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A group of twelve new and three known silicon phthalocyanines having axial ligands and peripheral groups
which provide varying amounts of steric protection to the ring face and ring periphery has been assembled.
These are SiPc[OSKCsH13)3]2, 1, (known), SiPc[OSi¢CsHg)2(nN-CigHs7)]2, 2, SIPC(OE[OH],, 5, SiPc-
(OE[OSI(CHg)3]2, 6, SiPc(ONBUjOH];, 8, (known), SiPc(OnBuy)OSi(n-CeH13)3]2, 9, (known), SiPc(OnBug)
[OSi(i-C4Hg)2(n-CigH37)]2, 10, SiPc(dib)(OnBu)[OH],, 15, SiPc(dib)(OnBuk[F]2, 16, SiPc(dib)(OnBu)k-
[OSi(n-Ceng)z]z, 17, SiPc(dib)(OnBu};[OSi(i-C4H9)2(n-C18H37)]2, 18, SIPC(dIb)(onBU};[OSIgOlz(C5H9)7]2,

19, SiPc(dib)(OnBu}[OH]2, 22, SiPc(dib)(OiBu)s[OSi(n-CeH13)s]2, 23, and SiPc(dib)OiBu)g[OSigO12-
(CsHg)7]2, 24. Syntheses are given for the twelve members of the group that are new. Photophysical and
voltammetric investigations of six representative members of the glio@,10, 18, 19, and24, have been

carried out. The results show that compoufidsd?2 (no butoxy substituents at the 1 and 4 positions) have
significantly larger values of the first oxidation potenti&.{) than those compound4@ 18, 19, and?24)

that do carry these substituents. The value& af (first reduction potential) show very little in the way of
structural dependence. Alkoxy substitution at the 1,4 positions affects the HOMO energies, and therefore, the
addition of an electron from an electrode to the LUMO of a 1,4 substituted silicon phthalocyanine will not
be a sensitive function of the substitution pattern. The removal of an electron from the HOMO in an oxidation
step on the other hand would be expected to be energetically less demanding for those compounds wherein
the HOMO is higher lying. This orbital energy effect of substitution makes it clear wh¥thevalues for
compoundsl and 2 are significantly lower. Substitution of dibenzobarreleddb) at the 2,3 positions has

only minor effects on the HOMO energy, as shown by the similarities in the position of the Q-band maximum.
However, it is very likely that the steric effects of the dibenzobarreleno substituents and th@:SHo.)7]

axial cages contribute to the observed trendg.in Bimolecular rate constants for quenching of the triplet
states of the six target compounds by, ®y j-carotene, and by chloranil were measured. The first two
compounds quench by tripletriplet (TT) energy transfer, whereas the last is an electron transfer (ET) reactant.
All rate parameters were sensitive to the steric crowding of the phthalocyarsgstem, but with different
degrees. The least sensitive was the ET reaction with chloranil. Thus, it appears that although steric crowding
of the triplet state of the silicon phthalocyanines is very effective at reducing the rate constants of exoergic
electron exchange energy transfer (TT) reactions, even for a small molecule such as oxygen, it is much less
effective at discriminating against electron transfer (ET) processes. These differences may be accounted for
on the concept that the overlap requirement for the double electron exchange of TT energy transfer is more
stringent compared to the single electron transfer (ET).

Introduction state, the process is termed “triptetiplet energy transfer” and

The transfer of electronic energy between a pair of molecules, can be represented schematically as

in which spin multiplicity changes in the participating molecules 3% 4 A =D + 3A*

are observed, has been widely studied over several decades.

When the donor species (D) is in an electronically excited triplet Processes such as this are ubiquitous in the photochemistry of
state and the acceptor species (A) is in its electronic ground organic molecules containing low Z constituents wherein
multiplicity is unambiguous. It is the process that underlies the
"Part of the special issue “George S. Hammond & Michael Kasha phenomenon of photosensitization, which is responsible for an
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of the transfer. Energy transfer of this type in which spin 23 24
multiplicity changes occur in the participating entities requires 22 25
an electron exchange interaction that requires the close approach
of the reacting molecules such that significant orbital overlap
can occur. Dextéranalyzed the electron exchange requirement
and developed a relationship between the rate constant and an
exponential term involving the distance between the donor and 17
acceptor states. Porter and Wilkinson were the first to use time-
resolved techniques (flash photolysis) to investigate the dynam-
ics of T-T energy transfef Since these early observations, there
have been an abundance of studies on the dynamics-af T
energy transfer in solution phase. As a result, it is fair to say
that for exoergic reactions the overall process is controlled by
the rate at which the participants can encounter each other, viz.,
diffusion-controlled rate constants are observed.
Unfortunately, measurements of diffusion-limited rate con-
stants offer little insight into the detailed nature of the energy
transfer event at the molecular level; such details being obscured
inside the diffusion requirement. Students of single electron rigyre 1. Structure and numbering scheme for SiPe[&§mpounds
transfer (ET) reactions overcame similar problems in the early (alkyl chain conformations arbitrary).
1980s by affixing their donor and acceptor moieties at the
Opposite ends of a spacer moiecﬁkﬁectiveiy Creating a “triad” where the HT SUperSCfipt denotes hole transfer. This result was
system of donor-spacer-acceptor. In such a system, the electroi¢onfirmed by a series of experiments carried out in the Closs
transfer reaction becomes intramolecular and the requirementl@boratory, employing the donespacet-acceptor paradigm
for preiiminary diffusion steps is obviated. Using this expedi_ that had worked so effectively for the electron-transfer inves-
ency, it became possible for investigators to individually study tigations!®: 1/
the effects of overall driving force (by using D and A entities =~ More recently, investigations of TT energy transfer have
having a range of reduction potentials), of distance (by centered on the role of the intervening, disorganized medium
manipulating the spacer size and structure), and of orientation (€.9., solvent) that separates donor and acceptor in bimolecular
(by joining the D and A entities to the spacer via axial or reactions in fluid media. Model Systems that are aimed to
equatorial linksf~1° Two decades of intense activity in such address such questions are those in which one of the reactant

matters has led to major advances in our understanding ofPair is incorporated as a guest entity within the body of a hemi-
electron-transfer reactionS, not least of which has been thecarcerand host and the other reactant is free to diffuse within
experimental demonstration of the so-called “inverted region” the solvent phase in which the host is disper$edin these

in which the rate constant of ET diminished as the overall instances, TT (and ET) reactions are required to occur through
driving force increase#-13 This startling effect had been the molecular wall of the host. The results of these studies

predicted by Marcu4 some decades earlier. showed that the rate constants for TT excitation transfer

Another result of note from the ET investigations is that under displayed a pronounced dependence on the total internal
conditions of constant driving force the rate constant is governed 'eéorganization energy of the reactant pair. A variant of this

by an intermolecular distance paraméi4The functional form approach is to use synthetic routes to construct a covalently
is linked molecular sheath around a putative reaction site, thereby

restricting access to the site. When the sheathed reaction site is

k=K. exp(—AIR — a light-absorbing moiety, it is possible to de_scrlt_)e it as a
ko €XpCAl Rl hindered or encapsulated chromophore. Dendrimeric structures
with photoactive cores have recently been constructed that

whereR is the separation distancB is the van der Waals  yanyate ET reaction raf@®r can sensitize the generation of
separation, ang is a scaling parameter that can be thought of singlet oxyger?!

as a molecular resistivity. This distance dependence of the rate 5 ;¢ interest in encapsulated chromophores stems from our

can be understood through a Fermi Golden Rule treatment of i, time involvement in the design, synthesis, and excited state
ET as radiationless transition between reactant and productyonerties of metallophthalocyanines that are potentially useful
states. Within that formalism, th_e reaction rate is proportional ¢ photoinitiators for energy transfer and electron-transfer
to the second power of the matrix elemew that couples the o5 ctiong2-28 Surrounding the chromophore both at the pe-
initial an_d final state_s, and the distance dependence sdeis in riphery of therr plane and axially via covalent links to the metal
a reflectpn of the distance dependencevof center can potentially hinder the approach of molecular species
Returning now to TT energy transfer and the Dexter theory that are putative energy/electron transfer reactants with an
of electron exchangeit becomes reasonable to think of tripiet  exited state of the chromophore. To provide a basis for
triplet energy transfer in terms of an exchange_ of t_wo ele_ct_rons examination of this, we have assembled a group of 15 new and
between the HOMO and LUMO of the participating entities. ynown silicon phthalocyanines having axial ligands and ring
In a formal sense, this amounts to the simultaneous transfer ofg,ystituents which are of such sizes and are so placed, as to
an electron from the LUMO of the donor to the LUMO of the  ,vide widely varying amounts of steric protection to the face
acceptor, and the transfer of a hol_e f_rom_the HOMO of_the donor 4nqg periphery of the ring. Five peripheral groups and six axial
to the HOMO of the acceptor. Within this framework it can be ligands are present in these phthalocyanines, Figures. 1

showrt® that Figure 6 shows views of a computer-generated low energy
conformation of compoun@4. We have conducted photophysi-
B =pET + pHT cal and voltammetric investigations on six representative

16
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Figure 2. Structure and numbering scheme for SiPc(GRi):
compounds.

