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Direct measurements of the radical reaction products following the electrochemical and photochemical oxidation
and reduction of a metallophthalocyanine sz-ring are reported. Electrospray mass spectrometry was used to detect the
presence of the anion zinc(ll) (1,4,8,11,15,18,22,25-octafluoro, 2,3,9,10,16,17,23,24-octaperfluoroisopropylphthalo-
cyanine chloride, [ZnperFs;Pc(—2) (CI)]~, and its zr ring anion radical species, [ZnperFesPc(=3)(CI)]>~. This paper
describes the use of ESI-MS techniques to determine the products of an on-line, photochemical radical oxidation,
using CBr, as a sacrificial photoinduced oxidizing agent, which oxidized the radical, [ZnperFg,Pc(=3)(CI)]>~ species
to [ZnperFgPc(=2)(Cl)]~, where the complete reaction was detected directly by the mass spectrometer. This study
makes use of electrospray mass spectrometry to detect the presence of an anion radical as the key component
in the ring-reduced species and to monitor the immediate products of the important class of photochemical reduction
and oxidation reactions in which radicals of the Zn Pc are formed in situ.

Introduction identity of all the photochemical products cannot be

Ring oxidation and reduction reactions of the natural obtainect¢*and in many cases absolute determination of
chlorins and porphyrins play a critically important role in a ':)he prejenbce of a ”nﬁ OX|d|_zed| (()jr fng reducedlspec[?s qan|r|1 ot
large number of biological systems. These reactions have e made because the optical data are not clear. Typically,

been exploited with synthetic porphyrins in applications from optical t?chmq#efs hav((ja bﬁ in Iused t_o chqracteglze tfh N reg ox
solar energy collectors to photocatalysts. Important roles of states of porphyrin and phthalocyanine rings, but often the

photoinduced radical reactions of ring-substituted and periph-lt'r:n'tedt!'felozi tr;ese stpr)]ect:les mhsolgtlon ;ﬁdft.:es tlhe ltjt'“ty.Of i
erally substituted porphyrins and phthalocyanines are the key € optical dafa so that mechanisms that Involve transien
radical species cannot be elucidated. In particular, while ring

mechanistic steps in photodynamic therapy (PDT) of turhors. ' <. dation i its in th f readil
Redox reactions of synthetic porphyrins and phthalocyanines_oxI ation in many cases results in the appearance of readily

are a significant factor in their use as catalysWhile it |dent|f|a_b le spectra_l 5|gnatL_1res, n both_phthalqcyanlnes and
is well-known that many of the reaction pathways of the porphyrins (even in proteins), the anion radicals are not

porphyrins and phthalocyanines involve radical species nearly as weII-characterizgd. Indeed, the opt.ical fjata O.f
formed following chemical, electrochemical, and photo- very few ring-reduced species have been described in detall,

chemical oxidation and reductiénn most instances, the yet the ring-reduced porphyrins and phthalocyanines hold
promise as the next generation of electron-donor-based

catalysts.
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We report here the determination of an anion-radical-

Keizer et al.

involve complicated electrochemical and photochemical

based, photochemically dependent reaction mechanism forpathways similar to those involved in PDT and catalysis with

a zinc phthalocyanine using coupled electrospray ionization
mass spectrometrf{ESI-MS) and absorption spectrometry
to probe the redox state of the ring following the redox
reactions. These results show that the ESI-MS technique will
allow identification of the transient products of photochemi-

direct application to novel porphyrin and phthalocyanine
chemistries.

