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Ah&act 

The first comphmentary studies using Mossbauer spectroscopy and hgand titrations on protoporphyrm 
IX lron(I1) with a series of ahphatlc mtrogenous hgands are reported Bmdmg constants have been 
determined by tltratlon of the metal complex with these hgands The adduct formation was momtored 
through optlcal spectroscopy Parallel Mossbauer spectroscopic experiments were conducted to monitor 
the electronic environment around the central iron atom m these adducts Both spectroscopic methods 
Indicated that all the ahphatlc nitrogen bases yielded low spm octahedral complexes The magnitude of 
the overall bmdmg constants (log /$ values which varied from 1 7 for ethanolamme to 4 26 for 
n-octylamme) are discussed and related to (I) the pK, values of the free hgands and (u) to the quadrupole 
sphttmg, AE,, of the haem Iron The ahphatlc nitrogenous hgands studied here exhibited cooperative 
bmdmg (except ethanolamme) with Hill coeficlents close to 2 for protoporphyrm IX iron(U), but with 
slgmficantly lower ( - lOOO-fold) affinity than pyndme and lmldazole hgands (which we have studied 
previously) However, these ahphatlc and aromatic hgands dlsplayed comparable AE, values ( - 1 00 to 
1 20 mm SK’) The fi2 and AE, values are also discussed m terms of the structure of the hgand 

Introduction 

We have reported studies on the bmdmg of 
pyndme, substituted pyrldmes and lmldazole to 
protoporphyrm IX lron(I1) m aqueous solution 
[l] In the mtroductlon to that paper we sum- 
marrsed the known literature and we refer the 
reader to rt In particular, attention was drawn to 
the manner m which the Immediate envuonment 
of the non was influenced by electron delocahsa- 
tton on the macrocycles and the nature and size 
of the ov.01 l.n~nAc .n the ,rnn mnrnh.,v,m mm- &I,+ LI*,a, Il~juuua 111 LI,b II”I1 p”Lp’J’“’ tiv111- 

plexes [l] Here we extend our earlier studies and 
report the preparation and characterrsatron of a 
number of low spm protoporphyrm IX non(I1) 
(PPIXFe( II)) complexes with a varrety of 
ahphatrc nitrogenous and related hgands This 
work 1s part of a contmumg programme to under- 
stand why hrstldme ligation to haem 1s so 
widespread m natural systems The current mvestr- 
gatron was armed at exammmg d and n bonding 
between the axrai hgands and u-on and in the Iron 

*Author to whom correspondence should be addressed 

porphyrin plane, as well as sterlc effects m the 
bonding of axial hgands PPIX was the porphyrin 
selected for this study as rt 1s the most widespread 
found m natural proteins From the work of 
others [2, 31 and our own data [4-81 it appears 
that different porphyrms contribute different 
amounts of electron density to the non centre 
depending on the nature and number of sub- 
strtuent groups on the periphery of the por- 
phyrms The mam drawbacks to this approach 
have been pointed out [l] 

Results and discussion 

In all, ten ahphatrc amme hgands were studied 
Then structures and electronic absorption spectra 
of then PPIXFe(I1) complexes m the vrsrble re- 
gion are presented m Table 1 

Vmble spectra 
in the known iron porphynns crystai struc- 

tures the porphyrm nng 1s effectrvely planar and rt 
has D,, symmetry Iron(I1) porphyrms m the 
S = 0 case have hypso spectra [9]. The spectral 
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TABLE 1 The electromc absorptton spectra of the complexes PPIXFe( II)( L2) or (L), (where L = mtrogenous hgands) at pH 12, 
I max show Soret, /? and G( bands 

Nitrogenous hgands Structure Band maxima 

Soret band 
(nm) 

/I band 
(nm) 

c( band 
(nm) 

1 Methylamme 
2 Ethylamme 
3 Dtethylamme 
4 Ethanolamme 
5 1,2-Dlammo-ethane 
6 n-Propylamme 
7 n-Butylamme 
8 set-Butylamme 

