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Abstract 

The oxidation of two sterically-hindered porphyrin complexes, tetra(2,6- 

dich1orophenyl)porphyti.n (TDCPP) and tetramesitylporphyrin (TMP), containing 2x1, 

Cu, Ni, Fe, Ag, Co and Mn was investigated by in situ W-visible, FTIR and RR 

spectroelectrochemistry. The FTIR spectral changes observed during metal-centered 

oxidation were compared with those observed for the porphyrin ring-centered oxidation. 

In general, removal of an electron fiom the central metal produced less perturbation to 

the porphyrin ring vibrations, and no new band was generated. In contrast, significant 

perturbations to the existing porphyrin vibrational modes were observed during the ring- 

centered oxidation. 

As to the diagnostic IR bands, the formation of the z-cation radicals of TDCPP 

complexes resulted in a medium intensity appearance band in the vicinity of 1 280 cm-1 

in the cases of TDCPPZn(II), TDCPPFe(III)Cl, TDCPPCo(I1) and 

TDCPPMn(III)C104. However, there are some exceptions: (TDCPP+-)Cu(II) 

displays only a very weak band in the same region. (TDCPP+.)Ni(II) has no 

appearance IR band in the 1280 crn-1 region, but shows a new band at 1 530 crn-1. The 

abnormal behavior of TDCPPNi(I1) is attributed to the energetic reversal of the al, and 

qU orbitals which are the two candidates of the HOMO of the porphyrin ir-electron 

system. For TDCPP complexes, the introduction of electron-withdrawing groups on 

the aryl substituents would stabilize the a2, orbital relative to the a1, orbital. The 

stabilization of the a2, orbital would bring these two orbitals closer in energy or even 

reverse their relative order. The 'A~, character of (TDCPP+-)Ni(II) na t ion  radical is 

fUrther supported by the upshift of the &active v2 

electronic ground state of porphyrin nation radicals. 

band, which is sensitive to the 

The v2 mode underwent small 



downshifts during the formation of the x-cation radicals of the other metallo-TDCPP 

complexes (except TDCPPZn(II)), indicating an 2 ~ 2 u  ground state for these n-cation 

radicals. Our results suggest that the IR marker bands are related to the electronic 

structure of the porphyrin x-cation radicals. 

For the TMP complexes, the introduction of electron-releasing groups on the 

phenyl substituents would raise the energy of the qU orbital, relative to the a 1, orbital, 

and thus making ' ~ 2 ,  the favowed ground state for the metal-TMP na t ion  radicals. 

The A2, character of TMP x-cation radicals was confirmed by strong appearance IR 

bands in the 1280 cm-l region, as well as the large downshifts of the RR v2 modes upon 

the formation of these n-cation radicals. 

The FTIR and RR evidence are not consistent in terms of the ground state 

assignment for (TDCPP+.)Zn(II). The ESR spectra of (TDCPP+.)Zn(II) R-cation 

radicals display no 1% hyperfine splittings, but show significant anisotropy at low 

temperature. These ESR results seem to support an 'A~, /~A~,  admixed ground state 

for (TDCPP+-)Zn(II) R-cation radicals. 

In the last part of this work, the in situ FTIR spectroelectrochemicd technique is 

extended into the fkequency region below 1000 cm-1 where the metal-nitrogen 

vibrational modes are located. As expected, the frequencies of the metal-nitrogen 

vibrations are sensitive to the metal oxidation state, but less sensitive to the one-electron 

ringcentered oxidation. 



ACKNOWLEDGMENTS 

I would like to thank my supenisor, Dr. A. Scott Hinman, for his help, guidance 

and encouragement during the course of this research. I also extend my thanks to the 

members of my supervisory committee for their helpfid discussions and advice. 

I would k e  to thank the Department of Chemistry for providing the financial 

support during the period, and the members of the department who gave me help in one 

way or the other during my stay in Calgary. 

Special thanks go to Linjun and George for their precious support and 

extraordinary patience. 



TABLE OF CONTENTS 

. . Approval Page. ...................................................................................................... ..JI 

.a. Abstract. ................................................................................................................ ..ill 

Acknowledgements .................................................................................................. v 

Table of Contents .................................................................................................. vi 

List of Tables .......................................................................................................... xi 

. . List of Figures ........................................................................................................ xi1 

CHAPTER 1 : INTRODUCTION ...................................................................... t 

I .  1 Structure and Nomenclature of Porphyrins ................................................... I 

1.2 Electrochemistry of Porphyrins .................................................................... 4 

1.3 Vibrational Spectroscopy of Porphyrins ..................................................... - 9  

1.3.1 FTIR Spectroscopy of Metalloporphyrins ......................................... 1 1 

1.3.2. Resonance Raman Spectroscopy of Metalloporphyrins ........................ 14 

1.4 ESR Spectroscopy of Porphyrin n-Cation Radicals ..................................... 20 

1.5 Biomimetic and Stericaily-hindered Porphyrins .......................................... 23 

1.6 This Work ................................................................................................ 2 7  

CHAPTER 2: EXPERIMENTAL.. ........................................................................ . 3  0 

vi 



2.1 Chemicals. ........................................................................................... ... 30 

2.1 . 1 Solvent, Supporting Electrolyte, and Other Reagents ............................ 30 

2.1.2 Porphyrins and Metalloporphyrins ....................................................... 31 

........................... 2.2. Electrochemical and Spectroelectrochemica1 Experiments 33 

.............................................................................. 2.2.1 Cyclic Voltammetry 33 

......... 2.2.2 in situ UV-Visible and Visible Near-IR Spectroelectrochernistry 34 

................................ 2.2.3 in situ FTIR Reflectance Spectroelectrochemistry 37 

2.3 Other Experiments ...................................................................................... -40 

2.3.1. Isolation of Porphyrin x-Cation Radicals ............................................. 40 

2.3.2. ESR Measurement of Zinc and Nickel Porphyrin x-Cation Radicals .. 41 

2.3.3 Other Spectroscopic Experiments .......................................................... 42 

CHAPTER 3: A BULK ELECTROLYSIS RAMAN SPECTROELECTRO- 

................................... CHEMICAL CELL USING A ROTATING ELECTRODE 43 

3.1 Introduction ................................................................................................. 43 

3.2 Description of the Cell ................................................................................ 44 

3.3 Results and Discussion ............................................................................... 47 

CHAPTER 4: VOLTAMMETRY AND ELECTRONIC SPECTROELECTRO- 

CHEMISTRY OF 5. 10. 15.20.TETRAEUS(2.6.DICHLOROPHENYL ). 

PORPHYRIN COMPLEXES CONTAINING Fe. Mn. Co. Ni. Cu. Ag AND 

Zn ...................................................................................................................... 52 

4.1 Introduction ................................................................................................. 5 2  

vii 



................................................................................ 4.2 Results and Discussion 54 

4.2.1. Cyclic Voltammetry .......................................................................... 54 

4.2.2 In situ W-Visible Spectroelectrochemistry ....................................... 59 

4.2.3 The Utility of Electronic Spectroscopy for Distinguishing Between 

....................................................... ' ~ 2 ~  and ' ~ 1 ~  rr-Cation Radicals 69 

CHAPTER 5:  IN SITU FTIR AND RESONANCE RAMAN 

SPECTROELECTROCHEMICAL STUDIES OF THE OXIDATION OF 5.10.15. 

20-TETRAKIS(2,6-DICHLOR0PHENYL)-POR.PHYR.IN COMPLEXES 

CONTAINING Fe. Mn. Co. Ni. Cu. Ag AND Zn .................................................. 72 

5.1 Results ........................................................................................................ 72 

5.1. L in situ FTIR Spectroelectrochemistry ................................................. 72 

5.1.2. FTIR Spectra of Some Isolated r-Cation Radicals of TDCPP 

Complexes ...................................................................................... 8 5  

.............................. 5.1.3 In situ Resonance Rarnan Spectroelectrochemis try. 91 

5.2 Discussion ................................. .., ............................................................... 96 
5.2.1 FTIR Evidence: Metal vs Porphyrin Ring Oxidation .......................... 96 

5.2.2 The EIectronic Ground States of TDCPP n-Cation Radicals ................ 98 

5.2.3 The Utility of the IR Band for Distinguishing Between ' ~ 2 ~  and 'A 1 u 

~t-Cation Radicals ............................................................................. 1 08 



CHAPTER 6: IN SITU FTIR AND RR SPECTROELECTRO-CHEMICAL 

STUDIES ON THE OXIDATION OF TETRAMESITYLPORPFMUN 

......................... COMPLEXES CONTAINING Fe. Co. Ni. Mn. Cu. Zn AND Ag 114 

................................................................................................ 6.1 Introduction 114 

6.2 Results ....................................................................................................... 115 

6.2.1. Voltammetry and in situ W-Visible Spectroelectrochemistry ............ 115 

................................................ 6.2.2. In situ FTIR Spectroelectrochemistry 124 

.............. 6.2.3. The FTIR Spectra of Some Isolated TMP x-Cation Radicals 139 

.......................................... 6.2.1. h situ RR Spectroelectrochemistry 14 1 

6.3 Discussion ................................................................................................ 155 

.... . 6.3.1 Marker Bands Associated with the TMP Ring-Centered Oxidation 155 

.................... 6.3.2. The Electronic Ground State of TMP n-Cation Radicals 157 

CHAPTER 7: ESR STUDIES OF THE TDCPP AND TMP X-CATION 

.............................................. W I C A L S  CONTAINTNG ZINC AND NICKEL 159 

7.1 Introduction ............................................................................................... 159 

7.2 Results and Discussion .............................................................................. 150 

CHAPTER 8: FTIR STUDIES OF THE OXIDATION OF SOME METAL 

COMPLEXES OF TETRAPHENYLPORPHYRIN IN THE LOW FREQUENCY 

REGION .............................................................................................................. 176 

8.1 Introduction .............................................................................................. 176 

8.2. Results ..................................................................................................... 177 



8.2.1. x-Cation Radical Formations . Results of in situ FTIR 

..................................................................... Spectroelectrochemistry 178 

8.2.2 x-Dication formation - Results of in situ FTIR 

..................................................................... Spectroelectrochemistry 190 

8.2.3. Metal-centered Oxidation of TPP Complexes - Results of 

................................................. in situ FTIR Spectroelectrochemistry 190 

8.2.4. FTIR Spectra of Chemically Oxidized Metal-Tetraphenylporphyrin 

......................................................................................... Complexes 191 

................................................................................................. 8.3. Discussion 196 

CHAPTER 9: CONCLUDING REMARKS ......................................................... 198 

.................................................................................................... REFERENCES 201 

................................................................................... APPENDIX 2 10 



LIST OF TABLES 

Table Page 

............................................ Half-wave Potentials of Some TDCPP Complexes 55 

............................... Mid-Intiared Bands of Some Metallo-TDCPP Complexes 73 

Resonance Raman Frequencies for Metallo-TDCPPs and Their 

n-Cation Radicals ............................................................................................... 92 

Ratio of Absorbance Peaks A[Q(O,O)]/A[Q(l.O)] ............................................. 102 

.......................... Shifis of v2 Modes for Some Porphyrin rr-Cation Radicals 106 

Comparison of FTIR Marker Bands for Some Porphyrin rr-Cation 

Radicals .......................................................................................................... 1 1 1  

Half wave Potentials of Some TMP Complexes .............................................. 116 

Strong and Medium Intensity Mid-IR Bands of Some TMP 

Complexes ........................................................................................................ 128 

FTIR Frequencies for Some Metallo-TMPs and Their 

n-Cation Radicals .............................................................................................. 140 

Resonance Raman Frequencies of Some TMP Complexes 

and The n-Cation Radicals ............................. ..... ...,,. ..................................... 142 

.......................................... ESR Parameters Used for the Spectral Simulations 163 

............................. The Effect of Concentration on the ESR Spectral Linewidth 168 

Half-wave Potentials of Some TPP Complexes ................................................ 179 

........................ Peak Positions of it-Cation Radicals of Some TPP Complexes 187 

................................. Peak Positions of R-Dications of Some TPP Complexes 192 

Peak Positions and Frequency Shifts Upon Metal-centered 

................................................................. Oxidation of Some TPP Complexes 195 



LIST OF FIGURES 

Figure Page 

Absorption spectra of TDCPPNi(I1) .................................................................... 8 

Illustration of two candidate highest occupied molecular orbitals, ajU and a, . . . . . .12 
,U 

Structure of the voltammetric cell ....................................................................... 33 

Structure of the thin-layer voltammetric cell. ...................................................... 35 

Optical layout for the UVNISINIR spectroelectrochemical experiments. . . .. . .. . ... 36 

Structure of the transmission spectroelectrochemical cell ........ .................*.....*... 38 

Optical layout for in situ FTIR spectroelectrochemical experiments. ........ ........ .39 

(A) Structure of the Rman spectroelectrochemical cell. (B) Cross-section of the 
working electrode combination ............................ .................................. ....................... 45 

3-2 The optical layout of the in sifu Raman spectroelectrochemical experiments. . . . .. .47 

3-3 (A) Cell current against time recorded during the electrolysis of 1 mM TPPCu in 
0.1 M TBAPF,/CH,CI, - - in Raman spectroelectrochernical cell. (B) The in (i) vs. time plot 

for the same process. ......................................... ............................................................ 48 

3-4 RR spectra of TPPCu and (TPP')CU in 0.1 M TBAPF&H,CI, collected in the 
A - 

Raman spectroelectrochemical cell. ..................................................................... .......... 50 

4-1 (a) Conventionaicyc1icvo1tammetryofTDCPPCoin0.1MTBAPF6/CH,CI,~@) - 
Thin-layer voltammetry of the same system as (a) at a scan rate of 2 mV/s .................... 57 

4-2 Time-resolved thin-layer W-visible spectroelectrochernistry of the one-electron 
oxidation of TDCPPZn in 0.1 M TBAPFdCH,Cl, .................................................... 61 

4-3 in sihr potential-resolved W-visible spectra obtained during one-electron 
oxidation of TDCPPCu in 0.1 M TBAPFdCH,C12. ..................................................... 62 

xii 



4-4 in situ potential-resolved W-visible spectra observed during one electron 
.................................................. oxidation of TDCPPNi in 0.1 M TBAPF6/CH,Cl ,....... 6 3  

4-5 in situ time-resolved UV-visible spectroelectrochemistry of (a) one-electron 
reduction and @) one-electron oxidation of TDCPPFeCl in 1 : 1 CH,CI,/CH,CN - - 
Containing 0.1 M TBAPF, ............................................................................................ 64 

4-6 Time-resolved thin-layer UV-visible spectroelectrochemistry of (a) one-electron 
.............................. (b) two-electron oxidation of TDCPPCo in 0.1 M TBAPF JCH,CI,. - - 65 

4-7 in situ time-resolved UV-visible spectroelectrochernistry of (a) one-electron 
reduction and (b) one-electron oxidation of MnTDCPPCIO, in CH,CN containing 0.1 M 

........................................................................................................................ TBAPF, 67 

4-8 in situ time-resolved UV-visible spectroelectrochemistry of the one-electron 
oxidation of TDCPPAg in 0.1 M TBAPFdCH,CI ,....................................................... 68 - - 

4-9 VIS/NIR spectra collected during one-electron oxidation of (a) TDCPPZn, (b) 

TDCPPCu, (c) [TDCPPCO(III)]', (d) TDCPPNi, (e) TDCPPFeCI, and ( f )  
TDCPPMnC104 ........................................................................................................... 70 

5- 1 i n  situ FTIR diff'ence spectrum observed for the one-electron oxidation of 
...................................................................... TDCPPZn in 0.1 M TBAPFdCH,Br ,...... 7 5  

5-2 In siru FTIR difference spectra observed for (a) one-electron oxidation of 
TDCPPFeCl in 0.1 M TBAPFdCH,Br,. - - (b) one-electron oxidation of TDCPPFe in 1: 1 

.................................................................................... MeCN-CH,Br, - - /O. 1 M TBAPF,. 7 6  

5-3 in sihc FTIR difference spectra observed for (a) one-electron oxidation of 
TDCPPMnClOq in 0.1 M TBAPF&H,Br,. + (b) one-electron oxidation of 

TDCPPMnClOq in 1 : 1 M e w /  0.1 M TBAPF,. (c) one-electron oxidation of MnTDCPP 
.......................................................................................... in 1 : 1 MeCN/O. I M TBAPF, 77 

5-4 in sihc FTIR difference spectra observed for the (a) one-electron and (b) two- 
........................ electron oxidation of TDCPPCo in CH,Br, containing 0.1 M TBAPP,. 79 

xiii 



5-5 in  situ FTIR difference spectra observed for the (a) one-electron oxidation and 
.............. (b) two-electron oxidation of TDCPPCu in CH,Br, containing 0.1 M TBAPF, 8 1 

5-6 in situ FTIR difference spectrum observed for (a) one-electron oxidation and (b) 
..................... two-electron oxidation of TDCPPNi in CH,Br, containing 0.1M TBAPF, 82 - - 

5-7 in situ FTIR difference spectra observed for the one-electron oxidation of 
........................................................... TDCPPAg in CH,Br, - - containing 0.1 M TBAPF, 83 

............... 5-8 Comparison of the FTIR spectra of TDCPPZn and its n-cation radical 87 

5-9 Comparison of the FTIR spectra of TDCPPFeCl and its r-cation radical .......... .87 

5-1 0 Comparison of the FTIR spectra of TDCPPCu and its a-cation radical ............... 89 

.............. 5-1 1 Comparison of the FTIR spectra of TDCPPNi and its n-cation radical 89 

5- 12 Comparison of the FTIR spectra of TDCPPCo, TDCPPCo(III)SbCI, and 
-. 

(TDCPP )Co(III)(SbCl,), r-cation radical ................................................................. 9 0  

5- 13 RR spectra of some Metallo-TDCPP R-cation radicals ....................................... 93 

5- 14 The energy gap bemeen a," and a, estimated from the ratio of Q(0,O) and Q(1,O) 
.U 

bands for some metallo-porphyrins ............................................................................ 100 

5- 15 Comparison of the a," and a, orbitals with the charge redistribution induced by 
-U 

v,, and v,, mode in NiOEP .......................................................................................... 109 

6- 1 Time-resolved thin-layer W-visible spectroelectrochemistry of the one-electron 
.......................................... oxidation of TMPZn in CH,Cl, - - containing 0.1 M TBAPF, 1 18 

6-2 Time-resolved thin-layer W-visible spectroelectrochemistry of the one-electron 
......................................... oxidation of TMPCu in CH,Cl, - containing 0.1 M TBAPF,. 1 19 

6-3 Time-resolved thin-layer UV-visible spectroelectrochernistry of the one-electron 
oxidation of TMPNi in CH2C12 containing 0.1 MTBAPF,. .......................................... 120 

xiv 



6-4 Time-resolved thin-layer W-visible spectroelectrochemistry of (a) one-electron 
oxidation and @) two-electron oxidation of TMPCo in CH,CI, - - containing 0.1 M TBAPF, 

.................................................................................................................................... 121 

6-5 Time-resolved thin-layer UVMS spectroelectrochemistry of the one-electron 
oxidation of TMPFeCl in CH,CI, containing 0.1 MTBAPF, ........................................ 122 - & 

6-6 Time-resolved thin-layer W-visible spectroelectrochemistry of (a) one-electron 
reduction and (b) one-electron oxidation of TMPMnC104 in CH,CI, - - containing 0.1 M 

TBAPF,. .................................................................................................................... 123 

6-7 Time-resolved thin-layer UV-visible spectroelectrochemistry of (a) one-electron 
and (b) two-electron oxidation of TMPAg in CH,Cl, containing 0.1 M TBAPF, ......... 125 - - 

6-8 Comparison of the FTIR spectra of TMPCu and its isolated x-Cation 
radical.. .............................................................................................. 126 

6-9 In situ FTIR difference spectra observed for (a) one-electron oxidation and (b) 
two-electron oxidation of TMPZn in CH,Br, containing 0.1 M TBAPF,. .................... 129 - - 

6- 10 In situ difference FTIR spectra observed for (a) one-electron (b) two-electron 
oxidation of TMPCu in CH,Br, containing 0.1 M TBAPF, .......................................... 130 - 

6-1 1 in situ FTIR difference spectra observed for (a) one-electron and (b) two-electron 
oxidation of TMPNi in CH,Br, containing 0.1 M TBAPF,. ........................................ 13 1 - - 

6-1 2 in situ FTIR difference spectra observed for (a) one-electron and two-electron 
oxidation of TMPFeCl in CH,Br, containing 0.1 M TBAPF, .................................. 132 - - 

6-1 3 in situ FTIR difference spectra observed for (a) one-electron, (b) two-electron 
..... and (c) three-electron oxidations of TMPCo in CH,Br, containing 0.1 M TBAPF, 134 

6- 14 In situ FTIR difference spectra observed for (a) one-electron reduction and (b) 
one-electron oxidation of TMPMnClOq in CH,Br, /0.1 M TBAPF,, (c) one-electron 

oxidation of TMPMnClO, in CH,CN/O. 1 M TBAPF,. ................................................ 1 36 

6- 15 In situ FTIR difference spectra observed for (a) one-electron and two-electron 
........................................ oxidation of TMPAg in CH,Br, - containing 0.1 M TBAPF,. 138 



RR spectra of TMPZn and its ir-cation radical ................................................. 1 44 

RR spectra of TMPCu and its R-cation radical ................................................. 148 

RR spectra of TMPNi and its x-cation radical .................................................. 149 

RR spectra of TMPFeCl and its K-cation radical .............................................. 150 

RR spectra of TMPMnC104 and its x-cation radical ........................................ 151 

RR spectra of TMPCo. [TMPCO(III)]- and [(TMP*')CO(III)]~ RR spectra of 

......................................................................................... TMPAg and [TMPA~(III)]* 153 

7-1 The temperature-dependent ESR spectra of (TMP")Z~(II)X- (X- = ..... and 

~10. ) .......................................................................................................................... 161 

................ 7-2 The temperature-dependent ESR spectra of (TDCPP+')Z~(II)S~CI; 166 

7-3 The temperature-dependent ESR spectra of (TDCPP')Z~(II)CIO; ................... 167 

7-4 The temperature-dependent ESR spectra of (TMP.')N~(II)CIO~. ....................... 173 

7-5 The temperature-dependent ESR spectra of (TDCPP*')N~(II)CIO; ................... 174 

8- 1 in sihf FTIR difference spectra observed for the one-electron oxidation of 
TPPCu(I1) in CH.C12 containing 0.1 M TBAPF , .......................................................... 181 

8-2 in situ FTIR difference spectra observed for the (a) one-electron oxidation and 
@) one-electron reduction of TPPFe(II1)Cl in CH,CI, containing 0.1 M TBAPF, ........ 182 

* . 

8-3 In situ FTR difference spectra observed for the (a) one-electron oxidation and 
(b) one-electron reduction of TPPMn(I1I)ClOq in CH.C12 containing 0.1 M 

TBAPF. ............................................................................................. 

8-4 In situ FTIR difference spectra observed for the (a) one-electron and (b) two- 
....................... electron oxidations of TPPZn(I1) in CH.CI. containing 0.1 M TBAPF. 

xvi 



8-5 in situ FTIR difference spectra observed for the (a) one-electron and @)two- 
electron oxidations of TPPMg(I1) in CH,Cl, containing 0.1 M TBAPF, ...................... 185 - - 

8-6 in situ FTIR difference spectra observed for the (a) one-electron and (b) two- 
....................... electron oxidations of TPPCo(I1) in CH,Cl, - containing 0.1 M TBAPF, 186 

8-7 Comparison of the FTIR spectra of (a) TPPMg(I1) and its isolated x-cation radical 
- 1 

in the 1600 to 400 cm region ..................................................................................... 1 8 8 

8-8 The metal-dependent of the v,-, bands for a series of M(I1)TPP and M(II1)TPP 
complexes ................................................................................................................. 1 94 

xvii 



Chapter 1 

INTRODUCTION 

1.1 Structure and Nomenclature of Porphyrins 

Porphyrins are derivatives of the parent molecule porphine (structure I), which 

consists of four pyrrole rings joined to one another by four methine bridges to form a 

large macrocycle. Structure I shows the numbering scheme of the carbon atoms of 

the macrocycle used in recent literature, as well as the traditional labeling system (Ca, 

Cp and C 3  which is still in common use. They form a conjugated n-electron system 

with twenty-two electrons, eighteen of which can be included in one cyclic path. 

Different types of groups or side chains can be attached to the P carbons of the pyrrole 

rings or the methine carbons (C,) which is the basis of the versatile structures of 

porphyrins. The metal complexes of porphyrin ligands (metalloporphyrins) are a large 

class of coordination compounds which can be found in many biological systems in 

nature. For instance, chlorophylls which are involved in the photosynthesis of green 

plants are magnesium chlorins. Chlorins are porphyrin derivatives with one pyrrole 

ring reduced. Hemeproteins, which play important functions in oxygen transport and 

storage in human bodies, contain an iron-porphyrin moiety. The chemistry of 

porphyrins has been a subject of extensive multidisciplinary research for several 

decades. The state of knowledge in this field is well documented in several editions 

11-31. 
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Structure I 

Porphyrins containing alkyl substituents at the P-pyrrole positions are 

commonly referred to as etio-type porphyrins. The most common naturally occurring 

etio-type porphyrin is protoporphyrin D( which is a moiety of many hemeproteins 

[4]. Octaethylporphynn (OEP) is the most common synthesized etio-type porphyrin. 

Those porphyrins having substituents only at the four methine bridges are known 

as meso-type porphyrins. The four substituents are most commonly derivatives of 

benzene or pyridine. Tetraphenylpocphyrin (TPP) is the most common one of this 

type which is easily synthesized, but it does not occur naturally. 

Porphyrins form complexes with metal ions through the four pyrrole nitrogen 

atoms. Almost every metal has been forced to form some kind of complex with a 

porphyrin. Apart kom the binding between the metals and the four pyrrole nitrogens 

of the porphyrin macrocycle, central metals often bind to other substituents when 

incorporated into a protein or to ions or neutral compounds in solution. The ligands are 

usually perpendicular to the p o r p h y ~  plane to give five- or six coordinate complexes. 



These ligands or substituents are referred to as axial ligands and their presence has 

been shown to affect the chemistry of rnetalloporphyrins. 

Usually the porphyrin macrocycle has a planar structure with a D4h symmetry, 

and the coordinated metal lies within the porphyrin plane. However, out-of-plane 

distortions have been found in some porphyrin systems which are usually induced by 

their peripheral substituents or their protein environment for the naturally occurring 

porphyrins [5-71. Recent structure determination of antenna and reaction center 

bacteriochiorophyll (Bchl) protein complexes have shown that the chromophores adopt 

multiple nonplanar conformations [8]. The axial ligands, hydrogen bonds, and 

neighboring residues that comprise the micro environments of the photosynthetic 

chromophores may thus define a protein scaffolding that controls the conformations of 

the porphyrin molecules. Such structure variations may change the energy of the 

frontier orbitals of BChls and thereby influence their redox and electron transfer 

properties [a]. Several model compounds have been synthesized to mimic the out-of- 

plane distortion effect [9- 101. These model porphyrins incorporate steric crowding of 

substituents, which leads to various distortions of the macrocycle. Examples of such 

sterically-crowded porphyrin ligands are 2,3,7,8,12,13,17,18-octaethyl-5,10,15,20- 

tetraphenylporphyrins (OETPPs) [ 1 1 1. A recent study on OETPPCu(I1) reveals that 

the multiple peripheral substituents indeed induce a saddle conformation on the 

macrocycle, and the saddle conformation is retained in solution (The saddle distortion 

consists of displacement of alternate pyrrole rings above and below the mean plane of 

the porphyrin defined by 24 core atoms [12]). The oxidation of OETPPCu(I1) to its rc- 

cation radical resulted in additional distortions which are attriiuted to changes in the 

electronic configuration [ 131. 



1.2 Electrochemistry of Porphyrhs 

The redox behavior of porphyrins has been extensively investigated because of 

its relevance to many biological processes. Several reviews in this area have been 

published in the literature [14-161. Most of the research has been carried out in 

nonaqueous media. Generally, metalloporphyrins may be oxidized or reduced at three 

discrete sites. In nonaqueous media, fke base porphyrins (porphyrins without a 

central metal ) and metalloporphyrins with 'inactive' metals ( e g  Zn(II), Mg(I1)) usually 

undergo two successive reversible one-electron oxidations, leading to the formation of 

cotresponding nation radicals and dications, and two successive reversible one- 

electron reductions, yielding the minion radicals and dianions, respectively. Metal- 

centered electron transfer reactions are also observed for a number of 

metalloporphyrins containing electroactive metals (e.g. Mn(III), Fe(IlI), Ni(I1). Co(1I) ) 

I161. 

Various techniques have been employed to investigate the electrochemical 

behavior of porphyrins. In the 1960s and early 1970s, traditional electrochemical 

techniques such as polarography, cyclic voltammetry and rotating-disk voltammetry 

had been used mainly to study the electrode reactions of metalloporphyrin complexes 

[16]. Several 'rules' regarding the electrochemistry of metalloporphyrins have been 

proposed from these early works. For example, when measuring the redox potentials 

of a series of metallo-octaethylporphyrins, Fuhrhop and co-workers [17] concluded 

that for almost all complexes the potential difference between the first oxidation to 

form a cation radical and the first reduction to form an anion radical was a constant, 

LE = 2.25*0.15V. This value is in good agreement with the theoretically calculated 

energy difference between the HOMO and LUMO for most metalloporphyrins. In 

addition, the difference in potential between the first and second reductions was 0.42 k 



O.OSV, and the potential difference between the first and the second oxidation was 0.29 

+ 0.05 V. Similar results were observed for complexes of tetraphenylporphyrins [I  81. 

These simple rules have been used to distinguish between the ring-centered and 

metal-centered redox types [19]. Unfortunately, there are a number of exceptions to 

these simple rules, and many of these seem to involve the biologically important 

complexes of iron, manganese and cobalt porphyrins 120-231. 

An important subject in the electrochemistry of metalloporphyrins is the 

assignment of the redox sites within porphyrins. For a metdloporphyrin containing an 

electroactive metal, the electron-transfer processes might be either porphyrin-ring 

centered or metal-centered. Both types of reaction have been found in biochemical 

processes in nature. For instance, for iron porphyrins, the Fe(II)/Fe(lII) redox couple 

is involved in many biological processes such as oxygen binding of hemoglobins and 

electron transport reactions facilitated by cytochromes [24]. The versatile roles of the 

iron in these naturally occurring systems retlect the great influence of the porphyrin 

ligands on the redox properties of the central metals. The transfer of electrons to or 

from the porphyrin ring, on the other hand, is also important in natural processes. 

