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Photochemical, electrochemical, and chemical methods have been used to form the ring-oxidized, r-cation-radical species of 
magnesium phthalocyanine, [MgPc(-l)]'+. Photooxidation of MgPc(-2) was carried out by excitation with visible region light 
into the phthalocyanine Q band at 670 nm, using carbon tetrabromide as an irreversible electron acceptor. The radical cation 
was also formed by controlled potential coulometry at the first oxidation potential (+0.70 V vs SCE) of MgPc(-2) and by chemical 
oxidation with nitric acid. Absorption and magnetic circular dichroism (MCD) spectra are reported between 250 and 850 nm 
for [(L),MgPc(-I )]'+ ( n  = I ,  2) r-cation-radical species, where L = imidazole, 4-methylimidazole, pyridine, methylpyridine, or 
cyanide. The first low-temperature absorption and MCD spectra (at 200 K) of [MgPc(-l)]'+ are reported, under which conditions 
it is shown that the cation-radical species dimerizes completely. Electron paramagnetic resonance (EPR) spectra confirm that 
at low temperatures the unpaired spins couple. At elevated temperatures (>300 K) in dichloroethane, the monomer predominates. 
Band deconvolution calculations, which couple fits for both absorption and MCD spectra, are reported for each of the radical-cation 
species. These results are compared to previous band assignments and the deconvolution results for [ZnPc(-l)]'+ reported by 
Nyokong, Gasyna, and Stillman (Inorg. Chem. 1987, 26, 1087-1095). At room temperature, the spectra arise from a mixture 
of monomers and dimers. For [(im),MgPc(-I)]'+, nine well-resolved transitions are centered near 825 nm (12 100 cm-I), 717 
nm(13900cm-'),507 nm(19700cm-1),422nm(23700cm-~),372nm(26900cm-~),319nm(31300cm-'),276nm (36300 
cm-I), 266 nm (37 700 cm-I), and 255 nm (39 200 cm-I). Major band maxima in the experimental spectral data of the monomer 
are located at 825,505,41 I ,  387, and 328 nm. Major band maxima in the spectra of the dimer (measured at 200 K )  are located 
at 712, 510, 370, 317, and 277 nm. Deconvolution of the absorption and MCD spectra indicate that all but the 507-nm absorption 
band arise from degenerate transitions. Calculations provide band centers at 826 (Q), 507, 413 (BI), 387 (B2), 330, 315, and 
277 nm for the monomer and at 717 nm (Q), 507,422 (Bl), 372 (BZ), 319,276, and 255 nm for the dimer. The 507-nm band 
is assigned to a nondegenerate transition from a low-lying molecular orbitals into the half-filled a,,(*) molecular orbital. Analysis 
of these data identify transitions specifically related to the 2Alu ground state of the ring, allowing comparisons to be made with 
the spectral data from [ZnTPP(-I)]'+, a species with the 2A2u ground state. 

Introduction 
The chemistry of metallophthalocyanine (MPc(-2)) ring com- 

plexes has been well studied.' The phthalocyanines exhibit 
chemistry and spectroscopic properties that are distinct from those 
of the parent porphyrin. Interest in these complexes arises in part 
from their use as models for the heme proteins and chlorophylls2-8 
and in part from their extensive electrochemical properties that 
make them useful as catalysts, photochemical redox agents in solar 
energy conversion, visual pigments in displays, and photosensitizers 
for photodynamic therapy.'.''' (We should note that the no- 
menclature for the charge on the ring gives Pc(-2) as the dianion, 
so that when complexed with a dicationic metal, the overall 
complex is neutral. For ring-oxidized cations, the ring charge is 
expressed as Pc(-I), Pc(O), etc. so that the overall charge is + I  
for [ Mg( II)Pc(-I)]'+.~ 

Studies of the electrochemical and photochemical properties 
of porphyrins are facilitated by their high solubility in a wide range 
of solvents; similar studies with phthalocyanines have been hin- 
dered by their limited solubility. An improvement in the solubility 
of phthalocyanines is achieved by attaching sulfate groups to the 
outer periphery of the fused benzene rings, but aggregation makes 
it difficult to fully interpret the resultant spectroscopic and 
electrochemical Group 1 and group 2 metal-substituted 
phthalocyanines are very much more soluble in spectroscopically 
transparent and electrochemically useful solvents. Magnesium 
phthalocyanine exhibits no bands due to charge transfer between 
200 and 1 OOO nm in its absorption spectrum? Because MgPc(-2) 
is highly soluble in methylene chloride, formation of concentrated 
solutions of the radical cation by a variety of methods is also 
possible. Thus MgPc(-2) serves as an ideal model for the spectral 
properties of both neutral and oxidized phthalocyanines. 

The two top filled molecular orbitals in metallophthalocyanines 
are assigned symmetry labels of a', and a2,,, with a,, highest in 
energy. '~~ Oxidation of phthalocyanines yields 2Alu as the ground 
state for the ring. Therefore, the [MgPc(-l)]'+ species models 
the extreme situation of the electronic arrangement in many 
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complexes of octaethylporphyrin (OEP)'4J5 and in the heme 
enzyme catalase,16 in which it is suggested that ground state is 
ZAlu rather than 2A2u. This contrasts with the situation found 
for other porphyrin radical-cation species, for example, 
[ZnTPP(-1)]*+,l4 where the ground state has been assigned as 
2A2u. One-electron oxidation and reduction of the x ring in 
MgPc(-2) has been achieved chemi~ally,~'~'~ electrochemically,'7.'9 
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and photochemically.20*21 Although absor tion spectra of 

considerable uncertainty as to the origin of the major absorption 
observed between 200 and 1000 nm.23 

In recent papers, we have utilized band deconvolution calcu- 
lations to assign the electronic transitions in the absorption and 
the magnetic circular dichroism (MCD) spectra of phthalo- 
c y a n i n e ~ ~ * ~  and  porphyrin^.^^^^ In many instances, the extensive 
overlap of bands makes the reliable identification of band maxima 
and the number of bands present in the absorption spectral en- 
velope impossible. We have found that in order to obtain reliable 
fitting parameters, both the MCD and the absorption spectral data 
must be used together.26 The value of the MCD spectrum in- 
creases dramatically when attempts are made to assign the 
electronic transitions in the r-cation-radical spectra. There are 
simply too many transitions in many parts of the spectrum to allow 
the absorption spectrum to be deconvoluted without the MCD 
spectral data. 