Figure 4. Structure and numbering scheme for SiPc(d®hBu)-
[R]2 compounds (alkyl chain conformations arbitrary).

Figure 3. Structure and numbering scheme for SiPc(OrR]}
compounds (alkyl chain conformations arbitrary).

compounds from the series and have found that these propertie:
are profoundly affected by the amount of steric hindrance that
has been built into them. It becomes apparent that the reactivity

of the central chromophore can indeed be modulated by the 22 O-H Wl o8
nature of the molecular sheath. 23 0. _W\, L D\S,
sit A 24051@9 ol
Experimental Procedures
SynthesesMaterials. The reagents and solvents used in the O/ O
syntheses whose source is not specified were from commercial
vendors. _ Figure 5. Structure and numbering scheme for SiPc(diBIBu)s[R]2
SiPc[OSi(n-GH13)3]2, Pc 162,1. See Wheeler et &P UV — compounds (alkyl chain conformations arbitrary).
vis (toluene)imax, NM: 669. It is soluble in CKC1y,, toluene
and hexanes. (~50°), and the concentrate was chromatographeddAlll,
SiPc[OSi(i-GHg)2(n-CigH37)] 2, Pc 163,2. A mixture of SiPc- hexanes-toluene solution), vacuum-dried (room temperature),

[OH], (163 mg), (-C4Hg)z(n-CigH37)SICE (200 uL) and and weighed (132 mg, 34%). UWis (toluenelmax, Nm: 670.
pyridine (20 mL) was refluxed for 4 h, concentrated by rotary NMR (CgD¢): 6 9.75 (m, 1,4-Ar H), 7.94 (m, 2, 3-Ar H), 1.50
evaporation £50 °C), diluted with hexanes (30 mL), and 1.20 (m, SiR+-7—17 CH), 1.08 (m, SiB+6 CH,), 0.93 (t, SiRq
filtered. The filtrate was concentrated by rotary evaporation CHs), 0.69 (m, SiR+5 CH,), 0.39 (m, SiRs+4 CH,), —0.28
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side view

top view

Figure 6. Computer-generated side and top views of a low energy conformation of SiREQIRL))s[OSisO12(CsHo)7]2, 24 (note that approach to

the phthalocyanine ring is highly restricted).

(m, SiR¢3 CH,; SiR, CHs), —0.59 (m, SiR-2 CH), —0.90
(m, SiR¢-2 CHy), —2.04 (M, SiRs+1 CHy; SiRy-1 CHy). MS—
HRFAB exact massyVz calc for GgH1,MNgO,Siz (M + H)*,
1363.9390; found, 1363.9395, 1363.9334.

The compound is a blue solid. It is soluble in &F,,
toluene, and hexanes.

3,6-Diethoxy-1,2-benzenedicarbonitrig2 Work of Cook was
used as a guide for this synthe%isUnder N,, a mixture of

dryness by rotary evaporation~45 °C). The solid was
chromatographed (4Ds Ill, CH.Cl,-ethyl acetate-CEDH
solution), vacuum-dried~60 °C), and weighed (98 mg, 87%).
UV —vis (tolueneMlmax, NM: 747. NMR (GDg): 6 7.45 (s, Ar
H), 4.81 (g, OR CH), 1.65 (t, OR CH). MS—HRFAB exact
mass,m/z. calc for GgHsoNgO10Si (M)*, 926.3419; found,
926.3390, 926.3377.

The compound is a green solid. It is soluble in £ and

3,6-dihydroxy-1,2-benzenedicarbonitrile (3.2 g), iodoethane (8 toluene, and insoluble in hexanes.

mL), K,COs; (12.4 g) and acetone (100 mL) was refluxed for
72 h, and concentrated by rotary evaporatioi8Q °C). The
concentrate was treated with® (50 mL) and filtered, and the

SiPc(OER[OSIi(CHg)3] 2, Pc 128,6. Under N, a mixture of
SiPc(OER[OH]> (19 mg), MeSiClI (0.2 mL), and pyridine (20
mL) was refluxed fo 2 h and evaporated to dryness by rotary

solid was washed (acetone), vacuum-dried (room temperature),evaporation £45 °C). The solid was dissolved in a hexanres

and weighed (3.5 g, 81%). NMR (CD4}1 6 7.26 (s, Ar H),
4.13 (q, OR CH), 1.48 (t, OR CH).

The compound is a white solid. It is slightly soluble in
acetone.

H,Pc(OEty Pc 126,4.31 Under N, a suspension of 3,6-

toluene solution (4:1), and the solution was filtered and
evaporated to dryness by rotory evaporatierb@ °C). The
resulting solid chromatographed 68k V, toluene-ethyl acetate
solution), vacuum-dried«65 °C), and weighed (17 mg, 78%).
UV —vis (tolueneMlmax, NM: 746. NMR (GDg): 6 7.46 (s, Ar

diethoxy-1,2-benzenedicarbonitrile (900 mg) and xylenes (50 H), 4.87 (q, OR CH), 1.64 (t, OR CH), —2.37 (s, SIR CH).

mL) which had been dried by distillation (10 mL of distillate),
ethanol (absolute, 10 mL), and Li (shot, 150 mg) was refluxed
for 4 h and treated with ¥D (15 mL). The resulting slurry was
extracted with CHCIl, (3 times, 20 mL each time), and the
extracts were combined, washed (saturated NaCl solutigd),H
dried (NaSQy), and evaporated to dryness by rotary evaporation
(~30°C). The solid was chromatographed £8% V, CH,Cl-
ethyl acetate solution), vacuum-dried@5 °C), and weighed
(440 mg, 48%). UV-vis (toluene)imax, NM: 733, 758. NMR
(CeDg): 0 7.48 (s, Ar H), 4.88 (g, OR Ch), 1.69 (t, OR CH),
0.14 (s, NH). MS-HRFAB exact massvz calc for CigHsi1NgOg
(M + H)*, 867.3831; found, 867.3801, 867.3857.

The compound is a green solid. It is soluble in £, and
toluene, and insoluble in hexanes.

SiPc(OE[OH] 2, Pc 127 5. Work of Aoudia et al. provided
a basis for this synthes?8 A mixture of H,Pc(OEt} (106 mg),
HSIClz (0.2 mL), (1-CsH7)3N (4 mL), and CHCI, (40 mL) was
stirred for 48 h and then was treated withGH(20 mL) and
(CoHs)sN (10 mL). The resultant slurry was extracted with £H

Cl, (3 times, 20 mL each time), and the extracts were combined,

washed (HO), dried (NaSQy), filtered, and evaporated to

MS—HRFAB exact masgy/z: calc for GaHg7NgO10Sis (M +
H)*, 1071.4289; found, 1071.4316, 1071.4308.

The compound is a green solid. It is soluble in £CHp,
toluene and hexanes.

