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Abstract—The magnetic circular dichroism (MCD) spectra in the UV-visible spectral region (300-700 nm) of
an extensive set of zinc tetraphenylporphyrin (ZnTPP) complexes with oxygen, nitrogen and sulfur donor axial
ligands are reported. Because zinc porphyrins do not change oxidation or spin states and only bind one axial
ligand, this study evaluates the effect of the axial ligand on the MCD spectral properties. The three types of
axial ligand complexes can be discriminated by examination of the MCD band positions and intensities for the
Soret, beta and alpha transitions of each ZnTPP adduct.

INTRODUCTION

THE HEME prosthetic group is found at the active site of a large number of metallopro-
teins [1-3]. The elucidation of the active site structure and mechanism of action of such
proteins has been the object of extensive research activity. A wide variety of spectro-
scopic techniques including electronic absorption, electron paramagnetic resonance,
nuclear magnetic resonance, IR absorption, resonance Raman, Méssbauer and magnetic
circular dichroism (MCD) have been used to establish the coordination structure of iron
porphyrin sites in heme proteins. Each of these techniques has inherent advantages and
limitations; in the absence of X-ray crystallography, it is usually necessary to employ
several of the aforementioned methods in order to ascertain the coordination structure of
metalloporphyrins.

MCD spectroscopy has found wide application in the study of heme proteins because
of its sensitivity to changes in the spin and oxidation state of the metal and to the nature
of the axial ligand to the metal [4—6]. The present study focuses on the latter factor,
namely the influence of the axial ligand on the MCD spectrum of a metalloporphyrin.
Zinc(Il) tetraphenylporphyrin (ZnTPP) is particularly well suited for such a study
because it does not undergo changes in oxidation or spin state, will accept only one axial
ligand [7-14] and does not possess empty d-orbitals that might participate in bonding.
The spectral trends observed for ZnTPP-ligand complexes may therefore be directly
attributed to the donor properties of the axial ligand. Information about the relative
donor properties of common metalloporphyrin axial ligands should facilitate interpre-
tation of spectral trends observed with metalloporphyrins containing metals that do
undergo changes in spin and oxidation state.

In an earlier publication, we presented a limited study of the MCD spectra of ZnTPP
complexes with oxygen and nitrogen donor axial ligands [15]. We were able to
distinguish between oxygen and nitrogen coordination to the zinc based on wavelength
shifts and intensity changes in the MCD spectra. The present report extends our previous
studies to include a much larger and more comprehensive set of neutral nitrogen and
oxygen donor axial ligand complexes. We have also examined adducts with uncharged
sulfur donor axial ligands as well as several complexes containing anionic axial ligands.
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Herein, we evaluate the utility of MCD spectroscopy for axial ligand identification in
ZnTPP complexes.

EXPERIMENTAL

Reagents and materials

ZnTPP was prepared as described previously [15], zinc(II) protoporphyrin IX dimethy! ester
(ZnPPIXDME) was purchased from Porphyrin Products. Reagent grade benzene was washed with
acid and distilled from sodium benzophenone ketyl [16]. Reagent grade dimethylsulfoxide was
distilled under vacuum prior to use. All ligands (reagent grade, Aldrich) were recrystallized or
distilled before use [15, 16]. Propanethiolate was prepared as previously described [17]. Potassium
imidazolate was prepared by the reaction of imidazole with potassium hydride. Potassium
superoxide (Alfa) was used as received.