Magnesium chlorin mation radicals have been proposed as intermediates in the 

photosynthesis processes of all green plants [25], and fenyl protoporphyrin IX x- 

cation radicals are found as intermediates in the enzymatic cycles of several 

peroxidases and catalases 1261. 

While voltammetry measurements can usually give useful information about 

the redox sites [16], in some cases the simple inspection of a voltammetric wave does 

not allow unambiguous identification of the electron transfer site within the complex. 

For instance, it is known that oxidation of Fe(II1) porphyrins under different 

conditions may result in either loss of an electron fkom the porphyrin ring to give a n- 



cation radical [27], or in loss of an electron from the iron, to produce hypervalent 

Fe(IV) species [28]. Felton and co-workers [29] assigned the one-electron oxidation 

products of both TPPFe(III)C104 and OEPFe(III)C104 as Fe(1V) species based on 

irregularities of the half-wave potentials. However, formation of Fe(II1)-cation radicals 

fiom these processes were confirmed by Phillippi and Goff [30], on the basis of 

rnagne tic-susceptibility measurements, NMR, and Mossbauer studies. 

An assumption which has been frequently forwarded in support of identifying 

metal-centered oxidation against ligand-centered oxidation is that the hdfiwave 

potential for the oxidation of the porphyrin ring should be independent of the axial 

coordination of the central metal, whereas the metal oxidation potential should vary 

largely with the axial ligand [ 161. As to the validity of this assumption, Hinman and 

Pavelich [3 11 pointed out that this argument holds only where the overall charge of the 

complex remains unchanged on varying the axial ligand(s). The half-wave potential for 

oxidation of the porphyrin ring in TPPZn(I1) shifts by up to about 300 mV on 

complexation with anions, while very little potential shift is observed on complexation 

with uncharged ligands. 

Therefore great caution must be exerted in ascribing unusual features of the 

voltammetry of metalloporphyrins which involve electrochemically active metals, and 

spectroscopic techniques should be employed to f'urther investigate these redox 

processes. Since products of these two types of reactions are usually 

spectroscopically distinct, some suitable spectroscopic methods could be able to 

distinguish them. Electronic spectroscopy has been employed intensively to identify 

the site of oxidation/reduction in metalloporph yrins. Metalloporph yrins all have 

characteristic absorption bands in the ultraviolet-visible region. These bands are 



thought to arise mainly &om the Z+R* transitions due to the rr electrons of the 

porphyrin ring [32]. 

Figure 1-1 shows the absorption spectrum of nickel tetrakis(2,6- 

dich1orophenyl)porphyrin (TDCPPNi(II)), which illustrates the classical features of 

metalloporphyrin spectra: a very intense B (or Soret) band near 400 nm, and a pair of 

weaker bands, Q(0,O) and Q( 1,O) (or a and P), betwcen 500 and 600 nm. Figure 1- 1 

also illustrates Goutman's four-orbital model [32], on the basis of which these 

bands are readily understood. The LUMO is a degenerate x* pair of eg symmetry ( in 

the idealized D4h point group), while the two candidates of HOMO, alu and a2, have 

nearly the same energy. The two a + K* electronic transitions (alu+ eg and azu 

+eg ) have similar energies and the same excited-state symmetry (Ed, thus 

undergoing strong configuration interaction. The transition dipoles add up for the 

intense B transition and nearly cancel for the weaker Q(0,O) transition (the intensity of 

which vanishes completely if a,u and g, are accidentally degenerate). Some intensity 

(about 10%) is regained for the Q transition via vibronic mixing with the B transition, 

producing the Q(1,O) sideband, which is the envelope of vibrational bands built on the 

Q(0,O) band. 

Mn(I1I) porphyrins display abnormal electronic spectra. The 

distinguishing feature is that the intense Soret band of the normal metalloporphyrin 

spectrum is split into two bands. It was suggested that the anomalous behavior results 

fiom K-back bonding between the metal eg orbitals and the antibonding n* orbitals of 

the porphyrin ligand [33]. 

The ringcentered oxidation and metal-centered oxidation usually give rise to 

distinctly different electronic spectral changes [34]. If the oxidation process is 

porphyrin-ring centered, the Soret band will usually blue shift, and its intensity is 
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Figure I - L . Absorption spectrum of TDCPPNi(I1) in dichloromethane, with the 

four-orbital model for the metalloporphyrins (here, showing a," lying above a2u). 

The two IT-R* orbital excitations, 1 and 2, are subject to strong configuration 

interaction, with transition dipoles adding up in the higher energy (Soret or B) 

transition, and nearly canceling in the lower energy [Q(0,0) ] transition. The Q( 1,O) 

band is the envelope of vibronic transitions induced by the mixing of the Q(0,O) 

and B electronic transition. 



reduced considerably; the Q-bands will usually shift and decrease in intensity 

leading to a broad feature in the visible region. On the other hand, if the oxidation 

process is metal-centered, there is no major loss of intensity of the Soret band, but the 

peak position will shift. The two Q-bands are retained (with or without change in 

position). 

Apart from electronic spectroscopy, several other spectroscopic methods have 

also been explored to identify the site of the redox process. These methods include 

NMR [35], magnetic circular dichroism (MCD) [36], vibrational spectroscopy, and 

ESR spectroscopy. The first two methods are less frequently used. The application of 

vibrational spectroscopy in rnetalloporphyrins has been of particular interest in recent 

years, and the advances in this area are summarized in the following section. ESR 

spectroscopy is also v a y  useful in this respect for metalloporphyrins containing 

diamagnetic metals, and its application will be discussed in section 1.4. 

1.3 Vibrational Spectroscopy of Porphyrins 

Vibrational spectroscopy (IR and Raman spectroscopies) can provide plenty of 

information about the structure of porphyrins. A large amount of experimental data 

has been accumulated for metalloporphyrins in the past several decades, and some 

empirical rules of the IR and Raman spectral features regarding the coordination 

environment, the spin- and oxidation-states, and the core-size of the rnetalloporphyrins 

have appeared in the literature [37]. 

In order to better interpret the vibrational spectra of porphyrins, the assignment 

of vibrational modes is essential. The theoretiad analysis of some simple 



metalloporphyrin systems ((TPP)M and (0EP)M) has been carried out by s e v d  

groups (e.g. Spuo [38], Ogoshi [39], Sunder and Bemstein [40], Sus and Ard [41]). 

In these analyses, a planar D4h molecular model is adopted and the peripheral 

substituents are treated as point masses. The vibrations of these substituents are 

relatively independent of the porphyrin core vibrations, and are treated separately. 

For metalloporphyrins with axial ligands, the vibrational modes of axial ligands 

should be considered. These vibrations are usually not coupled with the porphyrin 

core vibrations, and can be treated independently. The metal-axial ligand vibrations 

are essential in understanding the nature of the metal-ligand linkage. 

The vibrational modes of the porphyrin core are usually classified into the in- 

plane and out-of-plane modes. Under the assumption that the peripheral groups are 

point masses, there are 37 atoms and the in-plane vibrations can be classified as 

[3 8(a)I : 

Tin-,lam =9Al g + 9B lg + 8Azg +9B2y+ 18 EU ( 1 - 1 )  

The out -of-plane modes are factorized into: 

Touf-o'plane = 8Eg + 3 4 "  + 6A2u + 4B2u + 5B tu' ( 1-2) 

The 'A?, and E, modes are IR active whereas the Alg, Big, BQ and Eg modes are 

Raman active in ordinary Raman spectra. However, in Resonance Raman (RR) 

spectra (excited near the Soret band or Q-band region), the Atg modes become active, 

and A 1 g, B 1 and Bzg modes are expected to gain Raman intensity [3 8(a)]. Since the 

peripheral substituents are not involved in the ir-conjugation system, their vibrations are 

usually less enhanced in RR spectra. In contrast, d l  vibrations of peripheral groups can 

appear in the LR spectra in addition to the symmetry allowed modes of the macrocycle. 

This is the main reason why IR spectra are generally much more complicated than RR 

spectra for a given metalloporphyrin. 



1.3.1 FTIR Spectroscopy of Metalloporphyrins 

In 198 1, Goff and co-workers [42] reported the IR spectra of some oxidized 

metdloporphyrins. They found that the x-cation radicals of some metallo-TPPs and 

metallo-OEPs displayed new strong IR bands near 1280 crn-1 and 1550 cm-1, 

respectively. Since then, the appearance of a new band at -1280 cm-l in TPP+. 

complexes and a new band at -1550 cm-1 in OEPi  complexes have been suggested as 

a unique criterion for identifjmg the ring-centered oxidation processes. Hinman 

and co-workers [43] confirmed the presence of those new bands in the 

electrochemically generated x d o n  radicals of metallo-TPPs and metallo-OEPs by 

means of in situ FTIR reflectance spec~oelectrochemistry. They found that these 

diagnostic bands can only be observed in the ring-centered oxidation products, and 

metill-centered oxidation causes much less perturbation to the porphyrin core 

vibrations than ring-centered oxidation does. They also compared the IR spectral 

changes between one-electron ringsxidation (x-cation radical formation) and two- 

electron ringoxidation (dication formation) for some TPP complexes. The difference 

spectra recorded in the di-cation formation process show characteristic bands similar 

to those observed for the rr-cation radicals, but shifted to higher frequencies. 

In addition to identification of the oxidation site within the complexes, IR 

spectroscopy has also been used to observe axial coordination changes accompanying 

the oxidation [43(a)], and to characterize the products of irreversible homogeneous 

reactions following the electron transfer, such as isoporphyrin formation [MI. 

An interesting subject regarding porphyrin rr-cation radicals is identification of 

their ground states. The Gouterman foursrbital model predicts that porphyrins 

have two nearly degenerate orbitals, a,u and a, dl , and either of them can be HOMO 

[32]. However, the patterns of electron distribution are distinctly different for each 



(Fig. 1.2) [45]. Their relative energy levels depend on several factors such as the 

peripheral substituents, central metals and even axial ligands. Metal-TP Ps have 

always been considered to have a higher energy a, orbital relative to a , ,  and therefore 
-u 

TPP K-cation radicals have an unpaired electron in an a, A orbital (e.g. ' ~ , , - t ~ ~ e  

radicals) 

Figure 1 2. Illustration of two candidates of highest occupied molecular 

orbitals, a," and a, A . The circle sizes are approximately proportional to the atomic 

orbital (AO) coefficients. The open circles represent negative signs of the upper 

lobe of the p, AO's (from reference[45] ). 



[46]. On the other hand, the ground states of OEP radicals have been a subject of 

controversy. The ambiguity arose because metal-OEPs form two different classes of 

R-cation radicals. For example, (OEP+-)zn(II), (OEP'+)Mg(II), as well as the 

chloride and bromide complexes of (OEP+.)Co(III) form the so-called 'green-type' 

radicals, which have a visible band near 680 nrn. The perchlorate and tetrafluoroborate 

complexes of (OEP'~)Co(lII) are so-called 'gray-type' radicals which have a broad 

visible feature covering the 500 - 620 nm region [46(a),47]. On the basis of different 

optical spectra, it was postulated that the green and the gray forms of OEP radicals 

are 'A, ,-type and  type, respectively [46(a)]. However, recent RR studies 

provided evidence that both types of metallo-OEP radicals have predominately a," 

character [46(b), 481. The differences between the green-form and gray-form 

complexes might result from the different porphyrin ring conformatious rather than 

different ground states [49]. 

A recent study has related the IR marker band to the electronic ground states of the 

rr-cation radicals [50]. The origin of the - 1 280 cm-1 IR marker band was assigned 

as the pyrrole half-ring stretch ( ~ 4  I), which involves out-of-phase stretching of the Ca- 

Cp and Ca-N bonds; and that of -1550 cm-l as asymmetric Ca-C, stretching ( ~ 3 7 ) .  

Their vibrational eigenvectors match the antibonding pattern of the ha1 f- fil led 

HOMO of TPP x-cation radicals (a, A ) and OEP R-cation radicals (a,), respectively, thus 

giving rise to an increase of the dipole moment across the porphyrin ring for these 

modes. This may explain why these bands gain considerable intensities in the x-cation 

radicals. However, the validity of these criteria has not been verified or extended to 

other porphyrin ligands, and this is one of the objectives in this work. 



1.3.2. Resonance Raman (RR) Spectroscopy of Metalloporphyrins 

The Raman effect is manifested by shifts in fiequency, up and down, of light 

scattered inelastically by a chemical substance. These frequency shifts correspond to 

the internal molecular vibration modes of that substance [5 1 (a)]. Therefore, like IR 

spectroscopy, Raman spectroscopy reveals molecular vi'bration information as well. 

However, the selection rule is different between these two techniques. The IR active 

modes must induce a change of a molecular dipole moment, while the Raman active 

modes must induce a change of polarizability. Accordingly, the two techniques are 

complementary to each other. For molecules with inversion symmetry (such as a 

porphyrin macrocycle of D4h symmetry) the IR active modes and Raman active modes 

should be anti-symmetric and symmetric to the inversion center, respectively - the so- 

called 'mutual exclusion rule'. Even if there is no inversion symmetry on the 

molecule, the intensity pattern of the IR spectrum and the Raman spectrum is generally 

different. Hence measurement of both kinds of spectra is desirable for the vibrational 

analysis. 

The resonance Raman (RR) effect differs from the normal Rarnan effect in that 

the incident light frequency falls into an electronic absorption band of the molecule. 

This results in a large increase in the intensity of the Rarnan scattering. Albrecht 

derived a general equation to account for the resonance Raman effect [ 5  1 (b)]. For a 

molecule with two low-lying excited electronic states, e and s, if the fiequency of the 

incident light (v,) is moved into resonance with the lower state e, the elements of the 

scattering tensor can be written as the sum of two terms: 

(a~o)~k,~j  = A+B (1-3) 

where 

(qo)ba : the poth component of the Raman scattering tensor; 



< k ( v x  u l j >  
f' = C I,,",, - v, +ir, 

g: the ground electronic state; 

k, v and j: vibrational quantum numbers; 

r,: a damping constant; 

Qa: a normal coordinate. 

In the case of totally symmetric modes, the product of the overlap integrals cklu> 

and cub> is finite due to non-orthogonality of the vibrational wave functions at the 

electronic ground and excited states. On the other hand, for non-totally symmetric 

modes the vibrational wavefunctions are nearly orthogonal, so fA is nearly zero. 

Therefore, only totally symmetric modes can derive Raman intensities via the A term. 

Non-totally symmetric and totally symmetric modes may gain Raman intensity via the 

B term. Consideration of the B t m  clearly indicates the most important factor for the 

resonance enhancement is the value of La. Thus if two excited states are efficiently 

coupled by a given normal mode, that normal mode can be expected to be enhanced to 

a large extent. In general, the B term contribution is small relative to the A term due in 

part to the additional denominator of (uS-ue) of the B term. 

An important property of Raman spectroscopy is that the depolarization 

ratios of Raman lines depend on the symmetry of the vibrational modes. Suppose 

that we irradiate a molecule fixed at the origin of a Cartesian coordinate system eom 

the positive-y direction, and observe the Raman scattering in the x diredon. If the 



incident light is plane polarized (e.g. laser beam), with its electric vector in the z 

direction, then the depolarization ratio, p , can be expressed[S l(a)]: 

where 

a =1/3(a,, + a, + a,,) 

y2= 1 /2 [(a, - a,,#+ (ayy- (aZz-a&+ 
7 6( aXy-+ ayzZ + a,?)] 

aij (i j=x, y,z) are elements of a polarizability tensor and aij=aji. 

From group theory, it is obvious that a is non-zero only for totally symmetric 

vibrations. Then for totally-symmetric vibrational modes, equation ( 1 -4) gives 

0 5 p <3/4, and the Rarnan lines are said to be polarized. For all non-totally 

symmetric vibrations, p =3/4 and the Raman lines are said to be depolarized. 

The above expression for the depolarization ratio is derived on the assumption 

that polarization tensors are symmetric (e.g. aij'aji ). This is true for normal Raman 

scattering. However, some tensors become antisymmetric under the condition of 

resonance Raman scattering. In this case, equation ( 1-4) must be written in a more 

general form: 

where 

ys2 = 1/2[(a, - ayy)2+ (ayy- a&+ (azz-a&] 

+3/4[(a,,+ a,)2+ (axz+ am)2+ (a,+a,)2] 

yas* = 3[(axy- a,,&+ (a,- a&+ (ayz-azy)2] 



In normal Raman scattering, ys2 = y2 and y,2 = 0. Then equation ( 1-5) is reduced to 

equation ( 1 -4). 

The symmetry properties of resonance Raman lines can be predicted on the basis 

of equation (1-5). For totally symmetric vibrations, a is non-zero and y, is zero. 

Then equation (1-5) gives 0 I p < 3/4. Non-totally symmetric vibrations ( a is 

zero) are classified into two types: those which have symmetric scattering tensors, and 

those which have antisymmetric scattering tensors. If the tensor is symmetric, Yas = 0 

and y,# 0, then equation (1-5) gives p= 3/4 (depolarized). If the tensor is 

antisymmetric, y, # 0 and 7, = 0, then equation (1-5) gives p = - ( inversely 

polarized or anomalously polarized). In the case of a metalloporphyrin with the D4h 

point group, the modes of B l g  and Bzg symmetry belong to the former type, whereas 

the modes of A?g symmetry belong to the latter (giving inversely depolarized lines). 

Spiro and co-workers observed for the first time in 1972 inversely polarized bands in 

the resonance Raman spectra of heme proteins[5 1 (c ) ] .  

Raman spectroscopy presents many advantages over FTIR spectroscopy for 

biological samples because of the resonance enhancement effect, and because water 

gives only a very minor interference [52]. The resonance Raman effect allows selective 

enhancement of vibration modes fiom chromophoric groups within a molecule, and the 

resultant enhancement provides high sensitivity to features with very low 

concentrations. The RR spectrum of a protein-bound chromophore can often be 

obtained at chromophore concentrations of 0.1 mM or less. At these concentrations 

the normal Raman spectrum of the protein is undetectable. Resonance Raman 

spectroscopy is being employed as a tool to investigate many biological processes 

involving metalloporphyrins. For instance, the catalyhc mechanisms of the heme 



enzymes known as peroxidases, catalases, and cytochrornes P-450 have been the 

subject of research for many years [53]. The intermediates of peroxidase and catalase 

are proposed as two highly oxidizing enzymatic states known as compounds I and II, 

which respectively are two and one oxidizing equivalents above the resting enzyme. 

Compound I1 contains the heme iron in the Fe(1V) state (ferryl), while compound I 

contains the ferry1 heme with an additional electron removed from the porphyrin ring. 

The RR spectra of these intermediates have provided important structural information 

which may help in elucidating these catalytic processes [53 (c)]. 

For metalloporphyrin systems, the relative intensities of peaks in the resonance 

Raman spectra depend dramatically on the laser excitation frequency [54]. When 

excited in the Soret band region, the totally symmetric vibrational modes (Al&) are 

predicted to be enhanced resonantly through the A-texm mechanism. When the laser 

is near resonance with the Q absorption bands, vibrational modes which ate 

depoiarized (dp) or anomalously polarized (ap) become enhanced greatly. These peaks 

arise fkom non-totally symmetric modes Big, Bzg and Azg. These modes are 

effective in mixing the Q and Soret transition since EUxEu = A lg  + B lg + Bzg + Azg . 

They are enhanced through the B-term mechanism which is particularly effective for 

weak transitions that gain intensity from vibronic mixing [54]. 

Resonance Raman spectroscopy has proven to be a promising tool for studying 

molecular and electronic structure of porphyrin %-cation radicals. As to the 

identification of the ground states of porphyrin K-cation radicals, the most sensitive 

balds are found to be those which involve the Cp-Cp vibrations. The v2 mode, which 

contains significant Cp-Cp stretch, was observed to shift up upon 'A,, it-cation radical 

formation, but shift down upon 'A,, nation radical formation. These shifts can be 

understood on the basis of the HOMO pattern since the a," orbital is anti-bonding with 



respect to C v p ,  while the a, mu orbital is bonding. Thus removal of an a," electron 

should strengthen the Cp-Cp bond, while the removal of an a, electron should weaken 

this bond [54]. All metallo-TPP n-cation radicals display a v2 peak of much lower 

frequency (ca. -30 cm-1) relative to that of the unoxidized porphyrins which is in 

accordance with their 'A,, electronic ground state. In contrast, the v2 band shifts to 

higher frequency (ca. 130 cm-1) relative to that of the unoxidized porphyrins upon all 

OEP radical formations, indicating that all OEP rc-cation radicals have a,u character 

[ 46 (~1 .  

In addition to the characterization of the electronic structure of the 

metalloporp hyrins and their x-cation radicals, RR spectroscopy is use fbl in the studies 

of porphynn molecular structure and dynamics. A number of metalloporphyrin radical 

crystal structures reveal a saddle distortion. An example of these radicals is 

(TPPf )Fe(III)Cl in the solid state, the neutral species having a nearly flat porphyrin 

ring [55]. If the n-cation radicals have saddle distortion, the molecular symmetry will 

be lowered from D4h to Dzd. Such a distortion might allow some IR-inactive modes 

to become RR-active, and vice versa [37]. This assumption provided an alternative 

explanation as to why extra bands were observed in the FTIR spectra of porphyrin rr- 

cation radicals [43(c)]. However, no clear evidence has been put f o m d  showing that 

such saddle distortion is present in solution. Several proposals have been suggested 

to observe such a distortion in porphyrin na t ion  radicals. The calculated 

eigenvectors of two B, A modes, ~ 1 7  and yl8, resemble the observed saddle distortion 

pattern [46(b)]. B :U modes are not vibronically active in D4h symmetry. However, if 

the symmetry is lowered to D2d then the B, modes are transformed to A2, which is RR 

active in D2d symmetry. The saddle distortion can lead to D2d symmetry, therefore the 

appearance of these bands should provide evidence to the conformational structure. 



Also, the change of symmetry should influence the depolarization ratios of some RR 

lines, and therefore the comparison of depolarization ratios in both natural 

porphyrins and porphyrin z-cation radicals might provide infomation on 

configuration changes [37]. 

1.1 ESR Spectroscopy of Porphyrin x-Cation Radicals 

Electron spin resonance (ESR) is a usefbl tool to study species containing 

unpaired electrons such as radicals, radical cations and anions, and some transition 

metal complexes [56]. An electron possesses mass, charge, spin (S), and orbital (L) 

angular momentum. In the absence of an external magnetic field, the two possible 

spin states, +1/2 and -112, of an unpaired electron have identical energies. However, 

this degeneracy is lost when a magnetic field is applied. If a steady magnetic field, H, 

is applied to the electron. then the energy of the interaction with the magnetic moment 

of the electron (p) is represented by: 

E = -p. H ( 1-61 

where p is defined as -gPS (P is the electronic Bohr magneton, g is a dimensionless 

constant known as the g-factor). 

If the field is applied in the Z direction, the scalar product in Eq. (1-3) can be 

simply written as follows: 

E= gPSzHz ( 1-7) 

Since S, may have values of + 112h/2n or - 1/2h/27t, the electron has just two 

possible energies in the presence of the field: 

E= (k l/Z)gPH (1-8) 

A resonance can be induced when the applied frequency of radiation satisfies the 

condition: 



hv=gpH 

The g value is a unique property 

radicals in which the electron is highly 

2 1 

( 1-9) 

of a molecule. For most of the organic free 

delocalized, the orbital angular momentum is 

nearly quenched, and the g values are very close to the fiee electron value (ge=2.0023). 

However, in the presence of large spin-orbit coupling, anisotropic g- tensors can be 

anticipated. In the solution phase, the rapid tumbling of the molecules could average 

the principal components of the g-tensor, and a hVe can be observed: 

gave= 1/3 (gxx+gwfEd (1-10) 

where gii(i=x,y,t) is one of the components of the g-tensor in the principal axial system 

of the molecule. 

A usefbl feature of ESR spectra is their hyperfine structure, which reflects the 

interaction of the unpaired electron with its surrounding environment. The hyperfine 

structure of an ESR spectrum arises from the magnetic nuclear-electron interaction 

which falls into two categories [57]: (1) elecrron-nuclear dipolar coupling; and (2) 

Fenni contact or isotopic hyperfine interactions. The dipolar coupling is anisotropic, 

whereas the contact hyperfine interaction is isotropic. The molecule tumbling in the 

solution phase can average the anisotropic interaction to zero, thus the observed 

hyperfine coupling is isotropic. But the anisotropic property of hyperfine coupling 

may be retained in the solid phase. The magnitude of hyperfine coupling (the 

separation of the lines) reflects the strength of the nuclear interaction which in turn 

relates to the unpaired spin densities at various atoms in the molecule. The widths 

(peak-to-peak first-derivative width, AHptp) and the lineshape of the ESR spectra can 

also provide information about the relaxation or lifetime of the excited spin states. 

More detailed treatment of ESR principles can be found in the literature [56]. 



With respect to identifying the electron-transfer site within metalloporphyrins, 

ESR spectroscopy can provide clear evidence of electron removal fiom the K system. 

The rr-cation radicals of metdoporphyrins should display 'free radical' type ESR 

signals. Such spectra were observed for zinc and magnesium porphyrin n-cation 

radicals [5  81. However, for some paramagnetic metalloporphyrins such as copper 

porphyrins, the 2-cation radicals do not give rise to any ESR signal even at low 

temperature. The absence of ESR signal could resuit fiom efficient spin-spin 

relaxation, large zero-field splitting or anti-ferromagnetic coupling between the metal 

and the ir-electron spin [59]. For metalloporphyrins containing iron, manganese or 

cobalt, the radical-like ESR spectra are usually not observed for their n-cation radicals 

due to the spin density arising fiom these central metals [60]. 

An important application of ESR spectroscopy in the study of porphyrin R-cation 

radicals is the identification of the ground states. 'A,-type R-cation radicals contain 

large spin density at the meso carbon atoms, as well as nitrogen atoms. Their ESR 

spectra should have nitrogen splitting, and be sensitive to the meso-substituents. In 

contrast, 'A,,-type r-cation radicals should lack nitrogen splitting due to near zero 

spin density on N atoms. Experimentally, hyperfine splittings of nitrogen atoms ( a ~  

-1 SG) and hydrogen atoms ( a ~  - 0.28 G) of the meso-phenyl groups were observed 

for (TPP+-)M~(II)c~o~ and (TPP+*)Zn(II)C1O4 n-cation radicals which are of typical 

'A?,-type. Their ESR signals display a nine-line spectral feature [58]. For 

(TP P+-)M~(II)X and (TP P+-)Z~(II)X (X=Cl-, Br, Fo), large hyperfine splitting (in 

the range of 1.5 -8.78 G) due to the axial coordination (acl, a and a ~ )  was also 

observed, which indicates that the spin-density can be transmitted to an axial ligand 

[6 11. These ESR features clearly support the electron spin density pattern predicted by 

the MO calculations for an 'A,, ground state. For (oEP+.)M~(II)c~o~, which is a 



typical 'A,,-type n-cation radical, its ESR spectrum resolves into five lines at -50 O C  

[46(a)]. This five-line spectrum can be satisfactorily simulated by assuming four meso 

proton splittings ( a ~  - 1.48). No detectable splitting due to nitrogens was observed. 

These results are in accordance with the spin density pattern for an 'A,, x-cation 

radical. 

1.5 Biomimetic and Sterically-hindered Porphyrins 

Much recent research in porphyrin chemistry is directed at mimicing the 

functions of bio-macromolecules in which porphyrins are the active sites of reactions 

by using simple model porphyrin systems [62].  The mechanism of heme protein 

function is a subject of extensive studies since all heme proteins contain an iron 

porphyrin (usually protoporphyrin K) as a funftional group. Their diversity of 

functions must be governed by the number and nature of the axial ligands, the spin 

and oxidation state of the iron, and the protein environment. 

A great number of research works have dealt with the mechanism of reversible 

oxygen binding to myoglobin and hemoglobin [62]. Oxygen binding heme proteins 

are five coordinate high spin (S=2) iron (11) species, which upon oxygenation become 

six-coordinate low spin (S=O). One of the major difficulties in the biomimetics of this 

process is the irreversible oxidation of imn(I1) porphyrins on exposure to oxygen. 

Simple iron@) porphyrins can not reversibly bind oxygen, except at low temperature. 

At room temperature, and in the absence of a large excess of a sixth ligand, formation 

of the six-coordinate iron(I1) dioxygen species is immediately followed by attack of a 

second five-coordinate iron (11) complex to give the p-peroxo bisiron (111) complex. 

This complex rapidly breaks down, presumably via a ferry1 intermediate to give a p- 



0x0 bisiron (111) complex in which the iron has been irreversibly oxidized to the ferric 

form. The process is illustrated in Scheme I. This kind of pox0 dimer formation 

Scheme I 



was also observed in the biornimetics of alkane hydroxylation by P450-like 

metalloporphyrins [63].  Therefore, in nature a major role for the polypeptide 

backbone of heme protein is to protect the oxygen binding site, preventing the close 

approach of two heme rings and consequent irreversible oxidation via the p-peroxo 

complex. 

Stericaliy hindered porphyrin systems are one of the model porphyrin systems 

which have enhanced stability against p-0x0 dirner formation. By stericall y blocking 

one or both faces of the porphyrin, close approach of two porphyrin rings and 

therefore p-0x0 bridge formation may be prevented. This approach more closely 

mimics the natural system and has been vigorously pursued in an attempt to prepare 

compounds capable of reversible oxygen binding in aqueous solution at room 

temperature. 

