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l5N-NM R chemical shifts, spin-lattice, and spin-spin relaxation times of the four pyrrole nitro­
gen nuclei in complexes o f low-spin ferritetraphenylporphyrin with pyridine and 1-methylimida- 
zole in chloroform have been studied. Although deviations from an axial symmetry are observed 
at 4K by EPR and ENDOR spectroscopy, only one 15N-NM R absorption signal can be detected at 
T <  200 K indicating that rhombic distortions are averaged out at temperatures where NM R is 
observed. From an analysis of the 15N -NM R relaxation behavior it was possible to determine the 
magnitude of the hyperfine coupling constant A, from which the Fermi contact term to the chem­
ical shift was obtained. For a calculation of the pseudocontact shift, which is of the same size as 
the contact term, not only the shifts arising from the ‘orbital term’ but also bonding effects be­
tween the pyrrole nitrogen orbitals and the F e3+ orbitals have to be considered.

Introduction

The enzymatic function o f  heme proteins, which 
play a vital role in many biological processes, rests 
largely upon the specific interactions between the 
central metal ion and the porphyrin nitrogens and 
the ligands coordinated perpendicular to the por­
phyrin plane. Nuclear magnetic resonance (NM R) 
spectroscopy is a well established technique for 
studying details o f electronic and molecular struc­
ture o f paramagnetic complexes. Analysis o f chem i­
cal shifts, spin-spin, and spin-lattice relaxation times 
provides a measure o f  the distribution o f unpaired 
electrons in the ligand skeleton o f the paramagnetic 
organic complexes. Most o f the N M R  studies on 
porphyrins and its derivatives result from and/ 
or 13C resonance measurements [1 —3]. Only a few  
15N-NM R data o f pyrrole nitrogen in porphyrins 
have been reported [4 — 7], which are restricted 
more or less on diamagnetic species such as metal- 
free porphyrin or its metallo complexes with Zn 
and/or Cd.

Here, we report on measurements o f 15N  chemical 
shifts, spin-spin, and spin-lattice relaxation times 
( T1 and T2) o f the four pyrrole nitrogen atoms in

Abbreviations: [Fe(III)TPP]Cl, ferritetraphenylporphyrin 
Py, pyridine;
CH3-Im, 1-methylimidazole.
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low-spin (S'=  1/2) ferritetraphenylporphyrin (=  
Fe(III)TPP) with pyridine (=  Py) or 1-methylimid­
azole (=  CH3-Im) complexed in axial position, i.e., 
perpendicular to the porphyrin ring plane as it is 
shown in Fig. 1.

Materials and Methods

[Fe(III)TPP]Cl and ZnTPP were synthesized and 
purified as described in the literature [8, 9]. For the 
synthesis o f H2TPP 95% enriched 15N-pyrrole 
(Sharp & Dohm e) was used. All solvents were dis­
tilled before use. The concentration o f  the chloro­
form solutions was: 50 mM [Fe(III)TPP]Cl and 1 m 
pyridine (or 1-methyl-imidazole). Approximately
2 ml o f these solutions were taken for the NM R ex­
periments.
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Chemical shift and relaxation time measurements 
were performed on a m odified Bruker-B-KR 322 s 
spectrometer at 2.114 T  (9.12 MHz), which was 
equipped with a B-NC 12 computer and a magnetic 
disk system. For the measurements o f Tx a [180+X' — 
/ — 90 ° — 5 • Tt — 18 0 f x -  90 ° —] pulse sequence 
was used in order to m inimize the systematic error 
o f Tx arising in an off-resonance pulse experiment 
[10,11]. All T2 values were obtained from line 
widths measurements at half height. The shift re­
ported here are taken against the 15N -N M R  absorp­
tion o f  diamagnetic ZnTPP dissolved in chloroform  
at 298 K as external standard. Because o f the large 
chemical shifts observed ( «  2 ppt) any susceptibil­
ity corrections ( «  0.5 ppm) can be neglected.