In this paper, we describe photochemical, electrochemical, and 
chemical methods used to form monomeric and dimeric 
[MgPc(-l)]'+ r-cation species. We report the first MCD spectra 
for these species and deconvolution calculations for the absorption 
and the MCD spectra for several [(L),MgPc(-l)]'+ *-cation- 
radical complexes. 
Experimental Section 

Materials and Metbods. MgPc(-2) was prepared according to liter- 
ature methods?' Imidazole (im; Fisher), sodium cyanide (Fisher), 
pyridine (py; BDH), 4-methylpyridine (mepy; BDH), piperidine (pip; 
BDH). methylimidazole (meim; Aldrich), methylene chloride (DCM; 
BDH), dichlorotthane (DCE; BDH), and bromine (Br2; Fisher) were 
used without further purification. Tetrapropylammonium perchlorate 
(TPAP; Kodak) was recrystallized from aqueous acetone. Carbon tet- 
rabromide (Kodak) was recrystallized twice from 95% ethanol prior to 
use. The individual (L)*MgPc(-2) (L = im, CN-, meim, py, mepy) 
complexes were synthesized as described previously! The [(L),MgPc- 
(-1 species used to provide the spectra for the deconvolution calcu- 
lations, were generated by oxidation of the phthalocyanine with either 
0.001 M Brz or 0.001 M nitric acid dissolved in DCM. This p r d u r e  
was quantitative and yielded a solution with low background absorption 
below 250 nm. 

Spectroscopic Metbods. All solution spectra were recorded from ni- 
trogen-saturated DCM and DCE solutions. Absorption spectra were 
recorded on a Cary Model 21 9 spectrophotometer. Low-temperature 
absorption spectra were recorded from liquid solutions cooled in an Ox- 
ford Instruments CF-204 cryostat. MCD spectra were recorded at room 
temperature by using a Jasco J500 C spectropolarimeter controlled by 
a IBM S9001 computer using the computer program CDSCANS,~ with a 
field of 5.5 T provided by an Oxford Instruments SM2 superconducting 
magnet. Calibration of the MCD signal intensity was performed by using 
an aqueous solution of cobalt(l1) sulfate, with the negative band intensity 
at 510 nm, as AtM = - I  .9 X L mol-' cm-l TI. Electron paramag- 
netic resonance (EPR) spectra were recorded on a Bruker ESP 300 
spectrometer. For EPR measurements, chemical oxidation using 0.001 
M nitric acid in DCM was used to form the [M~Pc(-I)] '~ T cation 
radical, the solution was then transferred to 4-mm-o.d. quartz tubes. The 
absolute values of the g factors were calculated from the signal of a 
carbon black standard. 

Data Andysis. As in our previous work, Gaussian band shapes were 
used to fit the absorption and MCD spectra. Fitting was performed by 
using the program SIMP FIT,^ which utilizes a Simplex routine, to fit the 
MCD spectra, and a least-squares minimization routine based on second 
derivatives, to fit the absorption data. The database management pro- 
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Figure . Absorption changes observed during the photochemical oxi- 
dation F MgPc(-2) dissolved in DCM containing IO-2 M CBr,. The 
inset d! plays the absorption spectrum of the radical with less than 5% 
unoxid ed impurity, indicated by an asterisk. The band maxima iden- 
tified in Figures 1-4 were taken from the absorption spectral data. 
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Figure 2. Absorption changes observed as controlled-potential coulo- 
metry was performed at +0.70 V vs SCE on (pip),MgPc(-2) dissolved 
in DCM containing 0.05 M TPAP. The inset displays the absorption 
spectrum with less than 5% unoxidized (pi~)~MgPc(-2). 

gram Spectra Managerz9 was used to manipulate the spectral data. 
Ekctrochemistry. The electrochemical oxidations (controlled-potential 

coulometry) were carried out by using Princeton Applied Research Model 
273 electrochemical system controlled by an IBM instruments S9001 
computer, using the computer program ELECTRA,m essentially as 
previously described.) Electrochemical oxidation of the MgPc(-2) com- 
plexes was carried out in DCM in the presence of 0.05 M (TPAP) using 
an oxidation potential of +0.7 V. All solutions were saturated with dry, 
deoxygenated nitrogen. For oxidations, a platinum mesh was used as the 
working electrode, while platinum foil was used as the auxiliary electrode. 
Silver wire was used as an internal standard.) 
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Figure 3. Absorption changes observed during the chemical oxidation 
of (p~)~MgPc(-2) dissolved in DCM. Br2 was used as the oxidizing 
agent. The inset displays the absorption spectrum of radical with less 
than 5% unoxidized impurity indicated by an asterisk. 
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Figure 4. Absorption changes observed during the chemical oxidation 
of MgPc(-2) dissolved in DCM. Nitric acid dissolved in DCM was used 
as the oxidizing agent. The inset displays the absorption spectrum for 
[MgPc(-I)]'+ with no unoxidized MgPc(-2) present. 

Photochemistry. For photochemical oxidations, an aliquot of the 
(L)2MgPc(-2) species was dissolved in nitrogen-saturated DCM made 
up to 0.01 M in CBr,. The solution was irradiated with light from a 
300-W tungsten-halogen Kodak projector lamp. Irradiation into the 
Q-band of the phthalocyanine was ensured by the use of a Corning C2 
2-73 high-energy (580 nm) cutoff filter. 
Results 

I. Spectral Data. The oxidation of (L)2MgPc(-2) to form the 
radical-cation species can be readily followed in the absorption 
spectrum. In DCM solutions oxidation can be carried out pho- 
tochemically (Figure I ) ,  electrochemically (Figure 2), and 
chemically by the addition of either Br2 (Figure 3) or nitric acid 
(Figure 4). In Figures 1-4, the intensities of the spectral features 
characteristic of the neutral M ~ P c ( - ~ ) , ~  the Q band at 670 nm 
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Figure 5. Absorption (ABS) and magnetic circular dichroism (MCD) 
spectra for neutral (im),MgPc(-2) (dashed lines) and the one-electron 
oxidized [(im),MgPc(-I)]" (solid lines) recorded in DCM. Spectra 
were measured in 1 cm path length square UV cells or 1 cm path length 
cylindrical MCD cells. Note the changes in ordinate scales for the MCD 
traces. 

and the B band a t  345 nm, decrease as the oxidation proceeds. 
Intensities of the absorption and the MCD bands change with the 
axial ligand. The characteristic spectral features of phthalocyanine 
cation radicals a t  room temperature, bands centered near 825, 
717, 507, and 422 nm, grow in intensity isosbestically as the 
oxidation proceeds with each of these methods. 

