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area I had successfully avoided for five years. 

Finally, I am grateful to Harry Gray for having 

patiently waited, far longer than he need have, for 
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ABSTRACT OF THESIS 

Part I , Chapter I 

A helical secondary structure has been found to 

be associated with the metal site in bean plastocyanin . 

It is likely that such structure is also present in 

other blue copper proteins. This short section of 

helix is distorted by metal (copper or cobalt) incor-

' poration, which is probably the result of coordination 

to an amide nitrogen or oxygen of the peptide backbone. 

The perturbed helical structure at the site remains 

conformationally rigid upon reduction of holoplasto­

cyanin to the copper(I) derivative. Finally, a 

combination of known physical data leads to a picture 

of the metal site where copper(II) is bound by histi­

dine-37, an amide nitrogen or oxygen or one or more of 

the following residues which make up the helix, and by 

cysteine-84 and histidine-87 which provide the final 

coordinating positions. 

Part I, Chapter II 

New low energy electronic transitions at Nl0000 

and 5000 crn-l have been identified as ligand field 

bands of the blue site of the single copper proteins 

stellacyanin, plastocyanin and azurin from low tempera­

ture absorption as well as CD and MCD studies in the 

near-infrared. The well known visible seriPs of 
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absorption bands are assigned as charge transfer 

transitions of TT and a character from sulfur to copper 

and of TT character from deprotonated amide nitrogen 

to copper, based on comparison of visible absorption 

and CD intensities. Ligand field calculations have 

shown that the observed d-d excitation energies are 

consistent with a tetrahedral model distorted approxi­

mately 4 to 8° towards a square plane. A model of the 

blue site, which incorporates recent physical evidence 

for specific ligands, is presented. The reduction 

potentials have been shown to be influenced, but not 

dominated, by ligand field effects. 

Part I I 

The absorption bands of iron, cobalt and nickel 

olivines have been separated with respect to metal site 

on the basis of previous assignments, the absorption 

spectra of synthetic and natural triphylites, and the 

polarized spectra of magnesium-nickel and magnesium­

cobalt olivines. An effective c2v site symmetry has 

been shown to adequately describe the band splittings, 

but it fails to completely describe the observed 

polarization properties particularly for Co(II). Ligand 

field calculations have resulted in values of B, Dq and 

the low symmetry radial parameters for both the i'\ and 

M2 sites. Calculation of LFSE's and the ligand field 
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contribution to the distribution coefficients of the 

cation exchange reactions from these parameters and 

comparison to Kn's calculated from x-ray diffraction 

data has led to the conclusion that ligand field 

stabilization is the major driving force for cation 

ordering in olivine. 
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INTRODUCTION 
NNNNNNNNNNNN 

The single metal binding blue copper proteins have 

been the object of several recent investigations 

concerning possible coordinating ligands and structure 

of the metal site. X-ray photoelectron spectra (XPS) 

1 have shown that copper is bound to sulfur, and resonance 

enhancement of Raman amide vibrations has suggested that 

2 copper is also bound to an amide nitrogen or oxygen. 

This infrared study of French bean (Phaseolus vulgaris) 

plastocyanin was undertaken with the goal of learning 

more about the environment of the metal and the inter­

actions between the metal and surrounding protein . 

Plastocyanin was chosen because its low molecular weight 

3 (10,000) presented the best opportunity for observing 

metal site related vibrations. 

The predominant features of biopolymer vibrational 

spectra have been assigned to motions of the basic 

structural unit, the amide linkage cn-CONH~c•a• The 

vibrational motions, based on the normal modes of 

N-methylacetamide have been designated as follows 4 : 

Amide A (vNH), Amide B _(2xoNH in Fermi resonance with 

VNH), Amide I ( Vco>, Amide II ( 0NH + V CN), Amide III 

( VCN + oNH + vCC ) , Amide IV (oOCN + vCC ) , Amide V (pNH), 
a a 

Amide VI (pcO), and Amide VII (T) (v represents a 

stretching motion, o in-plane bending, pout-of-plane 
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bending and T the torsional motion of the CCNH plane). 

The correlation of polymeric amino acid secondary 

structure to energies of the infrared active components 

of the Amide I-III motions has been extensively studied 

• h • ' ' d b S , 6 since t e pioneering work of Elliott an Am rose . 

Following improvement in far-infrared spectrometers 

and techniques , the low energy backbone motions, 

including Amide IV-Vl, were also shown to depend on 

, 7-15 . secondary conformation . A summary of infrared 

energies of helical polypeptides is given in Table I. 

Table II contains~ sheet and random coil correlations. 

In recent years interest has shifted to the Raman 

vibrational spectra of polypeptides in both aqueous 

solution and the solid state16- 23 . Raman energies are 

listed in Table III for the major conformations and the 

polyglycine II helix. 

Ambrose and Elliott extended their empirical correla­

tion of Amide I frequency with secondary structure to 

fibrous proteins such as silk fibroin, keratins and 

24 collagen . More complete infrared investigations on 

fibrous proteins and other proteins existing predom­

inantly in one conformation have shown that the poly­

peptide correlations can be used to determine secondary 

structure in proteins 25 • 26 . However, extension of these 

observations to globular proteins has been difficult. 
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Since these proteins contain short lengths of different 

conformations, the amide absorptions observed are 

generally broadened over most of the frequency ranges 

found in homo- and copolypeptides. Only the Amide lII 

mode in the Raman spectra of globular proteins has shown 

sufficient resolution to allow structure-frequency 

. 27-32 correlations . 

-1 . In the energy region below 400 cm in homo- and 

copolypeptide spectra, Itoh and coworkers have assigned 

IR bands attributable to a-helix and ~-sheet structures 

3 -1 . 8-11 at 76-369 and 265-235 cm , respectively Since 

these vibrations are admixtures of backbone angle 

deformations and the amide bond torsion, allowed by 

specific coupling in an a-helix or ~-sheet, they are 

found at much lower frequencies in monomeric amino acids 

and random coil structures19 • 33 . Thus they represent 

unique frequencies for determining secondary structure 

in proteins. Previous infrared spectral studies on sperm 

whale myoglobin and collagen have demonstrated that 

conformationally dependent vibrations exist in proteins 

' h' ' 34 b d b d 376 -l int is energy region . A an o serve at cm 

was assigned as the deformation of a-helix, which makes 

up almost 80% of the myoglobin structure, and an 

absorption at 345 cm-l was attributed to a deformation 

of the collagen triple helix. Unfortunately, structure 

in this energy region in the Raman spectra of globular 
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proteins is generally obscured by backbone fluorescence 

and the broad Rayleigh scattering associated with large 

molecules. 

EXPERIMENTAL SECTION 
~NNN~NNN'rtMWN~ NNNNNNN 

Solutions of holo-, reduced, apo- and cobalt(II)­

substituted plastocyanin were prepared as previously 

described35 . The buffer was removed from the solutions 

by anaerobic dialysis at 4° against triply-distilled 

water which had been treated with Chelex resin to remove 

any trace metal ions. The solutions were then lyo­

philized by quick freezing in liquid nitrogen and evacu-

-6 . ating to 10 torr. Plastocyanin was heat denatured by 

dissolving lyophilized protein in triply-distilled water , 

millipore-filtering to remove· any undissolved pro t ein 

and heating at 75° over a steam bath for one hour. This 

sample was also quick frozen in liquid nitrogen and 

lyophilized. Acid denaturation was accomplished by 

dissolving 5 mg of plastocyanin in 1.5 ml of deoxygenated, 

triply-distilled water. The solution was transferred 

to a specially-designed pH cell, which was flushed with 

argon, and then concentrated hydrochloric acid was added 

until pH 2 was reached. After 30 minutes of stirring 

under argon at pH 2 in an ice bath, the solution was 

frozen and dried. 

Samples for infrared spectral measurements were 
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prepared by lightly grinding approximately 2.5 mg of 

lyophilized protein with the minimum amount of Vaseline 

needed to form a mull . The mull was spread on a freshly­

pressed cesium iodide pellet and covered with a second 

pellet. The sample was cooled to 77 o r 12 Kin a 

Cryogenics Technology , Inc. Model 20 Cryocooler equipped 

with cesium iodide windows and an adjustable temperature 

controller. Halocarbon grease mulls for the hydrocarbon 

IR regions were prepared in the same manner and spread 

between potassium bromide disks. All operations were 

performed in an argon- or nitrogen-filled glove bag 

to prevent protein oxidation and to minimize water and 

carbon dioxide absorption by the pellet material. 

A thin film of plastocyanin was prepared by slow 

evaporation of a drop of concentrated, unbuffered 

protein solution on a silver bromide disk in a controlled­

humidity dessicator at 4°. After the film had formed, 

a silicone rubber gasket and a second silver bromide 

disk were placed over it. This "sandwich" was then 

placed in the Cryocooler for comparative spectral 

measurements. 

Cesium iodide pellets, containing approximately 

1 mg of the various buffers and reducing agents 

employed, were prepared to test for interference from 

possible contaminants in critical energy regions. 
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Infrared spectra were measured using a Perkin-Elmer 

180 grating spectrophotometer equipped with the far 

infrared option. . -1 A manual slit mode, set for 2-4 cm 

resolution above 500 cm-land 4-6 . 5 cm-1 resolution 

-1 below 500 cm , was routinely used. 

A 0 . 096 mM solution of bean plastocyanin in 

0.05 M acetate buffer at pH 6 was millipore-filtered 

and placed in a 1 mm path length quartz cell. The 

circular dichroism (CD) spectrum of this solution was 

measured from 300 to 210 nm using a Cary 61 spectro­

polarimeter at a resolution of 1 nm and sensitivity of 

0.1 degrees full scale. 

RESULTS 
NN NNNNt\il 

The Vaseline mull infrared spectra (4000-200 cm-1 ) 

of holo- (A) , reduced (B), cobalt(II)-substituted (C), 

apo- (D), heat-denatured (E) and acid-denatured (F) 

bean plastocyanins, as well as thin film (G) and halo­

carbon mull (H) spectra of the holo protein are 

presented in Figures 1 and 2. The broad, intense peak 

at 3350 cm-land weaker absorption at 3050 cm-l are 

assigned as the Amide A and Amide B modes, respectively. 

No significant changes in these bands are observed 

throughout the series of modified plastocyanins. The 

CH stretching region, masked in most spectra by Vaseline 

absorption, shows considerable structure in the halo-
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FIGURE 1 

Vaseline mull infrared spectra of holo (A), 

reduced (B), cobalt(II)-substituted (C), and 

apo (D) plastocyanins. Peaks marked# are 

due to the mulling agent and peaks marked 

; are attributable to traces of buffer. 
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FIGURE 2 

Vaseline mull infrared spectra of holo (A), 

heat-denatured (E), and acid-denatured (F) 

plastocyanins, as well as thin film (G) and 

halocarbon mull (H) spectra of holoplasto­

cyanin. Peaks marked# are due to the 

mulling agent. 
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carbon mull and film spectra associated with the 

numerous aliphatic and aromatic side chains of the 

constituent amino acids. The Amide I and II ba nds at 

-1 . 1650 and 1540 cm , respectively, are also broadened 

over most of the range observed in polypeptide spectra. 

The amide IV-VI region from 750 to 450 cm-l contains 

-1 discernable structure only at 700 cm , with a shoulder 

-1 appearing at 490 cm The Amide III region (1300-

1230 cm-
1
), however , shows distinct spectral features 

that are sensitive to protein modification at 1260 and 

1240 -1 cm 

-1 The low energy region (525-200 cm ) of the IR 

spectra of Vaseline mulls of holo- (AA), reduced (BB) , 

cobalt(II)-substituted (CC), apo- (DD) , heat-denatured 

(EE) and acid-denatured (FF) samples of bean plasto­

cyanin i s expanded i n Figure 3 . Each of the metal-bound 

proteins exhibits an absorption band at 345 cm-l (AA, BB 

and CC), which shifts to 370 cm-l (DD) when the metal is 

removed. Little residual intensity (<10%) remains at 

345 cm-l in apoplastocyanin. There is minimal absorp-

-1 tion at either 345 or 370 cm in the denatured sample 

(EE) , although all higher frequency features are virtually 

identical to those of the metal-incorporated and apopro­

tein spectra. lt is concluded that the 370 cm-l band 

depends on protein conformation and further, is perturbed 

by the presence of a metal ion. Acidification to pH 2 
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FIGURE 3 

Expanded low energy infrared spectra of 

holo-(AA), reduced (BB), cobalt(II)­

substituted (CC), apo-(DD), heat-denatured 

(EE), and acid-denatured (FF) plastocyanins. 
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completely destroys the blue color of holoplastocyanin, 

indicating a significant structural change in the 

protein. The infrared spectrum FF reflects a 

conformational change , as the low energy band shifts 

-1 to 380 cm and is enhanced in intensity. 

The CD spectrum for the range 220 to 300 nm of 

holoplastocyanin is presented in Figure 4. The dashed 

curve represents the spectrum predicted for a protein 

containing 3% a-helix, 5% ~-sheet and 92% random coil. 

DISCUSSION 
Nl'\INNN~NNNN 

The 370 cm-l band in apoplastocyanin matches the 

energy observed for the backbone deformation in 

. . . . 9-11 . polypeptides containing a-helices . The shift 

observed upon metal incorporation probably is not the 

consequence of coordination of an appropriate side 

chain, as the potential ligands known to absorb at 

-1 36 370 cm are aspartate and serine Since there are 

five aspartate and eight serine residues in the primary 

3 . . sequence, it seems extremely unlikely that only one 

or two of these units is vibrationally active. Those 

residues present in small enough numbers to be totally 

bound to the metal, cysteine, histidine and asparagine, 

-1 do not absorb at 370 cm . Complete absence of this 

low energy feature in the heat-denatured sample is also 

inconsistent with such an assignment. 
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FIGURE 4 

The natural circular dichroism spectrum 

of holoplastocyanin (0.096 rnM in 0.05 M 

acetate buffer, pH 6, 25°). The dashed 

line corresponds to the best fit spectrum 

calculated over the region 220 to 250 nm. 



23 

1000 -------------------

0 

>-
t-
u -t- -1000 
~ -...J 
...J 
w 
...J -2000 
<( 
::) 
0 
Cl) 

~ -3000 

z 
<( 
w 
:E -4000 

-5000------------''--------------
220 240 260 280 300 

WAVELENGTH (IN NM) 



24 

Since no significant intensity remains at 370 cm -1 

when copper is bound to plastocyanin, the entire helix 

structure in the protein must be perturbed. This suggests 

that the helix present is relatively short (no more than 

about three turns}. Additional evidence in support 

of this suggestion was obtained from the ultraviolet CD 

spectrum of holoplastocyanin (Figure 4). The CD curve 

was decomposed into a-helix, ~-sheet and random coil 

contributions by the constrained least squares method 

37 of Greenfield and Fasman ; the constraint being that 

all structures present t.hat are not a-helix or ~-sheet 

must be included in the random coil contribution. The 

standard a, ~ and random coil CD spectra generated by 

Chen, et a1. 38 yielded a best fit of 3% helix, 5% sheet 

and 92% random coil. Chen, et al. pointed out that the 

intensity of the helical CD was chain length dependent, 

so that short sections of a-helix would be underestimated 

by their standard spectra. A correction factor of 

roughly 3/n, where n is the number of residues(NlOO for 

plastocyanin), indicates the actual helical content of 

plastocyanin is closer to 6%. 

A band at 250 cm-1 appears in all the spectra of 

Figure 3 except DD, the heat-denatured sample. It appears 

that protein conformation is also reflected by this 

absorption. There are two modes in this energy region 
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derived from backbone deformations, the torsional mode 

along the chains of the ~-sheet8 , and the symmetric 

h . d . h h . 18,39 breat ing eformation oft ea- elix . The mean 

value of reported frequencies in polypeptides in the 

sheet conformation is 249.6 crn-l with a standard 

deviation of 10 cm-l (see Table IV). The width at 

half maximum of this band has a mean of 38 cm-land a 

standard deviation o.f 13 cm-l. The protein band at 

250 cm-l has a width of ~25-30 cm-1 , in accord with the 

results from polypeptide spectra. Further, the band 

does not shift when the metal ion is removed, contrary 

to what is observed for the symmetric helix deformation 

upon distortion of the a-helix. Thus, ~-sheet is also 

present in bean plastocyanin. 

The Amide III energy region is dominated by a 

band at 1240 cm-1 . The relative intensity of this peak 

remains constant in all spectra except that of the 

acidified sample. In view of its position (see Table I) 

and the observation that no shift occurs upon removal of 

metal, the band is assigned to the Amide III vibration 

of the composite sheet and random coil conformers 

present in plastocyanin. -1 A shoulder at 1260 cm gains 

intensity in apoplastocyanin (D, Figure 1) and is even 

more prominent in the acid-denatured sample (F', Fiqure 2). 

This pattern is similar to that observed for the 37U cm- 1 
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TADLE IV 

Backbone Deformations ccrequencies fo r Polypeptides 

Polypeptide Helix 
form 

(L-Ala) a n 
(L-norVal) n 
(L-Val) a n 
(L-norLeu) a n 
(L-Leu) a n 
(L-a-aminobutyric acid) a n 
(L-Val-L-Ala-L-Ala) a n 
(L-Val-L-Ala) a n 
(L-Ala-Gly)n a 
(L-Leu-L-Leu-L-Ala) a n 
(L-Leu-L-Ala) a n 
(L-Phe-L-Ala) a n 
(L-Phe-L-Ala-L-Ala) a n 
(L-Ala-L-Ala-Gly) n 
(L-Ala-Gly-Gly) PG IIb n 
(S ly)n PG II 

(L-Ala-L-Pro-Gly) PLP I IC n 
(Gly-L-Pro-Gly) PLP II n 

Helix 
e nergt 

Sheet 
e nergy 

Ref. 