In order to supress the “accoustic ringing”, which 
is an extremely troublesome effect in pulsed NM R  
at low frequencies in addition with high static mag­
netic field strengths [12], a special NM R sample 
probe was constructed. Instead o f  aluminium, which 
is used extensively for NM R  probes, the probe was 
built from brass with coated metal surfaces in com­
bination with a copper wire shield between the 
NM R coil and the solid metal surfaces [13, 14], 
With an aluminium probe the spurious ringing com ­
pletely obscured all weak and short free induction 
decay (FID) signals. Despite the mentioned preven­
tive acoustic measures ringing was still observable if  
longer signal averaging was necessary, especially at 
lower temperatures where the FIDs are relatively short 
(broad lines). For these cases difference spectra 
from 15N  enriched porphyrins and corresponding

samples with their natural isotopic nitrogen concen­
tration have been recorded. The disadvantage o f  
this technique is the increase o f the data acquisition  
time by more than a factor o f two in order to obtain 
comparable signal-to-noise ratios.

Results and Discussion

Fig. 2 shows the 15N  chemical shift data o f  
[Fe(III)TPP(Py)2]Cl and [Fe(III)TPP(CH3-Im )2]Cl, 
the bis-pyridine and bis-l-m ethylim idazole com ­
plexes o f ferritetraphenylporphyrin plotted vs. reci­
procal temperature. All values are referred to the 
15N  absorption o f diamagnetic ZnTPP in chloroform  
as external standard. The shifts are upfield in com ­
parison to the reference. The deviations from linear­
ity observed for the pyridine complex at T  ^  250 K 
are caused by an accelerated ligand exchange be­
tween the pyridine complex and the bulk solvent 
phase. The kinetics o f this ligand exchange reaction 
and the parallel occuring spin transition from the 
low- to the high-spin electron configuration has 
been described in a previous investigation [15].

Although the solutions o f [Fe(III)TPP(Py)2]Cl in 
pyridine/chloroform are frozen at T  ̂  200 K, a 15N - 
NM R absorption still is detectable below this freez­
ing point. Whereas in the liquid state at T >  200 K 
the appearance o f only one single Lorentzian line 
for the four pyrrole nitrogen nuclei in both low-spin  
complexes reflects an axial magnetic symmetry (see 
below), a weakly resolved and broad shoulder for

10 K/T

Fig. 2. 15N chemical shifts of 
the pyrrole nitrogen in low-spin 
ferritetraphenylporphyrin axi­
ally complex with pyridine (□) 
or 1-methylimidazole (O). All 
shifts are referred to Zn-tetra- 
phenylporphyrine in chloro­
form.
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the frozen solutions o f  [Fe(III)TPP(Py)2]Cl at T  ^  
200 K indicates some distortions from the axial 
magnetic symmetry in this particular temperature 
range*. At 71 ~  187 K the 15N absorption suddenly 
disappears which possibly is caused by an addition­
al phase transition at this temperature *.

Studies o f the 15N  absorption o f [Fe(III)TPP- 
(CH3-Im)2]Cl at lower temperatures are strongly 
hampered by the relatively broad signals compared 
with the pyridine complexes, so that no useful in­
formation could be gained at T  ^  230 K. Because of 
its higher stability [15], however, the NM R absorp­
tion o f this low-spin compound can be studied at 
T >  300 K (see also footnote). Fig. 2 clearly de­
monstrates that a linear relationship exists between 
the chemical shift and the reciprocal temperature 
provided the complex is in a low-spin electron con­
figuration and the system is in a liquid phase. Only 
those results will be considered in the following dis­
cussion which are characterized by a single 15N ab­
sorption with a Lorentzian line shape. These data 
are marked by solid lines in Fig. 2.

For low-spin ferriporphyrins with one unpaired 
electron (S =  1/2) the 15N -N M R  chemical shift is 
composed o f three different contributions: the 
pseudocontact term (superscript ps), the contact 
term (superscript c), and the diamagnetic term (su­
perscript dia), viz.,

(A H /H ) =  (A H /H )ps +  CA H /H f  +  (A H /H )Ai&. (1) 
The diamagnetic term in Eqn (1) can be neglected 
to a very good approximation in the following dis­
cussion, since all chemical shift data in the present 
study are referred to the diamagnetic ZnTPP com­
plex in chloroform solution.

