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ABSTRACT

A series of novel, unsymmetrically substituted metallo-
phthalocyanines was synthesized, along with their sym-
metrically substituted analogs, and the effects of struc-
ture and metal substitution on their photophysical and
photoredox properties were investigated. The macrocy-
cles were synthesized using a mixed-condensation method
followed by chromatographic separation of the resulting
soluble products. They possess a catechol ‘‘active site’’
and three tert-butyl groups for enhanced solubility. The
ground- and excited-state photophysical properties of the
free-base, Zn(II) and Pd(II) macrocycles were measured
and compared with their symmetrically substituted (tet-
raftert-butyl]) analogs. The efficiency with which these
macrocycles sensitize the formation of singlet oxygen was
determined and discussed in the context of the excited-
state photophysical properties. Several examples of pho-
toinduced electron transfer reactions with one- and two-
electron acceptors are demonstrated and discussed.
These soluble molecules can be tuned to optimize their
photochemical and redox properties by varying the cen-
tral metal, axial ligands and other substituents, thereby
providing a series of molecules for the investigation of
photodynamic therapy and photoinduced electron trans-
fer mechanisms.

INTRODUCTION

Since its serendipitous discovery by Braun and Tchernic in
1907 (1), the phthalocyanine (Pc)i macrocycle has been
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used in a variety of applications from dyestuffs to chemical
sensors. Most of the applications depend upon the physical
and photophysical stabilities inherent in the tetraazo-tetra-
benz derivative of the porphyrin macrocycle. Phthalocya-
nines offer advantages over the porphyrins of higher extinc-
tion coefficients in the visible region of the spectrum and
more resistance to ring degradation, though both have readi-
ly tunable redox potentials via changes in the coordinating
metal (2). A disadvantage with the unsubstituted Pc is that
they are typically insoluble in common solvents and require
harsh conditions for their formation. Unsymmetrical func-
tionalization for Pc has been rare until recent years. Through
the use of bulky substituents and axial metal ligands, it is
possible to overcome these solubility problems. This paper
describes the synthesis and characterization of a family of
novel, unsymmetrically substituted metallophthalocyanines
(MPc), as well as their photochemical and photophysical
properties. These macrocycles possess three fert-butyl
groups, for solubility, and a catechol group to provide a pro-
spective site for redox chemistry. Their symmetrically sub-
stituted counterparts (tetra-[zerr-butyl]MPc), also formed in
the synthesis, are characterized for comparison (3).

Phthalocyanines and porphyrins have both been used ex-
tensively as sensitizers for photoinduced electron transfer re-
actions (4-6). A simple expression (Eq. 1) relates the free
energy of excited-state electron transfer (AG%*) based on the
ground-state redox potentials, the excitation energy and en-
vironmental parameters (7,8)

AG* = 23.06(E% — E%) — AEq, — (331.2/er,p) (1)

where E°; is the oxidation potential of the donor, E°, the
reduction potential of the acceptor, AEy, (in kcal/mol) the
energy of the excited state, € the dielectric constant of the
solvent and r,p the distance (in A) between the donor and
the acceptor.

Following the synthesis and characterization of the de-
sired, unsymmetrically substituted MPc, several studies were
performed to examine the potential for photoinduced elec-
tron transfer from the MPc macrocycle to an acceptor mol-
ecule. Lever et al. have discussed the relevant factors in-
volved in efficient electron transfer between excited-state
MPc and acceptors, such as methyl viologen (9). These fac-
tors include the quantum yield for formation of the appro-
priate excited state (singlet or triplet), the lifetime of that
excited state, the relative rates of unimolecular back electron
transfer (within the solvent cage) versus diffusion of the re-
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action products out of the solvent cage and the relative rate
of bimolecular back electron transfer to form the ground-
state reactants.

Because nearly all efficient photo-redox reactions that use
porphyrins and Pc as sensitizers are initiated from the rela-
tively long-lived triplet state of the macrocycle (10), the trip-
let properties as well as the excited singlet-state properties
of both the symmetrically and unsymmetrically substituted
MPc have been investigated. Finally, the photophysical pa-
rameters have been used, along with the electrochemical data
obtained from cyclic voltammetry measurements, to calcu-
late the thermodynamic driving forces (AG®) involved with
photoinduced electron transfer reactions to several one- and
two-electron acceptors. The reactivities observed with the
various MPc and acceptors are then explained in terms of
the above factors.

MATERIALS AND METHODS

All starting reagents were purchased from Aldrich Chemical Co.
(Milwaukee, WI) and used as received, unless otherwise noted. Rou-
tine UV-visible spectra were obtained on either a Hewlett Packard
8451A or 89531A diode array spectrometer (2 nm resolution). The
'H-NMR spectra were obtained on a 300 MHz General Electric
QE-300 NMR using deuterated solvent locks (99.8%, Cambridge
Isotope Laboratories). Chemical shifts are reported in 8 units of ppm
from tetramethylsilane (TMS). Fourier-transform (FT) IR spectra
were measured on a Mattson Galaxy 6020 FT-IR using KBr pellets.
Signals are reported in wavenumbers (cm™'). Gas chromatography/
mass spectroscopy (GC/MS) data were obtained on a Hewlett Pack-
ard gas chromatograph (model 5890A) coupled to a Hewlett Packard
mass selective detector (model 5970). All solvents used in synthesis,
purification and characterization were reagent grade or better and
were stored over 4 A molecular sieves. Particular solvent purification
procedures are specified when the solvent is used. Melting points
(mp) are uncorrected. Fast atom bombardment (FAB)-MS analyses
were performed by the Midwest Center for Mass Spectrometry (Uni-
versity of Nebraska-Lincoln) with partial support by the National
Science Foundation, Biology Division (grant no. DIR9017262). El-
emental analyses were performed by either Galbraith Laboratories,
Inc. (Knoxville, TN), Midwest Microlab (Indianapolis, IN) or Desert
Analytics (Tucson, AZ). High-resolution UV-visible spectra were
obtained on either an IBM Instruments 9430 spectrometer (0.02 nm
resolution) or a Perkin Elmer Lambda 19DM UV/Vis/NIR spectrom-
eter (0.05 nm resolution). Fluorescence spectra were measured on a
Spex Fluorolog 2 with 1.25 mm slits (bandwidth = 4.71 nm). Phos-
phorescence spectra were measured on a Spex Fluorolog 2 (band-
width = 4.25 nm) with a hyperpure germanium detector (North
Coast Scientific Corp.) cooled to 77°K.

Synthesis of ortho-(diol)(tert-butyl),-PcM

4,5-Dicyano-1,2-methylenedioxybenzene (methylenedioxy-phthalon-
itrile, 2). 1,2-Methylenedioxybenzene was brominated and then
cyanated in a manner similar to that used by Metz er al. (11). 4,5-
Dibromo-1,2-methylenedioxybenzene (1) was obtained in a 53.1%
yield (mp 80-82°C, somewhat lower than the literature value of 86°C
(12)). 'H-NMR (CDCl;) 3 7.05 (s, 2H, aromatic), 5.99 (s, 2H, -
OCH,0-). Compound 2 was obtained as white needles in a yield of
48.01% (mp 213-215°C). IR 2240 (C=N); 'H-NMR (CDCl;) § 7.13
(s, 2H, aromatic), 6.20 (s, 2H, CH,); elemental analysis for
CgH,N,0, (172.14 g/mol) calc. C(62.8), H(2.3), N(16.3); found:
C(62.38), H(2.3), N(15.98).
Methylenedioxy-(tert-butyl);-phthalocyanine  ([ONO][t-Bu];-
PcH,, 4). Tert-butyl phthalonitrile (3, TCI America, 1.000 g, 5.428
mmol) was combined with 2 (103.8 mg, 0.6031 mmol) in pentanol
(25 mL), deaerated with nitrogen and warmed to dissolve the phthal-
onitriles. Lithium ribbon (416 mg, 59.9 mmol) was added in small
pieces and the temperature was raised to reflux (136°C). The reaction
was allowed to reflux, under nitrogen, for approximately 2 h. A dark
green color was observed to form within minutes of attaining reflux.