Experimental Methods

Materials. [Zn"perR4Pc(=2)]° was synthesized and purified at

cal reactions of porphyrins and phthalocyanines that take Brown University by Sergei Gorun’s research group. Spectrograde

place through radical mechanisms. Previously, Van Berkel's
group has reported extensively on the use of ESI-MS in

DMF (Fischer Scientific), hydrazine hydrate (Aldrich), and ¢Br
(Kodak) were used directly from the bottle.

analyzing porphyrins and the mechanisms that take place Methods. Room temperature absorption spectra were recorded

during the ESI-MS analysfsArakawa and co-workers have

laid down the foundation for the use of on-line ESI-MS
techniques, including designing flow-through optical cells
for use prior to ionizatiod. There have been a number of

from degassed, argon saturated DMF solutions using a Cary 5
spectrophotometer (Varian, Inc.) controlled by the Cary WinUV

software. Electrospray ionization mass spectrometry (ESI-MS) was
carried out using a Perkin-Elmer Sciex API 365 mass spectrometer
calibrated using a standard solution of PPG (polypropylene glycol).

reports concerning the mechanisms of reactions that takeso|utions were introduced using a Hamilton 280 microsyringe

place during ESI-MS analysisiith some applications related
to porphyrins but none related to the redox chemistry of
phthalocyanine& In this paper, we report the identification
of both the photochemically formed anion radical of per-
fluoro(octaperfluoroisopropyl)phthalocyanih®,[Zn(Il)per-
Fs4sPc(—2)], and analysis of the photochemical oxidation of
a metal phthalocyanine anion complex. [BerRPc(—2)]
readily forms the anion radical, [Zn(ll)pesfPc(-3)]", a
species that is stabilized by the electron-withdrawing proper-

employing a Harvard Apparatus syringe pump. The mass spec-
trometer was run in the negative ion mode with the ion source at
—5400 V at the ionization tip. The infusion rates wergl2Zmin.
MALDI-TOF-MS data were acquired on a Micromass TofSpec
2E mass spectrometer (Wythenshawe, Manchester, U.K.) in the
negative ion mode. The sample for MALDI-TOF-MS analysis
was dissolved in 100% acetone to give a solution of approximately
1 mg/mL. A 10 mg amount ofi-cyano-4-hydroxycinnamic acid
(o) was dissolved in 1 mL of 99:1 acetone:0.1% TFA to form
the matrix solution. Sample and matrix were mixed 1:1 prior to

ties of the 64 peripheral fluorines. The data described hereppjication onto the target. The samples were analyzed in the
show tha_t ES'_'MS Can_be used to investigate the f_ormatlon reflectron mode, and MS spectra were externally calibrated with
of short-lived intermediate species following reactions that a peptide mix (bradykinin, angiotensin I, renin substrate, and

(5) Quirke, J. M. E. InThe Porphyrin Handbogkadish, K., Smith, K.
M., Guilard, R., Eds.; Academic Press: New York, 2000; Vol. 7,
Chapter 54.

(6) (a) Van Berkel, G. J.; McLuckey, S. A,; Glish, G. Anal. Chem.
1991 63, 1098-1109. (b) Van Berkel, G. J.; McLuckey, S. A.; Glish,
G. L. Anal. Chem1992 64, 1586-1593. (c) Van Berkel, G. J.; Zhou,
F. Anal. Chem1994 66, 3408-3415. (d) Zhou, F.; Van Berkel, G.
J. Anal. Chem1995 67, 3643-3649. (e) Deng, H.: Van Berkel, G.
J.Anal. Chem1999 71, 4284-4293. (f) Zhou, F.; Van Berkel, G. J.;
Donovan, B. T.J. Am. Chem. S0d.994 116, 5485-5486. (g) Van
Berkel, G. J.; McLuckey, S. A.; Glish, G. lAnal. Chem1991 63,
2064-2068. (h) Van Berkel, G. J.; Asano, K. @nal. Chem1994
66, 2096-2102.

(7) (a) Arakawa, R.; Matsuo, T.; Nozaki, K.; Ohno, T.; Haga, IRbrg.
Chem.1995 34, 2464-2467. (b) Okamoto, M.; Doe, H.; Mizuno,
K.; Fukuo, T.; Arakawa, RJ. Am. Soc. Mass Spectro®98 9, 966—
969. (c) Kimura, K.; Sakamoto, H.; Kado, S.; Arakawa, R.; Yokoyoma,
M. Analyst200Q 125 1091-1095. (d) Kimura, K.; Mizutani, R.;
Yokoyama, M.; Arakawa, RAnal. Chem1999 71, 2922-2928. (e)
Arakawa, R.; Abura, T.; Fukuo, T.; Horiguchi, H.; Matsubayashi, G.
Bull. Chem. Soc. Jpri999 72, 1519-1523. (f) Arakawa, R.; Matsuda,
F.; Matsubayashi, GI. Am. Soc. Mass Spectrof®97, 8, 713-717.