H,Pc(OnBuy, Pc 164,7. See Aoudia et &®

SiPc(OnBW[OH] ,, Pc 165,8. See Aoudia et a®

SiPc(OnBw)[0Si(n-GH13)3] 2, Pc 166 9. See Aoudia et &

SiPc(OnBWOSi(i-C4Hg)2(N-CigH37)] 2, Pc 167,10. A mixture
of SiPc(OnBuj[OH]> (48 mg), (-C4Hg)2(n-C1gH37)SiCIR0 (125
uL), pyridine (5 mL), and toluene (20 mL) was refluxed for 4
h, concentrated by rotary evaporation50 °C), diluted with
hexanes (30 mL), and filtered. The filtrate was concentrated by
rotary evaporation~+50 °C), and the concentrate was chro-
matographed (ADs Ill, hexanes-toluene solution), vacuum-
dried (room temperature), and weighed (53 mg, 65%).-UV
vis (toluene)imax, NM: 749. NMR (GDg): 6 7.59 (m, Ar H)
5.02 (t, OR-1 CH), 2.25 (m, OR-2 CH), 1.79 (m, OR-3 Ch),
1.40-1.20 (m, SiR¢-7—17 CH), 1.08 (m, SiR+6 CH,; OR
CHs), 0.92 (t, SiRq CHg), 0.72 (m, SiR+5 CHy), 0.53 (m,
SiRyt4 CH, ), —0.30 (M, SiR+3 CHy; SiR, CH3), —0.35 (m,
SiRy-2 CH), —0.62 (m, SiR¢+2 CH, ), —1.82 (M, SiRs+1 CHy;
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SiR,-1 CH, ). MS—HRFAB exact mass,n/z. calc for
C116H191NgO10Sis (M + H)™, 1940.3991; found, 1940.4018,
1940.3952.

The compound is a green oil. It is infinitely miscible with
CH,C1,, toluene, and hexanes.

2,3-Dibromo-9,10-dihydro-9,10[2']-benzenoanthracene-
1,4-dione,11. Work of Rihter et al. was used as a model for
this synthesig3 A solution of 4a,9,9a,10-tetrahydro-9,1Qp1]-

J. Phys. Chem. A, Vol. 107, No. 18, 2003507

The compound is a green solid. It is soluble in £, and
toluene, and slightly soluble in hexanes.

SiPc(dib)(OnBu}[OH] ,, Pc 168,15. Method 1. Under Ar,
a mixture of HSIC} (0.35 mL) and a solution of #Pc(dib)-
(OnBu) (149 mg), tetrahydrofuran (40 mL), GBN (35 mL),
and f-CsHy)sN (10 mL) that had been dried by distillatior {0
mL of distillate) was refluxed for 3 h, treated with HS{0.10
mL), stirred for 64 h, again treated with HS§§D.10 mL), and

benzenoanthracene-1,4-dione (prepared from 1,4-benzoquinonéefluxed for 2 h. The resulting slurry was treated witfCH~40

and anthracen?, 7.5 g) and glacial acetic acid (150 mL) was
treateddropwisewith a solution of B (4.1 mL) and glacial
acetic acid (20 mL), refluxed for 3 h, and filtered. The solid

mL) and (GHs)sN (30 mL), and the mixture was extracted with
CHXCIl, (4 times, 50 mL each time). The extracts were
combined, filtered and evaporated to dryness by rotary evapora-

was washed (glacial acetic acid then hexanes), chromatographetion (~40 °C), and the solid was chromatographed,@J I1I,

(AlO3 11, CHCI3), vacuum-dried {60 °C), and weighed (6.4
g, 56%). NMR (CDC}): 6 7.43 (m, 5, 8, 36'-Ar H), 7.02 (m,
6,7,4,5-Ar H), 5.88 (s, 9,10-CH).

The compound is an orange solid. It is soluble in,CH
and slightly soluble in toluene and insoluble in hexanes.

9,10-Dihydro-1,4-dihydroxy-9,10[,2']-benzenoanthracene-
2,3-dicarbonitrile,12.22 A mixture of 2,3-dibromo-9,10-dihydro-
9,10[1,2]-benzenoanthracene-1,4-dione (0.17 g) apdsOH
(5 mL) was treated dropwise with a solution of KCN (0.11 g)
in H,O (1 mL) and stirred for 3.5 h. The reaction mixture was
diluted with HO (40 mL), refluxed overnight, and treated with
HCI (concentrated, 10 mL) (CAUTION, USE TRAP). The
acidified solution was extracted with CHQ@ times, 15 mL
each time), and the extracts were combined, driecb$0g),
filtered, and evaporated to dryness by rotary evaporatiatb(

°C). The solid was washed (toluene then ethyl acetate), vacuum-

dried (~60 °C), and weighed (52 mg, 41%). NMR (GOD):
0 7.42 (m, 5,8,36-Ar H), 7.03 (m, 6,7,45-Ar H), 5.99 (s,
9,10-CH).

The compound is a white solid. It is insoluble in eHL,
toluene and hexanes.

Because the dibromodione gives a product that is easier to
purify it, it is a better reactant than the analogous dichlorodione.
9,10-Dihydro-1,4-di(1-butoxy)-9,10[2]-benzenoanthracene-

2,3-dicarbonitrile, 1323 Under Ar, a mixture of 9,10-di-
hydro-1,4-dihydroxy-9,10[12']-benzenoanthracene-2,3-dicar-
bonitrile (0.72 g), 1-iodobutane (2.0 mL),,&0; (5.1 g), and
acetone (50 mL) was refluxed for 16 h and filtered. The filtrate
was evaporated to dryness by rotary evaporatie80(°C), and
the solid was chromatographed 8% |, CH,Cl), vacuum-dried
(~60°C), and weighed (0.29 g, 30%). NMR (CD{I 6 7.41
(m, 5,8,3,6-Ar H), 7.06 (m, 6,7,45-Ar H), 5.82 (s, 9,10-CH),
4.17 (t, OR-1 CH), 1.92 (m, OR-2 CH)), 1.62 (m, OR-3 Ch),
1.06 (t, OR CH).

The compound is a white solid. It is soluble in g, and
toluene, and insoluble in hexanes.

H,oPc(dib)(OnBu)y, Pc 148, 14.23 Under Ar, a refluxing
solution of 9,10-dihydro-1,4-di(1-butoxy)-9,10[2]-benzenoan-
thracene-2,3-dicarbonitrile (372 mg) and 1-butanol (10 mL) was
treated with Li (shot, 0.11 g), refluxed for 45 min, diluted with
H,0 (10 mL), and extracted with Gi&l, (4 times, 10 mL each
time). The extracts were combined, filtered, and evaporated to
dryness by rotary evaporation-45 °C), and the solid was
washed (pentane then methanol), chromatographe®§All,
toluene-ethyl acetate solution), washed with pentane, vacuum-
dried (~60°C), and weighed (210 mg, 56%). B\Wis (toluene)
Amax NM: 731, 758. NMR (€D¢): 6 7.62 (m, 1,4,12,15,23,-
26,34,37,51,54,57,60,63,66,69,72-AFH), 6.97 (m, 2,3,13,14,-
24,25,35,36,52,53,58,59,64,65,70,71-A% 6.79 (s, 5,11,-
16,22,27,33,38,44-C3), 5.20 (t, OR-1 CH), 2.33 (m, OR-2
CHy), 1.65 (m, OR-3 Chl), 1.13 (t, OR CH), —0.17 (s, NH).

toluene-ethyl acetate solution), vacuum-driee6Q °C), and
weighed (70 mg, 45%).

Method 2. A solution of SiPc(dikjOnBu}[OSi(n-CeH13)3]2,

17 (see below, 40 mg), @CCOOH (0.10 g), and benzene (10
mL) was refluxed for 3 h, treated with hydrochloric acid
(concentrated, 3.5 mL), and refluxed for 12 h. The resulting
solution was treated with @ls)sN (10 mL) and extracted with
toluene. The extract was washed,( 2 times, 10 mL each
time) and evaporated to dryness by rotary evaporatiofs(
°C), and the solid was chromatographed,(J Ill, CH.Cl,),
rechromatographed (BioBeads-%4, Bio-Rad Laboratories,
Hercules, CA,; toluene), vacuum-dried§0 °C), and weighed
(28 mg, 91%). UV-vis (toluene, 1.8uM) Amax NM (€, M™1
cmY): 745 (2.7x 10°). NMR (CgDg): 6 7.64 (m, 1,4-Ar H),
7.01 (m, 2,3-Ar H), 6.75 (s, 5,44-CH), 5.06 (t, OR-1 §2.34
(m, OR-2 CH), 1.63 (m, OR-3 CH), 1.18 (t, OR CH),
—5.40 (s, br, OH). MSHRFAB exact massm/z. calc for
CiroH114Ng010Si (M)T, 1854.8427; found, 1854.8504, 1854.8451.

The compound is a green solid. It is soluble in £, and
toluene, and slightly soluble in hexanes.

While circuitous, method 2 gives a purer product. It probably
can be shortened by omission of the@COOH step.

