight) (found, MT)
%C | %H %N| %ClI
(13a) CagHioNg ClLLW 856.9 (M) calcd. | 53.30 | 2.24 | 14.72 | 8.28
(856.4) 820.9 (M-Cl) |found | 53.28 | 2.36 | 14.25 | 9.66
786.9 (M-2Cl)
(13Db) CagH21Ng CLW 870.9(M) calcd. | 53.82 | 2.43 | 14.48 | 8.15
(870.4) 834.9 (M-Cl) |found | 53.74 | 2.71 | 14.34| 8.61
801 (M"-2Cl)
(13c) CsgH17Ng Cl,W 925.7 (M) calcd. | 49.33 | 1.85 | 13.62 | 15.33
(925.3) 891.9 (M-Cl) |found | 50.16 | 2.16 | 14.62 | 15.08
856.8 (M-2Cl)
Table 24: UV/VIS Data of13a-c)(CIN, 10°M)
Compound Amax (nm)
(13a) 871.0(w) | 728.5(s) 709.5(sh)] 666.0(m) 327.5(m)
(13b) 871.5(w) | 725.5(s) 700.0(sh)] 665.0(m) 320.5(m)
(13c) 871.0(w) | 736.5(s) 708.5(sh)] 639.0(m) 329.0(m)
Table 25: IR Data ofl3a-c)(KBr pellets)
Compound v (cm™)
(13a) 1605(w), 1520(w), 1468(m), 1402(w), 1329(vs), 128%(1160(w), 1117(s),

1065(M)(Varom. ), 893(W), 750(w), 728(m), 687(w), 571(w).

(13b) | 1606(w), 1521(m), 1468(m), 1403(w), 1362(w), 1339(285((w), 1161(w)
1118(m), 1067(M) Verom. o), 1009(w), 893(w), 817(W), 774(w), 728(s),
638(w), 570(W).

(13c) | 1605(w), 1561(w), 1468(m), 1434(w), 1330(vs), 1284(1160(w), 1117(m)

1064(M) $arom. ), 1010(W), 893(W), 773(W), 750, 727(S), 669(W).
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4.6 Imidorhenium Phthalocyanines

4.6.1 Preparation of Chloro {butylimido) phthalocyaninato Re (V) (15a)

A mixture of PN (282 mg, 22 mmol) and [RéBW)sCl] (14a) (217 mg, 5 mmol) or
was finely ground in a mortar under nitrogen uatihomogeneous powder is obtained. The
mixture was heated at melt (210°C) for 15 min. pheduced dark-green solid was suspended
in 50 ml of toluene and the suspension was treaitd ultrasound at 70°C for 2 hours. The
precipitate was collected on a glass frit and wddhesuccessive extractions from refluxing
toluene (10x50ml), refluxing MeCN (10x50ml) and dily washed with pentane. The
products(15a) were dried at 120°C/Imbar for 3 hours.

Yield: 290 mg (60%) green solid Solubility: CIN, CIB.
C36H25NgCIRe (805.3) EA: C 5369 H 313 N 1565 Cl 44
C 5184 H 270 N 17.25 Cl 4.7

MS (El) m/z = 804 1*-1), (MT) m/z =770 (M"-Cl).

UVIVIS: (CIN, 10° M) Amax (nm) = 871.5 (m), 715.0 (sh), 341.0 (w), 323)0

IR (KBr): v (cm™) = 2969(W) Ve aiph], 1771(w), 1717(w), 1652(w), 1609(w), 1558(w),
1522(w), 1473(s), 1409(w), 1361(w), 1334(s), 1287(m260 Yre=N-Q,
1184(w), 1167(w), 1119(m), 1101(m), 1064(w), 902(W)y6(w), 755(w),
732(s).