After cooling to room temperature, glacial acetic acid (25 mL) was
added to the mixture. The crude Pc mixture was then evaporated to
a dark green sludge. Filtration through a plug of silica (~5 X 5 cm)
with toluene gave a mixture of (-Bu),PcH,, (ONO)(+-Bu);PcH,,
(ONO),(t-Bu),PcH, (presumably, cis- and trans-), and (ONO);(z-
Bu)PcH, by TLC (silica, toluene). The remaining Pc product,
(ON\O),-PcH,, did not elute for lack of solubility. The desired AB,
isomer (4) was separated by column chromatography using silica
and eluting with a gradient of toluene to 10% EtOAc/toluene giving
178 mg (0.225 mmol, 14.9%—based on starting phthalonitrile).
UV-visible (benzene—1.16 pM) 347 nm (log € = 4.88), 440 (sh.
4.11), 596 (4.48), 642 (sh, 4.79), 659 (5.16), 697 (5.25); IR 1047
(C-O-C stretch); '"H-NMR (benzene-d;) 8 9.40-6.85 (m, 11H, phen-
yl), 5.53 (s, 2H, “OCH,0-), 1.71 (m, 27H, r-butyl), —4.68 to —4.84
(bs, 2H, pyrrole-NH); FAB-MS: m/z = 727.3 (M+H)*.
Methylenedioxy-tri(tert-butyl)-phthalocyanatozinc(ll) ([ONO](1-
Buj];-PcZn, 4-Zn). The reaction was run in the same manner as for
the free-base compound except for the addition of anhydrous zinc
acetate (299 mg, 1.63 mmol) to the mixture. Purification was anal-
ogous to the free-base compound (4) except that initial filtration
through silica used diethyl ether (instead of toluene) and the sepa-
ration of the isomers was done using a gradient of CHCIl; to CHCl,/
Et,0 (1:1). The desired AB; isomer was obtained as 239 mg (0.302
mmol, 20.1%—based on starting phthalonitrile) of a dark green film.
Metallation of the free-base compound, 4, with Zn(OAc), also gave
the same product. UV-visible (benzene—2.11 pM) 352 nm (log €
= 5.02), 443 (sh, 3.87), 609 (4.76), 648 (sh, 4.78), 675 (5.58); IR
1047 (C-O-C stretch); 'H-NMR (benzene-dg) 8 9.25-6.80 (m, 11H,
phenyl), 5.65 (s, 2H, -OCH20-), 1.65 (m, 27H, r-butyl); FAB-MS:
m/z = 789.2 M+H)*.
Methylenedioxy-tri(tert-butyl)-phthalocyanatopalladium(il)
(/ONO][t-Bu];-PcPd, 4-Pd). 4 (117 mg, 0.161 mmol) was metal-
lated with anhydrous palladium(II) acetate (43 mg, 0.193 mmol) in
refluxing N,N-dimethylformamide (DMF) (~153°C). The reaction
was monitored by UV-visible spectroscopy (in toluene) following
the formation of a single Q-band at 660 nm (from the split Q-bands
at ~660 and 700 nm). After ~4.5 h, the reaction was complete and
allowed to cool to room temperature. The DMF was removed by
extraction of the benzene-diluted mixture with 10% HCI (aq.) fol-
lowed by washing with brine and drying with MgSO,. The crude
product was chromatographed on silica with an elution gradient of
toluene to 10% EtOAc/toluene giving (after vacuum desiccation at
60°C overnight) 73 mg (0.088 mmol, 54.5%). UV-visible (ben-
zene—2.93 pM) 336 nm (log € = 4.72), 360 (sh, 4.58), 594 (4.61),
634 (4.78), 658 (5.33); fluorescence (benzene—2.93 uM, excitation
@ 593 nm) 690 nm; IR 1047 (C-O—C stretich); 'H-NMR (benzene-
de) d 8.45-6.85 (m, 11H, phenyl), 5.35 (s, 2H, -OCH20-), 1.55 (m,
27H, t-butyl); FAB-MS: m/z = 830.2 (M*).
(Tert-butyl),~phthalocyanine ([t-Bu],-PcH,). The first fraction
from the mixed condensation reaction above was separated and re-
chromatographed (silica, toluene) to give a pure product. The 'H-
NMR and electronic spectra agreed with published data (13). Mo-
lecular weight was confirmed by FAB-MS: m/z = 738.4 (M*).
(Tert-butyl),-phthalocyanatozinc(ll) ([t-Bu],PcZn). The zinc
chelate was obtained in a manner analogous to the free-base com-
pound. Metallation of (z-Bu),-PcH, with Zn(OAc),—as above—also
produced the desired compound. 'H-NMR and electronic spectra
agreed with published data (14). Molecular weight was confirmed
by FAB-MS: m/z = 801.2 ((M+H]*).
(Tert-butyl)~-phthalocyanatopalladium(Il) ([t-Bu],-PcPd). The
free-base (1-Bu),-PcH, was metaliated with either Pd(OAc),—as
above—or trans-Pd(C,H;CN),Cl, (formed from PdCl, heated in
benzonitrile (100°C) and recrystallized from benzene (15)). The 'H-
NMR and electronic spectra agreed with published data (13). Mo-
lecular weight was confirmed by FAB-MS: m/z = 843.2 ((M+H]").
Dihydroxy-(tert-butyl);-phthalocyanine ([diol][t-Bu];-PcH,, 5).
Compound 4 (50 mg, 0.069 mmol) was deprotected with BCl; (414
uL, 0.414 mmol, 1.0 M in CH,Cl,) at room temperature in CH,Cl,.
Reaction aliquots were removed, quenched with methanol and an-
alyzed for product formation by TLC (silica, 1% EtOAc/toluene). A
second aliquot of BCl, (414 uL, 1.0 M in CH,Cl,) was added after
5 h. After approximately 22.5 h, the reaction was quenched by the
addition of 10 mL methanol and the solvent removed in vacuo. Flash
chromatography (silica, 5% EtOAc/toluene—to remove unreacted



Table 1. Half-wave potentials for MPc (in CH,Cl,)

Potentials (V vs SCE)

MPc

(—3)/

MPc  MPc(—2) MPc(—1)/ MPc(0) MPc(1)/
Compound (—4) MPc(—3) MPc(-2) MPc(—1) MPc(0)

(Diol)(+)+-PcH, —-137 -0919 +0.381 +0.881 +1.26
(Diol)(+):-PcZn — —-0.391 +0.369 — +1.33
(Diol)(+);-PcPd —1.45 —1.03 +0.369 — +1.31
(+),-PcH, -125 -0946 +0376 +0.860 +1.29
(+)4-PcZn -128 -0928 +0.396 — +1.18
(+);-PcPd -143 -1.04 +0.411 +1.06 +1.45

4—and then 1% HOAC/THF to elute the product) gave, after rotary
evaporation of the solvent and vacuum desiccation overnight (60°C),
39 mg of a dark green film (0.055 mmol, 80%). UV-visible (8.5
mM in benzene) 346 nm (log € = 4.35), 601 (3.93), 644 (4.13), 662
(4.46), 698 (4.51); fluorescence (benzene, excitation at 601 nm) 702,
736, 781 nm; IR ~3500 (OH stretch); 'H-NMR (DMSO-d,) & 9.15
(bs, 2H, $OH), 8.25 (bs, 2H, dH-catechol), 7.8 (m, 9H, aromatic),
1.35 (s, 27H, -butyl). The phenolic peaks were confirmed by ex-
change with D,O. *C-NMR (CDCl;) 8 152.1 (phenolic carbons),
136.4, 128.3, 126.1 (aromatic), 34.3, 31.7, 30.9, 21.7 (tert-butyl);
high-resolution FAB-MS: m/z = 714.3416 (M*), calculated com-
position—C,4,H,,NzO, (—2.0 ppm deviation).

Dihydroxy-(tert-butyl);-phthalocyanatozine(ll) ([diol]{t-Bu];-
PcZn, 5-Zn). Deprotection was performed in the same manner as
for the free-base compound, 5. The NMR and FT-IR data were
equivalent. UV-visible (22 pM in benzene) 351 nm (log € = 3.98),
610 (3.60), 645 (sh, 3.65), 677 (4.31); fluorescence (benzene, exci-
tation at 610 nm) 684, 710 (sh), 753 nm; high-resolution FAB-MS:
m/z = 777.2646 (M+H)*, calculated composition—C,H,;;NgO>Zn
(0.3 ppm deviation).

Dihydroxy-(tert-buiyl);-phthalocyanatopalladium(1l) ([diol][t-
Buj;-PcPd, 5-Pd). Deprotection was performed in the same manner
as for the free-base compound, 5. The NMR and FT-IR data were
equivalent. UV-visible (12 pM in benzene) 334 nm (log € = 4.10),
598 (3.86), 636 (sh, 3.94), 660 (4.30); fluorescence (benzene, exci-
tation at 598 nm) 702, 735, 782 nm; high-resolution FAB-MS: m/z
= 816.2291 (M), calculated composition—C 4, H, NzO,'%Pd (—2.4
ppm deviation).

