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This study explores and interprets in a new way the complex solvent and the temperature dependence of the

NMR shifts for the N-CH2 protons in tris(N,N-diethyldithiocarbamato) iron(III) in acetone, benzene, carbon

disulfide, chloroform, dimethylformamide and pyridine. The NMR shifts are interpreted in terms of the Fermi

contact interaction and the dipolar term from the multipole expansion of the interaction of the electron orbital

angular momentum and the electron spin dipolar-nuclear spin angular momentum. This analysis yields a direct

measure of the effect of the solvent system on the environment of the transition metal ion. The results are

analysed in terms of the crystal field environment of the transition metal ion with contributions from (a) the

dithiocarbamate ligand (b) the solvent molecules and (c) the interaction of the effective dipole moment of the

polar solvent molecule with the transition metal ion complex. 

Key Words : NMR paramagnetic chemical shifts, Tris(N,N-diethyldithiocarbamato) iron(III), Electron-
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Introduction

Several years ago we reported1 that the reduction poten-

tial, E1/2, for several iron(III) dithiocarbamates in acetone-

water mixtures was markedly dependent with solvent vari-

ations at least as great as 0.3 volts between the E1/2 values for

an iron(III) dithiocarbamate in acetone and in water. We

interpreted these results by considering in a simple way, the

interaction of a polar molecule in the solvent with the

iron(III) dithiocarbamate. 

It is known also that the NMR spectra of these compounds

are not only markedly temperature dependent2-5 but also at

least some are solvent dependent.6 For example, the magni-

tude of the NMR shift for the N-CH2 protons in tris(N,N-

diethyldithiocarbamato) iron(III) increases with increasing

temperature2 when the compound is in a chloroform solution

whereas the magnitude of the NMR shift decreases with

increasing temperature when the compound is in a dimethyl-

formamide solution. 

In this paper we shall extend our earlier interpretation of

the redox results to the NMR data for the N-CH2 protons in

tris(N,N-diethyldithiocarbamato) iron(III). We shall show

that the solvent dependence of the nmr shifts can be inter-

preted as arising from solvent interactions with the iron(III)

dithiocarbamate system. Although the solvent interactions

are small compared with the electronic interactions within

the transition metal iron complex the effect is marked. This

arises since in these cases for the d5 iron system the ground

electronic state is one of two states where the energy

separation is sensitive to small changes in the crystal field

environment of the transition metal ion. 

Theory

To gain a detailed and an in-depth insight into the

paramagnetic shift we would need to know the electronic

and physical structure of the iron(III) dithiocarbamate system

in a particular solvent. From that information we would be

able to calculate exactly the expected paramagnetic shift

arising from the exact electron-nuclear interaction. As we do

not have such information we need to address the problem in

a more simplistic way. Fortunately, as we shall show, the

manner in which we shall explore the problem will result in

a very good approximation. This aspect will be reinforced

later.

Initially, we shall outline the interactions we need to

consider for a single d-electron in a crystal field of octa-

hedral symmetry where, in our case, the potential arises

dominantly from the dithiocarbamate ligand bonded to the

Fe3+ ion and by the solvent in a more minor way. The crystal

field potential may be expressed as

 (1)

From equation (1) it can be shown that the five d-orbitals are

split into two degenerate orbitals designated as e with energy

3Δ/5 and three degenerate orbitals designated as t2 with

energy −2Δ/5. The separation of the two energy levels is Δ.

The crystal field parameter, Δ, may be up to about 50,000

cm−1. For the d5 system we need to consider the crystal field

potential and the Coulomb interaction giving rise to a

complex energy pattern. When Δ is about 27,500 cm we

have an example of what is known as an intermediate crystal

field case where the ground state, the lowest energy level,

may be the energy level designated 2T2 arising from the t2
5
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arising from the t2
3 e2 electronic configuration. We may

express the energy difference between these two energy

levels as

6A1 − 2T2 = 2 Δ − 15 B − 10 C. (2)

The parameters B and C are the usual Racah parameters14

measuring the Coulomb repulsion interaction. The Racah

parameters for the Fe3+ ion are about 1075 cm−1 and 3900

cm-1 for the B and C respectively. We shall use the

approximation B = C/4 = 1000 cm−1. 