ESR: (CIN/toluene 1:3, different conditions): ESR silent

a

'H-NMR (500 MHz, GDsBr, 373 K) (ppm): +
N

5 = (-0.51)[s, 9HE)], 8.26-8.38 [m, 8H], 9.54-9.63 [m, 8H(]. . Y I

-

4.6.2 Preparation of Chloro (mesitylimido) phthaloganinato Re (V) (15b)

A mixture of PN (282 mg, 22 mmol) and [Re (NMg£3]] (14b) 311 mg, 5 mmol)
was finely ground in a mortar under nitrogen uatihomogeneous powder is obtained. The

mixture was heated at melt (210°C) for 15 min. pheduced dark-green solid was suspended
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in 50 ml of toluene and the suspension was treaitd ultrasound at 70°C for 2 hours. The
precipitate was collected on a glass frit and wddhesuccessive extractions from refluxing
toluene (10x50ml), refluxing MeCN (10x50ml) and dily washed with pentane. The
products(15b) were dried at 120°C/Tmbar for 3 hours.

Yield: 310 mg (65%)green solid Solubility: CIN, CIB.
C41H27NoCIRe (867.4) EA: C 56.77 H 3.14 N 1453 CI 4.08
C 52.17 H 239 N 15.24 CI 3.80

MS (MT) m/z = (832.3, M-Cl).

UVIVIS: (CIN, 10° M) Amax (nm) = 871.0 (m), 699.0(sh), 34{vQ), 321.4 (s).

IR (KBr): v (cm?) = 1607(w), 1474(m), 1410(w), 1331(s), 1287(w), 126/ke{n.0
1167(m), 1119(m), 1100(w), 1063(w), 901(m), 872(807(w), 775(m),
754(m), 727(s).

ESR: (CIN/toluene 1:3, different conditions): ESR silent

B
'H-NMR (500 MHz, GDsBr, 373 K) (ppm): . KTSL
8= (-0.79) [s, 6H¢)], 1.17-1.95 [s, 3HY)], H;C CH,
5.06-5.13 [m, 2H()] , 8.13-8.29 [m, 8H()], € N
9.42-9.55 [m, 8HY)]. X N—Flle D)

4.7 Phthalocyanine Polymers

4.7.1 Preparation of Polyoxotitaniumphthalocyaning16)

A mixture of 1,2,4,5-tetracyanobenzene (TCB) @6 mmol), [Ti(JBu)s (0.48 g,
1.4 mmol), urea ( 0.3 g, 5 mmol), and ammonium &eiybdate (0.1 g) in 15 ml of octanol
was heated at reflux (~220°C) for 12 hours. Therctlirns after few minutes blue black.
After cooling, the product was precipitated as efoiicrocrystals by addition of 20 ml
hexane. The precipitate was collected on a glasarid washed by successive extractions
from refluxing MeCN (10x50ml), refluxing toluene Q250ml) and finally washed with
pentane. The obtained blue-black polyrti) was then dried at 120°C/E@nbar for 3 hours.
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Color: blue-black Solubility: DMF
C160HsNe4OsTis [pentamer, the proposed structure in (Figude(B®!. wt. =3145.59).

EA: calcd.: C 61.09 N 28.49 7bl
found: C 60.93 N 25.48i 6.81
MS: MT (568.7, one unjt GPC: (DMF, Mn= 2859);
UV/VIS: (DMF) Amax (hnm) =738.5 (m), 621.0 (sh), 350.5 (s).
IR (KBr):

v (cm™) = 2225.9(m)cn)), 1768.3(s), 1724.7(m), 1653(m), 1578.8(s), 15p0(
1437.6(s), 1308.5(m), 1241.7(s), 1193.6(s), 108®88.2(vs), 790.8(m), 765.3(s),
719.5(m), 641.6(s), 528.6(m).

4.7.2 Preparation of Polyimidomolybdenumphthalocyame (17)

A mixture of 1,2,4,5-tetracyanobenzene (TCB) (16,r5mol), [Mo(NMes)Cly(dme)]
(8b) (0.68 g, 1.3 mmol), urea ( 0.3 g, 5 mmol), and amitam heptamolybdate (0.1 g) in 15
ml of chloronaphthalene was heated at reflux (~2)@®r 12 hours. After cooling, the dark
product was precipitated by addition of 20 ml hexarhe precipitate was collected on a glass
frit and washed by successive extractions fronuraflg MeCN (10x50ml), refluxing toluene
(10x50ml) and finally washed with pentane. The wigd blue-black polymefl7) was then
dried at 120°C/18mbar for 3 hours.