Cyclic voltammetry

Oxidation potentials (Table 1) were measured on an Electrochemical
Analyzer model BAS 100B (Bioanalytical Systems, West Lafayette,
IN) using the standard three-electrode configuration for cyclic volt-
ammetry (working: Pt disk, reference: Ag/AgNO; [in CH;CN with
0.1 M tetrabutylammonium perchlorate (TBAP)], counter: Pt wire).
Measurements were done in dry, freshly distilled solvents using
TBAP (0.1 M) as the electrolyte, which was recrystallized from ab-
solute ethanol and vacuum desiccated at 100°C overnight before use.
Samples were deaerated with nitrogen before and between measure-
ments. Half-wave potentials (E,,,) were obtained using a combina-
tion of cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) methods. The E,, values from the CV curves were calculated
from (E,, + E,4)/2, whereas those from the DPV were obtained
directly from the peak values.

In order to compare the potentials obtained in a nonaqueous en-
vironment to those obtained by other workers in a variety of solvent
systems and measurement conditions, the ferrocenium/ferrocene
(Fc'/Fc) couple was used as an internal standard (Fc*/Fc couple vs
SCE (saturated calomel electrode): 0.45 V in CH,Cl, (16-18)).

Photophysical measurements

Measurements of fluorescence quantum yields (®g). Dilute solutions
of each Pc (10-30 pM) were absorbance matched at the excitation
wavelength to a dilute solution of (¢-butyl),-PcH, (Ags o = 0.055
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* 0.001, in CHCI,). Absorbances were kept low and the emission
scan was done using a front-face geometry to minimize any errors
due to aggregation and self-absorbance. The relative fluorescence
quantum yields (®g) were calculated by the following equation:

A,
= 00 gy, (2)

q)F( sample) A
(s1d.)

where A represents the area of the fluorescence emission envelope
and @ the fluorescence quantum yield of the (s-butyl),-PcH, stan-
dard (0.77) (19). Emission spectra were not corrected for variations
in the excitation lamp output.

Measurement of fluorescence lifetimes (1¢). Time-correlated sin-
gle photon counting experiments were carried out using a mode-
locked Nd:YLF laser (Quantronix) operating at 76 MHz as the pri-
mary laser source. The second harmonic (KTP crystal) of the Nd:
YLF laser was used to synchronously pump a dye laser (Coherent
700) circulating rhodamine 6G in ethylene glycol as the laser me-
dium. The pulsewidth of the dye laser was typically 8 ps, as deter-
mined by autocorrelation, and was cavity dumped at a rate of 1.9
MHz. The dye laser was tuned to the desired wavelength for sample
excitation. Emission from the sample was collected by two convex
lenses and focused at the entrance slit of a Spex 1681 monochro-
mator (0.22 m) and was detected by a red-sensitive multichannel
plate (MCP) detector (Hamamatsu R3809V-01). The single-photon
pulses from the MCP detector were amplified and used as the stop
signal for a time-to-amplitude converter (TAC, EG&G Ortec) while
the signal from a photodiode, detecting a small fraction of the dye
laser output, was used as the start signal for the TAC. The start and
stop signals for the TAC were conditioned before entering the TAC
by passing through two separate channels of a constant fraction dis-
criminator (CFD, Tennelec). The output of the TAC was connected
to a multichannel analyzer (MCA) interface board (Norland 5000)
installed inside a 486DX2 personal computer. The MCA was con-
trolled by software from Edinburgh Instruments (Edinburgh, UK).
The same software was used to carry out the deconvolution of the
data and exponential fitting using the nonlinear least-squares method.

Measurement of singlet oxygen quantum yields (®,). Time-resolved
measurements of 'O, luminescence were made using a germanium
photodiode, as described by Rodgers and Snowdon (20). Solutions of
the chromophores were made in benzene-dg, with a low optical density
at the exciting wavelength. The tetraphenylporphyrin (TPPH,) refer-
ence solution (in benzene) was made to match the optical density
(OD) of the sample solutions at the excitation wavelength of each.
The unsymmetrically substituted Pc samples, (diol)(s-butyl);-PcM,
were excited at 570, 580 and 600 nm, for M = H,, Zn and Pd,
respectively. The symmetrically substituted Pc (s-butyl),-PcM were
excited at the same wavelengths as their unsymmetrical counterparts.
For PAdTPP, the excitation wavelength was 435 nm. The TPPH, has
a &, value of 0.58 in benzene (21). The slopes were calculated from
lines with a linear correlation of 0.995 or better. As a control, nitrogen-
saturated samples did not produce any signal at 1270 nm.

The &, values were also determined by the IR luminescence tech-
nique using perinaphthenone (phenalenone, Aldrich) as a reference
(22). When excited at 337 nm, perinaphthenone sensitizes the for-
mation of '0, with a quantum yield of 0.98 * 0.15 in CHCl,. Rel-
ative quantum yields were measured in the same manner as the
fluorescence quantum yields by comparing the area under the emis-
sion envelope for 'O, (centered at 1270 nm). Solutions of the Pc
and porphyrins were absorbance-matched in CHCI; (A;;; = 0.140
+ 0.003) to a solution of perinaphthenone (in CHCl,). All solutions
were air equilibrated. Emission from 'O, was measured with the
same instrumentation used for phosphorescence measurements. A
cut-off filter (780 nm) was used to remove the second-order scat-
tering from the Pc (or porphyrin) fluorescence emission. The as-
signment of the 1270 nm emission to 'O, was confirmed by deaer-
ating the sample with nitrogen. Under this condition, no 1270 nm
emission was observed.

Triplet—triplet absorption spectra and lifetimes (17). Time-re-
solved triplet—triplet absorption spectra and lifetimes were measured
by nanosecond laser flash photolysis on freeze-pump—thaw degassed
solutions (three cycles, ~3 pwTorr) in either 2-methyl-tetrahydrofuran
(MeTHF), or Et,0/methylcyclohexane (3:2) for (s-butyl),-PcH, and
(t-butyl),-PcPd. These solutions were the same as those used for the
phosphorescence measurements ([MPc] = 10-30 pM).
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Table 2. Fluorescence and phosphorescence of MPc lowest lying singlet and triplet states*

Compound Ar (nm) P T¢ (nS) Ap (nm) A (nm) T (pS) Aer b Conditions
PcH, 700 0.7 0.28% — 480 125 1.8 x 104 0.17% 77°K, Cl-naphthalene
(+-Butyl),PcH, 708 0.77 9.00 — 490 83.0 4.5 x 10* 0.10 298°K, benzene
(HO)x(+);PcH, 706 0.30 722 — 500 67.0 4.8 x 10* 0.060 298°K, benzene
PcZn 683 — — — 480 125 1.6 X 10* 0.65% 300°K, Cl-naphthalene
PcZn — 03 100 1093 — — — — 77°K, Cl-naphthalene
(+-Butyl),PcZn 686 0.37 3.63 11008 510 41.1 49 x 10¢ 0.24 298°K, benzene
(HO)x(+);PcZn 685 0.18 3.35 11108 500 176 5.3 x 10* 0.038 298°K, benzene
PcPd 664 — — 1007 — — — — 300°K, Cl-naphthalene
PcPd — 5% 104 10 990 — — — — 77°K
(+-Butyl),PcPd 670 0.048 0.024 1028|| 520 104 5.5 X 10¢ 0.49 298°K, benzene
(HO),(+),PcPd 703 0.069 5.30 1036§ 520 8.30 3.0 x 10* 0.23 298°K, benzene

*Ferrandi (42).

{Fuke et al. (66).

§Measured in MeTHF at 298°K (77°K for M = Zn).
+In N,N-DMF/H,0 (9:1).

|Measured in Et,O/methylcyclohexane (2:3) at 298°K.

The instrumentation is essentially the same as that used by others
(23,24), except that the excitation energy was provided by the same
excimer/dye laser system which was used for the 'O, measurements
(600 nm, except for the Pd complexes at 590 nm). The timescale
was 10 us and the maximum laser beam energy was typically 3-15
mJ/cm?. Measurements were made at ambient temperatures (23 *
2°C) and data points were the average of eight replicate shots taken
at 10 nm intervals. Optical density values in the spectra were taken
from the average intensity values obtained in the first 4 ps after the
excitation pulse. Lifetime values were obtained from kinetic analysis
at both the maximum triplet—triplet absorbance and maximum
bleaching wavelengths (using the linear least-squares fitting algo-
rithm, Dr. Ian Gould). The AOD values plotted in the spectra rep-
resent the difference in absorbance of the excited triplet state (T, «
T,) and the ground state (Sp « S,). These values result from

AOD = (er — €,)C,l 3)

where er and €, represent the triplet- and ground-state extinction
coefficients, respectively, C, the initial concentration of ground
states and | the path length of the cell.