SiPc(dib}(OnBu}[F] 2, Pc 169,16. Under Ar, a mixture of
SiPc(dib)(OnBu}[OSi(n-CgH13)3]2 (see below, 15 mg), BF
O(CHs)2 (2.0 mL), and toluene (3 mL) was refluxed for 30
min and diluted with toluene (5 mL). The resultant was treated
with pyridine (8 mL) and HO (20 mL) and extracted with
toluene (5 times, 5 mL each time). The extracts were combined,
filtered, and evaporated to dryness by rotary evaporatiatb(
°C), and the solid was chromatographed @ Ill, toluene-
CH,CI; solution), washed (pentane), vacuum-drieds °C),
and weighed (10 mg, 87%). UWis (toluene)max, Nm: 755.
NMR (CeDg): 6 7.64 (m, 1,4-Ar H), 7.02 (m, 2,3-Ar H), 6.73
(s, 5,44-CH), 4.50 (t, OR-1 CHi 2.31 (m, OR-2 CH), 1.62
(m, OR-3 CH), 1.18 (t, OR CH). MS—HRFAB exact mass,
m/z. calc for GgH111NgOsF,Si (M — H)™, 1857.8262; found,
1857.8333, 1857.8337.

The compound is a green solid. It is soluble in LA, and
toluene and slightly soluble in hexanes. Its solubility in toluene
and CHC}4 is significantly less than that of the other members
of this family.

The evaporation of mixtures of hydrofluoric acid (48%),
pyridine and SiPc(dikfOnBu}[OSi(n-CsH13)3]2 or SiPc(dib)-
(OnBuU)[OH]; yielded the unreacted phthalocyanine.

SiPc(dib}(OnBu}[OSi(n-CsH13)3] 2, Pc 170,17. Under Ar,

a mixture of SiPc(diky(OnBu)[OH], (55 mg), (1-CsH13)3SICl
(0.15 mL), pyridine (2 mL), and toluene (30 mL) was refluxed
for 3 h and evaporated to dryness by rotary evaporatiodb(
°C). The solid was dissolved in hexanes (25 mL), and the
solution was filtered and evaporated to dryness by rotary
evaporation{45 °C). The resulting solid was chromatographed
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(Al,O3 1lI, CH,CI), rechromatographed (BioBeads—%4,
toluene), vacuum-dried~60 °C), and weighed (56 mg, 78%).
UV —vis (toluene, 2.QuM) Amax NM €, M~ cm™): 741 (2.9
x 10°). NMR (CgDg): 6 7.58 (m, 1,4-Ar H), 6.95 (m, 2,3-Ar
H), 6.77 (s, 5,44-CH), 5.40 (t, OR-1 G}{2.44 (m, OR-2 CHh),
1.80 (m, OR-3 CH), 1.23 (t, OR CH), 0.43 (m, SiR-5 Ckt
SiR CH), 0.18 (m, SiR-4 CH), 0.00 (m, SiR-3 CH), —0.91
(m, SiR-2 CH), —2.06 (m, SiR-1 CH). MS—HRFAB exact
massn/z calc for GsgH190NgO10Siz (M) T, 2419.3912; found,
2419.3959, 2419.3855.

The compound is a green solid. It is soluble in £H,,
toluene, and hexanes.

SiPc(dib)(OnBuU}[OSi(i-C4Hg)2(n-CigHs7)] 2, Pc 171, 18.
Under Ar, a mixture of SiPc(dikjOnBu}[OH], (50 mg), (-
C4Hg)2(n-C1gH37)SICEC (5004L), pyridine (8 mL), and toluene
(50 mL) was refluxed fo 6 h and evaporated to dryness by
rotary evaporation{45 °C). The solid was dissolved in pentane

Cheng et al.

HoPc(diby(OiBu), Pc 150,21 Under Ar, a refluxing solution
of 9,10-dihydro-1,4-di(2-methyl-1-propoxy)-9,10[2]-ben-
zenoanthracene-2,3-dicarbonitrile (200 mg) and 2-methyl-1-
propanol (18 mL) was treated with Li (shot, 20 mg), refluxed
for 3 h, and treated with 0 (20 mL). The mixture was
extracted with toluene (3 times, 100 mL each time), and the
extracts were combined, dried (p0D), filtered, and evaporated
to dryness by rotary evaporation~80 °C). The solid was
washed (CHOH), chromatographed (silica gel, toluene), vacuum-
dried (room temperature), and weighed (50 mg, 25%).-UV
vis (toluene)imax, Nm: 737, 764. NMR (€Dg): 0 7.63 (m,
1,4-Ar H), 6.98 (m, 2,3-Ar H), 6.84 (s, 5,44-CH), 4.92 (d OR-1
CHy), 2.85 (m, OR-2 CH), 1.35 (d, OR G} 0.01 (s, NH).
MS—HRFAB exact massmz calc for GagH115NgOg (M +
H)™, 1795.8838; found, 1795.8774, 1795.8745.

The compound is a green solid. It is slightly soluble in£H
C1, and toluene, and insoluble in hexanes.

(25 mL), and the solution was filtered and evaporated to dryness  SiPc(dib)(OiBu)[OH] ,, Pc 151,22. A mixture of HoPc(dib)-

by rotary evaporation 445 °C). The resulting solid was
chromatographed (AD; lll, hexanes-toluene solution), re-
chromatographed (BioBeads—34, toluene), vacuum-dried
(~60 °C), and weighed (53 mg, 74%). UWis (toluene, 2.2
UM) Amax, NM €, M~2 cm™1): 745 (2.7x 10°). NMR (CgDg):
0 7.57 (m, 1,4-Ar H), 6.93 (m, 2,3-Ar H), 6.78 (s, 5,44-CH),
5.40 (t, OR-1 CH), 2.47 (m, OR-2 CH), 1.78 (m, OR-3 CH),
1.22 (t, OR CH), 1.2-1.4 (m, SiRg—7—17 CH,), 0.90 (t, SiRq
CHg3), 0.54 (m, SiRs+6 CH), 0.52 (m, SiR¢+5 CH,), 0.29 (m,
SiRy4 CHp), 0.10 (m, SiR+3 CH,), —0.58 (m, SiR CH; SiR,
CHjs), —0.92 (m, SiR¢2 CH,), —2.00 (m, SiR¢-1 CHy), —2.14
(d, SiR, CHy;). MS—HRFAB exact mass,mwz calc for
Ci17H22N5g010Siz (M), 2643.6416; found, 2643.6449, 2643.6330.

The compound is a green solid. It is soluble in £OH;,
toluene, and hexanes.

SiPc(dib)(OnBu}[0SigO12(CsHg)7] 2, Pc 144,19. Under Ar,
a mixture of SiPc(dib(OnBu)[OH], (12 mg), 3,5,7,9,11,13,-
15-heptacyclopentylpentacyclo[9.5. 8L 5151719 octasiloxan-
1-ol ((CsHg)7Sig0120H; 300 mg), and pyridine (15 mL) was
slowly distilled far 7 h (8 mL distillate) and evaporated to
dryness by rotary evaporationr~80 °C). The solid was
chromatographed twice (silica gel, cyclohexane,CH solu-
tion), rechromatographed (D3 Ill, cyclohexane-CHCI, solu-
tion), vacuum-dried (room temperature), and weighed (15 mg,
63%). UV—vis (toluene, 4.9M) Amax, NM (€, M~ cm™Y): 748
(2.8 x 1°). NMR (pyridine-ds): 6 7.89 (m, 1,4-Ar H), 7.28
(m, 2,3-Ar H), 6.88 (s, 5,44-CH), 4.99 (m, OR-1 @H2.60
(m, OR-2 CH), 2.21 (m, OR-3 CH), 1.54 (t, OR CH), —1.45
t0—0.22 (m, QHgCHz) MS-MALDI, m/z Ca'CfOTQ9d‘|23d\|8034-
Siiz (M + H)*, 3656; found, 3652.

The compound is a green solid. It is soluble in £ and
toluene, and slightly soluble in hexanes.