For complexes with an electron spin quantum 
number S, where thermal population o f excited 
electron states is negligibly small, the Fermi contact 
term can be expressed as [16 — 18]

(A H /H )C =  -  [A ■ ß  ■ S  (S  + 1 ) • 2 n • g ]/(3  ^  • k T)

(2)
with g  =  1/3 • (gxx +  gyy  +  gzz) and A, the hyperfine 
coupling constant which measures the electron spin

* Note added in proof: Spectra of the low temperature 
range 2 0 0 K > T > 1 8 7 K  for [Fe(III)TPP(Py)2]Cl are 
shown and discussed in addition with results for 
[Fe(III)TPP(CH3-Im )2]Cl at T >  300 K in the report of the 
‘XlVth European Congress on Molecular Spectroscopy’, 
which will be published in a special volume of Journal of 
Molecular Structure, 1979/80.

density at the position o f the interacting nuclear 
spin.

The pseudocontact shift reflects both, the mag­
netic dipolar interaction between the unpaired elec­
tron and the nuclear spin, and the interaction be­
tween the nuclear magnetic moment and the mag­
netic field generated by the orbital motion o f the 
unpaired electron. The corresponding Hamiltonian 
is given as,

H =  2H ■ 7n ■ yff {[3 (rM ' S )

( r M • I ) /r \ i  -  (5  ■ I ) / r 3M\ +  ( /  • (3)

where rM is the radius vector, rM = r +  R. Here, r is 
the radius vector o f the electron at the electron 
bearing nucleus, for example, the central metal ion, 
and R is vector pointing from the NM R nucleus to 
the paramagnetic center. For protons where the un­
paired spin resides more or less in an 5-orbital, the 
last term in the curl bracket can be neglected. Under 
these conditions a simple relation holds provided 
the paramagnetic center and the proton are well 
separated, i.e., |/?| >  | r I .With the same restrictions 
as for Eqn (2) it follows [16 — 18]

(A H /H )P& = ( A H /H ) d =

5 ( 5  +  1) / 3 cos 29 — 1 ,
~ ß 2 —I— ■ (-------^ -------) • F(g)3 k T R 3

(4)

with 6 the angle between the vector R and the sym­
metry axis and F(g) a function o f the principal g- 
values.

Since the contribution o f the orbital term to the 
pseudocontact shift depends on the inverse cube o f  
the distance (cf. Eqn (3) -  second term in the curl 
bracket) o f the electron from the nucleus under 
study, the effect o f unpaired spin in a p-orbital cen­
tered on the ligand nucleus can be quite large, even 
though the unpaired spin density itself might be 
small. Consequently the full Hamiltonian (Eqn. (3)) 
has to be considered for an interpretation o f the 
15N -N M R shifts o f the pyrrole nitrogen atoms in 
low-spin ferriporphyrins.

From molecular orbital (MO) calculations on 
ferriporphyrin complexes [19,20] it is known that 
the metal character o f the 3d orbitals in the low- 
spin electron configuration is reduced by about 20 
to 40% depending on the interaction between the 
Fe3+-ion and the axially bound ligands. For a calcu­
lation o f the pseudocontact shift o f the pyrrole ni­
trogen a molecular orbital approximation seems to
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be physically more reasonable than any pure elec­
trostatic model, which necessarily leads to a higher 
number of adjustable parameters. Therefore, a sepa­
ration o f the different contributions to the chemical 
shifts in Eqn (1) is extremely difficult and cannot be 
accomplished at the present moment from these 
data alone.

More information on the magnetic behavior of 
the pyrrole nitrogen can be extracted, however, 
from an analysis o f the corresponding NM R relaxa­
tion times Ty and T2. There are two contributions, 
namely magnetic dipole-dipole interaction between 
the nucleus and the unpaired electron (superscript 
d) and the isotropic electron-nucleus spin exchange 
(superscript c) causing spin relaxation by their tem­
poral variations. The measured relaxation rate 
( l / 7 \ 2) is the sum of both fractions,

( l / r i) =  ( l / r i)d +  ( l / 7 ’i) c with i =  l ,2  (5)

where the dipolar relaxation rates are given as [21, 
22]

' Td2(1 /T i)d =  F- 

i =  l , 2

A\ • Tdi +
i +  (w s • td2y

with
F =  (ji0/4  n)2 [yb ■ ß 2 - S ( S +  1)]/(15 • R6).

(6 a)

(6 b)

For paramagnetic compounds with axially sym­
metric g-tensors the coefficients A\ and in Eqn 
(6 a) are somewhat lengthy functions o f g|| and gj_ 
and will not be represented here (cf. refs. 23, 24).