Determination of triplet—triplet extinction coefficients (Aey). The
extinction coefficient of the MPc triplet—triplet absorbance (Aey) was
determined by the relative method of Carmichael and Hug (25,26).
The same laser flash photolysis setup used above for the triplet—
triplet absorbance measurements was used, except that the excitation
wavelength was changed to 660 nm so that lower concentrations of
the Pc could be used. The 660 nm excitation energy was generated
by a DCM (4-[dicyanomethylene]-2-methyl-6-[4-dimethylamino-
styryl]-4H-pyran, Exciton) solution in dimethyl sulfoxide (DMSO).
Unattenuated excitation energies were 21-30 mJ/cm?, Beta-carotene
solutions (Aldrich, 0.1 mM) were made fresh before each measure-
ment in dry benzene and deaerated with nitrogen. Phthalocyanine
concentrations were adjusted such that the absorbance at the exciting
wavelength (660 nm) was approximately 0.2 (~10 uM). The signals
used for calculations were the average of 8-20 shots, as necessary
to achieve a sufficiently noise-free signal. Knowing the lifetime of
the Pc triplet (measured above) and assuming that the quenching
rate constant of B-carotene for the Pc triplet (k;) is at or near the
diffusion-controlled limit (27), the fraction of Pc triplets that are
quenched by a given concentration of B-carotene ([Q]) can be cal-
culated with the following relationship,

kg[QY/(ko[Q] + ko) )

where k, (triplet decay rate in the absence of quencher) is the inverse
of the triplet lifetime (7). This shows that greater than 90% of the
Pc triplets (with 7y greater than 10 ps) are quenched by a B-carotene
concentration of 0.1 mM. Therefore, we can assume that the rate of
formation and decay of the B-carotene triplet is directly related to
the formation and decay of the Pc triplet.

The amount of B-carotene triplet present immediately after the

excitation pulse (at time = 0) is determined by fitting the exponential
decay from a long timescale plot and extrapolating to the top of the
excitation pulse (at time = 0). Likewise, the amount of *PcM present
immediately after the excitation pulse (at time = 0) is determined
by fitting the exponential growth of the B-carotene signal from a
short timescale plot and extrapolating to the value at time equals
zero. Assuming that the two triplet concentrations are equal (i.e. for
every 3PcM that is formed, one 3[B-carotene] is formed), then

ODyJep. = ODlec (5

by the Beer-Lambert Law (28) (where Pc represents the Pc triplet
and C represents the B-carotene triplet). Using the literature value
for €c (Aer (515 nm) = 187000 * 53500 M-! cm~! (25)), the values
of €p. (515 nm) can be calculated from the triplet-triplet absorption
spectrum for each MPc. The values listed in Table 2 represent the
average of at least three measurements at different excitation beam
energies where the signal obtained is linear with the excitation en-
ergy. The standard deviations from the mean were between 3 and
17%.

Measurement of the quantum yield of triplet formation (®;). The
same nanosecond laser flash photolysis setup that was used for mea-
surement of the triplet-triplet absorption spectra was used to mea-
sure the relative quantum yields of triplet formation ($). Because
the benzophenone triplet (®rAe; = 7220 *= 320 M~! cm~! at 530
nm (29)) was used as the reference compound, excitation was pro-
vided by the excimer-pumped DMQ (Exciton) dye, in p-dioxane, at
360 nm. The benzophenone (BP) was recrystallized and sublimed
before use. Both the BP standard and the Pc sample solutions were
made in dry benzene, at sufficiently low concentrations (ODyq, =
0.255 = 0.005) to minimize inner filtering and maintain a uniform
excitation energy flux (29). The initial excitation energy was mea-
sured, as above, to be 21-24 mJ/cm2. In a manner similar to that
used for the time-resolved singlet oxygen quantum yields, the initial
excitation energy was attenuated with neutral density filters to obtain
a linear fit with the resulting triplet AOD value. Attenuated excita-
tion energies of 0.32-2.9 mJ/cm? gave such a linear response. The
filters were calibrated using the transmittance at 360 nm. Triplet
absorbance values (averaged over 30 shots) were measured at the
Amax Of each Pc using excitation energies that were linear with the
absorbance value obtained.

Photooxidation of Pc

Steady-state irradiation with light of wavelength above 600 nm was
produced by a 250 W xenon lamp fitted with a Corning filter (#2-
63) and a water-filled filter (for IR). Carbon tetrabromide (Aldrich)
was recrystallized from ethanol and dried in a vacuum desiccator
overnight. Carbon tetrachloride (Aldrich) was used as received. The
methylene chloride was freshly distilled from K,CO, and stored over
molecular sieves until used. The Cr(urea)¢Cl; used for actinometry
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Figure 1. Synthesis of AB;-type MPc. Reaction schemes show the
formation of methylenedioxy-phthalonitrile (2), which, with the
commercially available 4-r-butyl-phthalonitrile (3), are converted
into their respective diiminoisoindoline intermediates and then com-
bined in a 1:9 ratio to form the dilithium Pc, which are either pro-
tonated with acetic acid (as shown) or metallated as described in the
Materials and Methods to give the desired macrocycles (4).

with hv > 600 nm was produced from the aqueous reaction of
CrCl;-6H,0 and urea with HCI catalysis, according to the method
of Brauer (30). The reaction was carried out under dim red light and
vacuum desiccated overnight in the dark at 60°C.

RESULTS

Synthesis

Although symmetrically substituted Pc may be made by sim-
ply tetramerizing substituted phthalonitriles (or their diimi-
noisoindoline derivatives), the mono- (or unsymmetrically)
substituted macrocycles pose a more difficult problem. Sev-
eral methods have been exploited for creating monosubsti-
tuted Pc including mixed condensation, polymer-supported
synthesis and ring expansion of a subphthalocyanine. The 1:
9 ratio improved this situation immensely (Fig. 1). Using a
simple statistical model, McKeown er al. demonstrated that,
by combining the starting materials in a 1:9 ratio, one can
obtain significantly less of the undesired A,B,- and A;B-type
macrocycles while losing only a small amount of the desired
ABj-type product (31). The 1:3 ratio of starting materials
was examined with this system but gave a mixture of prod-
ucts that were inseparable by chromatographic means. In the
case of the (diol)(z-Bu),-PcM synthesized here, solubility
was imparted by the rerr-butyl moieties providing not only
steric bulk but also the robust nature of the alkyl group to-
ward further reactions. The intermediate diiminoisoindolines
shown in Fig. 1 were not isolated as in other published syn-
theses (32,33) but were directly cyclized to the macrocycle.
Replacing the single tert-butyl group of our macrocycle with
two n-butyl groups was investigated in order to alleviate the
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problem of positional isomerization. Unfortunately, exten-
sive interfacial stacking limited the solubility necessary for
effective chromatographic separation. Other researchers
have reconciled this positional isomerization problem by us-
ing such substituents as PhOCH,-, functionalization of
phthalamide or phthalic anhydride substituents, or by using
para-substituted phthalonitriles.

The polymer-supported route has been used successfully
by several researchers (33-35), but suffers the disadvantage
of low polymer-loading limits that results in small yields of
product. By far, the most elegant method for creating AB;-
type Pc utilizes the subphthalocyanine as an intermediate
(36-38). The subsequent ring-expansion reaction leads to
one and only one Pc product. The only purification necessary
is the removal of unreacted starting materials and other non-
macrocyclic (and, therefore, not highly colored) side prod-
ucts. Kobayashi demonstrated the usefulness of this method
by creating a series of AB,-type Pc with increasing annu-
lation of the A moiety and a concurrent increase in the \,,
of the absorbance spectrum. However, Weitemeyer et al.
have recently shown by HPLC and DCI-MS that the ring
enlargement reaction may actually lead to more than one Pc
product (39). It is evident that more investigation is needed
to explore the breadth of this synthetic method as it may be
applied to other synthetic problems, as well as the optimi-
zation of the yields and purification methods.