(g) Arakawa, R.; Tachiyashiki, S.; Matsuo, Anal. Chem1995 67,
4133-4138. (h) Arakawa, R.; Mimura, S.; Matsubayashi, G.; Matsuo,
T. Inorg. Chem.1996 35, 5725-5729. (i) Arakawa, R.; Jian, L.;
Yoshimura, A.; Nozaki, K.; Ohno, T.; Doe, H.; Matsou, Thorg.
Chem.1995 34, 3874-3878. (j) Arakawa, R.; Lu, J.; Mizuno, K;
Inoue, H.; Doe, H.; Matsuo, Tint. J. Mass Spectrom. lon Processes
1997 160, 371-376. (k) Fukuzumi, S.; Nakanishi, I.; Maruta, J.;
Yorisue, T.; Suenobu, T.; ltoh, S.; Arakawa, R.; Kadish, K. M.
Am. Chem. Sod 998 120, 6673-6680.

(8) (a) Limbach, P. A.; Vandell, V. El. Mass Spectroni998 33, 212—
220. (b) Volmer, D. A.; Lay, J. O.; Billedeau, S. M.; Vollmer, D. L.
Anal. Chem1996 68, 546-552. (c) Lee, E. D.; Mak, W.; Henion,

J. D.; Covey, T. RJ. Am. Chem. Sod 989 111, 4600-4604. (d)
Xu, X.; Lu, W.; Cole, R. B.Anal. Chem1996 68, 4244-4253.

(9) Prepared by S. Gorun and B. Bench, Brown University, Providence,
RI. [Zn(Il)perFPct2)] is Zn(ll) perfluoro(octaperfluoroisopropyl)-
phthalocyanine (ZngzCseNs).

(10) Keizer, S. P.; Han, W.; Mack, J.; Bench, B.; Gorun, S.; Stillman,
M. J. Submitted.

354 Inorganic Chemistry, Vol. 41, No. 2, 2002

ACTH18-39). The photochemical reactions were carried out under
anaerobic conditions, using a 300 W tungstealogen Kodak
projector lamp, featuring a Pyrex filter. The photoreduction reaction
was carried out using a 1% (v/v) solution of hydrazine hydrate as
the electron donor in dimethylformamide (DMF; eq31).

IM"PcE2)][CI7] ™ + NoH,-H,O + hv —
[M"Pc(=3)][CI"] 2 + hydrazine radical products
(M=2n) (1)

The photochemical oxidation of the radical anion of this molecule
was carried out using a 0.1 M solution of GBn DMF and
irradiating the sample with visible light. The use of GBrs a
sacrificial electron acceptor has been well-documented in our
laboratory? (eq 2).

IM"Pc(3)][CI"] *+ CBr,+ hv —

IM"Pc(=2)][CI" ]!+ Br~ + other radical products
(M =2n) (2)

Results and Discussion

Figure 1 shows the MALDI-TOF MS spectrum for [¥n
perk4Pc] in the negative ion mode. We observe peaks
centered on 206dVz and 2101m/z. The species responsible
are assigned as the [Brerk4Pc(—3)]~ radical anion at 2064
amu and the [ZtperR/Pc(=2)(Cl)]” anion at 2101 amu. The
calculations of the isotopic distributions expected for the two
species observed in A and C are shown as B and D,
respectively, and indicate very close alignment of the patterns
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Figure 1. MALDI-TOF mass spectrum of ZtperFs4Pc. The four insets (AD) show the expanded experimental data at 2064 amu (A) fdld&rs4Pc]
(2063.97, 2065.96, and 2067.97) and 2101 amu (C) folp&nrs4PcCI]~ (2100.79 and 2102.80), and the corresponding calculated isotopic distribution
patterns B (2063.85, 2064.85, 2065.85, 2066.85, and 206@8%nd D (2098.82, 2099.82, 2100.83, 2101.83, and 2102v@B respectively.