Photochemical (Figure I ) ,  electrochemical (Figure 2), and 
chemical oxidation using Br2 (Figure 3), lead to incomplete ox- 
idation of MgPc(-2). Figure 1 displays the absorption spectra 
obtained during photochemical oxidation of (1neim)~MgPc(-2). 
Complete oxidation, which we associate with total loss of the 
670-nm band, only takes place with considerable loss in intensity 
of the bands from the oxidized species. Continued irradiation in 
the Q-band region appears to cause disruption of the phthalo- 
cyanine ring. In Figure 1, the photolysis was stopped with about 
5% of the neutral MgPc(-2) remaining. 

During the electrochemical oxidation, Figure 2, new bands 
centered near 650 and 690 nm intensify at the end of the oxidation. 
The positions of these two absorption bands are those expected 
for the symmetry-split Q band of metal-free phthalocyanine 
(H2Pc(-2)). With oxidation by Br2, Figure 3, a shoulder on the 
low-energy side of the 670-nm band appears when oxidation 
exceeds 95%. 

Chemical oxidation using nitric acid (Figure 4) generates the 
cleanest solution of [(L),MgPc(-I)]'+. Complete loss of the 
MgPc(-2) Q band at 670 nm and the retention of isosbestic points 
indicate that quantitative oxidation has been achieved. The inset 
in Figure 4 shows a spectrum of [MgPc(-l)]'+, which exhibits 
well-resolved bands centered on 825, 717, 507, and 319 nm. With 
nitric acid, the initial oxidation products are characterized by a 
weak absorption band near 705 nm, which grows rapidly in in- 
tensity, but later disappears as the oxidation proceeds. This band 
is not related by isosbestic points to the 717-nm band that is 
characteristic of the oxidized product. As we will discuss below, 
the 717-nm band arises from the dimer, [ ( L ) M g p ~ ( - l ) ] ~ ~ + ,  
whereas the 825-nm band arises from monomeric [(L),MgPc- 

Figure 5 shows the room-temperature absorption and MCD 
spectra of (i1n)~MgPc(-2) and [(im),MgPc(-I)]'+ formed by 
adding Br2 in  DCM. Absorption band maxima for a range of 
[( L),MgPc(-I )I*+ ?r-cation-radical species are listed in Table I. 

(-1 )]'+. 
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Table 1. Observed Maxima in the Absorption Spectra of the 
Br,-Oxidized I(LLMRPc(-l )l*+ species in CHXI, 

[ L,MgPc(-l)]'+ A,: nm 

L = H20 826 714 506 423 320 278 
L = im 827 720 507 422 319 276 
L = meim 827 719 507 423 318 276 
L = PY 827 720 506 422 318 276 
L = mepy 827 719 507 423 320 279 
L = CN- 826 718 507 416 310 
L = H20 

L = H20 
monomer at 300 Kb 825 505 411 387 328 275 

dimer at 200 K 712 510 370 317 277 

oA,,,,g is measured directly from the absorption spectrum. See Table 
111 for A,, calculated by deconvolution of the spectral envelope. 
Monomer spectrum recorded in 1,2-dichloroethane. 

Table 11. EPR Parameters for the [(L),MgPc(-I)]'+ Radical-Cation 
Species Generated Chemically (Oxidation by Br2) in CH2C12 

complex g value bandwidth, G 
[(H20),MgPc(-l)'+ 2.0039 6.75 
[ (im),MgPc(-l )I*+ 2.0032 6.75 
[ (meim),MgPc(-l )I*+ 2.007 1 6.75 
[(py),MgPc(-l)'+ 2.0048 7.25 
[(mepy),MgPc(-l 2.0065 5.25 
[(CN-),MgPc(-I 11 2.0076 1 .so 

(Because of the general nature of the (L), nomenclature, the 
overall charge of the r-cation-radical species will be changed if 
the ligand L is anionic rather than neutral.) The spectral data 
closely resemble the spectra obtained for r-cation-radical species 
of ([ZnPc(-I)]'+).' With the loss of the intense Q bands in 
[(im),MgPc(-l)]'+ (Figure 5) three weak, but well-resolved, 
absorption bands appear in the window regions of the spectrum 
of the neutral species. These bands are centered near 825, 717, 
and 507 nm. The absorption band located near 507 nm is a 
characteristic feature of phthalocyanine r-cation-radical species 
and is associated with a B term in the MCD spectra, which means 
that the transition is to a nondegenerate state. The 825- and 
717-nm bands are relatively isolated from other absorption bands 
and appear as A terms in the MCD spectrum, although the 
bandwidth of the 717-nm band (700 cm-') is considerably greater 
than that of the 825-nm band (200 cm-I). The change in spectral 
properties between neutral and r cation radical is not nearly as 
pronounced in the B-band region as in the Q-band region. Ab- 
sorption band maxima are located at 422, 319, and 276 nm for 
the B region of the r cation radical. 

Monomeric [MgPc(-l)]'+ is difficult to obtain. However, by 
reducing the fraction of dimer, it is possible to construct a spectrum 
of the pure monomeric species. Figure 6 shows absorption and 
MCD spectra of monomeric [MgPc(-l)]*+ in DCE at 27 OC 
obtained by subtracting residual dimer bands based on the ab- 
sorption at  7 10 nm. 

The EPR signal intensity for [MgPc(-l)]'+ decreases to zero 
at 200 K. The room-temperature EPR g values and bandwidths 
( G )  for the monomeric component of solutions of 
[(H20),MgPc(-I)]'+ and other [(L),MgPc(-I)]'+ species, are 
listed in Table 11. The EPR g values calculated for the 
[(L),MgPc(-l)]'+ species are very close to the free electron value 
of 2.0023. 