The two sterically hindered porphyrins studied in this work are tetrakis(2,6- 

dich1orophenyl)porphyrin (TDCPP) and tetrarnesitylporphyrin (TMP). Their 

structures are shown in structure 11. They represent very simple sterically 

hindered systems. Although they are not capable of reversible oxygen binding, 

it was found these simple systems have considerable resistance to the formation of 1- 

0x0 compounds [64]. For instance, tetra(2,6-dichlorophenyl)porphinatoiron(III) 

chloride (TDCPPFe(II1)Cl) forms a hydroxide complex, rather than the p-0x0 dimer, 

when treated with aqueous NaOH solution [64(a)]. Its parent compound, 

t etrapheny lporp hinatoiron (111) chloride (TPPFe(III)Cl), undergoes a p-0x0 

dimerization reaction under the same condition [64(b)]. TDCPP Fe( II1)CI is also 

much more stable than TPPFe(II1)Cl in resisting ringopening oxidative destruction, 

and shows high efficiency in catalyzing alkene epoxidation and alkane 

hydroxylation reactions which mimic the bc t ion  of P4SO [64(a)J. 
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1.6 This Work 

An in sihi bulk electrolysis Raman spectroelectrochernical cell employing a 

rotating electrode was designed and tested (Chapter 3). This cell allows us to collect 

reliable RR spectra of some porphyrin ic-cation radicals (Chapters 5 and 6). The 

electrochemical oxidation of a series of metalsomplexes of two sterically hindered 

porphyrin complexes- TDCPP and T W  metal complexes was characterized by thin- 

layer voltarnrnetry, in situ W-visible spectroelectrochemistry, in situ FTIR 

spectroelectrochemistry and in situ Resonance Raman spectroelectrochemistry 

(Chapters 4, 5 and 6). The oxidation sites within these metalloporphyrins were 

assigned on the basis of well-established W-visible spectroscopic criteria The FTIR 

spectra of some isolated x-cation radicals were also recorded in the solid state, and 

examined closely. For metallo porphyrins containing electrochemically active metals 

(e.g. Mn, Fe, Co), the in sim FTIR difference spectra associated with the metal- 

centered oxidation were compared directly with those associated with porphyrin ring- 

centered oxidation. The objective was to find out if the 1280 cm-1 diagnostic band is 

still a valid indicator of ring-centered oxidation reactions for substituted 

tetraarylphenylporphyrins. 

The validity of the FTIR marker bands (- 1280 an-1 and - 1550 cm-1) for 

diagnosing the electronic ground states of metalloporphyrin n-cation radicals was also 

investigated. The presence of electron-withdrawing groups on the phenyl substituents 

(such as TDCPP ligand) would lower the a, A orbital energy relative to a , ,  thus 

resulting in significant perturbation to the electronic configurations of these nat ion 

radicals (since a,u lies higher than a IU in TPP R-cation radicals). On the other hand, the 

introduction of electron-releasing groups on the phenyl substituents would raise the a, A 

orbital energy relative to a,u, making the 'A,, the favored ground state for these ~r- 



cation radicals. Therefore these two ligands provide an opportunity to examine the 

influence of the electronic configuration on the spectroscopic properties of porphyrin 

nation radicals. In order to elucidate the ground states of these x-cation radicals, 

the shifts of the ground state sensitive RR band, v2, were examined closely during 

these x-cation radical formations. Also the absorbance ratio of two weak visible bands. 

Q(1,O) and Q(0,0), was utilized as a simple measure of the energy gap of the two 

closely spaced HOMOS. alU and a. A . These studies were hoped to elucidate the factors 

which govern the energy gap and the relative order of these two orbitals. 

In Chapter 7, the temperature dependent ESR spectra of (TDCPP+q)Zn(II) and 

(TMPi-)Zn(II) in the presence of various axial ligands are recorded. The electronic 

configuration of (TDCPPt-)Zn(II) has been subject to controversy. The ESR 

spectrum of (TDCPP+-)Zn(II)sbCl6 is significantly different from that of 

(TDCPP+~)Zn(II)ClO4 at low temperature. The differences in these ESR spectra 

reveal some information about the difference in either electronic structure or 

conformation structure. The possible reasons for these differences are discussed. 

Also the temperature-dependent ESR spectra of (TDCPP+-)Ni(II) and (TMP+.)Ni(II) 

are reported. The ESR results indicate these nickel porphyrin ir-cation radicals are 

stable at low temperature. 

In the last chapter (Chapter 8), the in situ FTIR spectroelectrochernical 

technique is extended into the low frequency region (400- 1000 cm-1) where metal- 

nitrogen vibrations appear. A KBr window is used which is transparent in this 

frequency region. The spectral changes, especially the change of vkimN modes were 

compared between the porphyrin ring-centered oxidations and metal-centered 

oxidations in this region for a series of TPP complexes. The fkequencies of metal- 

nitrogen vibrations are expected to be sensitive to the metal oxidation state and spin 



state. Observation of this mode was hoped to provide information about the metal- 

centered oxidation. 



Chapter two 

2.1 Chemicals 

2.1.1 Solvent, Supporting Electrolyte, and Other Reagents 

Dichloromethane and dibromomethane were shaken with activated alumina, 

stirred with CaH2 overnigh4 and distilled prior to use. Acetonitrile was stirred over 

CaH2 overnight and distilled prior to use. Pentane (OmniSolv) was dried by adding 

4A molecular sieves to its container. Heptane and isopropyl alcohol were used as 

received from AIdrich. 

Tetra-n-butylarnmoniwn hexafluorophosphate (TBAPF6) was prepared by 

addition of 1 mole equivalent of aqueous sodium hexafluorophosphate (Aldrich) to 

tetra-n-butylarnmoniurn hydroxide solution (40 %) ( Aldric h). The white crystalline 

precipitate was filtered off, washed with water, recxystallized twice from an isopropyl 

alcohol-water mixture, and dried at 1 10 O C  in vacuo for 24 hours [43(c)]. Tetra-n- 

buty lammoniurn hexachloroantimonate (TBASbCl6) was prepared by the following 

procedure: SbC15 (20 g) were slowly added to CH2C12 solution (50 mL) of tetra-n- 

butylammonium chloride ( 18 g). Then 1 M HCl (50 mL) was added to the solution, 

and the solution was filtered off to remove the white precipitate. The filtrate was 

extracted three times with concentrated HCI. To the CH2C12 layer was then added an 

equal volume of heptane to precipitate the product. The precipitate was filtered off, 

washed with heptane, recrystalized twice &om heptane-CH2C12 mixture, and dried at 



70 O C  in vacuum oven overnight. Tetra-n-butylammonium perchlorate (TBAC104) 

was used as received ftom Fluka, and dried in vacuum at 105 OC overnight before use. 

Tris(4-bromopheny1)aminium hexachloroantirnonate (TBPASbCla) was used 

as received from Aldrich. All other reagents were used as received from the 

manufacturers. 

2.1.2 Porphyrins and Metalloporphyrins 

The complexes of tetraphenylporphyrin (TPPCu(lI), TPPZn(II), TPPCo(II), 

TPPMn(III)C104, and TPPFe(II1)Cl) had been prepared in previous studies, and no 

further purification was performed 1651. The free-base, 5,10,15,20-tetrakis(2,6- 

dichloropheny1)-porphyrin (TDCPPH2), was synthesized by a variation of Lindsay's 

method [66]: 0.038 moles of fresh-distilled pyrroie (Aldrich) and 0.038 moles of 2,6- 

dichlorobenzadehyde (Aldrich) were added to a 1 L three-neck round-bottomed flask 

containing 750 mL dichloromethane and 5.6 mL ethanol. The solution was purged 

with A .  for about 5 minutes before 1.74 g BF3.OEt2 (Aldrich) were added. The 

condensation reaction proceeded at room temperature for one hour. Then 6.9 g p- 

chloranil (Aldrich) were added to the solution, and the reaction was monitored by W- 

visible spectroscopy. As soon as the 417 nm peak began to decrease, 1.72 rnL 

triethylamine (BDH) was added to the solution to terminate the oxidation. The mixture 

was dried by rotary evaporation, and the crude product was washed several times with 

methanol (BDH). The product was then separated twice by column chromatography 

on silica gel (Aldrich) with dichloromethane as solvent, and recrystalized in methanol. 

The final yield is 8%. The product was verified by elemental analysis (Found: C, 

60.0%, H,2.42%, N,6.22%. Calculated: C, 59.3%, H, 2.47%, N, 6.29%) and H-NMR 

(h -2.5, 6phenyl fi 7.7, hyrrole H, 8.7. Literature values [66]: &+ -2.4, 6phenyl H, 



7.8 , 6pyrrole H, 8.7). Metal insertions were achieved 

[ 6 i ] ,  and the metal complexes (TDCPPZn(II), 
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by the standard DMF method 

TDCPPNi(II), TDCPPCU(II), 

TDCPPCo(II), TDCPPAg(I1) and TDCPPFe(1II)Cl) were purified by chromatography 

(activated neutral alumina received from Aldrich) using 1:4 hexandethyl acetate 

solvent mixture. TDCPPMn(II1)Cl was dissolved in methanol, and recrystalked 

&om water after unreacted &-base was filtered off. TDCPPMn(lII)C104 complex 

was made by adding a small quantity of dilute aqueous perchloric acid into the 

methanol solliho of TDCPPMn(Ill)CI, bllowed by precipitation on slow addition of 

water. Perchlorate salts present potential explosion hazards, and appropriate 

precautions should be observed. 

The tiee base, 5,1 0,15,20-te&akis(2,4,6-t~imethylphenyl)-pphyrin (TMPHz), 

was synthesized and purified according to a literature method [68]. The metallo-TMPs 

(TMPZn(II), TMPCu(II), TMPNi(II), TMPCo(II), TMPFe(1II)CI and TMPMn(III)Cl, 

TMPAg(I1)) were made by the standard DMF method [67]. The insertion of silver ion 

into the TMP ring is unusually dificult. Afier 20 hours refluxing of 5-fold 

CF3COOAg with TMPH2 in DMF solvent, about one third of the free base still 

remained unreacted in the mixture. TMPAg(I1) was separated fkom the mixture on an 

alumina column eluted with 1 : 1 hexane and toluene. The elemental analysis (Found: 

C, 75.700/0, H, 5.85%, N, 6.18%. Calculated: C, 75.62%, H, 6.41%, N, 6.10% ) shows 

the final product is TMPAg(I1). AU other complexes were purified on an alumina 

column with chloroform as solvent. TMPMn(I1I)Cl was converted into 

TMPMn(III)C104 by the method mentioned above for preparation of 

TPPMn(III)C104. 
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2.2. Electrochemical and Spectroelectrochernical Experiments 

2.2.1 Cyclic Voltammetry 

Traditional cyclic voltammetry was conducted in a two-compartment three- 

electrode electrochemical cell as illustrated in Figure 2.1. This voltammetric cell 

Reference Working Electrode 
Electrode 

\ I  

Gas A 
Exit 

I '  
Secondary 
Electrode 

Figure 2- 1. Structure of the voltammetric cell. 
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utilized a Pt disk working electrode that had been polished to a mirror finish, and a 

Pt wire helix which is located directly below the working electrode. The Luggin 

capillary &om the reference electrode compartment was situated to within 2 mm of the 

working electrode surface. The reference electrode compartment contained an 

aqueous saturated calomel electrode (SCE). A Hi Tek model DT2101 potentiostat 

operating in conjunction with a Hi Tek PPRI wavefbrm generator was utilized to 

control and scan the potential. 

Thin-layer cyclic voltammetry was canied out in the cell illustrated in Figure 

2.2. The structure and operation of this cell has been described in detail in the 

literature [43(a)]. This cell consisted of a platinum wire used as a secondary electrode 

and a 7 mm diameter platinum disk working electrode that had been polished to a 

minor finish with 1.0 micron Alumina powder (Buehler). The position of the working 

electrode was controlled using a micrometer to facilitate a variety of solution 

thicknesses in the range of 25 to 100 prn. The reference electrode compartment 

houses an aqueous saturated calomel electrode (SCE). The potential scan rate is 

typically in the range of 1 - 4 mV/s. 

2.2.2 in situ W-Visible and Visible Near-IR Spectroelectrochemistry 

The optical layout for W-Visible and Visible Near- IR spectroelectrochernical 

data collection is illustrated in Figure 2.3 [69]. The same cell used in the thin-layer 

voltammetry was utilized. A quartz optical window was placed in front of the 

working electrode to allow for the collection of absorption spectra in the visible to near- 

IR region. For the spectral region of 380-700 nm, a xenon arc lamp and a PMT 
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Figure 2-2. Structure of the thin-layer voltammetric cell. This cell was 

also used for the in situ FTIR and W-Visible spectroelectrochemistry. 
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detector were used, while for the region of 500 to 800 nm, a tungsten halogen lamp 

and a photodiode detector were employed. The spectrometer consists of an RSO 6000 

Optical Spectral Analyzer (Roh-Sinar) and an RSO 6200 Control Unit 

(Roh-Sinar). Spectra were collected and averaged at 0.083 second intervals by a 

Macintosh computer in conjunction with a MacAdios I1 analog/digital interface [69]. 

UV-visible transmission spectmelectrochemical experiments were carried out in 

a Cary 16 spectrometer. The cell structure for transmission spectroelectrochemistry is 

shown in Figure 2-4 [70]. A platinum gauze (3 mrn x 40 mm) electrode was used as 

the working electrode and two platinum wires were used as counter electrodes which 

were situated parallel to and on both sides of the working electrode. Spectra collection 

was controlled by a Macintosh computer, and a single spectrum was collected in the 

range of 370 to 700 nm in about 4 minutes. A series of potential-resolved UV-visible 

spectra were collected from a potential of about 1 50 mV less than E 1~ of the oxidation 

of interest to 1 50 mV larger than E l/z at intervals of 50- 100 mV. 

2.2.3 i n  situ FTIR Reflectance Spectroelectrochemistry 

The methodology of in situ FTIR reflectance spectroelectrochemistry has been 

fully described in publications of this laboratory [43]. Here is a brief outline of the 

method. A CaF2 optical window cell of the same construction as illustrated in Figure 

2.2 was used to collect FTIR spectra in the 1000 - 1800 cm-I region. The optical 

layout for spectral collection is shown in Figure 2-5. The instrument used was a 

Nicolet 8000 FTIR spectrometer containing a nmow range liquid nitrogen 
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Figure 2-4. The structure of the cell used for the in situ UV-Visible transmission 

spectroelectrochernical experiments. 
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cooled detector (type MCT-A). Inside the sample compartment were two highly- 

reflective gold mirrors positioned to direct the i n h e d  beam onto the platinum 

electrode and back to the detector. 

To obtain in sin4 FTIR difference spec- usually 5 12 interferograms were 

collected and averaged. One set of interferograms was collected prior to any oxidation 

and one set 100 mV past the half-wave potential for the oxidation of interest. To 

allow the reaction to go to completion, a 90 second delay was allowed prior to the 

collection of the second set of interferograms. Fourier transformation of the two 

interferograms and taking the negative logarithm of the ratio of the resulting energy 

spectra gave rise to a diffaence spectrum which displayed the difference in 

absorbance between the two forms of the redox couple. 

To collect the spectra in the region of 400- 1000 an-[, a KC1 optical window 

replaced the CaFz window. The KC1 window has a slightly higher rehctive index 

than CaF2, which will cause larger a reflective loss of the IR intensity. To 

compensate for this reflective loss, a larger number of interferograms (usually 1 024) 

were collected and averaged. Also, a different type detector (MCT-B) was used. The 

resulting difference spectra show satisfactory signal to noise ratios in this spectral 

region. 

2.3 Other Experiments 

2.3.1. Isolation of Porpbyrin z-Cation Radicals 

TBPASbCh oxidation [SO]: About 6 mg of metallo-TPP or TMP complex of 

interest were dissolved in 5 mL dried dichloromethane. The solution was purged with 

argon for one minute, and a 1.1 fold molar equivalent of TBPASbCl6 was added under 

argon. The reaction was monitored spectroscopically. When the electronic spectrum of 
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the mixture turned into that of the X-cation radical type completely (blue-shifted Soret 

band and diminished Q-bands), the volume of the mixture was reduced to about 1 mL 

by purging the solution with argon. To this was then added 10 mL of chilled pentane. 

The blue precipitate was then filtered out, washed with pentane several times, and 

dried in vacuum at room temperature overnight. The integrity of the products was 

verified by W-visible spectra and cyclic voltammetric experiments. 

Controlled-ootential electrolvsis: For metallo-TDCPP complexes, chemical 

oxidants (TBPASbC16 and k 2 )  are not strong enough to oxidize the porphyrin ring to 

the x-cation radical. Their ir-cation radicals were thus prepared by controlled-potential 

electrolysis. The electrochemical cell for the controlled-potential oxidation will be 

described in detail in Chapter 3. The electrolysis process was monitored by W- 

visible spectroscopy. When the desired UV-visible spectrum was achieved, chilled 

pentane was added to the solution to precipitate the K-cation radicals. A small amount 

of supporting electrolyte (TBASbC16 in most cases) was also precipitated, and no 

fbrther separation was done. 

2.3.2. ESR Measurement of Zinc and Nickel Porphyrin X-Cation Radicals 

The zinc and nickel porphyrin ration radicals for the ESR measurements 

were prepared by controlled-potential oxidation in dichloromethane with appropriate 

supporting electrolyte as described above. At the end of the electrolysis, no chilled 

pentane was added into the solution. Instead, the green solution was transferred into a 

5 mrn diameter quartz ESR tube. The solution was purged with Ar for about 5 

minutes and sealed with parafilm. X-band ESR spectra were recorded on a Bnrker 

ER083 CS ESR spectrometer. Variation of temperature was achieved by a Bruker 

BVT300 temperature control unit in the range of 300 to 1 10 K. ESR spectral 
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simulation was carried out on a personal computer using the SimFonia simulation 

program as supplied by B d e r .  

2.3.3 Other Spectroscopic Experiments 

All er situ FTIR spectra of porphyrins and their oxidized products were 

obtained with a Mattson 4030 Galaxy FTIR spectrometer. The solution spectra were 

collected in saturated dibromomethane solution using a 0.2 mm optical-path liquid cell, 

and solid spectra were collected fkom KBr pellets. AU ex situ electronic spectra were 

measured with a Cary 16 spectrometer. NMR measurement was carried out in a 

Bruker AC200 NMR spectrometer. Samples were dissolved in CDC13 (Aldrich) 

solvent. 



Chapter 3 

A BULK ELECTROLYSIS RAMAN 
SPECTROELECTROCHEMICAL CELL USING 

A ROTATING ELECTRODE 

3.1 Introduction 

There is an increasing interest in the application of Rarnan spectroscopy for the 

investigation of redox processes because it can provide direct molecular information 

about both electrogenerated species in the solution phase and species adsorbed on the 

surface [71-731. A technique known as surface enhanced Raman spectroscopy 

(SERS) has become especially important in studying species adsorbed on the 

electrode d a c e  (usually on Ag or Au electrode ) due to its high sensitivity [74]. For 

species in the solution phase, the use of Resonance Raman (RR) spectroscopy is also 

becoming popular, especially for the characterization of redox reaction intermediates of 

porphyrin compounds [75]. The design of Raman electrochemical cells is essential in 

these applications. Several cell configurations for in situ SERS studies have been 

described in the literature [76]. For solution phase applications, a three-electrode bulk 

electrolysis cell is usually employed to ensure an adequate number of species are 

present in the optical path. 



The time for achieving complete electrolysis in a bulk solution cell depends on 

the ratio of the electrode surface to the solution volume, and the efficiency of stirring 

the solution. In the cases where species are susceptible to photoreactions, the 

movement of the species in the solution must be fast enough to avoid possible photo 

decomposition by the focused laser beam. Czernuszewicz and Macor [77] described a 

small-volume bulk electrolysis Raman spectroelectrochemical cell which used a 

stationary Pt gauze working electrode and a magnetic stirring bar to stir the solution. 

The actual electrolysis time was not reported for this type of cell configuration. In 

this work, a rapid electrolysis Rarnan spectroelectrochnnical cell which employs a 

large-area, high-speed rotating working electrode was designed and tested. The 

complete electrolysis of - 5 mL of the solution can be achieved in less than 6 minutes. 

In addition, the rapid stimng of the solution makes it possible to collect Raman spectra 

tiom highly photo-sensitive samples. 

3.2 Description of the Cell 

The configuration of the Raman spectroelectrochemical cell is illustrated in 

Figure 3- 1. The working electrode compartment is a long flat-bottomed glass tube (1 0 

crn long, 12 rnrn i.d.) which has a gas inlet port and a reference electrode port in the 

lower part, and a gas outlet port in the upper part. To increase the surface area, a 

combination of Pt disk (5 mm diameter) and Pt gauze (10 mm diameter, 12 mm 

height) electrodes was used as the working electrode. This Pt gauze is wrapped 

around the head of the Teflon electrode body and connected to the Pt disk via two 

platinum wires as illustrated in the moss section view of the working electrode tip. 

This working electrode assembly is mounted onto an ED1101 rotation motor 

(Radiometer 
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Figure 3- 1 .  (A) Structure of the Raman spectroelectrochemical cell. 

(B) Cross-section of the working electrode combination. 



Copenhagen) which is controlled by a CTV 10 1 Speed Control Unit (Radiometer 

Copenhagen). The location of the working electrode assembly is approximately 12 

mm above the bottom of the glass tube; and the Luggin capillary is located right 

below the working electrode. Two fits separate the working electrode 

compartment and the counter electrode compartment which contains a 

platinum wire helix electrode. The working electrode compartment was filled with 

about 6 mL of solution containing electroactive species and supporting electrolyte, and 

the solution can be easily degassed through the degassing ports. The counter electrode 

compartment and the space between the two f?its were filled with the solvent containing 

the supporting electrolyte only. The working electrode assembly can be rotated at a 

speed up to 5000 rpm. A typical rotation rate used in our experiments is 2000 rpm. 

Potential control was achieved by a DT2 10 1 Potentiostat and the cell current vs. 

electrolysis time was followed by an X-Y-T recorder (BD90, Kipp and Zonen). 

The optical layout for the collection of the Raman scattered light is shown in 

Figure 3-2. The laser beam fiom an Arf laser source (Coherent Innovq 457.9 

m) was directed to the bottom of the working electrode compartment, the scattered 

light was collected fiom one side of the glass tube through the collecting optics. The 

scattered radiation was dispersed by a Jarrell Ash double monochromator and detected 

by a photomultiplier tube (RCA3 1034) using a photon counting system (SSR 

Instruments Co.), under the control of a computer. Polarized RR spectra were 

collected by placing a polarizer between the collecting lens and the entrance slit. 

Depolarization ratios were calibrated with the Raman lines of CC4. 
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Figure 3-2. The optical layout of the in situ Raman spectroelectrochemical 

experiments. 

3.3 Results and Discussion 

Firstly, the performance of this cell was tested. The cell current vs. electrolysis 

time was recorded during the controlled potential electrolysis of 1 .O rnM TPPCu(11) in 

0.1 M TBAPFdCH2C12. TPPCu(I1) undergoes two successive one-electron 

oxidations with half-wave potentials of 1.04 and 1.26 V vs. SCE [43(b)]. The 

potential was controlled at 1.10 V vs. SCE which is about 60 mV higher than the 

haKwave potential of the first one-electron oxidation of TPPCu(I1). Ar purged the 

solution through the gas inlet during the electrolysis. Figure 3-3 (A) shows the cell 

current vs. electrolysis time profile, and Figure 3-3(B) displays the plot of ln(i) vs. 

electrolysis time. As expected, the current decays exponentially against time [78]. 
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Figure 3-3. (A) Plot of the cell current against time recorded during the 

electrolysis of 1.0 mM TPPCu(I1) in dichloromethane containing 0.1 M 

TBAPF6. The potential was controlled at 1.10 V vs. SCE and the rotation 

speed of the working electrode was 2000 rpm. (B) The ln(i) vs. time plot for 

the same process as (A). 



The half-life of the reacton is about 90 seconds when a rotation rate of 2000 rpm was 

used. Mer electrolysis, the solution turned green in color, and the original red 

color could be recovered when the green solution was reduced at a potential of 0.2 V 

vs. SCE for about 5 minutes. The W-visible spectrum of the green solution shows 

typical na t ion  radical features (decreased intensity and blue-shift of the Soret 

band, as well as diminished Q-bands), indicating that the final product is the 

desired (TPP+-)cu(II) x-cation radical. 

The actual in sifu Resonance Rarnan spectroelectrochemistry was also performed 

on TPPCu(I1) / 0.1 M TBAPF&H2Cl? system. The excitation laser line (457.9 nm) 

is close to the Soret band of TPPCu(I1) (41 7 nm), therefore resonance 

enhancement can be achieved. Figure 3-4 shows the RR spectrum of TPPCu(I1) and 

(TPP+-)Cu(II) n-cation radical respectively, in 0.1 M TBAPFdCH2Cls The actual 

electrolysis time used was 6 minutes. To avoid possible photodarnage of the 

product, the electrode was rotating at a speed of 2000 rpm even during the spectral 

coliection. 

The completion of electrolysis could be monitored by observing the position of 

the v2 band (near 1561 cm-I) since this band is very sensitive to porphyrin ring 

oxidation. As observed in Figure 3-4, the v2 band shifted down about -30 m-1 upon 

oxidation, and the RR spectrum of the rr-cation radical does not show any vz signal of 

unoxidized porphyrin. The original RR spectrum of unoxidized porphyrin can also be 

fully-recovered by reducing the x-cation radical at a potential of 0.2 V vs. SCE; 

indicating the reversibility of this redox reaction and thereby, no complexity of any 

photo reaction. The RR spectrum of (TPP+-)Cu(II) recorded in our experiment is 

similar to that observed by Spiro and co-worker [46(b)]. 
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Figure 3-4. RR spectra of TPPCu(I1) and (TPPC-)Cu(II) in 0.1 M 

TBAPFdCH2C12. Spectra were obtained with 457.9 nm excitation, 50 m W  

laser power, and 8 cm-1 slitwidths. The spectrum of (TPP+-)Cu(II) is an 

average of four scans. Assignments of bands were taken fiom [46(b)]. 

Asterisks indicate the solvent bands. 



Besides recording the in situ RR spectra of electroactive species, this cell is also 

employed to prepare nation radicals of some metallo-porphyrins. The 

generated n:-cation radicals were either isolated by adding chilled pentane (in the case 

of FTTR measurements) or used directly ( in the case of ESR measurements where the 

solution was transferred to an ESR tube). The identity of these ic-cation radicals were 

re-checked by LV-visible spectroscopy after these measurements. 



Chapter 4 

VOLTAMMETRY AND ELECTRONIC 
SPECTROELECTROCHEMISTRY OF 5,10,15, 
20-TETRAKIS(2,6-DICHLOR0PHENYL)- 

PORPHYRIN COMPLEXES CONTAINING Fe, 
Mn, Co, Ni, Cu, Ag AND Zn. 

4.1 Introduction 

The utility of the 1280 cm-1 band for diagnosing porphyrin-ring centered 

oxidation of metallo-tetraphenylporphyrin complexes has been known for almost 20 

years [42]. Recently this band has also been proposed as an 'A,, ground state 

marker for TPP x-cation radicals [50]. However, the utility of this band for the same 

purposes with other tetraarylporphyrin systems has not been investigated 

systematically. Recent calculations have shown that subs tituents on the p henyl-ring s 

have significant influence on the electronic structures of tetraarylporphyrins and their 

x-cation radicals [8 11. Barday et a1 [82] investigated the electronic structures of a 

series of magnesium and zinc tetraary1porphyrins, as well as their porphyrin- 

oxidized derivatives by ESR, RR, and UV-visible spectroscopies. They found that 



the electronic configuration of tetraarylporphyrin R-cation radicals is very sensitive to 

the phenyl-ring substituents. The position of chloro groups plays a key role in 

determining the ground state of the n-cation radicals. The n-cation radical of the 

meta-dichloro-substituted derivative (e.g. tetra(3,S-dichlorophenyl)porphinatozinc rr- 

cation radical) displays 'A,, spectroscopic features, but the ortho-dichlorophenyl- 

derivatives (e.g . (TDCP Pf -)Zn(II) and (TDCPP+-)Mg(lI)) show 'A,, spectral 

characteristics. 

More recently, Bocian and co-workers [83] re-investigated the ESR spectra 

of (TD CP Pf *)Zn(I I) and (TDCP P+.)Mg(II) at various temperatures. Their results 

provided evidence that the p orbitals of the chlorine atoms interact with the 

porphyrin n-orbital. These interactions introduce significant anisotropy to the ESR 

signals of these rr-cation radicals. The presence of these interactions would imply 

that these R-cation radicals have significant 'A?, character, rather than 'A,, character, 

since only the a, orbital has large electron density on the meso carbons. Apparently, 

their ground state assignment of these rr-cation radicals contradicts the 'A,, 

assignment proposed by Barzilay et a1 [82], and even challenges the validity of ESR 

and Raman criteria of identifjmg the ground states of porphyrin na t ion  radicals. 

The ambiguity of the electronic configuration of the metallo-TDCPP+- R-cation 

radicals prompts us to examine the spectral ffetures of a series of metallo-TDCPP+- 

x-cation radicals. 

In this Chapter, the electrochemical behavior of TDCPP complexes 

containing Fe, Mn, Co, Ni, (3.1, Ag and Zn was investigated by voltammetry and in 

situ W-Visible spectroelectrochemistry . The electron- transfer sites within these 

complexes were assessed by established UV-Visible criteria 
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In the next chapter (Chapter 9, the oxidation of these complexes is fiuther 

investigated by means of FTIR and RR spectroscopic methods. The validity of 

spectroscopic criteria in identifjmg the electron-transfer sites within porphyrins, as 

well as the electronic ground states will also be examined. 

In Chapter 7, the ESR spectra of (TDCPPf -)Ni(II) and (TDCPPf .)&([I) at 

various temperatures will be reported, and the influence of the counter-ions on the 

electronic structure of (TDCPPf.)Zn(II) will be discussed. 

4.2 Results and Discussion 

4.2.1. Cyclic Voltammetry 

The oxidation of TDCPP complexes was investigated by both conventional 

cyclic voltammetry and thin-layer voltammetry. TDCPPZn(II), TDCPPCu(I1) and 

TDCPPNi(I1) clearly show two successive oxidation processes in the potential 

range of 0 to 1.8 V vs SCE in CH2CI2 (or CH2Br2) containing 0.1 M TBAPF6. 

