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Abstract: The carbon-13 relaxation (Ti and T2) and the carbon-13 isotropic contact shift of histidine in aqueous solution at 
pH 10.5, caused by the presence of Mn2+ ions in low concentrations, have been measured. For all six histidine carbons the T\ 
relaxation times were measured at least at two temperatures (310 and 343 K) while the temperature variation of the T2 re­
laxation times of the same atoms, as well as the isotropic contact shift for five of the histidine carbons and the water protons, 
were measured over a temperature range of 70-80° C. From these results the number of histidine molecules in the coordina­
tion sphere of the metal ions and the coupling constants for the hyperfine interaction between the unpaired electrons and the 
individual carbon-13 nuclei in these molecules have been evaluated, as well as the kinetic parameters for the exchange of the 
histidine ligands between the coordination sphere and the bulk histidine solution. Furthermore, it is found that the experi­
mental results can be interpreted in terms of the model of Bloembergen and Morgan, according to which the electronic relax­
ation is caused by collision modulation of a transient zero field splitting (ZFS) interaction. Thus, the experimental results 
have yielded information about the ZFS interaction and the electronic relaxation and its temperature dependence. Likewise, 
estimated values of the correlation time for the molecular diffusional rotation and its activation energy have been obtained. 
Based on these results it has been concluded, that while the spin-lattice relaxation of the carbon-13 nuclei caused by the un­
paired electrons is due to the dipolar interaction only, the paramagnetic contribution to the carbon-13 spin-spin relaxation is 
primarily controlled by scalar interaction. Finally, it is found that the distances between the Mn2+ ion and the individual car­
bon atoms in the ligand evaluated from the dipolar relaxation terms are in agreement with an octahedrally coordinated 
Mn2+ complex and correspond, with a single exception, closely to the distances expected from the crystal structure of the 
bis(histidino)-nickel(II) complex. The experimental accuracy of the structural parameters obtained by this method for a 
metal complex in solution is found to be comparable to the accuracy of X-ray structures of similar compounds in the crystal 
phase. 

I. Introduction 

NMR studies of paramagnetic metal complexes have 
provided an important method for elucidating the structure 
of these systems in solution as interatomic distances be­
tween protons and paramagnetic transition metal ions may 
be determined from the unpaired electron contribution to 
the relaxation times of the protons.2,3 Recently, also 
Mn 2 + - 1 3 C distances have been estimated from such relaxa­
tion data.4 5 In general results of this type have been in 
agreement with distances obtained by X-ray crystallogra­
phy when a comparison has been possible. Likewise, struc­
tural information has been obtained from changes in chemi­
cal shifts caused by paramagnetic ions of the lanthanide se­
ries.67 While a structural interpretation of the data ob­
tained by this latter method is not always possible because 
of complexities in the interaction, the first approach is in 
principle straightforward due to the simple relation usually 
existing between the paramagnetic contribution to the re­
laxation rates of a nucleus and its distance from the para­
magnetic ion. 

This method has, however, certain inherent limitations 
when the magnetic nuclei are protons. First, the relatively 
narrow range of chemical shielding for protons may com­
bine with the broad lines often found in paramagnetic 
species to give seriously overlapping proton lines. This situa­
tion may prevent one from extracting the separate relaxa­
tion parameters for individual proton transitions especially 
when large molecules are studied. Second, protons generally 
are strongly spin coupled to other magnetic nuclei in the 
molecule, especially other protons, through the hyperfine 
interaction and this may unduly complicate the extraction 
of parameters. Third, protons are often at the periphery in 
most complexes leading to proton metal distances which are 
relatively long compared with the corresponding distances 

between the metal ion and the heavier atoms of the ligand 
such as C, N, or O. This tends to decrease the contribution 
of the paramagnetic ion to the relaxation and amplifies the 
inaccuracies arising from paramagnetic ions in neighboring 
molecules, particularly when dealing with small ligand mol­
ecules and high concentrations of the paramagnetic ions. 
These difficulties have restricted the application of the 
method as far as protons are concerned23 mainly to water 
molecules directly attached to a paramagnetic ion or to 
groups of equivalent protons in rather large biomolecules. 
Finally, in most cases only upper limits of the nuclei-metal 
distances have been estimated because information on the 
effect of chemical exchange on the relaxation process is 
often lacking. 

If 13C nuclei, either in natural abundance or in specifical­
ly labeled molecules, are studied, these disadvantages can 
be eliminated or significantly reduced. Here, the greater 
chemical shift range for 13C tends to eliminate overlapping 
lines. Furthermore, proton decoupling usually collapses 
spin-spin multiplets to singlets leaving the relaxation of the 
13C nuclei governed by a single exponential time constant,8 

and 13C nuclei are generally closer to the paramagnetic cen­
ter and therefore not affected as greatly by intermolecular 
interactions. Despite these advantages of 13C it is still nec­
essary to unravel the relative importance of the different 
competing mechanisms of relaxation for the observed nuclei 
in order to obtain the metal-carbon distances from the ex­
perimental relaxation data. To do this one has to determine 
the relaxation of the paramagnetic electrons and the hyper­
fine coupling between these and the observed ' 3C nuclei as 
well as the kinetics of the ligand exchange process. This 
paper presents such a 13C investigation of a Mn 2 + complex 
in aqueous solution. Histidine was chosen as the ligand, be­
cause this amino acid frequently constitutes the binding site 
for metal ions in many biological molecules.9 Fortunately, 
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the X-ray structures of complexes of this amino acid with 
several bivalent metal ions are well known10 and these data 
may be used to give confidence in the method. In Figure 1 is 
shown, schematically, the octahedral structure found for 
these complexes in the cases of Co2+ and Ni2+.10 Mangan-
ese(II) forms complexes with histidine in water solution1 '-12 

as well as with the histidine residue in larger biological sys­
tems, 2 a J 3 although no structural parameters revealing the 
specific arrangement of the carbon framework of the ligand 
amino acid relative to the Mn2+ ion has been reported for 
these complexes neither in the liquid nor in the crystalline 
phase. Furthermore the Mn2+ ion is known to exhibit a 
nearly isotropic g tensor14 and relative long relaxation 
times15-18 for its unpaired electrons. Both of these features 
simplify the interpretation of the relaxation data and there­
by improve the possibility of obtaining structural informa­
tion. 