Such an environment applies for the d5 system in the series

of iron(III) dithiocarbamate complexes. Hence when Δ >

27,500 cm−1 the ground state is the 2T2 level whereas when Δ
< 27,500 cm−1 the ground state is the 6A1 level.

Furthermore, the crystal field may have a small trigonal

component and we need to consider spin orbit coupling

within the 2T2 level. We shall define the direction of the

trigonal distortion as the z-axis. To simplify the calculations

we may treat the 2T2:t2
5 level as corresponding to a 2T2:t2

level where the trigonal and spin orbit coupling interactions

are given by 

(3)

In equation (3) ζ is the spin orbit coupling constant, which

we shall choose as 400 cm−1, and δ is a measure of the

trigonal distortion. The distortion splits the three t2 orbitals

by δ with two t2 orbitals at −δ/3 and the other t2 orbital at 2δ/

3.

From the NMR results of the temperature dependence of

the proton magnetic resonance shifts for the N-CH2- protons

in tris(N,N-diethyldithiocarbamato) iron(III) in a range of

solvents and solvent mixtures we shall explore the effect of

the solvent interactions on the two parameters, δ, and the

energy difference E where E = 6A1 − 2T2, i.e., when E is

positive the ground state is the 2T2 state and when E is

negative the ground state is the 6A1 state.

In interpreting the NMR shift, ΔB, obtained from the

NMR spectra of paramagnetic molecules it is usual to

consider two terms. First, the Fermi contact interaction

where the contribution may be expressed 7 as 

ΔB = a /gN μN (4)

where  is the time-averaged value of the z component

of the electron spin and a is the hyperfine interaction

constant measured in hertz. Secondly, we need to consider

the dipolar term in the multipole expansion of the interaction

of the electron orbital angular momentum and the electron

spin dipolar-nuclear spin angular momentum. This may be

expressed8 in terms of the magnetic moments components,

μ2, and the magnetic susceptibility components, χ, as 

(5)

where χ|| =  and χ⊥ = .

The magnetic moments are expressed in terms of the E

and δ-values in the appendix. 

(gN is the Lande g-value for the nucleus, ge is the electron

g-value 2.0023, μN the nuclear magneton, μ0 the permea-

bility of a vacuum. The polar coordinates of the NMR

nucleus in relation to the paramagnetic centre are (R, θ, φ),

where the z-axis is the trigonal axis of the complex.)

Although equation (4) and equation (5) are approxi-

mations a combination of equation (4) and equation (5) will

mirror rather closely the temperature dependence of the

NMR shifts although care needs to be exercised in a detailed

interpretation of the results.9

To proceed, therefore, we need to establish the form of

equation (4) and equation (5) applicable to the analysis of

the NMR study of the solvent interaction with the iron(III)

dithiocarbamate.

A previous proton NMR study2 of tris(N,N-diethyldithio-

carbamato) iron(III) indicated that the transition metal ion is

in an intermediate crystal field environment such that the 6A1

state and the lowest lying 2T2 state for the d5 ion are close in

energy. Hence, we need to consider both states. We shall

consider only the Fe3+ d-electrons interacting with the

various protons within the ligands. 

First, we shall examine the form of the NMR shift for the
6A1 state. Studies of iron(III) dithiocarbamate complexes

with a 6Al ground state well below the 2T2 state show that the

NMR shift, ΔB, is inversely proportional to the absolute

temperature, T. This indicates that the origin of the NMR

shift in this case arises through the contact term.10 

For the 2T2 level we need to consider the contribution to

the NMR shift by the term proportional to χ|| − χ⊥ and the

Fermi interaction. Since in these compounds the effective

crystal field environment of the iron atom is approximately

of octahedral symmetry with a small most likely trigonal

component11,12 we shall assume that the form of the Fermi

contact interaction is given in Golding et al.3 The magnetic

moments and the magnetic susceptibility components χ|| and

χ⊥ can be determined from the appropriate equations.13 For

our case the appropriate equations are given in the appendix.