The first process is assigned as one-electron porphyrin ring oxidation to form R- 

cation radicals, and the second process as two-electron porphyrin ring oxidation to 

form n-dications based on the UV-visible spectroscopic results (vide infra). The 

E 112 value for each process is listed in Table 4.1. These products are stable in the 

time scale of thin-layer voltammetry (a few minutes). The oxidation of 

TDCPPFe(II1)Cl and TDCPPMn(III)ClO4 to the corresponding rr-cation radicals 

occurred at El12 = 1.28 V and 1.53 V vs SCE, respectively, in CH2Cl2I 0.1 M 

TBAPF6, and these processes are reversible in the thin-layer voltammetry. However, 

the reduction of TDCPPFe(1II)Cl and TDC PPMn(III)C104 to their corresponding 

divalent species in CH2Cl2 is irreversible as evidenced by reverse 



Table 4-1. Half-wave Potentials of Some TDCPP Complexes 

1 st ring 2nd ring 
Complexes MIX , MIII oxidation oxidation 

/ 

/ 

0.75 

Irreversible 

-0.27 

Irreversible 

-0.1 1 

/ 

0.685 

'~otentials in volts vs aqueous SCE as determined in CHzC12 

containing 0. I M TBAPF6 by thin-layer voltammetry using a 

scan rate of 2 mV/s unless otherwise indicated. b In 1 : 1 CH2Cl2 

and CH3CN containing 0.1 M TBAPF6. In CH3CN containing 

O.1M TBAPF6. d Potential is beyond the limit of the solvents 

(-1.7 V vs. SCE). 



and forward peak current ratios of less than unity in both conventional 

voltammetry and thin-layer voltammetry. 

Both Fe(I1) and Mn(I1) porphyrins are known to be very unstable in the 

presence of trace oxygen [2]. Although the solutions were carefidly degassed by 

Ar, the presence of trace 02 in the solution is possible, and could react with these 

species. As discussed in the literature [13(c)], addition of CH3CN to CH2C12 (or 

CH2Br2) can stabilize the reduced Fe(I1) and Mn(I1) species. CH3CN alone is 

a good solvent for TDCPPMn(III)C104, and the redox potential of the 

Mn(II)/Mn(III) couple was measured at -0.1 1 V vs SCE. TDCPPFe(1II)CI has 

limited solubility in CH3CN, and a 1: 1 mixture of CH3CN and CH2Br2 was used 

for the observation of the Fe(lII)/Fe(II) redox process. The half-wave potential of 

this process was found to be -0.27 V vs SCE. 

Under the conditions of thin-layer voltammehy, TDCPPCo(11) in CH2C12/ 

0.1 M TBAPF6 undergoes two successive one-electron oxidations in the potential 

range of 0 to 1.8 V vs SCE, as shown in Figure 4- I(a). The half-wave potentials for 

these processes are 0.75 V and 1.38 V, respectively. The first oxidation process is 

ascribed as metal-centered oxidation, while the second process is assigned to loss of 

one electron from the porphyrin ring based on the W-visible spectroscopic evidence 

(vide infix). The process of losing two electrons fkom the porphyrin ring to form 

a Co(II1) Mication is beyond the potential range of the solvent. 

In conventional cyclic voltammetry, however, large peak separation (-8 50 

mV) was observed for the oxidation of Co(1I) and the re-reduction of Co(l1I) to 

Co(LI) species as illustrated in Figure 4- 1 (b). A possible reason is that the oxidation 
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Figure 44. (a) Thin-layer voltammetry of the same system as (a) at a scan rate of 2 

mV/s. (b) Conventional cyclic voltammetry of TDCPPCo(I1) in dichloromethane 

containing 0.15 M TBAPF6 at a scan rate of 100 mV/ s. 



peak represents the oxidation of four-coordinate Co(I1) to transient four- 

coordinate Co(III), which rapidly adds one or two axial ligands. Assuming two 

axial ligands, since Co(II1) prefers a six-coordinate environment [79], the re- 

reduction peak could represent the reaction of six-coordinate Co(II1) to six- 

coordinate Co(l1) species followed by the loss of two axial ligands as illustrated by 

Scheme n. The axial ligand (L) might be the counter-ion (PF6-) or trace 

water. Noncoupled peaks for the Co(II)/Co(III) couple were also observed in the 

voltammogram of TPPCo(I1) when a low concentration of pyridine was present in 

the dichloromethane solvent [16]. 

Scheme I1 

The voltammetry of square scheme reactions (Scheme a[) depends on the 

scan rate of the experiments. When the sweep rate becomes small enough that all 

the reactions are at equilibrium, the system behaves as a simple monoelectronic 

reversible reaction, with the apparent standard potential EOk defined by [80] : 

where EOl and E02 are the standard potentials for the redox couples listed in 

Scheme JI, Kl and K2 are the equilibrium constants for the addition and loss of 



ZL, respectively. E% is always situated between EOl and E02. This may explain 

why coupled- peaks were observed under the conditions of thin-layer voltammetry 

for the Co(II1)/Co(II) redox couple. 

4.2.2 In situ W-Visible Spectroelectrochemistry 

The attempt to collect UV-visible spectra of TDCPPNi(I1) and 

TDCPPCu(l1) in the spectrometer with the spinning-grating monochromator failed 

because these complexes undergo rapid photo-induced reactions under irradiation 

by the xenon arc lamp. The photoreactions were evidenced by the rapid red-shift of 

the porphyrin Soret band and the appearance of a new visible band around 630 nm 

upon irradiation in the absence of applied potential. NMR measurement of the 

product of the TDCPPNi(I1) /dichloromethane solution after I0 minutes irradiation 

also shows unequivalent Hp signals. The Hg atoms of TDCPPNi(I1) show a single 

line at 6 = 8.59 ppm, but the photo-induced product has multiple lines with 

6 ranging from 8.70 to 8.5 1 ppm in the same region, which suggests that part of the 

Hg atoms were substituted after irradiation (probably by C1 atoms from the solvent). 

It is possible to record the time-resolved W-visible spectra during the oxidation 

of these complexes by cuttingdown the light intensity of the xenon arc lamp, 

however, the spectra collected in h s  way have poor signal to noise ratio. 

To avoid photoreactions, a Cary 16 spectrometer was used in which the 

sample cell follows the monochromator, and thereby only a very small hction of 

the light is irradiating the solution at any time. The time to collect one spectrum in 

this spectrometer is about 4 minutes. Thus potential-resolved spectra were collected 

for TDCPPCu(I1) and TDCPPNi(I1). For other metal-TDCPP complexes, 

photoreactions are negligible in the time scale of in situ UV-visible reflectance 



spectroelectrochemical experiments (usually less than 1 minute). Time-resolved 

spectra were collected for these complexes. 

Figures 4-2 to 4-8 illustrate the UV-visible spectral changes associated with 

the processes identified in Table 4.1. In each case clear isosbestic points were 

observed, indicating that the electron transfer reactions proceed in a quantitative way. 

For the first one-electron oxidation of TDCPPZn(I1) (Figure 4 4 ,  TDCPPCu(I1) 

(Figure 4-3), and TDCPPNi(I1) (Figure 4-9, the spectral changes followed the 

same pattern: the Soret-band decreased and blue-shifted, and the Q-band 

disappeared. These spectral features indicate clearly that the products of these one- 

electron oxidation processes are x-cation radicals [34]. 

Figure M ( a )  shows the W-visible spectral changes for the reduction of 

TDCPPFe(II1)CI in 1:l CH3CN and CHzC12. Although the Soret band blue- 

shifted and decreased slightly in intensity, the two Q-bands only shifted their 

positions as shown in the insertion graph. The presence of these Q-bands indicates 

strongly that the reduction is metal-centered leading to the formation of Fe(1I) 

species. For the one-electron oxidation of TDCPPFe(I1I)Cl (Figure 4-5(b)), the 

Soret- band decreased substantially, and the position was shifted to lower 

wavelength; meanwhile, the Q bands disappeared, and a broad featureless 

absorbance was observed in the visible region. These spectral features would 

support the reaction as porphyrin ring-centered leading to the formation of 

(TDCPP+.)Fe(III)Cl R-cation radical. 

For the first one-electron oxidation of TDCPPCo(I1) (Figure 4-6(a)), the 

Soret-band and Q-band retained their shape and intensity, and there was only a 

shift in position (red-shifted). This feature has been used to assign oxidation in 

porphyrin complexes as metal-centered [34]. This indicates that the product of this 
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Figure 4-2. Time-resolved thin-layer UV-visible spectroelectrochemistry 

of the one-electron oxidation of TDCPPZn(I1) in CHzCll containing 0.1 M 

TBAPF6. Spectra were collected every 1.3 s. Total electrolysis time was 
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Figure 4-3. In situ potential-resolved W-visible spectra obtained during one- 

electron oxidation of TDCPPCu(I1) in CH7C17 - .I containing 0. I M TBAPF6. The 

potential vs. SCE corresponding to each spectrum is labelled beside each 

spectrum. 
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Figure 4 4 .  In situ potential-resolved W-vi sible spectra observed during 

one-electron oxidation of TDCPPNi(I1) in CHzCll containing 0.1 M TBAPF6. 

The potential vs. SCE for each spectrum is indicated in the graph. 
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Figure 4-5. In situ time-resolved W-visible spectroelectrochemistry of (a) one- 

electron reduction and (b) one-electron oxidation of TDCPPFe(III)Cl in 1 : L 

CH2C12/CH3CN containing 0.1 M TMPF6. Spectra were collected evexy 1.3 s. 

Total electrolysis time was 12.0 s for each case. 
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Figure 46. Timeresolved thin-layer W-visible spectroelectmchemistry of 

(a) oneelectron and (b) two-electron oxidation of TDCPPCo(I1) in CHICll 

containing 0.1 M TBAPFa . Spectra were collected e v q  1.3 s. Total 

electrolysis time was 12 s for each case. 



process is [TDCPPCO(III)]+. For the mer one-electron oxidation of 

[TDCP PCO(III)]+ (Figure 1-6@)), the spectral changes reveal clearly that the 

electron is lost fiom the porphyrin ring leading to the formation of 

[(TDcPP+-)CO(III)]~+ n-cation radical. 

Figure 4-7(a) shows the W-visible spectral changes collected during the 

reduction of TDCPPMn(lII)C104 in CH3CN. Similar to other Mn(1II) porphyrins, 

TDCPPMn(III)C104 displays an anomalous W-visible spectrum. The Soret 

band splits into two bands at 397 nm and 478 nm. Upon reduction, the Soret band 

at 478 nm shifted to 450 nm and increased its intensity; the weak band at 397 rn 

disappeared. The final spectrum has the normal metalloporphyrin spectral features 

indicating the product is a Mn(l1) porphyrin species. The W-visible spectral 

changes associated with the first one-electron oxidation of TDCPPMn(III)C104 are 

presented in Figure 4-7(b). The spectral changes are consistent with na t ion  

radical formation as the Soret band at 478 nrn decreased and blue-shifted, and the 

Q-band became featureless in the region of 550 to 700 nrn. 

Figure 4-8 presents the UV-visible spectral changes observed for the one- 

electron oxidation of TDCPPAg(I1). The Soret band decreased and slightly blue- 

shifted during oxidation, but the two Q-bands just shifted in positions. The 

presence of these Q-bands in the product should indicate the oxidation process is 

metal-centered leading to the formation of [TDCPPAg(III)Jf. This conclusion will 

be further supported by the in situ FTIR results (Chapter 5). The half-wave 

potential of removing a second electron fiom TDCPPAg(I1) is beyond the solvent 

limit. 
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Figure 4-7. Time-resolved Uvvi sible spectroelectrochemistry of (a) one- 

electron reduction and (b) one-electron oxidation of TDCPPMn(II1)C1O4 in 

CH3CN containing 0.1 M TBAPF6. Spectra in (a) were collected every 1.3 s, 

and the total electrolysis time was 12.0 s. Spectra in (b) were collected every 

2.6 s, and the total electrolysis time was 13 s. 
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Figure 4-8. Time-resolved UV-visible spectme lectrochemistry of the one- 

electron oxidation of TDCPPAguI) in CHZCIZ containing 0.1 M TBAPF6. 

Spectra were collected every 2.6 s. Total electml ysis time was 1 3 s. 



4.2.3 The Utility of Electronic Spectroscopy for 

'A,, and ' A , ~  x-Cation Radicals 

The inspection of the Visible-NiR spectra of the 

Distinguishing 

69 

Between 

porphyrin na t ion  radicals 

is one of the earliest tools for distinguishing between 'A,, and 'A~" radicals [46(a) J . 

For typical type rr-cation radicals such as (TPP+-)Mg(II), the bands in the 

visib le-NIR region are quite di ffise and characterless, whereas one pronounced 

peak is observed in the same region for the typical 'A,, type n-cation radicals such as 

(OEP+-) Mg(I1). However, the application of this criterion has aroused some 

controversy recently. Several OEP+ derivatives, which were assigned as 'A,, 

radicals on the basis of their visible-NIR spectra, were re-assigned as 'A,, type 

radicals based on the RR criterion [46(b)]. 

The visible-NIR spectral changes associated with the n-cation radical 

formation of some TDCPP complexes are shown in Figure 4-9 (a-f). TDCPPNi(I1) 

and TDCPPCu(1I) are stable under irradiation by the tungsten-halogen lamp, and 

thus their visible-MR spectra can be obtained in the spinning-grating spectrometer 

with a reflectance electrochemical cell. The intensity of the tungsten-halogen lamp is 

much weaker than that of the xenon arc lamp, so in order to get satisfactory signal to 

noise ratio, a large number of scans (usually 48 ) were collected and averaged to 

give a single spectrum. 

As shown in Figure 4-9(a), the ring-centered oxidation of TDCPPZn(I1) 

caused the disappearance of the Q-bands near 550 mn, and the appearance of two 

new absorption bands in the region of 600 to 750 nm. The h a 1  product has a 

strong absorbance at 680 run and a shoulder absorbance at 635 nrn. The oxidation 

of TDCPPCu(11) (Figure 4-9(b)) and [TDCPPCO(III)]+ (Figure 4-9(c)) to their 
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Figure 4-9. Visible-NIR spectra collected during one-electron oxidation of (a) 

TDCPPZn(II), (b) TDCPPCu(II), (c) [TDCPPC o(III)] ', (d) TDCPPNi(II), (e  ) 

TDCPPFe(1II)Ci and (f) TDCPPMn(IIl)C104. Each spectrwn is an average of 

48 scans (a collection time of 3.98 s for each spectrum). 
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corresponding mation radicals follow the same trend as for TDCPPZn(I1). 

However, for the oxidation of TDCPPNi(I1) (Figure 4-9(d)), the spectral changes 

are quite different. The final product displays a strong absorbance near 640 nm and 

a weak absorbance band near 710 nm. In the case of TDCPPFe(II1)Cl 

(Figure 4-9(e)), the Q- band of the parent porphyrin also disappeared after 

oxidation, but the find product displays a very broad featureless absorbance 

covering the whole visible-NIR region. In the case of TDCPPMn(III)C104, the 

parent porphyrin has a strong absorbance at 570 nm and a weak absorbance at 770 

nm in the visible-NIR region (Figure 4-9(€)), and the oxidation to its n-cation 

radical resulted in the disappearance of these two bands, and generated two new 

bands near 600 nm and 650 nm. The latter band is stronger than the former one in 

the final product. 

For (TDCPP+.)Fe(III)CI (Figure 4-9(e)), spectral features of 'A,, radicals 

were observed. However, this is the only case for which the NIR criterion seems to 

be in agreement with the RR criterion in assigning the ground state (see Chapter 5). 

For Zn, Cu, and Co, the spectral features appear to indicate the 'A ,, ground state, 

however this is inconsistent with the assignments made in Chapter 5. For Ni and 

Mn, the spectral features resemble neither that of 'A,, type nor that of ' A ? ~  type x- 

cation radicals. Obviously, simple inspection of these visible-NIR spectra can not 

yield reliable ground state assignments of these n-cation radicals. These results 

bring the electronic spectral criterion for determining the ground states into question. 



Chapter 5 

INS'TU FTIR AND RESONANCE RAMAN 
SPECTROELECTROCHEMICAL STUDIES OF 

THE OXIDATION OF 5,10,15,20-TETRAKIS(2,6- 
DICHLOR0PHENYL)-PORPHYRIN 

COMPLEXES CONTAINING Fe, Mn, Co, Ni, Cu, 
Ag AND Zn 

5.1 Results 

5.1.1 i n  situ FTIR Spectroelectrochemistry 

The mid-infrared bands of TDCPP complexes, measured in CH2Br2 solution, are 

listed in Table 5- 1 (see Appendix numbering convention). The possible assignments 

for some of the bands are also presented in Table 5- 1 .  The assignments were taken 

from reference [50]. The band assignments made in [50] are for TPPCu(I1). The 

good agreement of skeletal frequencies between the metal-TDCPPs and TPPCu(I1) 

indicates the similar nature of the vibrational modes due to the porphyrin ring. 

a. FTlR spectra of mation radical formation: The in situ FTIR 

difference spectra associated with the loss of one electron fiom the porphyrin ring of 
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TDCPPZn(II), TDCPPFe(III)Cl, TDCPPMn(III)C104 (in CH2Brz), 

TDCPPMn(III)C104 (in CH3CN), [TDCPPCo(III) If, TDCPPCu(II), and 

TDCPPNi(I1) are presented in Figures 5-1, 5-2(a), 5-3(a), 5-3(b), 5-4(b), 5-5(a), and 

5-6(a) respectively. Solvent CH2Br2 has a very intense absorption band near 1200 

cm-1, and spectral information in this region could not be obtained due to the high 

noise levels. When CH3CN is used as a solvent, the region around 1400 ~ m - 1  is 

very noisy due to the strong absorbance of solvent in this region, but the 1200 cm-1 

region is clear. 

As seen fiom the FTIR difference spectrum for the one-electron oxidation of 

TDCPPZn(I1) (Figure 5-1) , there is a new band at 1286 crn-I which is close to the 

position of the diagnostic band of TPP X-cation radicals [42]. However this new band 

is much weaker when compared with the corresponding band in (TPPf -)Zn(lI) 

[43(a)]. Perturbations to some existing bands were also observed upon oxidation as 

indicated by the bipolar features of the difference spectrum. Disappearance, or 

downward peaks indicate those due to the unoxidized porphyrins, while appearance, or 

upward peaks indicate those due to the oxidized species. Therefore, there was a shift 

to lower wavenumbers of the porphyrin ring mode v~ (e.g. 100 1 cm-1 to 988 cm-I). 

In contrast, v5l (1069 an-'), v36 (1336 ad), and ~ 4 0  (1427 cm-l) all shift to higher 

wavenumbers upon oxidation. The phenyl modes also undergo some degree of 

perturbation upon oxidation. For instance, the phenyl mode at 1557 cm-1 was seen to 

shift to 1573 a n - 1 .  The phenyl mode at 1600 cm-1 seems less pernubed and gives rise 

only to a weak disappearance feature in the difference spectrum. 

The spectral changes observed for the one-electron oxidation of TDCPPFe(II1)Cl 

[Figure 5-2(a)], and TDCPPMn(III)C104 [Figures 5-3(a) and 5-3(b)] follow a vay 

similar pattern to that described above. The new band was seen 
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Figure 5-  1. In situ FTIR difference spectrum observed for the one-electron 

oxidation of TDCPPZn(I1) in CHzBrz containing 0.1 M TBAPF6. 



Figure 5-2. In situ FTIR difference spectra observed for (a) one-electron oxidation 

of TDCPPFe(1II)Cl in CH2Br2 1 0.1 M TBAPF6 and (b) one-electron oxidation of 

TDCPPFe(I1) in 1 : 1 MeCN-CH 2Br2 1 0.1 M TBAPF6 
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Figure 5-3. I n  sim FTIR difference spectra observed for (a) one-electron oxidation of 

TDCPPMn(III)C104 in CH2Br2 / 0.1 M TBAPF6, (b) one-electron oxidation of 

TDCP PMn(1H)C1O4 in MeCNI 0.1 M TBAPF6 and ( c )  one-electron oxidation of 

TDCPPMn(I1) in MeCN / 0.1 M TBAPF 6. 
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at 1290 an-' for (TDCPPf)Fe(III)CI, 1279 cm-1 for (TDCPP+.)Mn(III)C104 in 

CH2Br2, and 1290 cm-1 for (TDCPPf-)Mn(III)C1O4 in CH3CN. CH3CN is a good 

solvent for manganese porphyrins. The utilization of CH3CN can prevent information 

loss in the 1200 cm-1 region. As seen in Figure 5-3(b), a band shift was observed 

in this region (1 207 crn-1 to 1 199 cm-1). The position of this band is close to the 

ti-equency of v52 which is one of the p o r p h y ~  skeletal modes. It is also worth 

noticing that the positions of porphyrin skeletal modes in CH3CN are slightly 

different from those in CH2Br2. The diagnostic band was shifted to higher 

wavenumbers (ca. + 1 I cm-1) in CH3CN relative to CHzBr2. These variations in 

frequencies may result from the different coordinating strengths of the two solvents. 

CH3CN is known to be a strong coordinating solvent relative to CH2Br2 [84]. The 

strong coordination of CH3CN to the metal center could cause some perturbation to 

the porphyrin X-electron system, which in turn, influences its skeletal vibrations. The 

phenyl modes should be less affected by the solvent coordination since the phenyl n- 

electron system is relatively independent of the porphyrin x-electron system. This 

might explain why the position of the phenyl mode at 1 558 cm- does not undergo any 

noticeable change in these two solvents. 

The spectral changes associated with the two-electron oxidation of 

TDCPPCo(11) are displayed in Figure 5-4(b). Figure 5-4(b) has all the features 

observed for the formation of (TDCPP+.)Zn(II). In addition, a bipolar feature was 

observed in the diagnostic band region with a downward band at 13 14 crn-I and an 

upward band at 1302 cm-1. This bipolar feature might suggest that the diagnostic 

band was produced by the downshift and intensification of the 13 14 cm-1 band (v41 

mode). The intensification of the ~ 4 1  mode in TPP ir-cation radicals has been 

suggested as the origin of the - 1280 cm-1 diagnostic band [SO]. The proposed 
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Figure 5-4. In situ FTIR difference spectrum observed for (a) one-electron 

oxidation and (b) two-electron oxidation of TDCPPCo(I1) in CH$3r2 containing 

0.1 M TBAPF6. 
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intensification mechanism requires an '4, electronic ground state for the porphyrin R- 

cation radicals. The validity of this model will be discussed in section 5.2.3. 

Figure 5-5(a) and 5-6(a) show the FTIR difference spectra for the one-electron 

oxidation of TDCPPCu(11) and TDCPPNi(II), respectively. A striking feature of these 

spectra is the absence of an appearance band near 1280 cm-l. A disappearance 

feature due to the vql mode (1312 cm-1 in TDCPPCu(I1) and 1317 crn-1 in 

TDCPPNi(I1)) is clearly seen in both cases. In the case of TDCPPNi(II), a new 

appearance band was observed at 1 524 cm- l which was not seen in any of the other n- 

cation radicals under investigation. Another common feature of Figures %(a) and 5- 

6(a) is the loss of intensity of v36 mode (disappearance feature near 1340 cm-1). The 

v jg  mode was seen to shift up in other metallo-TDCPP+ nat ion radical spectra, but 

it apparently looses it's intensity in (TDCPPt-)Cu(II) and (TDCPP+.)Ni(II). The 

perturbation to the v47, v j  1, ~ 4 0  and phenyl modes follows the same general pattern as 

described in the formation of (TDCPP+)Zn(II). 

b. FTIR spectra of metal-centered processes. TDCPPFe(II), TDCPPMn(II), 

TDCPPCo(II), and TDCPPAg(I1) provided an opportunity to observe the changes of 

the vibrational modes of porphyrin complexes arising from metal-centered oxidation. 

The mid-inhed difference spectra associated with metal-centered oxidation of these 

porphyrin complexes are shown in Figure 5-2@), 5-3(c), 5-4(a), and 5-7, respectively. 

In general, removal of an electron h m  the central metal caused less perturbation to the 

porphyrin vibrational modes than removal of an electron from the porphyrin ring. 

Moreover, there is no new band found near either 1280 crn-1 or 1550 cm-1 in these 

FTIR difference spectra. The difference spectra contain mainly 



Figure 5-5. In  sin1 FTIR difference spectra observed for the (a) one-electron and 

(b) two-electron oxidation of TDCPPCu(I1) in CH2Br2 containing 0.1 M TBAPF6. 
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Figure 5-6. In sim difference FTIR spectra observed for the (a) one-electron 

oxidation and (b) two-electron oxidation of TDCPPNi(I1) in CH2Br2 

containing 0.1 M TBAFPs. 
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Figure 5-7. In situ FTIR difference spectra observed for the one-electron oxidation 

of TDCPPAg(I1) in CH2Br2 containing 0.1 M TBAPF6. 
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bipolar features resulting from perturbation of existing bands. Thus the oxidation of 

Fe(I1) species to Fe(I1I) species resulted in a shift to lower frequency of the 1350 a n - 1  

band (ca. -22 an-[), and a shift to higher tiequency of the 1068 cm-1 band (ca 10 

cm-I). The oxidation of TDCPPCo(I1) to Co(1II) species resulted in a shift to higher 

wavenurnber of the 1427 cm-1 mode (ca 4 an- l). Also, there were several band 

losses at 1010 cm-1, 1346 an-' and 1557 cm-l. Metal-centered oxidation of the 

Mn(1I) porphyrin produced considerably larger perturbation to the porphyrin 

vibrational modes. In this case there were shifts to higher wavenumbers of the 1043 

an-1 (ca. 7 cm-I), 1070 cm-1 (ca. 10 cm-I), 1 190 cm-1 (ca 6 a d ) ,  1202 cm- 1 (ca. 6 

cm-1) and 1322 cm-1 bands (ca. 15 cmi) . Also there was a shift to lower 

wavenurnber of the 1560 ml band (ca. -3 cm-1). The metal-centered oxidation of 

TDCPPAg(I1) also caused some degree of perturbation to the porphyrin vibration 

modes. Notably, the 1006, 1294, 1426 and 1556 cm-I bands all shift to higher 

wavenumbers, while the 1342 an-I band gains intensity upon oxidation. 

c. FTIR spectra of kdication formation. For TDCPPCu(I1) and 

TDCPPNi(II), reproducible FTIR difference spectra associated with the formation of 

the x-dications were collected (Figures 5-5(b) and 5-6(b)). The attempt to collect the 

difference spectrum for TDCPPZn(I1) during two-electcon oxidation was 

unsuccessful. For the two-electron oxidation of TDCPPCu(II), the difference 

spectrum shows clearly a bipolar feature at - 1280 cm-1 composed of an appearance 

band at 1302 cm-1 at the expense of a band loss at 13 12 cm-i (1141). This feature is 

quite diffaent from what was observed during x-cation radical formation where only 

the loss of the 1 3 1 2 cm- band was seen. Another distinct feature is the shift to higher 
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frequency of the v36 mode (1 34 1 cm-I to 1366 an-') which is also not observed in the 

(TDCPP+ .)Cu(II) x-cation radical spectrum. 

The difference spectrum associated with the loss of two electrons from 

TDCPPNI(I1) (Figure 5-6(b)) displays the same features as those observed for the 

TDCPPNi(I1) n-cation radical formation. No new band was found near the 1280 cm-l 

region. By way of contrast, the magnitude of the band shifts is greater than that 

observed during the na t ion  radical formation. The new band near 1524 cm-1 gains 

some intensity and shifts to higher wavenumbers (ca. +6 crn-1) in the x-dication 

spectrum. 

5.1.2. FTIR Spectra of Some Isolated x-Cation Radicals of TDCPP Complexes 

The n-cation radicals of some TDCPP complexes are quite stable in the solid 

state, and can be readily obtained by electrochemical oxidation. The chemical 

oxidation of TDCPP complexes by TBAPSbC16 does not yield complete conversion 

even for TDCPPZn(1I). This is because the TDCPP ring is electron-deficient due to 

the presence of eight electron-withdrawing chlorines on the phenyl groups. The 

controlled-po tential electrolysis method was employed to prepare oxidized TDC PP 

species. 

(TDCpp'-)Cu(II)sbCl6, (TDCPP+-)Ni(II)SbCl6, (TDCPPC.)Co(III)(SbC16)2, 

(TDCPP+.)zn(II)sbcl6, and (TDCPP'-)Fe(III)(SbClg)(Cl) were prepared by this 

method in CH2 Br2 containing 0.1 M TBASbC16. The FTIR spectra of these n-cation 

radicals along with their parent porphyrins are presented in Figures 5-8 to 5- L 2. The 

isolated species contain some supporting electrolyte (TBASbCla), but TBASbCl6 

displays only an intense absorbance at 1470 cm-1 in the mid-infirarrd region. The high 

noise signal near 1470 cm-I is due to the Strong absorption of TBASbCl6. Several 
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weak bands of TBASbCl6 in this region were easily subtracted digitally from the 

FTIR spectra of porphyrin species. The integrity of these x-cation radicals was 

checked by W-visible spectroscopy in dried CH2Br2 solvent before and after FTR 

measurements. The isolated (TDCP P+.)Mn(I I I)ClO4 n-cation radical is not stable 

enough to record a FTIR spectrum as evidenced by the UV-visible spectral changes 

after FTIR measurement. 

The FTIR spectra of these isolated species provide an opportunity to look 

closely at the spectral changes in the mid-inhed region upon oxidation. The better 

signal to noise ratio and absence of solvent bands make it possible to observe some 

weak IR bands. Figure 5-8 compares the FTIR spectra of TDCPPZn(I1) and its n- 

cation radical. Similar spectral changes were observed for some strong and medium 

intensity bands in the mid-infrared region when compared with in sin( FTIR 

difference spectra (Figure 5- 1). For example, vs 1 (1069 an-l), V36 (1 334 crn-I), vdg 

(1428 crn-1) and $ (1556 cm-1) all shift to higher wavenumbers upon oxidation, while 

v44 (998 cm-1) shifts to lower wavenumbers. The magnitude of the shift of these 

modes observed in Figure 5-8 is smaller than that observed in the in situ FTIR 

difference spectrum (Figure 5- 1). The reason might be that the frequency shifts in the 

in situ experiments were estimated from the bipolar features in the difference 

spectrum which does not give the absolute values of the peaks. A computer simulation 

showed that the difference spectra tend to enlarge the frequency shifts for some peaks. 

Figure 5-8 also shows a medium intensity band at 1285 cm-1 in the n-cation radical 

which might be the result of down-shift of the 1300 cm-1 (v4 1) band in the neutral 

porphyrin. Other features which are not observable in the FTIR difference spectrum 

include a shift to higher kequency of the 1206 an-1 band. There is Little change in the 

1189 cm-l,ll52 cm-l and 1104 cm-1 bands. 
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Figure 5-8. Comparison of the FTR spectra of TDCPPZn(II) and its n-cation radical 
in KBr pellets. 