Figure 7 shows the absorption spectra of [MgPc(-I)]'+ in 
DCM, formed by oxidation with nitric acid, recorded between 
300 and 200 K. Significant changes in band intensities are ob- 
served as the temperature falls (the inset indicates changes in 
absorbance as the temperature falls from 300 to 200 K). The 
effect is completely reversible, with recovery of the initial cat- 
ion-radical spectrum when the solution is warmed to room tem- 
perature. The major changes between room temperature (300 
K )  and low temperature (200 K) are loss of the 825-nm band, 
and intensification of the 717-nm band. The absorption band 
intensity at  717 nm increases about 50% from 300 down to 200 
K. Figure 8 shows absorption and MCD spectra of the dimeric 
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Figure 6. Absorption (ABS) and magnetic circular dichroism (MCD) 
spectra for monomeric [(im),MgPc(-I)]'+ in DCE at 300 K (spectral 
bands due to residual contribution by the dimer have been subtracted 
out). 
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Figure 7. Absorption changes observed for [MgPc(-I)]'+ in DCM as the 
solution was cooled from 300 to 200 K. The inset shows intensity changes 
as the solution was cooled. Specifically, the band at 825 nm loses in- 
tensity, as the band at 720 nm gains intensity at 200 K. At 300 K the 
band at 825 nm is at maximum intensity. 

species recorded from a solution at 200 K. 
11. Spectral A ~ l y s i s  of the Room-Tempesature Spectral Data. 

The absorption and MCD spectral data presented in Figure 9, 
as the solid lines, represent the characteristic, room-temperature 
spectral properties of [(L),MgPc(-I)]'+. As with our treatment 
of the spectral data for ZnPc(-2),2 [ZnPc(-l)]'+? and MgPc(-2),' 
we can only identify the band positions accurately if we use band 
deconvolution techniques. In our analysis, we couple together the 
analysis of the absorption and MCD spectra in order to restrict 
the freedom of the minimization routines in the program. Each 
band has to appear in both the absorption and MCD spectrum, 
with the same band center and bandwidth parameters. Although 
several different band shapes are possible for these calculations, 
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Figure 8. Absorption (ABS) and magnetic circular dichroism (MCD) 
spectra for dimeric [(im),MgPc(-I)]'+ in DCM at 200 K. 
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Figure 9. Results of a band analysis for [(im),MgPc(-I)]'+ in DCM in 
the visible region (bands 1-10), (a) Absorption: (-) experimental data; 
(---) fitted data; (-) individual bands. (b) MCD: (-) experimental 
data; (--) fitted data; (--) A terms; (--) B terms. The two band centers 
of A terms are labeled "A". 

we feel that the Gaussian shape used in our calculations is sat- 
isfactory in accurately reproducing the absorption and MCD 
spectra for our solution data. In spite of this compromise, we 
believe in the reliability of the fits, since visual inspection of the 
absorption spectral envelopes (in Figures 9-14) shows the posi- 
tioning in bands where one would expect them. 

While the spectral data for [(L),MgPc(-l)]'+ are more com- 
plicated than the data for (L),MgPc(-2), the Gaussian band 
shapes still yield reliable deconvolution results when used to fit 
the spectral data of the radical cation. Plotted below the MCD 
spectra in Figures 9-14 are the differences between the experi- 
mental and deconvoluted MCD spectra. The randomness of the 
noise suggests little systematic error. The greatest amount of 
residual noise occurs in the near-infrared region (800-870 nm) 
where resolution of the experimental spectra is the lowest due to 
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a reduction of the signal to noise ratio of the spectrometer. 
111. Spectral Analysis: Deconvolution of the Q-Band Region 

(5!jO-850 nm). While the intense Q-band and associated A term 
in the MCD spectrum of MgPc(-2) are absent for [(L),MgPc- 
(-l)]*+, the MCD spectrum of [(L),MgPc(-l)]'+ shows that 
degenerate states are responsible for a significant fraction of the 
absorption intensity in the Q-band region. In the Q region 
(550-850 nm) of [(im),MgPc(-l)]*+ (Figure 9), 6 out of the 10 
fitted bands have relatively equal intensity. In the absorbance 
spectra, two well-resolved bands, with maxima near 825 and 717 
nm, are associated with A terms in the MCD spectra (the fitting 
links a B term with every A term). 

IV. Spectral Analysis: Deconvolution of tbe B-Band Region. 
The absorption and MCD spectra in the B-band region (250450 
nm) of [(im),MgPc(-l)]'+ (Figure 10) are considerably more 
complicated than the same region for (im)*MgPc(-2).' From the 
absorption spectra of [(im),MgPc(-l)]*+ (Figure IO), we observe 
a series of overlapping bands, several of which appear in the 
spectral window (400-550 nm) of the neutral phthalocyanine. 
Deconvolution of the absorption spectra required 18 overlapping 
bands to fill the envelope. This fit utilizes eight more bands than 
required to deconvolute the corresponding region of M ~ P c ( - ~ ) . ~  
Six of the absorption bands result from degenerate electronic 
transitions, since these bands corresponded to linked A and B terms 
in the MCD spectra. The additional 12 bands required to fill the 
absorption spectral envelope corresponded to B terms in the MCD 
spectra. Tables I11 and IV and Tables VI-IX (supplementary 
material) summarize the parameters used to fit the absorption 
and MCD spectra of the oxidized Q and B regions of the six 
[(L),MgPc(-l)]'+ species. Table V (supplementary material) 
lists band centers (nm) obtained from the deconvolution calcu- 
lations for the series of [(L),MgPc(-l)]" ?r cation radicals an- 
alyzed in this work, where L = im, meim, py, 4-mepy, and CN-. 

V. Spectral Analysis of the Monomeric and Dimeric Absorption 
and MCD Data. The absorption and MCD spectral data for 
monomeric [(L),MgPc(-l)]'+, Figure 6, were analyzed in two 
sections, the 600-900-nm region encompassing the Q band, Figure 
11, and the 200-550-nm region, which encompasses the 1~ band 
at  505 nm and PA* B, N, and L bands, Figure 12. The Q-band 
region fits readily with a single MCD A term, followed to higher 
energy by a series of B terms that arise from the vibronic com- 
ponents in the Qvib bands. 

[MgPc(-l)]'+ dimerizes in many solvents at room temperature. 
At 200 K in DCM, the complex is completely dimerized, Figure 
8. Deconvolution analysis results for the absorption and MCD 
spectra of the [MgPc(-1)]'+ radical cation measured at  200 K 
are shown in Figures 13 and 14. As is the case with other 
phthalocyanine~,~I we find that the 230-550-nm region does not 
exhibit significant marker bands for either the monomer or the 
dimer. The bands used in the final deconvolution calculation of 
the data measured at 200 K match closely many of the bands used 
when fitting the room-temperature data (because of tempera- 
ture-dependent shifts in wavelength and absorptivity we do not 
expect a 1:l match). Five A terms and a single, strong B term 
at  510 nm account for the most important absorption and MCD 
bands. As with the fits to the monomer data, the experimental 
and fitted lines of the absorption data superimpose, but the traces 
for the MCD data exhibit some errors. We do not consider the 
residuals to be significant. 