Combining the above results yield the following. 

(χ|| − χ⊥) (6)

where

The magnetic susceptibilities expressed as function of the

distortion, δ, spin-orbit coupling, ζ, and temperature, T, are

given in the appendix. 

We would expect the electronic and atomic structure of the

complex at least near the transition metal ion not to be

affected significantly by the solvent. Hence in analysing the
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NMR results we shall treat the solvent interaction as a

perturbation where the dominant crystal field interaction will

arise from the ligands. (As we shall show later the results

confirm this approach.) Therefore, the parameters α, β and γ
in equation (6) would not change significantly for the N-CH2

protons in tris(N,N-diethyldithiocarbamato) iron(III) from

solvent to solvent and we shall treat these parameters as

constant for a specific proton in an iron(III) dithiocarbamate.

This is analogous to the method used to analyse the NMR

shifts in a series of lanthanide complexes.15 Hence the

temperature dependent NMR results for the N-CH2 protons

in tris(N,N-diethyldithiocarbamato) iron(III) in all solvents

may be analysed as a single set of data using equation (6)

where the energy separation of the 6A1 and the 2T2 states, E,

and the distortion parameter δ are allowed to vary from

solvent to solvent. The best fit yields E and δ values for the

system in each solvent with an overall set of values for the

parameters α, β and γ. 

Results and Discussion

The 60 MHz proton NMR shift, ΔB, for the N-CH2

protons in tris(N,N-diethyldithiocarbamato) iron(III) were

determined in a number of solvents and in some solvent

mixtures over a wide temperature range. (The diamagnetic

contribution to the NMR shift was obtained by measuring

the NMR shift of the N-CH2 protons in the diamagnetic

cobalt analogue.) In this paper six different solvents were

used: acetone, benzene, carbon disulfide, chloroform;

dimethylformamide and pyridine. Also three chloroform-

dimethylformamide solvent mixtures were used: 0.75, 0.49

and 0.24 mole fraction of chloroform. 

The ΔB values for all the nine solvent systems were fitted

to equation (6) where the variables E and δ were chosen for

each solvent system to yield the best fit to all the data. The

results are given in Table 1. 

Figure 1 illustrates the fit with the data for five solvents-

chloroform, benzene, carbon disulfide, pyridine and dimethyl-

formamide. (The dots indicate the experimental data and the

curves the best fit of equation (6). The acetone results lie

between the pyridine and the dimethylformamide results). 

The first significant factor about the results is that the E

values are remarkably similar and correspond to a Δ value of

about 27,500 cm−1. The variation in E corresponds to less

than 0.4% variation in the octahedral symmetric component

of the crystal field potential. In addition the distortion

parameter is small for all cases and hence not only is the

trigonal crystal field component to the crystal field potential

small but the variation from solvent to solvent is small. This

supports our approach of treating the solvent interaction as a

perturbation. 

To illustrate the type of results we shall give the calculated

NMR shifts for the chloroform case at five temperatures
Table 1. The E and δ-values, in cm−1, found to give the best fit to
the experimental data using equation (6). The Q-values of Dance
and Miller16 for some of the solvents are given

solvent system E δ Q1 Q2

acetone 499 74.0 4.65 0

benzene 499 123.7 2.43 0

carbon disulfide 510 80.7 − −
chloroform 426 274.3 2.91 1.81

dimethylformamide 503 53.7 5.14 0

pyridine 503 75.0 4.31 0

0.75 mole fraction of chloroform 

in dimethylformamide

472 167.7 − −

0.49 mole fraction of chloroform 

in dimethylformamide

492 110.3 − −

0.24 mole fraction of chloroform 

in dimethylformamide

496 81.7 − −

Figure 1. The temperature dependence of the NMR paramagnetic
chemical shift of the N-CH2 protons in tris(N,N-diethyldithio-
carbamato) iron(III) in a range of solvents.