Wavenumbers (cmo ') 

Figure 5-9. Comparison of the FTIR spectra of TDCPPFeoCl  and its R-cation radical 
in KBr pellets. 
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Figure 5-9 shows the spectra of TDCPPFe(II1)Cl and its x-cation radical. The spectral 

changes upon oxidation resemble those observed in Figure 5-8 for TDCPPZn(I1). A 

new band for the x-cation radical is observed at 1289 cm-1, which is close to the 1290 

cm-1 band observed in the difference spectrum. 

Figure 5-1 0 displays the spectra of TDCPPCu(I1) and its x-cation radical. An 

interesting feature is the presence of a very weak band at 1296 cm-l in the r-cation 

radical spectrum. It is possible that the weak 1309 cm-l band ( ~ 4 1 )  undergoes a 

downshift to produce this band. It does not, however, gain any intensity, which is 

quite different fiom the result obsened for (TPPC)Cu(1I) formation [50]. This band 

is obviously too weak to be seen in the in situ difference spectrum. The 

perturbations to other bands are similar to those observed in the in situ difference 

spectrum. 

Figure 5- 1 1 shows the FTIR spectra of TDCPPNi(1I) and its R-cation radical. 

Similar to that observed in the in situ FTIR difference spectrum, no new band was 

found near 1280 cm- in the x-cation radical spectrum. Instead, a new band was seen 

at 1533 cm-l. The v41 mode (1 3 16 cm-1 band) clearly loses its intensity in the IF 

cation radical spectrum. These spectral features are quite different kom those observed 

for the ring-centered oxidation of other TDCPP complexes. 

Figure 5- 12 presents the FTIR spectra of TDCPPCo(1I) and its x-cation radical 

(TDCPP*)Co(III)(SbCla)z. The FTIR spectrum of the one-electron oxidized species, 

TDCPPCo(III)SbC16, is also presented for comparison. As seen fiom Figure 5- 12, 

one-electron oxidation of TDCPPCo(I1) only produced several small perturbations to 

the spechum which is consistent with the fact that the process is metal-centered. In 

contrast, removal of two electrons fiom TDCPPCoO resulted in much greater 

perturbations to the porphyrin vibrational modes. A medium intensity band is seen at 
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Figure 5- 10. Comparison of the FTIR spectra of TDCPPCu(I1) and its R-cation radical 
in KBr pellets. 
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Figure 5- 1 1 . Comparison of the FTIR spectra of TDCPPNi(I1) and its n-cation radical 
in KBr pellets. 
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Figure 5- 12. Comparison of the FTIR spectra of TDCPPCo(II), 

TDCPPCo(III)SbCI, and (TDCPP'.)Co(III)(SbC1,), in KBr pellets. 
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1 307 cm-1. This band is probably fiom a shift to lower frequency of the 1 3 1 5 cm-1 

band (v4 I), which gains intensity in the r-cation radical spectrum. The same trend was 

observed in the in situ FTIR difference spectrum. 

5.13 in situ Resonance Raman Spectroeiectrochemistry 

Metallo-TDCPP complexes and their nat ion radicals are often susceptible to 

photo-damage under the irradiation of a focused laser beam. Thus, their RR spectra 

may be difficult to collect [82]. The use of the high-speed rotating electrode makes it 

possible to collect reliable RR spectra of TDCPP na t ion  radicals. The ~ r +  457.9 

nm laser line was chosen as the excitation line which may cause less damage to n- 

cation radicals than the violet laser lines (e.g. 406.7 nrn line). Experiments show that 

both neutral TDCPP complexes and their n-cation radicals are stable during RR 

spectra collection, even for TDCPPNi(1I) which was found to be very photolabile in 

W-visible spectral collection. A disadvantage of using the 457.9 nrn line is that few 

Raman active lines are enhanced since this excitation line just falls in the far edge of 

the Soret region. In most cases, signal to noise ratios of rr-cation radical spectra are 

poorer than those of their parent porphyrins since the x-cation radicals are less 

resonancely enhanced. TDCPPMn(III)C104 has the best signal to noise ratio among 

TDCPP complexes under study, probably because the excitation laser line is close to 

its major Soret band at 478 nm, and thus strong enhancement is achieved. In Table 5- 

2, the mode frequencies of neutral and oxidized TDCPP complexes of Zn(II), Cu(II), 

Ni(II), Fe(III), Co(I1) and Mn(II1) are presented, and possible band assignments are 

also provided [38(a)]. Some spectra of these neutral and oxidized metal-TDCPPs are 

also illustrated in Figure 5- 1 3. 



Table 5-2 Resonance Raman Frequencies (cm-I) for Some Metallo-TDCPPs and 
Their Cation Radicalsa 

Raman Modes 

TDCPPNi 

(TDCPP* )Ni 

A 

TDCPPCu 

(-mCPP')Cu 

A 

TDCPPCo 

[ ( ~ P P W m ) I *  

[(TDCPP')co~l- 

A * 
A 

Assignment ' 

1364 1227 

1366 1232 

1366 1233 

+2 +5 

0 + 1 

v(C6-CB) v(C,-C,) v@yr-half ring),. v(N-CJ v(C,-ph) 

'All spectra were obtained with 457.9 nm excitation, 50 m W  laser power and 8 cm" 
slitwidths. "A doublet in this region (see text for explanation). 'A is frequency shift dative 
to the neutral porphyrin. 'Frequency shift for the one-electron oxidized species relative to 
the neutral porphyrin. Trequency shift for the two-electron oxidized species relative to the 
one-electron oxidized species. '~ssignments were taken &om reference [38(a)]. 



Figure 5- 1 3. RR spectra of (A) TDCPPZn(II) (top) and (TDCPPf -)Zn(II) (bottom), 
(B) TDCPPNi(II)(top) and (TDCPPC)Ni(II)(bottom), (C) TDCPPMn(III)ClO4 (top) 

and (TDCPP-)MnC104 (bottom), and @) TDCPPCo(II) (top), [TDCPPCo(lIl)]+ 
(middle) and [(TDCPP+~)CO(IIT)]*+ (bonom) obtained with excitation at 457.9 nm in 
CH2C12/0. 1 M TBAPF6. The asterisks indicate the solvent bands. Conditions: 50 

mW laser power, 8 cm- * slit width and 2 cm-l/s scan rate. 
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Figure 5- 1 3(A) compares the RR spectra of TDCPPZn(I1) and its n-cation 

radical. The RR spectrum of TDCPPZn(I1) in the 1200 to 1600 crn-1 region is 

dominated by the totally symmetric Alp porphyrin skeletal modes, as expected from 

the A-term enhancement mechanism when excited in the Soret-region [54]. Both v l  

and v4 modes shifted up upon oxidation, and there is a doublet near the v2 region in 

h e  n-cation radical spectnun. Similar results have been reported for the RR spectrum 

of (TDCPP+-)Zn(II) generated by chemical oxidation[82]. The doublet in the R-cation 

radical spectrum has been explained as a result of coupling between the v2 and @4 

modes. The $4 mode is enhanced in the x-cation radical, and is accidentally 

degenerate with the vz mode. The degeneracy of these two modes splits them into two 

peaks of higher and lower fiequency [82]. The actual kequency of these two modes 

can be estimated from the mid-point frequency of these two peaks. Thus the v2 mode 

shifted up about 1 1 crn-1 upon oxidation according to this estimate. As mentioned it1 

Chapter 1, the movement of the v2 band, which contains Cp-Cp vibrations, is of 

primary importance in revealing the electronic structure of the n-cation radical [46(b)]. 

The upshift of the vz band upon formation of (TDCPP+e)Zn(II) has been interpreted 

as indicative of an 'A,, ground state [82]. 

Figure 5-13(B) shows the RR spectra of TDCPPNi(I1) and its n-cation radical. 

Similar to the oxidation of TDCPPZn(II), the oxidation of TDCPPNi(I1) also caused 

an upshift of the v2 mode, but the magnitude of shift of this mode is rather small 

when compared with that observed during a typical 'A,, x-cation radical formation 

[46@)]. The 414 mode is only seen in the unoxidized TDCPPNi(II), and it is not 

enhanced in the R-cation radical spectrum. A weak band near 1 5 10 crn-1 is seen in 

both neutral and oxidized TDCPPNi(I1) spectra which is close to the fiequency of the 

v 11 mode. This mode also shifted up slightly (ca. 3 cm-1). That the v 11 mode shifts in 
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the same direction as v2 is expected since the VI 1 mode contains significant Cp-Cp 

character as well. In addition, the v4 mode shifted up (ca. 5 crn-1) and the vl mode 

shifted down slightly (ca. 2 cm-1). 

Figure 5-13(C) shows the RR spectra of TDCPPh4n(III)C104 and its n-cation 

radical. The striking feature of Figure 5-13(C) is the downshift of the v2 mode in the 

x-cation radical, relative to the parent porphyrin. The downshift of the v2 mode should 

be indicative of the 2 ~ 2 u  ground state for (TDCPPf -)Mn(III)C104. However, the vz 

mode just moves down a few wavenumbers which is far less than that observed for a 

typical 2 ~ , ,  ir-cation radical [46@)]. The v 1 I mode which was seen near 1535 ern-1 in 

the neutral porphyrin spectrum, however, was not found in the ir-cation radical 

spectrum. The v3 and ~ 2 7  modes are enhanced in both TDCPPMn(III)C104 and its 

r-cation radical. The former shifted up about 3 cm-1, while the latter underwent no 

change in position upon oxidation. TDCPPMn(III)C104 is the only compound 

investigated for which we were able to observe the v3 mode (see Table 5-2). 

Figure 5-13(D) compares the RR spectra of [TDCPPCo(III)]+, which is the 

product of metal-centered oxidation of TDCPPCo(II), [(TDCPPf.)Co(III)]2+, which 

is the product of two-electron oxidation of TDCPPCo(II), and TDCPPCo(I1) itself 

The v2 mode shifts up a few wavenumbers (ca +7 cm-1) in the metal-centered 

oxidation process, but shifts down (ca. -8 crn-l) in the porphyrin ring-centered 

oxidation process. The v4 mode shifts up (ca. 2 m-1) in the metal-centered oxidation 

process, but remains unchanged in the ringcentered oxidation process. 

The spectral changes associated with the formation of the other TDCPP+- n- 

cation radicals are tabulated (see Table 5-2). 



5.2 Discussion 

5.2.1 FTIR Evidence: Metal vs Porphyrln Ring Oxidation 

The metal-centered and the porphyrin ring-centered electron-transfer processes 

are distinguishable on the basis of the UV-visible spectroscopy for the metal- 

TDCPPs. There is little doubt on the sssignments of redox sites listed in Table 4- 1 

based on the W-visible results, and both metal and ring centered oxidation have been 

identified. Comparison of these two redox-types by FTR spectroscopy is one of the 

objectives of this work. 

In the cases of TDCPPFe(l1I)CI and TDCPPCo(lI), the FTIR difference 

spectra associated with the metal-centered redox processes show very small 

perturbation to porphyrin vibrations when compared to those observed for porphyrin- 

ring centered redox processes. Furthermore, there is no new band found in the FTIR 

difference spectra of metal-centered oxidation reactions. These results are expected 

since the removal of an electron h m  a metal orbital should cause less pemubation to 

the porphyrin orbital than the removal of an electron from a porphyrin orbital itself. 

However, oxidation of Mn(I1) to Mn(II1) species resulted in moderate spectral changes, 

compared to those observed for cation radical formation in the same solvent. The 

same trend was also observed for TPPMn(III)C104 [43(c)]. The possible reason for 

this has been explained in that the oxidation of Mn(I1) porphyrin involves the 

depopulation of the d,z.,2 orbital which has greater overlap with the central nitrogen 

than other d orbitals [43(c)]. The same reason should apply for its TDCPP 

counterpart. 

In general, the porphyrin skeletal vibrational modes experienced relatively large 

perturbation upon porphyrin ringcentered oxidation. Some common features of 

spectral changes associated with the mation radical formations were observed. Upon 
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oxidation, the VM band shifted to lower wavenumk, while vsl and ~ 4 0  shifted to 

higher wavenumbers. In addition to the perturbation to the existing vibrational modes, 

there is an appearance band near 1 280 cm-1 in most of the nation radical spectra. 

However, this new band is much weaker when compared with the similar band 

observed in the TPP na t ion  radicals. In the case of TDCPPCu(II), this band was 

barely seen in the in sinr difference spectrum. A very weak band at 1294 crn-1 was 

observed in the FTIR spectrum of the isolated (TDCPP+.)Cu(II)SbC16. A band loss 

near 1300 crn-l ( ~ 4 1 )  was clearly seen in all these cases, and it is possible that the 

band near 1 280 crn- in these x-cation radicals is due to the down-shift of this band. 

The only R-cation radical investigated which does not show a new band near 

1280 m - 1  is (TDCPP+-)Ni(II). However, it displays a new band in the 1550 cm-1 

region where the diagnostic band of OEPf rr-cation radicals appears. The possibility 

that the oxidation of TDCPPNi(I1) is metal-centered is ruled out by the UV-visible 

results since the spectrum of the product exhibits typical n-cation radical features. As 

proposed by Spiro and co-workers[50], the - 1550 cm-1 diagnostic band may indicate 

the electronic ground state of the x-cation radical as 'A,, type. Therefore, the abnormal 

behavior of TDCPPNi(I1) might be the result of the change of the electronic ground 

state. As discussed in the following section, (TDCPPC.)Ni(II) indeed has some 2 ~ , ,  

character which is different fiom the ~r-cation radicals of some other TDCPP 

complexes. Our results on the TDCPP complexes would suggest that while the IR 

diagnostic band is strongly suggestive of porphyrin ringcentered oxidation, its 

absence does not necessarily imply metal-centered oxidation. In such cases, the extent 

of the perturbations to the porphyrin v i i o n a l  modes may still provide usel l  

information regarding these two distinct redox types. 
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For the TDCPP 2-dication formation, the porphyrin vibration modes are 

perturbed to a larger extent when compared with the nation radical formation. The 

diagnostic band near 1280 cm- is clearly seen in the n-dication of TDCPPCu(I1) at 

1302 cm-l. The diagnostic band near 1550 cm-1 in the K-dication of TDCPPNi(I1) 

also gains intensity and shifts to higher wavenumber. Thus, removal of a second 

electron from the porphyrin rr-electron system results in additional perturbation to the 

porphyrin vibrational modes. 

5.2.2 The Electronic Ground States of TDCPP x-Cation Radicals 

A main object of this study is to correlate the spectral features of metal- 

TDCPPs arid their rr-cation radicals with their electronic configuration. As mentioned 

earlier, all metal-TPP n-cation radicals have typical A,, character. For 

tetraaryl porphyrins, the introduction of the electron-withdrawing groups on the pheny 1 

substibents could alter the energy gap between a,u and a, A orbitals. Since the a, At orbital 

has large electron density on the meso-carbons, electron-withdrawing substituents on 

the meso positions could stabilize the a, A orbital. Electron density is absent on the 

meso-carbons for the a," orbital, and thus its energy level does not undergo significant 

change by meso-substituents. In the presence of very strong electron-withdrawing 

groups, the energetic ordering of  these two orbitals may be reversed as observed for 

zinc tetrakis@entafluoropheny1)porphyrin it-cation radical in which the HOMO is the 

a I u orbital [8 51. Given the modest electron-withdrawing capacity of 2,6-dichlorophenyl 

groups, it would be difficult to rationalize a pure 'A,, ground state for MTDCPP n- 

cation radicals. However, it could be envisaged that the energy gap between a,u and a, 
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would be substantially decreased for the TDCPP complexes due to the stabilization of 

the a, orbital. 
,U 

To estimate the energy gap of these two HOMOs, Gouterman and co-workers 

correlated the a,u-a, energy gap with the intensity ratio of the two Q-bands of the 

porphyrin W-visible spectra [86]. According to Gouterman's four-orbital model 132, 

also refer to Figure 1-11, if the two HOMOs, a,u and become close in energy, the 

Q(0,O) band will decrease in intensity; and if the two HOMOs are degenerate, then the 

Q(0,O) band will disappear. On the other hand, the intensity of the Q(1,O) band, 

which arises from the viironic mixing of the Q state and the B state, is relatively 

constant among a series of porphyrins. Thus the absorbance ratio 

A[Q(O,O)]/A[Q(I ,O)] can be used as a simple measure of the energy gap of a," and a, A 

orbitals: 

A[Q(O,O)]/A[Q( 1 ,O)] = constant [ E(aIu eg)- E(aZu eg)I2 (5- 1) 

where lE(a,",ep) is the energy for the singlet tramition of a,u to eg, and lE(ah,ep) is the 

energy for the singlet transition a, A to eg Applying this simple equation, Gouterman 

and co-workers constructed an energy difference diagram for TPP, 

tetrakis(perf'luorophenyl)porphyrin (TFPP), porphine (P) and OEP complexes [86]. 

Recently, S piro and co-workers added octaethy ltetrapheny lporphyrin nickel and copper 

(OETPPNi(I1) and OETPPCu(I1)) to this diagram which is shown in Figure 5- 14 [ 1 31. 

In constructing Figure 5-14, the energy difference between aIu and a, A orbitals in the 

neutral porphyrins is simply represented by the square root of absorbance ratios 

and many assumptions are involved in equation 5-1[86]. The constant of 

proportionality has been arbitrarily set to unity, and is intended only to indicate order 



TPP OETPP P OEP TFPP TDCPP 

Figure 5-14. The energy gap between two HOMOS, a," and %, estimated from the 

ratio of the Q(0,O) band to the Q(1,O) band for the indicated metalloporphyrins [86]. 

The energy scale is represented by the square root of the absorbance ratio, and the 

crossover line of the alU and a, orbitals in n-cation radicals (dashed line) was drawn 

between PH2 and PZn (see text for detail). 
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of the energy gap. Hence this plot is only of qualitative significance. The zero line of 

this scale (e.g. the absorbance ratio equals zero) should represent the degeneracy of 

the two orbitals. Therefore porphyrins above this line should have energetic ordering 

of a,u > aZu, while porphyrins below this line should have energetic ordering of a, A > alu. 

However, the ground states of the porphyrin n-cation radicals are not determined by 

the energy di f f~ence  between the singlet transitions (e.g. l ~ ( a ~ , e & l ~ ( a , ~ ,  eg)) It is 

the energy difference between the two triplet contigurations (e. g. 3~(a~,ed-3~(a,~,ep))  

that determines the ground states of the mation radicals [86]. Gouterrnan and co- 

workers have shown that the energy for the triplet transition differs only by a constant 

from that for the singlet transition. Hence the energy difference plotted for the singlet 

transitions will hold for the triplet transitions, but the energy cross-over line needs to 

be re-defmed. MO calculations on PH2 and PZn(I1) have shown that the lowest triplet 

of PHI is 3(a,u,eg) while that of PZn(I1) is 3(a1u, eB) [86 and references therein]. On 

this basis, the energy cross-over line was drawn between PH2 and PZn(l1) in Figure 5- 

14. 

The absorbance ratios of the fiee base TDCPPH2 and some TDCPP complexes 

are listed in Table 5-3, and the positions of these complexes in the diagram are 

also shown in Figure 5-14. It should be noted that TDCPPH2 and these TDCPP 

complexes could also be placed in the typical 'A?, region according to the absorbance 

ratios, but it is more reasonable to place them around the cross-over line based on their 

spectroscopic properties. It is also worth noting that the absorbance ratio of 

[TDCPPCo(III)]+ is used to determine the ground state of [(TDCPP+.)Co(III)]2+ n- 

cation radical. 

Although many assumptions are involved in going from the absorbance data to 

the energy differences, this diagram (Figure 5- 14) shows nicely the effects expected 



Table 5-3. Ratio of Absorbance Peaks A[Q(O,O)]/A[Q( 1 ,O)] 

TPP TFPP P OEP OETPF TDCPP 

Free base 0.43 0.13 0.17 0.78 0.083 

Zn (11) 0.13 0.26 0.44 1.35 0.090 

Cu (11) 0.095 0.47 0.76 1.75 0.260 

Ni (11) 0.088 2.32 0.520 

Pd(II) 0.1 1 2.70 

Fe(II1) 0.143 

Co(II1) 0.154 

Mn(II1) 0.200 

Note. Data for TPP, TFPP, P and OEP complexes are fiom reference [86], and data for 

OETPP complexes are &om reference [13]. Data for TDCPP complexes are from this 

work. For TDCPPH?, the appropriate ratio of absorbances is 

[Qx(O,O)+Qy(O,O)]/[a(( 1 ,O)+Qy( 1 ?0)] according to reference [86]. 
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for several factors which govern the orbital energies. Among these factors, peripheral 

substituents might be the most important in determining the energies of the two 

orbitals. The change from P to TPP raises the a, orbital above a,u which is a result of 

porphyrin-phenyl interaction in TPP since a, A has large coefficients at the C, atoms, 

where the a,u orbital has nodes. The change from TPP to OEP places the a,u above a, 

which can dso be explained as the donor interaction between the ethyl substituents and 

the porphyrin ring in OEP since the Cp atoms have larger a," than a, -&a coefficients. It is 

also noticed that the change from TPP to TFPP raises a,u above a, ,U in metallo-TFPPs. 

This is due to the strong electron-withdrawing effect of perfluorophenyl groups which 

lowers the orbital energy of a, -U relative to that of a,u [86]. OETPP complexes are 

located between TPP and OEP complexes in Figure 5-14 which reflects the competing 

electronic effects of the peripheral substituents. 

It is no surprise to find that TDCPPHz is located between TPPH? and TFPPH, 

due to the fact that 2,6-dichlorophenyl groups have modest electron-withdrawing 

capacity when compared with the strong electron-withdrawing perfluorophenyl 

groups. As seen in Figure 5- 14, all metallo-TDCPPs lie close to the crossover line, 

with TDCPPNi(I1) above this line, while TDCPPMn(1II)C1O4, [TDCPPCo(lII)IC, 

TDCPPFe(III)Cl, and TDCPPZn(I1) lie below this line. TDCPPCu(I1) is located 

almost on this crossover line. 

An apparent feature of TDCPP na t ion  radicals which could be expected from 

Figure 5- 1 4 is a metal dependence of their ground states. (TDCPP++)Ni(II) should 

have some 'A, , character, while (TDCPP+.)Cu(II) should have primarily admixed 

'A,/%, character. All other TDCPP n-cation radicals under study should have some 

'A,, character. We can also expect that (TDCPPC.)Ni(II) will contain less 'A,, 

character when compared with its corresponding (OEP+-)Ni(II) K-cation radical. 
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Likewise, these  like' TDCPP ncation radicals would contain less 'A,, character 

when compared with the pure '%,-type TPP r-cation radicals. The unique position of 

TDCPP complexes in this diagram may be the source of their abnormal spectroscopic 

properties observed in the FTIR and RR experiments. 

The effect of metals on the ground state might be explained by considering that 

a," has nodes at the N atoms where a, ,U has large electron density. For a series of 

increasingly electronegative metals. Zn<Cu<Pd [87], the energy of a, should decrease 

relative to that of a,u and hence IE(a, e&E(a,", e31 should increase. But it is also 

noticed that the nickel complex always lies high relative to the copper complex for a 

given porphyrin ligand in the diagram, but the electronegativity order is Ni<Cu [87]. 

In accounting for the energy gap difference of OETPPNi(I1) and OETPPCu(II), Spiro 

and co-workers suggested that the difference may be attriiutable to the saddle 

distortion which exists in all OETPPs as a result of the staic crowding of the 

substituents [13]. The saddle distortion could influence the energy gap in two ways. 

Firstly, the out-of-plane distortion would raise the HOMO'S energy as a result of 

misalignment of the rr-electron system. Secondly, the distortion would allow 

interaction between the metal dx2.,,2 orbital and the porphyrin a, mu orbital, which has a 

large electron density on the N atoms. Since the dXz+ orbital is empty for Ni(II), but 

half-filled for Cu(II), the interaction would destabilize the a, orbital of 

0 ETPP(II)Cu(II) relative to that of 0 ETP P(II)Ni(II), thus decreasing the energy gap 

for Cu relative to Ni. But whether the saddle distortion exists for the TPP ligand is 

still unclear. The structural data for solid (TP Pf -)Fe(III)Cl R-cation radical suggests 

some degree of saddle distortion [55], but no evidence exists which shows that this 

saddle distortion persists in the solution phase. For TDCPP x-catioa radicals, due to 

the presence of the ortho-C1 atoms on the phenyl groups, the rotation of the phenyl 
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groups is also sterically hindered. Thus, as the phenyl groups rotate to provide 

delocalization of the charge from the porphyrin ring, the same type of saddle distortion 

as observed in the OETPP x-cation radicals may occur. 

Inspection of the RR data of TDCPP ir-cation radicals (Table 5-2) reveals that 

the v2 mode undergoes very small shifts during %cation radical formation, consistent 

with the fact that the a," and a, orbitals are close in enam. Table 5-4 compares the v2 

shifts observed during the formation of some Ni and Cu porphyrin ir-cation radicals. 

Large downshifts or upshifts of v2 were observed during the formation of pure 

'A,,-type n-cation radicals (e.g. metallo-TPP+.) or pure '~ ,$ype n-cation radicals 

(e.g. metallo-OEP'.), but for (TDCPP'.)Ni(II), v2 shifts up by only a few 

wavenumbers. The small shift of the v2 mode may be understood in that the 

upshifbng trend is partially offset by the downshifting trend as a result of a, Ja,, 

mixing. It is reasonable to assume that the a, JazM mixing would be greater in metallo- 

TDCPP' than in metallo-TPP. or metallo-OEP' since the two orbitals are closer in 

energy. The orbital ordering nonetheless appears to be a,,>$, based on the positive 

shift of the vz mode, as well as the position of TDCPPNi(I1) in the energy difference 

diagram (Figure 5- 14). 

(TDCPP+-)Cu(II) displays a small downshift of the v2 mode relative to the 

neutral porphyrin. TDCPPCu(I1) is located almost on the crossover line of the energy 

difference diagram. It could be expected that the a," and a, -U orbital should undergo 

strong mixing. In strong quantum mixing, it is inappropriate to use a,u or a, to 

describe the individual HOMOS. The v2 mode should shift either up or down in a 

small range during the formation of a Z-cation radical with a,/&, admixed ground state, 

depending on the relative contributions of these two orbitals. Therefore the v2 shift for 

(TDCPPC-)Cu(II) should be within the range expected for an a,Ja, admixed ground 



Table 5-4 Shifts of v2 Mode: Comparison of (TDCPP+.)Ni(II) and 

(TDCPP++)Cu(II) with (OETPP+.)Ni(II)a, (OETPP+-)Cu(II)a, (TPP+-)N~(II)~, 

(TPP+.)CU(II)~, (OEP+.)Ni(II) b, and (OEP+.)CU(II)~ 

Cation Radicals V 2  (m-9 A (cm- 1)c ground state 

+4 'A,,-like 

-7 'A,/A ,, mixing 

+8 'A,,-like 

-4 'A,,-like 

-3 8 typical 'A?, 

-32 typical 'A?, 

+23 typical 'A,, 

+2 1 typical 'A,, 

a Data for (OETPP+-)Ni(II) and (OETPP+-)Cu(II) are from reference [13]. Data for 

(OEP+.)Ni(II), (TPP+.)Ni(II), (OEP+.)Ni(II) and (OEPC-)Cu(II) are from reference 

[46@)1* A=(vcation radicaln~neutral)* 
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state rr-cation radical. It is interesting to note in Table 5-4 that the v2 shifts observed 

for the formation of (TDCPP+-)Ni(II) and (TDCPP+-)Cu(II) are close to those for the 

corresponding (OETPPf-)Ni(II) and (OETPPfe)Cu(II) formation. This is reasonable 

since these x-cation radicals are located in a similar range of the energy diagram, and 

thus their ground states should be similar to each other. 

In contrast to what is observed in the case of (TDCPP'.)Ni(lI), the v2 mode 

shifts down several wavenumbers upon the formation of (TDCPP*-)Fe(lII)Cl, 

[(TDCPP+-)Co(III)]+, and (TDCPPf -)Mn(III)C104, indicating that these n-cation 

radicals are "2~z,-like" (Table 5-4). These results are in good agreement with the 

predicted metaldependent ground states for the metallo-TDCPPf rr-cation radicals. 

The orbital order in these 'b2~,,-like" n-cation radicals should be a, a >alu since vz 

moves to lower frequency. 

The only exception is (TDCPP+-)Zn(II) which displays an upshift of the vz 

mode, but is located in the 'A,, region in the energy gap diagram. As mentioned in the 

introduction (section 4. l ) ,  the electronic ground state of (TDCPPt.)Zn(II) has been the 

subject of several publications, and is still under debate. The upshift of the v;! 

mode, along with its ESR spectrum, which does not show any 14N hyperfine splitting, 

were interpreted as evidence of a pure *A ,, ground state for (TDCPP+.)Zn(II) [82]. 

However, the low temperature ESR spectra reported by Bocian and co-worker would 

suggest that (TDCPPf-)Zn(I1) may have significant 'A,, character, at least at low 

temperature[83]. The ground state of (TDCPP+-)Zn(II) will be firher investigated in 

Chapter 7. 
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5.2.3 The Utility of the IR Band for Distinguishing Behveen 'A,, and 'A ,, K- 

Cation Radicals 

As mentioned earlier, Spiro and co-worker proposed that the strong IR bands 

at -1280 cm-1 in the TPP n-cation radicals should be indicative of the 2 ~ 2 u  ground 

state, and the strong band at - 1550 cm-1 in the OEP n-cation radicals should be 

indicative of the 'A,, ground state [50]. Figure 5- 15 compares the metalloporphyrin 

a,u and a, -U orbitals with the vibrational modes of ~ 4 1  in TPPNi(II), which is the 

suggested origin of the 1280 a n - 1  marker band in the TPP cation radicals, and v37 in 

OEPNi(II), which is the suggested origin of the 1550 cm-l marker band in the OEP 

cation radicals. 

The v41 mode involves the out-of-phase stretching of the Ca-N and Ca-Cp 

bonds. The a, ell orbital is antibonding for both sets of bonds. Therefore, the outsf- 

phase stretching of these bonds would shift the lone electron f?om one side of the 

porphyrin to the other. This effect is more pronounced for the x-cation radical than for 

the neutral porphyrin, since the latter is less polarizable as the HOMO is filled[50]. 

The vibrationally induced molecular dipole moment (Ap) is illustrated in Figure 5-1 5. 