II. Theory 
A. The Influence of Paramagnetic Ions on the Nuclear 

Relaxation. When coupling between the electron orbital 
and spin-angular momenta can be neglected, which is gen­
erally the case for ions in the first transition series,19 the 
paramagnetic contribution to the relaxation rate of an adja­
cent nuclear spin is given by the combined Solomon-Bloem-
bergen equations.20"23 For Mn2+ complexes, the experi­
mentally found values for the electron relaxation time, Te, 
are in the range 10~8-10-9 sec at room temperature15"18 

while the correlation time for the molecular rotational re­
orientation, TR, at the same temperature is approximately 
1O -10-1O -" sec for molecules of the size of a histidine-
manganese complex in solutions of low viscosity. Therefore, 
under these conditions l/Te « 1/TR. Furthermore, in most 
Mn2+ complexes of the type considered here, it is ob­
served14'24'25 that 1/TM ̂  l /^ie at room temperature or 
slightly above this temperature. Here TM is the mean resi­
dence time of the nucleus in the first coordination sphere of 
the complex, and characterizes the rate of ligand exchange. 
For these inequalities the correlation time for the electron­
i c dipolar interaction, TC, will be equal to TR. When using 
this effective correlation time in combination with the ratio 
ws/wi ~ 2600 between the Lamor frequencies us and u\ of 
the electron and the 13C nucleus, respectively, as well as the 
following inequalities that all apply at the magnetic field 
strength used in this work; UI2TR2 « 1, US2TR2 > 1, and 
Us2Te,/2 » 1, where re,/ is the correlation time for the scalar 
interaction, the Solomon-Bloembergen equations reduce to: 

HN-

1 _2S(S+ l)g2ff2
7i2 

- 7 6 TR 

IM 5 r" 
(D 

1 _ 7 S(S + l)g2/32
7i2 , \ S(S+I)A2 .„, 

r2M~H ? TR + 3 ^ Te-' (2) 

where S is the electron spin of the paramagnetic ion, while 
7i is the gyromagnetic ratio of the observed nucleus and g 
and /3 are the g value for the paramagnetic electrons and 
the Bohr magneton, respectively; r is the distance between 
the paramagnetic center and the observed nucleus in the 
bound ligand. A is the hyperfine coupling constant between 
the paramagnetic electrons and the observed nuclei, while 
Te,i is given by: 

(3) 

As it appears from eq 1 and 2 the scalar relaxation term 
contributes only in 1/7"2M- This implies that the order of 
magnitude for the scalar coupling constant A is not signifi­
cantly larger than the order of magnitude (106 Hz) found 
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Figure 1. Schematic structure of an octahedral h is t id ine-Me 2 + com­
plex. 

for similar couplings to protons.I7'26 Recently reported 
Mn2+-13C coupling constants are in agreement with this 
assumption.5 Since the dipolar terms appear in both expres­
sions with comparable coefficients (% vs. 7/is), the relative 
significance of the dipolar and scalar relaxation mecha­
nisms will be given by the relative magnitudes of 1/7"IM 
and 1/T2M' The scalar term in eq 2 is proportional to Te,i 
which, according to eq 3, depends upon T\e. It has been 
shown26,27 that this relaxation in diluted aqueous solution 
of the paramagnetic ions is controlled by modulation of the 
quadratic zero field splitting (ZFS) interaction. Thus, for 
an aqueous Mn2+ complex it is to a good approximation 
given26'27 by: 

- | - = - i - A 2 [ 4 S ( S + l ) - 3 ] X 
J U 2 5 

r Ti + *ix i 
L l + U S 2 T v 2 1 + 4 U S 2 T v 2 J 

(4) 

Here A is the ZFS parameter and TV is a time constant 
characteristic for the modulation of the ZFS interaction. 
For the Mn2+-hexaaquo complex where the Mn2+ ions are 
in an isotropic environment, it has been found27 that the 
ZFS interaction as well as its time modulation result from 
collisions between the complex and the bulk solvent mole­
cules. If the paramagnetic ions are in an asymmetric envi­
ronment there will, in addition, be a static ZFS interaction. 
The modulation of this by the rotational diffusion of the 
complex may also provide fluctuating fields for the electron 
relaxation.28 The temperature dependence of TV and TR can 
be approximated26 by the Arrhenius expression: 

Ti = TP SXp(EiZRT) (5) 

while TM usually is given by the more elaborate Eyring ex­
pression:"" 29 

_L = *Ie x [ A#J ASH 
TM h CXP L RT R \ 

(6) 

B. The Influence of Exchange Rate on Nuclear Relaxa­
tion. In order to observe the signal from the nuclei in the li­
gand, it becomes necessary, in most instances, to observe 
the resonance signal on a solution with a low concentration 
of the paramagnetic ion relative to the ligand to avoid inor­
dinate line broadening. In addition, a temperature must be 
selected to give a ligand exchange rate between the coordi­
nation sphere and the bulk solution which is sufficiently fast 
on the NMR time scale to average the spectral features of 
the complex in with those of the unbound ligand. Under 
these conditions, the following expressions3031 are appro­
priate for relating T\M, T^M, TM, AUM, and pq to the ex-
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perimental observables: 

TYobsd 7*1 T]p T]A T] M + TM 

-J L = ̂  = _^ + 
^2,ObSd T20 T2P T2A 

E3_ [ " ( 1 / ^ M + i / T M ) ( i / r 2 M ) + Ao)M2I ( g ) 

TM L (1/T2M + 1 / T M ) 2 + Ao>M2 J 

where I M , T\ M, and T2M have the same definition as above, 
AO>M is the contact shift, p is the ratio of metal to ligand 
concentration, and q is the number of coordinated ligands 
per metal ion. \/T\° and 1/T2

0 are the relaxation rate of 
the nuclei in the free ligand while the adjusted relaxation 
rates \/T\p and \/T2p measure the paramagnetic contribu­
tion to the observed averaged relaxation rates l/7Y0bSd and 
1/7"2,ObSd- 1/7~IA' and XjT2A are the contributions to the 
relaxation of the nuclei outside the first coordination sphere 
due to dipole-dipole interaction with the paramagnetic elec­
trons. For protons30 this contribution has been found to be 
less than 10% of l/7\obsd, while it is a significantly smaller 
fraction of l/7"2,obsd when 1 / 7 ^ M is dominated by scalar re­
laxation. For reasons explained in section I these contribu­
tions are expected to be an even smaller fraction of 1/ 
7\obsd and l/T2,0bs<i when 13C is the observed nuclei and 
they are therefore neglected in this work. Assuming a Curie 
law temperature dependence and an isotropic g value for 
the system, the isotropic contact shift, AO>M, between the 
bound nuclei and the unbound nuclei has been given3233 by: 

Ao)M^ AH = g0S(S+\)A 

o)i H 3HfNkT 

where the symbols have their usual meaning. In case of 
chemical exchange, the experimental frequency shift is 
given31 by: 

. _ pq_ T Ao)M 1 ^10-. 
W P TM2 U l / ^ M + l / T M ) 2 + ACOM2J ^ 

for the same approximation as used in eq. 7 and 8. 