371 (32 )a 247(37) 8,11 

261(25) 8 

376( 2'5) 8 

390 ( 20) 8 

39 6( 25) 8 

389(2 9 ) 240(67) 8 

375(17) 235(35) 10 

375(20) 235(28) 10 

375(27) 259(40) 10 

369(22) 252(46) 10 

371(19) 250(30) 10 

375(20) 240(22) 10 

375(19) 244(67) 10 

253(30) 9 

352 260(57) 10,9 

363 268(30) 19,9 

343 10 

344 10 

awidth at half maximum in parentheses 

b . . . 
polyglycine trigonal helix 

cpolyproline trigonal helix 
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a-helix deformation. Further, the shoulder is located 

in the energy region associated with the Amide Ill mode 

of an a-helix18 . Therefore, the 1260 cm-l band is 

assigned to the a-helix conformation present in apo­

plastocyanin. The corresponding Amide III mode of the 

trigonal helix is observed at 1249 cm- 1 in polyglycine 

rr19 . This feature, which is expected to be present in 

metal bound samples, is apparently masked by the strong 

-1 1240 cm peak. A weaker shoulder at 1260 cm- 1 , which 

occurs in all other samples, is attributable to a side 

chain vibration. 

Evidence has recently been found for conformational 

h 1 h ·1· • f 1 prote1·ns3o, 4o c anges upon yop 1 1z1ng o severa 

Intensity differences in certain side chain vibrations 

and in the Amide III mode have been interpreted as 

conformational transitions upon lyophilizing a-lact­

albumin and lysozyme. Frushour and Koenig reported no 

structural differences between single crystals and 

freeze-dried powder occurred for ~-lactoglobulin32 . 

A film of plastocyanin was prepared to determine effects 

of sampling on the protein. The relative intensity of 

-1 . the 345 cm band was somewhat larger in the film 

compared to the lyophilized mull, indicating some 

denaturation occurred upon freeze-drying. This may 

account for the low intensity of the 370 cm-l band in 
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the sensitive apoplastocyanin, but otherwise should 

not affect the validity of the band assignments. 

The infrared spectrum of cobalt(II) plastocyanin 

is identical to that of the holoprotein, except for 

an additional shoulder at 370 cm- 1 . This energy 

corresponds to the previously-assigned helix mode of 

apoplastocyanin. The spectral data are consistent with 

the earlier observation that incorporation of Co(Il) 

into plastocyanin is about seventy percent effective35 . 

Furthermore, the results show that the incorporated 

Co(II) distorts the a-helix in the same manner as does 

copper. The combination of IR and XP3 1 experiments 

establishes conclusively that Co(II) and Cu(II) bind at 

the same site in bean plastocyanin. In addition , 

comparison of the reduced Cu(I) spectrum to that of the 

holoprotein indicates that the helix portion of the site 

remains structurally rigid upon reduction. 

The presence of bands at 370 and 1260 cm~1 in 

spectrum D, Figure 1 has been attributed to a section 

of a-helix in the apoplastocyanin secondary structure. 

A shift from 370 to 345 cm-land a decrease in intensity 

of the 1260 cm-l band are observed upon metal incor­

poration. These spectral changes may be interpreted 

in terms of a metal-induced distortion of the a-helix 

t . . . 7, 10 o a form similar to polyglycine II . It is unlikely, 
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however , that a section of the polyglycine helix is 

present in the protein , as the stabilizing factor 

for this polypeptide structure is intercoil hydrogen 

d • 41 h' l ld ' b d • ' 1 bon 1ng , w 1c~ wou certainly e 1ff1cu t to 

reproduce in the protein. However 6 the trigonal coil 

of a 310 helix, which does contain the necessary 

intracoil hydrogen bonding for a stable protein con­

formation, is expected to have a similar energy for the 

deformation mode. This mode is made up mainly of back­

bone angle deformations and the amide torsional motion. 

If the form of hydrogen bonding used to stabilize this 

structure were to affect the energy of this mode, then 

the deuterated polyglycine spectrum should show a consid­

erable shift in the 363 cm-l band. Suzuki, et al . have 

measured the isotope shift to be only 7 cm-l 7 , so the 

amide deformation of the trigonal 310 helix should be 

comparable in energy to the corresponding mode in 

polyglycine II. 

Resonance Raman spectral studies of several blue 

proteins, including spinach plastocyanin, have shown 

enhancement of amide modes at 750, 1240 and 1650 cm-l 2 , 

indicating an amide oxygen or nitrogen is coordinated to 

the copper. In model complexes containing primary amide 

ligands such as biuret, the carbonyl stretch occurs 

between 1680 and 1690 cm-1 , and does not shift upon 
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d • • t b • h • 42 coor ination o copper y eit er nitrogen or oxygen 

As both asparagine and glutamine also have side chain 

· , -1 43 . carbonyl absorptions around 1680 cm , whJ_ch are not 

expected to shift appreciably upon metal coordination, 

the amide side chains can be ruled out as possible 

ligands in plastocyanin. Further, the enhanced 

frequencies correspond quite well to A symmetry 

Amide V, III and I modes, respectively, in polyglycine 

19 -1 II . The 345 cm band does not appear to be resonance 

enhanced, but this is a probable result of the fact 

that the mode has E symmetry in the helix. ~ince 

A symmetry modes are usually more intense in Raman 

spectra than those derived from E symmetry, the results 

are consistent with copper being bound to the backbone 

of a helix. It is of interest that the same bands 

are weakly enhanced in all blue copper proteins that 

have been studied, with no more than a 10 cm-l variation 

• h h ' 2 ' in eac oft e frequencies Thus, each of the entire 

group of blue proteins would appear to have a copper(II) 

bound to the amide backbone of a short section of 

trigonal or distorted a-helix. 

It should be emphasized that, at present, a metal­

perturbed a-helix cannot be distinguished from a 

rearrangement to a 310 type of structure. Examination 

of Dickerson and Geis• illustrations reveals the major 
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difference between the two helical structures to be 

the position of the amide hydrogen-carbonyl oxygen 

44 hydrogen bond . This bond joins every four residues 

in then-helix, whereas it connects every three in the 

310 structure, thereby forcing it into a tighter 
() 0 

coil (4 A versus 4.2 A diameter) and a greater pitch 
0 0 

(6 A versus 5.4 A). Coordination of copper to an amide 

nitrogen or oxygen on the helix could result in the 

destruction of a hydrogen bond and destabilization of 

the structure. By breaking the remaining hydrogen 

bonding scheme between every fourth residue of the 

a-helix and shifting to bonding between every third 

residue as in the 310 helix, net loss of a hydrogen 

bond is circumvented. The structure is stabilized at 

the expense of a higher coil strain energy. Should 

two amide nitrogen or oxygen atoms be coordinated to 

copper, the transformation to a 310 helix would be 

even more favored. A similar mechanism has been 

proposed by Heitz, et al. to explain the heat induced 

transformation 

n-helix to the 

of poly-y - benzyl-DL-glutamate 

15 
TT (4.416 ) structure . 

from an 

Although forming a picture of the metal site 

without an x-ray crystal structure is speculative, a 

compilation of the available physical data, a comparison 

of the primary amino acid sequences of several plasto-
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cyanins, and a correlation of Chou and Fasman ' s 

statistics on the frequency amino acid residues appear 

d ' 45 • h h b ' in secon ary conformations wit t e ean plas tocy an in 

sequence can lead to a reasonable and inf orma tive model . 

It has been shown that copper(II) is bound by at least 

one amide nitrogen or oxygen from a helix . Accord ing 

to Chou and Fasman , the most likely residues to be found 

at the beginning or end of a helix are proline , aspartate 

and histidine. A careful examination of the bean 

plastocyanin sequence3 reveals that the highest number 

of helix-forming residues is found between proline-36-

histidine-37 and proline-47. This string of residues 

from position 38 to 46 represents the most probable 

choice for finding a helix in the plastocyanin sequence. 

A comparison of the sequences of five plastocyanins in 

this region, in Tab l e V, reveals a variat ion in only 

one residue , position 46 where structurally similar 

valine and isoleucine are interchanged . This strong 

correlation between species implies an important struc­

tural or functional role for this region of plastocyanin . 

Recent XPS results have confirmed that cysteine 

sulfur is bound to copper(II) at the metal site1 . As 

the lone cysteine residue is found at position 84 in 

every sequence, the model evolves to copper(II) being 

firmly bound by one or two amide groups of the helix plus 
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one or two other residues leaving a coordination position 

open for the cysteine sulfur. The protein backbone 

evidently bends back to present cysteine-84 at the 

appropriate location for coordination to copper. 

Markley, et al. have recently reported NMR evidence 

for histidine filling the remaining coordination 

• • 49 h' 'd' 'd h positions . The two 1st1 1ne res1 ues also ave 

unique positions in the sequence at numbers 37 and 87. 

The former histidine appears at the beginning of the 

proposed helix location allowing coordination to both 

the imidazole side chain and an amide nitrogen or 

oxygen of the helix. The latter histidine lies three 

residues from the cysteine, an appropriate distance 

to allow both histidine nitrogen and cysteine sulfur 

to bind to the copper(II). 

In summary, a helical secondary structure has been 

found to be associated with the metal site in bean plasto­

cyanin. It is likely that such structure is also present 

in other blue copper proteins. This short section of helix 

is distorted by metal (copper or cobalt) incorporation, 

which is probably the result of coordination to an amide 

nitrogen or oxygen of the peptide backbone. The perturbed 

helical structure at the site remains conformationally 

rigid upon reduction of holoplastocyanin to the copper(I) 

derivative. Finally, a combination of known physical 
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data leads to a picture of the metal site where 

copper(II) is bound by histidine-37, an amide nitrogen 

or oxygen or one or more of the following residues 

which make up the helix, and by cysteine-84 and 

histidine-87 which provide the final coordinating 

positions. 
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CHAPTER 2 

ELECTRONIC STRUCTURE AND SPECTRA CF BLUE 

COPPER CENTERS IN PROTEINS 
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INTRODUCTION 
""'"'"'"'"'"'"'"'"'"",.,.,,,"' 

The electronic structure of the cupric ion complexed 

to the blue copper proteins has been the subject of 

numerous physical and theoretical studies. The visible 

absorption spectrum of the blue copper center in each 

of these proteins is dominated by an intense (molar 

. -1 
extinction coefficient E of approximately 4000 1 mole 

cm-1 ) band in the region 600 to 630 nm which produces 

the characteristic blue color of the proteins. Weaker 

. . 1-5 bands at 450 and 800 nm flank the maJor absorption . 

The natural circular dichroism (CD) spectra of these 

proteins are also distinctive and similar. Negative 

rotations are observed at 450 and ~soo nm, corresponding 

to the weaker absorptions, whereas a smaller positive 

band with a shoulder towards high energy is present in 

. 6-8 the 600 nm region The origin of these transitions 

has been ascribed either to d-d excitations of four 

. 1-3,9,10 11 coordinate or five coordinate geometry , 

intensified by mixing with allowed transitions via 

odd-order ligand field distortions, or to charge transfer 

f d • • d h ( ) • 12 rom a strongly re ucing ligan tote copper II ion . 

Spectroscopic studies of the cobalt(II) derivatives of 

stellacyanin, plastocyanin and azurin have indicated that 

the charge transfer interpretation is preferred. Intense 

bands (E>2000) that appear to be analogous to the 600 nm 



43 

manifold of the native proteins are observed between 

300 and 350 nm in the cobalt(II) derivatives 13 . This 

shift in band position of about 16000 cm-1 to higher 

energy (Co(II) > Cu(II)) aqcords well with that antici­

pated for a ligand to metal charge transfer transition, 

cobalt(II) being less oxidizing than copper(II). 

The electron paramagnetic resonance (EPR) spectra 

give valuable information concerning the ground state 

properties of the copper in these blue proteins. 

' l d ' 2 h ' 1 Plastocyanin an azurin ave axia spectra, at least 

within band resolution, with g 
II 

at 2.226 and 2.261, 

respectively, and gi at 2.053 and 2.052. Stellacyanin, 

however, shows a slight rhombic distortion with 

g = 2.287, g = 2.077 and g = 2.0254 . Ballhausen14 
Z y X 

has shown that a a9 ion with axial symmetry is expected 

to show gi > g 11 for a (z2 ) ground state and g
11 

> gi 

for an (x2-y 2 ) ground state. 

The reasons that the reduction potentials of the 

blue copper proteins are substantially higher than the 

aqueous cupric-cuprous couple are not known, but suggest 

a utility in electron transport systems. Few studies 

have attempted to correlate, for example, blue copper 

protein reduction potentials to ligand field stabiliza­

tion, varying degrees of complex formation and other 

physical data, largely due to insufficient evidence 
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concerning coordinating ligands and the lack of a 

solid assignment of the electronic spectrum. This 

chapter reports the low temperature near-infrared 

and visible absorption and room temperature near­

infrared and visible CD and magnetic circular dichroism 

(MCD) spectra for stellacyanin, plastocyanin and azurin. 

These new spectral data have allowed, for the first 

time, assignments to be made of the d-d transitions 

in blue copper centers. Based on these assignments, 

ligand field parameters have been calculated and 

utilized in the examination of the reduction potentials 

of the proteins. 

EXPERIMENTAL SECTION 
NNNNNN~'Wtt#NN~NNN~NNNN 

The proteins used in this study are French bean 

(Phaseolus vulgaris) plastocyanin, azurin (Pseudomonas 

aeruginosa) and stellacyanin (Rhus vernicifera). Mr. 

Barry Dehner isolated the proteins, and I am indebted to 

him for all the leaf juicing, bacterial incubation, 

acetone-powder extraction and cold-room column purifi­

cations from which I was spared. 

Near-infrared absorption spectra were obtained on 

protein films to minimize interference by water 

absorption and permit a wide variation of temperature. 

The protein solutions were first dialyzed against 

de-ionized distilled water and then concentrated from 
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roughly 10 to 0.5 ml by pressurized membrane ultra-

filtration. The sample was then further concentrated 

by placing a drop of protein solution on a plexiglas 

disk in a metal dessicator over Drierite. After three 

or four drops had been successively concentrated 

(ten to fifteen for the thick films), the film was 

prepared by transferring the disk to a dessicator 

containing a saturated potassium acetate solution. This 

controlled humidity allowed the film to form slowly 

preventing most of the cracking caused by rapid removal 

of too much water. The drying process could be halted 

by transfer to a dessicator charged with a saturated 

sodium hydrogen phosphate solution. The humidity of 

this dessicator allowed slow dissolution of the sample. 

Films that had been over-dried could be redissolved 

by placing then in the sodium phosphate humidifier. 

While stellacyanin and azurin appeared unaffected by 

complete drying and redissolving, plastocyanin never 

completely redissolved. The undissolved plastocyanin 

was white, indicating partial denaturation upon 

complete removal of water. It is, therefore, advisable 

never to allow plastocyanin to dry past the elastic 

film form. 

A lightly greased silicone rubber gasket was 

placed on the plastic disk and a second disk placed 
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over the gasket to prevent further drying upon evacua­

tion in a cryocooler unit. The sample was masked with 

aluminum foil to prevent light leakage and to improve 

thermal contact with the cold -station. The sample was 

then slowly cooled to minimum temperature. If cracks 

developed, the unit was warmed to near room temperature, 

slices of black masking tape applied to cover large 

cracks, and the unit then recooled. Plexiglas(½ inch 

in diameter by 1/32 inch thick) was chosen over quartz 

despite poorer optical quality (weak vibrational over­

tones at 1250 nm and lower wavelengths) because the ther­

mal contraction more closely matched that of the pro-

tein film. 

The near-infrared CD and MCD spectra were run in 

deuterated phosphate buffer in order to extend the 

spectral range to Nl850 nm. Although the infrared 

overtones of water do not give rise to a measurable 

CD spectrum, an absorbance of 1.0 or greater diminished 

the light level to the limit of detector response. The 

deuterated protein solutions were prepared by evapor­

ating unbuffered, concentrated aqueous solutions in a 

Drierite dessicator as described above. The films were 

then transferred to a dessicator charged with o2o. The 

films were allowed to equilibrate overnight, dried again 

to a film and placed a second night in the D20 
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humidifier. After the second equilibration with n2o, 

the solutions were evaporated to a film and the film 

dissolved in deuterated phosphate buffer at pD 6. The 

deuterated buffer was prepared by dissolving vacuum­

dried Na3P0 4 in n2o to form a 0.05 t! solution. The pD 

was adjusted to 6 by adding small volumes of phosphoryl 

chloride (POC13 ), which reacted with o2o to form D3 Po4 

and DCl. The final concentration of stellacyanin was 

1.06 m.~. Azurin concentrations were 0.69 and 1.50 mM 

for the MCD and CD spectra, respectively. The plasto­

cyanin concentrations were 0.41 and 2.21 mt! for the 

MCD and CD spectra, respectively. The proteins were 

reduced by adding a small amount of concentrated sodium 

dithionite dissolved in nitrogen-purged o2o. 

The deuterated protein solutions were pipetted 

into a small volume, 1 cm pathlength cell, specially 

designed for these experiments. A 1 cm length of 8 mm 

pyrex tubing was ground flat at both ends and a filling 

port fabricated on the side. Two¾ inch quartz windows 

were cemented to the tubing with General Electric GTV 

silicone adhesive. A firm, pliable bond is preferred 

to the rigid bond formed by epoxy-type cements , in this 

case, to limit any strain in the quartz, which would 

certainly cause polarization problems in the infrared 

spectropolarimeter. 
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Solutions for the visible CD and MCD spectra were 

prepared by diluting the infrared solutions with 

deuterated phosphate buffer until an absorbance less 

than 1.0 in a 1 cm cell was recorded for the 600 nm 

band. The final concentrations were 0 . 206 , 0.210 and 

0.197 flt! for stellacyanin , azurin and plastocyanin , 

respectively. 