The v37 mode principally involves the asymmetric Ca-C, stretch. But the ideal 

a,u orbital has nodes at the meso-carbons, and therefore a vibration involving C, would 

not reflect the bonding and antbonding character of the a,u orbital. In accounting for 

the enhancement of the ~ 3 7  mode in the NiOEP x-cation radical, Spiro and co-workers 

proposed that the C, atoms acquire substantial orbital coefficients due to the mixing 

of a, A character into the a,u NiOEP x-cation radical [50]. A consequence of this is that 

the adjacent Ca-C, bonds become bonding and antibonding in the HOMO. The 

asymmetric Ca-Cm stretch is expected to produce a large dipole moment which is also 

shown in Figure 5- 15. 



Figure 5- 1 5 ,  Comparison of the metalloporphyrin a, A and a,u orbitals with the 

charge redistriiiution vibrationally induced by the ~ 4 1  mode of NiTPP and the v37 

mode of NiOEP ( adapted from reference [SO]). 
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Table 5-5 compares the IR marker bands observed in the metallo-TDCPP+- IT- 

cation radicals with a typical '4, r-cation radical, (TPPf.)Cu(II) , and a typical 'A,, x- 

cation radical, (OEP+-)Cu(II). Table 5-5 also includes the ir-cation radical of free 

base TDCPPH* which has a medium intensity marker band at 1284 an-' 

(spectrum not shown). It was found that the - 1280 crn-I IR marker band appears in 

all of the ' ~ & k e  TDCPPT- n-cation d c a l s ,  while the - 1550 cm-1 marker band 

appears in (TDCPP+.)Ni(II), which is an 'A,,-like x-cation radical. However, the 

intensity of the - 1280 cm-1 marker band is much weaker when compared with the 

same band in the typical 'A,, x-cation radicals. The diminishing of this marker 

band in the 'A?,-like rc-cation radicals could be understood as the mixing of the alu 

character into the a. a orbital, which can significantly alter the orbital pattern. Since 

Ca-Cp is bonding in the a,u orbital, while antibonding in the a, -u orbital, the mixing of 

the a I U  orbital into the a, ,u orbital may partially compensate the charge redistribution on 

the a, .u orbital induced by the v4 1 mode (see Figure 5- 1 5) .  

For (TDCPPC-)Cu(II), this marker band could not be observed in the in 

situ FTIR difference spectrum, and only a very weak band at 1296 cm-1 is evident in 

the FTIR spectrum of the isolated n-cation radical. This may be explained in that 

neither the a," nor the a, mu orbital is the appropriate HOMO for TDCPPCu(I1) due to the 

strong mixing of these two orbitals. Thus neither - 1 550 cm-1 or - 1280 m - 1  marker 

bands undergo any intensification during x-cation radical formation. 

For the 2~,,-like TDCPPNi(I1) x-cation radical, the intensity of the marker band 

in the 1550 cm-I region is approximately comparable with the same band in the typical 

'A,, ir-cation radicals. This is consistent with Spiro's model in that intensification 

of the v37 mode requires some contribution of the a, -U character. 
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Table 5-5 Comparison of FTIR Marker Bands for Some Porphyrin rr-Cation 

Radicalsa. 

. . - - . - 

cation radicals -1  280 cm- region -1 550 cm-1 region cation radical type 

- - 

(TPP+.)CU(II)~ 1292 (sc) no typical 'A, 

(OEP+-)CU(II)~ no 1549 typical 'A,, 

(TDCPP++)Zn(II) 1286 (m) no 'A,,-like 

(TDCPP+-)Fe(III)Cl 1290 (m) no 'A,,-like 

(TDCPP+.)Mn(III)ClO4 1279 (m) no 'A,,-like 

[(TDCPP*)Co(III)]+ 1302 (m) no  like 
(TDCP P+-)Cu(II) I296 (v .w.)~  no 'A,JLA2, 

(TDCPP+.)Ni(II) no 1524 (s) 'A,,-like 

(TDCPP++)H2 1284 (m) no 'A,,-like 

a All Data are from in situ FTIR difference spectra, unless otherwise marked. Data 

are from reference [43(a)]. Letters in parentheses indicate the intensity of the bands: s 

for strong, m for medium and V.W. for very weak. d Data fkom reference [43(d)]. 

Data are from FTIR spectrum of isolated (TDCPP-)Cu(II) SbC16. 
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Our results would suggest that the - 1280 cm-1 marker band is a good indicator 

of the porphyrin R-cation radical ground state for a-cation radicals with primarily 2 ~ L u  

character. For rr-cation radicals with strong quantum admixed 2~,JZA,,  ground states, 

no IR marker band may be observed. In such cases, IR spectra alone may not even 

provide a clear distinction between metal and ringcentered oxidation, and other criteria 

should be applied. 

As shown above, Spiro's model appears to successfblly explain the IR features 

of TDCPP K-cation radicals. However, the spectra of TDCPP ~dications calls the 

validity of this model into question. The intensification of the v4 1 and v37 marker 

bands is due to the change in molecular dipole moment when the lone electron of the R- 

cation radical shifts fiom one side of the porphyrin to the other. In the x-dications, 

there is no lone electron. Therefore the v41 and v37 bands would be expected to 

undergo a decrease in intensity. However, the v4 1 and v37 bands gain intensity in the 

(TDCPPC+)Cu(lI) and (TDCPP++)Ni(II) rr-dication spectra, respectively. The 

intensification of these marker bands has also been reported in the metal-TPP and 

OEP x-dications [43]. There is therefore still doubt as to the origin of these marker 

bands. While empirically, they are usehl in identifjmg ir-cation radicals and their 

ground states, more work needs to be done to provide a theoretical explanation to the 

intensification mechanism. 

Hinman and co-worker previously suggested that the marker bands in TPP IF 

cation radicals might be due to distortion of the porphyrin ring [43(c)]. As mentioned 

earlier, the solid state geometry of porphyrin n-cation radicals often shows a 'saddle' 

distortion which lowers the molecular symmetry fiom D4h to D2d. Such distortion 

may activate the in-plane Btg modes to become R active. This model might be 

extended to explain the presence of the marker bands in the rr-dication spectra since the 
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ring distortion would be more pronounced in rr-dications than in x-cation radicals. 

However, in both in situ and solid state spectra of the TDCPP lr-cation radicals, the 

maker bands clearly seem to result fiom a shift and intensification of existing bands, 

rather than the appearance of entirely new bands. Also, if the B2, modes become active 

in the nation radical spectra, several new bands in the middle IR region would be 

expected [50]. This does not seem consistent with this model. 



Chapter 6 

IN SITU FTIR AND RR SPECTROELECTRO- 
CHEMICAL STUDIES ON THE OXIDATION OF 

TETRAMESITYLPORPHYRIN COMPLEXES 
CONTAINING Fe, Co, Ni, Mn, Cu, Zn AND Ag 

6.1 Introduction 

As discussed in the previous chapter, the introduction of electron-withdrawing 

groups on the meso-phenyl substituents has resulted in significant influence on the 

electronic structure of the porphyrin K-electron system. In this chapter, the effect of 

the electron-releasing groups attached to the rneso-phenyl substituents will be 

examined. Tetramesityl porphyrin (TMP ) is one of the most important synthetic 

porphyrin ligands with sterically-hindered substituents. (TMP.+)(FeIV=O) nation 

radical has long been proposed as a model for the intermediate in a number of 

important heme enzymemediated oxidative processes, and characterized thoroughly 

by Mossbauer, electronic spectroscopy, ENDOR, NMR, ESR, EXAFS and RR 

spectroscopies [88-931. Its electronic ground state has been assigned as an 

state judged from the large downshift of the v2 mode [92-931. The structure 

determination suggests that the phenyl group of (TMP)M is nearly perpendicular to 

the porphyrin plane due to the steric effe* imposed by the methyl groups, but the 

porphyrin ring adopts a planar structure in the solid state [94]. However, whether the 
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ligand-centered oxidation could lead to out-of-plane distortion on the porphyrin ring 

of the TMP complexes is still subject to controversy [94, 951. TMP complexes 

containing metals other than iron are less studied in the Literature. 

In this chapter, the oxidation of TMP complexes containing Fe, Co, Ni, Mn, 

Cu, Zn and Ag studied by voltammetry and in situ LIV-visible spectroelectrochemistry 

is discussed. The oxidation sites are assigned based on established LV-visible 

criteria The oxidation of these TMP complexes was M e r  investigated by in sim 

FTIR spectroelectrochemistry and RR spectroelectrochemistry. The validity of the 

- 1280 cm-I IR band as the ringcentered oxidation marker band is discussed, and the 

possible electronic ground states of these TMP x-cation radicals are assigned based 

on the RR evidence. In Chapter 7, the temperature-dependent ESR spectra of 

(TMP+-)Zn(II) and (TMP+-)Ni(II) rc-cation radicals are reported. 

6.2 Results 

6.2.1. Voltammetry and in situ W-Visible Spectroelectrochemistry. 

The half-wave potentials associated with the oxidation of TMP complexes were 

measured by thin-layer voltammetry, and the results are listed in Table 6- 1. The TMP 

complexes of Zn(II), Cu(I1) , Fe(III), Mn(II1) and Ni(I1) all undergo two successive 

oxidations in the potential range of 0 to 1.7 V. vs SCE. These processes are reversible 

in the thin-layer voltammetric time-scale. Similar to TPPCo(I1) [43(b)], TMPCo(I1) 

shows three successive reversible oxidation waves in the same potential range, and no 

abnormal behavior was observed. TMPAg(1I) shows two reversible redox waves 

with half-wave potentials of 0.435 Vand 1.59 Vvs.  SCE, respectively. A A d  

irreversible wave was observed at the potential limit region of the solvent (CH2Br2). 



Table 6-1. Half-wave Potentials (vs. SCE) of Some TMP Complexes in 

CHzBrz Containing 0.1M TBMF6. 

Half-wave potential 

1 st ring 2nd ring 
Complexes MU - ~m oxidation oxidation 

aFe(1 I)/Fe(III) process is irreversible even in 1 : 1 CH2Br2 and CH3CN. 

b~otential is beyond the limit of the solvent 
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Previous studies showed that addition of CH3CN to CH2C12 (or CH2Br2) can stabilize 

Mn(I1) and Fe(l1) porphyrins [43 (c)l In the case of the TMP ligand, the reduction 

of Mn(II1) to Mn(I1) is reversible in carefblly degassed dichloromethane solvent alone, 

and the half-wave potential was found to be -0.33 V vs SCE. However, the reduction 

of Fe(II1) to Fe(I1) is irreversible even in a carefdly degassed 1:l CH2CI2 and 

CH3CN mixture where the re-oxidation peak is totally absent in the reverse scan. 

Each redox process listed in Table 6- 1 was investigated by in situ reflectance 

W-visible spectroelectrochemistry to assign the electron-transfer sites. Figures 6- 1 

to 6-7 show the in situ W-visible spectroelectrochernicd results in dichloromethane 

solvent. The spectral changes associated with the one-electron oxidation of TMPZn(11) 

(Figure 6-1) , TMPCu(I1) (Figure 6-2), TMPNi(I1) (Figure 6-3) and TMPFe(1II)Cl 

(Figure 6-4) follow the same pattern: the Soret-band is decreased and blue-shifled, 

and the Q-bands lose intensity, developing into broad featureIess absorbances. These 

spectral changes indicate clearly that these reactions are porphyrin ring-centered 

oxidations [34]. 

The first one-electron oxidation of TMPCo(I1) (Figure 6-5(a)) causes a red- 

shift of both the Soret and Q bands, and the intensity of these bands was increased 

slightly. These spectral changes are consistent with metal-centered oxidation (Co(11) to 

Co(II1)) [34]. The spectral changes associated with the second one-electron 

oxidation of TMPCo(I1) (Figure 6-5@)) displayed typical cation radical 

formation character, indicating the product to be [(TMP+-)co(III)]*+ radical. 

The spectral changes associated with the first one-electron oxidation and 

reduction of TMPMn(1II)C1O4 (Figure 6-6(a) and (b)) resemble those observed for 
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Figure 6- 1 .  Time-resolved thin-layer Uvvisible spectroelectrochemistry 

of the one-electron oxidation of TMPZn(I1) in CH2Clz containing 0.1 M 

TBAPF6. The spectra were collected every 2.6 s, and the total electrolysis 

time was 13 s. 
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Figure 6-2. Time-resolved thin-layer UV-visible spectroelectrochemistry 

of the one-electron oxidation of TMPCu(I1) in CH2C12 containing 0.1 M 

TBAPF6. The spectra were collected every 1.3 s, and the total electrolysis 

time was 12 s. 
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Figure 6-3. Time-resolved thin4 ayer UV visible spectme lectrochemistry 

of the one-electron oxidation of TMPNi(I1) in CH2C12 containing 0.1 M 

TBAPF6. The spectra were collected every 2.6 s, and total electrolysis time 

was 18 s. 
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Figure 6-4. Timaresolved thin4 ayer UV-v isible spectroelectrochemistry 

of the one-electron oxidation of TMPFeOCI in CH2C12 containing 0.1 M 

TBAPF6. The spectra were collected every 2.6 s, and the total electrolysis 

time was 18 s. 
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Figure 6-5. Time-resolved thin-layer W-visible spectroelectmchemistry of 

the (a) one-electron and (b) two-electron oxidations of TMPCo(I1) in CH2C12 

containing 0. I M TBAPF6. The spectra were collected every 2.6 s, and the total 

electrolysis time was 1 8 s in each case. 
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Figure 6-6. Time-resolved thin-layer WYisiblespectroelec~chmi~ 

of (a) the oneelectron reduction and (b) one-electron oxidation of 

TMPMn(I1I)C1O4 in CH2C12 containing 0.1 M TBAPF6. The spectra were 

collected every 1.3 s in (a), and every 2.6 s in (b). The total electmlysis time 
was 1 8 s in both cases. 
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the same processes of TPPMn(III)C104 [34]. Therefore, similar assignments were 

made in Table 6- 1. 

Figure 6-7(a) shows the W-visible spectral changes observed for the one- 

electron oxidation of TMPAg(I1) in dichloromethane containing 0.1 M TBAPF6. 

Although the Soret-band decreased in intensity and shifted to lower wavelength, the 

Q-band only shifted in position. The presence of this Q-band, along with the low 

oxidation potential of this process indicate that the product is [TMPA~(III)]+, rather 

than (TMPi.)Ag(II) ncation radical. The spectral changes associated with two- 

electron oxidation of TMPAg(I1) in dichloromethane are shown in Figure 6-7(b). In 

addition to the decease in the intensity and blue-shift of the Soret band, the Q band 

broadens into a featureless absorbance, indicating clearly that the product is 

[(TMP+-)A~(III)]~+ R-cation radical. 

6.2.2. In situ FTIR Spec~oelectrochemistry. 

The FTIR spectrum of TMPCu(11) in the mid-IR region is illustrated in Figure 6- 

8 (upper) to show i t .  vibrational features in the this region. The ftequencies of the 

porphyrin skeletal vibration modes of TMPCu(l1) are very close to those of TPPCu(1I) 

[SO], and therefore similar assignments are assumed. The strong band at 999 an- 1 is 

assigned as ~47, and three medium intensity bands at 1 064 crn- l, 1204 cm- and 1 3 3 7 

cm-1 as vsl, vsz and v36 respectively. The position of a weak band at 1305 an-1 is 

close to that of v41 reported for TPPCu(II), and is assigned as v41. The medium 

intensity band at 16 10 cm-1 might be fkom a phenyl vibration (&('). The broad band 

around 1450 crn-1 and the band at - 1480 cm-1 should be due to the vi'brations of the 

mesityl groups as these bands are also observed in the FTIR spectnrm of 
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Wavelength (nm) 

Figure 6-7. Time-resolved thin4 ayer W-visible spectroe lectroc hemistry of 

the (a) one-electron and @) twoelectron oxidations of TMPAgO in CHICll 

containing 0.1 0 M TBAPFa. The spectra were collected every 2.6 s, and the 

total electrolysis time was 18 s. 



(TMP + *)Cu(II)SbCls 

1400 1200 

Wavenumbers (cm-1) 

Figure 6-8 Comparison of the FTIR spectra of TMPCU(I1) (upper) and its cation 
radical (below). Spectra we= measured in KBr pellets. 
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mesitaldehyde (not shown). Table 6-2 lists the band positions of metallo-TMPs used 

in this work in the mid-IR region along with their tentative assignments. 

o. K-Cation radical finnation - Figures 6-9(a), 6- 1 O(a), 6- I l (a), 6- 1 2(a) 

display the in situ FTIR difference spectra observed for the one-electron oxidations of 

TMPZn(II), TMPCu(II), TMPNi(I1) and TMPFe(III)CI, respectively, in 

dibromomethane containing 0.1 M TBAPF6. These processes all lead to rc-cation 

radical formation. The one-electron ring-centered oxidation caused considerable 

perturbation to the existing porphyrin skeletal vibrations. Some common features 

include a downshift (ca. -5 to -8 cm-1) of the v47 mode (near 1000 cm-I), an upshift 

(ca. +3 to +8 cm-1) of the vs 1 mode (near 1065 cm-1) and an upshift (ca. +5 to +8 

cm-1) of the v3g mode (near 1338 cm-1). The mesityl group modes also underwent 

some perturbation upon ring-oxidation as evidenced by the disappearance and 

appearance features in the region of 1 376 to 1475 cm-1. 

Besides the perturbation to the existing bands, ringcentered oxidation also leads 

to several new appearance bands. An important feature is two appearance peaks in the 

1280 crn-1 region (e.g. 127 1, 1298 crn-1 bands in (TMP+-)Zn(II), 1283, 1299 cm-1 

bands in (TMPi-)Cu(II), 1295, 1302 an-1 bands in (TMP+-)Ni(II), and 1279, 13 10 

crn-1 bands in (TMP+-)Fe(III)Cl). The lower frequency band is stronger than the 

higher frequency band. The loss of the v41 mode can be clearly seen in the cases of 

(TMP+.)Cu(II) and (TMPC-)Ni(II) formation. 

In addition to these two appearance bands in the 1280 cm-1 region, another 

appearance feature was observed at -1608 an-1 in all cases. In the case of 

(TMP+-)Ni(II), a doublet at 1608 and 1602 cm-1 was seen. The 1608 cm-1 appearance 

band is located in the same fkquency as the phenyl mode observed for the neutral 
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Mid-IR Bands (cm-1) of Some TMP 

TMPFeCl 

TMPCo 

TMPMnC104c 

TMPAg 

TMPNi 

TMPZn 

assignment 

a Measured in CH2Br2 solvent. Broad, overlapping bands in this region. Extra 
bands at 1 109, 1 127 m1 due to ClO4- vibrations. TMPAg displays a doublet in this 
region ( l288/ 1 300 cm-1). Assignments were taken from reference [50] (also see 
Appendix for numbering convention and band assignments of porphyrin skeletal 
modes). 



Figure 6-9. I n  sihc FTIR difference spectra observed for (a) one-electron and (b) 

two-electron oxidation of TMPZn(I1) in CHtBr2 containing 0.1 M TBAPF6. 

Potential steps were (a) 0.55 V to 0.90 V and (b) 0.55 V to 1.20 V vs. SCE. 



Figure 6- 10. in sit u FTIR diffe~nce spectra observed for the (a) one-electmn and 

(b) two-electron oxidation of TMPCu(I1) in CH2Br2 containing 0.1 M 'IBAPF6. 

Potential stepswere (a) 0.75 Vto 1.05 Vand(b)0.75 V to 1.50 Vvs. SCE. 



F i g u ~  6- 1 1. I n  situ FTIR difference spectra observed for the (a) one-electmn and (b) 

t wo-electron oxidation of TMPNi(lI) in CH2Br2 containing 0.1 M TBAPF6. Potenti a1 

steps were (a) 0.75 V to 1.15 V and (b) 0.75 V to 1.60 V vs. SCE. 



1400 1 200 

Wavenumbers (cm-1) 

Figure 6-1 2. In sihr FTIR difference spectra observed for the (a) oneelectron and 

(b) two-electron oxidation of TMPFe(II1)Cl in CH2Br2 containing 0.1 M TBAPF6. 

Potential steps were (a) 0.80 V to 1.15 V and (b) 0.80 V to 1.70 V vs. SCE. 
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porphyrins in the same solvent. Thus the appearance feature should indicate the 

intensification of this mode in the r-cation radical spectrum. In the same way, the v37 

mode (-1560 crn-I) gained intensity in the na t ion  radical spectra as well, especially 

in the case of (TMP+-)Ni(II). 

b. n-Dicotion formation - The porphyrin macrocycle of metallo-TMPs is 

relatively easily oxidized compared to metallo-TPPs as evidenced by the less positive 

half-wave potentials [43(b)]. The lower ring-oxidation potentials make it possible to 

record reliable FTIR difference spectra during the formation of some TMP R- 

dications. Figures 6-9(b), 6- 10 (b), 6- 1 1 (b) and 6- 12 (b) show the FTIR difference 

spectra observed for the two-electron oxidation of TMPZn(II), TMPCu(II), 

TMPNi(I1) and TMPFe(III)Cl, respectively. The general pattern of spectral changes 

observed for R-dication formation resembles closely that of n-cation radical formation. 

The 1147 (-1 000 cm-I), vs 1 (- 1065 cm-1) and v36 (- 1338 an-1) modes d l  changed in 

the same way as that described in n-cation radical formation, but to a larger extent. As 

to the new appearance bands, the position of the weak appearance band in the 1280 cm- 

region in the x-dications is very close to that in x-cation radicals, but the strong 

appearance band in the same region shifted to higher wavenumbers in rr-dications than 

in x-cation radicals ( ca. 4-5 cm-I). The phenyl mode near 1608 cm-1 mode also 

gained intensity in the x-dications, especially in the case of TMPZn(11). 

c. Metal-cen tered oxidation vs. parphyrin-ring centered oxidation: TMPCo(II), 

TMPMn(III)C104 and TMPAg(I1) provide an opportunity to directly compare the 

FTIR spectral changes obtained fiom the metal-centered reactions and porphyrin ring- 

centered reactions. The FTIR difference spectra associated with the one-electron, two- 

electron and three-electron oxidation of TMPCo(I1) are displayed in Figures 6- 1 3 (a), 
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Figure 6- 13. In sihc FTIR difference spectra observed for the (a) one-electron, (b) 

two-electron and (c) three* lectron oxidation of TMPCo(I1) in CH2Br2 containing 0.1 

M TBAPFs. Potential steps were (a) 0.50 V to 0.85 V, (b) 0.50 Vto 1.25 Vand (c) 

0.50 V to 1.50 V vs. SCE. 
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(b) and (c) respectively. Loss of one-electron from TMPCo(I1) results in only small 

perturbation to the vibrational spectrum of the porphyrin ligand. Moreover, none of 

the appearance bands in the 1280 crn-1 region show up in Figure 6-13(a). These 

results would indicate that the oxidation is associated with the metal center rather than 

the porphyrin ligand. 

Removal of a second electron produces a difference spectrum with very similar 

features to those observed for the formation of TMP K-cation radicals. The presence of 

appearance bands at 1289, 1302 and 16 10 cm- l clearly indicates a porphyrin ring- 

centered oxidation to produce a R-cation radical species. Sirmlar features were. 

observed for the three-electron oxidation process which generates [ (TMP~)co(III) ]~+ 

n-dication (Figure 6- 13(c)). The three appearance bands shifted positions slightly to 

1290, 1306 and 1609 cm- l ,  and the 1306 and 1609 cm-1 bands gained intensity in the 

n-dication. In conjunction with the UV-visible evidence, the in situ FTIR results leave 

little doubt about the electron transfer sites of the three oxidation processes assigned in 

Table 6- 1 for TMPCo(I1). 

Figures 6- 14(a) and (b) compare the difference FTIR spectra for the one-electron 

reduction and one-electron oxidation of TMPMn(III)C104. The former process is a 

metal-centered reduction leading to the formation of TMPMn(II), while the latter 

process is porphyrin ring-centered leading to (TMP+-)Mn(III)C104 r-cation radical. 

Figure 6- 1 4(b) displays typical r-cation radical features including three appearance 

peaks at 1280 cm-l , 1299 cm-1 and 1608 cm- 1. In contrast, no such appearance peaks 

wae seen in Figure 6-14(a). The metal-centered reduction indeed caused some 

degree of perturbation to the existing bands. For instance, the v47 (-- 1 0 1 1 cm- 1) and 

V36 ( 4 3 3 4  cm-1) modes move down by ca. -1 7 cm-1. 



Figure 6- 14. b situ FTIR difference spectra observed for the (a) one-electron 

reduction of TMPMn(III)CI04 in CH2Br2/0. 1 M TBAPF6, (b) one-electron 

oxidationof TMPMn(III)CI04 in CH2Br2/0. 1 M TBAPF6 and (c) one-electron 

oxidation of TMPMn(III)C104 in CH3CN containing 0.1 M TBAPF6. Potential steps 

were (a) 0.2 V to 4.5 V, (b) 0.80 V to 1.35 V and (c) 0.85 V to 1.40 V vs. SCE. 
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Figure 6- 14 (b) also shows a strong broad disappearance feature centered at 

1091 cm-1 which was not observed on the oxidation of any of the other TMP 

complexes under investigation. The 109 1 cm-1 band has been ascribed as the vibration 

of free solution perchlorate [5 11. The disappearance is accompanied by an appearance 

at 1 132 crn-1. The position of this appearance band (1 132 cm-1) is close to the 

frequency of one of the vibrations of coordinated perchlorate in the mid-IR region [see 

Table 6-21. These features in the difference spectrum would indicate that the 

perchlorate anion in TMPMn(III)C104 dissociates, at least partially, on dissolution in 

dibromomethane. The perchlorate anion appears to bind more strongly to the n-cation 

radical than to the unoxidized species. This may explain the loss of the band due to 

tiee perchlorate and increase of the band due to coordinated perchlorate after oxidation. 

Enhanced coordination of perchlorate has similarly been indicated in the in situ FTIR 

difference spectnun observed on oxidation of the porphyrin ring in several TPP and 

OEP complexes[ 43 (c), (d)]. 

Figure 6- 14 (c) shows the FTIR difference spectra for one-electron oxidation of 

TMPMn(III)C104 in acetonitrile. Except for some shifts in band positions, the main 

features in acetonitrile resemble those in dibromomethane (Figure 6- 14(b)). In the 

1200 cm-I region, an appearance band at 1220 an- and a disappearance band at 1200 

m-1 are observed. In addition, the shift of vsl (1060 to 1073 cm-1) is clearly seen in 

acetonitrile solvent. 

Figures 6- 15 (a) and (b) show in situ FTIR difference spectra observed for the 

one- and two-electron oxidations of TMPAg(I1) in CH2Br2I 0.1 M TBAPF6. The 

absence of appearance bands in the 1280 cm-I region, as well as small perturbation to 
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Figure 6- 15. In sifu FTIR difference spectra observed for the (a) one-electron and (b) 

two-electron oxidations of TMPAg(II) in CH2Br2 containing 0.10 M TBAPF6. 

Potential steps were (a) 0.30V to 0.60 V and (b) 0.30V to 1.75V vs. SCE. 
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the existing bands associated with the h t  one-electron oxidation suggests a metal- 

centered oxidation process. In contrast, the removal of a second electron results in 

far more substantial perturbation to the porphyrin vibrational modes, and causes the 

appearance of characteristic bands at 1266, 1279 and 1607 cm-1. These results 

suggest that the first electron is derived from the Ag(I1) metal center, and the second 

electron from the porphyrin ring itself. 

6.2.3. The FTIR Spectra of Some Isolated TMP n-Cation Radicals. 

TMPZn(II), TMPCu(II), TMPNi(I1) and TMPFe(1II)CI can be easily oxidized 

by TBPASbCI6, and their na t ion  radicals are relatively stable in the solid state. This 

provides an opportunity to examine the FTIR spectra of these nation radicals in more 

detail. Figure 6-8 (page 122) compares the FTIR spectra of TMPCu(I1) and 

(TMP+-)Cu(II)SbCl6 in the solid state. The most important features in the K-cation 

radical spectrum are the appearances of a medium band at 1299 m-1 and a strong 

band at 1283 cm-1. Another band which also acquires considerable intensity in the rr- 

cation radical spectrum is the 16 1 0 cm- band. These results are consistent with those 

observed in the in situ FTIR difference spectrum (Figure 6- 1 O(a)). The shifts of the 

existing bands upon oxidation can also be seen in Figure 6-8. The shift directions of 

these existing bands observed in Figure 6-8 are parallel to those observed in the in situ 

experiment (Figure 6- 1 O(a)). In the 1 200 an-I region where information is not 

observable in the in situ experiment, the 1204 cm-1 band losses intensity, whereas the 

1230 cm-1 band gains intensity and shifts down to 1220 cm-1. 

Table 6-3 summarizes the FTIR bands in the 1000 to 1700 crn-1 region for 

(TW-)Zn(II), (TMP+-)Fe(m)CI and (W+.)Ni(II), along with their parent 
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porphyrins. The FTIR spectral changes upon formation of these x-cation radicals are 

very similar to those observed in the case of TMPCu(I1). Two appearance bands in 

the 1280 cm-* region are clearly seen in each case. The phenyl mode (near 1600 

cm-1) gained substantial intensity in the rr-cation radical spectra. These spectral 

changes comprise distinctive features associated with the porphyrin ring-centered 

oxidation of IMP complexes. 

6.2.4 in  situ RR Spectroelectrochemistry 

a. RR spectra of K-cation radicals: The in situ Soret excited (457.9 nm) RR 

spectra of (TMPt-)Fe(III)Cl, (TMP+.)Zn(II), (TMP+-)Cu(II), (TMP+-)Ni(II), and 

(TMP+-)Mn(lII)C104, along with their corresponding neutral porphyrins are presented 

in Figure 6- 16,6- 1 7,6- 1 8,6- 19, and 6-20 respectively spectnun. In order to calculate 

the depolarization ratio of RR active modes, both parallel polarized spectra (indicated 

by I/) and perpendicularly polarized spectra (indicated by I) were recorded for each of 

the species. As mentioned in section 5.2.3, the 406.7 nrn laser line is more often 

employed in studies of metalloporphyrins since this line is close to the maximum of the 

Soret band, so that the resonance enhancement effect is maximized. In contrast, 

Raman spectra obtained by 457.9 nm excitation are simpler relative to those obtained 

by 406.7 nm excitation since less enhancement effect is expected with the 457.9 nm 

line. 