Preparation of samples for spectroscopic analysis

Zinc porphyrin complexes with neutral ligands were generated by the addition of a concentrated
solution of the zinc porphyrin in benzene to the neat ligand or to a saturated benzene solution of
the solid ligand. Due to high moisture sensitivity, all atomic salts, as well as porphyrin complexes
with anionic ligands, were prepared in a Vacuum Atmospheres inert atmosphere box and were
handled in sealed cuvettes. Complexes with anionic ligands were prepared by adding a concen-
trated solution of the zinc porphyrin to a solution of the anionic species (imidazolate, 0.5M in
dimethylsulfoxide; potassium superoxide, 0.15M solubilized in dimethylsulfoxide with
dicyclohexyl-18-crown-6 [19]; potassium propanethiolate, 0.5M solubilized in benzene with
dicyclohexyl-18-crown-6). The MCD spectra of the imidazolate and superoxide complexes were
recorded in dimethylsulfoxide; benzene was used as the solvent in all other cases. Porphyrin
concentrations did not exceed 4 x 10~*M. In all cases, absorbances in the visible region (500—
700 nm) did not exceed 0.5 in a 1.0 cm cuvette; maximum absorbances of about 1.2 were used to
study samples in the Soret region (300-500 nm).

Spectroscopic methods

Electronic absorption spectra were recorded on Varian-Cary 210 or 219 spectrophotometers.
MCD spectra were obtained using a JASCO J-40C spectropolarimeter equipped with a 1.5T
electromagnet calibrated with K;Fe(CN)4[19]. Electronic absorption spectra were recorded before
and after the scan; only when the two exhibited less than 5% difference were the MCD spectra
deemed valid. MCD scans have been normalized to path length, concentration and magnetic field
strength [(M-cm-T)"!] [20].

The MCD spectra of ZnTPP complexes are dominated by positive (i.e. positive/negative band
pattern with increasing wavelength) derivative-shaped features. The MCD spectra of ZnTPP
complexes can be compared using five parameters: the PEAK, TROUGH and CROSSOVER
wavelengths together with the PEAK-TROUGH intensity difference and the PEAK/TROUGH
intensity ratio. The CROSSOVER, PEAK and TROUGH wavelengths are related to peak
position whereas the PEAK-TROUGH ampilitude and the PEAK/TROUGH ratio are related to
the bandshape.

RESULTS AND DISCUSSION

The band, signal intensity and transition energy of MCD spectral features are a
function of the electronic structure of the chromophore under investigation [21-23].
MCD transitions can be either positive or negative in amplitude, possess narrow peak
widths at half-height and can provide a unique “spectral fingerprint” for a particular
metalloporphyrin-ligand complex. In contrast, the more commonly employed technique
of electronic absorption spectroscopy produces broader monosignate features with
metalloporphyrins that are of less diagnostic utility.

Relative to four-coordinate ZnTPP, the electronic absorption [12] spectra of coordina-
tion complexes of ZnTPP are shifted to longer wavelength, with a concomitant increase
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Fig. 1. MCD spectra in the Soret (A) and visible (B) regions for ZnTPP ( ) in benzene,

and its complexes with n-octylamine (—-—-— ), n-butanol (--+------ ), and butanethiol (--------- ).

The ligand adducts were examined using the neat liquid ligand as solvent. Spectra were obtained
at 24°C. See the Experimental section for additional details.

in the alpha band intensity relative to that of the beta band (e,/e5). These spectral
changes were attributed to a transfer in electron density from the axial ligand to the
porphyrin ring via the zinc atom [12, 24, 25]. The magnitudes of the spectral changes are
proportional to the degree of charge transferred from the axial ligand to the porphyrin
ring. Thus, the donor properties of the axial ligand will affect the magnitude of the
spectral shifts. An axial ligand capable of transferring a large amount of negative charge,
such as an anion, will correspondingly produce larger red-shifts and increases in the
magnitude of ¢,/¢;. Because MCD spectra are inherently more distinctive than electronic
absorption spectra (see above), we have sought in the present study to examine the
ability of the technique to respond to changes in the donor properties of axial ligands in
order to see if the spectral changes seen upon axial ligand binding to zinc porphyrins
might be more readily observed with MCD spectroscopy.

The present application of MCD spectroscopy is a major extension of an earlier
investigation [15] and attempts to establish the utility of MCD to discriminate between
neutral and anionic nitrogen, oxygen and sulfur donor complexes of ZnTPP. Because
zinc porphyrins do not change oxidation or spin states and only bind one axial ligand, this
study directly evaluates the effect of the axial ligand on the MCD spectral properties.