For the so-called scalar relaxation r a te s ( l /7 \2)c 
the following relation holds [21, 22],

bolizes the mean lifetime o f the considered nucleus 
fixed at the paramagnetic center.

Except o f the hyperfine coupling constant A, all 
parameters in Eqns (6) and (7) are known from cor­
responding EPR and proton NM R studies on 
[Fe(III)TPP(Py)2]Cl and [Fe(III)TPP(CH3-Im)2]Cl 
in chloroform in the considered temperature range 
[11,24], Table I lists some o f these parameters at 
two different temperatures. The three components 
o f  the g-tensor, which where obtained by EPR mea­
surements at 4K , reveal that rhombic distortions exist 
at low temperatures. The existence o f only one single 
15N-NM R signal for the four pyrrole nitrogen atoms 
clearly indicates that this magnetic inequivalence in 
the porphyrin ring plane is averaged out for both 
complexes in the liquid phase at temperatures 
where the NM R is observed (T  ^  200 K), i.e., the 
complexes are in an axial magnetic symmetry. A re­
sult which corroborates corresponding findings from 
'H-NM R [11,24]. The components g  and g_\_ are 
defined as in Ref. 24, viz.,

g, =  gi and g_L =  [l/2 (g ^  +  ^ ) ]

In Ref. 11 it was already shown that for the 
present low-spin complexes the correlation times in 
Eqn (8) are determined exclusively by rsi, the elec­
tron spin relaxation time, with t si = t s2. Using the 
parameters listed in Table I, it is possible to calcu­
late separately from the measured spin-lattice or 
spin-spin relaxation times the magnitude o f the 
hyperfine coupling constants. Good agreement ex­
ists — within experimental error — between the val­
ues extracted independently from T1 and T2.

( l /r O c =  4 /3  • n2- S ( S +  1 ) - A 2 Ci ■ Tai+
A  ' Â2

1+ (cos • tA2) ‘
with i =  1,2. (7)

The coefficients Ci? A  are: C 1 =  0; C2 =  1; D 1=2\ 
D 2 =  1.

Both parameters R and A in Eqns (6) and (7) are 
defined as in Eqns (2), (4). The correlation times in 
Eqns (6) and (7) have the following meanings:

1/Tdi=  l /r c +  l/Tsi (8a)
1/taj =  l/Tb +  l / r si. Wlth 1 1,2 (8b)

Tsi stands for the electron spin-lattice and spin- 
spin relaxation time, respectively. i c describes the 
tumbling motion around the vector R and rb sym-

Although the experimentally observed shifts are 
linear functions o f the reciprocal temperature, ex­
trapolation to infinitely high temperatures (T~l =  0) 
does not give a zero intercept as required by Eqn (1) 
if  the shifts are referred to (A H /H )ala as for the 
present case. The deviations for [Fe(III)TPP(Py)2]Cl 
and [Fe(III)TPP(CH3-Im )2]Cl are (A H /H )VT= o =  
+  1475 ppm and (A H /H )y T=o =  ~  390 ppm, respec­
tively. At least for the pyridine complex this value is 
far beyond experimental uncertainty. A similar be­
havior observed for the corresponding proton NM R
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[Fe(III)TPP(Py)2]Cl [Fe(III)TPP(CH3-  Im )2]Cl

T - K 1 253 293
7\ • s -1 (2.95±0.15)- IO“3 (2.6 ±0.3) ■ 10-4
T V s“1 (1.57 ±0.10) • IO '3 (2.31 ±0.23)- IO“4
T s - p S ' 1 3.5±0.18 * 13±0.7 *

2.45; 2.15; 1.89 * 2.9; 2.3; 1.5 *
& n ; &-L 2.45; 2.02 ** 2.9; 1.94 **
R ■ nm-1 0.2 * 0.2 *
\A\ ■ M Hz-1 3.4 ±  0.2 5.5 ±0.3

Data from corresponding proton NMR and EPR measurements [11, 24], 
see text.