9,10-Dihydro-1,4-di(2-methyl-1-propoxy)-9,10[2]-ben-
zenoanthracene-2,3-dicarbonitril2D. Under Ar, a mixture of
9,10-dihydro-1,4-dihydroxy-9,10[,2']-benzenoanthracene-2,3-
dicarbonitrile (200 mg),9, 1l-iodo-2-methylpropane (2 mL),
K,CGO; (1.2 g), and acetone (12 mL) was refluxed for 14 h and
evaporated to dryness by rotary evaporatio( °C). The solid
was extracted into C¥€Cl, (50 mL), recovered by rotary evap-
oration (~30 °C) after the extract had been filtered, chromato-
graphed (AJOs lll, toluene), vacuum-dried (room temperature),
and weighed (230 mg, 86%). NMR (CDg1 6 7.43 (m,
5,8,3,6-Ar H), 7.08 (m, 6,7,45-Ar H), 5.85 (s, 9,10-CH), 3.96
(d, OR-1 CH), 2.29 (m, OR-2 CH), 1.22 (d, OR GMN

The compound is a light-yellow solid. It is soluble in gH
Cl, and toluene, and insoluble in hexanes.

(OiBu)s (82 mq), HSIC} (1.2 mL), toluene (40 mL), CECN

(40 mL), CHCI, (60 mL), and (-C3sH7)3N (8 mL) was stirred

for 5 days, treated with a stream of Ar, and then evaporated to
dryness by rotary evaporation-80 °C). The solid was stirred
with toluene (50 mL), CHCI, (50 mL), (-CsH7)sN (10 mL),

and aqueous NaHC@saturated, 120 mL), and the mixture was
extracted with toluene (4 times, 200 mL each time). The extracts
were combined, dried (N&0Oy), and evaporated to dryness by
rotary evaporation+30 °C), and the solid was chromatographed
(silica gel, toluene-ethyl acetate solution), vacuum-dried (room
temperature), and weighed (34 mg, 41%). t\'s (toluene)
Amax NM: 750. NMR (GDg): 6 7.65 (m, 1,4-Ar H), 7.01 (m,
2,3-Ar H), 6.82 (s, 5,44-CH), 4.77 (d, OR-1 G 2.83 (m,
OR-2 CH), 1.35 (d, OR C§).

The solid is a green solid. It is soluble in @Eil, and toluene
and insoluble in hexanes.

SiPc(dib}(OiBu)g[OSi(n-GsH13)3] 2, Pc 142,23 Under Ar, a
mixture of SiPc(dib)(OiBu)g[OH], (7 mg), (-CeH13)sSiCl (60
mg), pyridine (1 mL) and toluene (4 mL) was refluxed for 2 h
and evaporated to dryness by rotary evaporatioB0(°C). The
solid was chromatographed (&)s Ill, hexanes-CH,Cl; solu-
tion), rechromatographed (Bio Beads-%3, toluene), again
rechromatographed (silica gel, hexan€H,Cl, solution),
vacuum-dried (room temperature), and weighed (4 mg, 44%).
UV —vis (toluene)imax, Nm: 748. NMR (GDg): 6 7.59 (m,
1,4-Ar H), 6.95 (m, 2,3-Ar H), 6.82 (s, 5,44-CH), 5.12 (m, OR-1
CHy), 2.94 (m, OR-2 CH), 1.46 (d, OR G} 0.39 (m, SiR-5
CHy; SiR CH), 0.15 (m, SiR-4 Ch), 0.01 (m, SiR-3 Ch),
—0.88 (m, SiR-2 CH), —2.02 (m, SiR-1 CH). MS—HRFAB
exact massmz. calc for GsgHi9iNgO10 Siz (M + H)T,
2420.3913; found, 2420.3875, 2420.3937.

The compound is a green solid. It is soluble O, toluene,
and hexanes.

SiPc(dib)(OiBu)[OSigO12(CsHg)7] 2, Pc 143,24. Under Ar,

a mixture of SiPc(dik)OiBu)sg[OH], (12 mg), (GHg)7SigO12-

OH (300 mg), and pyridine (15 mL) was slowly distilled for 6
h (8 mL distillate) and evaporated to dryness by rotary
evaporation £30 °C). The solid was chromatographed twice
(silica gel, cyclohexane-toluene solution), rechromatographed
twice (Bio Beads SX1, toluene), vacuum-dried (room tem-
perature), and weighed (15 mg, 63%). bVis (toluene, 2.9
UM) Amax, NM (€, M~ cm™1): 749 (2.6x 10°). NMR (pyridine-
ds): 6 7.88 (m, 1,4-Ar H), 7.26 (m, 2,3-Ar H), 6.92 (s, 5,44-
CH), 3.07 (m, OR-2 CH), 1.65 (d, OR GH 1.45 t0—0.05 (m,
C5H9CH2). MS-MALDI, m/z. calc for C190|'|239NgOg4Si17 (M

+ H)*, 3656; found 3656.
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The compound is a green solid. It is soluble in £, and 10
toluene, and slightly soluble in hexanes. A B
9,10-Dihydro-1,4-di(2,2-dimethyl-1-propoxy-9,10p]-ben-
zenoanthracene-2, 3-dicarbonitril25. Under Ar, a cooled (ice
bath) mixture of 9,10-dihydro-1,4-dihydroxy-9,10f]-ben-
zenoanthracene-2,3-dicarbonitrile (400 mg), NaH (mineral oll
dispersion, 60%, 200 mg), and dimethylformamide (16 mL) was
stirred for 3 h, treated with (CHCCH;l (3.0 mL), refluxed
for 24 h, cooled, and mixed with aqueous NaHJEaturated,
100 mL). The reaction mixture was extracted with £t} (four
times, 100 mL each time), and the extracts were combined, dried
(NaxSQy), and evaporated to dryness by rotary evaporatie80(
°C). The solid was chromatographed &% lIlI, toluene), ‘M
vacuum-dried (room temperature), and weighed (335 mg, 60%).
NMR (CDCl): 6 7.43 (m, 5,8,36-Ar H), 7.09 (m, 6,7,45- %8
Ar H), 5.87 (s, 9,10-CH), 3.82 (s, OR-1 GH1.26 (s, OR CH).
The compound is a light-yellow solid. It is soluble in gH
Cl, and toluene, and insoluble in hexanes.
H,Pc(diby(OneoPery, 26. Attempts to cyclotetramerize
dicarbonitrile 25 by the same route used to cyclotetramerize
dicarbonitrile20to its corresponding phthalocyanir,, failed. )
Cyclic Voltammetry. Cyclic dc and differential voltammetry 40,0y
(OSWV) were carried out with a BAS 100A electrochemical 1
analyzer (Bioanalytical Systems, Inc.), which was interfaced to )
an IBM PC. A three-electrode cell assembly was used in < 2004+
electrochemical measurements with working platinum, pseudo- £ 1
reference Ag/Ag- (0.01 M AgNQ; and 0.1 M TBAP in £ %%
[&]

=
=]
L

=2
o
|

=
=
I

Absorbance (normalized)

=3
L
|

300 350 400 450 500 550 600 650 700 750 800
wavelength / nm

Figure 7. Ground-state absorption spectra for compouhda) and
18 (B).

50.0p

30.0p

benzonitrile), and coiled platinum auxiliary electrodes. Experi- 0.0
mental parameters for a typical OSWV run, such as frequency, 1
step, quiet time, and sensitivity are given in the figure captions. '10'0”‘_
All measurements were made in 0.1 M TBAP in dichlo- 20,04
romethane. Ferrocene was used as an internal reference witt 1
known ferrocenium/ferrocene reduction potentia), (Fe3+/ U]
2+) = 0.45 V against NHE? 1500 1000 500 O 500 1000 1500 2000
Time-Resolved Kinetic Spectrometry.The instrumentation Potential / mV

and methods for measuring the absorption spectra and dynamic:
of the triplet states of silicon phthalocyanines in dilute solutions
in toluene have been adequately described in earlier publications
from this laboratory>27 Throughout this investigation, the 25,044
silicon phthalocyanine concentrations were less thatVg 1
ensuring no aggregation.

20.04

Results »
Photophysical and Voltammetric Work. Phthalocyanines E; |
Selected for Physical ExaminatioBix of the fifteen silicon 5 e

phthalocyanines considered in this study were chosen for
photophysical and voltammetric work. These are compounds I
1, 2, 10, 18, 19, and24. These six compounds have phthalo- 10.00
cyanine rings that range from relatively unhindered, that,in I
to highly hindered, that ir24.