in each region, confirming the identification. In this MALDI-  coexistence of these two species shows that an unusual
TOF-MS experiment, only anions can be detected, and we equilibrium is established between the neutral complex and
propose that the Pe@) ring is detected because of the the ring-reduced complex, which we interpret as being due
ligation of chloride to the ZfperFs4Pc species and that this to the presence of the peripheral, electron-withdrawing
accounts for the negative charge on the complex. The radicalfluorines that provide a stabilization of the negative radical
anion is formed following the photochemical ionization charge. There are two mechanisms for the radical anion in
process also leading to an anionic species. this initial solution, (i) adventitious photoreduction from the
Figure 2 shows two sets of data, a series of mass andlaboratory lighting that takes place even under aerobic
absorption spectra, for separate solutions of Zn(Il)p&E conditions, which is observed in the absorption spectrum,
dissolved in DMF under different experimental conditions. and (ii) an additional source of ring reduction in the mass
The first set of data illustrates the case where the sample isspectral data arises from the negatively charged capillary tip
simply dissolved in DMF (Figure 2A,A. We can clearly of the ESI spectrometer inlet. Previous reports of cation
see from both data sets that there is a mixture of two different radical formation in the ESI mass spectrum have shown
species, following dissolution. Figure 2A shows the mass electrochemical oxidation occurring at this step with detection
spectral pattern obtained for the crystalline [Zn(ll)parF  of the positive ion in the mass spectroméfeThe [Zn'-
Pc(-2)] dissolved in DMF in the absence of any redox active perksPc(—2)] is detected as the chloride anion [Perks.
agent. In Figure 2A, the peak at 1060z is due to the ring- Pc(=2)CI]~ with a total mass of 2101.0 under the low
reduced species, [ZperksPc3)Cl]?>", and the peak at resolution ESI-MS experimental conditions. Zinc phthalo-
2101nv/zis due to the chloride ligated neutral species,"iZn  cyanines typically bind one chloride ion at the fifth position,
perk4Pc(—=2)CI]~. The absorption spectrum, Figure '24s and the synthesis of many MPc’s involves using the metal
clearly a mixture of both the solutions in Figure'2B, that chlorides. We observe the isotopic distribution contributed
is, a mixture of the neutral and ring-reduced species. The by the bound chloride ion using MALDI-TOF MS (inset

Inorganic Chemistry, Vol. 41, No. 2, 2002 355



Keizer et al.

]
[ZnperF, Pc(-2) (CD)]*
1 A
1050.0
2101.0
08 3 [ZnperF, Pc(-3)(CI)]?
[ZnperF Pe(-3)(CI)] 2 E
g06 >
- @
: <
04 [ZnperF ,Pe(-2) (CD]
1
0.2
e IV T PR, il 0
1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 300 400 500 600 700, 800 900 1000 1100 120C
m/z mn
B 1
1049.9
4 [ZnperF, Pc(-3)(C1)]*

| | [ZnperF, Pe(-3)(CI)]2

Absorbance
o
wn

&
“
£ 2
1 2101.7
1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 0300 400 500 600 700 800 900 1000 1100 120C
o A/nm
Z
.
8 2101.4 [ZnperF Pc(-2) (CD]?
6 g
xR
. €0.5
& 2
% 4 1 :
2 [ZnperF Pc(-2) (CD)]
2 11050.0
F N—— DA 0
1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 300 400 500 €00 700 800 900 1000 1100 f20C

m/z

Figure 2. ESI-MS and absorption spectra of [frerfs,Pc(—2)Cl]~ in DMF: (A) in solution under Ar, (B) following photoreduction of A, and (C)
following photooxidation of A. The mass spectra were obtained by integrating the signal during infusion of the solution for varying periods ofdime up
5 min, which gave signal intensities of the ordef 1107 counts/s. The associated absorption spectra were recorded from the same stock solution (top right,
A"). Photoreduction of the stock solution'§An the presence of hydrazine hydrate gives the spectrum of the ring-redwa@dn radical (middle right, B,

and photooxidation of the stock solution'JAvith CBr;, resulted in conversion of all species to the neutrdipémRssPc(—2) with its characteristic Q-band

at 692 nm (bottom right, §.