Table I. Experimental relaxation times 
(Tj, T2) and the hyperfine coupling con­
stant, A , of the lSN-pyrrole nitrogen in 
low-spin ferritetraphenylporphyrin com­
plexes with pyridine and 1-methylimida- 
zole, together with some parameters 
which determine the NMR relaxation be­
havior.

absorption was explained by a temperature depen­
dence o f the hyperfine coupling constant A [11,24], 
Within the experimental error interval (c f  Table I) 
no such temperature dependence o f A was found for 
the 15N  resonance o f the two low-spin complexes in 
the temperature range investigated in the present 
study (cf. Fig. 2 — solid lines). Whether this devia­
tions are caused by the pseudocontact shift, for ex­
ample, by second order effects has to be postponed 
until a future investigation.

In order to demonstrate the expected limitation of 
Eqn (4), Table II collects some experimental and 
calculated shift values. For the determination of  
(A H IH .y  negative values o f the hyperfine coupling 
constants in Table I have been assumed. This is cer­
tainly a somewhat arbitrary assumption which can­
not be proved at the present moment. However, the 
discrepancy between (A H /H )d and (A H /H )ps would 
be unreasonable high for A >  0, so that the pres­
ent choice appears to be more likely. Very recent­
ly Golding et al. [25] calculated chemical shifts in 
paramagnetic systems by a nonmultipole expansion 
method. There, it was shown that for small values of 
R (;S0.15nm ) considerable deviations from the 
simple relation (4) may occur. Consideration o f the 
orbital term in Eqn (3) and bonding effects o f the 
coordinated ligands result in relatively complicated 
isoshielding diagrams [26], Only a similar numerical 
analysis for the present systems possibly would 
allow a final decision on the sign of A.

It should be noted that the magnitude o f A, as ex­
tracted from the present NM R measurements, are in 
good agreement with corresponding values reported 
from an electron nuclear double resonance experi­
ment on some low-spin complexes o f hemoglobin  
and myoglobin [27], though the experimental condi­
tions are different (temperature, ligands, etc.). At 
low temperatures ( T ^ 4 K )  the hyperfine coupling 
constant, or more precisely its 2-component, was 
found to differ for the four pyrrole nitrogen atoms 
in low-spin ferriporphyrins. A result which is not 
unexpected if the distortions from axial magnetic 
symmetry at low temperatures are considered as it 
was discussed above.

Conclusions

As a result o f the extreme short electron spin re­
laxation times t s in comparison with the correlation 
time tc for the rotational diffusion o f the 
[Fe(III)TPP(L)2]Cl low-spin complexes, it is possible 
to detect the 15N -N M R  absorption o f the pyrrole ni­
trogen atoms directly bound to the paramagnetic 
F e3+-ion. Although a complete analysis o f the chem­
ical shift data is strongly hampered by the great 
number o f unknown parameters, the knowledge of 
the magnitude o f A, the hyperfine coupling con­
stant, which was extracted from NM R relaxation 
time measurements on these nuclei, reduces some of 
these difficulties; and it appears that these data

[Fe(III)TPP(Py)2]Cl [Fe(III)TPP(CH3 -  Im)2]Cl

T - K -1 253 293
(A // / / / ) exP 2.32 ±0.02 2.33 ±0.02
(A H /H )c 1.15 ±0.06 1.66 ±0.08
(A /////)P S 1.17 ±0.08 0.67 ±0.10
(AH /H )d -0 .142 -0 .206

Table II. 15N chemical shifts (in units of 
ppt) of the pyrrole nitrogen in low-spin 
complexes of ferritetraphenylporphyrin.



E. v. Goldamm er • 15N-NM R on Low-Spin Ferriporphyrins 1111

might be o f some interest for future molecular orbi­
tal calculations on low-spin ferriporphyrin com­
plexes, where, for example, the resonance integral 
/?(Fe-N), which reflects chemical bonding between 
the nitrogen and metal orbitals, has been used as an 
adjustable parameter [20],

Finally one should mention that a relaxation anal­
ysis as it was performed in the present study does 
not generally yield a separation o f the hyperfine 
coupling constant, since the orbital term as dis­
cussed in connection with Eqn (3) also may contrib­
ute to the overall measured relaxation times. From 
the identity o f A within the experimental error in­

terval, however, extracted independently from 7\ 
and T2 these contributions can be expected to be 
small in relation to the experimental uncertainties. 
This assumption also is supported by the relatively 
good agreement between the values o f A from the 
present investigation and corresponding Endor ex­
periments [21].
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