The MCD spectrum of four-coordinate ZnTPP is characterized by positive derivative-
shaped bands [25] for the Soret, beta and alpha transitions. Figures 1A and B show the
MCD spectra in the Soret and visible regions, respectively, for four-coordinate ZnTPP
and its complexes with alkyl-substituted amine nitrogen, alcohol oxygen and thiol sulfur
donor axial ligands. The spectra of analogous benzylic-substituted nitrogen, oxygen, and
sulfur donor adducts are displayed in Fig. 2A and B. These spectra are representative of
the data obtained with a large number of neutral nitrogen, oxygen and sulfur donor axial
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ligand adducts of ZnTPP, the MCD parameters of which are listed in Tables 1-3 and
summarized in Table 4. The Soret, beta and alpha MCD bands of the ZnTPP axial ligand
adducts are red-shifted compared to the corresponding transitions of four-coordinate
ZnTPP. The shifts in PEAK, CROSSOVER, and TROUGH wavelengths are most
pronounced in the beta and alpha MCD bands. The nitrogen donor-ligated adducts give
rise to the greatest wavelength shifts followed by the complexes with sulfur donors and
then the oxygen donor-ligated species (Table 4). The Soret and especially the alpha
bands for the axial ligand complexes increase in PEAK-TROUGH intensity relative to
those of four-coordinate ZnTPP. The intensities of the beta bands increase somewhat
relative to that of the four-coordinate species for nitrogen and oxygen donor ligated

ZnTPP complexes but actually decrease in intensity for many of the sulfur donor
adducts.

Nitrogen donor ligand complexes of ZnTPP

Coordination of a nitrogen donor axial ligand to ZnTPP produces shifts of 6 to 11 nm
in the Soret CROSSOVER wavelength (see Table 1). The beta and alpha MCD bands of
ZnTPP undergo even larger red-shifts of 16 and 15 nm, respectively, upon complexation
by nitrogenous axial ligands. Distinct changes in the band shape as well as position of the
MCD spectra of nitrogen donor-ligated species allow easy differentiation from the
spectrum of four-coordinate ZnTPP. The PEAK-TROUGH amplitudes of all three
bands increase for the nitrogen donor adducts, and the alpha and beta bands become
more symmetrical (PEAK/TROUGH closer to 1.0). The alpha and beta bands are much
more sensitive to spectral changes upon coordination of an axial ligand [26]. As can be
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Fig. 2. MCD spectra in the Soret (A) and visible (B) regions for ZnTPP ( ) in benzene,

and its complexes with benzylamine (--—-- ), benzyl alcohol (--------- ), and chlorobenzylmer-

captan (--------- ). The ligand adducts were examined using the neat liquid ligand as solvent.
Spectra were obtained at 24°C. See the Experimental section for additional details.
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seen in Table 1, the CROSSOVER is shifted 11-19 nm to the red for both bands and the
amplitude of the alpha band increases dramatically (three- to four-fold).

The MCD spectra of a series of ZnTPP—nitrogen donor ligand complexes prepared
using sterically hindered pyridines and imidazoles were examined to determine whether
steric influences within a ligand class would give rise to discernable spectral changes. As
can be seen in Table 1, neither complexes with substituted pyridines nor imidazoles
display appreciable spectral differences from the parent adducts with unsubstituted
pyridine and imidazole. Of course, sufficient steric bulk can prevent complex formation,
as in the case of 2,4,5-triphenylimidazole (Table 1).