9 n-Octylamme 

10 Prperrdme 

CH,NH, 
CH,CH,NH, 
(CH,CH,),NH 
OHCH,CH,NH, 
NH2-CH,-CH,-NH, 
CH,(CH,),-NH, 
CH,(CH,),-NH, 
CH,-CH-CH,-NH, 

I 
CH, 

CH,(CH,),-NH, 
‘42 

“2 Q H2 

‘42 H2 
u 

421 
420 
418 
421 
421 
421 
420 
420 

420 526 556 

421 528 551 

526 556 
526 555 
526 555 
525 555 
526 556 
525 556 
526 556 
525 555 

h--A, ,,....I+ c..,,... udlrcrri iii ihe k&k i%giOii IC;JUIL 11~111 Z-ii * 

transltlons on the porphyrin We have dlscussed 
then orlgm and shown typical spectra [l] The 
spectra reported here (Table 1) are similar m 
appearance to those and so additional figures are 
not necessary 

It has been observed m this work (Table 1) and 
by others [lo] that the posltlon of the Soret band 
m porphyrin Fe(I1) complexes, coordinated to 
ahphatlc hgands, 1s unaffected or shifts slightly to 
longer wavelengths With unsaturated hgands (n- 
bonded systems) the Soret band moves to shorter 
wavelengths [l] The explanation of this move- 
ment of the Soret band 1s that as the n-electron 
,4,,,.+,, -4. th, ma+,.1 l ,.,l..t,l, . . . . ..I_” tn.. ,,A” tl., uGu>lry “1 L11G IIIGLLLI L& “I “lLQ,D III”“GJ L”WcIIU> LIIG 

periphery of the planar porphyrin nucleus, ab- 
sorption occurs at longer wavelength Thus as the 
electron density donated to the iron by the satu- 
rated hgands 1s accumulated m the z dlrectlon, 
this will have only a slight effect on the spectrum 
[ 111 and will not affect the 7c electrons of the 
porphyrin nitrogen atoms m the xy plane How- 
ever, when unsaturated hgands bind to the u-on, 
the metal tZg orbltals (dYZ, d,,) are involved m 7c 
bonding to them This leads to a decrease m the 
overlap of metal t,, orbltals with the IC orbltals of 
the porphyrin rmg (via the porphyrin N atoms) 
and results m the shift of the Soret band to 
rhnrtw- waw4,wnth I1 0 10 171 Ull”lCIl ..U.WAY’.&L” LX, ,) A”) L&J 

We have established that some of the unsatu- 
rated hgand complexes have spectra where the 
Soret band appears at longer wavelength, viz 
substituted lmldazoles [l] We suggested for lml- 
dazole that the reason 1s that it has better o-do- 
nating ablhtles than the other aromatic hgands In 
addition, lmldazole hgands are able to approach 

l ha . ..A.. ,l,“,.. +I.,.. n.” m.n-h,3,.& . ..mrr‘. n.. thP.7 LUG II”11 L,“>GI Lllclll J‘A-IIILLII”GIGu 1111p aa ruby 

experience less sterlc hindrance [l] 

Spectrophotometrlc tltratlons 
We previously presented a typical spectropho- 

tometrlc titration of PPIXFe(I1) (reduced by 
dlthlomte and m the presence of dlthlomte) with 
lmldazole [l] The hgands reported here behaved 
slmllarly and lsosbestlc points were observed m all 
cases m the vlslble region For ethanolamme the 
Soret band had no lsosbestlc on the shorter wave- 
length side This will be discussed below At very 
high hgand concentrations (for instance for sec- 
butylamme N 1 M) a second process was observed 
. ..h..h .c. ..,,,l,t,A +r\ 1.,.,-A h.,A.,, l-h., . ..r..n_~ln WIIIbII 13 UlllG,arcAL L” ll&u‘U “‘uurrl~ I LIlJ p‘“b~xi 

appears to be due to changes m the physical 
properties of the aqueous phase as the hgand 
concentration becomes very high A process of 
this type was not encountered m our earlier work 
[l] as the binding constants reported there were 
much higher and lower hgand concentrations 
were thus required For the weaker bmdmg hg- 
ands reported here this second process 1s found 
when the log fiZ values are less than _ 3 0 (Table 
2) This second process can be dlstmgulshed from 
the bmdmg of hgand to the central n-on atom by 
comparison of the visible and Soret regions of the 
titration spectra For example, the formation of 
the :: and ,L? bands ch~rartm-,rt,r nf !cw cn,n UII~‘UICCI..TLlr “1 oy”‘n 
ferrous porphyrin (Table 1) occurs only m the 
first process at relatively low hgand concentra- 
tions The second process induces little change m 
these bands which are fully formed at the lower 
hgand concentration whilst enhancing and sharp- 
ening the Soret band The equlhbrlum constants 
for the PPIXFe(II) moiety with these nitrogenous 
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TABLE 2 HIII coefficient, hgand concentration at 50% saturation, stability constant of the haemochromes and the pK, of free 
nitrogenous hgand mvolved 