III. Experimental Section 

Highly purified L-histidine (free base) and analytical reagent 
MnCl2-4H20 were used. The manganese salt was dried in vacuo at 
22O0C until the waters of crystallization were excluded. All sam­
ples were 1.90 M solutions of histidine in distilled, deionized water 
at pH 10.5, and with a concentration of Mn2+ ranging from 0 to 
0.01 M. In the samples used for measuring the isotropic contact 
shift of the water protons, 93% of the H2O was replaced by D2O. 
All samples were prepared in a nitrogen atmosphere using water 
which had been purged with nitrogen for 30 min. The solutions 
were then sealed off in vacuo. Samples prepared in this manner ex­
hibited no precipitation of the Mn(OH)2. Neither did the samples 
or the spectra change during the period of the study. 

High resolution 1H noise-decoupled 13C NMR spectra were ob­
tained at 25.2 MHz using a Varian XL100-15 spectrometer 
equipped with Fourier pulse gear and a 62Of computer. Typical 
overall plots of the 13C spectrum of histidine are shown in Figure 
2. With the probe (V4415) and rf power used in the T] experi­
ments the width of the 90° pulse was 100 jisec for a carrier fre­
quency which differs 500 Hz from the resonance line, while in the 
line width and contact shift measurements (probe V4412) the 90° 
pulse was 16 Msec, practically independent of the distance from the 
carrier frequency within the frequency range of the spectrum. The 
100 MHz proton-decoupling field was produced by a Hewlett-
Packard 510A frequency synthesizer combined with a Hewlett-
Packard 511OB frequency synthesizer driver and amplified with a 
10 W ENI Model 310L wide-band rf amplifier connected with a 
100 MHz filter. All proton spectra were continuous wave spectra 
obtained at 90 MHz using a Bruker HX 90 spectrometer equipped 
with a deuterium lock. During all experiments, the temperature 

was kept constant within ±1°C. In order to eliminate the shift 
arising from the change in the bulk susceptibility caused by the 
paramagnetic metal ions p-dioxane was used as an internal stan­
dard in all experiments because of the unlikelihood of its competi­
tion with histidine and water in entering the first coordination 
sphere of the metal ion. 

The T] relaxation times were measured from partial, relaxed 
Fourier transform spectra employing a 9 0 ° - 4 T | - 1 8 0 ° - T - 9 0 ° 
pulse sequence. The time between sequences was equal or greater 
than 47Ys. Since the applied pulse rf field H\ is equivalent only to 
2500 Hz, the residual static magnetic field h0 in the rotating frame 
corresponding to the off-resonance position of the carrier frequen­
cy is not negligible, which makes 7/|,cff slightly unequal to H]. For 
a given position of the carrier frequency #i,eff and thereby the 
times necessary for the 180 and 90° pulses will therefore be differ­
ent for the individual carbon signals in the spectrum. In order to 
eliminate errors in the T] values caused by this variation in H\xtu 
the measurements were made separately for each carbon with a 
500 Hz off-resonance position of the carrier frequency and pulse 
widths calibrated for this offset. T2 values were determined assum­
ing a Lorentzian line shape and the relation A1/1/2 = \ JIrT2. A 
delay of AT] was applied between 90° pulses to ascertain the valid­
ity of this equation.34 In order to minimize errors due to differ­
ences in temperature and inhomogeneity broadening, correspond­
ing values of 72.0bsd and 72° as well as 7Y0bsd and T]0 were mea­
sured sequentially as pairs. The isotropic contact shifts for the 13C 
nuclei were obtained from spectra used in the 7*2,obsd measure­
ments. 

Due to the broad water proton signal in the paramagnetic sam­
ples it was difficult to measure the frequency shift, Ao>p, of this 
line, directly. Instead it was obtained as the negative value of the 
frequency shift of the sharp, well-defined proton signal from the 
internal dioxane standard, that was observed when the signal from 
the internal D2O was used as a lock. With this lock the addition of 
the paramagnetic ions changes the magnetic field by an amount 
corresponding to the sum of the bulk susceptibility shift and the. 
isotropic contact shift of the D2O signal. This leaves the chemical 
shift of the H2O signal unchanged relative to the lock when com­
paring samples with and without paramagnetic ions, while the pro­
ton signal from the internal dioxane, which is only affected by the 
change in the bulk susceptibility, will be shifted by an amount cor­
responding to the isotropic contact shift of the H2O signal (and 
D2O signal in ppm) but in the opposite direction. Contrary to the 
H2O signal the D2O line is sufficiently narrow at the paramagnetic 
ion concentration (0.01 M Mn2+) used here to constitute a well-
defined lock signal. This difference in the relative broadening of 
the two signals is, of course, due to the A2 dependence of 1/7"2M-

The static magnetic susceptibility was measured using the NMR 
method described by Evans35 and Deutsch et al.36 The samples 
were sealed, deoxygenated histidine solutions identical with those 
used in the 13C relaxation and contact shift experiments, except for 
a higher concentration of paramagnetic ions in the paramagnetic 
sample. The susceptibility shift resulting from the presence of the 
paramagnetic ions were measured as the change in chemical shift 
of the 13C line of the internal dioxane reference, relative to the 
D2O lock signal as external reference. The D2O used for lock was 
placed in the annulus between a 12 mm tube and a 10 mm tube 
containing the sample. 