Discussion 
Oxidized metalloporphoryin species serve as vital intermediates 

in important biological pathways, for example, as the catalytic 
site in the iron-containing peroxidases and  catalase^.'^-^**^*-^^ 

(31) Gasyna, Z.; Kobayashi, K.; Stillman, M. J. J .  Chem. Soc., Dalton 
Trans. 1989, 2397-2405. 

(32) Gasyna, Z.; Browett, W. R.; Stillman, M. J. Biochemistry 1988, 27, 
2503-2509. -. . . -. . . . 

(33) Browett, W. R.; Gasyna, Z.; Stillman, M .  J. Biochem. Biophys. Res. 
Commun. 1983, 112, 5 15-520. 

(34) Browett, W. R.; Stillman, M. J. Biochem. Biophys. Acta 1980, 623, 
21-31. 
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Figure 10. Results of a band analysis for [(im),MgPc(-I)]'+ in DCM, the ultra-violet region bands (1 1-27). (a) Absorption: (-) experimental data; 
(---) fitted data: (-) individual bands. (b) MCD: (-) experimental data; (--) fitted data; (--) A terms; (--) B terms. The six band centers of 
A terms are labeled "A". 

Tabk 111. Band-Fitting Parameters. for [(im),MgPc(-I)]" in CH$12 
band band IO'A,, D2 
no. v,cm-' A, nm Av(cm-I Do,bD2 type (AtM); 103B0,dD2cm (B0/D0)/10-3 A I / D o  p:pg 

1 
2 

3 
4 
5 
6 

7 
8 
9 
IO 
I I  
12 
13 
14 
15  

16 
17 
18 

19 
20 
21 

22 
23 
24 

25 

26 

27 

11 848 
12 121 

12482 
12 776 
13 326 
13 949 

I4 800 
15 633 
16 347 
16 932 
18531 
19 724 
20 907 
22 I35 
23712 

24 905 
25 847 
26 879 

27 838 
29 201 
31 337 

33 335 
35 028 
36271 

37 658 

39219 

40 663 

844 
825 

80 1 
783 
750 
717 

676 
640 
61 2 
59 1 
540 
507 
478 
452 
422 

402 
387 
372 

359 
343 
319 

300 
285 
276 

266 

255 

246 

188 
245 

202 
484 
45 1 
703 

900 
850 
70 1 
857 

1756 
1702 
1690 
1430 
1654 

1021 
1400 
1500 

1294 
2200 
2600 

266 1 
2399 
1733 

1790 

2003 

1703 

0.089 
1.01 

0.023 
0.085 
0.14 
2.52 

1.23 
0.68 
0.40 
0.42 
3.71 
7.05 
2.92 
0.95 
4.97 

1.33 
2.93 
3.55 

2.13 
7.59 

20.9 

7.88 
5.03 
4.49 

5.07 

7.46 

4.97 

B 
A 
B 
B 
B 
B 
A 
B 
B 
B 
B 
B 
B 
B 
B 
B 
A 
B 
B 
B 
A 
B 
B 
B 
A 
B 
B 
B 
A 
B 
A 
B 
A 
B 
B 

-0.076 
74.2 
-0.15 
0.037 

-0.010 
-0.048 

375.4 
-0.21 
0.24 
0.30 
0.09 1 
0.064 
0.037 
0.74 
0.042 
0.07 1 

344.9 
-0.30 
-0.10 

130.3 
0.033 

-0.097 
-0.029 
0.16 

-0.21 
-0.040 
0.20 

-0.26 

-0.17 

-0.009 
-0.047 

1417 

297.8 

216.7 

340.3 

-0.50 

-0.97 
0.24 

-0.067 
-0.3 1 

486.7 

2462.0 
-1.38 

1.60 
1.97 
0.60 
0.42 
0.24 
4.88 
0.28 
0.46 

2261 
-1.98 
-0.67 
0.21 

-0.64 

1.03 

854.4 

-0.19 

929 1 
-1.37 
-0.26 

1.31 
1953 

1421 

2232 

-1.71 

-1.10 

-0.057 
-0.31 

-5.62 

-0.96 
10.4 
-0.79 
-2.21 

-0 .55  
1.30 
2.90 
1 S O  
1 .OO 
0.07 
0.69 
0.10 
0.48 

-0.40 
0.50 
0.07 

-0.18 
-0.09 
0.14 

-0.07 
-0.03 
0.26 

-0.38 

-0.22 

-0.01 
-0.06 

0.48 

0.98 

0.45 

0.24 

0.44 

0.43 

0.28 

0.30 

0.45 

0.91 

0.42 

0.22 

0.42 

0.41 

0.26 

0.28 

OStatistics. B-band region: X2,,,+snm, x 2  = 0.28, X(A# = 18.5. Q-band region: XswlOnm, x2 = 0.51, C(A# = 68.7. = (t)0/326.6. where 
Do is dipole strength; see ref 27, p 537. (AtM)I  is the first moment and ( A f M ) O  is the zeroth moment of the MCD; when fitting with an A term, the 
program calculates (AtM)I, therefore n = 1 in the table, when fitting with a B term the program calculates (AtM)O, therefore n = 0 in the table. The 
Faraday term values, AI and Bo. are calculated directly from the moments as follows: A I  = (fM)1/152.5 and Bo = (fM)O/I52.5. dSee ref 27, p 537. 
AI data are printed above Bo data when both an A term and B term are used. e p  = magnetic moment, calculated as 2((A,/Do) X 0.4669). /All band 
widths are calculated as the full width at half-height. 

Analysis of the optical spectral data of oxidized porphyrins and 
phthalocyanines has been complicated by the number of over- 

lapping bands observed in the absorption spectra. Only recently 
have detailed analyses of the spectral data of oxidized porphyrins 
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Figure 11. Results of a band analysis for the visible region of monomeric 
[MgPc(-l)]'+ recorded in DCE at 300 K: (-) experimental data; (---) 
fitted data: individual bands as in Figure IO. 