Figure 1C,D) at ca. 2101v/z. While the predominant species
with a mass of ca. 2064 in the MALDI experiment is without
the chloride, the ESI-MS data in Figure 2 confirm that the
chloride is bound to all of the Zn(ll) in solution.

We have shown previously for ZnPeR) and MgPc{-2)
that photoreduction using visible-region light results in
quantitative formation of the ring-reduced, radical anion
species? The [Zn'perRPc(—2)Cl]~ species was dissolved
in DMF containing 1% (v/v) hydrazine hydrate (the solution
used in Figure 2A, A and photolyzed with visible-region

356 Inorganic Chemistry, Vol. 41, No. 2, 2002

light. This resulted in the complete loss of the neutral
phthalocyanine and quantitative conversion to the ring-
reduced, anion radical, [2perR4Pc(—3)]-, Figure 2B,B
according to eq #¢ The major peak in the ESI-MS (Figure
2B) at 1049.91/z is assigned as the radical anion chloride,
[Zn"perks4Pc(—3)CI]?~ with a mass of ca. 2101 amu. The
absorption spectrum (Figure 2Bhows a complete loss of
the Q-band at 692 nm and replacement with bands at 740,
597, and 470 nm, bands associated with the radical &hion.
So, while the predominant species in the MALDI data is
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Figure 3. Time-resolved mass spectra. Total ion counts as a function of time during infusion of the solutiod' péfEEPc(—3)Cl]2~ in DMF formed

off-line by photoreduction using hydrazine hydrate. ¢Brhotooxidant) was added anaerobically to the solution before infusion. There are three regions:

(A) that starts at 0 min, (B) that starts at 0.75 min, and (C) that starts at 3 min. The boxes show the integration range used to extract the maga spectral da
plotted below. (A) Infusion of the photochemically reduced'[gerRs4Pc(—3)CI]2~ begins at 0 min. (B) Photooxidation begins at 0.75 min, using,@Br

the electron acceptor and the resultant species is detected 'gsefEnPc(—2)Cl]~. (C) At 3 min, the CBj is exhausted and the anion radical re-forms,
resulting in detection of the ring-reduced anion radical'f@rFPc(=3)Cl)%.

the chloride-free ring with a mass ca. 2064 amu, the ESI- spectrum (Figure 2C,T Clearly, one-electron photooxida-
MS data confirm that the chloride is generally bound to the tion of the ring-reduced anion radical species took place,
Zn(Il) in solution to give a mass of 2101 amu. resulting in quantitative formation of the chloride complex
We have reported previously that main group porphyrins of the neutral phthalocyanine, [ZperRsPc(2)Cl]~, with
and phthalocyanines can be photooxidized with visible-region no indication of degradation. Even though the use of LBr
light to the ring-oxidized MP{1) or MPc(—1) species using  has been demonstrated previously by optical methods, the
CBr, as an irreversible photooxidation agéhhowever, we exact nature of the products of the GBrhotooxidation
have not previously applied this powerful and highly selective reaction, eq 2, have not previously been reported nor has
method to the photooxidation of ring-reduced radical species. the lack of photodegradation product been established. When
CBr, was added anaerobically to a solution of the radical the solution used in Figure 2Avas photochemically oxidized
anion [Zr perk4Pc(—3)CIJ> formed photochemically. Sub-  using CBy, as the acceptor, only the chloride ion complex
sequent irradiation with visible-region light formed the of the neutral phthalocyanine, [#perksPc(—2)Cl]~, was
species that exhibited a mass of 2101z in the mass  observed, with a mass of 2104z, Figure 2C.