IV. Results and Discussion 

A. Magnetic Susceptibility. The paramagnetic suscepti­
bility shift of the 13C line from the internal p-dioxane refer­
ence was measured at three different temperatures. As 
shown in Figure 3, the shift is inversely proportional to the 
absolute temperature in agreement with Curie's law. The 
average value of the shift at 700C is 30 ± 2 Hz. This corre­
sponds closely with the expected shift35,36 of 31.2 Hz for a 
0.047 M solution of a "spin-only" paramagnetic iori with S 
= %, in agreement with octahedrally coordinated, high-spin 
Mn 2 + ions over the entire observed temperature range. 
Consequently, an electronic magnetic moment, n = g/3 [S (S 
+ I ) ] 1 / 2 , corresponding to S = %, was used throughout this 
work. 
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Figure 2. Carbon-13 spectra at 23.5 kG of 1.90 M solutions of histidine 
in water at pH 10.5 and 353 K, with p-dioxane as internal standard. 
The solution corresponding to the lower spectrum contains, in addition, 
5.00 X 1O-4 M MnCl2. The spectra demonstrate the different effects 
on the individual signals when the paramagnetic Mn2+ ions are added. 
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Figure 3. Temperature variation of the paramagnetic susceptibility 
shift of the '3C signal of p-dioxane, for [Mn2+] = 0.047 M and a mag­
netic field of 23.5 IcG. The shift was measured as described in the text. 

B. Relaxation and Isotropic Contact Shift Data. Each T\ 
value was extracted from 10-12 partially relaxed Fourier 
transform spectra by a two-parameter (T\ and SX=O)) least-
squares fit of eq 11. This exponential equation was fitted di­
rectly to the experimental data, 

^ - . 5 ( « ) - 5 ( 0 - 2 5 ( . ) e x p ( - ^ - ) (11) 

in order to ascertain an equal weighting of the data points. 
In this way 1/Ti0 and l/T\,obsa were obtained for all six 
carbon atoms in the ligand at 310 and 343 K and the results 
are given in Table I together with the calculated values for 
l/T\P. Due to extensive broadening of the signals from 
C(4) and C(5) at the Mn 2 + concentration typically used 
here (5.00 X 10"4 M), the \/T{P values for these two car­
bons were obtained from a solution with a 5 times lower 
Mn 2 + concentration. To check the reliability of the final 

Figure 4. Temperature variation of the normalized experimental TIP - 1 

relaxation rates for histidine carbons, obtained at 23.5 kG from a 1.90 
M solution of histidine in water at pH 10.5 and with [Mn2+] = 5.00 X 
1O-14 M: (D) C(2), (A) C(6). The curves were computed using the ac­
tivation energies, £R, in Table II and correspond to the best fit. 

Table I. Experimental 13C Spin-Lattice Relaxation Rates for the 
Histidine Carbons Including 2cr Confidence Limits 

C(I) 
C(2) 
C(2) 
C(3) 
C(4) 
C(S) 
C(6) 
C(6) 

C(I) 
C(2) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(6) 

!/^,obsd-
sec"1 

1.90+0.09* 
11.75 ± 1.00a 
3.17 ±0.19* 
5.65 ± 0.25" 
1.43 ±0.11» 
2.27 ± 0.22* 
3.79 ± 0.37" 
1.55 ±0.05* 

3.66 ± 0.21" 
4.95 ± 0.32° 
1.32 ± 0.07* 
2.46 ± 0.08" 
0.56 ± 0.05* 
0.90 ± 0.09* 
1.40 ±0.09« 
0.62 ± 0.03* 

UT1", 
sec"1 

310K 
0.14 ± 0.02 
1.14 ±0.04 
1.14 ±0.04 
2.01 ± 0.07 
0.18 ± 0.02 
1.13 ±0.04 
0.99 ± 0.04 
0.99 ± 0.04 

343 K 
0.039 ± 0.006 
0.47 ± 0.02 
0.47 ± 0.02 
0.78 ± 0.03 
0.05 ± 0.005 
0.46 ± 0.02 
0.40 ± 0.02 
0.40 ± 0.02 

i/r lP) 
sec'1 

1.76 + 0.09 
10.61 ± 1.00 
2.03 ± 0.20 
3.64 ± 0.26 
1.25 ±0.11 
1.14 ±0.22 
2.80 ±0.38 
0.56 ± 0.06 

3.62 ± 0.21 
4.48 ± 0.32 
0.85 ± 0.07 
1.68 ± 0.09 
0.51 ± 0.05 
0.44 ± 0.09 
1.00 ± 0.09 
0.22 ± 0.04 

1/F1P 
(normalized*7), 

sec"1 

8.80 ± 0.48 
10.61 ± 1.00 
10.15 + 1.00 

3.64 ± 0.26 
6.25 ± 0.55 
5.70 ± 1.10 
2.80 ± 0.38 
2.80 + 0.30 

3.62 ± 0.21 
4.48 ± 0.32 
4.25 + 0.35 
1.68 ± 0.09 
2.55 ± 0.25 
2.20 ± 0.45 
1.00 ± 0.09 
1.10 ±0.18 

a [Mn2+] = 5.00 X 10"4M. * [Mn2+] = 1.00 X 10"" M. ^Data 
normalized to [Mn2+] = 5.00 X 10"4M. 

normalization shown in Table I, the l/7"iP values of C(2) 
and C(6) were measured at both concentrations. For these 
two carbons the temperature variation of \/T\P over a tem­
perature range of 80 K, as shown in Figure 4, was also de­
termined. Likewise, the temperature dependence of 1/7^p 
for all six carbons was measured over the same temperature 
range and these results are given in Figure 5. Finally the 
temperature variations of the experimental shifts AeP, 
caused by the hyperfine contact interaction, were obtained 
for the same atoms except C(2), since the shift for this car­
bon was of the same magnitude as the uncertainty in the 
measurements (ca. ±0.5 Hz). These results are shown in 
Figure 6. 