Ground-State Absorption Spectigigure 7 shows representa- T
tive UV—vis absorption spectra of the two of the six compounds. 1000 500 0 600 1000 1500 2000
The spectrum of compount Figure 7A, is typical of silicon Potential. mV

phthalocyanines that lack peripheral alkoxy ring substituents, Figure 8. Cyclic DC and AC (OSWV) voltammograms ef2 mM

and that of compound8, Figure 7B, is typical of those that ~ compoundl(top panel) and compounti8 (lower panel) in dichlo-

have eight 1,4-alkoxy substituents. As has been observed infomethane wigh 0.1 M TBAP. Scan, 100 mV/s; quiet time, 2 s;

earlier work from this laborator§225 substitution at the eight ~ Sensitivity, 10° AVV.

1,4 positions causes the major Q-band to shift from ca. 670 nmwaves were observed in the solvent working window for the

to ca. 750 nm. other compounds (compoutd is depicted in Figure 8, lower
Voltammetric MeasurementSyclic voltammetry (CV) and panel). The reversibility of the reduction and oxidation processes

Osteryoung square wave voltammetry (OSWV) measurementswas probed by measuring the ratio of the cathodic and anodic

were performed on compounds 2, 10, 18, 19, and24. One peaks, which was found to be close to unity in all cases. The

oxidation and two reduction waves were observed for compound potentials (vs Ag/Ad) for the first oxidation and reduction

1 (Figure 8, upper panel). Two reduction and two oxidation waves are collected in Table 1.
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TABLE 12
compound [=AVA E_i/Ve 0.10
1 0.664 -1.208 o
2 0.652 - 1.256 4
10 0.196 -1.368 0.08 .
18 0.372 -1.320 %
19 0.481 —1.318
24 0.458 -1.3
0.06
aj. SiPC[OSiO-CGng)g]z. 2. SiPC[OSi(-C4H9)(n-C18H37)2]2. 10: g &
SiPc(OnBU[OSi(i-C4Ho)(n-CigH3z7)2]2. 18: SiPc(dib)(OnBu}[OSi(i-
C4H9)(n-C18H37)2]2. 19: S|PC(d|b)(onBUk[oslgolz(Cng)ﬂ 24: 0.04 |
SiPc(dib)(QiBu)s[OSigO12(CsHo)]. P First oxidation potential vs Ag/ b
Agt. ¢ First reduction potential vs Ag/Ag ¢ Approximate value only
since reduction waves poorly resolved.
ey 8 100% O,
0.00 A

060 065 070 075 080 08 090 085 1.00
time / us

Figure 10. Time profiles of the triplet absorption of compoutd5
uM in toluene) at a series of {roncentrations.

TABLE 2: Compiled Bimolecular Rate Constants for
Triplet-State Quenching of Compounds 1, 2, 10, 18, 19, and

242

10-*kgy/ 10~k 10~y
compound M-1st M™1st M™1s™t
1 17.1 9.0 3.30

e 0 250 500 750 1000 2 18.2 8.3

: time / us 10 14.7 1.9
18 8.4 0.061 3.60
300 350 400 \;}50 | 50;1; 550 600 650 19 0.44 0.0017 130
RSl g AR 24 1.1 0.0025 0.90

Figure 9. Transient absorption spectrum recorded:$post excitation
of compoundl (5 4M) in toluene ly a 6 nspulse at 660 nm. Inset:
time profile at 500 nm, exponential decay with a 2#lifetime.

a See text for experimental conditioris. SiPc[OSi(-CsH13)3]2. 2:
SiPC[OSi(—C4Hg)(n-C13H37)2]2. 10 SiPC(OnBLa[OSi(i-C4H9)(n-C19]‘|37)2]2.
18 SiPc(dib)(OnBu}[OSi(i-CaHo)(n-CigHz7)2]2- 19 SiPc(dib)(OnBu)-

OSig012(CsHg)7]. 24:SiPc(dib)(OiBu)s[OSisO12(CsHg)7].
Transient Absorption Spectrometry. Air-Free Solutid®slu- [OSEO{CsHo)] (dib)( JlOSOr(CoHo)]

tions in deaerated toluene containingu®™ of the silicon
phthalocyanineg, 2, 10, 18, 19, and24 were exposed to 6 ns 0.04
pulses of light at 355 nm, or at 660 nm, in the sample
compartment of a kinetic absorption spectrophotometer. Ex-
amples of the transient absorption spectra recorded are showr
in Figure 9. It was found that all of the silicon phthalocyanines
without butoxy substitution showed immediate postpulse spectrag g9 -
that covered most of the visible spectral region with a maximum

near 500 nm; those carrying the butoxy substituents showed
maxima near 600 nm. These observations parallel those found -0.02 +
earlier with other silicon phthalocyanirfég®252%and by analogy
the observed spectra are assigned to the-TT, absorption
spectra of the six. The time profiles (Figure 9, inset) at the | i : time /s |
maximum wavelengths were recorded from which kinetic - ' ' =
parameters were extracted. In all cases studied in this paper. e o0 e - 7 950 o

triplet state decays were cleanly first order, indicating no triplet weyeigl o
triplet annihilation. Figure 11. Absorption spectra taken at 200 ns (red) and @s$ 8lue)

. . . . after a 355 nm laser pulse incident on a solution of compaligl
_ Effect of OxygenTime profiles of the triplettriplet absorp- 1y and 10 M chioranil. The inset shows the time profiles at two
tions of the six compounds were recorded in air and oxygen wavelengths.

saturated solutions when it was found that the presence of

oxygen shortened the lifetimes of the triplet states. Measuring electrons in photoredox reactions. Here it has been employed
the triplet decay rate constants, Figure 10, as a function of to jnvestigate the effect of molecular crowding on the rate
oxygen concentration yielded linear competition plots from constant of photoelectron-transfer reactions. Argon-saturated
which bimolecular rate constants for quenching by oxygen were so|utions of the silicon phthalocyanines (caM) and chloranil
obtained. The extracted rate constants for the several silicon(o to 2 mM) in CHC1,3* were subjected to 6 ns pulses of 670
phthalocyanine triplet statek,) are collected in Table 2. nm light and the lifetimes of the triplet states were determined
Effect of Chloranil Chloranil (tetrachloro-1,4-benzoquinone) as described above. Figure 11 shows a pair of spectra taken at
has a high electron affinity and has been used as an acceptor oflifferent times after the laser pulse, and in Figure 12 is a

0.02
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(dib)4(OnBuY, 14, and HPc(dib)(OiBu)g, 21, is attributed to
the very great crowding that would be present in the compound
if it could be made.

Steric HindranceA variety of combinations of steric protec-
tion of the ring face and ring periphery exists in the 15 silicon
phthalocyanines making up the set. For example, the protection
of the face of SiPc(OE$)[OH],, 5, is low and that of its ring
periphery is fairly low. In contrast, the protection of both the
face and the periphery of SiPc(ditQiBu)s[OSigO12(CsHg)7] 2,

24, is so high that they are inaccessible to all but the smallest
molecules, Figure 6.

It is important to note that although a variety of combinations
of steric protection of the face and periphery of the ring exists
in these compounds, all of them are soluble in toluene ang CH
CL,. This makes them good candidates for physical studies other

