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An NMR Study of Solvent Interactions in a Paramagnetic System

R. M. Gilding； R. O. Pascual, C. Suvanprakorn, and I. G. Dance

School of Chemistry, The University ofNew South Wales, Sydney, New South Wales 2052, Australia 
^E-mail: raygolding@ml41.aone. net. au

Received August 17, 2006

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(A^jV-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.
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Introduction

Several years ago we reported1 that the reduction poten
tial, Ei/2, for several iron(III) dithiocarbamates in acetone
water mixtures was markedly dependent with solvent vari
ations at least as great as 03 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 dependent2-3 but also at 
least some are solvent dependent/ For example, the magni
tude of the NMR shift for the N-CH2 protons in tris(7^7V- 
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(7^7V-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 d> 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 maybe expressed as

V(r) = *21 n)叫乓 丫40(&。) + 臣丫44(&0)
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From equation (1) it can be shown that the five d-orbitals are 
split into two degenerate orbitals designated as e with energy 
3A/5 and three degenerate orbitals designated as tz with 
energy -2A/5. Be sepamtion of the two energy levels is A. 
The crystal field parameter, A, may be up to about 50,000 
cm- . For the d> system we need to consider the crystal field 
potential and the Coulomb interaction giving rise to a 
complex energy pattern. When A 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 “D arising from the 
electronic configuration or the energy level designated 6Ai 
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arising from the t： e2 electronic configuration. We may 
express the energy difference between these two energy 
levels as

6Ai-^ = 2^ - 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-' and 3900 
cm-1 for the B and C respectively We shall use the 
approximation B = C/4 = 1000 cm-',

Such an environment applies for the d> system in the series 
of iron(III) dithiocarbamate complexes. Hence when A 그 
27,500 cm-' the 郭und state is the “D level whereas when A 
< 27,500 cm-' the ground state is the 6Ai level

Furthermore, the crystal field may have a small trigonal 
component and we need to consider spin orbit coupling 
within the “D level We shall define the direction of the 
trigonal distortion as the z-axis. To simplify the calculations 
we may treat the ”D：t" level as corresponding to a 2T2：t2 
level where the trigonal and spin orbit coupling interactions 
are given by

H=2.s-签性 A 参 (3)

In equation (3) Z is the spin orbit coupling constant, which 
we shall choose as 400 cm-', and 5 is a measure of the 
trigonal distortion. The distortion splits the three tz orbitals 
by 5with Wo tz orbitals at —53 and the other tz orbital at 2 为 
3.

From the NMR results of the temperature dependence of 
the proton magnetic resonance shifts for the N-CH2- protons 
in tris(7^7V-diethyldithiocarbamato) iron(III) in a range of 
solvents and solvent mixtures we shall explore the effect of 
the solvent interactions on the two parameters, 5 and the 
energy difference E where E = 6Ai 一 叮丄 服，when E is 
positive the ground state is the “D state and when E is 
negative the ground state is the 6Ai state.

In interpreting the NMR shift, AB, 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 expressed7 as

AB = a〈Sz〉恳吹 (4)

where (Sz) 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, 
", and the ma卽etic susceptibility components, x as

2
AB 阮火「「2 2 2/1 g
一广一歯潔［佝 一 0丄］(3cos 0 - 1)}/3J? (5)
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The magnetic moments are expressed in terms of the E 
and 5values in the appendix.

(gN is the Lande g-value for the nucleus, ge is the electron 
g-value 2.0023, | the nuclear magneton, | the permea
bility of a vacuum. The polar coordinates of the NMR 
nucleus in relation to the paramagnetic centre are (R, 0 板 
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?

To proceed, therefore, we need to e마ablish 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(7^7V-diethyldithio- 
carbamato) iron(III) indicated that the transition metal ion is 
in an intermediate crystal field environment such that the 6Ai 
state and the lowest lying state for the d> ion are close in 
energy Hence, we need to consider both states. We shall 
consider only the Fe3+ d-electrons interacting with the 
va*k)us protons within the ligands.

First, we shall examine the form of the NMR shift for the 
6Ai state. Studies of iron(III) dithiocarbamate complexes 
with a 6Ai ground state well below the 2T2 마ate show that the 
NMR shift, AB, 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?0

For the “D level we need to consider the contribution to 
the NMR shift by the term proportional to x - X 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 
component1^12 we shall assume that the form of the Fermi 
contact interaction is given in Golding et al? The magnetic 
moments and the magnetic susceptibility components x and 
X can be determined from the appropriate equations?3 For 
our case the appropriate equations are given in the appendix. 
Combining the above results yield the following.