Table IV. Band Centers for the Degenerate Transitions of the 
Monomeric and Dimeric [(L),,MgPc(-l)]'+ Species Obtained by the 
Deconvolution of the AbsorDtion and MCD S w t r a  

[L,MgPc(-l)]'+ band center, nm 
L H,O 0 d Bt B, 
dimer 717 505 422 372 319 276 255 
monomer 826 509 413 387 330 315 277 

OThe nondegenerate *marker" band of oxidized phthalocyanine 
rings. 

been reported,'5.24*35 even though the spectral properties of both 
tetraphenyl and octaethyl po hyrin r-cation-radical species have 

data for 7-cation-radical species appear not to be as complicated 
as those for the porphyrin species, which suggests that a reasonable 
band assignment may be more readily achieved. 

M Pc(-2) is readily oxidized and reduced, electrochemical- 
ly3*6JfJ9 and p h o t o c h e m i ~ a l l y . ~ ~ ~ ~ * ~ ~  The mechanism for the 
photooxidation of MgPc(-2) in the presence of an electron ac- 
ceptor, with light of visible-region wavelengths, is thought to be 
similar to that of porphyrins such as MgOEP(-2) and MgTPP- 
(-2), The suggested mechanism for photochemical oxidation is 
through the lowest lying triplet state of the p h t h a l o c y a n i ~ ~ e . ~ ' , ~ ~  

Despite the general interest in the redox chemistry of the 
phthalocyanines, there have been few attempts at a quantitative 
assignment of the absorption spectrum. The problem in assigning 
these. absorption spectra arises from the obvious complexity in the 
solution spectral data. Lack of highquality solution spectra makes 
it difficult to establish the effects of variables such as solvent, axial 
ligand, and central metal on band energies and intensities. 

been known for many years.' 'p *3638 The phthalocyanine spectral 

(35) Gasyna, Z.; Stillman, M. J. Inorg. Chem. 1990, 29, 5101-5109. 
(36) Gasyna, Z.: Browett, W. R.: Stillman, M. J. Inorg. Chem. 1984, 23, 

(37) Gasyna, Z.; Browett, W. R.; Stillman, M. J. Inorg. Chem. 1985, 24, 
2440-2447. 

(38) Dolphin, D. Isr. J .  Chem. 1981, 21, 67-71. 
(39) Jones, J. 0.; Twigg. M. V. Inorg. Nucl. Chem. Lett. 1970,6,245-247. 
(40) Nyokong, T.; Gasyna, 2.; Stillman, M. J. Inorg. Chim. Acta 1986,112, 

(41) Nyokong, T.: Gasyna, 2.; Stillman. M. J. ACS Symp. Ser. 1986,321, 

(42) Van Vlierberge, B.; Ferraudi, G. Inorg. Chem. 1987, 26, 337-340. 
(43) Ferraudi, G. J.; Prasad, D. R. J .  Chem. Soc., Dalton Trans. 1980, 

382-384. 

11-15, 

309-3 27. 

21 37-21 40. 
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Published absorption spectra of ring-oxidized [MPc(-l)]'+ include 
the following: [ ZnPc(-1 )]*+,ul [ RuPc(- 1 )] * + , 6 v M  [CoPc(-1 )]*+$I 
[ Li2Pc(- 1 )] *+,& [ H2Pc(-1 )] '+,22 [CuPc(-1 [ MgPc(-1 )] *+,= 
and [ F e P ~ ( - l ) l * + . ~ '  Comparison between these published 
[MPc(-I)]'+ spectra and the data presented here for [MgPc(- 
l)]*+ indicates that the spectra of [MgPc(-l)]*+ most closely 
resembles the spectra obtained for [ZnPc(-l)]'+ and [RuPc(-l)]'+ 
species, where charge-transfer bands do not lie in the same region. 
However, a major contributor to the spectral complexity is the 
presence of both monomers and dimers a t  room temperatures. 

I. Oxidation of Magnesium Phthalocyanine. Chemical oxi- 
dation using nitric acid is the cleanest method to form 
[(L),,MgPc(-l)]'+. With photochemical oxidation, there appears 
to be bleaching of the oxidized complex as oxidation approaches 
completion. Electrochemical oxidation appears to generate a small 
amount of metal-free phthalocyanine, while chemical oxidation 
using Br, either generates a small amount of metal-free 
phthalocyanine or because of bromine's strong oxidizing power 
( E I I 2  = 1.09 V versus SCE in aqueous solutions), causes some 
of the 7 cation radical to be further oxidized to the dication. 

A transient species is encountered during the chemical oxidation 
of MgPc(-2) with nitric acid (Figure 4). At the onset of the 
reaction an additional band at  705 nm appeared, intensified, and 
then disappeared as the oxidation reached completion. One 
possible explanation for this band is the formation of the mixed 
[(L)MgPc(-2)(L)MgPc(-l)]*+ dimeric species, with subsequent 
formation of the cation radical. As the oxidation proceeds toward 
completion, excess nitric acid quantitatively forms the radical, 
with loss of the 705-nm absorption band. 

11. Variable-Temperature Absorption and EPR Spectra of 
[MgPc(-l)r+. Our results indicate that ring-oxidized magnesium 
phthalocyanine exists as a mixture of monomeric and dimeric 
a-cation-radical species a t  room temperature. Homborg22 has 
suggested that the 7 cation radical readily dimerizes in polar 
solvents existing mainly as the dicationic [MgPc(-l)]?+ species, 
while in nonpolar solvents the monomeric [MgPc(-I)]'+ species 
predominates. The presence of the two marker bands in the 
room-temperature absorption spectra for [(L),MgPc(-l)]" in 
DCM shows that a mixture of monomer and dimer exists. The 
variable temperature absorption (Figure 7) and EPR spectra of 
[MgPc(-l)]'+ confirm this conclusion. 