Oxygen donor ligand complexes of ZnTPP

Table 2 shows the MCD spectral data for oxygen donor axial ligand complexes of
ZnTPP. The CROSSOVER wavelength of the Soret MCD band of ZnTPP red-shifts by
6 nm or less upon binding of oxygen donor axial ligands. Red-shifts in the beta and alpha
bands average 8 and 6 nm, respectively. These shifts are considerably smaller than those
seen with nitrogenous axial ligands. As with the ZnTPP adducts with nitrogenous axial
ligands, the PEAK-TROUGH amplitudes of all three bands increase and the beta and
alpha derivative-shaped MCD bands become more symmetrical upon coordination of
oxygen donor axial ligands to ZnTPP. The PEAK-TROUGH intensity increase is most
pronounced in the alpha band of oxygen donor ligated ZnTPP, which have three-fold
higher intensities on the average.

Table 2 includes data for several adducts prepared using the neat oxygen donor ligand
as solvent and as the 99% saturated complex in benze 1e. Very little difference is seen
between the spectra of the species in benzene and in the neat ligand.

Table 4. Summary of MCD data for ligand complexes of ZnTPP*

CROSS- PEAK-
Ligand type PEAK OVER TROUGH TROUGH
Soret
No ligand 417 422 427 624
N donor 4359+1.2 4295+12 4332413 1011+ 108
O donor 420.4+2.8 4244122 4275127 925+ 146
S donor 423.0+23 4278+1.8 432.842.0 710+ 115
Beta
No ligand 544 549 554 53
N donor 560.5+1.6 564.4+2.1 569.5+1.6 70+6
O donor 552.8+2.1 557.4+22 561.8+24 69+8
S donor 553.8+4.1 559.6+3.1 566.1+1.5 48+10
Alpha
No ligand 583 590 597 26.4
N donor 598.1+2.3 604.6+20 610.0+2.0 11010
O donor 590.5+2.1 596.4+£2.2 6022124 73+13
S donor 593.1+2.7 600.5+2.1 607.0£19 58+17
Alpha (PEAK-TROUGH)/beta (PEAK-TROUGH)
No ligand 0.50
N donor 1.57
O donor 1.06
S donor 1.21

* Based on data presented in Tables 1-3. The PEAK, CROSSOVER and
TROUGH wavelengths are given in nanometers. The MCD
PEAK-TROUGH intensities are given as Ae/H, molar magnetic absorpti-
vity (M+cm-T)™".
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Fig. 3. MCD spectra; in the Soret (A) and visible (B) regions for ZnTPP ( ) and its
complexes with imidazolate (A, --------- i By omeeemee ), propanethiolate (A, --------- B~ =~ )
and superoxide (A, not measured; B, --------- ). Spectra were obtained at 24°C in benzene. See

the Experimental section for additional details.

Sulfur donor ligand complexes of ZnTPP

Table 3 presents the MCD spectral data for sulfur donor ZnTPP axial ligand adducts.
The magnitude of the red-shift in the Soret, beta and alpha PEAK, TROUGH, and
CROSSOVER wavelengths of these species is intermediate between those of the oxygen
and nitrogen donor complexes (Table 4). The changes in PEAK-TROUGH amplitudes
for the MCD bands of the sulfur donor-ligated ZnTPP derivatives are consistently the
smallest amount of the three types of axial ligand adducts under consideration. The
intensities are somewhat higher (~15%) than those of four-coordinate ZnTPP for the
Soret transition, slightly lower (~10%) for the beta band, while the alpha transitions are
approximately twice as intense. As with the nitrogen and oxygen donor adducts, the
alpha and beta MCD bands for the sulfur donor axial ligand complexes are more
symmetrical than those of four-coordinate ZnTPP.