The absorption spectra were obtained on a Cary 17 I 

recording spectrometer, generously made available by 

Dr. George R. Rossman. The spectra were run at constant 

slit widths of 0.8 mm below 750 nm and 0.4 mm above 

750 nm. Wavelength variations in lamp output , mono­

chromator transmission and detector response, normally 

compensated by the slit feedback mechanism, were 

corrected by a feedback system on the source voltage 
~ 

supply, installed by Dr. Rossman. Higher resolution 

measurements (0.1 mm slit width in the near-infrared) 

revealed no fine structure at low temperatures. The 

samples were cooled by a Cryogenics Technology, Inc. 

Model 20 cryocooler equipped with quartz windows and a 

temperature controller, which allowed adjustment of 

the temperature to ±1 Kover most of the range used. 

The visible CD and MCD spectra were recorded on a 

Cary 61 spectropolarimeter in the laboratory of Professor 

P. J. Stephens of the University of Southern California. 



49 

The field of 40 kilogauss was supplied by a liquid 

helium-cooled Varian superconducting electromagnet . A 

slit width of 1 mm and a sensitivity of 0.1 degree full 

scale were standard settings used during the experiments . 

The near-infrared CD and MCD spectra were also recorded 

on an instrument in Professor Stephens• laboratory. The 

patient guidance of Dr. Jill Rawlings through the 

complexities of a "home-built" spectropolarimeter is 

gratefully acknowledged. Sensitivity varied between 

experiments, but was usually of the order of 1.3 x 10-3 

AA full scale (AA is the difference between left and 

right circularly polarized light absorption). Instru­

ment baselines were determined using deuterated phosphate 

buffer as a blank. 

RESULTS 
NNNNrt.#NN 

Absorption spectra of stellacyanin films from 

28000 to 7000 cm-1 are shown in Figure 1. The solid 

line represents J:he spectrum at 270 K, whereas, the 

dashed line is a 35 K spectrum. The high temperature 

spectrum is consistent with the solution spectrum 

d b • h 2 reporte y Peisac, et al. Extinction coefficients 

of the films are assumed to be the same as the solution 

values of Peisach, et al. A new band in the 8000-9000 

-1 cm range is partially resolved when the thick film 

(spectrum lB) is cooled. Figure 2 contains the Gaussian-
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F IGURE 1 

The near-infrared and visible absorption 

spectra of stellacyanin film. Eis the molar 

extinction coefficient. For the lower curves 

use the left-hand E-scale and for the upper 

curves (thick film) use the right-hand E­

scale. The solid curves represent 270 K 

spectra, and the dashed curves represent 

35 K spectra. 
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resolved bands, their sum and the 35 K spectrum of 

stellacyanin (in symbols). The position, intensity (E), 

half-width at half-maximum (HWHM) and oscillator strength 

(f) of the resolved Gaussian peaks as a function of 

temperature are given in Table I. 

The visible CD curve is given in Figure 3. It agrees 

with the spectrum reported by Falk and Reinhammar
7 

and is presented here for comparison. The MCD curve, 

shown in Figure 4, has not been reported and shows 

activity at 16500 and 13500 cm-l plus a small negative 

band at 22000 cm-1 . The intense bands starting at 

-1 33000 cm are probably due to tryptophan residues 

analogous to the reported ultraviolet MCD curves of 

. . h ' . 15 azurin int is energy region The near-infrared CD 

spectrum of stellacyanin appears in Figure 5. The 

. -1 region 12500-9000 cm was also reported by Falk and 

Reinhammar7 in the only other blue protein CD study 

below 12500 -1 cm New bands are prominent in the 

expanded spectrum (5B) at 8100 and approximately 5000 cm-1 . 

The latter band abruptly ends due to the onset of o2o 

vibrational absorption. The MCD curve (Figure 6) in the 

near-infrared continues the 12500 cm-1 band and shows a 

weak positive peak at N10800 cm-1 and a weak negative 

peak at 8800 cm-1 . An expanded curve (6B) more clearly 

defines the 8800 cm-l activity and indicates the 
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FIGURE 2 

Gaussian resolution of the 35 h near-infrared 

and visible absorption spectrum of a stella­

cyanin film. The individual Gaussian peaks 

and sum are solid curves. The symbols(+) 

represent the absorption spectrum. 
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TABLE I 

Gaussian Analysis of Stellacyanin Absorption Spectra 

T = 35K 

Band 1 

yl = 22550 

HWHM2 = 1185 

f3= 0.012 

E4 = 1177 

Band 2 

V = 17840 

HWHM = 941.6 

f = 0.013 

E = 1631 

Band 3 

V = T6460 

HWHM = 883 

f = 0.039 

E = 5064 

Band 4 

V = 12510 

HWHM = 867 

f = 0.0049 

E = 657 

Band 5 

V = 10910 

HWHM = 999 

f = 0.0053 

E = 610 

60K 

22570 

1196 

0.012 

1174 

17750-

967 

0.015 

1769 

16430 

876 

0.037 

4879 

12590 

848 

0.0039 

535 

11050 

1180 

0.0064 

627 

1 Frequency in wave numbers 

120K 

22520 

1265 

0.012 

1124 

17630 

990 

0.011 

1927 

16350 

889 

0.034 

4371 

12600 

781 

0.0030 

445 

11060 

1219 

0.0065 

615 

200K 

22380 

1457 

0.014 

1110 

17620 

1134 

0.016 

1658 

16310 

1012 

0.035 

3995 

r26so 

863 

0 . 0031 

417 

11090 

1266 

0.0066 

600 

~Half-width at half-maximum in wave numbers 
3 0scillator strength 
4 Molar extinction coefficient 

270K 

22210 

1512 

0.012 

942 

17490 

1213 

0.016 

1542 

16220 

1090 

0.033 

3549 

1"2680 

933 

0.0027 

341 

11110 

1375 

0.0067 

565 



56 

FIGURE 3 

The visible CD spectrum of stellacyanin in 

pD 6 deuterated phosphate buf f er . The left-

2 hand scale is molar ellipticity in deg-cm/ 

decimole (x 104 ) and the right-hand scale is 

~ E in 1/mole-cm. The stellacyanin concentra­

tion was 0.206 m.M. 
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FIGURE 4 

The visible MCD spectrum of stellacyanin in 

pD 6 deuterated phosphate buffer. The left­

hand scale is molar magnetic elliptic i ty 

in deg-cm2/decimole-Gauss and the right-

hand scale is dE per 10 kilogauss. The 

s tellacyanin concentration was 0.206 mi'-1 . 
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FIGURE 5 

The near-infrared CD spectra of stella­

cyanin in a pD 6 deuterated phosphate buffer. 

Both scales are aE (1/mole-cm). For curve 

A use the left-hand scale and for curve 

B use the right-hand scale. The concentration 

of stellacyanin was 1. 06 mM. 



00. t os·o os·o-

D 
u 
z 
1--1 

z 
0: 
>--
u 
cc 
_J 
_J 
w 
t-
en 

00. l- 8 
0 
Ln 

0 
0 
0 
CD 

0 
0 
0 
['-

(fl 

a: 
w 

om 
0~ 
§s :=) 

z 
w 
> 

0 0: 
83: 
0) 

z 
1-----1 

0 
o>--
0 CJ s a: 

w 
z 

oW 
0 
0 
...-4 

...-4 

0 
0 
0 
0J 
...-4 

0 
0 

L-------l---------1------~---____,j 0 

00·01 oo·s o·o 00·01- ~ 



62 

F IGURE 6 

The near-infrared ~CD spectra of stella-

cyanin in pD 6 deuterated phosphate buffer. 

For curve A use the left-hand s cale ( A E per 

10 kilogauss), and for curve R use the 

right-hand scale ( A E per 10 kilogaus s x 10-2 ). 

The concentration: of stellacyanin was 1.06 mM. 
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presence of very weak magnetic activity in the lowest 

energy CD band. 

The absorption spectra of French bean plastocyanin 

films are presented in Figure 7. The dashed curve 

represents the 35 K spectrum, and the solid curve is 

that obtained at 270 K. The latter spectrum is similar 

to that reported for Chenopodium album plastocyanin1 . 

The major absorption band has a maximum at 16700 cm-l 

and is assigned the solution molar extinction coefficient 

4500 1 mole-l cm-l 5 . Peaks are also observed at 

-1 12900 and 21800 cm . The weak, high energy band shows 

considerable asymmetry in the thick film spectrum (7B), 

which resolves to a shoulder at N24000 cm-lat 35 K. As 

the film is cooled, all the bands narrow and increase in 

intensity. The decreasing breadth of the 12900 cm-l 

peak reveals residual intensity at roughly 10000 cm- 1 . 

A band at this low energy has not previously been 

observed. Figure 8 contains the Gaussian bands, their 

sum and the 35 K spectrum of plastocyanin (in symbols). 

The position, intensity, HWHM and oscillator strength 

of the Gaussian components of plastocyanin are presented 

as a function of temperature in Table II. 

The visible CD and MCD curves of plastocyanin are 

shown in Figures 9 and 10, respectively. The plastocyanin 

CD spectrum has the same general shape as the stella-

-1 cyanin CD curve. The negative band at 12800 cm and 
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FI GURE 7 

The near-infrared and visible absorption 

spectra of plastocyanin films. E is the 

molar extinction coefficient. f or the 

lower curves use the left-hand E-scale and 

for the upper curves (thick film) use the 

right-hand E-scale. The solid c urves 

represent 270 K spectra, anQ the das hed 

, curves represent 35 K spectra. 
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1:IGURE 8 

Gaussian resolution of the 35 h near-infrared 

and visible absorption spectrum of a plasto­

cyanin film. The individual peaks and s um 

are solid curves. The .symbols ( +) represent 

the absorption spectrum. 
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TABLE II 

Gaussian Analysis of Plastocyanin Absorption Spectra 

T = 35K 

Band 1 
yl : 23340. 

f 3 = 0.0024 

Band 2 
V = 21390 

HWHM 2 = 1418 

f = 0.0035 

E4 = 288 

Band 3 
V = 17870 

HWHM = 985 

f = 0.015 

E = 1719 

Band 4 
V ::: r6490 

HWHM = 1003 

f = 0.044 

E = 5111 

Band 5 
V = -13350 

HWHM = 959 

f = 0.011 

E = 1354 

Band 6 
V = -11990 

HWHM = 910 

f = 0.0096 

E = 1222 

Band 7 
\I = 9970 

f = 0.0013 

60K 

21310 

1874 

0.0060 

370 

18000 

921 

0.014 

1736 

16620· 

980 

0 .,046 

5407 

13390 

962 

0.012 

1481 

12080 

843 

0.0084 

1147 

10150 

0.0013 
1 Frequency in wave numbers 

120K 

22010 

2648 

0.011 

495 

18020 

926 

0.011 

1314 

16540 

1063 

0.049 

5319 

13300 

966 

0.011 

1371 

11930 

910 

0.0089 

1136 

10000 

0.0013 

200K 

21910 

2757 

0.012 

518 

17880 

1010 

0.012 

1402 

16440 

1148 

0.043 

4354 

13360 

1027 

0.011 

1234 

li870 

1043 

0.010 

1148 

9820 

0.0014 

aHalf-width at half-maximum in wave numbers 
3 0scillator strength 
4 Molar extinction coefficient 

270K 

22200 

2757 

0.019 

811 

18100 

1162 

0.012 

1163 

16500 

1301 

0.049 

4364 

'13330 

1108 

0.012 

1289 

11810 

1125 

0.011 

1162 

95~0 

0.0020 
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FIGURE 9 

The visible CD spectrum of plastocyanin 

in pD 6 deuterated phosphate buffer. The 

left-hand scale is molar ellipticity in 

deg-cm 2/decimole (x 104 ) and the right-

hand scale is ~E in 1/mole-cm. The plasto­

cyanin concentration was 0.197 r~. 
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FIGURE 10 

The visible MCD spectrum of plastocyanin in 

pD 6 deuterated phosphate buffer. The left­

hand scale is molar magnetic ellipticity 

in deg-cm2/decimole-Gauss and the right-

hand scale is llE. per 10 kilogauss. The 

plastocyanin concentration was 0.197 mM. 
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the positive band at 16500 cm-l are more intense in 

plastocyanin and the positive shoulder at Nl9000 cm-l 

is less prominent. The main difference between stella­

cyanin and plastocyanin occurs in the activity around 

22500 cm-1 . In plastocyanin , two absorption peaks 

were observed at 21800 and 24000 cm-1 . The CD shows 

a negative band at 21200 cm-land a positive band at 

-1 24100 cm . Stellacyanin exhibits only one absorption 

-1 band and one CD band, both at 22500 cm . The MCD 

spectrum shows a peak at 14100, very weak activity at 

N22500 and stronger activity at 36000 cm-1 . No MCD 

activity due to tryptophan is observed in the 34000 cm-l 

region, consistent with the amino acid analysis of 

Milne and Wells 5 . Figures 11 and 12 exhibit the near­

infrared CD and MCD curves, respectively. These curves 

-1 cut off around 10800 cm because of the lower CD signal, 

more intense absorption in the 12800 cm-l band and the 

rapid decay of detector response in this energy region. 

A negative band at 9200 cm-1 and positive activity at 

lower energy are observed in the expanded curve, 

analogous to stellacyanin. The less sensitive curve (llB) 

shows positive activity towards higher energy , as in 

stellacyanin, and presumably turns negative to match 

the minimum at 12500 cm-l in the visible spectrum. The 

. . -1 MCD has a minimum at NllOOO cm and shows slight 

positive activity at lower energy. All CD activity 
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FIGURE 11 

The near-infrared CD spectra of plastocyanin 

in pD 6 deuterated phosphate buffer. Both 

scales are AE (1/mole-cm). For curve A use 

the left-hand scale, and for curve B use 

the right-hand scale. The concentration of 

plastocyanin was 2.21 mM. 
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FIGURE 12 

The near-infrared MCD spectra of plasto­

cyanin in pD 6 deuterated phosphate buffer. 

For curve A use the left-hand scale(/:)£_ per 

10 kilogauss) and for curve Buse the right­

hand s cale (~E per 10 kilogauss). The 

concentration of plastocyanin was 0.41 mM. 
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described above vanishes when the sample is reduced 

with dithionite. 

Figure 13 contains the absorption spectra of azurin 

(Pseudomonas aeruginosa) films. Again, the dashed and 

solid lines represent spectra at 35 Kand 270 K, 

respectively. The 270 K film spectrum matches the 

6 solution spectrum of Tang, et al. Narrowing of the 

12400 cm-1 band at 35 K reveals a weak absorption at 

NlOOOO cm-1 in the thick film spectrum (13B). The 

resolved Gaussian bands, their sum and the 35 K spectrum 

(in symbols) of azurin are shown in Figure 14. The 

Gaussian positions, HWHM's, intensities and oscillator 

strengths are listed as a function of temperature in 

Table III. 

The visible CD and MCD curves of azurin are shown 

in Figure 15 and 16, respectively. The CD spectrum is 

6 identical to that reported by Tang, et al. , except 

that the lowest energy band {Nl2500 cm-1 ) is almost 

three times more intense in the present spectrum. 

(Tang, et al. used a Cary 60 spectropolarimeter, an 

earlier instrument than the Cary 61, which may have 

poorer response at the long wavelength limit of the 

instrument.) The visible MCD spectrum of azurin has 

a negative band at 14400 cm-1 , a weak derivative-like 

-1 signal centered at 24300 cm and a strong activity 

associated with tryptophan at N34000 cm-1 . The infrared 
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FIGURE 13 

The near-infrared and visible absorption 

spectra of azurin films. Eis the molar 

extinction coefficient. For the lower 

curves use the left-hand E-scale and for 

the upper curves (thick film) use the 

right-hand E-scale. The solid curves 

represent 270 K spectra, and the dashed 

curves represent 35 K spectra. 
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FIGURE 14 

Gauss ian resolution of the 35 K near-infrared 

and visible absorption spectrum of a azurin 

f ilm. The individual Gaussian peaks and 

s um are solid curves. The symbols(+ ) 

represent the absorption spectrum . 
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TABLE III 

Gaussian Analysis of Azurin Absorption Spectra 

T = 35K 

Band l -
yl: 21450 

HWHM 2 = 2099 

f 3 = 0.0034 

E' = 185 

Band 2 . 

v = 17820 

HWHM = 1078 

f = 0.006 

E = 641 

Band 3 
v ::s 15870 

HWHM = 1210 

f = 0.045 

E:: 4278 

Band 4 

v = 12770 

HWHM = 1468 

f = o.ooa 

E = 632 

60K 

20060 

2090 

0.0026 

145 

17600 

1038 

0.001 

778 

15860 

1174 

0.042 

4167 

12920 

1592 

0.0083 

605 

120K 

20400 

2984 

0.0026 

101 

17540 

1099 

0.0072 

755 

l.5820 ' 

1206 

0.042 

4021 

12800 

1380 

0.0067 

566 

1 Frequency in wave numbers 

200K 

21410 

3670 

0.0059 

185 

17590 

1156 

0.0064 

640 

15810 

1261 

0.042 

3826 

12810 

1500 

0.0084 

647 

2 Half-width at half-maximum in wave numbers 
3 0scillator strength 
4 Molar extinction coefficient 

270K 

20790 

4144 

0.0071 

198 

17650 

1252 

0.0055 

504 

15850 

1334 

0.044 

3798 

12830 

1591 

0.0094 

686 
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FIGURE 15 

The visible CD spectrum of azurin in pD 6 

deuterated phosphate buffer. The left-

hand scale is molar ellipticity in deg-crn2/ 

decimole (x 104 ) and the right-hand scale 

is AE in 1/mole-crn. The azurin concentra­

tion was 0.21 mM. 
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F IGURE 16 

The visible MCD spectrum of azurin in pD 6 

deuterated phosphate buffer. The left­

hand scale is molar magnetic ellipticity 

in deg-cm2/ctecimole-Gaus s and the right­

hand scale is AE per 10 kilogaus s . The 

azurin concentration was 0.21 mij. 
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CD and MCD curves are given in Figures 17 and 18 , 

respectively. Once again , there is a gap where t he 

spectrum could not be recorded. The more sensitive 

spectrum (17B) shows a minimum at 9250 cm-land 

increasing positive activity towards lower energy to 

the instrument and solvent cutoff. Spectrum 17A shows 

no positive activity to the lower energy side of the 

12500 cm-l band, as observed in stellacyanin and indi­

cated in plastocyanin. The MCD spectrum shows a 

-1 negative band at Nl0500 cm The infrared CD bands of 

azurin were not observed in a sample reduced with 

dithionite. 