C. The Dominant Mechanisms of Relaxation. In order to 
establish the relative importance of the different mecha­
nisms which according to section II can influence the relax­
ation of the 13C nuclei in the histidine ligand, a least-
squares fit of eq 2-10 was made to the l/7"2p and AJ>P data 
for all six carbons, simultaneously. In order to justify this 
procedure the reasonable assumption was made that the 
histidine molecules exchange as a whole in the exchange 
process in and out of the first coordination sphere of the 
Mn 2 + ions. This assumption is strongly supported by the 
quality of the fit (see Figures 5 and 6). In the calculations 
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Figure S. Temperature variation of the normalized experimental Tip'' 
relaxation rates for the histidine carbons, obtained at 23.5 kG from a 
1.90 M solution of histidine in water at pH 10.5 and with [Mn2+] = 
1.00 X 10"4-5.00 X 10"4 M: (A) C(I), (D) C(2), (•) C(3), (•) C(4), 
(O) C(5), (A) C(6). The curves were computed using the parameters 
in Table II and correspond to the best fit. 

the dipolar terms in eq 2 were evaluated as l/(6pq) times 
the corresponding l/T\p values. An activation energy of 6 
kcal/mol (see below and Table II) was used for all six car­
bon atoms in calculating the temperature dependence of the 
correlation time TR for the diffusional rotation, given by eq 
5. Since the experimental l / r 2 p and Av? data presented 
here only allow a determination of 10 parameters out of the 
12 parameters involved in the simultaneous fit, it was neces­
sary to obtain two of the parameters from other sources. 
Furthermore, one of these parameters must be of the group 
A//*, AS1, rv°, Ey, while the other one should be chosen 
among the rest of the parameters. In the present calculation 
a value of 3.9 kcal/mol26 was assumed for £v (to be dis­
cussed below) while pq was estimated via a determination 
of pq for the solvent water obtained from the experimental 
isotropic shift of the water proton signal (Figure 7) in the 
water histidine samples. 

The mere fact that such a shift is observed in these sam­
ples shows qualitatively that the first coordination sphere of 
the manganese ions is still partly occupied by water mole­
cules, despite the large surplus of histidine compared to 
Mn2+. This is in contrast to what has been found37 for an 
aqueous solution of histidine-containing Co2+ ions. Here, 
under conditions comparable to those used in the present 
study, the contact shift for the water protons was equal to 
zero, showing that histidine has replaced all water in the 
first coordination sphere of the Co2+ ions. This difference, 
however, is qualitatively in agreement with the observation 
of a smaller formation constant38 for the Mn2+-histidine 
complex than for the corresponding Co2+ complex. 

The simple Curie law temperature dependence exhibited 
in the present study by the isotropic contact shift of the 
water protons is only compatible with eq 10 if ( T M ) - 2 » 
(7 ,2M)~2 and (AOJM)-2- In this case eq 10 can be reduced to: 

Aoip = p<?Au>M (12) 

3.0 3.5 LO 

103/T K"1 

Figure 6. Temperature variation of the experimental contact shift, A p̂, 
of the histidine carbons obtained at 23.5 kG from a 1.90 M solution of 
histidine in water at pH 10.5 and with [Mn2+] = 5.00 X 1O-4 M. All 
shifts are toward lower field and were measured relative to p-dioxane 
as internal standard: (A) C(I), (•) C(3), (•) C(4), (O) C(S), (A) 
C(6). The curves were computed using the parameters in Table II and 
correspond to the best fit. 

which, according to eq 9, has the Curie law temperature de­
pendence. A quantitative determination of pq for the water 
ligand can therefore be made by fitting eq 12 to the experi­
mental contact shift data if the electron-proton hyperfine 
coupling constant, A(HiO), is known. This can to a good 
approximation be obtained from the contact shift of the 
water protons in a similar solution of Mn2+ ions in water at 
the same pH as the histidine samples, but not containing 
this compound. Thus, a least-squares fit of eq 12 to the Avp 
data for the protons in a pure water-Mn2+ sample present­
ed in the upper part of Figure 7 gave for p = [Mn2+]/ 
([H2O]-I- [D2O]) = (1.86 ±0.02) X 10~4and q(U20) = 6 
a hyperfine coupling constant, A(HiO) = (7.68 ± 0.44) X 
105 Hz, a value somewhat larger than the value of 6.2 X 
105 Hz reported by Luz and Shulman17 but in good agree­
ment with the value (8.1 ± 0.8) X 105 Hz reported by 
Hausser and Noack.39 The uncertainty stated for the hyper­
fine coupling constant obtained in the present work as well 
as the error limits given in the following are the estimated 
95% confidence limits. By using the value of the coupling 
constant found here a fit of eq 12 to the data in the lower 
part of Figure 7 gave q = 2.40 ± 0.16 for/? = (2.06 ± 0.02) 
X 1O-4; i.e., in the histidine-water mixture the first coordi­
nation sphere of the Mn2+ ions contains on an average 2.40 
±0.16 water molecules (D2O + H2O). For a coordination 
number of 6 for the Mn2+ ions this leaves an average of 
(6-2.4 ± 0.16)/3 = 1.20 ± 0.06 tridentate histidine mole­
cules in the first coordination sphere, corresponding to a 
mixture where ca. 20% of the Mn2+ ions have two histidine 
ligand while the remaining 80% have only one. histidine and 
three water molecules as ligands. Consequently, one gets for 
p = [Mn2+]/[His] = (2.63 ± 0.03) X 10"4 that pq = (3.16 
±0.15) X 10~4. 

The parameters obtained from the multiple regression 
analysis are shown in Table II together with the activation 
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Table II. Parameters Calculated from Experimental Relaxation and Contact Shift Data with 2a Confidence Limits 

WA)[C(l)],Hz 
(AZh)[C(Z)],Hz 
(AZh)[CO)],Hz 
(AZh)[C(A)], Hz 
(AZh)[C(S)],Hz 
(A/h)[C(6)],Hz 

(4.30 ± 0.22) X 10s 

(2.00 ±0.13) X 105 

(1.20 ±0.12) X 10s 

(6.08 ± 0.13) X 10s 

(10.73 ±0.55) X 10s 

(4.12 ± 0.55) X 10s 

PQ 
A//*, kcal/mol 
AS*, eu 
TV° , sec 
Ey, kcal/mol 
AG 

(3.16 ±0.15) X 10-4 

13.26 ± 0.50 
13.8 ± 1.6 
(8.4 ± 1.3) X 10-15 

3.9 
434 ± 34 

£R[C(2)], kcal/mol 
^ R [ C ( S ) ] , kcal/mol 
T M ( 2 9 8 K), sec 
TV(298 K), sec 
Tie(298 K), sec 
T R ( 2 9 8 K),b sec 

5.53 ± 0.40 
6.57 ± 0.20 
(8.3 ± LO)X 10-7 

(6.1 ± 1.0) X 10-'2 

(7.6 ± 0.7) X 10"' 
(5.64 ±0.37) X 1O-10 

" Reference 26. hSee Section IVD. 

energies for the rotational diffusion of the complex, extract­
ed from the experimental T I P data by a least-squares fit of 
eq 5. The {pqT\p)~], {pqT2p)~\ and Ai/p curves corre­
sponding to these parameters are shown in Figures 4, 5, and 
6. Table II also gives the values at 25°C of the three corre­
lation times TM, Tv, and T1 e calculated from the obtained 
parameters. Finally Table II contains an estimated value of 
the correlation time, TR, for the diffusional rotation of the 
complex obtained as described in section IVD. 