Cv

The oxidation and reduction potentials measured for the
three A, and three AB; MPc are tabulated above (Table 1).
The assignments shown are tentatively made by comparison
with previously published values for the (-butyl),-MPc (40).
Because the origins of these potentials are less than clear,
no attempt will be made to assign them definitively to either
macrocyclic ring or metal oxidation/reduction. However, for
nonelectroactive central metals, the redox process is gener-
ally believed to involve the macrocyclic ring rather than the
central metal (40). As the first oxidation potentials for the
(r-butyl),-PcM compounds roughly correspond to those for
the (diol)(s-butyl);-PcM, it is assumed that the observed re-
dox couples are from the ring oxidation process (Pc[—1]/
Pc[—2]) and not from the catechol/o-quinone couple. The
catechol/o-quinone couple is commonly observed at poten-
tials near 0 V (vs SCE) (41). Although Pc with the catechol/
o-quinone moiety have not been previously observed, similar
aromatic, heterocyclic catechol/o-quinone couples have been
studied electrochemically. The solvents and pH of the MPc
electrochemical experiments most likely precluded obser-
vation of the desired redox couple.

Photophysical measurements

Fluorescence quantum yields (®p) and lifetimes (tz). The
relative quantum yields of fluorescence emission for the
three symmetrically substituted (z-butyl),-PcM and the three
unsymmetrically substituted (diol)(z-butyl);-PcM are shown
in Table 2 along with the fluorescence lifetimes. The liter-
ature values of the analogous unsubstituted MPc are shown
for comparison (42). The position of the emission band (as-
signed to the 0,0 transition) is relatively consistent within
the particular groups of the same central substituent. The
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notable exception to this occurs with the palladium-substi-
tuted Pc. The values of the ®; vary as expected (decreasing
from M = H, to Zn to Pd), as more of the excitation energy
decays through intersystem crossing to the triplet manifold.
This is the result of increased spin—orbit coupling between
the central metal substituent and the macrocyclic w-electrons
(43). Deaeration of the sample solutions was found to be
unnecessary as the fluorescence intensities from purged
(with argon for 15 min), freeze—pump—thaw degassed and
unpurged solutions varied by no more than 1-2%. This is
most likely because the fluorescence lifetimes are too short
for quenching by the amount of oxygen present in air-equil-
ibrated solutions (1.91 mM) (44) to affect the emission in-
tensity by an amount greater than the inherent accuracy of
the fluorometer. Using the relationship in Eq. 4 below, and
assuming that 30, quenches the excited singlet state at a
diffusion-controlled rate (~10'0 s-'), an oxygen concentra-
tion of 10 mM (essentially saturated (44)) will quench 47%
of the excited singlet states of (z-butyl),-PcH, (the longest-
lived singlet—t; = 9.00 ns). However, comparison of the
fluorescence intensity changes for benzene solutions of all
six MPc showed a variety of quenching behaviors for argon-
saturated versus oxygen-saturated solutions. As expected,
the percentage of fluorescence quenching paralleled the flu-
orescence lifetimes (7¢). Using the relationship in Eq. 7 be-
low an average quenching rate constant (k,) value of 2.94 X
10° M-! s7! was obtained. Nevertheless, it has been sug-
gested that 30, enhances the rate of intersystem crossing,
thus lowering the observed quantum yield of fluorescence
(45). The values of ®; tabulated in Table 2 are expected to
be accurate because all were measured against (#-butyl),-
PcH, under identical conditions of air equilibration.

Triplet—triplet absorption difference spectra and lifetimes.
Spectral peak values (Ay) and lifetimes (7r) are shown in
Table 2 for the six symmetrically and unsymmetrically sub-
stituted MPc. The difference spectra for the six MPc agreed
well with literature examples for both the maximum triplet—
triplet absorbance (T, « T,) and ground-state bleaching pro-
cesses (S, « S)).

The tabulated triplet lifetimes (7;) represent a lower limit
due to the presence of a small amount of oxygen that will
be present unless the solution is perfectly deaerated. Further
quenching of the excited triplet state (*Pc) may be due to
triplet—triplet annihilation given the high Pc concentrations
necessary to obtain sufficient signal strength with 590 nm
excitation. Nevertheless, the values obtained for the six MPc
fall within the 10200 ps range reported for other MPc trip-
let states (24,27).

Determination of triplet—triplet extinction coefficients
(Ae;). The well-known triplet quencher, rrans-B-carotene,
was used to quench the Pc triplet states formed by the laser
excitation pulse (46,47). The B-carotene triplet is formed
only by energy transfer from another excited triplet and can-
not be formed by direct excitation due to its very low inter-
system crossing efficiency (~0) (27). Therefore, formation
of the B-carotene triplet is not only useful for calculation of
Aer, but also for confirmation of the sensitizer (MPc) triplet
itself.

Measurement of the quantum yields of triplet formation
(®;). The quantum yields of triplet formation were deter-
mined using the ‘‘comparative method’’ espoused by many

Table 3. Singlet oxygen quantum yields

Compound ko (M~1s71) ¢, TR ®,SS
(+-Butyl),-PcH, 1.52 X 10° 0.22 0.20
(+-Butyl)4-PcZn 1.50 X 10° 0.34 0.25
(1-Butyl),-PcPd 2.39 X 10° 0.54 0.52
(Diol)(r-Butyl);-PcH, 1.44 X 10° 0.14 0.14
(Diol)(¢-Butyl);-PcZn 1.01 x 10° 0.39 0.23
(Diol)(s-Butyl);-PcPd 2.16 X 10° 0.49 0.36
H,TPP —_ 0.58* 0.32
ZnTPP — 0.73* 0.72
P4dTPP — 0.88 0.78

*Rossbroich et al. (21).

workers (29,48-51). This method requires the extinction co-
efficients measured above, as well as the extinction coeffi-
cient and quantum yield (Aer®r) of a reference compound
(BP). With the solutions of both BP and the MPc sample
matched in terms of ground-state absorbance at the excita-
tion wavelength, the amount of excitation energy absorbed
by each compound will be equivalent. Assuming constant
excitation energy from the pulsed dye laser (checked peri-
odically as described in the Materials and Methods), the ratio
of the concentrations of triplet formed by each compound is
related to the quantum yield of triplet formation for each
compound. The concentrations are determined by measuring
the AOD at the \,,., of each compound (extrapolated from
the first-order decay as above) and dividing by the appro-
priate extinction coefficient (following the Beer—Lambert
Law). The ratios of the triplet concentrations of the MPc
sample and the BP standard, multiplied by the quantum yield
for BP (1.0) gives the ®, values for the MPc. The values at
each excitation energy are then extrapolated to a theoretical
excitation energy of zero to obtain the quantum yield values
reported in Table 2. Linear regression gave lines with cor-
relation coefficients of 95% or greater. Errors in measure-
ment are estimated to be approximately 10%. The use of
low ground-state concentrations and low excitation energies
to determine ®; minimizes the four complicating factors
enumerated by Hurley et al. (29): (a) ground-state depletion
by the excitation pulse, (b) ‘‘inner filtering,”’ (c) cycling of
absorbed energy and (d) excitation intensity gradients.

Singlet oxygen quantum yields (®,). As described in the
Materials and Methods section, the quantum yields for the
formation of 'O, were measured using both time-resolved
and steady-state luminescence techniques. The former used
TPPH, (P, = 0.58) (21) as a standard in benzene. The deu-
terated solvent used for the samples is necessary in order to
achieve a long enough singlet oxygen lifetime for effective
detection at low signal intensities (t, = 30 ps [benzene], 7,
= 600 ps [benzene-dg]) (52). The latter technique used per-
inaphthenone as a standard in chloroform. Again, the solvent
was chosen to enhance the lifetime of the 'O, (1, = 240-
300 ps) (52). The results are shown in Table 3 for the three
symmetrically and three unsymmetrically substituted MPc as
well as free-base zinc and palladium TPP. The table com-
pares the rate constants of 3PcM quenching by ground-state
30, (ky) with the quantum yields for 'O, formation using
both time-resolved (®,TR) and steady-state ($,SS) tech-
niques.
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Figure 2. Phosphorescence of (diol)(¢-butyl);-PcPd and emission
spectra of singlet oxygen formed by sensitization with (diol)(s-bu-
tyl);-PcPd. Spectra were measured as described in the Materials and
Methods.

All of the solutions were presumed to be equilibrated with
ambient oxygen concentrations (1.91 mM at 25°C and 760
mm Hg (44)). The spectra shown in Fig. 2 illustrate the
process of singlet oxygen formation by showing the phos-
phorescence obtained at 1036 nm with a deaerated solution
of (diol)(z-Bu);-PcPd (in benzene-d,) versus the 'O,-emis-
sion obtained at 1270 nm with an air-equilibrated solution
of (diol)(#-Bu);-PcPd (in benzene-ds). Note the absence of
any phosphorescence signal in the presence of air. The
‘‘heavy atom effect’’ (53) is observed with each of the ma-
crocycle series (®, [M = H,] < ®, [M =Zn] < P, [M =
Pd]), confirming the enhancement of triplet formation with
central substituents of increasing molecular weight.