ZnTPP complexes with anionic ligands

The most dramatic spectral changes among the ZnTPP axial ligand complexes
reported herein are seen with adducts involving anionic axial ligands (Fig. 3, Table 5). As
noted above, the increased intensities and greater spectral shifts seen with such
complexes are due to electronic effects which arise from the transfer of negative charge
from anionic axial ligands to the porphyrin ring [12]). Dramatic red-shifts in PEAK,
CROSSOVER and TROUGH wavelengths for the Soret, beta and alpha bands and
significantly increased PEAK-TROUGH intensities for the alpha transition are
observed for the anionic axial ligand complexes of ZnTPP relative to the corresponding
ZnTPP adducts with neutral axial ligands and to four-coordinate ZnTPP. For example,
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the alpha and beta MCD bands of ZnTPP -imidazolate are significantly more red-shifted
from those of ZnTPP than in complexes with neutral imidazoles (26-28 nm vs 12—
17 nm). The PEAK-TROUGH intensity of the alpha band of ZnTPP-superoxide is
more than 2} times larger than in complexes with neutral oxygen donors. It is interesting
to note that ZnTPP-imidazolate and ZnTPP-superoxide display remarkably similar
spectral features in the visible region (Fig. 3). ZnTPP -superoxide was not examined by
MCD spectroscopy in the Soret region. As with the other ZnTPP complexes with anionic
axial ligands, the derivative-shaped alpha band in the spectrum of ZnTPP-propane-
thiolate is more than twice as intense as that of the ZnTPP adduct with a neutral sulfur
donor such as butanethiol.

The MCD features in the Soret region of the spectrum of ZnTPP - propanethiolate are
red-shifted more than any other complex described herein. The likely origin of this
exceptionally large red-shift, as suggested by Nappa and VALENTINE [12], involves an
orbital mixing mechanism first proposed by HANsON et al. [27] in which a charge transfer
absorption from the lone pair pf orbital on the thiolate ligand to the porphyrin #*
orbitals mixes with and splits the doubly degenerate n—z* Soret band to yield the
characteristic “split” Soret spectrum featuring an unusually red-shifted Soret band near
450 nm and an additional peak in the near-UV. HANsON et al. proposed this mechanism
to explain the unusually red-shifted Soret electronic absorption band of ferrous-CO
cytochrome P-450. We have previously reported the use of MCD spectroscopy to
examine ZnPPIXDME - propanethiolate [28].

Table 5. MCD data for anion ligand complexes with ZnTPP

CROSS- PEAK- PEAK/

Ligand PEAK OVER TROUGH TROUGH TROUGH

Soret*

No ligand 417 422 427 624 -0.91
(297) (=327)

Potassium imidazolate} 433 436 440 1232 -1.04
(627) (—605)

Potassium superoxidet§ Not recorded

Propanethiolate}|y 444 449 455 661 -1.37
(382) (—-279)

Beta™

No ligandt 544 549 554 53 -1.30
(30) (-23)

Potassium imidazolate} 572 576 581 71 -0.92
(34) (-37)

Potassium 573 578 583 70 —-0.94

superoxide}$§ (34) (—36)

Propanethiolatel|{ 581 587 595 47 -0.81
@ (=26)

Alpha*

No ligandt 583 590 597 26.4 -1.81
an (—9.4)

Potassium imidazolatei 611 617 623 174 -1.32
99) (=75

Potassium 613 619 626 173 -1.31

superoxidei§ (98) (=75)

Propanethiolate|| 623 633 640 132 -1.49
(79) (-53)

* The PEAK, CROSSOVER and TROUGH wavelengths are given in nanometers. The
MCD PEAK-TROUGH intensitics are given in parentheses as Ae/H, molar magnetic
absorptivity (M-cm-T)™'. Spectra were measured at 24°C.

+ Ligand-free ZnTPP in benzene.

} Spectrum recorded in DMSO.

§ Anion solubilized as a 0.15 M solution with dicyclohexy! 18-C-6 in DMSO.

|l Anion solubilized as the potassium salt using dicyclohexyl 18-C-6 in benzene.