All six electron-13C hyperfine coupling constants corre­
spond to isotropic contact shift toward lower field and are 
therefore positive. Those found for the carbons with x 
bonds are comparable in magnitude and sign to the above-
mentioned electron-water proton coupling constants, while 
those corresponding to carbons with a bonds only are some­
what smaller, indicating a relative lower derealization of 
the paramagnetic electrons. All the measured electron-13C 
coupling constants are of the same order of magnitude as 
similar hyperfine coupling constants found for the 13C nu­
clei in the adenine ring of the M n 2 + - A T P complex5 while 
they are numerically smaller than the electron-14N cou­
pling constants of 3.2 X 106 Hz found for the Mn2+-aceto-
nitrile complex40 and the electron-17O coupling constant of 
2.7 X 106 Hz observed in the Mn(H 2 O) 6

2 + complex.31 

These coupling constants were obtained from line width 
measurements only, which does not allow a determination 
of the signs. The values obtained for AH* and T M ( 2 9 8 K) 
are comparable in magnitude to the AH* and T M ( 2 9 8 K) 
values of ca. 14 kcal/mol and 1.1 X 1O-6 sec found for the 
M n 2 + - A M P complex41 and 11 kcal/mol and 6.5 X 10~6 

sec found for the Mn 2 + -ATP complex.42 

Like the chosen value of Ev the calculated correlation 
time TV corresponds to a mechanism where the impact of 
the solvent molecules causes transient fluctuations in the 
symmetry of the complex, which provides fluctuating fields 
for the electron relaxation. Furthermore, the values ob­
tained for TV and A are within the ranges of 3.3 X 10 - l 2 -9 .0 
X 1O -12 sec and 200-450 G, found for TV and A in other 
Mn 2 + complexes by EPR measurements.4344 On the other 
hand, a similar reasonable fit is obtained if the value chosen 
for £ v corresponds to a modulation by the rotational diffu­
sion of the complex, i.e., for Ev = 6 kcal/mol, which is close 
to the average of the two £ R values given in Table II. In 
this case, however, the calculations give T V (298 K) = (5.6 ± 
0.9) X 10- ' 2 sec and A = 408 ± 32 G, while a TV value of 
the same order of magnitude as TR (see Table II) should be 
expected if a rotational modulation of a static ZFS interac­
tion really was the dominant mechanism of relaxation for 
the electrons or at least contributed significantly. It must 
therefore be concluded that such a mechanism is unimpor­
tant, even though the Mn 2 + ions are in environments that 
undoubtedly deviate somewhat from cubic symmetry, and 
the electronic relaxation is primarily caused by molecular 
collisions. This result is in agreement with the findings of 
other authors for similar Mn 2 + complexes with symmetry 
lower than cubic.43-45 

When the collision mechanism is dominating, the magni­
tude of £v has been found to be in the range of 2.5-4.3 kcal/ 
mo]26,46,47 j n t n e c a s e 0f a q u e o u s s o iu t ions of the 

Mn[H 2 O] 6
2 + complex, while a value of 1.5 ± 0.1 kcal/mol 
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Figure 7. Temperature variation of the isotropic contact shift, Avp, for 
the water protons at 21.1 kG. The experimental values were obtained 
as described in the text. All shifts are toward lower field. The upper 
curve is for a 0.01 M solution of the Mn2+ ions in water at pH 10.5. 
The lower curve is for a 1.90 M aqueous solution of histidine identical 
with the first solution with respect to [Mn2+] and pH. 

was obtained for £ v in a study of the Mn2 +-pyruvate kinase 
complex.48 In the present study £ v can hardly be smaller 
than 3 kcal/mol since this corresponds to values for A and 
rv which are rather unlikely. Thus, for Ev — 2.7 kcal/mol 
the values of A and T V (298 K) obtained by the fit are 740 G 
and 1.8 X 1 O - " sec, respectively, both of which are incom­
patible with the above-mentioned EPR results.43-44 It is 
therefore reasonable to assume, that the correct value of £ v 

for the complex studied here is in the range of 3.0-4.5 kcal/ 
mol. Within these limits for £ v , the values of AH*, AS1, TM, 
and TV produced by the fit only vary by a little more than 
their experimental errors, while T\e as well as the rest of the 
parameters to be determined hardly change at all. 

With the obtained parameters the relative importance of 
the individual relaxation mechanisms discussed in section II 
can now be evaluated. In Figure 8 is shown the temperature 
variation of the individual functions 1/TM, ^ Z TIM, and 
Ao)M which form part of eq 8. The 1/T2M and AO>M func­
tions are given for both C(3) and C(5), that is the carbon 
atom with the smallest and largest 1/T2P relaxation rate, 
respectively. In both cases AOJM2 « ( ^ 2 M T M ) " 1 over the en­
tire experimental temperature range, which reduces eq 8 to: 

1 

T2? 
pq 

(T2M + TM) 
(13) 

As it furthermore appears from Figure 8 TM « 7̂ 2M in the 
same temperature range for C(3) and in the high-tempera­
ture part of the experimental range for C(5). When this in­
equality holds eq 13 is further reduced to the form l / 7 2 p = 
PqIT2M- For the rest of the carbon atoms the same interpre­
tation applies since, as it appears from Figure 5, the l/7"2p 
curves in these cases are somewhere between the two ex­
tremes just discussed. The actual positions depend on the 
individual A hyperfine coupling constants which, according 
to eq 2, determine the relative size of the scalar coupling 
term in \/T2M- The bend toward a more positive slope be­
ginning at the high-temperature part of the experimental 
region, which is observed for all the (pqT2p)~l curves in 
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103/T K"1 

Figure 8. Temperature variation of the spin-spin relaxation rate ̂ M - 1 

and the isotropic contact shift AUM for C(3) and C(5) at 23.5 IcG and 
the ligand exchange rate T M - 1 , calculated from the parameters in 
Table II. The dotted lines indicate the experimental temperature re­
gion. 