The value obtained with the time-resolved method for
(diol)(t-Bu);-PcPd (d, = 0.49) may be inaccurate due to the
low energy at which the '0, signal was linear with laser
energy (1-3% of the incident energy). This low excitation
energy produced a very low-intensity signal that was diffi-
cult to fit accurately. The fact that only three data points
were obtained in the linear region (of emission versus ex-
citation energy) made the calculation of the slope somewhat
tenuous.

The @, value obtained with the steady-state method for
(+-Bu),-PcZn (@, = 0.25) may be low due to a possible
photochemical reaction of the Pc with the solvent. A pho-
tolysis measurement, made subsequent to the quantum yield
measurements, showed bleaching of the (+-Bu),-PcZn absor-
bance bands upon irradiation with wavelengths of light
greater than 600 nm. Although no change in the absorption
spectrum of (1-Bu)-PcZn was observed after the quantum
yield determination, it is possible that the chloroform acted
to quench the Pc fluorescence and artificially reduced the
value of ®,. This bleaching behavior was not observed with
any of the other compounds.

The rate constants of triplet quenching by ‘0O, shown in
Table 3 were determined using Eq. 10 below. The triplet
lifetimes (77) were measured in benzene, saturated with ni-
trogen or oxygen, at the maximum absorbance wavelength
(Ar from Table 2). All six values obtained are reasonably
close to the spin-statistical diffusion-controlled limit for the
quenching of a triplet excited-state molecule by triplet
ground-state oxygen (1.11 X 10° M~' s™! in benzene (54)).
This value results from the one out of nine encounter com-
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Figure 3. Photooxidation of (tert-butyl),-PcZn with CBr,. Absor-
bance changes resulting from the photooxidation reaction of (tert-
butyl),-PcZn with CBr, (1 mM in CH,Cl,). The solution was deaer-
ated with argon and irradiated with wavelengths greater than 600
nm for 120 s. Note the bleaching of the Pc (~350, 610 and 680 nm)
and the growth of the Pc radical cation at ~440 and 514 nm.

plexes between the excited triplet and oxygen that results in
the production of singlet oxygen (55).

Photooxidation of Pc

Prompted by the study of Pc photooxidation published by
Nyokong et al. (56) (t-butyl),-PcZn was photolyzed in
CH,Cl, with carbon tetrabromide (1 mM). As shown in Fig.
3, irradiation of an argon-saturated solution of (t-butyl),-
PcZn and CBr,, with wavelengths of light greater than 600
nm, caused bleaching of the Pc absorbance bands at 350,
610 and 680 nm and a concurrent growth of absorbance
bands at 446 and 514 nm. This behavior was consistent with
the formation of the Pc radical cation [(z-Bu),-ZnPc*, or (r-
Bu)4-ZnPc(—1)] resulting from the photoinduced transfer of
an electron to CBr,, as shown in Nyokong et al. (56). Sub-
sequent photolyses monitored on a spectrophotometer with
near IR capabilities confirmed the growth of an additional
band at 840 nm, which was also observed by Nyokong et
al. Control reactions done with light but no acceptor, or with
acceptor but without light, did not produce the observed ab-
sorbance changes. The addition of a reductant such as so-
dium dithionite (Na,S,0,) or phenylhydrazine returned the
original MPc spectrum. Nyokong et al. claim that the elec-
tron is removed from the macrocyclic ring of the Pc triplet
state (1.1-1.3 eV above the ground state, 1.13 eV for (-
butyl);-PcZn—from the wavelength of phosphorescence
emission) rather than from the central metal ion (in the case
of Zn) (56).

Stern—Volmer quenching kinetics (57) were measured by
plotting the ratios of (s-butyl),-PcZn fluorescence intensities
in the absence and presence of various quencher concentra-
tions versus the concentration of quencher (0—-10 mM). The
Stern—Volmer quenching constant (X,,) was then calculated
as the slope of the least-squares linear regression of fluores-
cence quenching ([I/I] — 1) versus quencher concentration
([QD). Using the measured fluorescence lifetime (7z) value of
3.63 ns (see Table 2) and Eq. 6 below, the rate constant for
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Table 4. Free energy values for electron transfer to carbon tetrabromide and MV

Carbon tetrabromide MV

AEy, Er AG® (AEqy) AG® (Ep AG® (AEy) AG® (Ep)

MPc (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
(Dicl)(1-Bu);-PcH, 40.73 28.68 -30(—-1.3eV) -18 (—0.79 eV) —-23(-1.0eV) —11(—0.48 eV)
(Diol)(s-Bu);-PcZn 42.05 25.76 -32(-14eV) -16 (—0.67 eV) —-25(—1.1eV) —8.4 (—0.36 eV)
(Diol)(s-Bu);-PcPd 41.65 27.60 -31(—14eV) —-17(-0.75 eV) -24(-1.1eV) —-10(—0.44 eV)
(¢-Bu),-PcH, 40.79 28.68 -30(—-13¢eV) —18 (-0.79 eV) —23(—-1.0eV) —11(—0.48 eV)
(#-Bu),-PcZn 42.17 26.00 -31(—14eV) —15(—0.66 eV) —-24(-1.0¢eV) —8.0(-0.34 eV)
(-Bu),-PcPd 43.06 27.81 -32(-14eV) —-17(-0.72 eV) -25(—1.1eV) —9.5(-0.41 eV)

fluorescence quenching (k,) was determined to be 8.03 X
10° M- s-1,

kq = KSV/TF' (6)

The quantum yield for photooxidation was measured us-
ing steady-state irradiation and the photoaquation reaction of
Cr(urea)sCl, for actinometry (58). By monitoring the decay
of Pc absorbance at 672 nm with 1 mM CBr, for a given
intensity of light, the quantum yield was determined to be
0.012 = 0.003. Because 1 mM CBr, quenches 2.8% of the
singlet states formed (from the Stern—Volmer analysis
above), the quantum yield can be corrected to 0.429. This
correction neglects any triplet-state quenching (not deter-
mined for this reaction) and therefore may be overestimated.

The same photooxidation reaction was investigated with
the other symmetrically substituted, (zert-butyl),-Pc (M = H,
and Pd) and the unsymmetrically substituted (diol)(z-Bu),-
PcM. No Pc radical cation absorbance was detected for any
of these other MPc under steady-state irradiation. The only
effect was a bleaching of the ground-state MPc absorbance
bands. Nevertheless, the CBr, was quenching the singlet
states of the Pc with quenching constants (k,) estimated from
the equation below:

/I~ 1 + k{Q] @)

where I and ], are the fluorescence intensities with and with-
out quencher, respectively, k; is the rate constant for quench-
ing, 7 is the lifetime of the excited singlet state (from Table
2) and [Q] is the concentration of the quencher (CBr,, in
this case). The values of k, for the unsymmetrically substi-
tuted (diol)(z-Bu);-PcM were determined to be 2.0 X 108,
7.3 X 10° and 2.7 X 108 M~ s~ for M = H,, Zn and Pd,
respectively, using [Q] = 0.10 M.

The ground-state oxidation potential of (t-Bu),-PcZn from
Table 1 is 0.396 V (vs SCE) in CH,Cl, and the reduction
potential of CBr, is —0.3 V (vs SCE) (56). Using Eq. 1 and
the triplet energy level estimated from the phosphorescence
wavelength, the free energy for electron transfer (AGY) is
—15 kcal/mol (—0.66 eV) for reaction from the excited trip-
let state. Although the free energy for reaction from the ex-
cited singlet state (calculated from the 0—0 excitation energy,
AE) is twice that for the triplet (—31 kcal/mol), the Stern—
Volmer analysis above shows that only 2.8% of the singlets
are quenched with a quencher (CBr,) concentration of 1 mM.
However, using the triplet lifetime given in Table 2 (1 =
41.1 ps) and the relationship in Eq. 4, the same concentra-
tion of CBr4 will quench 99.8% of the triplet states, assum-
ing a diffusion-controlled quenching rate.

The free energy of electron transfer calculated for the oth-
er five MPc with both carbon tetrabromide and methyl viol-
ogen, using the singlet energy values (AG°[AE]) and triplet
energy values (AGO[E;)), is shown in Table 4. Whereas the
free energy for electron transfer from the singlet state is
nearly isoenergetic for all six MPc, reaction from the triplet
state is most exergonic for the free-base compounds. The (#-
Bu),;-PcZn, which reacted so readily, has the least exergonic
free energy value. Clearly, the reactivity pattern observed
with this set of compounds toward electron transfer to CBr,
is governed by more than thermodynamics.