Table 2. Calculated NMR shifts in the solvent chloroform when α
= 5.784, β = 3.235 and γ = −0.670 with θ = 0. (a) Dipolar
approximation when R = 0.4 nm. (b) Exact solution when R = 0.4
nm. (c) Exact solution when R = 0.432 nm

Temperature

(K)

Observed 

NMR shift 

(ppm)

Calculated 

NMR shift 

(ppm)

(a)

Calculated 

NMR shift 

(ppm)

(b)

Calculated 

NMR shift 

(ppm)

(c)

225 −26.9 −27.3 −21.9 −27.6

250 −30.0 −29.7 −24.9 −29.8

275 −32.1 −31.8 −27.6 −31.7

300 −33.8 −33.6 −29.8 −33.4

325 −34.6 −35.0 −31.7 −34.8
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when α = 5.784, β = 3.235 and γ = −0.670 and R = 0.4 nm

with θ = 0 using equation (6).

Using equation (6) with the magnetic susceptibility we

have assumed the dipolar approximation. In doing so we do

not need to know the R-value or the θ-value as these will be

absorbed into the γ-value as a factor that is temperature

independent. On the other hand if we used the exact solution

to replace the magnetic susceptibility term in equation (6)

this in not the case. Furthermore, we would need to know the

exact position of the proton NMR nucleus from the

transition metal ion. In Table 2 we compare, first, the dipolar

and the exact solutions between the calculated NMR shifts

using the same α, β and γ-values, namely, columns (a) and

(b). There is a marked difference highlighting the comments

in the appendix. We may gain further insight into the dipolar

approximation by adjusting R and θ to match the calculated

NMR shifts given in column (a). If we choose R = 0.432 nm

in the exact calculation for the last term in equation (6) we

obtain the results in column (c) arising from the electron-

proton interaction. If we choose R = 0.34 nm and θ = 0.1754

π the agreement is within 0.03 ppm. Thus we must

acknowledge that care needs to exercised in using the last

term in equation (6).

Dance and Miller,16 have developed an empirical para-

meterization of solute-solvent interactions, based on solvato-

chromic data from dipolar metal coordination complexes

(including complexes with dithiolate ligands similar to the

dithiocarbamates) and organic dyes, and including solvoly-

sis activation free energy data. The solvent dependent

observable energy is expressed as a sum of products of

solute and solvent parameters Pi and Qi respectively, which

we may express for our case as 

δ  = P0 + P1 Q1 + P2 Q2 (7)

where Q1 is a measure of the electric field experienced by

the solute in its solvent cavity and Q2 is a measure of donor

hydrogen bonding by the solvent. 225 data spanning 24

solvents and 16 solutes/phenomena were used in this

parameterization. The Q-values of Dance and Miller16 for

the appropriate solvents are given in Table 1. 

A linear regression analysis of the δ values in Table 1 for

the solvents with given Q values yields

δ  = 184.4 − 24.87 Q1 + 89.70 Q2 (8) 

Hence from equation (8) with no solvent solute interac-

tions (Q1 = Q2 = 0) we find that δ = 184.4 cm−1. The

contribution to δ from the second term in equation (8) is

negative and ranges from about −60 cm−1 to −130 cm−1. The

contribution to δ from Q2 is positive and is about 162.4 cm−1.

This is consistent with X-ray studies17 which show that

when iron(III) dithiocarbamates are crystallised from chloro-

form solution in at least some of the compounds chloroform

molecules are hydrogen bonded to the sulfur atoms of the

dithiocarbamate ligands.

Furthermore, the solvents used affect also the E-value. In

this case a linear regression analysis of the E values in Table

1 for the solvents with given Q values yields

E = 507.1 − 1.324 Q1 − 42.69 Q2 (9) 

This confirms that the E-value is also affected where the

largest interaction is through the Q2 term that for our

solvents is specific to chloroform. 

Finally, a plot of the distortion parameter, as a function of

the mole fraction of chloroform in dimethylformamide

clearly shows that there is not a linear relation between the

mole fraction of chloroform and the distortion parameter. 

As seen from Figure 2 the results imply that the dimethyl-

formamide molecules at least partially shield the chloroform

molecules from the iron(III) dithiocarbamate solute. 

Furthermore, we may use (8) and (9) to estimate the Q-

values from the nmr determined E and δ values. 