Figure 5 and the two 1/7^M curves in Figure 8, character­
izes the temperature range in which \/T\e is ousted by 
1/TM from controlling l/re,i and thereby 1/T2M, according 
to eq 2. This situation is shown more explicitly in Figure 9. 
The differences in the slopes of the (pqT2p)~l curves in the 
temperature region above the experimental points reflect 
the difference in the size of the dipolar term in the I/T2M 
expressions (eq 2) for the individual carbon atoms. This 
term is negligible in the experimental temperature region 
where 1/T2M for all six carbons is given by the scalar term 
in eq 2 alone. At temperatures below the experimental re­
gion all (pqT2?)~x curves coincide since here AO>M2 is the 
dominant term in eq 8 which reduces all six curves to the 
form l / r 2 p = pq/rM. 

The Aujp curves are given by eq 12 in the experimental 
range except the low-temperature part of the curves for 
C(4) and C(5). Here TM ~ T2M which invalidates the ap­
proximations leading to eq 12 and the curvatures are there­
fore described by eq 10. 

Based on the obtained ligand exchange parameters and 
the value for pq it is found that TM « pqT\p for all T\? 
values measured here which reduces eq 7 to \/T\p = pq/ 
T]M- Also neglect of the scalar coupling term in eq 1 can 
now be substantiated by inserting the obtained values for 
the relevant parameters into the Solomon-Bloembergen 
equation.20-23 In this evaluation three different Tie's must 
be considered, none of which are significantly smaller than 
Tie.27 However, even for the hypothetical case with Te>2 = 
1/OJS = 2.42 X 1O-12 sec which corresponds to the maxi­
mum value for the scalar term, it is found that this term in 
none of the cases contributes more than a few percent of the 
(pqT\p)~l values. Consequently, for all six carbon atoms 
1/Ti M 's totally dominated by the electron-nuclear dipolar 
mechanism. Finally, as pointed out in section II this mecha­
nism should be controlled entirely by the diffusional rota­
tion of the molecules since normally l/re,i « 1/TR. This 
assumption is confirmed not only by the found magnitudes 
of 1/Te,i and 1/TR but also by the fact that the temperature 

10V 
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Figure 9. Temperature variation of the electronic spin-lattice relaxa­
tion rate T]C'[ (see text) at 23.5 kG, the ligand exchange rate T M - 1 , 
and the sum of these re,i~'. The curves were calculated from the pa­
rameters in Table II. The dotted lines indicate the experimental tem­
perature region. 

variation of Te,i in the experimental range evaluated from 
Figure 9 is incompatible with the slopes of the curves in 
Figure 4 given by the temperature dependence of TC. This 
correlation time must therefore be equal to TR. 

D. Determination of the Structure of the Complex. Based 
on the conclusions made in the preceding subsection the ex­
perimental \/T\ p relaxation rates can be written as: 

1 _2pqS(S+ Qg2AW , , , . 

where r and TR are the only unknowns. Because of the near-
spherical nature of the complex it is assumed that the rota­
tional diffusion causes isotropic tumbling of the molecules 
in which case a single TR can be selected for all six carbons. 
The significant deviations between the I / T I P values for the 
various carbons that are found experimentally are therefore 
attributed to the r~6 term alone and eq 14 can be written 
as: 

T I P rb 

Admittedly, the assumption of an isotropic rotational diffu­
sion tensor is an approximation, as indicated by the small 
difference between the two ER values given in Table II, and 
it may introduce minor errors into the data analysis. Due to 
the uncertainty in TR it is not possible to obtain Â  in eq 15 
to the accuracy required, by calculating it directly from its 
constituents. On the other hand, K may be evaluated by 
putting approximate restrains on the structure of the com­
plex. Thus, a distance of 2.22 A was used for the Mn2+-N 
bond (see Figure 1) on the basis that the covalent radius of 
the Mn2+ ion is 0.11 A larger than the covalent radius of 
the Ni2+ ion, which has a 2.09 A distance to the corre­
sponding nitrogen atom in the bis(histidino)-nickel(II) 
complex.49 This number is averaged in with the value of 
2.23 A found for the Mn2+-N bond in the manganese(II)-
pyridoxylidenevaline chelate.50 Furthermore, the Mn2+ ion 
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Table III. Mn2+-C Distances in the Present Histidino-
Manganese(II) Complex Calculated from T1 Relaxation Data, and 
the Corresponding Ni2+-C Distances in the Bis(histidino)-nickel(II) 
Complex,4' Obtained by X-Ray Analysis3 

/•(D,A 
/"(2), A 
K3), A 
/•(4), A 
KS)1A 
K6), A 

Mn2' 

310K 

3.01 ± 0.05 
2.93 + 0.05 
3.49 ± 0.06 
3.19 ± 0.06 
3.24 ± 0.06 
3.65 ± 0.07 

*• complex 

343 K 

3.00 ± 0.05 
2.90 + 0.05 
3.41 ± 0.05 
3.18 + 0.06 
3.25 + 0.06 
3.68 + 0.07 

Ni2+ 

complex* 

2.83 
2.84 
3.49 
3.13 
3.06 
4.27 

2 The indicated errors are the Io confidence limits. 6The estimated 
standard deviations of the bond lengths in the Ni2+ complex are re­
ported to be 0.01-0.02A,49 corresponding to 0.02-0.04A for the 
2a intervals. 

was assumed to be in the plane of the imidazole ring, which 
has been found with reasonable approximation to be the 
case for a large number of bivalent metal complexes of his-
tidine and imidazole, without exception.10 In addition to 
these restraints on the position of the Mn2+ ion, the fol­
lowing structural restraints on the imidazole ring were 
used49: ZC(4)NC(5) = 107.3°, C(4)-N = 1.329 A, and 
C(5)-N = 1.393 A, where N is the nitrogen atom between 
C(4) and C(5). The Mn2+ ion was then moved about in the 
plane of the imidazole ring until the \(T\? values for the 
C(4) and C(5) carbons fit exactly. For the data at 310°C 
this yields a value of (6.61 ± 0.42) X 1O-45 cm6/sec for K 
and r(4) = (3.19 ± 0.06) A and r(5) = (3.24 ± 0.06) A for 
the C(4)-Mn2+ and the C(5)-Mn2+ distances, respectively. 
For the data at 343 K a similar calculation gave K = (2.62 
± 0.20) cm6/sec, r(4) = (3.18 ± 0.06) A and r(5) = (3.25 
± 0.06) A. From the obtained K values and the experimen­
tal 1 /TIP data the rest of the Mn2+-C distances were cal­
culated using eq 15. All the obtained distances with the esti­
mated 2<r confidence limits are given in Table III together 
with the corresponding distances for the bis(histidino)-
nickel(II) complex taken from the crystal structure.49 From 
the two K values the correlation time for the rotational dif­
fusion was estimated to be rR(310 K) = (3.83 ± 0.25) X 
10-10 sec and rR(343 K) = (1.52 ± 0.12) X IO"10 sec, re­
spectively. The activation energy corresponding to this tem­
perature dependence is 5.9 kcal/mol in close agreement 
with the two ER values given in Table II. 