Nitrogenous hgands Hill coefficient h 50% Saturation (M) Stab&y constant 
log Bz (M-*) 

pKaa 

I Methylamme 
2 Ethylamme 
3 Dlethylamme 
4 Ethanolamme 
5 I ,2-Dlammo-ethane 
6 n-Propylamme 
7 n-Butylamme 
8 see-Butylamme 
9 n-Octylamme 

IO Plperldme 

2 O(2) 
2 O(2) 
1 ht.3 
131) 
20(l) 
1 e(2) 
20(l) 
2 O(2) 
1 S(l) 
25(l) 

0 035( 3) 
0 035( 3) 
0 090( 5) 
0 140(5) 
0 020( 2) 
0 OSO(4) 
0 020( 2) 
0 I lO(5) 
7 2(3) x lO-3 
0 021(2) 

29(l) 
29(l) 
2 09( 5) 
171(3) 
34(l) 
26(l) 
34(l) 
I 90(5) 
4 26(6) 
3 36( 8) 

IO 68 
IO 79(2) 
10 05 
95 

IO 03b 
IO 74(3) 
IO 71 

IO 66b 
1107 

“These data are taken from ref I3 These are 20 “C data or as near to 20 “C as possible The p values are 0 or as near 0 as avadable, 
m keepmg with a p value of 0 used m this work bThls compound has two pK, values (7 22 and IO 03), the higher of which 1s taken 
to be the appropriate one for experiments at pH I2 (see Fig 3) In our experiments we are never deahng with the doubly protonated 
species 

hgands, along with their Hill coefficients (h), the 
hgand concentration at 50% saturation, and 
the p&s of the free hgand involved are given m 
Table 2 

The Hill coefficients (h) were found from Hill 
plots of the type illustrated m Fig 1 and took 
values between 1 and 2 5 Apart from ethano- 
lamme all the titrations exhibit a strongly slg- 
moldal bmdmg curve mdlcatmg Hill coefficients 
significantly in excess of unity Precise values of h 
are crltlcally dependent on accurate determmatlon 
of the end point of the titration Where a second 
process obscures the endpoint at high hgand con- 
centration, the confidence m the reported value 1s 
dlmmlshed Values of h close to unity indicate 
independent bmdmg of hgands m a stepwlse man- 
ner Ethanolamme was the only hgand found for 
which h took a value close to umty and thus the 
PPIXFe(I1) binds this hgand m a stepwlse man- 
ner Confirmation of this was seen m the fact that 
there 1s no lsosbestlc on the shorter wavelength 
side of the Soret band Values of h greater than 

08 

Q: 08 
E 

-1 2 

-1 6 

-2 Q 
-36 -32 -28 -2 1, -20 -16 

log cone of the Llgand 

Fig I Hdl plot for the tltratlon of PPIXFe(I1) with n-octyl- 
amme 

unity indicate cooperative bmdmg of the hgands 
Thus, for a system m which two hgands may bmd 
to a central iron atom a value for h of 2 is 
mdlcatlve that the hgands bmd m such a fashion 
that, throughout the titration, no complex with a 
single hgand bound exists The value of h cannot 
exceed the number of mcommg hgand molecules 
Therefore values of h greater than 2 indicate 
cooperative bmdmg of hgands not only to the 2 
coordmatlon posltlons of the iron but also to either 
the porphyrin rmg [ 14- 161 or, through hydrogen 
bonding, to already bound hgands (1 e hgand self 
assoclatlon [ 171) The enhanced value of h for 
plperldme 1s surprlsmg Obviously, it cannot be 
explained using either of the preceding mecha- 
nisms Recently we suggested that the proplonate 
carboxylate group of the porphyrin and a NH, 
group of hlstldme might interact via an N-H 0 
hydrogen bond [ 181 Such a bond could also form 
to plperldme and would explain the enhanced h 
value It would also be m keeping with the high 
pK, of plperldme (see Table 2) Hill coefficients can 
also be affected by the nature of the solvent as 
illustrated by the effect of water (as a polar sol- 
vent) upon the eqmhbrmm constant, and h values 
found by McLees and Caughey [ 191 for complexes 
of Nl porphyrin with plperldme It appears that 
polar solvents may participate via solute-solvent 
mteractlons lowering the apparent value of h [ 191 