1 Spectrum recorded in benzene.
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Sensitivity of MCD spectrum to electronic influences

The MCD spectral changes observed for ZnTPP adducts with neutral and anionic
nitrogen, oxygen and sulfur axial ligands parallel trends in their electronic absorption
spectra reported by Nappa and VALENTINE [12]. For example, just as ¢,/¢; was shown to
increase in parallel with the red-shift of absorption peak wavelengths for ZnTPP
complexes [13], the ratio of the alpha MCD band PEAK-TROUGH amplitude to that
of the beta band increases as the magnitude of the red-shift in the CROSSOVER
wavelengths increases (Table 4). The size of the observed shifts in electronic absorption
spectral parameters was shown to depend on the charge and polarizability of the axial
ligand [12]. This same reasoning can be applied to explain the patterns observed in the
MCD spectra of the species examined herein.

The MCD spectra of ZnTPP adducts with neutral nitrogen, oxygen and sulfur donor
axial ligands can be distinguished based on a combination of the magnitudes of the red-
shift of the Soret, beta and alpha bands and of their PEAK-TROUGH amplitudes
(Table 4). The wavelengths of the PEAKS, CROSSOVERS and TROUGHS of the
Soret, beta and alpha bands consistently show the largest average red-shift for the
ZnTPP complexes with neutral nitrogenous axial ligands. The spectral features of the
adducts with neutral oxygen donor axial ligands are always the least red-shifted, while
the spectra of those with neutral sulfur donor axial ligands red-shift by an intermediate
amount in all cases (Table 4). However, the wavelengths and signal amplitudes of the
Soret MCD band features do not differ enough among the three classes of ligand
complexes to be diagnostically useful. In the beta and alpha bands, on the other hand,
the magnitudes of the red-shift for the complexes with nitrogen donor axial ligands are
sufficiently larger than those of the other two classes of ligand adducts to be of predictive
value. The PEAK-TROUGH amplitude in the alpha band is also sufficiently larger for
the complexes with nitrogenous axial ligands to be useful in predicting whether a neutral
nitrogen donor axial ligand is bound to ZnTPP. The average wavelength values in the
beta and alpha bands for the ZnTPP adducts with oxygen and sulfur donor axial ligands
do not differ enough to enable the two classes of ligand complexes to be distinguished.
Distinction between those two classes can be achieved by examining the
PEAK-TROUGH amplitudes of the beta band, where the amplitudes for the ones with
sulfur donor axial ligands are significantly smaller than those of the other two classes
(Table 4).

Thus, it should be possible to predict whether a ZnTPP-ligand complex has a neutral
nitrogen donor axial ligand based on the distinctive wavelength range for the beta and
alpha bands and the beta PEAK-TROUGH intensity. Adducts with neutral oxygen or
sulfur donor axial ligands should have spectral features in characteristic (although
overlapping) wavelength ranges (Table 4) and can be further distinguished based on the
PEAK-TROUGH amplitude of the alpha MCD transition. ZnTPP complexes with
anionic axial ligands display even more red-shifted spectral features. An insufficient
number of such species have been examined to determine how sensitive their spectra are
to the exact nature of the axial ligand, although it has already been noted that the MCD
spectra of the imidazolate and superoxide adducts are very similar in the beta and alpha
bands. The spectrum of the latter was not investigated in the Soret region.

Influence of the porphyrin ligand

The MCD spectra of a few ligand complexes of zinc protoporphyrin IX dimethylester,
ZnPPIXDME, have also been examined [28] and the spectral parameters are collected in
Table 6. As with ZnTPP-ligand adducts, characteristic changes occur in the MCD
spectra upon ligand addition to ZnPPIXDME. The binding of 1-methylimidazole and
dimethyl sulfoxide to ZnPPIXDME, for example, leads to red-shifts (13 and 8 nm,
respectively) in the Soret CROSSOVER wavelength and to a two-fold increase in
PEAK-TROUGH intensity relative to the spectrum of four-coordinate ZnPPIXDME.
The spectrum of ZnPPIXDME - propanethiolate exhibits a red-shift of 38 nm in the Soret
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Table 6. MCD data for ligand complexes of ZnPPIXDME