We assign the 825-nm band to monomeric [MgPc(-l)]" while 
the 720-nm band is assigned to the dimeric [MgPc(-l)]?+ species. 
The assignment of the 825- and 717-nm bands is consistent with 
previous studies of phthalocyanines, which indicate a blue shifting 
of the Q absorption band upon  dimerization.'^^' 

111. Band Assignments. The Q, B, N, L, and C labels were 
commonly used to describe the major bands in the absorption 
spectra of porphyrins and phthalocyanines by Gouterman's 
g r o ~ p . ~ * ~ ~ v ~  For the porphyrins, there seems to be no ambiguity 
between the early absorption data and spectra measured more 
recently: the assignments are consistent for spectra measured in 
the vapor, solution, and solid phases. For the metallophthalo- 
cyanines, we have long believed that two major bands lie in the 
300-380-nm region. It was clear from the spectra of Li2Pc(-2)" 
with added CN- ligand that the absorption envelope in the 350-nm 
region a r m  from two degenerate transitions. Band deconvolutions 
for Z ~ P C ( - ~ ) ~  and for M ~ P c ( - ~ ) ~  confirmed this observation. In 
the Nyokong, Gasyna, and Stillman2 and Ough, Nyokong, Creber, 
and Stillman4 papers, we adjusted the Gouterman order such that 
the second 350-nm band became the N band. In earlier work on 
a-phase sublimed films, we had assigned a second band under the 
'B" envelope as B2. This assignment was based on the work of 
Henriksson and S ~ n d b o o m . ~ ~ . ~ ~  In the G o ~ t e r m a n ~ ~  and Hen- 

(44) Homborg, H.; Kalz, W. 2. Naturforsch. 1978, 338, 1067-1071. 
145) Edwards. L.: Gouterman. M. J. Mol. Spec. 1970, 33. 292-310. 
(46) Gasyna, Z.; Browett, W. R.; Stillman, M.'J. ACSSymp. Ser. 1986,321, 

298-308. 
(47) Stillman, M. J.;  Thomson, A. J.  J. Chem. Soc., Faraday Trans. 1974, 

(48) Henriksson. A.; Roos, B.: Sundbom, M. Theor. Chim. Acta 1972, 27, 
70, 805-8 14. 

303-3 13. 
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Figure 12. Results of a band analysis for the ultraviolet region of monomeric [MgPc(-I)]" absorption spectra, recorded in DCE at 300 K: (-) 
experimental data; (--) fitted data; individual bands as in Figure 10. 
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Figure 13. Results of a band analysis for the visible region of dimeric 
[MgPc(-I)J'+ recorded in DCM at 200 K: (-) experimental data; (---) 
fitted data; individual bands as in Figure 10. 

riksson and S ~ n d b o o m ~ . ~ ~  calculations, the MO origins of the B 
state are listed as a combination of several transitions. Although 
two B bands are not listed in a recent Xa calculation by El Khatib 
et aLm for ZnPc(-2). the data for allowed transitions (Table VI 
in ref 50) lists additional unassigned transitions in the 30000-~m-~ 
region. With this in mind, we concur with Van Cott et aL51 and 
now return to our earlier labeling of Q, B1, B2, N, L, and C for 
the set of bands observed in the neutral species between 800 and 
220 nm. 

The preceding discussion is related directly to the assignment 
problem in the r-cation-radical species. We need to decide on 
the total number of transitions in the neutral complex before we 

(49) Henrikason, A.; Sundbom, M. Thcor. Chim. Acta 1972,27,213-222. 
(50) El Khatib, N.; Boudjema. B.; Maitrot, M.; Chermette, H.; Porte, L. 

Can. J. Chem. 1988, 66, 2313-2324. 
(51) Van Cott, T. C.; Rose, J. L.; Misener, G. C.; Williamson, B. E.; 

Schrimp, A. E.; Boyle, M. E.; Schatz, P. N. J. Phys. Chcm. 1989, 93, 
2999-3005. 

can identify new r-A transitions, in the spectrum of the radical. 
As above, analysis of the spectral data of both [ZnPc(-l)]'+ and 
[(L),MgPc(-l)]*+ is an essential step toward solving the as- 
signment problem because of the absence of any metal-related 
transitions. Figure 15 displays the molecular orbitals that give 
rise to states in the energy region 10000-50000 cm-'. Selection 
rules for D4h restrict us to transitions from 2Alu - 2E, and *Alu 
-+ zA2e. The former will result in MCD A and B terms, the latter 
in just B terms. We expect orbital transitions from the half-tilled 
al, level into empty eg level@) and into the half-tilled al, molecular 
from low-lying molecular orbitals. 

IV. Comparison between Bands Obtained from the Deconvo- 
lution Calculations and Bands Predicted by Theoretical Calcula- 
tions. Although theoretical calculations of band energies for a 
variety of neutral metallophthalocyanines and porphyrins are 
available and have been compared with experimental calculations 
for many years, it is only recently that attempts have been made 
to interpret the absorption spectra of the oxidized r-cation-radical 
species. Minor et al.52 reported a theoretical interpretation of data 
they recorded for cationic and anionic absorption spectra of a 
variety of MPc(-2)'s. The band assignments of Minor et aLS2 
are complicated by the fact that many of the spectra were obtained 
from samples in the solid state, in which intermolecular effects, 
such as Davydov coupling, broaden, shift, and duplicate many of 
the bands.5g 

The removal of an electron from the highest filled orbital of 
MgPc(-2) does not change the orbital degeneracy of the ground 
or excited state. In the absorption and MCD spectra we still expect 
the five ring-based degenerate 1 ~ *  electronic transitions assigned 
as the Q, B1, B2, N,  and L bands. A terms are expected in the 
MCD spectra, since the electronic transitions are from the 2Alu 
ground state into an 2E excited state. In addition, transitions 
into the half-filled HOdO (al,) level may also give rise to MCD 
A or B terms depending on the degeneracy of the lower level. 
These new transitions can extend from the near-infrared (900 nm) 
to the spectral window (400-550 nm) region of the neutral 

Band maxima, measured directly from absorption spectra, of 
various [(L),MgPc(-l)]'+ species (Table I) are useful in the 
identification of [MPc(-l)]'+ spectra, but because of the com- 
plexity of the spectral envelope and in particular the presence of 
both monomers and dimers, these data are of little use in the 

MgPc(-2). 

(52) Minor, P. C.; Gouterman, M.; Lever, A. B. P. fnorg. Chem. 1985, 21, 

(53) Hollebone, B. R.; Stillman, M. J. Chem. Phys. Lett. 1974, 29, 284-286. 
1894-1900. 
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Figure 14. Results of a band analysis for the ultraviolet region of dimeric [MgPc(-l)]'+ absorption spectra, recorded in DCM 
experimental data; (---) fitted data; individual bands as in Figure 10. 