DISCUSSION 
NNNNNNNNN,.,,, 

Before proceeding with the assignment of these 

spectra, a comment on actual symmetry compared to 

effective symmetry is worthwhile. The actual symmetry 

of the copper site in these blue metalloproteins is 

no doubt c1 . However, the resolution of a particular 

physical measurement may not be fine enough to detect 

the minor differences between certain ligands, which 

account for the actual symmetry. An effective symmetry, 

higher than the actual symmetry, can then be used to 

describe the system, resulting in a simplification of 

the parameters involved. For example, the plastocyanin1 

and azurin2 EPR spectra have been described in terms of 
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FIGURE 17 

The pear-infrared CD spectra of azurin 1n 

pD 6 deuterated phosphate buffer. Both 

scales are aE (1/mole-cm). For curve A 

use the left-hand scale, and for curve B 

use the right-hand scale. The concentra­

tion of azurin was 0.21 mM. 
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FIGURE 18 

The near-infrared MCD spectrum of azurin in 

pD 6 deuterated phosphate buffer. The scale 

is ~E per 10 kilogauss. The concentration 

of azurin was 0.69 fil~. 
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axial symmetry. The ligands perpendicular to a pseudo­

major rotation axis are similar enough to observe no 

resolution of gx and gy. Stellacyanin is distorted 

enough to resolve gx from gy, so that the EPR spectrum 

must now contain a rhombic term4 . The symmetries 

referred to below are effective in the sense that they 

are generally the highest ones that allow an adequate 

interpretation of the physical measurements. 

New absorptions and CD spectral features have been 

observed in the near-infrared. The CD bands are 

dependent upon oxidation state of the copper and are, 

therefore, most likely electronic transitions within 

the blue site. The energy of the second transition 

(Nl0000 cm-1 ) corresponds to that observed in the 

absorption spectrum. The energy and molar extinction 

coefficient (100-200 1 mole-l cm- 1 ) of this transition 

are within the ranges normally found for a d-d transition 

of the cupric ion. The existence of d-d bands at 

N5000 and 10000 cm-l rules out both six and five 

coordinate complexes. 

ion is 8200 cm-l 16 . 

-3 The lowest band of the cuc15 

As ni tro,;i-en coordination is most 

prevalent in amino acid copper complexes, a five 

coordinate site would be expected to have even higher 

energy bands. Transitions are observed at 15000 and 

11400 cm-l for square pyramidal Cu(NH3 )
5

+ 2 17 A 

trigonally distorted tetrahedron (c3v ~ymmetry) can be 
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discarded, as g.J. is expected to be larger than g
11

, 

contrary to the observed ordering. (Cupric ion doped 

into · the trigonal site of ZnO has g = 0.74 and 
II 

and gi = 1.53, as predicted18 .) Further , the excited 

states of c 3v Cu(II) are both 2E in symmetry . Opposite 

signs for the 5000 and 10000 cm-l CD bands establish 

that the two transitions are to excited states of 

different symmetries. 

Square planar geometries are usually found i n 

19 amino acid-copper complexes . The g-values obtained 

from EPR spectra are generally quite close to those 

observed for the blue proteins 20 • 21 However , the 

energies of the d-d transitions for square planar 

complexes of copper are unusually high for four coordinate 

geometries, being observed at 15400-17700 and 17500-

1 20 20600 cm- for the amino acid complexes , at 15500, 

-1 22 18500, 19300 and 24000 cm for a CuN2s 2 complex and 

at 10500-10900 and 12800-14300 cm-1for cuc14 - 2 16 • 23 . 

The large ct-orbital splittings of the square plane are 

greatly reduced by a D2d distortion toward tetrahedral 

geometry. The cuc14 - 2 ion is known to exist in both 

square planar and tetragonally distorted tetrahedral 

geometry, depending on the counter ion in the crystal 

1 
. 24 attice . The ligand field bands of cs 2cuc1

4 
have 

25 2 been assigned by Ferguson , the Estate being split 
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by both spin-orbit coupl ing and low site symmetry to 

-1 2 2 components at 4800 and 5550 cm The B1 and A1 
-1 transitions are found at 7900 and 9050 cm , respec-

tively. This strong dependence of the ligand field 

energy levels on the angle between the z-axis and the 

metal ligand bond(~} accounts for the large decrease 

observed in the energy levels of the blue proteins in 

comparison to the peptide-copper complexes. Flattened 

tetrahedral symmetry has been proposed for the blue 

. 9,26 copper site by several authors Their reasoning, 

however, was based on assigning the intense visible 

bands as d-d transitions and invoking the odd-order 

terms derived from n2d distortion of the square plane 

to account for the unusually high intensities. (The 

molar extinction coefficient for cs2cuc14 is on the 

order of 500 1 mole-1 cm-1 , so that values in excess of 

-1 -1 1000 1 mole cm would seem too high to be attributed 

to d-d transitions, even including odd-order intensi­

fication mechanisms.) 

Recent x-ray photoelectron and resonance Raman 

d • h 'd ' • d ' 27 d spectral stu 1es ave 1 ent1f1e cysteine sulfur an 

28 deprotonated amide nitrogen (or oxygen) , respectively, 

as probable ligands at the blue site. The existence of 

highly reducing ligands at the site, the observed shift 

of the 600 nm system to higher energy upon Co(II) 
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13 substitution for Cu(II) and the large molar ext i nction 

coefficients suggest that the man i fold at 12500 , 16000 

and 21500 cm-l is attributable to l i gand to metal 

charge transfer transitions . Sulfur to copper char ge 

transfer has been observed f r om 10400 to 28240 cm- 1 i n 

Cu(II) doped zns 29 , at 26700 and 28000 cm-1 in a thio­

semicarbazide complex22 , 25640 and 30000 cm-l in a 

30 square planar penici llamine complex and at 25300 and 

-1 31 30300 cm in cysteine- copper complexes . Recently , 

a peptide- copper complex containing cysteine has been 

prepared and reported to have a intense band at 

-1 
N 25000 cm , presumably due to sulfur to copper charge 

32 transfer . A d-d band was identified at 17500 cm-1 . 

Bryce and Gurd have assigned ORD maxima at 28570 , 31250 

and, 32260 cm-1 for copper complexes of acetyl-glycyl ­

glycyl-L-histidine , acetyl-glycyl-L-histidylglycine and 

glycyl-L-valine , respectively , as charge transfer 

transitions from coordinated amide nitrogen, or possibly 

h • ' d' 33 1st1. 1.ne . Wilson, et al. have assigned absorptions 

-1 at 37000 and 42500 cm to charge transfer transitions 

34 from the imidazole conjugated nitrogen to copper 

The transitions are moderate (E ~ 800 and 2400 1 mole-l 

cm-1 ) and are masked by the more intense primary amine 

to copper charge transfer in histidine-copper complexes. 

As mentioned above, square planar CuN 2s 2 complexes , 
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where S represents a deprotonated sulfhydryl group, 

have a shoulder at ~25000 cm-1 and an intense peak 

(E = 6000 1 mole-l cm-1 ) at 30000 cm- 1 , which have 

been assigned as sulfur to copper charge transfer 

transitions. The charge transfer energies assigned in 

-1 this study are some 12-15000 cm lower in energy. To 

account for this discrepancy, the charge transfer 

region of the tetrachlorocuprate(II) ion is considered. 

-2 In square planar Cuc1
4 

, rr ➔ d 2 2 charge transfer 
X -y 

-1 occurs at 33300 cm and a ➔ d at 38500 and x2-y2 

49000 cm-1 23 . The lowest rr charge transfer transitions 

-2 in tetragonal cuc14 are observed at 24850 and 28400 

cm- 1 , while the lowest a transitions occur at 33900 

and 43000 cm-1 25 ' 35 . This shift of 6-8000 cm-l as the 

square planar configuration is distorted towards a 

tetrahedron roughly corresponds to the energy decrease 

observed in the d-d transitions, and can be explained 

from the ligand field theory as a drop in energy of the 

d 2 2 orbital as the ligands are moved away from the 
X -y 

xy plane. From the molecular orbital viewpoint, there 

is a decrease in overlap between the ligand LCAO's and 

the metal d 2 2 orbital as the ligands bend away from 
X -y 

the xy plane. As the charge transfer is from the 

predominantly ligand bonding orbitals to the predominantly 

copper antibonding ct-orbitals, a decrease in the overlap 
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will lower the energy difference between the two 

orbitals. This accounts for approximately half of the 

observed energy difference in the sulfur-copper system. 

The remainder may be due to different bond lengths 

between copper and sulfur available in the protein but 

not allowed in the simpler model complexes. Similar 

arguments can be made for lowering the energy of the 

'd 't t h t f f ~31000 cm- 1 am1 e n1 rogen o copper c arge rans er rom •-

to the visible region. 

Pi to dxy charge transfer has the symmetry E in 

60 
0 2d, while a to dxy transitions are of B2 symmetry. 

Both are electric dipole allowed, but only the rr 

transitions are magnetic dipole allowed. The rotational 

strength of a CD band (R) is related to the electric 

dipole moment (µe 1 ) and the magnetic dipole moment 

(µmag) by the equation: 

( 1) 

where ~i and ~fare the initial and final states, 

respectively36 Gillard has also equated the rotational 

strength to the experimental quantity AE (E 1 - Er) by 

the equation: 

( 2) 

and the dipole strength (D) to the molar extinction 
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coefficient Eby 

-40 D = 91.8 x 10 J (E/v)dv. (3) 

Finally, he has shown that 4R/D ~ y, the Kuhn anisotropy 

factor. Bands showing values of y greater than 0.01 

must be assigned as a magnetic dipole transition. Thus, 

evaluation of y for the blue site transitions observed 

should be of value in identifying a and TI bands. 

Assuming a Gaussian band shape, Moscowitz has approx­

imated the integral J (E/v)dv as ln2../ii-E 0 o0 /v 0 , where 

E0 is the maximum value of E, o0 is the half-width at 

half maximum and v 0 is the frequency of E0 37 • If the 

value of o0 is assumed to be the same for corresponding 

absorption and CD bands, y may be calculated from the 

equation: 

y = (~E)/E. ( 4) 

Values ofy, ~E and E for the electronic transitions of 

stellacyanin, plastocyanin and azurin are listed in 

Table IV. The bands at Nl4000 and 22000 cm-1 are 

assigned to TI charge transfer, as they have values of 

-1 
y quite close to 0.01. The 16000 cm bands have y-values 

roughly five times smaller than the TI charge transfer 

bands and, therefore, contain significantly less magne­

tic dipole character. These bands are attributed to a 
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TABLE IV 

Kuhn Anisotropy Factors for Blue 
Transitions 

yl .6.E a 

Azurin 21600 -1.11 

18530 0.72 

16700 3.96 

13700 -3.6 

10300 -0.475 

Stellacyanin 23000 -7.35 

18300 0.75 

17000 3.6 

13500 -5.0 

11900 2.4 

8750 -0.35 

5250 0.45 

Plastocyanin 24200 1.26 

22300 -1.32 

18900 0.4 

17360 4.08 

14300 -3.78 

12700 ... 1.5 

10300 -0.165 

5500 0.125 

1 Frequency in wave numbers 
2 E - E l r 
3 Molar extinction coefficient 
4 Anisotropy factor 

Protein Electronic 

E3 y 4 

185 0.006 

504 0 . 0014 

3798 0 . 001 

686 o.oos 
82 0.006 

942 0.008 

1542 o.ooos 
3549 0.001 

341 0.015 

565 0.004 

---100 ,..o .0035 

... 100 ... o.0045 

.... 100 ... 0.012 

300 0 .0045 

1163 0.0004 

4364 0.0009 

1289 0.003 

1162 0.0013 

200 0.0008 

.... 100 0.0013 
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charge transfer transitions. Further, Ibarra, et al . 

have shown theoretically that rr charge transfer 

transitions s·hould be of opposite sign to a charge 

trans.itions38 , as is observed experimentally. 

It should be noted that the 24500 cm-1 band of 

azurin was not included in Table IV. This band has a 

unique MCD shape (see Figure 16) not observed for any 

other blue site transition. The MCD curve and energy 

position of the absorption band agree with the assignment 

of this band to the Soret transition o ,f cytochrome 

• • • • 39 h' h f d ' th d impurities , w ic are often oun in e Pseu omonas 

. . . 40 azurin isolation . 

The MCD curves have the form of B- and c-terms41 . 

The transitions observed are probably C-terms , although 

spectra at several temperatures are needed to prove 

their existence. Buckingham and Stephens also derived 

selection rules for the various MCD terms. AC-term 

must have a non-zero value for the integral< aim la>, 

where a represents the ground state wavefunction, and - . . mis the magnetic moment. For a transition metal ion 

the magnetic moment may be represented by the Zeeman 

operator, so that any ground state having Kramers 

degeneracy may exhibit a C-term in the MCD spectrum. 

The near-infrared bands assigned as d-d transitions 

have MCD activity in all three proteins. They also 
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-1 have a negative peak at Nl4000 cm , near the first 

n charge transfer transition in the CD and absorption 

spectra. The MCD bands may also be derived from this 

transition, except that the energy ordering in the CD 

and absorption spectra is plastocyanin > azurin ~ 

stellacyanin, whereas the MCD spectra have the order 

azurin ~ plastocyanin > stellacyanin , the same as that 

observed for the second d-d transition. This band , 

therefore , may be associated with the third ligand 

field transition in the copper(II) center . 

Low temperature absorption and CD spectral studies 

have produced new spectral information concerning the 

electronic structure of the blue site. Although the 

absorption spectra sharpened somewhat at low temperatures , 

the bands remained broad and featureless. Moment 

analysis is a method derived specially for extracting 

information from such bands. The n th moment is defined as : 

( 5) 

-where vis the mean frequency of the band and I(v) is 

the intensity at v. Lax has shown that the second moment 

can be related to the vibrational frequency of a single 

mode strongly coupled to the electronic wavefunction 

or the mean of many modes weakly coupled to the electronic 

• d' h • 42 wavefunct1on accor 1ng tote equation : 



104 

2 2 2 2 M = C v coth (v /2kT). ( 6) 

Numerical integration of the absorption band accor ding 

to equation 5 is the most direct method of obtaini ng 

the desired moment, when the absorption band is due to 

one electronic transition . The absorption band at 

17000 cm-l has been shown (vide supra) to consist of 

two transitions, which must be resolved before the 

second moments can be calculated. This band has been 

resolved into Gaussian components and the results 

presented in Tables I, II and III for stellacyanin, 

plastocyanin and azurin, respectively. The second 

moment of a Gaussian band is easily found to be 

(HWHM) 2/ 2 ln2, so that the half-width at half-maximum 

may be related to temperature according to the equation : 

The values of c• 2 and v are presented in Table v. The 

mean vibrational energy coupled with the a charge trans ­

fer transition varies from 242 ± 60 cm-1 for plastocyanin 

to 387 ± 145 cm-1 for azurin. In accord with these 

calculations, major resonance Raman transitions are 

observed at N420 and 350 cm-1 in azurin and at N260 cm-l 

• 1 t . 28 in pas ocyanin 

Ligand field calculations 

Location of d-d bands in the spectra of blue 
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TABLE V 

Temperature Dependence of the Bandwidth of the 600 nm 
' Absorption in Blue Proteins 

Stellacyanin 

Band 2 

T m'1HM(calc)a fH'1HM (obs) T 

200 1171 1134 200 

120 1036 990 120 

60 984 967 60 

35 981 942 35 

a -1 hv = 28 2 ± 80 cm 

b hv = 288 ± 80 cm-1 
c' 2 =5.88 

CI 2 = 4. 63 

Plastocyanin 

Band 3 

T HWHM(calc) C HWHM(obs) T 

200 1056 1010 200 

120 954 926 120 

60 922 921 60 

35 921 985 35 

C hv 277 ± 70 -1 C, 2 = 5.52 = cm 
d hv 242 ± 60 -1 C 1 2 = 8.21 = cm 

Azurin 

Band 2 

T nwHM( calc) e HWHM(obs) T 

200 1151 1156 200 

120 1062 1099 120 

60 1039 1038 60 

35 1038 1078 35 

e hv 316 97 -1 c , 2 = 5.40 = ± cm 
f hv = 387 ± 145 cm-l C 1 2 : 4.60 

Band 3 

H~'1HM( calc) b 

994 

905 

877 

876 

Band 4 

HWHM(calc) d 

1171 

1036 

984 

981 

Band 3 

Hv'iHM( Cale) f 

1249 

1185 

1174 

1174 

H'vlHM( obs) 

1012 

889 

876 

883 

HWHM(obs) 

1148 

1063 

980 

1003 

HwHM(obs) 

1261 

1206 

1174 

1210 
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copper proteins allows a recalculation of the l i gand 

field parameters . Previous calculations have been based 

on the ass i gnment of the i ntense visible bands to ligand 

. d . . 9 , 26 d . h . fiel transitions . As note earl i e r, t e energies 

of these absorptions require a nearly planar arrangement 

of four nitrogen-like ligands (fifth and sixth axia l 

ligands may be present , but situated at much longer 

distances from the copper) . The unusual intensity of 

these bands was accounted for by small out-of-plane 

distortion allowing the mixing of charge transfer 

character into the d-wavefunctions. The observation of 

low energy electronic excitations imply a considerable 

distortion from square planar geometry towards a 

tetrahedron , thus the electronic structures of the blue 

proteins are more correctly described as tetragonally 

distorted tetrahedra. 