Table 6-4 summarizes the band shift features associated with these n-cation 

radical formations, along with the tentative band assignments. These band assignments 

were adopted fiom references [92-931. Shinji Hashirnoto and co-workers [92] 

reported the RR spectra of TMPFe(II1)Cl and its pyrrole-1% and meso-1% 

isotopomers using 406.7 nm excitation. As expected, the 406.7 nm excited RR spectra 



Table 6-4. Resonance Rarnan Frequencies (cm-I) of Some TMP complexes and Their Cation Radicals 

' Band assignments were taken from references [92,93]. b~ is the frequency shift relative to the neutral porphyrins. 

(continued next page) 



Table 6-4. Resonance Raman Frequencies (cm-l) of Some TMP complexes and Their Cation Radicals 

(continued) 

Modea P TMPZn (TMP+-)~n  ~b TMPCu (TMP+-)CU A TMPNi (TMP+*)N~ A 

a Band assignments were taken fiom references [92,93] (see Appendix for numbering convention). b~ is 
the frequency shift relative to the neutral porphyrins. 



Raman shift (cm-1) 

Figure 6- 16. RR spectra of TMPFe(III)Cl (upper) and its cation radical 

(bottom) obtained with excitation at 457.9 nrn in CH2C12/ 0.1 M TBAPF6. 

The asterisks indicate the solvent bands. Conditions: 50 mW laser power, 8 

cm-1 slit width and 2 cm-l/s scan rate. 
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they reported are much richer in bands when compared with the 457.9 nm excited RR 

spectrum of TMPFe(II1)Cl (Figure 6- 1 6, upper spectrum). Only three polarized 

bands, vl(1228 cm-I), vd(1363 cm-I), and v2(1552 cm-I), show up in Figure 6-16 

(upper). The two strong bands, v2 and v4 , are of primary interest in our study. The 

vq mode, which exhibits large A V ( ~ ~ N ) ,  involves mainly CaN and CaCp stretching 

vibrations, and the vz mode, giving large Av(L3C) and zero Av(l5N), contains mainly 

CpCp and C&, stretching [92]. For other metal-TMPs, besides these three major 

bands, v 1 1 (dp, - 1 480 cm- 1) appears weakly in TMPZn(I1) and TMPAg(I1); and v3 

( p, - 1 456 cm- 1) appears in TMPMn(III)C104 with moderate intensity. The identity of 

these bands in the rt-cation radical spectra was obtained by correlating these bands with 

the corresponding bands in the neutral porphyrins through similarity in frequencies 

and polarization properties. The removal of an electron could cause some 

frequency shifts for some of the bands due to changes in the force constants, but it 

does not significantly change the porphyrin normal mode compositions. 

The RR spectra of ferric and fenyl porphyrin ir-cation radicals of TMP 

complexes have been investigated intensively in the Literature because these species are 

important in modeling the catalyt~c reactions of heme enzymes [92-931. A large 

downshift of the ground state sensitive mode (v2) was observed during the formation 

of (TMPf .)(Fe(1II)(ClO4)z and of (TMP+-)FelV=O. As a result, a typid 2~2u-type 

ground state was assigned to these mation radicals. However, some controversy 

remains concerning the RR spectra of fenic and fenyl TMP x-cation radicals. For 

instance, these z-cation radicals might undergo photoreactions during the RR spectral 

collection. Kincaid and co-worker claimed that the reported V F ~  RR band of the 

Fe"=O nation radical arises fiom a photoreaction product, rather than the rr-cation 

radical[96]. Hashimoto and co-workers [92] reported the RR spectrum of 
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(TMP+~)Fe(III)(C104)2, but the position of the v2 mode is questionable since the 1509 

cm-1 band (which was supposed to be the vz mode) exhibits large 15N sensitivity 

contrary to the expected behavior of the v2 mode. 

In our work, (TMP*)Fe(III)CI it-cation radical was generated in situ by 

controlled potential electrolysis in CH2C12/0.1M TBAPF6, and its RR spectrum was 

collected under the same conditions as used for the neutral species. The RR spectrum 

of the neutral species could be M y  recovered when the green solution was completely 

reduced back, indicating that no photo-induced reactions were involved. The 457.9 nm 

excited RR spectrum of (TMP~ -)F~(III)CI collected in this way is presented in Figure 

6- 16 (bottom). A notable feature of this na t ion  radical RFt spectrum is the 

appearance of a strong band at 1596 cm-l. According to the literature [46(b)], a band 

in this position arises from a RR active phenyl wirab'on (vphenyl) AS mentioned in 

section 6.2.2, the intensification of an IR active phenyl mode in the n-cation radicals 

was also observed in the FTIR spectra of TMP nation radicals. 

As to the position of the v2 mode, there is still some ambiguity. Two polarized 

bands were found in the vz region. One band is located at 1566 cm-1 and another is at 

1520 cm-l. Although the 1566 cm-1 band is much stronger than the 1520 cm-1 band, 

the position of the latter band is closer to that of the v2 band observed in the 

(TMP+. )F~~~=o  r-cation radical [93]. It seems more reasonable to assign the 1520 

cm-l band as the v2 mode in the na t ion  radical spectrum. Assignment of v2 to 1566 

crn-I would suggest an 2 ~ 1 ,  ground state for (TMP+*)Fe(III)CI n a t i o n  radical, where 

an 2 ~ 2 u  is more consistent with other evidence [88-921. The 1566 cm-1 band was also 

observed in the 406.7 nrn excited RR spectrum of ( T M P + * ) F ~ ~ ~ = o  x-cation radical 

generated by chemical oxidation at low temperatwe, and was explained as an extra 

band arising fkom v37 mode [93]. v37 is an E, mode which is RR-inactive in D4h 
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symmetry. The activation of this mode is an indication of the lowering of the 

symmetry P31- 
According to our assignment, v2 downshifts about -32 an-1 upon n-cation 

radical formation. v4 is easily identified at 1328 cm-1 in the lrcation radical spectrum, 

and is downshifted about -35 cm-1 relative to the unoxidized porphyrin. The same 

trend for vq was obsmed for fem'c and fenyl TMP x-cation ndical formation [93]. 

Figure 6- 17 compares the RR spectra of TMPZn(I1) and its 2-cation radical. The 

phenyl vibration is clearly seen at 1602 cm-1 in the x-cation radical spectrum. In the 

v l  region, a doublet is also observed. The 1527 cm-1 band should be the v2 mode, and 

the 1540 cm-1 band should be v37 according to the reasons given above. Therefore, 

v2 downshifts about -20 cm-l upon (TMPf*)Zn(II) formation. The v 11 mode is also 

seen for both TMPZn(I1) and its n-cation radical. This mode shifts down (from 148 1 

an-1 to 1474 cm-1) upon oxidation parallel to the shift direction of the v2 mode. v4 

(-1357 cm-1) upshifts about 16 cm-l in contrast to the downshift observed for the 

formation of (TMPC.)Fe(III)Cl. 

A large downshift of the ~2 mode was also observed upon the formation of 

(TMP+-)Cu(II) (-38 cm-1, Figure 6-1 8), (TMP+.)Ni(II) (-4 1 an-', Figure 6- 19 ) and 

(TMP+-)Mn(III)C104 (-47 cm-l, Figure 6-20) relative to their parent porphyrins. v4 

moves down substantially in the case of (TMPf .)Cu(II) formation (-38 cm-I), but 

remains relatively unchanged in the cases of (TMP+.)Ni(II) and (TMP+~)Mn(I1I)C1O4 

fonnation. The RR spectral changes associated with these n-cation radicals are 

tabulated (Table 64), as mentioned previously. 



Raman shift (cm- l )  

Figure 6-17. RR specm of TMPZn(I1) (upper) and its cation radical 

(bottom) obtained with excitation at 457.9 nm in CH2Clt/ 0.1 M TBAPFc 

The asterisks indicate the solvent bands. Conditions: 50 m W  laser power, 8 

cm- slit width and 2 cm-l/s scan rate. 



Raman shift (cm-l) 

Figure 6- 18. RR spectra of TMPCu(I1) (upper) and its cation radical 

(bottom) obtained with excitation at 457.9 nm in CH2CI2/ 0.1 M TBAPF6. 

The asterisks indicate the solvent bands. Conditions: 50 m W  laser power, 8 

cm-1 slit width and 2 cm-l/s scan rate. 



Raman shift (crn-1) 

Figure 6- 1 9. RR spectra of TMPNi(U) (upper) and its cation radical 

(bottom) obtained with excitation at 457.9 nm in CH2Cl2/ 0. l M TBAPF6. 

The asterisks indicate the solvent bands. Conditions: 50 m W  laser power, 8 

cm- slit width and 2 cm- l/s scan rate. 



Figure 6-20. RR spectra of TMPMn(III)CIOs (upper) and its cation 

radical (bottom) obtained with excitation at 457.9 nm in CH2C12/ 0.1 M 

TBAPF6. The asterisks indicate the solvent bands, and p, dp indicate the 

polarized peaks and depolari zed peaks, respectively. Conditions: 5 0 m W 

laser power, 8 an-1 slit width and 2 cm-l/s scan mte. 
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b. RR spectra of rnetal-cen tered ox idation vs. porphvrin ring-centered oxidation. 

For TMPCo(II), the RR spectra of the one-electron oxidized species is compared 

with that of the two-electron oxidized species in Figure 6-2 1. The RR spectrum of 

TMPCo(I1) is also displayed in Figure 6-2 1. As seen from these spectra, v2 shifts 

down (ca. -26 cm-1) during the first one-electron oxidation (Co(I1) to Co(lII)), and 

shifts down again (ca. -29 crn-1) during the second one-electron oxidation( 

[TMPCo(III)]+ to [(TMP+-)Co(111)]2'). v4 remains unchanged in the first one- 

electron oxidation process, but shifts up about 10 cm-1 in the second one-electron 

oxidation process. Another feature worth noting is that the phenyl mode at -1600 cm-1 

is only enhanced in the n-cation radical spectrum. The v 1 1 mode ( 1470 cm-l) is 

enhanced in the [(TMPC-)Co(III)]2+ spectrum only, so its movement is not observable. 

While the RR spectrum of the one-electron oxidized species of TMPAg(I1) is 

readily collected, the RR spectrum of the two-electron oxidized species is 

contaminated by the one-electron oxidized species spectrum, possibly due to the 

instability of [(TMP+*)A~(III)]*+ nat ion radical in the time-scale of the Raman 

experiment. Figure 6-22 illustrated the RR spectrum of [TMPAg(III)]+, along with 

that of TMPAg(I1). A notable feature is that the v2 mode (- 1533 cm-1) shifts up (ca 

10 cm-1) during the oxidation of Ag(I1) to Ag(II1) which is contrary to the trend 

observed in the Co(11) to Co(1II) process. The v4 mode (-1 337 crn-1) shifts to higher 

wavenumber (ca. +14 cm-1) similar to the trend observed in the Co(l1) to Co(1II) 

process. The v 1 1 (- 1477 cm-1) and v 1 (- 1228 cm- 1) modes do not undergo any 

noticeable change in either position or intensity. The phenyl mode (- 16 14 cm-I) does 

not gain intensity in the RR spectrum of the oxidized species which is consistent with 

the fact that the oxidation is metal-centered, rather than porphyrin ring-centered. 



1600 1500 1400 1300 1200 

Raman shifts (cm- 1) 

Figure6-21. RRspectra of  TMPCo(I1) (uppa), [TMPCo(III)IC(middle) 

and [(TMP+-)co(III)]~+ (bottom) obtained with excitation at 457.9 nm in 

CHzC12/ 0.1 M TBAPF6 . The asterisks indicate the solvent band. p and 

dp indicate polarized and depolarized peaks, respectively. Conditions: SO 

m W  laser power, 8 cm- 1 slit width and 2 cm-l/s scan rate. 



1600 1500 1400 1300 1200 

Raman shifts (an-1) 

Figure 6-22. RR spectla of TMPAg(II) (upper) and [TMFAg(III)]+ 

(bottom) obtained with excitation at 457.9 nm in CH2ChI 0.1 M TBAPF6. 

The asterisk indicates the solvent band. Conditions: 50 m W  laser power, 8 

cm-1 slit width and 2 cm-l/s scan rate. 
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6.3 Discussion 

63J .  Marker Bands Associated with the TMP Ring-Centered Oxidation 

Both in situ and ex situ FTIR results show clearly that removal of an electron 

from the porphyrin ring of TMP complexes results in two appearance bands in the 

1280 cm-1 region. The origin of these two appearance bands is uncertain based on the 

present results. It is possible that the ~ 4 1  mode splits in the nat ion radicai spectra to 

produce these two appearance bands, but the possibility that one of the appearance 

bands is due to the down-shift of the v41 mode, and another band is a new band could 

not be ruled out. The splitting of the marker band is possible if the symmetry of the 

porphyrin ring of the TMP ir-cation radicals is lowered due to the ring distortion. 

Several IR and RR features do suggest that TMP z-cation radicals may adopt a saddle 

distortion in the solution phase due to the steric hindrance of the peripheral 

substituents. These features will be discussed in the following paragraphs. 

Furthermore, neither of these appearance bands show up in the FTIR spectra of the 

metal-centered oxidized species in the cases of TMPCo(II), TMPMn(I1) and 

TMPAg(1I). These observations should support the appearance of new bands in this 

region as a valid criterion to distinguish porphyrin ring-centered oxidation from metal- 

centered oxidation for TMP complexes. 

Another distinctive fedture observed during the formation of TMP+- rr-cation 

radicals is the intensification of a phenyl mode near 1608 cm-1. In contrast, this mode 

does not undergo any noticeable change upon metaltentered oxidation. RR spectra of 

TMP+- rr-cation radicals reveal a similar feature. The Raman active phenyl mode near 

1 600 crn-I is one of the strong bands in the RR spectra of TMP+ K-cation radicals, 

but this band is hardly seen in the RR spectra of neutral TMP complexes, or metal- 

centered oxidized species. A similar strong appearance feature in the 1600 crn-1 region 
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was also discovered in the in situ difference FTIR spectra associated with ir-dication 

formation of some metal-TPP complexes [43(a)]. The activation of phenyl modes 

might be indicative of distortion of the porphyrin macrocycle. Since the p o r p h y ~  

conjugated x-electron system does not include the ir-electrons of the phenyl 

substituents, abstraction of an electron from the porphyrin macrocycle should not be 

expected to cause much perturbation to the phenyl substituents. However, if the 

oxidation induced the distortion of the macrocycle, the dihedral angle between the 

phenyl plane and the porphyrin ring plane may alter which may change the local 

symmetry of the phenyl substituents, or cause partial overlapping of the phenyl x- 

electrons with the porphyrin n-electrons. Another possible indicator of porphyrin ring 

distortion is the activation of the v37 mode observed in the RR spectra of TMP'. R- 

cation radicals. The appearance of this E, mode (in ideal D4h symmetry) should 

indicate the lowering of the porphyrin macrocycle symmetry. 

As to the metal-centered oxidation, abstraction of an electron fiom the central 

metal produces far less perturbation to the porphyrin ligand vibrations. Although the 

oxidation of Mn(I1) to Mn(II1) in the TMP complex results in moderate perturbation to 

the existing porphyrin modes, no characteristic bands associated with the nat ion 

radical formation were obsmed. A possible reason for the relatively large 

perturbations to the porphyrin ligand vibrations accompanying the Mn(II)/Mn(III) 

redox process is that oxidation of Mn(I1) involves depopulation of the dx2-y2 

orbital[43(c)]. The dxzy2 orbital has larger overlap with the nitrogen centers than the 

dz2 orbital which is considered to be involved in the oxidation of Co(n), and therefore 

it might be expected that relatively greater perturbation of the porphyrin ring vibrations 

would result h m  redox processes involving the dxz+ orbital [43(c)]. 



6.3.2. The Electronic Ground State of TMP x-Cation Radicals 

Molecular orbital calculations predict that the energy of the a. 

tetraphenylporphyrins is slightly higher than that of the a, orbital, 

orbital of meso- 

making 'A~,, the 

expected ground state of the tetraphenylporphyrin IL-cation radicals [97] . However, 

changing the electronic character of the peripheral substituents could influence the 

energy gap between the a,u and a, -u fkontier orbitals as discussed in Chapter 5. For 

TMP ir-cation radicals, the electron-donating meso substituents should destabilize the 

a :U orbital, making 'A*. the favoured electronic ground state for TMP n-cation 

radicals. All TMP complexes investigated in this work appear to undergo large 

downshifts of the v2 Raman 

observation is consistent with 

porphyrin mode v l  1, which also 

active mode upon ringcentered oxidation. This 

the expected 2 ~ 2 , ,  ground state assignment. The 

contains a major Cp-Cp component, is expected to I 

parallel the behavior of v2. However, this mode is very weak in the 457.9 nm excited 

RR spectra. Its movement was only observed in the cases of TMPZn(I1) and 

TMPMn(III)C104 complexes. v l l  downshifted only slightly during the oxidation of 

these complexes. Even so, the shift is still in accordance with that observed for the v2 

mode. 

The v4 Raman mode, which contains primarily Ca-N and Ca-Cp stretching, has 

also been proposed as an indicator of electronic ground states of porphyrin n-cation 

radicals [98]. Since CcrCp is bonding and antibonding in the a,u and a, -u orbitals, 

respectively, and Ca-N is non-bonding and anti-bonding in the a,u and a, orbitals, 

respectively, removal of an electron fkom an a,u orbital should downshift the v4 mode, 

while removal of an electron fbm an a, a orbital should upshift the v4 mode. However, 

downshifts of the v4 mode were observed experimentally in several cases of 2~2u-type 

n-cation radical formation by Spiro and co-workers [46(c),99]. For instance, v4 
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downshifts - 1 8 a n - 1  upon the ring-centered oxidation of TPPFe(II1)Cl [46(c)]. For 

TMP n-cation radicais, we do obsave upshift of the v4 mode upon formation of 

(TW-)Zn(II), but a large downshift of the v4 mode was observed upon formation of 

(TMP+-)Fe(III)Cl and (TMP+.)Cu(II). These observations apparently contradict the 

predicted shift directions of the v4 mode since these rr-cation radicals are all 'A~, type. 

A possible reason for the observed large downshift of the v4 mode in some of the TMP 

n-cation radicals might also be explained as porphyrin ring distortion. Calculations 

have shown that saddle distortion could weaken the CwCp bond [100], and cause large 

downshift of the v4 mode. Therefore it is possible the upshift trend is counteracted by 

the downshift trend caused by the porphyrin ring distortion. In the cases of 

(TMP+.)Ni(I I) and (TMPf .)Mn(IIl)C104, these two factors may equalize in 

magnitude, so that the v4 mode undergoes little change. 



Chapter 7 

ESR STUDIES OF THE TDCPP AND TMP IF 
CATION RADICALS CONTAINING ZINC AND 

NICKEL 

7.1 Introduction 

In Chapters 5 and 6, the electronic ground states of (TDCPPi-)Zn(II) 

and (TMPt.)Zn(II) K-ation radicals were discussed in texms of the shift 

directions of the RR active v2 mode, and the FTIR diagnostic bands. For 

(TMP+-)Zn(II) rr-cation radicals, both RR and FTIR evidence clearly support 

an 2 ~ 2 u  type ground state assignment. However, the RR and FTIR results 

contradict each other in the case of (TDCPP+-)Zn(II) x-cation radical. 

ESR spectra of (TDCPP+.)Zn(II) have been reported in the literature, but 

there is some controversy on the interpretation of these ESR results (see 

introduction of Chapter 4). In this study, we reexamined the ESR spectra of 

(TDCPP+-)Zn(II) mation radical at various temperatures in different 

supporting electrolytes. Besides the anisotropic property, we noted the ESR 

signal of (TDCPP+m)Zn(II) depends strongly on the axial ligands. 

(TDCPP+.)Zn(Il)SbCl6 displays an anisotropic ESR signal of an 

approximately axially symmetric spin system, but the signal of 

(TDCPP+.)Zn(II)C104 is rhombic rather than axial. As a comparison, the 
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ESR spectra of (TMP+ -)z~(II) na t ion  radicals display typical 2~zu-type ESR 

signals at room temperature. In the low temperature range, the ESR signal still 

remains isotropic, rather than anisotropic as observed in the case of 

(TM3PPf -)Zn(II) n-cation radical. 

For nickel porphyrins, it has been reported that (TPP+-)Ni(lI) can 

transform to [TPPNi(III)]+ at low temperature [ 10 11. These two species have 

distinctive E SR signals. This intramolecular electron-transfer reaction was only 

observed in dichloromethane solvent containing perchlorate salt. However, for 

TDCPPNi(I1) and TMPNi(II), no such reaction is obsened under the same 

conditions. 

7.2 Results and Discussion 

(TM P+*)Zn(II)X-. The ESR spectra of (TMP+-)Zn(lI)X- (designated 

1 for X-= SbC16-, and 2 for X-= C104-) at room temperature are shown in 

Figure 7- 1 (left panel). At room temperature, the signals from both 1 and 2 are 

narrow (linewidth - 1.6 G) and exhibit similar hypertine structure. Spectral 

simulations reveal that the g value of both species is 2.0022, close to the free 

electron g, value, and the hyperfine splittings are attributed to the spin density 

on the four N atoms. The parameters for spectral simulations are listed in Table 

7- 1. The spin density on the nitrogen atoms ( a ~  - 1 .SO G )  is very close to that 

observed for typical  type porphyrin na t ion  radicals [57]. 



Figure 7.1. The temperature-dependent ESR spectra of ( T M ~ - ) Z ~ ( I I ) X -  (X- = 
SbC16- or C104-). The dashed lines are the simulated spectra using the parameters 
listed in Table 7.1. 



Table 7.1 ESR Parameters Used for the Simulations of Figures 7.1 to 7.5. 

Temperature = 170 K 

(continued next page) 



Table 7.1 ESR parameters used for the simulations (continued) 

Complexes g 

Temperature = 1 10 K 

'Complexes: 1 for (TMP")z~(~I)s~cI~, 2 for (TMP")z~(II)c~o~', 

(TDCPP'-)Z~(II)S~CI& 4 for (TDCPP")Z~(II)CIO~, 5 

1.40 

1.42 

1.54 

2.50 

12.5 

3 for 

for 

(TMP+ .)N~(II)cIo,' and 6 for (TDCPP'.)Z~(II)CIO,'. b~yperfine splitting 

constant of  N atoms in Gauss. SThe parameter, AH, corresponds to the s p e d  

linewidth in Gauss. d~imulation signal is the addition of these two signals (see 

text). 
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These ESR features clearly support an 2 ~ 2 u  ground state for (TMP+-)Zn(II) x- 

cation radicals. 

In the temperature region above the fieezing point of the solvent ( - 178 K 

for CH~CIZ), the signals of both 1 and 2 narrow slightly, and no further 

splittings are resolved (spectra not shown) as the temperature is lowered. When 

the temperature is further lowered to fieeze the solvent, the signals fiom both 1 

and 2 broaden significantly, and cotlapse into a broad single line. The ESR 

spectra of 1 and 2 at 110 K are presented in Figure 7-1 (right panel). These 

spectra can be satisfactorily simulated by assuming isotropic g and a~ values 

(see Table 7.1 ). As shown in Table 7.1, the g values of these low temperature 

ESR signals are essentially identical to those observed at room temperature, but 

the spectral linewidth is significantly larger at low temperature than at room 

temperature. Due to the large spectral linewidth, reliable aN values could not be 

obtained through simulation. Satisfactory simulation spectra could be obtained 

by using aN values in the range of 0.5 to 1.8 G in both cases. When 

comparing these two low temperature ESR signals, no significant difference 

was found at 110 K except that the spectral linewidth of 1 (X-= SbCls) is 

larger than that of 2 (X-= C104). 

Since the g values measured at low temperature are identical to those 

observed at room temperature for both 1 and 2, the characteristics of the 

electronic ground state should be approximately the same at room and low 

temperature. The apparent absence of hyperfine structure in these low 

temperature ESR signals may be attributed to the significant line broadening at 

low temperature which was confirmed by the spectral simulations. As the 

solvent was hzen, the tumbling rate of the complexes slows drastically; 
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therefore the orientations of the K-cation radicals are randomly distributed in 

space. The ESR spectrum of the frozen sample is hence the superimposed 

spectra corresponding to all possible orientations. The resulting " powder- 

like" spectrum would tend to be broad leading to poor resolution [102]. 

(TD C P P+.)Z n(II)X0. The temperature-dependent ESR spectra of 

(TDCPP+-)Zn(II)X- (designated 3 for X-= SbClg, and 4 for X-= C104-) in 

dichloromethane are presented in Figure 7-2 and 7-3, respectively. At room 

temperature, both 3 and 4 display single peak ESR signals with average g 

values of 1 -9975 and 1.999, respectively, slightly lower than the ge value. The 

ESR signals are slightly anisotropic even at room temperature. The average g 

values were calculated from the simulated g values listed in Table 7.1. An 

important feature of these signals is the absence of hyperfine structure, which 

has been taken as evidence for an 'A,. ground state [82]. However, these 

spectra have considerably larger spectral linewidth than the spectra of 

(TMP+-)Zn(I1) complexes under the same conditions (e.g. same concentration 

and temperature). For instance, the average spectral linewidth of 4 is as large as 

1 7 G at 298 K. Attempts to decrease the spectral linewidth by lowering the 

temperature and the concentration were unsuccessful. Lowering the temperature 

to 200 K only decreased the spectral linewidth to - 1 5 G, and no splitting was 

observed at this temperature. The concentration effect on the spectral linewidth 

was carried out on 4 and the results are listed in Table 7.2. At concentrations 

of -0.1 mM and below, spectral linewidth were almost independent of 

concentration, and no hyperfine structure was resolved at the lower 

concentrations. Further decrease of the concentration results in 



Figure 7.2 The temperature-dependent ESR spectra of (TDCPP- )Zn(II).SbC16- 
(3) in dichloromethane. The dashed lines are spectra simulated using the 
parameters listed in Table 7.1. 



Figure 7.3. The temperature-dependent ESR spectra of (TDCP~. )Zn(lI) .CIOq' 
(4) in dichlorornethane. The dashed lines are simulated spectra using the parameters 
listed in Table 7.1. 
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deterioration of the signal to noise ratio, and therefore a typical concentration of 

- 0.1 rnM was used in collecting ESR spectra of K-cation radicals in this work. 

Table 7.2. The Effect of Concentration of (TDCPP+-)~n(11)~10~ on the 

Spectral Linewidth at 298 K 

Concentration (mM) 0.01 0.015 0.02 0.05 0.1 0.5 1.0 

M a v e  (GIa 16.0 15.9 16.1 16.8 17.1 18.8 25 

a AH, were calculated from the simulated AH, and AH,, values. 

As the spectral linewidth of 3 and 4 is much larger than the possible aN 

values ( usually in the range 0 to 2.0 G according to MO calculation [57]), the 

simulations of these spectra would not yield reliable aN values (i.e. the s p e d  

shape is not sensitive to the aN values). Figures 7-2 and 7-3 show the 

simulated shape (dashed lines) of these spectra with aN = 0. However, 

satisfactory simulation could also be obained by using aN = 1.5 G. This would 

suggest the absence of the hyperfine structure may not necessarily indicate a 

lack of spin density on the nitrogen atoms if the spectrum is sufficiently broad. 

When the temperature was M e r  lowered below the beezing point of 

the solvent, distinctively different behavior was observed between 3 and 4. The 

signal of 3 is anisotropic and characteristic of an axially symmetric system (g, 

= 2.0025, g,, = 1.9782 at 110 K). The anisotropic signal was obtained 

immediately after the solvent was hzen, and Me change was observed when 
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the temperature was further lowered to 1 1 0 K. The signal of 4 is also 

anisotropic, but complicated changes of signal were observed in the temperature 

region of 170 K to 1 10 K. At 170 K, the signal could be approximately 

simulated as a rhombic symmetric spin system, rather than axial symmetric (g, 

=2.004, gyy= 1.997 and g, = 1.995). The signal at 150 K resembles that at 170 

K with some variations of the parameters. However, the ESR signal changes 

significantly at 1 10 K. The general shape of the ESR signal of 4 at 1 10 K is 

similar to that reported for (mCPPt)Zn(II)PF6- at the same temperature 1831. 

We also recorded the temperature-dependent ESR spectra of 

(TDCPP+.)Zn(II)PF6-, and the same spectra were observed as reported in [83]. 

As pointed out by Bocian and co-workers, this ESR signal could not be 

simulated by assuming the presence of a single species. One reasonable fit 

shown in Figure 7-3 is the resultant of two different axial signals one with g, = 

2.003 and g,, = 1.99 1 (70%) and the other with g, = 1.989 and g,, = 2.0 14 

(30%). The signal can also be adequately simulated by a combination of 

rhombic and axial signals (not shown). 

As suggested by Bocian and co-workers [83], the anisotropic ESR signal 

of (TDCPP+-)Zn(II)PF6- at low temperature is due to the porphyrin-chlorine 

interaction. This interaction must involve the overlapping of the chlorine p 

orbitals and the porphyrin a, ,U n-orbitd, since only a, has significant spin 

density at the meso carbons, where a,u has nodes. Therefore, the anisotropic 

ESR signals of these (TDCPP+-)Zn(II) n-cation radicals at low temperature (3 

and 4) would imply significant a,U contribution in thkr ground states. 

Bocian and co-workers also suggested that the rotation of phenyl groups 

may lead to a relatively asymmetric structure and possible multiple conformers 
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in (TDCPPf -)Zn(II) n-cation radicals 1831. As mentioned above, however, we 

observed significantly different ESR spectra for (TDCPPf -)Zn(II)SbCl6- (3) 

and (TDCPPf .)Zn(II)C104- (4) at low temperature. The reason for this might 

be due to different codonnational structures induced by the axial ligands. 