From Table 3 the Q1 values for the mole fraction of

chloroform in dimethylformamide form the simple relation-

ship, Q1 = 5.08-2.29 mole whereas Q2 may be expressed as

Q2 = 1.80 mole3. These equations reflect the very different

nature of the Q-values. 

In this analysis of the NMR data we have shown that the

results for a variety of solvents and over a wide temperature

range may be interpreted as arising from small changes in

the crystal field environment of the iron atom due to two

solvent interactions. One term is an intrinsic property of the

solvent and the other term arises from a solute-solvent

hydrogen bonding interaction. The model yields not only an

explanation for the unusual NMR results but gives an insight

Figure 2. A plot of the distortion parameter, δ, as a function of the
mole fraction of chloroform in dimethylformamide.

Table 3. The calculated Q-values from the E and δ values

solvent system E δ Q1 Q2

carbon disulfide 510 80.7 3.53 0

0.75 mole fraction of chloroform 

in dimethylformamide

472 167.7 3.27 0.72

0.49 mole fraction of chloroform 

in dimethylformamide

492 110.3 3.83 0.24

0.24 mole fraction of chloroform 

in dimethylformamide

496 81.7 4.56 0.12
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into the solvent-solute interactions in such systems. The

outcome of our approach yields a new dimension in gaining

an understanding of solvent interactions using NMR

spectroscopy.

Finally, we should note that in our example the combi-

nation of the Fermi and dipolar electron-nuclear interactions

given in (6) is a very good approximation since we treat our

α, β and γ values as unknown variables. As an example, we

may treat the ratio {(3cos2θ−1)}/3R3 as an unknown factor

associated with the γ-value. Thus the actual values of θ and

R that we have used are unimportant. Hence in our analysis

we do not require detailed knowledge of the three dimen-

sional structure of the tris(N,N-diethyldithiocarbamato)

iron(III) molecule. In summary, we have shown how (6)

may be used under a range of conditions to interpret the nmr

shift of the d5-ion in a strong intermediate crystal field

approximately of octahedral symmetry in a way that does

not require knowledge of our R-value nor the angle θ. We

vary the three terms in (6) to give the best fit, yielding

realistic values for the ζ, E and δ values. The three

parameters α, β and γ effectively compensate for the lack of

detailed information of the electron-nuclear interactions.
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Appendix

Interpreting the NMR chemical shift for paramagnetic systems re-
quires, first, an understanding of the electron – nuclear interactions and,

secondly, how to use that knowledge to extract meaningful information

from the data available. Normally, we have to make an intuitive guess

of the possible electronic structure and then compare the observed with
the experimental NMR shift. In the case of the iron (III) dithiocarba-

mates the d5-ion is in a crystal field environment close to octahedral

symmetry. Hence, to a good approximation the electron-nuclear inter-
action may be represented by the Fermi contact interaction in an inter-

mediate crystal field of octahedral symmetry as given by Golding et

al.3 Neglecting configurational mixing of the excited states the Fermi
contact terms for the 2T2 and 6A1 states may be expressed proportional

to y2 and y6 as in equation (6). Next we need to include a further term

arising from the electron-nuclear interaction, the pseudo contact term.
In general the pseudo contact term is a complex function in terms of the

co-ordinate system describing the atoms associated with the electron

and the nuclear spin. Specifically, in terms of the NMR nucleus the
electron-bearing atom is expressed as (R, θ, φ). When R is non-zero,

the complex function may be expressed in terms of 1/Rn. The term for

1/R3 is known as the dipolar term. As R→ ∞ the complex function
tends to the dipolar value. For more detail see Golding et al.18 (The con-

stant factor in the exponential term for the d-electron radial function

was chosen as 2.2/a0 where a0 is the Bohr radius.) 
Furthermore, the dipolar term may be expressed in terms of the mag-

netic susceptibilities.1 Thus we may express for a d5-ion in an interme-

diate crystal field with a small distortion from octahedral symmetry the
total NMR paramagnetic chemical shift from the electron-nuclear in-

teraction by three terms as given by equation (6). 

The NMR shift from the magnetic moments, , where α is || or ⊥
may be expressed as follows:

where

;  ;  
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