CROSS- PEAK- PEAK/

Ligand PEAK OVER TROUGH TROUGH TROUGH

Soret*

No ligandt 407 415 423 67 —-0.76,
29) (~38)

Dimethylsulfoxide: 416 423 29 111 -0.79
(49) (—62)

1-Methylimidazole§ 421 428 433 149 -~0.89
(70) (-79)

Propanethiolate]| 444 453 461 201 ~1.28
(113) (—88)

Beta*

No ligandt 530 538 546 28 ~1.00
(14) (~-14)

Dimethylsulfoxide} 538 548 558 34 -0.79
(15) (-19)

1-Methylimidazole§ 544 553 563 36 ~0.64
(14) (—22)

Propanethiolate]| 565 573 582 52 -0.79
(23) (-29)

Alpha*

No ligandt 574 579 585 160 -0.98
79) (—81)

Dimethylsulfoxide} 581 586 591 145 -0.86
(67) (-78)

1-Methylimidazole§ 586 591 596 122 -0.97
(60) (-62)

Propanethiolate]| 598 606 614 34 -0.42
(10) (—24)

* The PEAK, CROSSOVER and TROUGH wavelengths are given in nanometers. The
MCD PEAK-TROUGH intensities are given in parentheses as Ae/H, molar magnetic
absorptivity (M-cm-T)™!. Spectra were measured at 24°C. Porphyrin concentrations did not
exceed 4 X 107° M.

t Ligand-free ZnPPIXDME in benzene.

 Spectrum recorded in neat DMSO.

§ Spectrum recorded in neat 1-methylimidazole

|| Solubilized as the potassium salt using dicyclohexyl 18-C-6 in benzene.

band and a three-fold amplitude increase. In contrast, the Soret band of
ZnTPP - propanethiolate is red-shifted by 27 nm with little change in intensity. The
changes exhibited in the beta band (shifts to longer wavelength and modest intensity
increases) of ZnPPIXDME on coordination of ligands are similar to those observed for
the analogous ZnTPP species.

The PEAK-TROUGH amplitude of the alpha band is most sensitive to the nature of
the porphyrin ligand. This is consistent with the results of Nappa and VALENTINE [12]
using electronic absorption spectroscopy. They observed that the magnitude of e,/¢;
decreases with increasing red-shift of the peak wavelengths (just the opposite correlation
to that seen for ZnTPP adducts; see above). Whereas the MCD alpha band
PEAK-TROUGH amplitude increases two- to five-fold on axial ligand coordination to
ZnTPP, the opposite occurs for ZnPPIXDME. This difference is most prominent for the
thiolate complexes. Relative to four-coordinate ZnTPP, the alpha band of
ZnTPP - propanethiolate is five times more intense. By contrast, the alpha band of
ZnPPIXDME - propanethiolate is almost five times Jess intense than that of the four-
coordinate species. The influence of the porphyrin ligand and peripheral substituents on
the porphyrin (electron withdrawing or donating) has been noted to affect the electronic
absorption spectra of unsymmetrically substituted derivatives of ZnTPP [29, 30] and
metal derivatives of octabromotetraphenylporphyrin [31], the spin state of ferric por-
phyrins [32] and the MCD spectra of ferrous [33] and ferric porphyrins [34].
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Concluding remarks

In this study, we have attempted to evaluate the utility of MCD spectroscopy in the
identification of neutral and anionic nitrogen, oxygen, and sulfur donor axial ligands to
zinc tetraphenylporphyrin. Two distinct types of changes in the Soret, beta and alpha
MCD bands occur upon ligand binding that can be used to this end: red-shifts in the
PEAK, CROSSOVER and TROUGH wavelengths and increases in PEAK-TROUGH
intensities relative to the those of four-coordinate ZnTPP. ZnTPP complexes with
neutral nitrogen, oxygen and sulfur donor axial ligands can be distinguished based on
analysis of the red-shifts in band positions and intensity changes. The most dramatic
spectral changes are observed for the ZnTPP complexes with anionic ligands.
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