쁠 = 吵2+ 您6 + Y X 一 X) (6)

where

_ (x + 16/3) exp (x) -( 16/3) exp (-x/2)
'2 exp(x) + 2exp(-x/2) + 3exp(-E/S)

  105xexp(-E/財)_________  
业___ exp(x) + 2exp(-x/2) + 3exp(-E/S)

x =，ikT

The magnetic susceptibilities expressed as function of the 
distortion, 5 spin-orbit coupling, Z 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 a 0and 7 
in equation (6) would not change significantly fbr the N-CH2 
protons in tris(MJV-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-CH? protons 
in tris(7^7V-diethyldithiocarbamato) iron(III) in all solvents 
may be analysed as a single set of data using equation (6) 
where the energy separation of the 6Ai and the 2T? states, E, 
and the distortion parameter 5 are allowed to vary from 
solvent to solvent, The best fit yields E and 5 values for the 
system in each solvent with an overall set of values for the 
parameters a 0 明d 7

Results and Discussion

The 60 MHz proton NMR shift, AB, for the N-CH2 
protons in tris(MJV-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-CH? protons in the diamagnetic 
cobalt analogue.) In this paper six different solvents were 
used: acetone, benzene, carbon disulfide, chloroform; 
dimethylformamide and pyridine. Also three chlorofbrm- 
dimethylformamide solvent mixtures were used: 0.75, 0.49 
and 0.24 mole fraction of chloroform.

The AB values for all the nine solvent systems were fitted 
to equation (6) where the variables E and 5 were chosen for 
each solvent system to yield the best fit to all the data. The 
results are given in Table 1.

Figure 1 illu아rates the fit with the data for five solvents- 
chlorofbrm, benzene, carbon disulfide, pyridine and dimethyl
formamide. (The dots indicate the experimental data and the

Table 1. The E and 5values, 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 5 Qi 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
dimethylfbrmamide 503 53.7 5.14 0
pyridine 503 75.0 4.31 0
0.75 mole fraction of chloroform 472 167.7 - -

in dimethylfbrmamide
0.49 mole fraction of chloroform 492 110.3 - -

in dimethylfbrmamide
0.24 mole fraction of chloroform 496 8L7 - -

in dimethylfbrmamide
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Figure 1. The temperature dependence of the NMR paramagnetic 
chemical shift of the N-CH2 protons in tris(A^JV-diethyldithio- 
carbamato) iron(ni) in a range of solvents.

curves the best fit of equation (6). The acetone results lie 
between the pyridine and the dimethylformamide results).

The fir아 significant factor about the results is that the E 
values are remarkably similar and correspond to a A 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 illu아rate the type of results we shall give the calculated 
NMR shifts for the chloroform case at five temperatures

Table 2. Calculated NMR shifts in the solvent chloroform when a 
느 5.784, 0 느 3.235 and 7 느 -0.670 with。느 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
(2

Observed
NMR shift

(PPm)

Calc 냐 lated
NMR shift

(ppm)
(a)

Calc냐 lated
NMR shift

(PPm)
(b)

Calc냐 lated
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.
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when a = 5.784, 0= 3.235 and y= -0.670 and R = 0.4 nm 
with \= 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 lvalue as these will be 
absorbed into the『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 % 0 and /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 9 to match the calculated 
NMR shifts given in column (a). If we choose R = 0.432 nm 
in the exact calculation fbr the la아 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 9=0.1754 
n the agreement is within 0.03 ppm. Thus we must 
acknowledge that care needs to exercised in using the la아 

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

8 =Po + Pi Qi + Pz Qz (7)

where Qi is a measure of the electric field experienced by 
the solute in its solvent cavity and Q? 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 8 values in Table 1 for 
the solvents with given Q values yields

8 = 184.4 - 24.87 Qi + 89.70 Q2 (8)

Hence from equation (8) with no solvent solute interac
tions (Qi = Q2 = 0) we find that 8 = 184.4 cm-. The 
contribution to 8 from the second term in equation (8) is 
negative and ranges from about Y0 cm- to -130 cm- . The 
contribution to 8白om Qz is positive and is about 162.4 cm- . 
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 fbr the solvents with given Q values yields

Figure 2. A plot of the distortion parameter, 8 as a function of the 
mole fraction of chloroform in dimethylfomamide.