Color: blue black  Solubility: DMF
Co05H63N64ClsMOs  [pentamer, the proposed structure in (Figuré @Bdl. wt. =4079).
EA: calcd. C60.36 H 156 N.91 Mo 11.76
found: C 5348 H 2™ 23.73 Mo 10.42
GPC:  (DMF, Mn= 4262);
UV/VIS: (DMF) Amax (nm) =731.5 (m), 605.0 (sh), 422.0, 324.53&p.5(w).
IR (KBr): v (cmY) = 2223.9(s)c=n), 1458.3(vs), 1292.4(m), 1222.5(s), 1060.4(m),
722.7(1827.3(s).
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4.7.3 Preparation of Polyimidotitaniumphthalocyanire (18)

A mixture of [PcTiO} (16) (1g), excess (10 ml) of 2,6-diisopropyl-phenyligacate,
and 15 ml of dry DMF was heated at reflux (~180f&@)12 hours. After cooling, the product
was precipitated by addition of 20 ml hexane. Thexjpitate was collected on a glass frit and
washed by successive extractions from refluxing Me0x50ml), refluxing toluene
(10x50ml) and finally washed with pentane. The picat dark blue-green polym@®8) was
then dried at 120°C/Tmbar for 3 hours.

Color: dark blue-green  Solubility: DMF

Cyo0Hg3NgoTis [pentamer, the proposed structure in (Figuré @Bdl. wt. =3941.96).

EA: calcd.. C 67.03 H 2.38 N52. Ti 6.07
found: C 65.93 H 1981 22.46 Ti 5.31

GPC: (DMF, Mn= 3809);

UV/VIS: (DMF) Amax (nm) =742.0 (m), 628.5 (sh), 408.5 (w) soréf.0 (s).

IR(KBr): v (cm') = 2221.2(m)}¢c=n)), 1748.5(s), 1723.7(m), 1653(m), 1582.8(s),
1500.5(s), 1436.2(s), 1310.1(m), 1270.1(m), 1243,2(193.1(s), 1082(s),
930.6(s), 906.7(vs), 791.2(m), 765.1(s), 719.3@4D.7(s), 529.4(m).

4.8 Time-resolved Photoluminescence Study of Som&tTs

The samples of the measured compounds were fillechpillaries of thickness 1 mm
and length 5 cm under argon and tightly sealedsathples were measured ag’ M solution
in a mixture ofa- andp-CIN (90-10%) microfiltered via a teflon filter @u). Afterwards
the PL measurements were carried out by the rdsgaotip of Prof. Dr. W. RiUhle at Physics

Department, Philipps-Universitat Marburg usingeak-camera setup (Figures 69 a,b,c).

A femtosecond Ti: sapphire laser system generdal8&sfd pulses at 810 nm with a
repetition rate of 80 MHz. The light is then freqag-doubled by focusing through a BBO
crystal and the solution is excited at 405 nm. TEser intensity is varied over one order of
magnitude, from 1.8 to 18 mW from 1.23 to 12.33 MWaverage powers. The sample is held
at room temperature (293K). The PL signal is dispérby a 32-cm spectrometer with a
spectral resolution of ~2 nm and detected usin@a&inatsu S1 streak camera. The use of a
streak camera enables to acquire the completerappgatesolved temporal dynamics in a

single experiment.
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Figure 69a: Experimental design for the time-resdl?L measurements using CCD camera.
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4.9 Preparation of Phthalocyanine Modified Silica Miterials

The samples of SBA-15 and Ti@-SBA-15 materials were prepared for AAS as
follows: The samples were weighted in gelatin cégms@and dissolved in a mixture of HF
(30% in HO) and HSO,. Afterwards, HF was evaporated at 170°C and tfemlilof H,O,
and few milligrams of lanthanum nitrate (as staleit) were added.