Figure 15. Selected molecular orbitals of the radical cation phthalo- 
cyanines. The band wavelengths are taken from the deconvolution cal- 
culations of the monomer data shown in Figures 12 and 13. The order 
of the orbitals has been adapted from ref 5 .  

assignment of band energies. Deconvolution of the Q (Figure 9) 
and B (Figure 10) regions of [(im),,MgPc(-l)]'+ shows that band 
centers are not always positioned at  the absorption maxima and 
that several transitions can overlap to give rise to an absorption 
band. 
V. Deconvoluted Results for Monomeric and Dimeric 

[MgPc(-l)r+. The difference in energy between the Q band in 
the oxidized monomeric and dimeric [MgPc(-l)]'+ can be used 
to estimate the energies of the B1, B2, N, and L bands from the 
spectral data. The deconvolution results obtained for the ab- 
sorption and MCD spectra of monomeric, dimeric, and room- 
temperature solutions of [MgPc(-I)]" are shown in Figure 16. 
Using the assignments proposed in Figure 15, we can compare 
the composition of the spectral envelope of M ~ P c ( - ~ ) ~  with that 
of [MgPc(-l)]'+ (Figure 17). Clearly, the degenerate bands a t  
372,319,276, and 255 nm in the monomer line up closely enough 
with the BI,  B2, N, and L bands of the neutral species for us to 
suggest that these bands are those of the oxidized species. 
Adopting this assignment implies that oxidation of the phthalo- 
cyanine ring reorganizes the molecular orbitals such that the 
energy difference between the ground state and excited state is 

at 200 K: 

Figure 16. Comparison between the energies of bands in the spectra of 
monomer, dimer, and the room-temperature mixture of monomer and 
dimer for [(im),,MgPc(-l)]'+, calculated by band deconvolution of the 
absorption and MCD spectra. 

45. I I 

Figure 17. Comparison between the energies of degenerate states in 
[ MgPc(-I)]'+ and MgPc(-2), calculated by deconvolution of the mo- 
nomeric and dimeric spectral data, compared with the assignment re- 
ported for the neutral MgPc(-2).' 

reduced and a red shift is observed. In a recent valence effective 
Hamiltonian calculation for [LiPc(-I )I*+, Orti et predicted 
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of the fits; however, reproduction in a series of spectra for related 
complexes enhances the reliability of the calculations. Figure 18 
compares the results of independent calculations from spectra 
measured at room temperature for [(im),MgPc(-l)]'+ with those 
obtained for [(im)ZnPc(-l)]'+.* It is apparent that the major 
calculated bands are at the same energies in both species. Figure 
18 shows that [(im),MgPc(-l)]'+ required many more bands to 
completely fit the spectral envelopes (Figures 9 and 10) than were 
required for [(im)ZnPc(-l)]'+. These additional bands are the 
result of better spectral resolution in the near-infrared region and 
extended range into the ultraviolet region. 

A discrepancy in band types required for deconvolution occurs 
in the two bands that arise at  slightly higher energy than the C 
band. For [(im),MgPc(-l)]*+, the best fit used linked MCD A 
and B terms, which indicates degenerate transitions in contrast 
to our findings for [ (im)ZnPc(-1)]'+ where nondegenerate 
transitions were suggested. Since the [(im),MgPc(-l)]*+ spectra 
extend farther into the ultraviolet region, it appears that the 
enhanced range between 35 OOO and 41 OOO cm-' has isolated these 
two additional degenerate electronic transitions. 
Conclusions 

Absorption and EPR spectra recorded for oxidized [MgPc(- 
l)]", at various temperatures, indicate that the room-temperature 
solution consists of a mixture of monomer and dimer. For 
[(im),MgPc(-l)]'+, five degenerate transitions are centered near 
717,372,319,276, and 255 nm and are assigned from low to high 
energy as the Q, B1, B2, N, and L bands of the dimeric 
[MgPc(-l)]?+ species. In room-temperature solutions, bands are 
also observed at 825 and 266 nm, which are assigned as the Q 
and L bands of monomeric [(L),MgPc(-l)]'+. The nondegenerate 
507-nm band is assigned as a T-?F transition. Deconvolution 
analysis of the spectral data for the pure monomeric and dimeric 
species yields band centers of transitions to degenerate states at 
826 (Q), 413 (BI), 387 (B2), 330, 315, and 277 nm for the 
monomer and 717 (Q), 422 (Bl), 372 (B2), 319,276, and 255 
nm for the dimer. The MCD data allow unambiguous assignment 
of the Q band for both monomeric and dimeric species. 
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Figure 18. Comparison between the energy levels of [(im),h-,Pc(-l)]*+ 
and [(im)ZnPc(-I)]'+ calculated by band deconvolution of the absorption 
and MCD spectra of these two complexes (data for [(im)ZnPc(-l)]'+ 
replotted from ref 2. 

the energies and polarizations of transitions between 800 and 306 
nm. Transitions polarized xy are predicted at 3 17, 3 16,3 1 1, and 
306 nm. It is not easy to associate any one of these with a specific 
band in the experimental spectra because the energy range is so 
small when compared with the range observed (370-255 nm). 
Their prediction of the 2alu-6e * Q transition at 764 nm is very 
close to the observed value of 825 nm. 

VI. Assignment of the 507-nm Band of [MgPc(-I)p+. The 
MCD B term centered near 507 nm in both the monomer and 
the dimer is relatively isolated from other bands being located 
in the *window region" of many neutral phthalocyanines. This 
band is one of the most intense in the absorption spectrum, and 
it is often used as a 'fingerprint" marker for formation of the 'IF 

cation r a d i ~ a l . ~ * " * ~ ~  While it has been suggested that this band 
has T-T* origins, possibly the displaced Q band,1J2*52 the non- 
degenerate nature of the transition strongly suggests that it is 
neither the Q band nor the BI band but a low-lying n-r transition. 
Because a similar band is observed for each of the [MPc(-l)]'+ 
species we have studied previously?*6 we conclude that the band 
does not arise from axial ligand to phthalocyanine ring charge 
transfer or from any metal-related transitions. In the Orti et aLZ3 
calculation for [LiPc(-l)]'+, it is predicted that bands near 41 1 
and 512 nm are P A  in character. However, this proposed as- 
signment requires X J  degeneracy for the 5 12-nm transition. 
Clearly, this important band in the radical-cation spectrum of both 
monomers and dimers is nondegenerate. 

Comparison between the Deconvolution Data for 
[(im),MgPc(-I)r+ and [(im)ZnPc(-I)p+. While the deconvo- 
lution calculations are very complicated, the plots of the residuals 
for the MCD spectra (Figures 9-14) do indicated the accuracy 

VII. 