E = 507.1 - L324 Qi - 42.69 Q2 (9)

This confirms that the E-value is also affected where the 
large아 interaction is through the Q? term that fbr our 
solvents is specific to chloroform.

Finally, a plot of the distortion parameter, as a function of 
the mole fraction of chloroform in dimethylfbrmamide 
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 e아imate the Q- 
values from the nmr determined E and 8values.

From Table 3 the Qi values for the mole fraction of 
chloroform in dimethylformamide form the simple relation
ship, Qi = 5.08-2.29 mole whereas Q? 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 fbr 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

Table 3. The calculated Q-values from the E and 8 values

solvent system E 8 Qi Q2
carbon disulfide 510 80.7 3.53 0
0.75 mole fraction of chloroform 472 167.7 3.27 0.72

in dimethylfbrmamide
0.49 mole fraction of chloroform 492 110.3 3.83 0.24

in dimethylfbrmamide
0.24 mole fraction of chloroform 496 81.7 4.56 0.12

in dimethylfbrmamide
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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 
a 0and /values as unknown variables. As an example, we 
may treat the ratio {(3cos26*-l)}/3R3 as an unknown factor 
associated with the 戶value, Bus the actual values of(9 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(7^7V-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 d3-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 9 We 
vary the three terms in (6) to give the best fit, yielding 
realistic values for the《E and 8 values. The three 
parameters a 0and /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- 
옄 uires, first, an understanding of the electron - nuclear interactions and, 
secondly, howto use that knowledge to extract meaningful infomiation 
from the data available. Nomially, 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 Fernii contact interaction in an inter
mediate crystal field of octahedral symmetry as given by Golding et 
al? Neglecting configurational mixing of the excited states the Fernii 
contact ternis for the 2T2 and 6Ai states may be expressed proportional 
to y2 and as in equation (6). Next we need to include a further terni 
arising from the electron-nuclear interaction, the pseudo contact terni. 
In general the pseudo contact terni is a complex ftmction in ternis of the 
co-ordinate sys拍m describing the atoms associated with the electron 
and the nuclear spin. Specifically, in ternis of the NMR nucleus the 
electron-bearing atom is expressed as (R, 9 物.When R is non-zero, 
the complex ftmction may be expressed in ternis of 1/Rn. The terni for 
1/R3 is known as the dipolar term. As Rt。。the complex ftmction 
tends to the dipolar value. Formore detail see Golding etal.18 (The con
stant factor in the exponential terni for the d-electron radial ftmction 
was chosen as 2.2/a° where a()is the Bohr radius.)

Furthermore, the dipolar terni may be expressed in ternis of the mag
netic susceptibilities.1 Thus we may express for a d5-ion in an intemie- 
diate crystal field with a 여hMI distortion from octahedral symm여邛 the 
total NMR paramagnetic chemical shift from the electron-nuclear in
teraction by three ternis as given by equation (6).

The NMR shift from the magnetic moments, 用, where a i이| or 丄 
may be expressed as follows:

廿= ，扑 xp(—E"「) + &Rxp(—+ 孙 xp(—EJkT)
a wxp(—EJkT) + gp(-EJkT) + 巳 xp(-EJkT) + 巳 xp(-EJkT) 

where

貝 ，丄8丄X貝 ^8 X
§ = _,+ 宀；§ = _,『；

《 、1/2
耳=沁 x= # + Z8+8

E is the energy difference between the 2T2 and 6Ai states. E is positive 
when the 2T2 is the ground 멋ate.
Furthermore,

为=3丑3 - 6 kT

& = 3咨-6

t2t2

(E「E2)' （E「E》

< 니 Hl3
（旦_玖）‘ (E—)

氏胡 砥
% = 3目由-6］（耳_§），压-旗）

kT

kT

For此

Hu= 윽或 + J5AB ; 目끄= 彎 - J2AB ; H33= 0 ;

hI2= 쓱幽 +

„ 2
松此|

-矿)；必=芒B - *4 ; H23=号，4 +

Hu = 쯧宙 一质）+ 度； 厄 = 쓱（疽-旳 + 疽; = 学 一 1 ;

Hi2 드 ge 48 + AB ； Hi3 드 0 ； H13 드 0 

where

/ =牌+暴+
1/2 r 1/2