Nanosecond laser flash photolysis was then used to deter-
mine whether the back electron transfer (or other) reaction
was occurring on a timescale that was too fast for observa-
tion of any net radical cation formation by steady-state ir-
radiation. If the radical ion pair recombined (or reacted to
form products) after diffusion out of the solvent cage, but
before the ground-state absorption spectrum could be mea-
sured, then no radical cation would be observed. The flash
photolysis of (diol)(t-Bu);-PcM and (¢-Bu),-PcH, (and Pd),
with 1 mM CBr, in CH,Cl,, gave the same triplet—triplet
absorbances found above, but with a higher relative inten-
sity. Although the triplet quenching constants were not spe-
cifically determined, it appears that the CBr, only enhances
the formation of excited triplet states (by the ‘‘heavy-atom
effect’’) for these Pc without subsequent net electron trans-
fer. If any electron transfer is occurring, the rate of the for-
ward reaction (including the cage escape step) must be ex-
ceeded by either the rate of back electron transfer or the rate
of cation radical quenching through reaction to form prod-
ucts. Electron transfer to CBr, has also been observed by
Stiel et al. with (¢-butyl),-PcMg in chloroform (59).

The same photooxidation behavior observed with (¢-bu-
tyD)4-PcZn and carbon tetrabromide was also observed with
carbon tetrachloride (CCl,). Addition of phenylhydrazine re-
duced the Pc radical cation and returned the normal ground-
state absorption spectrum. The reduction potential of CCl,
(—0.47 vs SCE) (60) is lower than that for CBr,, but the
former should not induce the heavy atom effects of the latter.
Steady-state irradiation (>>600 nm), with (s-butyl),-PcZn,
(ONO)(t-butyl);-PcZn and (neopentoxy),-PcZn in CCl, (as
the solvent), lead to radical cation formation within 4 min.
The other MPc gave either bleaching ([diol][#butyl];-PcZn)
or no reaction ([z-butyl],-PcH, and -Pd). Although the free
energy for electron transfer (from Eq. 1 above) is exergonic
for all six MPc (only slightly less than that for methyl viol-
ogen, Table 4), examination of the triplet quenching behav-
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Figure 4. Appearance of MV* at 395 nm. Reduced MV (MV*)
produced following excitation of (diol)(s-butyl);-PcZn (at nm, 65
uM) in dry, nitrogen-saturated acetonitrile containing MV bis-
(hexafluorophosphate) (0.5 mM).

ior suggests an explanation for the observed reactivity pat-
tern. The quenching constants (k,) of the Pc triplet decay, as
with 30, above (Table 3) reveal very inefficient quenching
(10*-105 M-! 1) for all but (¢t-butyl),-PcZn and (s-butyl),-
PcPd (10° M~! s71). However, the triplet lifetime (7) for the
latter is only 10 ps compared to the 41 ps for the former
(Table 2). Comparison of the triplet absorbance values with
and without quencher indicated no significant change in the
amount of triplet states formed, thus confirming the expec-
tations discussed above. Carbon tetrachloride did not quench
the fluorescence of the longest-lived singlet state ([z-butyl],-
PcH,, 9.00 ns) at concentrations of up to 30 mM, sufficient
to quench greater than 99% of all the triplet states and 50%
of all the singlet states (except [z-butyl],-PcPd).

Photoinduced electron transfer reactions were also exam-
ined with p-chloranil (2,3,5,6-tetrachloro-1,4-benzoquinone)
and methyl viologen (1,1’-dimethyl-4,4'-biopyridinium,
‘‘paraquat’’) as electron acceptors. Because steady-state ir-
radiations produced no observable reaction products, the re-
actions were studied using the nanosecond flash photolysis
system described above and in dry acetonitrile to facilitate
separation of the radical ion pair and solvation of methyl
viologen (MV?2*).

Excitation of (diol)(z-Bu);-PcZn (65 mM) with MV-(PF),
(0.5 mM) in dry, nitrogen-saturated acetonitrile, produced a
signal at 395 nm (from MV™) (61), which increased at the
rate of ~2 X 10° s~!, equivalent to the rate of the Pc triplet
decay (Fig. 4). The rate of *PcZn quenching was observed
to be approximately diffusion controlled (2 X 10'0 M-! s-!
for acetonitrile (54)) by comparison of the triplet lifetimes
with and without quencher (57).

Lifetime of S* (no quencher):
l/tl = k| (8)
Lifetime of S* (with quencher):

Uty = ky + ,[Q]

= 1/t + k[Q] ©)
therefore:
ky = V[QJ(1/t, — 1/t) (10)
ZnPc -5 ZnPc* a1
ZnPc* + MV?* — ZnPc* + MV+ (12)
ZnPc* + MV* = ZnPc + MV2* (13)
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Figure 5. Difference absorption spectra of (diol)(s-butyl);-PcZn
with 0.5 mM MV?2* (in acetonitrile) 36, 324 and 648 ns after the
excitation pulse.

Equations 11-13 show the basic steps involved in this
reaction. The reciprocal of the MV* lifetime (1/t) values
were plotted against various concentrations of the MV?2+
quencher (1-10 mM). The slope of a line drawn through
those points yielded a triplet quenching constant (k,) of 2.3
X 108 M-! s~'. The bimolecular decay (Eq. 13) was analyzed
by following the decay of both MV*" (at 395 nm) and ZnPc*
(at 840 nm, a wavelength unique to that species) (62). By
fitting each decay curve with a second-order rate algorithm,
an observed rate constant of approximately 5.1 X 10° 5!
was obtained. Because the rate of decay is equivalent for
each species

—d[MV+1/dt = —d[ZnPc*}/dt = k[MV*[ZnPc*]. (14)

If the concentrations of the two radical cations formed are
equivalent at any time (t)

—-d[MV~*)/dt = k[MV+]2, (15)

Integration of this rate equation and substitution of [MV*]
by OD/el (using Beer’s Law) gives

1/0D, = 1/OD,., + (klel),. (16)

By plotting 1/0D, versus time, the slope of the line gives
the value of the observed rate constant (K = k/el). If the
extinction coefficients of the radical cations are known, then
the actual bimolecular rate constant can be calculated. Using
the values of €yv* = 3.8 X 10* M~ cm~!' (at 395 nm) (63)
and €z p.~ = 3 X 10* M~! cm™' (estimated from the molar
absorptivity spectrum of ZnPc*, at 395 nm) (56) the total
extinction coefficient becomes ¢ = 6.8 X 10 M~! cm™!. A
value of 3.5 X 10" M-! s-! is then obtained for the rate
constant (k). Therefore, the recombination of MV* and
ZnPc* (to MV?* and ZnPc) occurs slightly faster than the
diffusion-controlled rate for acetonitrile (2 X 100 M-! s-1)
59).

The difference absorption spectra for this reaction (Fig. 5)
show mostly Pc triplet, 36 ns after the excitation pulse, fol-
lowed by the appearance of the reduced MV* (at 395 nm)
and the oxidized ZnPc* (at 440, 510 and 840 nm—consis-
tent with the (tert-butyl),-PcZn*' formed with CBr, above),
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Figure 6. Difference absorption spectrum of ([diol][r-butyl];-
PcZn)* (0-0.2 ps after excitation pulse). Methyl viologen concen-
tration is increased to 10 mM to quench the initial *PcZn formed
after excitation. Photolysis is run in oxygen-saturated acetonitrile to
quench any MV*,

340 and 648 ns after the excitation pulse. By increasing the
[MV2+] to 10 mM, the initial 3PcZn absorbance is quenched.
Running the photolysis in an air-equilibrated solution ([O,]
= 1.91 mM (44)) quenches the MV * formed and leaves only
the ZnPc* difference spectrum (Fig. 6). Unfortunately,
steady-state irradiation of (diol)(z-Bu);-PcZn with MV2* in
acetonitrile produced no discernible change in the ground-
state absorption spectrum.