In the neutral TDCPPZn(II), the four phenyl groups may adopt a nearly 

perpendicular orientation with respect to the porphyrin plane to relax the steric 

interactions. For (TDCPPf -)Zn(II) nation radicals, however, the phenyl 

groups may rotate to some degree along their local C2 axis  to facilitate 

delocalization of charge from the porphyrin ring to the phenyl groups, as well as 

to reduce possible steric interaction with any axial ligand. It can be envisaged 

that the relative orientations of the four phenyl groups would largely determine 

the symmetry of the spin system due to the existence of the chlorine-a, ..u 

interactions. The rotation of the phenyl groups would bring these chlorine 

atoms close to the pyrrole rings, which may force the movement of the pylrole 

rings to minimize the contact. If two pairs of adjacent phenyl groups rotate 

toward each other, h e  interaction between the chlorine atoms and the pyrrole 

rings might induce the saddle distortion of the porphyrin rings with the adjacent 

pyrrole rings moving up and down the porphyrin plane alternatively. In this 

case, the overall spin system would still remain axial symmetric. The saddle 

distortion was observed in the solid state of (TPP")F~(III)CI x-cation radical 

[S], and might be an energetically favoured conformation. Other orientations 

are possible with, for instance, all phenyls rotating the same direction. This 

would also give an axial symmetric spin system, but this conformation tends to 

twist the porphyrin ring, and therefore may be not fkvourable. If three phenyls 
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rotate in one direction, but another phenyl rotates in an opposite direction, 

rhombic symmetric spin system may be attained. 

The energy barrier among these possible conformers could be small, and 

therefore the co-existence of multiple conformers is quite possible. The 

existence of a coordinated axial ligand might further constrain the free rotation 

of these phenyl groups, and may lock (TDCPP'.)Zn(II) in less energetically 

favourable conformations. ClO4 is known to bind strongly to the zinc 

porphyrin rr-cation radical in (TDCPP + e)Zn(II) C104-, and therefore 4 may 

adopt multiple conformations. This might explain why the ESR signal of 4 can 

not be simulated assuming only a single species. 

The size of SbC16- is much larger than that of ClOs-, and it is unlikely to 

strongly coordinate to the zinc porphyrin R-cation radicals. Therefore, the 

phenyl groups in 3 may rotate more freely than in 4, allowing it to more readily 

attain a more stable conformation. This may explain why an axial symmetric 

ESR spectrum was observed for (TDCPPC.)Zn(II)SbC16- (3). 

As to the ground state of the (TDCPP+.)Zn(lI) rr-cation radicals, it seems 

clear that neither a typical a,U nor a typical a, assignment can explain explicitly 
bU 

d l  the spectroscopic facts. RR and room temperature ESR results tend to 

support a typical ground state, but F'TIR and low temperature ESR spectra 

suggest significant 2 ~ z u  character. Therefore it is reasonable to assume that 

(TDCPP+-)Zn(II) nation radicals have an 2 ~ I ~ 2 ~ h ,  admixed ground state. 

TDCPPZn(I1) serves as a good example to demonstrate the Limitations of these 

spectroscopic criteria in identifjmg the ground states of the porphyrin na t ion  

radicals. 
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(TMP+-)Ni(II)C104- and (TDCPP+=)Ni(1I)C1O4-: The 

temperature-dependent E SR spectra of (TMP+-)Ni(II)C lo4- (designated 5) are 

presented in Figure 7-4. The room temperature spectrum is rather broad (AH = 

32 G ) with g value 2.0038, fairly close to the free electron g, value. No 

hyperfine structure is resolved. Upon lowering the temperature in the region 

above the freezing point of the solvent, the spectrum narrows considerably, but 

no splitting is observed. After fieezing the solvent, the signal becomes 

asymmetric which would indicate anisotropy of the spin system. Further 

lowering the temperature has little influence on the ESR signal of 5. The low 

temperature ESR signals can be satisfactorily simulated by assuming an axial 

symmetric spin system (see Table 7.1 for parameters). At 1 10 K, 5 still 

displays ncation radical signal with gave= 2.0066. As reported by Dolphin and 

co-workers [loll,  under the same conditions (TPP+*)Ni undergoes an 

intramolecular electron transfer reaction producing [TPP+Ni(III)] complex with 

g, = 2.286 and g, = 2.086. 

Figure 7-5 shows the temperaturedependent ESR signals of 

(TDCPP+.)Ni(II)C104' (designated 6). The spectral changes are similar to 

those observed for 5. Asymmetric signals are also observed after the solvent is 

frozen. The average g value of 5 at 1 10 K (g,, = 1.999) indicates that the 

product is still x-cation radical. These ESR experiments would indicate that no 

intramolecular electron-transfer reaction occurs in either 5 or 6 at low 

temperature. 

The ESR spectra of these nickel porphyrin na t ion  radicals do not reveal 

any information about their ground states. 5 is known to be 2 ~ 2 , ,  type, while 6 



Figure 7.4 The temperature-dependent ESR spectra of (T@ )Ni(II)ClO$ in 
dichloromethane. The dashed lines are the simulated spectra using the parameters 
listed in Table 7.1. 



Figure 7.5 The temperature-dependent ESR spectra of (TDCPI? )Ni(II) (6 )  in 
dichloromethane. The dashed lines are simulated spectra using the pararnaters 
gven in Table 7.1. 
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is indicated to have considerable 'A,,, character from our RR and FTIR results. 

However, the large spectral linewidth precludes any observation of hyperfine 

structures of these nickel K-cation radical ESR spectra. Similar spectral shape 

was observed for TPPNi kcation radical [loll. The reason for the large 

spectral linewidth is not clear. 



Chapter 8 

FTIR STUDIES OF THE OXIDATION OF SOME 
METAL COMPLEXES OF 

TETRAPHENYLPORPHYRIN IN THE LOW 
FREQUENCY REGION 

8.1 Introduction 

In previous studies conducted in this laboratory, the in situ FTIR investigation 

of metalloporphyrins has been restricted to the fiequency region above 1000 cm-1 [43]. 

This is due simply to the use of a CaF2 window, which is not transparent at lower 

frequencies. Using other window materials which are transparent in the 400 to 1000 

m-1 region we can extend our studies into this frequency region. This region displays 

a number of bands with potential for providing information about structural changes of 

the complexes which occur concurrently with the oxidation. In particular the metal- 

pyrrole stretching modes of TPP complexes are located in this region. Since the M- 

Npy, stretching mode most directly reflects the M-Npy, bond-strength, investigation 

of this mode is an interesting subject. 

Oshio et a1 [ 1 031 searched structure-sensitive bands among twenty TPPFe(II1) 

derivatives, finding two spin-state marker bands at 1330- 1349 crn-1 (band I) and 432- 

469 cm-1 (band [II), and an oxidation marker band at 790-906 an-' (band 11). They 

also found that the spin-state marker band III is metal-sensitive. According to a recent 
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calculation [38(a)], band 111 contains significant contribution &om metal-nitrogen 

vibrations. However, as far as we know, the behavior of this mode in the processes of 

porphyrin ringcentered oxidation or metal-centered oxidation has not been studied. 

In this chapter, the oxidation of  some metal-TPP complexes in the 1000 to 

400 cm-1 region was investigated by in situ FTIR spectroelectrochemistry. Due to the 

strong absorption of the solvent and the supporting electrolyte in this region, the 

optical window is relatively narrow in the in sifu FTIR spectroelectrochemical 

experiments. To compensate for information loss in this region, the FTIR spectra of 

some chemically oxidized metailo-TPPs are also reported, and compared with those of 

their parent porphyrins. The main purpose of this study is to compare the perturbation 

of the metal-nitrogen vibration mode upon the porphyrin ring oxidation as opposed to 

the metal-centered oxidation. 

8.2. Results 

CHzClz (or 1: 1 ratio of CH2C12 and CH3CN in some cases) was used as the 

solvent in this region since CH2Br2 has several strong bands in this region. However, 

CH2C12 also displays a strong absorbance band at 7 1 1 an-l which precludes any 

obsemation in the vicinity of this band. The supporting electrolyte (TBAPF6) also has 

two medium intensity bands at 865 and 558 cm-1 (both bands are due to the vibration 

of the PFg anion [108]). Fortunately, there is no absorbance fiom either solvent or the 

supporting electrolyte in the region between 400 and 550 cm-1 where the metal- 

nitrogen vibration of the TPP complexes appears. 



8.2.1. ~c-Cation Radical Formations - Results of in situ RIR 

S pectroelectrochernistry 

The oxidation of metal-TPPs in nonaqueous solvents has been well- 

documented [43(a) ]. Table 8- 1 lists the half-wave potentials for the oxidation of some 

metal-TPP complexes in CHzCI:! i 0.1 M TBAPF6. 

Figures 8-1,8-2(a), 8-3(a), 8-4(a), and 8-5(a) display the in situ FTIR difference 

spectra observed for the ligand-centered one-electron oxidation of TPPCu(II), 

TPPZn(II), TPPMg(II), TPPFe(III)Cl, and TPPMn(III)C104, respectively. The in situ 

FTIR difference spectrum observed for the two-electron oxidation of TPPCo(1l) which 

leads to [(TPP+.)CO(II~)]~~ cation radical formation is also presented in Figure 8-6(b). 

The peak positions and frequency shifts associated with these cation radical formations 

in the spectral region of 400- 1400 cm- are summarized in Table 8-2. In the case of 

TP PCo(II), the first one-electron oxidation is metal-centered to produce 

[TPPCO(III)]+, hence the frequency shifts listed in Table 8-2 for [(TPP+-)co(III)]~+ 

are relative to [TPPCO(III)]+, not parent TPPCo(I1). The peak positions of 

[TP PCO( 111) ] + are estimated from the difference spectrum of the one-electron 

oxidation process [Figure 8-6(a), the appearance! peaks are due to the vibrations of 

[TPPCO(III) If species]. 

In the spectral region of above 1000 an-1, the pattern of FTIR spectral changes 

associated with the ligand-centered oxidation of these TPP complexes is very similar 

to that previously reported [43(a)]. The strong marker band in the vicinity of 1280 

cm-1 shows up in each case indicating the formation of TPP x-cation radical. 

Possible assignments of strong or medium intensity bands in this spectral region are 

adopted from reference [38(a), SO]. 



Table 8- 1. Half-wave Potentials (vs. SCE) of Some TPP Complexes in 

CH2Clz Containing 0.1 M TBAPF6 

Half-wave potentials from thin-layer vol tammetry 

1st ring 2nd ring 
Complexes MD- M ~ I  oxidation oxidation 

TPPZn(I1) / 0.9 1 1.18 

TPPCu(1 I) 1 0.98 1.37 

TPPCo(I1) 0.86 1.07 1.32 

TPPFe(II1)Cl a 1.19 1.41 

TPPMn(III)C104 a -0.33 1.20 Irreversible 

TP PMg(I1) 0.67 0.99 

a In 1 : 1 ratio mixture of CHzClz and CH3CN. Anodic to cathodic peak 
current ratio less than unity 



In the spectral region of 1000 to 400 an-1, a weak band around 430 an- 1 was 

assigned as the metal-pyrrole nitrogen stretching mode (vso as numbered by Spiro and 

co-workers [38(a)]). For a M-N v i i o n a l  mode, if the M-N bonding force is 

similar for a series of metal porphyrin complexes, the fkequency of this mode should 

be inversely proportional to the square root of molecular mass of the metal [5 11. As 

shown inFigure 8-7. A plot of the fkequency of vso against the square root of 

molecular mass of the central metal atom for a series of divalent metal-TPP 

complexes fits a straight line, which suggests significant M-N character in this 

mode. The large dependence of the frequency on the mass of the metal is surprising, 

however, since the mass change is so small. The vi'bration is not likely pure metal- 

nitrogen stretching. 

As seen from Figure 8-1, vso ( 4 4 5  cm-1) does not undergo any noticeable 

shift upon ligand-centered oxidation of TPPCu(I1) as indicated by the absence of any 

appearance band in this region. A weak disappearance feature was observed at 445 

crn-1 which may indicate some change in the intensity of this mode. vso shifts slightly 

to lower wavenumbers upon the formation of (TPPc.)Zn(1l) (ca. -7 an-1, Figure 8- 

2(a)), (TPP++)Mg(II) (ca. -3 cm-1, Figure 8-3(a)) and [(TPP+,)CO(III)]~+ (ca. -6 ern-1, 

Figure 8-6(b)). Relatively larger downshifts of vso were observed for the formation of 

(TPP+-)Fe(III)Cl (ca. - 14 cm-I,  Figure 8-4(a)) and (TPPf -)Mn(III)C104 (ca. - 1 0 arrl, 

Figure 8-5(a)). 

In addition to the perturbation to the metal-N band (vso), in most cases, the 

perturbation to a medium intensity band near 650 cm-1 and a strong band near 800 

cm-1 were observed in this fiquency region. Both bands are tentatively assigned as 

phenyl modes [38(a)]. Upon n-cation radical formation, the band near 650 cm-1 
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Figure 8- 1. In situ FTIR difference spectrum observed for the one-electron 

oxidation of TPPCu(II) in CH7C1 - containing 0. I M TBAPF6 



Wavenumbers (em- 1) 

Figure 8-2. In situ FTIR different spectra obsemed for the (a) one-electmn and 

(b) two-electron oxidation of TPPZn(I1) in CH,C12 containing 0.1 M TBAPFs 
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Figure 8-3 in situ FTIR difference spectra of (a) one-electron and (ti) two- 

electron oxidation of TPPMg(I1) in CH2C12 containing 0.1M TBAPF6. 
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Figure 8-4. In situ FTIR difkrence spectra observed for the (a) one-electron 

oxidation and (b) one-electron reduction of TPPFe(ll1)CI in 1 : 1 CH3CNICH2C12 

containing 0.1 M TBAPF6. 
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Figure 8-5. In situ FTIR difference spectra observed for the (a) oneelectron 

oxidation and (b) one-electron reduction of TPPMn(1II)ClO in 1 : 1 MeCN- 

CHzClz containing 0.1 M TBAPF6. 
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Figure 8-6. In situ FTIR difference spectra observed for the (a) one-electron and 

(b) two-electron oxidation of TPPCo(I1) in CHzClz containing 0.1 M TBAPFs. 



Table 8-2. Wavenumber Shifts to Existing Bands and Mark Band Observed During Ligand-Centered Oxidation of 
the Pophyrin Complexes 8. 

- - - - - - - - - - 

Assignment b TPPCu(1 I) TPPZn(1 I) TPPMg(1I) [(TPPCo(lIl)]+ TPPFe(ll1)Cl TPPM~(I  l1)~10,& 

Mark band in the corresponding n-cation radical 

a Data fiom in situ difference spectra measured in CH2CIZ containing 0.1 M TBAPF6 unless otherwise indicated, Band 
assignments were taken From references [38(a), 501. Band position of [TPPCo(lll)]+ were estimated from the difference 
spectlum of the one-electron oxidation process (see text). Measured in I : 1 ratio mixture of CH2C12 and CH3CNI 0.1 M 
TBAPF6. Values in parentheses are frequency shifts relative to the unoxidized porphyrins. 
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Figure 8-7. Plot of the fkequencies of vso vs. the square root of the molecular mass of 

metals for a series of TPP complexes. Data are fiom the in situ difference spectra. 



shifts to lower frequency slightly (ca. -5-1 1 cm-l), and the band near 800 cm-I shifts 

to higher frequency slightly (ca. 3 - 10 cm-1). There are several strong and medium 

intensity bands due to the vibration of the phenyl groups in the region of 700 to 750 

cm-1 as observed in the solid state FTlR spectra of these metal-TPPs. However, 

strong absorption of the solvent system prevents the observation of these modes in the 

in situ FTIR difference spectra. 

The oxidation of TPPCu(I1) (Figure 8- 1) results in two appearance features in 

the 1000 to 400 crn-1 region: one at 869 cm-I and another at 560 cm-1. The 

possibility that these two appearance bands are due to the vibration of the porphyrin 

skeleton can be ruled out, since the isolated mation radicals do not show these 

features (vide infra). The positions of these bands are close to the frequencies observed 

for the anion of the supporting electrolyte (PF6-). However, PF6- is a weak binding 

anion, and therefore the strong coordination of PF6- anion to the (TPP+-)Cu(II) 

seems unlikely. Additionally, the positions of the PF6- bands do not undergo 

significant change, which in turn would suggest that the PF6- anion is not strongly 

coordinated. The perturbation to the PF6- bands was also observed during the 

oxidation of TPPZn(I1) (Figure 8-2(a)), TPPMg(1I) (Figure 8-3(a)), TPPFe(I1I)Cl 

(Figure 84(a)), TPPMn(III)C104 (Figure 8-5 (b)) and [TPPCO(III)]+ (Figure 8-6(b)). 

A possible reason for the perturbation to these PF6- bands might be due to 

concentration in the thin-layer cavity. As the potential is raised, the PF6- anion might 

migrate into the thin-layer cavity to maintain the electroneutrality. But the possibility of 

ion-pairing or weak coordination may not be ruled out. 
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8.2.2 K-Dication formation - Results of in situ FTIR Spectroelectrochemistry 

The n-&cations of TPPZn(I1) and TPPMg(I1) are relatively stable in the time- 

scale of in sim FTIR spectroelectrochemicaI experiments. Figure 8-2(b) shows the 

difference spectrum associated with two-electron oxidation of TPPZn(I1). In the 

region above 1000 cm- 1, the pattern of spectral changes is very close to that reported 

previously for the TPPZn(I1) dication [43]. The 1281 crn-1 diagnostic band shifts to 

higher f?equency (+2 1 cm- 1). Another feature worth noticing is the large downshift 

of the metal-pyrrole mode (vso). When compared with the one-electron oxidation 

process, removal of a second electron fiom the porphyrin ring caused major 

perturbation to this mode (ca. -36 a n - l  relative to the unoxidized porphyrin). In 

addition, the two phenyl bands (800 and 663 cm-l) shift to higher frequencies in the 

dication spectrum. 

Figure 8-3 (b) illustrates the difference spectrum observed for the two-electron 

oxidation of TPPMg(l1) to its ic-dication. Similarly, the 1284 cm-1 diagnostic band has 

shifted to higher wavenumbers (+I4 cm-l). v50 (443 cxn-1) has shifted down ca. -22 

cm-1 relative to the unoxidized porphyrin. The extent of downshift is considerably 

larger than that observed for rc-cation radical formation ( ca -7 cm-I). The phenyl 

band at 80 1 cm-1 also shifts to higher eequency when compared with that observed in 

the FTIR difference spectrum for ir-cation radical formation. 

8.23. Metal-centered Oxidation of TPP Complexes - Results of in situ FTIR 

Spectroelectrochemistry 

TPPMn(III)C104 and TPPFe(II1)Cl can be reversibly reduced to TPPMn(1I) 

and TPPFe(II), respectively, in the degassed 1 : 1 CH2Cl2 and CH3CN solvent mixture 

[43]. The products are stable enough for in situ FTIR characterization. TPPCo(I1) 



191 

can be electrochemically oxidized into [TPPCO(III)]+ in CH2C12 . These porphyrins 

provide an opportunity to compare the spectral changes between the ligand-centered 

and metal-centered oxidation. Figures 8-4@), 8-5(b) and 86(a) show the in situ 

FTIR difference spectra associated with the metal-centered reductions of TPPFe(III)CI, 

TPPMn(1II)C1O4 and metal-centered oxidation of TPPCo(II), respectively. 

The spectral changes associated with the metal-centered reduction or oxidation 

resemble those previously reported for the same processes in the spectral region of 

1000 cm-1 and above [43]. No new band around 1280 m-1 was found. In the region 

below 1000 crn-1, the most striking change observed is the large downshift of the 

metal-pyrrole vibrational mode. In the process of M(I1) + M(III), this band shifts 

down by ca -44 cm-1 for TPPFe(II), -29 an-1 for TPPMn(I1) and -20 cm-1 for 

TPPCo(I1). The magnitude of the downshift is in the order: Co c Mn < Fe. Due to the 

high noise level in the 4 3 0  cm-1 region, the experiment was repeated several times in 

order to confirm the positions of the v5o mode in the products. Some other features 

associated with the metal-centered oxidations are summarized in Table 8-3. As 

expected, metal-centered oxidation causes far less perturbation to existing modes which 

do not contain metal-N vibrations. 

8.2.4. FI'IR Spectra of Chemically Oxidized Metal-Tetraphenylporphyrin 

Complexes 

The isolated x-cation radicals of TPPZn(II), TPPCu(II), TPPFe(III)Cl, and 

TPPMg(I1) were prepared by the TBPASbCl6 oxidation method. Attempts to make 

(TPP+-)~(III)(clo4)(SbC16) and (TPP+*)Co(III)(SbCl6)2 were unsuccessfbl since 

the -1280 a n - 1  diagnostic band in the final products was very weak, and thus the 

formula is uncertain. These ic-cation radicals have considerable solubility in CS2 
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Table 8-3 Wavenumber ShiAs to Existing Bands Observed During Metal- 

Centerd Oxidation of Some TPP Complexes a 

a Data fiom in situ difference spectra measured in CH2C12 10.1 M TBAPF6 
unless otherwise indicated. Band assignments are taken from reference [38(a)] 
unless otherwise indicated. Measured in 1 : I ratio mixture of CH2C12 and 
CH3CN I 0.1 M TBAPF6. 
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solvent; therefore their FTIR spectra were recorded and compared with the 

corresponding unoxidized porphyrins in CS2 solvent. Unlike dichloromethane or 

dibromomethane, CS2 has no major absorbance in the mid-IR region which is ideal to 

observe vibrations in this region. 

Figure 8-8 shows the FTIR spectra of TPPZn(I1) and (TPP+-)zn(II)Sb&- in 

CS2 solvent in the region of 1400 to 400 crn-1. Figure 8-8(b) displays a strong 

marker band at 1277 cm-1 which is consistent with the fact that the oxidation is ligand- 

centered. The band shifts observed in the region above 1000 crn-1 are in good 

agreement with those observed in the in situ difference spectrum. 

In the region below 1000 cm- 1, v50 shifts down by ca. -3 cm-1 which is also in 

accordance with the result obtained in the in sihi difference spectnun. A weak band at 

522 cm-i(vs) in TPPZn(I1) seems to lose its intensity in the x-cation radical spectrum. 

A similar feature was also observed in the in sim difference s p e c m .  There are 

several phenyl modes in the region of 832 to 660 cm- l . The 798, 75 1,7 1 8,700 and 660 

cm-1 bands only underwent minor changes upon ligand-centered oxidation, but the 

weak band at 832 an- 1 gained considerable intensity in the Z-cation radical. Figure 8- 

8(b) also reveals no new appearance features at either -560 cm- or -860 cm- 1. This 

in turn confirms that the appearance features in these positions observed in the in s k i  

difference spectrum (Figure 8-2(a)) are associated with the PF6- anion, and not the 

porphyrin itself, as discussed earlier. 

The spectral changes observed for the formation of (TPP+*)Cu(II)sbC16, 

(TPP+-)Fe(rII)(SbCl6)(C1) and (TPPC)Mg(II)SbC16 are similar to these of 

(TPPf .)Zn(II)SbC16. The results are tabulated in Table 8-4. 



Wavenumben (em-') 

Figure 8-8. FTIR spectra of (a) TPPZn(I1) and @) (TPPf -)Zn@I)(SbC16) in CS2 
solvent (spectra were measured in a liquid IR cell with KBr window. Pathlength=l .O 
mm). The mode assignments labeled on the spectra were taken firom reference 
[38(a)]( 0 represents phenyl modes). 
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8.3. Discussion 

In general, one-electron ligand-centered oxidation of TPP complexes results in 

a relatively small downshift of the v5o mode (M-N stretching). A larger downshift of 

vso was observed during n-dication formation in the cases of TPPZn and TPPMg 

TPP cation radicals are typical of an 'A~, ground state [46]. The downshift of vso 

might be due to decreased metal-N bond strength caused by the removal of an a h  

electron fiom the porphyrin ring since the qU orbital has large electron density on the 

N atom. In the case of Ir-dication formation, the metal-N bond would be W e r  

weakened which results in a larger downshift to VSO. 

For metal-centered oxidation, a large downshift of v5o was observed. A 

possible reason for this might be that the effective size of the trivalent central metal is 

smaller than that of the corresponding divalent metal, and thus effective overlap 

between the trivalent central metal and the nitrogen atoms may be smaller than that 

between the divalent metal and the nitrogen atoms. 

For TPPFe(III)Cl, another possible factor accounting for the decrease of 

the frequency of the v5o mode might be the change of the spin-state of the central 

metal accompanying the metal-centered oxidation. Oshio and co-workers [ 1031 found 

the vso mode is highly spin-state sensitive for a series of Fe(TPP)LL' (L and L' are 

axial ligands) complexes: higher for low-spin iron porphyrins (469-46 1 an-'), and 

lower for high-spin iron porphyrins (435-432 crn-I). A high-spin state (S= 5/2) has 

been assigned to Fe(II1) in TPPFe(III)Cl[ 1041, while an intermediate spin-state (S= 1 ) 

has been assigned to Fe in TPPFe(I1) [105-1071. Thus the oxidation of Fe(I1) to 

Fe(II1) may be accompanied by a downshift of this band. Structure determination 

reveals that the low-spin state TPPFe(II) has a planar square structure with the iron 

atom lying within the plane of the 4 nitrogen atoms, but the high-spin TPPFe(II1)CI 
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adopts a domed structure with the iron atoms being displaced fiom the porphyrin 

plane (341. Therefore the distance between the central iron and the nitrogen atoms 

would be shorter in TPPFe(I1) than in TPPFe(III)CI, and the bonding between them 

would be strengthened in TPPFe(I1). This should result in a downshift of the 

frequency of the metal-N stretching mode on oxidation of Fe(I1) to Fe(II1). 

However, the reason for the unusual large downshift of the v, in the process of 

metal-centered oxidation of TDCPPCo(I1) is not clear. Cobalt does not undergo any 

spin-state change during the oxidation [16], therefore the large downshift can not be 

attributed to the spin-state change. There must be some other factors involved which 

we do not know yet. 



Chapter 9 

CONCLUDING REMARKS 

The design of the rotation cell desmied in Chapter 3 has enabled us to collect 

reliable in sihr RR spectra of metalloporphyrins and their K-cation radicals, even of 

highly photo-sensitive metalloporphyrins such as TDCPPNi(I1) and TDCPPCu(1 I). 

This cell also provides a rapid and convenient means for the preparation of porphyrin K- 

cation radicals which can be isolated for spectroscopic characterization. 

The spectroscopic studies of the oxidation of some metallo-TDCPPs and metallo- 

TMPs has led to a number of important findings. Our results clearly support that the 

energetic gap between the two candidate orbitals of HOMO, al, and a2", of the TDCPP 

Iigand has been substantially decreased due to the stabilization of the at, orbital caused 

by the electron-withdrawing eEkct on the meso carbons. Several abnormal spectral 

features associated with the metallo-TDCPP na t ion  radicals could be attniuted to their 

electronic ground states. For instance, while the nat ion radicals of metallo-TDCPP 

complexes containing Zn, Fe, Mn and Co have a diagnostic band in the - 1280 cm-1 

region, the (TDCPP+.)Ni(II) rr-cation radical displays a diagnostic band in the - 1 5 50 

cm-1 region. The abnormal behavior of (TDCPP+)Ni(II) is a result of orbital reversal 

of the a,, and %, which leads to a primarily 'A~, ground state. (TDCPP+.)Cu(II) R- 

cation radical does not display any noticeable diagnostic band in either the -1280 or the 

-1550 cm-1 region. This is probably because the two orbitals undergo strong quantum 

mixing as a result of the closeness of their energy. The RR results also support the 

orbital reversal in the (TDCPPt.)Ni(II) nation radical, and some degree of quantum 
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mixing of two orbitals in the TDCPP ligand. Our study would suggest that the absence 

of these IR diagnostic bands may not necessarily indicate the reaction type as metal- 

centered, and the application of these IR criteria should be based on an understanding of 

the electronic structure of the metalloporphyrins. 

As expected, all kcation radicals of metallo-TMP complexes are typical 2 ~ 2 u  type 

due to the electron-donating effect on the meso-carbons. These n-cation radicals all 

display strong diagnostic bands in the 1280 cm-1 region, and large downshifts of the 

RR active v2 mode relative to the unoxidized porphyrins. There are several other distinct 

spectroscopic features which can be used to further distinguish the porphyrin ring- 

centered oxidation against the metal-centered oxidation. We also observed the activation 

of an E, mode (v37) in the RR spectra of the TMP R-cation radicals. The activation of 

v37 suggests structure change accompanying the ring-centered oxidation. 

The electronic structure of (TPP+*)z~(II) n-cation radical and its configuration are 

still puzzhg us. It displays a medium intensity IR marker band in the 1280 cm-1 

region, but also has an upshifted RR active v2 band relative to the unoxidized porphyrin. 

These IR and RR results are contradictory with respect to ground state assignment for 

(TDCPPC-)Zn(II) n-cation radical. Its ESR spectra from room temperature to 170 K 

are a single broad line. No hyperfine structure was resolved. Even these ESR results do 

not unambiguously indicate that (TDCPP+-)Zn(II) x-cation radical has an 'A~, type 

ground state. The low temperature ESR spectra of (TDC PP+.)Zn(II) n-cation radicals 

are anisotropic, and the spectral shape depends strongly on the axial ligands. The effect 

of these axial ligands on its electronic structure still remains unclear. Thus the electronic 

structure of (TDCPP+-)Zn(II) x-cation radical needs to be investigated in more depth. 

The TDCPP rr-dication FTIR spectra bring Spiro's model for enhancement of the 

diagnostic bands into question. The diagnostic bands apparendy gained intensity in the 
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n-dication spectra. However, according to Spiro's model, these diagnostic bands 

should diminish in the n-dication spectra. Thus there is still doubt as to the origin of 

these marker bands. 

In the fkequency region below 1000 an-1, the perturbation of the metal-nitrogen 

vibration was observed during the tetraphenylporphyrin ring-centered oxidation and 

metal-centered oxidation. As expected, this mode undergoes a large downshift on the 

oxidation of metal(1I) to metal(UI), and relatively small shifts upon ir-cation radical 

formation. Neither ex situ nor in situ FTIR measurements of TPP n-cation radicals 

revealed any new feature in this region which appeared characteristic of the porphyrin 

ring-centered oxidations. The IR active metal-nitrogen w'bration modes of the metallo- 

OEP, TMP or TDCPP complexes are well below 400 cm-1, so that current in situ FTIR 

spectroelectrochemicaI techniques could not observe these modes. 
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Appendix 

Numbering Convention and Assignments of Some Porphyrin Skeletal Modesa 

- -- 

Mode Calculated Assignment (PED, %)b 

Frequency (cm") 

B,, Skeletal Modes 

Continued on the next page 



Mode Calculated Assignment (PED, %)b 
Frequency (cm") 

E, Skeletal Modes 

Note: "ata for TPPNi(I1) as reported by G. Spiro and co-workers [38(a)]. b~~~ = 

potential energy distribution (%). 