The coordinate system used for the calculations is 

illustrated in Figure 19. A rotation of 45Q about the 

z-axis will transform this system into the standard 

tetrahedral system. The present system corresponds 

to the square planar coordinates commonly used and 

was chosen for consistency with the molecular orbital 

calculations , where computations were somewhat simpli­

fied by this coordinate scheme. For Td symmetry , the 

e set now consists of d 2 and d and the t 2 set z xy 
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1:-'IGURE 19 

Coordinate system for ligand field and 

molecular orbital calculations. 
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dxz' d and d 2 2 • yz X -y 

The major distortion from tetrahedral to square 

planar geometry is the change of the angle(~) between 

the z-axis and the metal-ligand bonds. The crystal 

field potential should, therefore, retain this angle as 

a variable, along with the usual radial integrals. The 

D2d potential has the following form: 

V = yo [ 3z 2 -r 2 J + y 0 [ 35z4 -3Oz 2 r 2 +3r4 J + y 4 [x4 -6x2 y 2 +y4 ] ( 8) 
2 4 4 

where ym=[4nze/(2n+l)an+l]~Ym (r.,0.,((J.) and Ym(r.,0.,<p,) 
n 1 n l. 1 l. n 111 

is a spherical harmonic. Evaluation of the spherical 

harmorrics for ligands at (a,s,o), (a,~,n), (a,18O-p,TT/2) 

and (a, 18O-S,3n/2) yeilds: 

V= ze(3cos 2 S-1)[3z 2 -r 2 ]/a3 + ze(35cos 4 S-3Ocos 2 S+3) 

[ 35z4 -3Oz 2 r 2 +3r4 ]/16a5 + ze.( 35sin4 S) Lx4 -6x 2 y 2 +y4 ]/16a 5 . 

( 9) 

the values of the one electron energies may be evaluated 

by direct integration using this form of the potential. 

However, conversion to Stevens' operator equivalent form 

saves a great deal of computation. The operator 

equivalent for D2d symmetry is: 

V = zea 2 ( cos 2 S-l) [3f~-i 2 ]<r 2 >/a3 + zea4 ( 35cos4 t3-3Ocos 2 ~+3) 

[ 35i4 -3oi2 f2+251 2 -6i 2 +3 ( ia) a ]<r4 >/16a5 + 35zea4 sin4 ~ z z z 

[f4 + f4 ]<r4 >/32a5 (10) 
+ -

where a 2 = 2/21, a.4 = -2/63 and <r~ is the radial integral 
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J n+2R2 d 
r (n,1) r. The tetrahedral parameter Dq may be 

factored out of this expression, but is valid for only 

a small range of ~-values near the tetrahedral angle 

54.74°. Thus, the potential is used as shown, so that 

comparisons to tetrahedral or square planar geometries can 

be made directly by extrapolating to appropriate values 

of the angle~. The one electron energies are calcu-

lated to be (these are actually one-electron hole energies 

for d 9
): 

(d22 )= -12(cos 2 ~-l)Ds - 3oDt 

(d )= 12(3cos 2 ~-l)Ds + ½(35sin4 ~-o)Dt xy 

(d = d )= -6(3cos 2 ~-l)Ds + 2oDt xz yz 

(d 2 2 )= 12(3cos 2 ~-l)Ds - ½(35sin4 ~+o)Dt 
X -y (11) 

where o = 35cos4 ~-30cos 2 ~+3, Ds = ze<r 2 >/2la3 and Dt = 

ze<r4 >/2la5 . The angular dependence of these energies 

is shown in Figure 20 for several values of Ds and Dt. 

It is obvious that square planar geometries have a 

much larger splitting and, therefore, higher energy d-d 

transitions than tetrahedra with similar values for the 

radial integrals. Further, small distortions from 

square planar arrangement have little effect on the 

energies, whereas small distortions from the tetrahedron 

have pronounced effects on the splittings. 

Using the values 8750 and 5250 cm-l for the energies 

of dxy and dxz,yz' respectively, and a value of 60° for~, 
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FIGURE 20 

The angular dependence of the ct-orbitals 

as a tetrahedral ct 9 case is flattened by 

D2d distortion to a square plane. Curve 

evaluated for Ds 1000 -1 and Dt was = cm 

500 -1 cm , curve B was evaluated for Ds = 

800 
-1 

and Dt 400 -1 and C cm = cm , curve 

evaluated for Ds 600 -1 and Dt was = cm = 

300 -1 cm 

A 

= 
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the radial integrals for stellacyanin are calculated 

to be 825 and 445 cm-1 for Ds and Dt, respectively . 

The energy of the dza orbital is predicted to be 

11900 Cm-l b d ' th t a ove a a using ese parame ers. 
X -y Since 

only two of the energy levels are assigned, one cannot 

independently calculate Ds, Dt ands. Reasonable 

values of S must be determined by examination of the 

calculated radial parameters for a fixed ~-value. For 

-1 . 578 , Ds and Dt are 2240 and 505 cm , respectively. 

Values of 77 and 320 cm-1 are calculated for Ds and Dt , 

respectively, when~ is 70°. Computation of the energy 

difference between dxa-ya and dz 2 for tetrahedral and 

square planar symmetries, using the calculated radial 

parameters, can be accomplished by the following formulas: 

AET ~ 15.55 Dt = l0Dq 
d 

AE = 24 Ds + 10 Dt. 
D~ 

(12) 

The vilues calculated for the 57° distortion are 7850 cm-l 

-1 for tetrahedral and 58800 cm for square planar 

symmetry. Such an energy difference for o4h is certainly 

-1 unreasonable. At 70° values of 4975 cm for 10 Dq and 

-1 5050 cm for AED are calculated. Here, the square 
4h 

planar energy difference is much too small. Energies 

-1 of 24260 and 6900 cm are calculated for D4h and Td 

energy splittings, respectively, for an angle of 60°. 



A value of 24000 cm-l for 

agrees favorably with the 

observed in copper-peptide 
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the d 2 2 - d 3 transition 
X -y Z 

visible absorption maxima 

20 complexes . 

Plastocyanin and azurin have quite similar excited 

d-level energies. Values of 5500 and 10300 cm-1 for 

the dxz,yz and dz 2 orbitals, respectively, are used for 

both proteins. If~ is again 60°, Ds and Dt are calcu-

lated to be 750 and 525 cm-l In this case the d ◄ x2-y2 

dz 2 splitting is predicted to be at 12675 cm-1 . 

Activity near 14000 cm-1 in the MCD curves was 

suggested above to be the result of transitions from 

the ground state to the d 22 orbital. If~ is 57°, 

the d 22 orbital for stellacyanin is predicted to be at 

13850 cm-1 , consistent with this assignment. However, 

these values of Ds and Dt yield an unreasonable energy 

splitting when extrapolated to the square planar 

limiting case. Unless the copper site is quite unique 

electronically, these MCD transitions more likely result 

from excitation to the TT charge transfer states. 

The preferred ligand field parameters ( ~ = 60°, 

-1 -1) . Ds = 825 cm and Dt = 445 cm predict the d 22 orbital 

-1 to be 11900 cm above the d 2 2 ground state for 
X -y 

stellacyanin. An absorption band and CD maximum are 

observed near this energy. The resolved absorption band 

has a molar extinction coefficient of 565, approximately 

five times more intense than the band at 8750 cm-1 . 
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However, the d 2 2 - d a excitation is electric d ipole 
X -y Z 

allowed , whereas the d 2 2 - d transition is magnetic 
X -y xy 

dipole allowed and , therefore, expected to be less 

intense. Both transitions appear to be magnetic dipole 

allowed according to the respective anisotropy factors 

(Table IV). Plastocyanin has a similar transition at 

12700 cm-1 , as predicted from the ligand field parameters. 

The CD activity is somewhat lower in plastocyanin, but 

the ratios between the various transitions in this 

energy region are similar. In azurin, the charge 

transfer band is shifted to lower energy (13700 cm-1 ) 

and probably overlaps extensively with the predicted 

dza transition at 12700 cm-1 . This absorption band 

did not require more than one Gaussian to yield a 

reasonable fit, although two closely spaced Gaussians 

would yield a similar fit. Further, the azurin CD 

curve does not show the positive band at Nl3000 cm-l 

Here the overlap of this intense CD minimum may 

completely mask the weaker positive band. 

The identification of d-orbital splittings also 

allows a more detailed analysis of the EPR spectra 

of the blue copper proteins. Stellacyanin•s EPR 

spectrum has been fit by a rhombic spin Hamiltonian with 

values of g 2.287, 2.077 and gx 
4 Using = gy = = 2.025 . z 

the mean of g 
X 

and g y as g J., the orbital reduction 

factors k
11 

and k 
J. 

can be calculated from the ligand field 



formulas: 

g
11 

= 2(1-4k
11

>.. a/a2 ) 

gl = 2(1- kl;\Q/d1) 
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( 13) 

-1 
where ;\a= -828 cm ,a 2 = dx 2 -y 2 -+ d and~ 1 = d 2 2 -+ xy X ·-y 

dxz , yz · For stellacyanin k
11 

and k 1 are computed to be 

0.38 and 0.16 , respectively . These values are much 

lower than those calculated for copper-peptide complexes , 

where k
11 

is found i n the range of 0 . 64 and 0 . 55 and k
1 

20 between 0 . 71 and 0.45 . The orbital reduction factors 

for the square planar N2s 2 complex Cu(thiosemicarbazide) 2 

are 0.36 and 0.30 for parallel and perpendicular 

. . . h . . d22 directions, respectively, tote magnetic fiel Here , 

the covalency along the z-axis is quite similar to that 

of stellacyanin, but perpendicular to z the metal­

ligand bonds in the protein are much more covalent than 

in the square planar complex. Using the orbital reduction 

factors calculated for stellacyanin and the energy 

splittings observed for plastocyanin and azurin , g
11 

is 

calculated to be 2.244 and g
1 

is 2.048. The values 

experimentally observed are 2.260 and 2.052 for azurin3 

and 2.226 and 2.053 for plastocyanin1 . The agreement is 

strikingly good, indicating that these sites are indeed 

quite similar with regards to covalent bonding . 

A model for the blue site 

A more detailed physical model for the blue copper 
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centers can be formulated from recent physical studies 

on plastocyanin. Solomon, et al. have reported x-ray 

photoelectron spectral results which confirm cysteine 

• b d 27 sulfur is oun to copper . More recent spectra show 

. b d . . 43 that sulfur is also oun to copper in azurin Resonance 

Raman studies on several of the blue proteins have 

shown that amide nitrogen or oxygen is present in the 

28 copper coordination sphere in all cases . Infrared 

studies have shown this amide group to be part of the 

protein backbone. Nuclear magnetic resonance data on 

plastocyanin indicate histidine is strongly influenced 

by the copper ion and quite likely bound to it44 . Low 

energy absorptions, previously undetected, have been 

interpreted as ligand field transitions, and a model 

based on a tetragonally distorted tetrahedral arrangement 

has been proposed (vide supra). The visible absorption 

bands have been assigned as charge transfer transitions, 

consistent with the identification of highly reducing 

ligands in the copper coordination sphere. The two 

-1 lowest bands at 12500 and 17500 cm are probably sulfur 

TT and a sulfur charge transfer transitions, respectively . 

The third band at 23000 cm-1 is assigned to an amide 

nitrogen to copper TT charge transfer transition. This 

assignment is in accord with the ordering observed in 

30 31 33 square planar complexes ' ' . 
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A self-consistent charge and configuration (s.c.c . c .) 

molecular orbital calculation was performed on th i s 

model (illustrated in Figure 21). As no calculat ions 

were available for the deprotonated amide moiety, a 

third imidazole ring was substituted for the amide 

group in the calculation. Although similar extended 

" , . . 45 , 46 Huckel calculations have been performed on imidazole , 

no eigenfunctions were reported. The two highest energy 

TT-bonding orbitals of pyridine were assumed to be similar 

to those describing the conjugated region of imidazole. 

The Slater basic eigenfunctions of pyridine reported 

' 1 47 th f h t d 'b by Rein, et a. were, ere ore, c osen o escri e 

the two highest energy TT levels of the conjugated 

nitrogen of imidazole. The a bonding lone pair of the 

pyridine-like nitrogen was assumed to be non-bonding 

within the imidazole molecule, thus the Clementi and 

Raimondi version of the Slater orbital of the nitrogen 

atom was used to describe the lone pair of pa electrons48 . 

Values of the valence state ionization potentials (VSIP's) 

were taken from the orbital energies calculated for 

imidazole by Berthier, et a1. 49 The cysteine sulfur 

was represented by the atomic sulfur wavefunctions of 

Clementi and Raimondi. The sulfur 2s VSIP was calculated 

50 from the equations reported by Basch, et al. assuming 

a charge midway between the values of -0.04 for 

sulfhydryl sulfur and -0.60 for sulfide ion assigned by 



118 

FIGURE 21 

A model of the blue site in plastocyanin. 
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Siegbahn, et ai . 51 The radial wavefunctions of copper 

52 calculated by Richardson, et al. were assigned the 

53 VSIP's reported by Basch . The linear charge dependence 

calculated by Basch for copper VSIP's was reduced, 

d d b h d .. • b54 'I' t as recommen e y Lor an L1pscom , wo cen er 

electron-nuclear coulombic terms were added to the 

ligand and metal VSIP's, following Basch's calculation 

on cuo 53
. 

The total electronic energy calculated for copper-
o 

sulfur bond lengths of 2.5, 2.3, 2.1, and 1 . 9 A are 

-8644, -8799, -9177, and -9023 kilowavenumbers, respec­

tively . These results indicate a minimum electronic 

energy exists for the copper-sulfur bond length in the 
0 

vicinity of 2 A. This distance is probably shorter than 

the actual equilibrium bond length, as nuclear-nuclear 

repulsion terms were not included in the calculation. 

There is an indication, however, that the copper-sulfur 

equilibrium distance may be significantly shorter in the 
0 

distorted tetrahedral geometry than the 2.3 A observed 

55 for the square planar system . Assuming the copper-

sulfur bond dominates the secondary interactions in 

the protein, the observed charge transfer energies would 

be expected to red shift from the values reported for 

square planar model complexes, as the result of both 

stabilization of the a anti-bonding d ~ 2 orbital and 
X""-Y 
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a decrease in the copper-sulfur bond distance . 

Spectral correlation to reduction potential 

An attempt is now made to establish the relation­

ship between electronic structural properties of blue 

copper centers and the prote in reduction potentials. 

The form of the reduction potential of a metal ion in 

the presence of ligating molecules or ions is given by 

. . 56 Laitinen : 

~ = ~:q + RT/nF ln ~II;~I + RT/nF ln CTII;cTI (14) 

II/ I i . where t O • = ~ 0 + RT/nF ln f f , f being the activity s aq aq 

coefficient of the ion i, ~i = [E Ki [L]n]-1 , 
n n 

Ki being 
n 

the nth successive formation constant for ion i in the 
i \ , 

presence of ligand Land CT is the total concentration 

II - ➔ I of ion i, for the reduction reaction M L + e ~ML. n n 

The blue proteins of this study bind a single copper ion 

so that the equilibrium Cui+ protein~ Cui(protein) may 

i be represented by the binding constant Kb. The 

electrode potential may now be written: 

~ = ~ :q + RT/nF ln CT II /CT I + RT/nF(ln K I 
b - ln KbII) 

= ~ ' + 1/nF ( ~G I I - ~G I) 
b b 

~ ' 
II - ~H I - TAS II I ( 15) = + l/nF(6Hb + T6Sb ) • b b 

Using a Born-Haber cycle, 



II 
Cu ( g) 

l -tc II 
L 
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I 
Cu (g) + L 

the reduction potential may also be written: 

nF~ = -(~O - AGL II + AGLI - IP2 ) 

nF~O + A~II -AH I - TAS II 
+ TASL 

I 
= + L L 

= nF~ 0 + 1] II - 77 1 + LFSEII - LFSEI - TAS 

TAS II 
+ TASH 

I IP2 H + 

IP2 
II 

+ TASb b 

( 16) 

i i 1 where 1] is H. - LFSE ( LFSE is the ligand field 
1 

stabilization energy of ion i) and can be described as 

I 

a coulombic term consisting of ligand electron-metal ion 

attraction and ligand-metal nuclear repulsion, and 

AS i • 
~ H 1S the entropy associated with the reaction 

i 
M (g) + 

i 57 nH2o - M (H2o)n . Thus, the reduction 

potential may also be written (LFSE 1 = O): 

-

~ = ~ • + 1/nF( T}II - T}I + LFSEII + IP2 - T(ASHII - ASH1 ) -

T(ASbII - ASbI)). (17) 

The entropy of hydration for Cu(II) and Cu(I) are 

equivalent, if minor differences in the gaseous ions 

and the partial molal entropy of the aquo complexes 

are disregarded . Wagman reports a value of 9.4 e.u. 

58 for Cu(I)(aq) and George and McClure give a value of 
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-23 e.u. for Cu(II)(aq) 57 . Thus the term -T(ASHII_ASHI) 

accounts for 9 kcal/mole in the reduction potential 

formula. The second ionization potential of gaseous 

copper is 469 kcal/mole so that the reduction potential 

may now be written: 

II I II 
~ = ~ ' + 1/nF ( 1J - 1J + LFSE + 478 kcal/mole -

T(.6.sbII - ASbI)). (18) 

. . II I . l . h For complexes in solution 1J - 1J is usua ly int e 

range -450 to -500 kcal/mole, LFSE11 -25 to -50 kcal/mole 

and -T(ASbII - Asb1 ) 5 to 10 kcal/mole. 