Figure 12. Competition plot for the quenching of the triplet state of ~than those described in this paper.
compoundl by chloranil. Ground-State Propertiessigure 7 depicts the ground-state
absorption spectra of compounds (spectrum A) and18
(spectrum B). Spectrum A is typical for silicon phthalocyanines
that do not have butoxy substituents at the 1 and 4 positions
(Figure 1), and spectrum B is typical of those that do have such
substituents (Figure 3). The presence of eight such residues
causes a spectral red shift of ca. 90 nm (Figure 7). Similar
marked red spectral shifts have been observed previously for
representative competition plot for the triplet state decay as a metallonaphthalocyanin@sThe substitution of alkoxy residues
function of chloranil concentration from which bimolecular at the 2 and 3 positions on the benzo-rings has no significant
guenching rate constantk]() were extracted (Table 2). effect on the Q-band maxin#*® This difference can be
Effect of trans3-CaroteneLike oxygen, carotenes have low- under_stood through a consideration of the orbital energies in
lying excited electronic states and carotenes have been employed€ different compounds. The HOMO (aln planar Dan
in many laboratories as acceptors of triplet energy. The effect Symmetry of the Pc ring) has large amplitude at the 1 and 4
of adding trans-carotene on the lifetime of the triplet states POSitions, much larger than at the 2 and 3 posititing.
of the six compounds was investigated. Argon-saturated solu-Substituent such as an alkoxy group at the 1 and 4 positions
tions of the silicon phthalocyanines (cauBl) and -carotene results in an effept!ve upward shift of the energy pf this orbital
(0 to 240uM) in toluene were subjected to 6 ns pulses of 355 and thus in a diminished HOMELUMO (eg*) gap with respect
nm light, and the lifetimes of the triplet states were determined t© the unsubstituted phthalocyanine. The atbital has much
from exponentially decaying time profiles similar to those shown ower amplitude at the 2 and 3 positions, and the presence of
in Figure 10 for oxygen. The rate constant data were used to substltuenps at these positions leads to a r_nugh less effective
construct competition plots (similar to the one shown in Figure Upward shift of the orbital energy and no significant spectral
12 for chloranil) from which bimolecular quenching rate con- Shifts.
stants k) were extracted. These data are collected in Table 2.  Considering the electrochemical properties of the six com-
pounds selected for their gradation in steric hindrance, examina-
tion of Table 1 shows that compoundsand 2 (no butoxy
substituents at the 1 and 4 positions) have significantly larger
Preparative Work. SynthesesThe syntheses used for the values ofE;; than those compound4@, 18, 19, and24) that
twelve new silicon phthalocyanines are given in Scheme$.1  do carry such substituents. At the same time, the valu&s pf
Those for eight of these phthalocyaningsg, 10, 17, 18, 19, show very little in the way of structural dependence. As
23, and24, utilize, as in seen, familiar condensation chemistry. discussed above, 1,4-alkoxy substitution affects the HOMO
The synthesis used for SiPc(OEtPH)2, 5, Scheme 2, isbased  energies and therefore the addition of an electron from an
on the work of Cook et it and Aoudia et a#® In the cyclization electrode to the LUMO of a 1,4 substituted silicon phthalocya-
step of this synthesis, the use of ethanol instead of 1-pentanolnine will not be a sensitive function of the substitution pattern.
precludes the formation of troublesome alkoxylation impurities. However, removing an electron from the HOMO in an oxidation
The synthesis of SiPc(dilfonBu)}(OH),, 15, Scheme 3, step would be expected to be energetically less demanding for
derives in part from the work of Rihter et @.In the those compounds wherein the HOMO is higher lying. This
halogenation step of this synthesis, the use of iBstead of orbital energy effect of alkoxy substitution is probably the reason
Cl, circumvents the formation of a vexing impurity which the E.; values for compound$ and?2 are significantly larger
apparently arises from the monohalogenation of one of the benzothan those of compounds), 18, 19, and24. This conclusion
rings. The synthesis used for SiPc(d{@nBu}[F]2, 16, Scheme may be somewhat overdrawn because it ignores any possible
3, is unusual. The success of this synthesis and the failure ofeffects of substitution on the oxidation product. In addition to
the known HF synthesisis not understood, but steric hindrance carrying eight butoxy substituents, compouri@s 19, and24
probably plays a significant role. Except for the use of 1-iodo- each carry four dibenzobarreleno (dib) substituents fused at the
2-methylpropane in the alkoxylation step, the synthesis for SiPc- 2 and 3 positions. According to the above argument, the 2,3
(dib)4(OiBu)g[OH]2, 22, Scheme 4, is parallel to that used for dib substitution will have only minor effects on the HOMO
SiPc(dib)(OnBu)}[OH]5, 15. The failure of the attempts to make energy, as shown by the similarities in the position of the Q-band
H.Pc(diby(OneoPeny 26, the neopentoxy analogue obPt- maximum. Thus, it would be expected that the oxidation

SCHEME 1: Synthesis for Silicon Phthalocyanine

SIPC[O H]2 (i'C4H9)2(n'C18H37) SiCl, C5H5N=

SiPc[OSi(i-C4Hg)2(n-C1gH37) ]2
2 Pc 163

Discussion
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SCHEME 2: Syntheses for Octaalkoxysilicon Phthalocyanines

H (0}
CN C,Hsl CN 4y Li, C,HsOH, CgH4(CH
2Hs - ) Li, CoHs0H, CgHy( 3)2‘ H,PC(OEt)g
CN  KiCOs, (CH3),CO CN 2 H0 4 Pc126
OH 3 A
1) HSIC|3, (n-C3H7)3N, CHZCIE SiPC(OEt)g[OH]g (CH3)3SIC|, C5H5N SiPC(OEt)g[OSi(CHQ,)?,]z
2) HpO, (C2Hs)aN 5 Pc127 6 Pc128

SiPc(OnBu)glOHl,  (-CaM0)2(n-C1gH3n)SICL CsHeN 50 0By [0Si(1-C 4Ho)a(1-C 15Ha7)l
8 Pc165 CeHsCHs 10 Pc 167

SCHEME 3: Syntheses for Dibenzobarrelenooctar-butoxysilicon Phthalocyanines

~ @ CeH4(CH3)2 Brzv AcOH p‘
1
KCN, H_ o ‘ CHs(CHy)sl ‘
CzHSOH F CN KoCO3, (CH3)2,CO ’
12 13

)HSIC|3, C4H30,
HoPc(dib)a(OnBu)g _CHICN, (1-CaH7)sN gip (b, (OnBu)g[OH]2
14  pPc14s 2 H0, (CoHg)N 15  Pc 168

1) Li, CH4(CHy)30H
2) H,0

SiPc(dib)4(OnBu)g[OH], _BFsOFt: CeHsCHs  oip0 iy (OnBu)sIFL,
15  Pc168 16  Pc 169

(n-CeH43)3SiCl, CsHsN
> SiPc(dib)4(OnBu)8[OSi(n-C6H1 3)3]2
CgHs5CH3

17 Pc170

(i-C4Hg)2(n-C1gH37)SICI Pl (OnBUNOSI Gk o
CsHsN, CeHsCH3 iPc(dib)4(OnBu)s[OSi(i-C 4Hg)2(n-C1sH37) 12
18 Pc 171

(C5Hg)7Sig0120H
CaHsN

SiPc(dib)4(OnBu)g[OSigO12(CsHg)7]2
19 Pc144

potentials would also be similar. However, it is noted that there carried butoxy substituents or not. In all cases in the absence
is a clear increase in going frofr®, throughl8, to 19 and then of oxygen, the triplet state lifetime was close to 369 In the
a leveling off to compoun@4. It thus seems very likely that  presence of added reactive compounds, the triplet states can be
the steric effects of the dibenzobarreleno substituents and thedeactivated through energy or electron transfer reactions,
[OSig01(CsHo)7] cages are contributing to these observed trends typically represented as
in E41. On the other hand, possible effects on the oxidation
products cannot be discounted as influencing the observed trend. Pc(T) + R—Pc(Q) + R(Ty
Triplet State PropertiedJpon photoexcitation, all compounds
showed production of the optical absorption of the State or
(Figure 9). The wavelength maximum was either near 600 nm + _
or near 500 nm, depending on whether the phthalocyanine ring Pc(T) +R—Pc” +R
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SCHEME 4: Syntheses for Dibenzobarrelenooctaisobutoxysilicon Phthalocyanines

OH o} i

CN (CH3);CHCHGl CN
‘.‘ CN  K:COs, (CHg),CO F‘ N
OH
12

20 0¥<

1) Li, (CH3)2CHCH20H  H,Pc(dib)s(OiBu)g
2) H,0 21 Pc150

1) HSiCl3) CHyCN, (n-C3H7)sN, CHyCly, CeHsCH3  SiPe(dib)4(OiBu)s[OH]
2) Hz0, NaHCO3, CgHsCHa, CH,Cla, (n-C3H7)3N 22 Pc151

SiPc(dib)s(OiBu)g[OHl,  (TCeM13)sSICl  gipe(dib),(0iBU)S[OSi(1-CoH1a)sla

22 Pc151 CsHsN, CeHsCH 23 Pc142
CsHg)7SigO1,0H
(CsHo)rSigOr20H | SiPc(dib)4(0iBu)g[0SigO12(CsHg)7]2

CsHsN 24  Pc143

Note that the energy transfer reaction regenerates the groundhat the much greater molecular sizef€arotene, compared
state of the energy donor, but the electron-transfer reactionto oxygen, causes a much more effective discrimination against
generates a radical cation of the initial species. The presencethe electron exchange process.