DISCUSSION

Photophysical measurements

The values listed in Table 2 compare the properties of the
lowest-lying, ligand-centered singlet and triplet states for the
unsubstituted (literature) and substituted MPc. In general, the
values measured for the symmetrically and unsymmetrically
substituted MPc correlate well with the literature values for
the unsubstituted MPc. As the central substituent is changed
from H, to Zn to Pd, the fluorescence emission wavelength
is blue-shifted (except for [diol] [-Bu);-PcPd), and the val-
ues for @ and 7, decrease. The decrease in @y is generally
concurrent with the increase in ®; and is expected from the
‘‘heavy atom effect’” as the central substituent is changed
from H, to Zn to Pd (53). The decrease in 7 is expected as
the rate of intersystem crossing (k;,.) increases, hastening the
depopulation of the excited singlet state. Because the frac-
tions of excitation energy resuiting in fluorescence (®g) and
in triplet formation (®1) do not add up to unity, the remain-
ing excitation is presumed to be dissipated as heat (nonra-
diative decay, k,). This, of course, assumes that no photo-
chemical reactions are occurring from the excited state. The
rate of nonradiative decay can be measured using a calori-
metric technique, such as photoacoustic calorimetry (64,65)
or thermal lensing, (21,66) but was not performed here.
The value of ®; for (diol)(#-butyl);-PcZn in Table 2 is
conspicuously low when compared to the ®, values in Table
3, and to the triplet quantum yield for the symmetrical (-
butyl),-PcZn. Given the relative accuracy with which these

values were obtained, along with the obviously low value
for this suspect number, it is assumed that the measurement
was in error and should be repeated in a more rigorous study.
A thorough explanation of possible sources of error for both
sets of quantum yield values may be found in the author’s
dissertation (3).

The potential for photodynamic therapy (PDT) efficacy

The three (diol)(z-butyl);-PcM chromophores were tested as
potential PDT sensitizers by examining the inhibition of the
mitochondrial enzyme cytochrome c oxidase (67). Although
the unsymmetrically substituted MPc possess significant
quantum yields for singlet oxygen production (®,), as well
as sufficient solubility in biologically acceptable media, such
as EtOH and DMSO, they did not inhibit the activity of
mitochondrial cytochrome c¢ oxidase. This lack of activity is
attributable to an assumed low uptake by the mitochondria
(as indicated by the precipitate formed after centrifugation)
and to fluorescence quenching in the mitochondrial buffer.
The quenching is due to aggregate formation and/or a buffer
component {presumably bovine serum albumin, BSA),
which effectively competes with ground-state oxygen for the
sensitizer’s excited-state energy. The latter significantly re-
duces the ®, values to near zero. Furthermore, from the ab-
sorption and emission spectra of the MPc in buffer, and be-
cause no emission from '0, could be detected in the buffer
solution alone, the aggregate formed in the mitochondrial
buffer precludes any significant formation of '0,. Therefore,
it is clear that the design of potential PDT sensitizers with
good solubility properties and ®, values does not necessarily
ensure sufficient PDT efficacy in a biologically relevant me-
dium.

Photooxidation reactions

Although reversible electron transfer to CBr, and CCl, was
observed only with (t-butyl),-PcZn, presumably as a result
of an effective combination of triplet quantum yield and life-
time, the ground-state absorbance bleaching with the other
macrocycles suggests a reaction with the acceptor. This re-
action may take place after electron transfer, with either half
of the disproportionated anion radical, to produce a species
with little or no visible absorption. Using MV and p-chlor-
anil as electron acceptors provided evidence of Pc radical
cation formation, but only the zinc-containing macrocycles
were sufficiently soluble to determine the kinetics involved.
Axial ligation of the solvent to the metal center of a Pc
prevents interfacial stacking and thereby enhances solubility.
Although the nitrogen lone pair electrons of acetonitrile are
not as donating as those of pyridine, some coordination may
be expected to take place with metals (such as Zn*) that
will accept them. The zinc compounds were observed to be
slightly more soluble than the free-base and palladium com-
pounds in terms of chromatography. Thus, through a pre-
sumed coordination with the solvent, they may remain more
soluble in photoinduced electron transfer reactions as well.
The lack of reactivity observed for the unsymmetrically
substituted (diol)(z-butyl);-PcM and the (¢-butyl),-PcM (M =
H, and Pd) toward photoinduced electron transfer with ac-
ceptors such as CBr, and CCl, is not sufficiently explained
by comparison of the free energy values shown in Table 4.



Although the excited triplet states of MPc have an average
of 0.62 eV less energy than their singlet counterparts (Table
4), none of the free energy values for electron transfer is
very different from the other. However, examination of the
triplet-state properties shown in Table 2 reveals that only (¢-
butyl),-PcZn has the highest combination of triplet quantum
yield (@ = 0.24) and lifetime (71 = 41.1 ms). The palladium
compounds have as high (or higher) triplet quantum yields
but shorter triplet lifetimes. The other zinc and free-base
compounds have longer triplet lifetimes but smaller triplet
quantum Yyields.

The energy of the excited state must not only be high
enough to facilitate electron transfer, but the reaction (spe-
cifically the cage escape and ion pair separation steps) must
also occur at a rate that exceeds both the rates of back elec-
tron transfer (returning to the original ground-state reactants)
and other reactions (e.g. decay, quenching by oxygen, erc.).
If electron transfer does occur, the ions may not escape the
solvent cage and separate to become free ions (see the In-
troduction) before they recombine and therefore will not be
observed experimentally. However, ions that do escape the
solvent cage will not likely recombine due to the fast dis-
proportionation of CBr,~ to CBry and Br-. Unfortunately,
the advantage of this disproportionation is diminished by the
possible reaction of the donor radical cation (MPc*) with
either CBry or Br~. Such a reaction, if rapid and efficient,
would alter the absorption spectrum of the radical cation and
obscure its presence to the researcher. The bleaching of the
ground-state absorbance bands, when MPc other than (-bu-
tyl),-PcZn were photolyzed with either CBr, or CCl,, sug-
gests that reaction of the radical cation, if formed, with the
disproportionated acceptor products was occurring.

Electron transfer to MV2* was expected to give an ob-
servable Pc radical cation due to the charge repulsion that
occurs upon formation of two positively charged species
(MPc* and MV™). This charge repulsion should be the driv-
ing force behind a favorable cage escape rate over the back
electron transfer rate. Using the Rehm/Weller equation (Eq.
1) discussed in the Introduction, all six MPc have an exer-
gonic free energy for electron transfer (AG®) to MV (Table
4). These values are calculated from the reduction potential
for MV in CH;CN (—0.44V vs SCE) (68), the MPc oxidation
potentials from Table 1, and the AEy, values estimated from
the intersection of the absorption and emission spectra. Giv-
en that the metallophthalocyanines examined are expected to
react preferentially from the triplet state when excited with
wavelengths greater than 600 nm (10,56), it may be more
germane to use the triplet energy (Er) values for the MPc
instead of the 0-0 excitation energy (AE,) values. Although
the E; values were not determined specifically, the wave-
lengths of phosphorescence for the Zn(II) and Pd(II) chelates
may be used as an approximation. For the free-base com-
pounds, the value determined by McVie et al. for the un-
substituted H,Pc (in chloronaphthalene) was used (27). The
authors obtained this value by bracketing the rates of energy
transfer to/from various quenchers of known triplet energy
(e.g. B-carotene, perylene, anthracene). The less exergonic
AG? values resulting from the E; values [AG® (Er)] instead
of the singlet energy AE,y, values [AG® (AEy)] reflect the
lower energy available to induce the electron transfer reac-
tion.
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The literature has many examples of electron transfer us-
ing porphyrins and Pc as sensitizers. In most cases, though,
back electron transfer, from the radical ion pair [MPc*/A~]
to the ground-state reactants, is prevented using a sacrificial
donor (such as EDTA, triethanolamine or cysteine) that re-
acts irreversibly with the radical anion of the electron ac-
ceptor (10,63,69,70). Electron transfer between an excited
MPc and an electron acceptor, without the addition of any
sacrificial donors, has been observed only occasionally
(9,71,72). Usually, these positive results come from the ap-
propriate balance of cage escape and back electron transfer
rates, as well as continued solubility throughout the course
of the reaction.

Unsymmetrically substituted MPc (either AB; or other
configuration) have a great potential in applications such as
PDT. It has already been shown that the MPc are effective
photosensitizers both in vitro and in vivo (73). Through sys-
tematic modification of the central metal, its axial ligands
and the peripheral substituents, series of macrocycles may
be developed in order to investigate the variety of mecha-
nisms that have been proposed for the photodynamic action.
Subcellular localization has been a constant source of frus-
tration for many researchers working with the porphyrin-
and Pc-based photosensitizers. While a compound may be
very effective in vitro, in vivo application sometimes leads
to reduced (or even enhanced) effectiveness. Although mod-
el systems such as the octanol/water partition coefficient can
give investigators an idea of a compound’s localization be-
havior, these are approximations at best. A series of ration-
ally designed compounds, which vary in one and only one
property (or at least minimal variation in all other proper-
ties), is needed in order to systematically understand the
manner in which changes in structure affect localization, sin-
glet oxygen production and PDT efficacy. It is hoped that,
through the initial studies performed here, a better under-
standing of the photochemical mechanisms involved with
PDT and photoinduced electron transfer may be gained.
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