The results we obtained for the log /& values m 
Table 2 are all lower than those for the analogous 
lron( II) porphyrin complexes (with, for example, 
lmldazole and pyndme) m organic solvents We 
have discussed the reasons for this [l] We have 
previously studied PPIXFe( II) solutions m the pH 
range 7- 14 [5] and established that three species 
predominate, a four-coordinate aggregated species 
which 1s present over the entire range and two 
monomers which are present at higher pH values 
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The presence of the polymer m polar solvents will 
certamly depress the /& values However, 
Mossbauer data [5, 71 mdlcate that the proportion 
of this aggregated species decreases rapidly with 
porphyrin concentration Recently we showed that 
the PPIXFe( 11) monomer (four-coordmate, no 
axial hgands) can exist m cetyltrlmethylammomum 
bromide frozen solutions [S] The Mossbauer data 
for such monomers [ 81 are slmllar to those for 5 mg 
of PPIXFe(I1) m 3 ml reported previously [ 7b] by 
us as the ‘polymer’ site Clearly at concentrations 
around 3 x 10e3 M or less, most (or all) of the 
PPIXFe( II) 1s present as monomers at pH 12 0 
Under the condltlon of our titration experiments, 
therefore, N 10 PM porphyrm, the large majority 
of the porphyrin Fe(I1) 1s m the monomeric form 
A third effect that has been suggested to depress 
the value of Kes IS the presence m aqueous solution 
of OH- and H,O moieties which themselves will 
bmd [ 5,6, 201 to PPIXFe( II) (yet another solute- 
solvent interaction) We have found that the two 
monomeric PPIXFe( II) species at high pH contam 
OH- and HZ0 hgands [5, 6,8] 

Mossbauer spectroscopy 
To aid m the understanding of the electronic 

environments around Fe(II) centres, and how 
these are affected by the bmdmg of hgands, 
Mossbauer spectra were collected on frozen solu- 
tions at 78 K The spectra all consisted of sharp 
doublets and the parameters are presented m Table 
3 A representative spectrum 1s shown m Fig 2 
The range found for the isomer shifts for the purely 
o-bonding hgands 1s 0 45-O 52 mm s-‘, and that 
for the quadrupole sphttmgs (AE,) was 1 03- 
1 15 mm s-’ (except for plpendme, 1 4 mm s-l) In 
comparison the isomer shift range for the unsatu- 
rated hgands which was 0 45-O 48 mm s-’ and the 
quadrupole sphttmg AEo range was 0 94- 
1 23 mm s-’ [I] These values agree well with 
previously reported data [ 2 I] 

Fig 2 The “Fe Mossbauer spectrum of a frozen aqueous 
solution of PPIXFe( II)( n-propylamme), 

It can be observed both m this work and that 
reported previously [ 1, 211 that there 1s little 
difference m the isomer shifts of these complexes, 
all values are similar with a slight trend to smaller 
values for the lmldazole rmgs and larger for plpe- 
rldme However, slgmficant changes are observed 
m the AEQ values For example, for the five-mem- 
bered unsaturated rmg (lmldazole) a small AEo 
value 1s observed, whereas for the ahphatlc SIX- 
membered rmg (plpendme) a larger value 1s ob- 
served, and the six-membered unsaturated rings 
he m between these extremes [ 1] 

Only two of the known low spm ferrous por- 
phyrm structures are five-coordinate [22, 231, all 
the rest are hexacoordmate and for these m every 
case where magnetic perturbation measurements 
have been made, VZ, 1s positive and the asymme- 
try parameter, ‘1, 15 nearly or exactly zero It 1s 
accepted that the major contrlbutlon to V,, m 
these dlamagnetlc complexes arises from an lm- 
balance in electron densities m the Iron d,2_y2 and 
dZr orbltals, and the posltlve signs observed show 
that the covalent bonding to the planar porphyrin 

TABLE 3 “Fe Mossbauer spectra parameters for the haemochrome frozen solutron at 78 K 