Inorganic Chemistry, Vol. 41, No. 2, 2002 357
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The set of mass spectral data shown in Figure 2 display a As the photooxidation reaction proceeds, the LCBr
novel series of data in which each of the major components consumed, so that by the 3 min point no unreacted,CBr
in the photoredox cycle has been identified from the dilute remains and the excess hydrazine hydrate present allows the
solution. While these data and previous reports have de-continued illumination to initiate photoreduction of the ring
scribed the redox states of stable species, in many cases, thback to the anion radical. The predominant species in time
redox intermediates in redox reactions involving ring-based region C in the presence of the light, Figure 3C, is observed
redox chemistry are not stable and are converted to otheras the peak at 105%/z. MS spectra recorded simultaneously
species before spectroscopic analysis is complete, resultingn the 70-90 mv/zregion show the appearance of the isotopic
in ambiguous information. The products of photochemical masses 79 and 81 from Bduring the initial illumination
oxidation and reduction reactions determined dynamically reaction. These results represent the first simultaneous
are of greatest importance for applications where the reac-detection of the photooxidized, ring-based Pc species and
tions take place under conditions that rapidly quench the the Br- product of the irreversible photoreduction reduction
photochemically formed radical species. One such exampleof the CBu.
is the detection of the compounid intermediate in the These data provide dramatic evidence of the photooxida-
cytochrome B enzymatic cycle (a proposed iron(V) tion of a radical anion in the presence of reagents that will
porphyrin cation radical with an overall oxidation state of allow subsequent photoreduction. This experimental sequence
3+ above the neutral EB(—2)). We address such conditions  will allow on-demand reversible photoredox chemistries
in the reaction described in the mass spectral data shownreactivity at the rate of the photochemical reactidrggered
in Figure 3. The reactions described here form a complete by a discrete number of photons. The number of photons
cycle in which photoreduction is followed by in situ photo- depends on the molar ratio of the GBidded-so that there
oxidation. The key features are that the data in Figure 3 showis a mechanism for integrating a process in the following
how the complete redox cycle can be achievdtht is way. CBr is used as the product of a calculation or process
Pc(=2) — Pc(—3) — Pc(—=2) — Pc(—3) — photochemically. and can be added quantitatively to the reduced solution of

In the course of Figure 3 we show real-time data obtained the ZnPe-laser photolysis can determine the number of
during photooxidation of a solution of a radical anion photons required to exhaust the GBind return to the
preformed by visible-light photochemical reduction using reduced species. In this study, the ESI-MS experiment
hydrazine hydrate as the electron donor. An aliquot of 0.01 provided the real-time identity of the intermediate radical
M CBr, in DMF solution was then added to the reduced products. In future experiments we will examine the response
[Zn"perRs4Pc(—3)CI]> species anaerobically and the mixed to flash photolysis as a means of determining rates and initial
solution infused into the ESI mass spectrometer at a rate ofproducts of redox reactions carried out in dilute solutions
2 uL/min. At this stage, the total ion current grows in and the subsequent appearance of other species following
intensity (Figure 3A) as the infusion begins to fill the ring oxidation or ring reduction in porphyrins and phthalo-
atmospheric pressure interface (API) with phthalocyanine cyanines. We will also begin study of the short-lived reaction
anions;t = 0 min marks the beginning of the infusion. The intermediates in the peroxidase and catalase enzymatic cycles
total ion data were recorded over a period of 5.5 min. The to detect all species that take part in these reactions. The
time-resolved data in Figure 3 were separated into threedetection of all products of the photochemical activating
stages (A-C) and thenvVz spectra extracted from the total reaction and the tuning of the quantum yield represent major
ion chromatogram by integrating within the time limits tasks in PDT research.
defining the stage and plotted as the corresponding mass
spectra.

During the first stage, the radical dianion, [ferk.-
Pc(3)Cl]?", observed at 105fz, is the sole species for
the first 0.75 min, Figure 3A. After 0.77 min the solution
was illuminated through the glass syringe with visible light,
which, in the presence of CRBrinitiated a photooxidation
reaction inside the glass syringe. Photolysis resulted in 100%
oxidation of the radical anion to the neutral species with a
mass of 2101z being detected in stage (Figure 3B). IC010688W
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