The excellent agreement between the two sets of Mn2+-
C distances exhibited in Table III shows that the same type 
of Mn2+-histidine complex is formed at both 310 and 343 
K. Furthermore, the general accordance between the corre­
sponding manganese and nickel distances indicates strongly 
that the manganese complex is of the same general nature 
as found for histidine complexes of other bivalent metal ions 
in the crystal phase,10 i.e., a complex where the metal ion is 
octahedrally coordinated to two nitrogen atoms and an oxy­
gen atom in the histidine ligand, as shown in Figure 1. By 
comparing the two metal-histidine structures in Table III 
more closely, it appears that the distances are longer in the 
manganese complex, except for the Mn2+-C(3) and 
Mn2+-C(6) distances, which are both shorter than in the 
nickel complex. However, while Ni2+-C(5) is slightly short­
er than Ni2+-C(4), Mn2+-C(5) is longer than Mn2+-C(4), 
indicating that the imidazole is tipped more toward C(2) in 
the manganese complex than in the nickel complex. This 
can be explained by the opening up of the chelate to accom­
modate the larger covalent radius of the Mn2+ ions. As the 
C(2)-C(3)-C(4) angle will tend to be larger, it is not ex­
pected that the Mn2+-C(3) distance will show the same in­
crease. Even a slight decrease of this distance compared to 
the Ni2+-C(3) distance as indicated by the data is compat­

ible with the model. The increase in the metal-C(2) dis­
tance that is slightly smaller than the increase in the cova­
lent radius can also be explained by this effect. On the other 
hand, the increase in the metal-C(l) distance which is 
slightly larger than the difference in the covalent radii may 
indicate a relatively weaker bond for the carboxyl group in 
the manganese complex. The largest discrepancy between 
the two structures in Table III is found in the metal-C(6) 
distances where the value calculated from the relaxation 
data is significantly smaller than one should expect from 
the crystal structure of the Ni2+-complex. This discrepancy 
could in principle result from a nonisotropic tumbling of the 
complex molecule. More likely, however, it is caused by the 
derealization of the paramagnetic electrons, which accord­
ing to the hyperfine coupling constants in Table II is rela­
tively large at C(6) and could therefore result in a dispro­
portionately short relaxation time for this carbon atom. 
Also a relative greater importance of the outer sphere relax­
ation for C(6) could give rise to the discrepancy, especially 
if a hydrogen bond between the neighboring NH group and 
the carboxyl group of another ligand histidine molecule, as 
found for the Ni2+-complex in the crystal phase, is formed. 
Since none of these effects are incorporated into eq 15 they 
will show up as errors in the estimate of the metal-ligand 
distances, and will be most significant for the remote C(6) 
carbon atom because of the rapid decrease of the efficiency 
with distance {r~6) of the simple dipolar relaxation mecha­
nism assumed in the derivation of eq 15. 

Finally it should be pointed out that the relaxation data 
only permit a determination of (/•_6)av that is the average 
value of r~6 over the molecular vibrations, while a calcula­
tion of the average distance between Mn2+ and a given car­
bon from eq 15 requires a determination of (rav)~

6, which is 
different from (r~6)av. This will, of course, result in an am­
biguity in the interpretation of the obtained distances. The 
good agreement between the obtained structure for the 
manganese-histidine complex and the X-ray structure of 
the nickel complex indicates, however, that this ambiguity 
is irrelevant under the given circumstances, and is probably 
overshadowed by the experimental uncertainty. 

V. Conclusion 

The present study demonstrates the feasibility of using 
T\ relaxation times of 13C nuclei in a manganese complex 
to achieve information on the structure in solution. To a rel­
atively high degree of accuracy, the paramagnetic relaxa­
tion rate only depends on r~6 and not on the angle between 
the interatomic vector and a coordinate system fixed in the 
molecule. This makes the method simpler to employ and, 
therefore, more versatile than structure determination from 
pseudo-contact shifts caused by lanthanide shift reagents. 

This study has also shown that the contribution from the 
unpaired electrons of the Mn2+ ions to the T^ relaxation of 
the 13C nuclei is primarily due to a large scalar coupling 
term which cannot be related to the structure in any simple 
way. 
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-1 .531 au ( ~ - 4 0 eV or - 9 0 0 kcal/mol) with respect to B 
+ 5H. Since this value of the binding energy is rather un­
realistic (something similar was observed for other boron 
hydrides like B2H6

12) the result from the CNDO calcula­
tion could not be regarded as definite and we therefore per­
formed a refined ab initio calculation, including electron 
correlation, with the CEPA-PNO and PNO-CI methods 
described elsewhere.14-19 

The ion B 2 H 7
- that is well-known from experiment20-23 

is interesting insofar as a structure with a single linear sym­
metric B-H-B bond has been proposed for this ion. Ab ini­
tio studies including correlation of B2H6

13 '24 '25 that has two 
B-H-B bonds, of BeBH5

26 that is held together by three 
Be-H-B bonds, and BeB2H8

26 where structures with two 
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Abstract: Quantum chemical ab initio calculations with and without the inclusion of electron correlation are performed for 
five possible structures of BH5 and four possible structures of B2H7

-. In the SCF approximation BH5 is not stable with re­
spect to BH3 + H2; with correlation it has a binding energy of —2 kcal/mol in a C, geometry. Isomerization is possible via 
the Civ structure, the energy of which is 9 kcal/mol higher. For B2H7

- previous SCF results are confirmed and with correla­
tion the experimental binding energy (with respect to BH3 + BH4

-) is reproduced. The ion is symmetric with one linear 
B-H-B bond. 
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