Nitrogenous hgand 
;‘mm s-l) 

AEQ 
(mm ss’) (‘;mm s-l)” 

1 Methylamme 
2 Ethylamme 
3 Dlethylamme 
4 Ethanolamme 
5 1,2-Dlammo-ethane 
6 n-Propylamme 
7 n-Butylamme 
8 xc-Butylamme 
9 n-Octylamme 

10 Plperldme 

‘Half width at half height 

0 47( 1) I 08( 1) 0 17( 1) 
0 47( 3) 1 09( 1) 0 17(l) 
0 45(2) 1 07( 1) 0 18(l) 
047(l) 1 09( 1) 0 18(l) 
0 52( 1) 115(l) 0 15(I) 
049(l) 1 09(l) 022(l) 
0 48( 1) I 03(l) 0 17(l) 
0 48( 1) I 09( 1) 0 13(l) 
0 48( 2) 1 09( 1) 0 13(2) 
0 52( 1) 1 40(2) 0 16( 1) 



1s stronger than that to the axial hgands [24,25] 
We have discussed the orbital population m rela- 
tion to the bonding and geometry [l] 

As stated, the ahphatlc hgands generate AE,s 
m the range 1 03- 1 15 mm s-‘, and bond with 
n-on via an sp3 hybrid orbital m a 0 bond The 
fact that this AE, range 1s small and the absolute 
magnitude 1s less than that for cychc ahphatlc 
compounds (e g plpendme) can be interpreted to 
indicate that these hgands show no evidence of 
sterlc repulsions with PPIXFe(I1) Evidence m 
support of this comes from [ Fe(OEP)(NH,),] 
where the measured AE, (1 10 mm s-‘, at 115 K) 
[26], 1s similar to those of the ahphatlc hgands 
reported here Ammonia cannot be said to cause 
steric repulsion 

Collman et al [27] have determined the struc- 
ture of [ Fe(II)TPP(plp),] and found that the axial 
Fe-N bonds to the plperldme nitrogen atoms are 
stretched to a length of 2 127 a as a consequence 
of the severe sterlc mteractlons between plperldme 
hydrogen and porphyrin nitrogen atoms The 
value of 1 40(2) mm s-’ for the AEo for 
[ Fe( II)PPIX(plp),] would be m keeping with a 0 
bond weakened by such sterlc effects This com- 
pound has been studied previously [3,28] How- 
ever, our data are obtained from frozen solution 
and are included to contrast to the other ahphatlc 
nitrogen hgands which have not been studied m 
depth previously 

Conclusions 

The visible spectra of these PPIXFe( II)L, com- 
plexes have been characterlsed and provide mslght 
mto the electron density dlstrlbutlon of the 0 
bonding m the z direction Low spm octahedral 
complexes are indicated m all cases 

The general conclusions that may be drawn 
from the data presented above are best apprecl- 
ated by exammatlon of Figs 3 and 4 In these the 
overall bmdmg constant, flz 1s related either to a 
property of the free hgand, here the pK, value 
(Fig 3), or to a property of the u-on m the haem, 
here the quadrupole sphttmg, AE, (Fig 4) 

In Fig 3 the ahphatlc compounds studied are 
all m one group, included for comparison m this 
Figure are the pyrldmes Where sterlc constraints 
do not greatly hinder bmdmg, we note the trend 
wlthm each group 1s that the higher the pK, of the 
amme the higher 1s the bmdmg constant In other 
words increasing the affinity of a compound for 
protons increases its affinity for n-on, presumably 
because each bears a positive charge 

Figure 4 shows the relationship between log p2 
and the quadrupole splitting (AE,) The AEo m 
this context gives an estimate of the electron 

lo r 0 SIX membered Pyrldlne rqs 

Fig 3 A plot of log pz values against the pK, values of the 
free hgands The numbers refer to compounds listed m Tables 
1 and 2 11 = lmldazole, 12 = 5 chloro-1-methyhmldazole, 
13 = pyndme, 14 = 4-methylpyndme, 15 = 3,4-dlmethyl- 
pyndme, 16 = 4-chloropyndme, 17 = 3-ammomethylpyndme, 
18 = lsoqumohne, 19 = pyndme-N-oxide The hnes are not 
best fits of data, but simply show trends 