of oxygen was shown to enhance the decay rate of the triplet In view of the above discussion, it is somewhat surprising
state (Figure 10), and the evaluated bimolecular rate constantghat quenching of the silicon phthalocyanine triplet states by
for oxygen quenching are listed in Table 2 (second column). chloranil showed so very little steric discrimination (Table 2,
For compoundg, 2, and10, the bimolecular constants are close column 4). The transient spectra shown in Figure 11 indicate
to 2 x 10° M~! s71, and the value that is consistent with that, at 200 ns post-pulse (the red spectrum), the species present

exergonic exchange energy transfet? Compoundl8, which is mainly the triplet state of compound 1 (compare with the spec-
carries fourdib residues, is a factor of 2 lower and compounds trum shown in Figure 9). At ca. &s post-pulse, theIsSpectrum
19 and 24, which carry thedib residues and the [O§);>- has been replaced (Figure 11, blue); however, the negative absorp-

(CsHg)7] cages, are lower by more than an order of magnitude. tions at 350 nm and & 600 nm remain. These latter are due to
There are several examples of work published from this bleaching of the silicon phthalocyanine ground state, and that
laboratory”-38.3%hat in situations where the triplet state energy these are present when the State has reacted is a strong
of a compound is lower than that ob(®A), the quenching of indication that the reaction with chloranil does not repopulate
the triplet state by oxygen has a rate constant that is lower thanthe ground state of the silicon phthalocyanine; hence, it is not an
that for an exergonic energy exchange. The peripheral attach-energy transfer reaction (see discussion above). Chloranil is
ment of dib residues causes no change in the energy of the known to be a good electron acceptor, and it is concluded that
singlet state of silicon phthalocyanines, and it seems thereforethe reaction with silicon phthalocyanine i§ an electron-transfer
reasonable that the triplet energies would also be unaffected.reaction and that the blue spectrum in Figure 11 is that of the
Admittedly, these contain bonds, but these are insulated from radical cation of the phthalocyanine. Thus, it appears that
the phthalocyaniner system, and moreover the ground state although steric crowding of the triplet state of the silicon phthal-
spectra are unchanged by the substitution of dib residues. Similarocyanines is very effective at reducing the rate constants of
considerations apply to the incorporation of the siloxy cages at exoergic electron exchange energy transfer (TT) reactions, even
the axial sites. Thus, we are led to the conclusion that the for a small molecule such as oxygen, it is much less effective
diminished rate constants for triplet state quenching by oxygen at discriminating against electron transfer (ET) processes.
as seen in Table 2 is a consequence of access of oxygen The reason for this can perhaps be understood by a consid-
molecules to the donor site being restricted because of stericeration of the work of Closs, Piotrowiak and their co-
crowding by the dib residues and even more so by the siloxy workers!>~17 They examined the rates of TT energy transfer,
cages in compound$9 and 24. The views of compoun@4 ET, and hole transfer (HT) between a single deracceptor
shown in Figure 6 clearly indicate that an approaching O pair connected by saturated hydrocarbon bridging units such
molecule would find itself severely restricted in achieving close that donof-acceptor distances were varied. Their data demon-
proximity to the Pc ring. strated that thg values for ET and HT were comparable and
The third column of Table 2 shows the bimolecular rate thatST" ~ 25ET. They were able to rationalize this result based
constants that were determined for quenching of the triplet stateson a quantum mechanical exchange integral approach and
of the listed compounds bg-carotene. This compound has a concluded, in line with Dexter theory, that TT energy transfer
low-lying triplet staté® with an energy in the vicinity of that of  can be regarded as a double exchange between electrons
Ox(*Ag), and it will participate in exergonic electron exchange associated with the HOMO and LUMO of the reacting pair.
energy transfer reactions with the listed silicon phthalocyanines. The § term is the multiplier of the intermolecule distance
Table 2 shows a wide variation in rate constant as the silicon parameter in an exponential factor in the electronic coupling
phthalocyanine becomes increasingly more crowded. It is clear element between donor and acceptor orbitals, and the square
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of this coupling element is proportional to the rate constant for

the transfer process. Thus T ~ 23ET, then the rate constant
for TT transfer (across a spacer) will fall off faster with distance

Cheng et al.

(9) Hush, N. S.; Padden-Row, M. N.; Cotsaris, E.; Oevering, H.;
Verhoeven, J. WChem. Phys. Lettl985 117, 8.

(10) Closs, G. L.; Miller, J. RSciencel988 240, 440.

(11) Miller, J. R.; Beitz, J. V.; Huddleston, R. K. Am. Chem. Soc

than does the rate constant for the ET reaction. The actual value1984 106, 5057.

of krt corresponding to a givelker will depend on the values of

the preexponential terms in the two rate constant expressions

In an example quoted in a recent review by Piotrowiak
(biphenyl as donor; naphthalene as acceptor), althkgglaried
by 1 order of magnitude, from 2@ 13 s, kr varied from ca.
3 x 10°to ca. 13 s71, a lowering of some 309. In the present

situation, it is not possible to make quantitative comparisons
because the energy and electron acceptors are not the same co

(12) Wasielewski, M. R.; Niemczyk, M. P.; Svec, W. A.; Pewitt, E. B
J. Am. Chem. Sod 985 107, 5562.

* (13) Irvine, M. P.; Harrison, R. J.; Beddard, G. S.; Leighton, P.; Sanders,
J. K. M. Chem. Phys1986 104, 315.

(14) Marcus, R. AJ. Chem. Physl1956 24, 966.

(15) Piotrowiak, P. IrElectron Transfer in Chemistry, Vol I: Principles,
Theories, Methods and Techniquslzani, V., Ed.; Wiley-VCH: Wein-
heim, Germany, 2001.

(16) Closs, G. L.; Piotrowiak, P.; Mclnnis, J. M.; Fleming, G. R

mAm. Chem. Sod 988 110, 2652.

(17) Closs, G. L.; Johnson, M. D.; Miller, J. R.; Piotrowiak, . Am.

pounds, and the nature of the separation is not as strictly chem. soc1989 111 3751,

controlled as it was in the bridged systems of Closs é&¢-Hl.

(18) Farra, A.; Deshayes, K.; Matthews, C.; Balanescu, IAm. Chem.

Nevertheless, the more stringent overlap requirement for the Soc.1995 117, 9614.

double electron exchange compared to the single electron

transfer is probably at the root of the lower susceptibility of the

(19) Place, I.; Farm, A.; Deshayes, K.; Piotrowiak, B. Am. Chem.
Soc 1998 120, 12626.
(20) Gorman, C. B.; Smith, J. C.; Hager, M. W.; Parkhurst, B. L.;

ET process to steric hindrance. The same rationale can be used tSierputowska-Gracz, H.; Haney, C. A.Am. Chem. Sod999 121, 9958.

explain whykrr values for-carotene are more affected by steric

(21) Hecht, S.; Frehet, J. M. JJ. Am. Chem. So@001, 123 6959.
(22) Ford, W. E.; Rihter, B. D.; Kenney, M. E.; Rodgers, M. A. J.

factors than are those for the oxygen quenching reaction. Pre-ppoiochem. Photobioll989 50, 277.

sumably, the small diatomic can approach the donor excited donor

(23) Rihter, B. D.; Bohorquez, M. D.; Rodgers, M. A. J.; Kenney, M.

state much more closely than can the much larger caretenoid E- Photochem. Photobioll992 55, 677.

The above discussion has repercussions in mechanisticy,

(24) Soncin, M.; Busetti, A.; Reddi, E.; Jori, G.; Rihter, B. D.; Kenney,
E.; Rodgers, M. A. JJ. Photochem. Photobiol. B: Bidl997 40, 163.

questions concerning photodynamic therapy, where controversy (25) Aoudia, M.; Cheng, G.; Kennedy, V. O.; Kenney, M. E.; Rodgers,
exists concerning the alternative contributions of energy or M. A. J.J. Am. Chem. S0d 997, 119, 6029.

electron transfer. From the studies carried out here, it is apparen
that steric crowding of the photogenerated excited state is more

(26) Nikolaitchik, A. V.; Rodgers, M. A. JJ. Phys. Chem. A999
3 7597.
(27) Pelliccioli, A. P.; Henbest, K.; Kwag, G.; Carvagno, T. R.; Kenney,

effective in discriminating against the energy transfer process, M. E.; Rodgers, M. A. JJ. Phys. Chem. 2001, 105, 1757.

even for small energy-accepting entities such as O
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