The reduction potentials of stellacyanin, azurin 

and plastocyanin have been reported to be +184, +300 

59 and +370 mv, respectively, in a recent review by Fee 

The potentials are expected to be more positive than the 

aqua ion potentials as the LFSE's of the proteins are 

considerably lower. The ligand field stabilization for 

stellacyanin is -6340 cm-1 , where -2760 cm-1 is due to 

the tetrahedral field and -3580 cm-1 is due to the 

tetragonal distortion. For plastocyanin and azurin, 

LFSE is -6790 cm-1 , where -3250 cm-1 is due to the 

tetrahedral field and -3540 cm-1 is the result of the 

tetragonal distortion. The LFSE difference between 

plastocyanin and aqueous copper(II) is 5.6 kcal/mole 

or 240 mv. Thus, a value of 390 mv is predicted for 
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plastocyanin and azurin. Stellacyanin is destabilized 

by 6.9 kcal/mole or +300 mv with respect to the aquated 

ion. Thus stellacyanin is predicted to be at +450 mv . 

These predictions are based on the assumption that 

ryII - ryI and T(ASbI - ASbII) have the same value for 

the proteins and the aqueous copper system. This 

approximation is not expected to be valid, but was 

invoked to compare ligand field effects on the potential . 

If the LFSE were not present in plastocyanin, the 

potential would be approximately +1060 mv, which 

II I corresponds to a value of -454 kcal/mole for ry - ry 

T(ASbII - ASbI). If the protein sites were exactly the 

same, then the reduction potentials would follow the 

ordering plastocyanin ~ azurin < stellacyanin. However , 

small changes in the site will cause differences in 

the binding constants. A change in these large numbers, 

which are roughly one order of magnitude larger than the 

LFSE, can easily overwhelm any ligand field effects. 

This must be the case for stellacyanin, as the potential 

is 200 mv lower than plastocyanin, rather than 70 mv 

higher as predicted. This difference of 270 mv 

corresponds to a destabilization of the copper(II) 

(or a stabilization of Cu(I)) binding energy of 6.2 

kcal/mole. This value is small enough to be accounted 

for by either the enthalpy term ryII - ryI or the entropy 
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term. The difference between azurin and plastocyanin is 

70 mv which corresponds to 1.6 kcal/mole. Thus , the 

ligand field stabilization is important but far from 

dominant in determining blue protein potentials. 

Binding constants will have to be determined for these 

proteins before any differences in enthalpy and entropy 

contributions can be assigned . 

Summary 

New low energy electronic transitions at ~10000 

and 5000 cm-l have been identified as ligand field bands 

of the blue site of the single copper proteins stella­

cyanin, plastocyanin and azurin from low temperature 

absorption as well as CD and MCD studies in the near­

infrared. The well known visible series of absorption 

bands are assigned as charge transfer transitions of n 

and a character from sulfur to copper and of rr character 

from deprotonated amide nitrogen to copper, based on 

comparison of visible absorption and CD intensities. 

Ligand field calculations have shown that the observed 

d-d excitation energies are consistent with a tetrahedra l 

model distorted approximately 4 to 8° towards a square 

plane . A model of the blue site, which incorporates 

recent physical evidence for specific ligands, is 

presented. The reduction potentials have been shown to 

be influenced, but not dominated, by ligand field effects . 
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INTRODUCTICN 
,.-,r,,,,1~NNN,-,,,,NNNNN 

The olivine structure, named for the mineral with 

the composition [Mg, Fe] 2sio4 , is one of two major 

structures that exhibits the stoichiometry A2Bo 4 . The 

spinel form consists of a cubic close-packed array of 

oxide ions with A cations filling octahedral sites and 

B cations filling tetrahedral sites. For B cations 
~ 

smaller than 0.53 A (ionic. radius), the hexagonal 

1 close-packed olivine structure is preferred . The 

borate sinhalite, Al[Mg,Fe]Bo 4
2 , berylate chrysoberyl, 

3 •• •• 4 d h h 'h. Al 2Beo 4 , silicate olivine an p osp ate trip ylite, 

LiLFe,Mn]P0 4
5 all have the olivine structure. 

The olivine structure, space group Pnma, contains 

two distinct octahedral sites, designated M1 and M2 , 

which occupy Ci and Cs crystallographic sites, respec­

tively. The M1 position shares opposite edges with 

nearest neighbor M1 sites, forming an infinite ribbon 

along the b-axis. The arrangement of M1 positions 

in one unit cell (z = 4) is illustrated in Figure 1 6 

M2 octahedra share edges with adjacent M1 positions, 

giving the infinite ribbon a sawtooth appearance. The 

M2 sites also share corners with adjacent M2 positions, 

linking the M1 ribbons in the plane perpendicular to b. 

The chicken-wire sheet of M2 octahedra is shown in 
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FIGURE 1 

An ORTEP perspective view of the M1 chains 

in triphylite viewed down the c crystallo­

graphic axis. The chains run parallel to b. 
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Figure 2. The silicon atoms are located in the tetra­

hedral position formed by the M1 -M1 -M2 cluster. 

The distribution of first row transition metals 

in these two sites is of considerable geochemical 

interest. Olivines crystallize out of basaltic magmas 

at an early stage, and are considered to be an important 

constituent of the upper mantle. The driving forces 

behind the partitioning of metal ions between the 

octahedral sites has been the subject of a ligand field 

7 8, 9 
analysis and several structural analyses . However, 

the assignment of the electronic absorption bands is 

still under debate, so that Burns' ligand field analysis 

may need refinement in light of further spectral 

evidence. The object of this study is the assignment 

of the absorption spectra of several olivines according 

to metal site, by examination of corresponding triphylite 

spectra (the triphylite M1 site is filled by lithium, 

so. that complete partitioning of the pertinent transition 

metal into the M2 site is observed), the assignment of 

effective electronic symmetries from polarized absorption 

spectra, and an analysis of ligand field effects on 

the observed distribution. 

EXPERI:t-ffiNTAL SECTTON 
~NNNNNNNNN~NNNNNN~N~ 

The metal substituted triphylites LiCoPc,4 and 
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FIGURE 2 

An ORTEP perspective view of the M2 sheet 

in triphylite viewed down the a crystallo­

graphic axis. 
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LiNiPc 4 were synthesized by firing equimolar mixtures 

of Li2co3 , (NH4 ) 3Po 4 and Co3 (P0 4 ) 2 •8H2o or Ni3 (P0 4 ) 2 at 

800Q for two days in a porcelain crucible according to 

10 Santoro, et al. Firing equimolar mixtures of 

NH4MP0 4 •2H2c (M = Ni or Co) and Li 2cc 3 for two days at 

800Q 11 or equimolar mixtures of M3 (Po 4 ) 2 and Li3Po 4 for 

12 two days at 800g were equally successful methods of 

preparing cobalt and nickel triphylites. The micro­

crystalline products were identified to be the correct 

phases by comparison with known x-ray powder diffraction 

data and the infrared spectrum of a natural triphylite. 

Attempts to grow larger crystals of these compounds 

were unsuccessful. 

Finely ground samples of Ni2sio 4 and co2sio 4 were 

d b " 13 d d d b prepare y Dr. H. FuJisawa an onate y Professor 

Arden Albee of Caltech. Single crystals of cobalt and 

nickel olivines were grown from a tungstate flux by 

Dr. Jun Ito of the University of Chicago. The crystals 

were analyzed by Dr. Ito to have the stoichiometries 

Mgl.5Nio.ssio4 and Mgl.62Co0.38Si04. 

The natural triphylite samples were collected 

from Center Strafford, New Hampshire. Tentative molar 

extinction coefficients are based on the analysis of a 

triphylite from this locality reported by Switzer14 . 

The crystals used for absorption studies were 
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oriented with the aid of external morphology and a 

petrographic microscope. As olivine is an ortho-

rhombic crystal, the principal dielectric axes are also 

crystal axes. The correlation between optical directions 

and crystal axes was achieved by the precession x-ray 

diffraction method. The crystals were ground to appro­

priate thickness, determined by the observation of 

absorption< 2 over the desired spectral range, by 

mounting them in the desired orientation with apiezon 

wax on a brass block and grinding with 600 grit 

tungsten carbide. The ground surfaces were then polished 

with 0.3 µ. alumina. The crystals were mounted on½ inch 

diameter copper disks, which had holes precut to match 

the crystal size, and held in place with a thin film 

of Vaseline. 

The absorption spectra of microcrystalline samples 

were obtained from TlCl pellets. This medium was 

preferred to KBr because its higher index of refraction 

more closely matched that of the samples, allowing 

better discrimination of the absorption spectrum from 

the ever-present scattering curve. The TlCl pellets 

were prepared by pressing N200 mg of TlCl and NS mg 

sample in a standard KBr die. Several cycles of grind­

ing and repressing usually improved the quality of the 

pellets. Better spectral discrimination was achieved by 
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placing ground quartz plates (such as broken quartz 

solution cells) behind the sample and reference 

pellets. The samples were also ground in a boron 

nitride mortar to minimize scattering. 

The low temperature pellet spectra were obtained 

by placing the pellet in a Cryogenics Technology, Inc. 

Model 21 Cryocooler, equipped with a variable tempera­

ture controller. The crystals were cooled to 77 Kor 

10 Kin a Cary Model liquid helium dewar modified to 

hold½ inch disks. The samples were cooled by contact 

with either liquid nitrogen or liquid helium. Tempera­

tures were monitored with a calibrated carbon resistor 

attached to the sample block. Near-infrared and visible 

absorption spectra were obtained on a Cary 17 I recording 

spectrophotometer in the laboratory of Professor George 

Rossman. Infrared spectra were obtained on a Perkin­

Elmer 180 infrared spectrometer, also made available 

by Professor Rossman. The c. I. T. powder camera (Co 

radiation) and precession camera (Mo radiation) were 

used in the x-ray diffraction studies. 

RESULTS 
N N N N N t'1I N 

The infrared spectra of KBr pellets of synthetic 

LiNiP0 4 and LiCoPo4 and natural triphylite (Li[Mn,Fe]Po 4 ) 

are presented in Figure 3. Low temperature (35 K) near-
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FIGURE 3 

The infrared spectra of potassium bromide 

pellets containing natural triphylite (a) , 

LiCoPC 4 ( b) and LiNiPO 4 ( c) . 
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infrared and visible absorption spectra of LiCoPc 4 , 

co2sio4 , LiNiP0 4 and Ni 2sio4 thallous chloride pellets 

are shown in Figures 4, 5, 6, and 7, respectively. 

Figure 8 contains the polarized, room temperature 

absorption spectra of a Center Strafford, New Hampshire 

triphylite. The 77 K polarized spectra appear in 

Figure 9. The thickness required to observe the intense 

band in a-polarization necessitated the use of two 

separate crystals to obtain all three polarization. 

Correlation of unit cell lengths with principal electric 

vibration directions was obtained by x-ray diffraction 

using a precession camera. The correlations are cr = c, 

i3 =bandy= a. 

Figures 10a and b contain the room temperature, 

visible and near-infrared polarized absorption spectra 

of cobalt olivine single crystals. As thin sections 

were required to record the spectra, two crystals 

ground down different cell axes were used to obtain 

the three polarizations. The corresponding 77 K spectrum 

is shown in Figures lla and b. The selected cobalt­

magnesium olivine crystal was large enough to saw a 

section perpendicular to the longest external direction. 

Thus, the polarized spectra of Mgl. 62 co0 . 38sio4 (room 

temperature spectra are in Figures 12a and band 77 K 

spectra in Figures 13a and b) were obtained from the 
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FIGURE 4 

The 35 K near-infrared and visible 

absorption spectrum of LiCoP04 in TlCl. 

The 200 mg pellet contained 5.4 mg of 

cobalt triphylite. 
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FIGU~E 5 

The 35 K near-infrared and visible 

absorption spectrum of co2sio 4 in TlCl . 

The 200 mg pellet contained 4.7 mg of 

cobalt olivine. 
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FIGURE 6 

The 35 K near-infrared and visible absorption 

spectrum of LiNiPo 4 in TlCl. The 200 mg 

pellet contained 4 mg of nickel triphylite . 
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FIGURE 7 

The 35 K near-infrared and visible 

absorption spectrum of Ni 2sio 4 in TlCl. 

The 200 mg pellet contained 4.1 mg of 

nickel olivine. 
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FIGURE 8 

The room temperature polarized absorption 

spectra of LiFe0 . 64Mn0 . 36Po 4 . The Sand 

y spectra are plotted according to the left­

hand scale, and the a spectrum is plotted 

according to the right-hand scale. a= c, 

p = b,y = a. 
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FIGURE 9 

The 77 K polarized, near-infrared absorp­

tion spectra of LiFe0 . 64~1n0 . 36Pu 4 . The 

S and y spectra are plotted according to the 

left-ha;id scale, and the a spectrum is 

plotted according to the right-hand scale . 

a= c, S = b, y = a. 
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FIGURE 10 

The room temperature polarized, visible 

(a) and near-infrared (b) absorption 

spectra of co2sio4 . a= a, S = b, y = c. 



0 
0 

0 
.
-
-
-
-
-
-
-
T
-
-
-
-
-
-
-
-
.
-
-
-
-
-
.
.
.
-
-
-
-
-
-
-
-
-
r
-
-
-
-
-
-
.
-
-
-
-
-
-
-
,
-
.
-
-
-
-
-
-
,
-
-
-
-
-
~
□
 

. 
. 

0 (Y
')

 

0 lf
')

 . 
(\

J
 

(\
J

 ~~
 

\U
 ~~ 

A
 

o 
r 

=-
::::

::=
--

--
. 

y 

(Y
')

 

0 lf
')

 . 
(\

J
 

(\
J

 

~
 

{~
 

~\ 
f 0 

Q
L

_
 _

_
 _
j
_

 _
_

 _
J
_

_
--

--
=

~
=

-=
--

-~
=

~
-~

~
~

~
~

:;
--

~
~

~
1

1
~

6
0

0
0

 
2L

l0
00

 
23

00
0 

22
00

0 
21

00
0 

20
00

0 
19

00
0 

18
00

0 
17

00
0 

EN
ER

GY
 

IN
 

W
RV

EN
UM

BE
RS

 



0 
0 

□
~
-
-
-
-
-
.
.
-
-
-
-
-
-
-
-
.
-
-
-
-
-
-
-
-
r
-
-
-
-
-
-
-
-
r
-
-
-
-
-
-
.
-
-
-
-
-
-
-
,
-
-
-
-
-
-
~
-
-
-
-
~
□
 

. 
. 

0 .....
.. 

0 U
) . 

r-
- ~~1

 
\I

I ~~
 \\ 

0 
. 

B
 

/y
\ 

1
3

1
\(

\ 
~ 

I/
/\

\\
 

0 .....
.. 

0 L
f)

 . 
r-

-

L
f)

 
~
 

I~~
 

~~
 

0 
. 

0 
0 

17
00

0 
15

00
0 

13
00

0 
11

00
0 

90
00

 
70

00
 

50
00

 
30

00
 

10
00

 
EN

ER
GY

 
IN

 
W

RV
EN

UM
BE

RS
 



159 

FIGURE 11 

The 77 K polarized visible (a) and near­

infrared (b) absorption spectra of 

co 2sio 4 . A crystal thickness of N20u 

is required to keep the visible bands below 

an a bsorbance of 2. a. = a, i3 = b, ¥ = c . 
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FIGURE 12 

The room temperature, polarized visible (a) 

and near-infrared (b) absorption spectra 

of :,fgl. 62co0 . 38sio4 . a= a,;,= b, y = c. 

E-values are extinction coefficients per 

cobalt atom. 
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same crystal. X-ray diffraction data obtained on a 

precession camera confirmed that a= a, p =bandy= c. 

The room temperature, visible and near-infrared 

polarized absorption spectra of nickel olivine are 

presented in Figures 14a and b. The corresponding 77 K 

spectra are shown in Figures 15a and b. The room 

temperature, polarized absorption spectra of 

Mg1 . 5Ni0 . 5sio4 are shown in Figures 16a and b, and the 

corresponding 77 K spectra appear in Figures 17a and b. 

Two separate crystals were required to obtain all three 

polarization for both Ni 2sic4 and Mg 1 _5Ni0 . 5sio 4 . 

A-ray diffraction data obtained on a precession camera 

confirmed that a= a, p =bandy= c. 

DISCUS.3 ION 
"'""""""""'"""'"'"""""""' 

Assignment of absorption spectra according to metal site 

The polarized absorption spectra of olivine have 

been the subject of numerous investigations. Farrell 

and Newnham reported the spectra, but made no attempts 

t , th 15 o assign em Burns assigned bands at 11790 (Band I) 

and 9090 cm-1 (Band III) to be Fe+ 2 in the M
1 

site and the 

intense feature polarized along c (y) to Fe+ 2 in the 

' 7 M2 site . In a later work, Burns reported spectra 

of a series of olivines containing differP.nt maqnes i11m 

, . 16 . 
to iron ratios . Band I was observed in the range 
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FIGURE 13 

The 77 polarized visible (a) and near­

infrared (b) absorption spectra of 

Mg1 _62 co0 _38sio4 . Crystal thicknesses 

were N300µ. E-values are extinction 

coefficients per cobalt atom. a= a, 

S = b, y = C • 
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FIGURE 14 

The room temperature, polarized visible (a) 

and near-infrared (b) spectra of Ni 2sic 4 . 

cr = a, ~ = b, y = c. 
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FIGURE 15 

The 77 K polarized visible (a) and near­

infrared (b) absorption spectra of Ni 2sio4 . 