10 

r” 

0 I I I I I I 
09 IO 11 12 13 14 

AE, (mm s-l) 

Fig 4 A plot of log /$ against quadrupole splitting for the 
haemochromes The numbers refer to compounds hsted m 
Tables 1 and 2 and the legend of Rp 3 The key for the 
symbols 1s included m Fig 3 

imbalance between the four nitrogens of the por- 
phyrin on the one hand and the two nitrogens of 
the axial hgands on the other The major factor 
which affects AE, 1s the distance of the axial 
nitrogen hgands from the n-on, this m turn will 
reflect the orbital composltlon of the bond (and 
bond strength) and also sterlc mteractlons The 
compounds may be grouped mto rough regions 
The ahphatlc ammes which show little or no sterlc 
hindrance have AEQ - 1 1 mm s-l (showing the 
above imbalance) These compounds bmd to iron 
solely via 0 bonding and their bmdmg constants 
are low 

The five-membered rmgs show the smallest or- 
bital imbalance Therefore they can (1) get close to 
the n-on, and (n) accept some iron 3d electron 
density mto then- n* orbltals As a result they 
have higher bmdmg constants 

The six-membered rings experience greater 
sterlc hindrance than the five-membered rings and 
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although they are better I( acceptors, which ele- 
vates their bmdmg constants, they cannot ap- 
proach the iron so closely Thus they have greater 
electron imbalance than the five-membered rmgs 
and hence exhibit greater AEQs 

A striking feature of all the nitrogen hgands 
(except 19 which bonds through oxygen), lrre- 
spectlve of whether they are ahphatlc, or aro- 
matic, or indeed whatever the value of log j&, IS 
that the Hill coefficient is slgmficantly greater 
than unity The finding of cooperative nitrogen 
bmdmg (h > 1) reported here may have Imphca- 
tlons m the blologlcal role of nitrogen hgands m 
haem proteins A nitrogen hgand 1s almost mvan- 
ably one of the axial hgands and m many cases, 
(for example m electron transfer proteins), two 
axial nitrogen hgands are present 

Very recently the structures of two new substl- 
tuted lmldazole complexes of Fe(II)TPP have 
been reported In these haemochromes the Fe- 
N,, distances are 2 0 17( 4) and 2 0 14( 5) A, respec- 
tively [29] These small distances reinforce our 
earlier findings [l] and our above statements It 1s 
likely that such distances are similar to those 
found m natural systems and this 1s the reason for 
the widespread use of hlstldme as axial hgands to 
u-on porphyrms 

Experimental 

Electronrc absorption spectra were obtamed 
using a DU-7 spectrophotometer (Beckman) 

Haematm was purchased from Sigma and used 
without further punficatlon All the nitrogenous 
hgands were purchased from Aldrich Haematm 
was dissolved m NaOH (0 1 M) and diluted to the 
desired concentration ( - lop5 M) with NaOH to 
give a solution of final pH = 12 The haematm 
was reduced to PPIXFe(I1) with a slight excess of 
solid sodium dlthlomte As discussed m the text of 
this paper at pH 12 most of the PPIXFe(I1) 1s 
present as monomer, thus mvestlgatlons were car- 
ried out at high pH where we have previously 
shown a slgmficant proportion of the PPIXFe(I1) 
1s monomeric m the absence of nitrogenous bases 
[7b, 81 

Spectrophotometrlc titrations (at 293 K) were 
carned out anaeroblally by serial addltlon of de- 
gassed solutions of the various hgands Small 
volumes ( -20 ~1) of a stock solution (either neat 
compound or suitably diluted solution) of hgand 
were serially added to - 3 ml of PPIXFe( II) solu- 
tion, the precise volume being determmed by 
weight assummg a solution density of umty All 
experimental absorbance values were corrected for 
dilution effects on addltlon of hgand solution 
Spectra were recorded some 3 mm after each addl- 

tlon to allow equlhbrmm to be established The 
spectroscopic data were analysed by transforming 
the hgand bmdmg curve utlhsmg a Hill plot from 
which both the Hill coefficient and the log j& 
values could be obtained The values of these 
parameters quoted are the average of three exper- 
iments 

Mossbauer spectra were recorded on concen- 
trated frozen solutions at 78 K The Mossbauer 
spectrometer and experimental details have been 
previously described [ 301 
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