4.9.1 Silica (SiQ)

Merck (SiQ) for column chromatographgilica 60 (0.063-0.200 mm), pH = 6.5-7.05,
pore volume (Misotherm) = 0.74-0.84 ml/g and surface area =380nf/g.

4.9.2 Preparation of PcTi@SiQ@(Sample A)

A solution of 200 mg of N,N-di-4-tolylureato (platocyaninato) titanium (IV)}3b)
in 30 ml of chloronaphthalene was heated at 37 #euinert atmosphere until the solution
was clear. About 20 ml of this solution were fitdrusing a microfilter (0.4hL) and then
added to 100 mg of silica gel (Merck). The mixtuvas stirred at 150°C for 6 hours. The
bluish-green solids were filtered and washed watuxing chlorobenzene, toluene, MeCN,
and with pentane and dried at 120°Cyhtbar for 2 hours.

4.9.3 Preparation of SBA-15

SBA-15 was prepared by Prof M. Froba, Justus-Lidlngversitat, Giel3en, Germany
according to the literaturd® The material was dried at 210°CPLthbar for 20 hours before
use. SBA-15 has surface area of ~ 608)gmpore diameter is ~ 6 nm and ~ 3.7 OH
group/nnf.

4.9.4 Passivation of the Surface of SBA-15

The passivation was carried out according to therdfure proceduré! Thus a
mixture of 100 mg of dried SBA-15 and 0.02 ml o£®icl, in 10 ml of dry THF was stirred
at room temperature for 1 hour. After centrifugatend decantation of the solvent, the solid

was washed several times with THF and dried at @2 mbar for 1 hour.
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4.9.5 Preparation of TIO@SBA-15

A sample of 200 mg of the previously synthesized dned SBA-15 was suspended
in 20 ml of dry ethanol for 30 min. Afterwards 1 feixcess) of TBOT was added and the
mixture was stirred at room temperature for 24 hotlihe solid was filtered and washed with
dry methanol (3 x 30 ml) and finally dried at 1202G> mbar for 2 hours. The solid was
calcined in air at 600°C for 24 hours to give J&@SBA-15 (Ti = 2.66 wt%).

4.9.6 Anchoring of [PcTiO] dye on SBA-15 and TiQQ@SBA-15

A solution of 200 mg of PcTi@1) in 30 ml of chloronaphthalene was heated at 373 K
until the solution was clear. About 20 ml of thislwtion were filtered using a microfilter
(0.45uL) and then added to 100 mg of SBA-15 or J@5BA-15. The mixture was stirred at
150°C for 6 hours. The faint-blue solid was fiddr and washed with refluxing
chlorobenzene, toluene, MeCN, and with pentanedaied at 120°C/18mbar for 2 hours.

4.9.7 Anchoring of Ureato-TiPc dye on SBA-15 (®aples B and C) and TiQ@SBA-15
Sample D)

A solution of 200 mg of N,N-di-4-tolylureato (platocyaninato) titanium (IV}3b)
in 30 ml of chloronaphthalene was heated at 37 h#euinert atmosphere until the solution
was clear. About 20 ml of this solution were figdrusing a microfilter (0.4hL) and then
added to 100 mg of SBA-15 (Sample B), 100 mg ofase pasivated SBA-15 (sample C) or
100 mg of TIQ@SBA-15 (Sample D). The mixture was stirred at T6@3r 6 hours. The
faint-green solid was filtered and washed withweifhg chlorobenzene, toluene, MeCN, and
with pentane and dried at 120°CFifibar for 2 hours.

4.9.8 Anchoring of Imido-TiPc dye on SBA-15 and TO,@SBA-15

A solution of 200 mg of 2,6-diisopropylphenylimi@phthalocyaninato) titanium (V)
(2) in 30 ml of chloronaphthalene was heated at 378nker inert atmosphere until the
solution was clear. About 20 ml of this solutionre/éiltered using a microfilter (0.45L) and
then added to 100 mg of SBA-15 or PcTi&T@SBA-15. The mixture was stirred at 150°C
for 6 hours. The faint-green solid was filtered amdshed with refluxing chlorobenzene,
toluene, MeCN and pentane and dried at 120°&#bar for 2 hours.
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