Crystal thicknesses of N20 µ were required 

to keep the visible absorption band below an 

absorbance of 2. a= a, S = b, y = c. 
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FIGURE 16 

The room temperature, polarized near­

infrared absorption spectra of 

Mg 1 . 5Ni0 . 5sio 4 . ~=a,~ = b, y = c. 
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FIGURE 17 

The 77 K polarized visible (a) and near­

infrared (b) absorption spectra of 

Mg 1 . 5Ni0 . 5sio 4 . Crystal thicknesses were 

,.,.40 µ, • a. = a, S = b , y = c . 
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-1 11680 to 10930 cm , Band II showed a range of 9560 to 

-1 1 9280 cm , and Band III had a range of 9200 to 8070 cm-

for the series as the mole percent Fe2sio4 increased 

from 8.4 to 97.9%. He cited composition dependent area 

ratios of the Gaussian resolved bands of they spectrum 

as further confirmation of his site assignment. Runciman, 

et al. -1 assigned Bands II and III (at 9540 and 9100 cm 

respectively) to Fe+ 2 in the M2 site and observed a 

weak shoulder at N8000 cm-l (Band IV), which was not 

. dl7 assigne . Burns' reply to Runciman, et al. included 

a spectrum of kirschteinite, an iron-rich monticellite 

• h h • h' ~. 18 wit t e stoic iometry CaMg0 _3Fe0 _7~io 4 . The monti-

cellites are calcic olivines which have been shown to 

have complete ordering of the octahedral sites with 

+2 . . . 19 h Ca occupying the M2 position , t us, Burns' spectrum 

should represent iron in the M1 site. He reported 

bands at 10900 and 8700 cm-land no intense features in 

they-polarized spectrum, confirming that Band III was 

• b bl • • h • 18 attri uta e to iron int e M1 site . 

The triphylites are phosphates which crystallize 

in the olivine structure5 . They exhibit complete 

ordering of cations in the octahedral sites, with Li+ 

occupying the M1 site20 ' 21 . Hanke has compared the 

M1 and M2 sites of various olivine structures including 

LiMnPo 4 and Fe2sio 4
22 . The M2 sites of these structures 

, 
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are strikingly similar. The mean metal-oxygen distance 
0 

is 0.01 A longer in the phosphate, one set of M-o 3 
0 

lengths increases from 2.09 to 2.13 A, and the o 3 -M-o 3 

angles change from 68.8° to 64.9° and 114.6° to 117.9°, 

thus the M2 site of triphylite is slightly larger and 

somewhat more distorted than that of olivine. The 

polarized absorption spectra of triphylite (Figures 8 

and 9) exhibit an intense band in cr(c) at 9250 cm- 1 , 

which corresponds to the energy of Band II in the iron-

. h . . 16 ric ol1v1nes . In addition a shoulder is observed at 

N7500 cm-l in the cr-polarized spectrum. Thus, Band IV 

is assigned to iron occupying M2 , and Burns' assignment 

of Bands I, II and III is confirmed. 

Cobalt substituted triphylite (LiCoP0 4 ) was 

synthesized so that similar comparisons could be made 

for cobalt olivine. Several bands of the co 2sio4 

spectrum were assigned by .Schmitz-DuM0nt and Friebel 

from reflectance studies on the systems [co,Mg]
2
sio

4 

and Ca[co,Mg]sio 4
23

. Specifically, bands at 6500 and 

13300 cm-1 . d +2 . were assigne to Co in M2 and bands at 

-1 +2 . 8250, 16000 and 21500 cm to Co in M1 for co2sio
4

. 

As reflectance maxima do not necessarily represent 

absorption maxima, the TlCl pellet spectra of LiCoP0 4 

and co2sio 4 were compared to confirm Schrnitz-DuMont 

and Friebel's assignments and sort out the complicated 
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visible energy region. Further, low temperature spectra 

were recorded to improve resolution in regions where 

heavy overlapping of bands was observed. Examination 

of Figures 4 and 5 reveal that bands at 21500 and N9000 

cm-1 , and possibly at 16300 cm-1 , can be identified 

with the M1 site. The remaining spectral features are 

probably the result of d-d excitations of Co+ 2 in the 

M2 site. 

As attempts to crystallize LiCoP0 4 failed, crystals 

of cobalt-magnesium olivine, generously supplied by 

Dr. Jun Ito, were examined with polarized light and 

compared to the polarized co 2sio4 spectra. The weak 

band at 21500 cm-l in cobalt olivine has gained intensity 

-1 . with respect to the band at 20400 cm upon lowering 

the total cobalt concentration, consistent with x-ray 

diffraction data which indicate Co+ 2 is preferentially 

located at the M1 site8 . As the absorption at 8800 cm-l 

shows the same dependence on cobalt concentration, it 

must also be a transition associated with Co+ 2 in the 

The reflection spectra of nickel monticellite 

and members of the [Ni,Mg] 2sio4 series were reported 

by Reinen24 . Although he concluded nickel preferentially 

occupies M1 and that 10 Dq is larger for M1 and M2 , 

no band energies were specifically assigned with regards 



183 

to site . Nickel(II) has also been shown by Rajmani , 

et al. to prefer M1 occupation9 . In comparing the 

visible spectrum of LiNiP0 4 with that for Ni 2~ic 4 

(Figures 6 and 7, respectively), it is clear that the 

prominent shoulder at N26200 cm-1 is missing in the 

M2 site spectrum . This band is therefore assigned to 

. +2 , h . Ni int e M1 site. 

• • 't f 9500 cm-l v1c1n1 yo 

Increased intensity in the 

in Ni 2sio4 suggests that a 

transition in the Ni+ 2 d-manifold of the M1 site occurs 

in this energy region. The main features of the 

Ni 2s ic 4 spectrum appear to be due to excitations of 

Ni+ 2 in the M2 site, as they are also observed in 

LiNiP04 . 

-1 The 26000 cm band assignment could not be 

confirmed by the polarized absorption spectra of 

magnesium-nickel olivine, as the region is masked by an 

intense ultraviolet band, thought to be the result of 

trace levels of vanadium, reported in Ito's analyses. 

Reinen's reflectance spectra of the [Mg,Ni] 2sio4 

series show that the 26000 cm-l shoulder increases in 

intensity compared to the 24000 cm-l band with decreasing 

nickel concentration, as expected for preferential 

population of the M1 site. As absorption bands at 9000 

-1 and 16100 cm are also more prominent in the single 

crystal spectra of magnesium-nickel olivine than in the 
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pure nickel sample, they are assigned as d-d transitions 

• + 2 ' h ' 11 of Ni int e M1 site as we . 

Polarization properties of the M2 site 

Burns has described the M2 site as a t~igonally 

distorted octahedron that can be regarded as approxi-

16 mately c3v . Runciman concluded that the observed 

polarization of Band II was in conflict with that 

predicted for a trigonal distortion and replaced the 

. . . . 17 h trigonal model with a c2v description Te crystal 

axes a, band c were assigned the molecular axes .67y + 

.33z, x and .67z + .33y, respectively. Figure 18 

illustrates the relationship between the crystal and 

molecular coordinate systems. As Runciman's assignment 

has been shown to be incorrect, the polarization 

properties of iron(II) in the M2 site should be 

reexamined. The absorption spectrum of triphylite 

-1 shows the 9300 and 7200 cm bands are both polarized 

along c ~ z(a). As none of the energy level schemes 

of Figure 19 predict the observed polarizations, it is 

concluded that the simple site symmetry approximation 

must be modified to include the effects of spin-orbit 

coupling and possibly nearest neighbor interactions 

via the factor group antiferromagnetic coupling. The 

orbital splitting is assumed to remain the consequence 

of the approximate c2v site symmetry. 
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FIGURE 18 

ORTEP perspective views and projections 

of the M2 site down the crystal axes. 

Molecular axes, according to Runciman, et al. 

are also shown for the projection views. 
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Band assignments based on the c2v site symmetry 

for Co+ 2 in M2 are shown in Table I. As the ground 

state of octahedral Co+ 2 is triply degenerate , there 

+2 are three possible ground states for Co 

4 
symmetry. The polarization of the Tlg -

in c2v 
4A (0 ) 2g h 

transition suggests the ground state of +2( ) • Co M2 1s 

4 A2 . The visible energy region is complicated by the 

presence of doublet spin states. Although transitions 

to these states are expected to be less intense than 

spin-allowed excitations, Ferguson and coworkers have 

-1 assigned prominent features just above 20000 cm in 

. 25 26 cobalt-doped K2MgF 4 and Coc12 •6H2o to transitions 

to the 2T1g term arising from the free ion 2P . Increased 

intensities are explained by spin-orbit interactions 

with the nearby quartet spin states. Blunt has assigned 

-1 bands at 18500, 18900 and 20400 cm to quartet levels of 

rhombic (D2h) Co+ 2 in MnF 2
27 . He concluded that the 

low symmetry field was the dominant perturbation for 

this case , as the 2T state near 20000 cm- l was not lg 

observed. 

The 6500 cm-l band in the near-infrared is observed 

in all three polarizations. It has been assigned as 

the 
4

A2 - 4A1 transition. As this excitation is electric 

dipole forbidden in c2v symmetry, the observed intensity 

is thought to be derived from spin-orbit interaction 
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TABLE I 

M2 Site Band Assignments for c 2v Symmetry 

co+ 2 Ni+ 2 

-1 3 Energy(cm xl0) Assignment -1 3 Energy(cm xl0) Assignment 

20.4 2A 
2 23.65 3B 

1 

19.5 
4A 

----- 3B 
2 

19.1 2 3A ----- 2 

17.5 4B 
1 

17.2 4B 
2 12.6 3B 

1 

----- 3B 
2 

13.2 4B 
1 11.2 3A 

2 

7.55 4B 
1 8.0 3A 

2 

6.6 4A ----- 3B 
1 2 

5.9 4A 
2 6.75 3A 

1 
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with the ground state. The observed isotropy and 

splitting into two components at low temperature are 

consistent with this mechanism (all quartet states are 

split into two doubly degenerate r 5 representations in 

the c2v double group). 

There is no ambiguity of ground state assignments 

.+? d • b' d for Ni-, as the groun state is or itally non- egenerate 

for octahedral symmetry. Table I also contains the 

Band assignments for Ni+ 2 in the M2 site based on c2v 

site symmetry. Bands at 8000 and 6750 cm-l have been 

3 3 assigned as A2 and A1 states, respectively, on the 

basis of electric dipole polarizations, As the octa-

3 hedral T2 parent state can also gain intensity from . g 
• d' • • 28 h • magnetic ipole interaction , t ese assignments may 

be reversed. 

Ligand field calculations 

The rhombic ligand field potential has the following 

form: 

= r2[ yoyo + l/-f2 y2 (Ya + y-2) J + r4[ y"Yo + 1/-12 y2 
2 2 2 2 2 4 4 4 

(Y 2 + y-2) + l/-f2 y 4 (Y4 +· y-4)], 

m 
where Yn 

4 4 4 4 4 

= 4n/2n+l ze~Ym(r.,0,,<f),). 
i n i i i 

( l) 

Evaluation of 

equation 1 using the coordinate system of Figure 18 and 

assuming that r~n can be replaced by the binomial 
i 

approximation: 
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r -:-n = ( R + E . ) -n = R-n ( 1 - nE . /R + n ( n+ 1) /2 ( E . /R) 2 --n i = R 6 , 
l l l l n 

( 2) 
yields the following expression for the rhombic potential: 

Ve = ze<r 2 >/R 3 [ A(3z 2 -r 2 ) +B(x 2 -y 2 )] + ze<r 4 >/R5lc(35z 4 -

2v 
3 0 z 2 r 2 + 3 r 4 ) + d ( 7 z 2 - r 2 ) ( x 2 -y 2 ) + e ( x 4 - 6x 2 y 2 + y 4 ) J ( 3 ) 

where A=~ ½(3cos 2 0 .-l)o 3i , B = ~ 3/2sin2 e.o 3i , c = ~ 1/32 
l l l l l 

(35cos 4 9.-3Ocos 2 0.+3)o 5i, d = £ 5/8(sin2 0.)(7cos 2 e .-l)o
5
i, 

l l i l l 

and e = I: 35/32 sin 4 0. 01
5•. For small rhombic distortions 

i l 

the octahedral contribution to the potential can be 

separated from the rhombic terms. Further, Stevens' 

operator equivalent method can be used to shorten 

computation time. The final form of the ligand field 

potential is: 

VC = (AOQ + B0 2 )b2 + (COQ + D0 2 + E0 4 )b 4 
2v 2 2 4 4 4 

( 4) 

where C = c+ 7/64, D = d-35/16, E = e -105/64, b 2 = -2/21 

- -5 m ze<r 2 >/R3 , b 4 = 2/63 ze<r 4 >/R, and O are the Stevens' n 

operator equivalents according to Hutchings 29 Diagon-

alization of the octahedral wavefunctions in this 

coordinate scheme yields the eigenfunctions t;g = -½ 

(x2 -y 2
) +/3/2(z 2 ) = (z 2 -x2 ), t~g = (xy), t~g = (yz) , 

ea = /3/2(x2 -y 2 ) + ½(z 2 ) = (y 2 ), and eb = (xz) . The one 
g g 

electron values of the rhombic field are listed in 

Table II. 

Th 1 ' ' d 7 d d 8 ' ' emu t1electron1c an configurations were 
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TABLE II 

One Electron Values for the Rhombic Operator 

E (dz2-x2) = (-3A - 3B)b2 + (57C - 9D + 3£) b 4 

E ( d:>..'Y) = 6Ab2 + (12C - 12E) b 4 

E (dyz) = (-3A + 3B)b2 - (48C + 12D)b4 

E (dxz) = (-3A - 3B)b2 + (-48C + 12D)b4 

E (d 2) = (3A + 3B)b2 + (27C + 9D + 9E) b 4 y 

calculated by forming the strong field octahedral 

wavefunctions, adding the electron repulsion perturba-

tion, 

(Voct 

mixing the two Tlg states for intermediate fields 

~ e 2 /r .. ) and splitting the octahedral states with 
lJ 

the rhombic operator. The results of these calculations 

are listed in Tables III, V and VII for iron, cobalt and 

nickel orthosilicates, respectively. Interaction 

between states in the rhombic field were assumed negligi­

ble. 

The 

symmetry 

M1 site has been assigned the effective site 

16 D4h . The tetragonal energies of Co(II) were 

reported by Ferguson, et al. for the strong field limit25 . 

The coupling of the octahedral 4T1g states by the electron 

repulsion operator was included for the M1 site. The 

values of the tetragonal energy levels for nickel and 

iron were derived from the d 1 and d 2 cases given 
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by Ballhausen by changing the sign of the Dq , Ds and 

Dt coefficients30 . The results of the ligand field 

calculations on the M1 site of olivine for Fe(II) , 

Co(II) and Ni(II) are included in Tables III, IV and 

VI , respectively . The polarization properties of the 

M
1 

site were masked by the more intense M2 transitions , 

thus , the calculations were based on the tetragonally 

d d b d 1 h . 22 elongate octahe ran o serve crysta lograp ically . 

Iron(II) should have a 5A1 ground state based on 

the observed z-polarization of the highest energy 

transition. The ligand field parameters were , therefore , 

5 adjusted for a calculated A1 ground state. As there are 

more parameters than observed bands, the fit is somewhat 

misleading. The initial set of parameters was taken from 

the cobalt(II) and nickel(II) calculations and iterated 

to a reasonable fit with the observed near-infrared 

absorptions. The 7200 cm-l band is predicted to be 

5B1 in c2v symmetry and therefore, x-polarized (S). 

It is observed in~ with the 5A1 transition; however, 

the observed intensity drop of the 7200 cm-l band in the 

77 K spectrum suggests a vibronic interaction may 

account for the anomalous polarization . 

The nickel(II) spectrum is fit quite well, particu­

larly when magnetic dipole interactions are assumed 

responsible for the intensity of the lowest lying 3A 2 
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TABLE III 

Ligand Field Calculations for Iron(II) Olivine 

Calculated* Observed** 

(cm-1 ) (cm-1 ) 

5 
Blg = 10 Dq + 3 Ds - 5 Dt 

5 
Alg = 10 Dq - Ds - lODt 

SB 
2 

= 3 Ds - 5 Dt 
g 

5 .~ 0 
1::, = g 

LFSE = -3000 - 1600 = -4600 

10900 

8700 

3400 

-1 cm 

-1 -1 -1 * Dq = 750 cm , Ds = 800 cm , Dt = -200 cm 

** Reference 18 

10900 

8700 

M2 Site Calculated*** Observed 

5 A1 = -0.114 

5 
Bl= 

5 A2 = -2.172 

5 A1 = -1.001 

5 B2 = 0 

*** Dq = 650 

(cm-1 ) (cm-1 ) 

b 2 + 11.995 b4 + 10 Dq 

0.264 b4 + 10 Dq 

b 2 +1.055 b4 

b 2 +9.163 b4 

LFSE = -2600 - 2000 = -4600 

KD = 1.0 (for 1200'-t) 

**** K = 1.1-1.3 D (obs) 
-1 

b2 -1600 -1 
b4 cm , = cm , = 

9210 

7020 

3350 

-100 

-1 cm 

120 -1 cm 

9300 

7200 

**** Reference 9 
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3 and A1 excited states.· Ferguson has provided experi-

• ' ' ' h' ' 28 b h mental Justification fort is assignment , ut t e 

apparent complete dominance by either magnetic or 

electric dipole interactions is quite unexpected for 

this transition. 

In a crystal field calculation of Mg1 . 8Ni0 . 2sic4 

based on reflectance spectra, Wood has reported values 

-1 of 870 and 768 cm for Dq for the M1 and M2 sites, 

. 31 
respectively The discrepancies are most likely due 

to a neglect of ground state stabilization by the low 

symmetry fields and to shifts in the band positions 

due to compositional variations. 

Although the observed energy splittings of rhombic 

Co(II) can be fit by the ligand field calculation, the 

ordering of states does not correlate. Blunt has 

observed considerable magnetic dipole character in the 

4T band of Co(II) doped in MnF 2
27 , which may account 2g 

for some of the discrepancy between theory and spectra, 

as was observed for Ni(II). The highest manifold of 

excited states (components of the octahedral 4T1g(P) 

state) show considerable structure at low temperatures, 

assigned by Ferguson, et al. to spin-orbit coupling 

2 25,26 with the P level in similar cobalt(II) systems . 

