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decouple the 31P signal would be a time-consuming process (be
cause of the large chemical shift range of 57Fe), we have found 
that a correlation exists between the 31P and the 37Fe chemical 
shifts, as shown in Figure 2. This correlation makes it easy to 
predict the 57Fe chemical shift of a new complex, thus simplifying 
the search for the proper decoupling frequency and allowing 
determination the 57Fe chemical shift of a new complex in about 
20 min. 

Replacement of electron-withdrawing groups, Cl, by elec
tron-donating groups, OCH3, at the para positions of the phenyl 
rings of TPP causes shifts of 57Fe and 31P resonances to lower 
shielding, as summarized in Figure 2. (Actual chemical shifts 
and coupling constants are given in the supplementary material, 
Table S-I.) For the 57Fe case, this is the predicted direction, based 
on the paramagnetic contribution to the screening constant being 
the dominant factor for heavy nuclei, especially those with unfilled 
d-shells such as these low-spin d6 complexes.20 The spread of 
the 57Fe shifts is somewhat larger than that of the 59Co chemical 
shifts reported earlier for the same series of para-substituted 
[TPPCo(NMeIm)2]

+ complexes.21 Substitution of one PMe3 by 
CO, both good ir-acids,22 yields a similar 57Fe chemical shift (but 
a smaller 31P chemical shift), while substitution by a number of 
aromatic and aliphatic amines or benzyl methy sulfide shifts the 
iron resonance to lower shielding by —1200 ppm. The isonitrile 
ligand is expected to be a good <r-donor but a poorer ir-acceptor 
than CO or the phosphine,22 consistent with its intermediate 57Fe 
and 31P chemical shifts. /V-Methylimidazole,23 4-(dimethyl-
amino)pyridine,23 and benzyl methyl sulfide are expected to be 
both good a- and u-donors, while 4-cyanopyridine23 is expected 
to be a weak a-donor and fairly good ir-acceptor and A -̂butylamine 
is only a ©--donor, yet they all display fairly similar 57Fe and 31P 
shifts. The observed relationship between 57Fe and 31P chemical 
shifts (Figure 2) suggests a possible synergism in the <r- and 
T-bonding effects of phosphine-L trans axial ligand combinations, 
such that when a strong a- or ir-donor ligand is present trans to 
a phosphine, it has the effect of decreasing the shielding of both 
the metal and the phosphine nuclei. (However, the effect is not 
a simple one, since the trend among the three pyridines is the 
reverse of that expected in terms of either a- or ir-donor char
acteristics, i.e., 5(4-NMe2Py) < 6(Py) < 5(4-CNPy).) The in
crease in coupling constants 7Fe_P upon a change in L from CO 
(36 Hz) to the nitrogen donors and the thioether (47-59 Hz) 
(Table S-I) also suggests synergism in the <r- and ir-bonding of 
these ligand combinations. Investigations of additional mixed-
ligand complexes aimed at probing the factors that affect the 57Fe 
and 31P chemical shifts and the coupling constants are underway. 

The temperature dependences of the 57Fe and 31P chemical shifts 
were investigated over the range -61 to +30 0C in toluene-rf8 and 
from 20 to 55 0C in benzene-^6. Linear shifts of both resonances 
with temperature were observed, with the 57Fe and 31P chemical 
shifts having opposite temperature dependences (Table S-I). Both 
[TPPZnPMe3] and PMe3 itself also display smaller shifts of the 
31P signal to higher shielding with increasing temperature (-0.014 
and -0.005 ppm/°C, respectively), and a similar temperature 
dependence of the 31P chemical shifts has been reported for a series 
of dimeric Pd(I) complexes of the type [Pd2(dppm)2X2].
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Neither 31P nor 57Fe chemical shifts were concentration dependent 
over the range 6-24 mM. Solvent effects are also very small. 

Most model hemes and heme proteins investigated thus far,5'" 
including those presented in Table S-I, have 57Fe chemical shifts 
ranging from 7200 to 9200 ppm vs Fe(CO)5. However, the 57Fe 
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resonance of cytochrome c is observed at 11197 ppm,4 which is 
dramatically shifted to lower shielding by 3000. Due to this 
dramatic shift for the cytochrome c resonance, we had anticipated 
that the thioether complex of our study would display an 57Fe 
chemical shift significantly different from that of the N-
methylimidazole and other nitrogen donor complexes. However, 
this is not the case (Figure 2). We thus suggest that the unusual 
57Fe chemical shift of cytochrome c4 may include a contribution 
not found in model hemes: the contribution of fixed axial ligand 
orientation. In model hemes at ambient temperatures, axial 
ligands are expected to rotate rapidly. We are currently inves
tigating specially designed model heme complexes in which axial 
ligand rotation is hindered in order to determine the effect of fixed 
axial ligand plane orientation on the 57Fe and 31P chemical shifts 
and chemical shift anisotropics. 
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Since Frank and Evans1 proposed their concentric shell model, 
concepts of the first and second hydration shell have been widely 
used for understanding the structure of solvated ions and, as a 
consequence, the rationalization of a large number of chemical 
properties of electrolyte-containing solutions.2 Direct experimental 
evidence of ionic solution structure has been obtained from X-ray 
and neutron diffraction.3 In particular, a description of the first 
hydration shell for a large number of monoatomic cations and 
anions has been reported;4 however, for the second hydration shell, 
available information is not so general. An important limitation 
of these techniques is that the species to be studied must be quite 
concentrated, namely, up to 1.0 M. 