Thus, inclusion of the spin-orbit coupling operator in 

the rhombic potential appears necessary to adequately 
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describe the visible spectrum of the Co(II) ion occupying 

the M2 site of olivine. 

The LFSE's for M1 and M2 of olivine, co2sio4 and 

Ni 2sio 4 are listed in Tables III, IV or V, and VI or VII, 

respectively. Distribution coefficients (the equilibrium 

constants for cation exchange between the two sites) are 

calculated solely from the difference in LFSE of the 

t\vo sites. In comparing this value to that calculated 

from site distribution data determined by x-ray diffrac­

tion methods, the agreement is remarkably good, even 

though entropy and cation size effects were ignored. 

The poorest correlation is found for nickel, where the 

observed value was admitted to be somewhat suspect 

9 because of zoning in the sample . Such strong correla-

tion suggests that ligand field stabilization dominates 

cation distribution in olivines. 

Summary 

The absorption bands of iron, cobalt and nickel 

olivines have been separated with respect to metal site 

on the basis of previous assignments, the absorption 

spectra of synthetic and natural triphylites, and the 

polarized spectra of magnesium-nickel and magnesium­

cobalt olivines. The effective c 2v site symmetry 

proposed by Runciman, et al. has been shown to adequately 

describe the band splittings, but it fails to completely 
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describe the observed polarization properties particularly 

for Co(II). Ligand field calculations have resulted 

in values of B, Dq and the low symmetry radial parameters 

for both the M1 and M2 sites. Calculation of LFSE's 

and the ligand field contribution to the distribution 

coefficients of the cation exchange reactions from 

these parameters and comparison to K0 •s calculated 

from x-ray diffraction data has led to the conclusion 

that ligand field stabilization is the major driving 

force for cation ordering in olivine. 
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ABSTRACTS TO PROPOSITIONS 

1 . Far-infrared spectral studies on silver(I) , mercury 

(II) and copper(II) substituted azurin are proposed to 

elucidate the mechanism of tryptophan fluorescence 

quenching . 

2 . X-ray photoelectron spectral studies on hemoglobin 

and various derivatives are proposed to correlate the 

observed charge on iron to that deduced from resonance 

Raman data. Specific models of hemoglobin binding may 

then be formed. 

3 . Coherent anti-Stokes Raman spectroscopy is proposed 

as a method for obtaining resonance enhanced vibrational 

spectra of transition metal complexes in regions of 

d-d absorption . Initial experiments on vibronically 

active and photochemically important Cr(III) complexes 

are suggested. 

4. A reex amination of the absorption spectra of 

cobalt(II) and nickel(II) substituted pyroxenes using 

recently grown single crystals is proposed to resolve 

the present conflict concerning site preferences of the 

transition metal cations. A rhombic ligand field anal­

ysis will be necessary to determine the contribution of 

ligand field stabilization energies to the observe d 

site preferences . 
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5. A resonance Raman spectral study on low molecular 

weight flavodoxins is proposed to elucidate binding 

interactions between the flavin mononucleotide and the 

flavoprotein and the importance of these interactions 

on oxidation-reduction reactions. 
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PROPOSITION 1 
NNNNNNNNNNNNN 

Ultraviolet emmission studies of azurin (f. 

fluorescens) have shown that fluorescence attributed 

to tryptophan in the apoprotein is quenched some 60-

1 2 70% upon binding to copper(II) ' . Addition of Hg(II) 

ions to the apoproteins caused a similar quenching, 

whereas addition of Ag(I) and PMB (p-mercuribenzoate) 

had little effect on tryptophan fluorescence. As 

tryptophan analysis showed only one residue per mole 

of protein, incomplete quenching of fluorescence was 

interpreted to be the result of confirrnational changes 

in the peptide backbone upon copper(II) incorporation 

rather than direct binding of copper(II) to the 

tryptophan. Grinvald, et al. have observed mono­

exponential fluorescence decay for apoazurin (.!:..?.. 

aeruginosa) 3 . The decay of holoprotein fluorescence 

was satisfactorily fit when a second exponential term 

was added to the decay function. Further, comparison 

of calculated and observed quantum yields indicated 

a majority of the holo~zurin .molecules are not fluore­

scent. It was concluded that apoazurin exists in one 

form, whereas holoazurin is an equilibrated system of 

at least two conformers, one exhibiting no fluorescence 

and therefore, containing strong copper-tryptophan 
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interactions. 

It is proposed that far-infrared spectral studies 

of chemically modified azurins will help resolve the 

question of copper-tryptophan interaction. A band at 

370 cm-l in apoplastocyanin shifts to 345 cm-l when 

the metal ions, Cu(I), Cu(II) or Co(II), are incorpor­

ated into the metal site (Part I, Chapter I). Further, 

resonance Raman spectral studies of the blue copper 

proteins indicate that the azurin blue site is similar 

to the plastocyanin site with respect to amide back­

bone coordination4 . Thus, an analogous band near 

-1 370 cm is expected in the far-infrared spectrum of 

azurin. 

As silver(I) binds to apoazurin but does not 

quench tryptophan fluorescence, a shift in the helix 

deformation mode of silver(I)-substituted azurin 

would indicate no correlation between metal-amide 

backbone binding and fluorescence quenching and imply 

a strong metal ion-tryptophan interaction. Mercury(II) 

exhibits both two and four coordinate bonding, depending 

on the ligands involved. Finazzi-Agro and coworkers 

assumed tetrahedral coordination in the mercury(II)­

azurin complex1 ' 2 , which would certainly be confirmed 

by a shift in the helix defromation mode, analogous to 

the holoprotein results. 
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If two forms of azurin exist in equilibrium, as 

suggested by Grinvald, et al. 3 , then the infrared spectrum 

should exhibit a temperature dependence resulting from 

the energetically favored form "freezing out" as the 

temperature is lowered. Similar infrared spectral 

studies could be performed on stellacyanin, as it also 

exhibits tryptophan fluorescence quenching upon Cu(II) 

b • d' 5 1n 1ng. 

BIBLIOGRAPHY 
tv NtvNtvNNNNNN N 

1. A. Finazzi-Agro, G. Rotilio, L. Avigliano, P 

Guerrieri, V. Boffi and B. Mondovi, Biochemistry, 

9, 2009(1970). 
N 

2. A. Finazzi-Agro, c. Giovagndi, L. Avigliano, G. 

Rotilio and B. Mondovi, Eur. J. Biochem., 34, 
"'"' 

20(1973). 

3. A. Grinvald, J. Schlessinger, I. Pecht and I. z. 

Steinberg, Biochemistry, 14, 1921(1975). 
NN 

4. o. Siiman, N. M. Young and P.R. Carey, J. Amer. 

Chem. Soc., 96, 5583(1974); J. Amer. Chem. Soc., 
NN 

in press. 

5. L. Morpugo, G. Rotilio, A. Finazzi-Agro and B. 

Mondave, Arch. Biochem. Biophys., !2!, 291(1974). 



211 

PROPOSITION 2 
NNNNNN""1#NfVN""'-""t'V 

Oxygen binding in hemoglobin has been the subject 

of countless physical studies spanning more than forty 

years, yet the actual mode of interaction has not been 

d ' ' h 1 d • ' 2 d ' resolve. Griffit an Pauling propose a low spin 

iron(II)-oxygen complex to account for the observed 

diamagnetism of oxyhemoglobin. Weiss suggested a 

low spin iron(III)-superoxide model with exchange 

coupling between unpaired electrons on the iron and 

3 superoxide would also fit the observed physical data. 

As the oxygen-oxygen stretching frequency shows 

considerable sensitivity to bond order, the vibrational 

spectrum of hemoglobin appeared to be a direct method 

of determining the structure of the complex. However, 

strong absorption by aqueous solutions over much of the 

infrared and the inherent weak intensity associated with 

the stretching motion of a homonuclear diatomic mole­

cule have made infrared investigations difficult. 

-1 Although Barlow, et al. report a frequency of 1104 cm 

for the 0-0 stretch from difference spectra of red 

4 blood cells , there is some question as to the 

validity of the assignment in light of the observation 

of the 0-C stretch at the same frequency in cobalti­

globin5 . Unfortunately, the visible spectral region 
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is dominated by intense porphyrin transitions, so 

that conventional Raman spectrum, which does not show 

interference from the aqueous solvent and is predicted 

to exhibit an allowed 0-0 stretch, is not observed. 

The resonance enhanced Raman spectrum of a series of 

6 hemoglobins has been reported . Again, the principal 

absorptions are due to intra-ligand transitions within 

the porphyrin ring so that the observed resonance 

Raman spectrum contains only porphyrin vibrations. 

Spiro and Strekas have concluded, on the basis of 

vibrational frequency shifts, that iron in oxyhemoglobin 

has considerable iron(II) character. From the observed 

band positions of the porphyrin vibrational spectrum, 

carbon monoxyhemoglobin must also be assigned a 

similar iron(II) structure. 

It is proposed that the x-ray photoelectron spectra 

(XPS) of a series of chemically modified hemoglobins, 

such as studied by Spiro and Strekas, will provide 

independent evidence concerning the charge on the 

iron atom. Recent successful studies on copper-

sulfur binding in plastocyanin indicate that sampling 

techniques have improved to the point where meaning-

ful XPS data may now be obtained for biological 

samples 7. Seigbahn, et al. have shown that the core 

electron binding energies of iron are sensitive to 
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changes in chemical bonding, i.e., charge on the iron8 

Thus, an x-ray photoelectron spectral study seems 

likely to yield useful information concerning the oxida­

tion state of iron in oxyhemoglobin, particularly when 

compared to that predicted by resonance Raman data. 
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PROPOSITION 3 
NNNNNl"tt#IVNNNNNN 

Since the advent of resonance Raman spectroscopy, 

there has been interest in applying the technique to 

transition metal d-d excitations. As those vibrations 

which are coupled to the electronic transition in 

question are the modes that are expected to be 

1 resonance enhanced the technique should provide 

useful vibronic information concerning bands that 

exhibit little or no fine structure. 3uch information 

is particularly useful for photochemically active 

excited states of transition metal complexes. The 

technique should also provide information on the Jahn­

Teller active vibrations of the dynamic or second-

2 order effect. Unfortunately, conventional resonance 

Raman methods have proved insufficiently sensitive to 

detect the weak signals generated by resonance 

enhancement from transition metal d-orbital excited 

states. 

It is proposed that the technique coherent anti­

Stokes Raman spectroscopy (CARS) is sufficiently 

sensitive to detect resonance enhanced vibrations of 

transition metal complexes. Coherent anti-Stokes 

emmission was first observed in benzene by Terheine3 . 

The method received little attention until the 
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development of high-power tunable lasers. Recently, 

CARS spectra have been reported for gases 4 and solids 5 , 

as well as liquids. The experimental arrangement 

consists of a high-power pulsed laser which pumps 

two tunable dye lasers. The first laser is set at a 

fixed frequency vp, while the second dye laser is 

scanned to lower frequencies vs. The two beams are 

focused and crossed at a small angle in the sample. 

At the crossing point a two photon excitation 2vp 

occurs. Scattering of the sampling beam (at vs) by 

this virtual state results in the emission of an 

anti-Stokes coherent beam at frequency 2v - v = v . p s as 

When the difference between v and v is equal to an p s 

allowed vibrational quantum, resonance occurs and the 

emitted anti-Stokes radiation intensifies, is detected 

by a visible light sensor, and plotted versus AY = v - v p s 

to yield a Raman spectrum. The emission intensity at 

resonance has been measured at 500 mw for a laser 

power of 1 kilowatt 6 , thus, the experiment can be 

carried out in room light with no provisions make for 

screening background light levels other than separation 

and masking of the Rayleigh scattered pump laser beam. 

Further details of the experimental arrangement may be 

found in reference 7. The coherent anti-Stokes 

emission has been shown to be nine orders of magnitude 
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more efficient than conventional Raman scattering. This 

added sensitivity is expected to allow observation of 

the weak, resonance enhanced vibrations associated 

with ct-electron excitations. 

If one places yp with the band envelope of an 

electronic transition, a resonance enhanced Raman 

spectrum is predicted. Hudson and coworkers have 

observed the resonance enhanced Raman spectrum of a 

highly conjugated organic molecule by the CARS methoct819
• 

Thus, CARS does hold promise as a method capable of 

yielding resonance enhanced Raman spectra of transition 

metal complexes. 

. . . . ( ) +l Areasonable initial system is trans-Cr en 2x2 . 

This series of complexes has several transitions in 

the visible region, which gain considerable intensity 

h 'b , . . 10 throug vi ronic-m1x1ng . ether chromium(III) 

complexes such as Cr(NH3 ) 5x+ 2 have photochemically 

active excited states in the red spectral region and, 

thus, also merit consideration. 
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PROPOSITION 4 
NNNNNNNNNNNNN 

White, et al. have studied the diffuse reflectance 

spectra of nickel and cobalt orthopyroxenes in order 

to assign site preferences within the series 

Mg1 M Sio 3 where M = Co+ 2 and Ni+ 2 1 . Grthopyroxene 
-X X 

is a chain silicate which crystallizes in the space 

2 group Pbca. There are two metal sites in the pyroxenes 

which lie in general crystallographic positions. The 

M1 site is a distorted octahedron with a mean iron-
o 

oxygen distance of 2.1 A, whereas the M2 site is an 

extremely distorted octahedron exhibiting a mean iron-
o 

oxygen length of 2. 22 A. i'ihen calcium is present, an 

ordered structure analogous to the calcic olivine, 

monticellite, is found. Comparing CaMgxNi 1 _x.si 2o6 

and CaMgxco1_xsi 2o6 spectra to the corresponding 

magnesium pyroxene spectra, White and coworkers 

assigned cation preferences, nickel(II) to the M
2 

site and cobalt(II) to the M1 site. These results 

are in direct contradiction to the orderings predicted 

3 
from ligand field theory by Burns . Ghose, et al. 

reported the ordering Mn(II) > Zn(II) > Fe(II) > Co(II) 

4 for M2 and Ni was observed to slightly prefer M
1

. 

As ligand field theory has successfully accounted 

for the cation orderings of olivine (Part II) and 
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cobalt(II) and nickel(II) doped MgSio 3 have recently 

been successfully crystallized5 , it is proposed that 

the assignments of White, et al. be reexamined. A 

comparison of the reported assignments of Co(II) in 

MgSio 3 and CaMgSi 2o 6 with those ·of cobalt(II)-olivine 

indicate several of the quartet levels may be 

incorrectly identified. Further, the octahedral ligand 

field analysis should be abandoned and replaced by 

a rhombic ligand field. As the c2v site approximation 

has correctly predicted the observed ligand field band 

splitting and polarization for a natural iron(II) 

6 h ' h • d pyroxene, t e analysis oft e nickel an cobalt 

substituted pyroxenes should be simpler than observed 

in the olivine system, and may actually resolve 

some of the discrepancies between theory and experi­

ments found in the olivines. 
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PROP0.:3ITION 5 
NNNf"VN,,.,,,,.,.,,NN,V~rt,,1 

Old yellow enzyme is a protein of great biochemical 

significance. Theorell isolated the enzyme from 

brewers bottom yeast in the mid-thirties, and soon 

discovered that the protein fraction lost all enzyme 

activity when separated from the accompanying yellow 

"impurity". Activity was restored by recombining the 

yellow fraction with the protein fraction. Thus, old 

yellow enzyme was the first example of a protein­

cofactor complex which ceased enzymic function when the 

two components were separated and regained activity upon 

b
. . 1 recom 1nat1on. The yellow cofactor has been identified 

as 6,7 dimethyl-9 (5'-phosphoribitolyl)-isoalloxazine 

or flavin mononucleotide (~~~). The enzyme has a 

molecular weight of ""110,000 and binds two FMN groups 

per mole. Although the activity of the enzyme is 

measured by the oxygen to peroxide oxidation, its 

biological function remains unknown. 

FMN 

More recently, a series of low molecular weight 

flavoproteins, called flavodoxins, have been shown to 
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be electron carriers in low potential oxidation-

d . . 2 re uction reactions . They often reduce NADH, trans-

ferring electrons to molecular oxygen or cytochrome c. 

The flavodoxins isolated from Peptostreptococcus elsendii2 

(MW= 15000) and from Azotobacter vinelandii3 (MW~ 

35000) are typical members of this series. These 

flavodoxins appear to be one electron carriers as the 

FMN is easily reduced to a stable blue semiquinone form, 

but the second reduction proceeds only with great 

difficulty. Both bind one FMN group, which can be 

separated from the protein and recombined to yield 

an active enzyme. The FMN has been shown to be bound 

in part to the apoprotein by the phosphate group of the 

phosphoribitol moiety. The characteristic fluorescence 

of both the FMN and a tryptophan side chain on the 

protein are quenched when the complex is formed. The 
Q 

structure of Desulfovibrio vulgaris flavodoxin at 2 A 

resolution shows the flavin ring sandwiched between a 

tyrosine ring and tryptophan ring4 Although the active 

site is fairly well known structurally, little informa­

tion concerning protein-flavin interaction during 

binding and oxidation-reduction is known. 

The flavin molecule has an absorption band at 

446 nm with an absorption coefficient of N6000, thus, 

it appears to be an excellent candidate for a resonance 
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Raman study. The reduced form has a broad band centered 

between 550 and 600 nm and is also sufficiently intense 

to observe resonance enhanced Raman vibrations. It is 

proposed that resonance Raman studies of the binding of 

FMN to the apoflavodoxins and also of the reduced flavin­

protein complexes will yield information concerning the 

role of flavin-protein interaction in electron transport. 

Resonance Raman studies on hemoglobins 5 , cytochrome c 6 , 

rubredoxin7 , blue copper proteins8 , hemerythrin9 , and 

h • lO h 'd d ' f t • • emocyanin ave provi e new in orma ion concerning 

those biological chromophores. Flavin mononucleotide 

has all the characteristics necessary for a successful 

resonance Raman experiment, thus, providing new informa­

tion on FMN-flavodoxin interactions. 
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