Information about the local environment around cations in 
highly dilute solutions (ca. 10"3 M) can be obtained by the EXAFS 
technique (extended X-ray absorption fine structure), which is 
an excellent tool to study short-range order about a specific type 
of atom. This technique has allowed us to examine an experi
mental system closer to the ideal concept of infinitely dilute 
solutions, where the ion-solvent interactions are not disturbed by 
the ion-ion interactions. Decrease of sensitivity of the absor-
ber-backscatterer distance inherent in this technique has pre
cluded, until now, the unambiguous determination of the second 
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Table I. Fitting Parameters for the EXAFS Spectra of a Cr3+ 

Aqueous Solution (IQ'2 M)" 
M AJ2 (A2) Ji (A) S0 (eV) 

Cr-O1 6.0 ±0.1 0.0000 ± 0.0005 2.00 ± 0.01 1.1 ± 0.3 
Cr-O2 13.5 ±1.2 0.0108 ± 0.0035 4.02 ± 0.02 1.0 ± 0.7 
" JV* = number of neighboring atoms; Ao-2 = Debye-Waller factor; "R 

= absorber-backscatterer distance; O1 and O2 coming from the water 
molecules of the first and second hydration shells, respectively; and 50 
= threshold energy or inner potential. 

hydration shell. The aim of this work has been to obtain ex
perimental information on this shell for dilute solutions. Therefore, 
we have undertaken the study by EXAFS of the solvent structure 
around Cr3+ in 10~2 M aqueous solution. This cation was chosen 
since its high charge, small size, and large mean residence time 
of water molecules in the first hydration shell are factors that 
should favor a well-defined second hydration shell. Evidence of 
the existence of a second shell for more concentrated Cr3+ aqueous 
solutions (ca. 1 M) has been previously reported, using XRD5 and 
IR spectroscopy.6 

Cr K-edge spectra of Cr(N03)3 solutions (10~2 M) were 
measured at the SRS (Daresbury, U.K.) in the fluorescence mode 
in a specially adapted liquid cell.7 Cr(N03)3-9H20 salt (Merck 
P.A.) was used to prepare the solution. 

The radial distribution function obtained from the k2 weighted 
Fourier transform8 (A* = 2.72-11.80 A"1) of the EXAFS function 
x(k) shows two well-resolved peaks, the first centered at 2.0 A 
and the latter, approximately one-fourth the intensity of the 
former, centered at 4.0 A. They can be assigned to the first and 
second hydration shells, respectively. Data analysis9 of the EXAFS 
spectrum was performed in k and R space using the phase shift 
and backscattering amplitude functions determined from the 
spectrum of crystalline Cr(N03)3-9H20.10 A fairly good re
production of the experimental data (fit variance 6 X 10~3) was 
obtained with a two-shell fit. Comparative plots of the best fit 
(dotted line) and the experimental EXAFS function (solid line) 
appear in Figure 1. Fit parameters and standard deviations 
appear in Table I. 

Since eight free parameters [P) were used in the fit (2 shells 
X 4 parameters/shell) and the total number of independent points 
is 22 (AL, = (2AJtAJJ)Z1T + 1 ) , " the degree of freedom of the 
fit (v = /Vpts - P) is 14, a number high enough to obtain reliable 
results. Moreover, the parameters are not really free to move. 
Thus, according to the information obtained by XRD for more 
concentrated solutions,5 the number of water molecules in the first 
hydration shell should be around 6, this number not being expected 
to be affected by dilution. Thus, this parameter could vary within 
a narrow range (parameter constraint 5-7). Likewise, the co
ordination number for the second hydration shell was kept at 
around 12 (parameter constraint 10-14). Since A<r2 and J/ are 
coupled,4'12 once the ./V value is fixed, an estimate of Debye-Waller 
factors relative to the hydrated crystal, used as a reference, is 
obtained. In contrast with this, when absolute values of the 
distance Cr-O in the hydrated crystal are known,10,12 results of 
the fit provide an accurate description of coordination distances, 
2.00 and 4.02 A for the first and second hydration shells, re-
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Figure 1. (a) Fourier filtered experimental data (fc2, Ak = 2.7-11.8 A"1, 
AR = 0.3-4.2 A) (solid tine) and the best fit (dotted line), (b) Absolute 
and imaginary part of Fourier transform [k2, Ak = 3-10.7 A) of the 
curves included in part a, corrected for Cr-O phase shift. 

spectively. A second hydration shell was observed when the 
EXAFS spectra of more concentrated chromium solutions13 were 
analyzed. 

Although quantitative analysis of the EXAFS signal has been 
carried out, the main contribution of the present work is to give 
direct qualitative evidence of the existence of a second hydration 
shell around Cr3+ ions in dilute aqueous solutions. We believe 
that this result may stimulate other groups to further efforts in 
the research of the structure of highly dilute aqueous solutions 
by EXAFS. 
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