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Theoretical models

Translational self-diffusion

In the case of isotropic liquids or isotropic phases of liquid crystal compounds the contribution

of translational self-diffusion (SD) to the relaxation can be expressed by the Torrey’s model1

with a (
1

T1

)
SD

= Cd
nτD
d3

[T (ωτD) + 4T (2ωτD)] , (1)

where ω = 2πνL, Cd = (1/2)(3µ0γ
2h̄/(8π))2 is the strength of the dipolar interaction and

T (ωτD) is a dimensionless analytical function that depends on the average time between
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diffusion jumps τD, the mean-square jump distance 〈r2〉, and the molecular width d. τD is

related with the self-diffusion constant D by the relation 〈r2〉 = 6τDD. n is the density of

1H spins.

Rotations/reorientations

Molecular rotations/reorientations (Rot) may be characterized by one or more correlation

times according to the number of independent rotational axis considered to describe this

motion. Usually, rotations along the molecular long axis and rotations/reorientations along

a molecular transverse axis have different correlations times and the most simple model

used to describe this relaxation process is given a Rot1+Rot2 where Roti is given by the

Bloemberger, Purcel and Pound (BPP) model:

(
1

T1

)
Roti

= ARoti

[
τRoti

1 + ω2τ 2Roti
+

4τRoti
1 + 4ω2τ 2Roti

]
(2)

with ARoti = 9µ2
0γ

4h̄2/(128π2r6ieff ) where rieff is an effective inter-spin distance.2

Cross-relaxation

35Cl has nuclear spin 3/2 and cross-relaxation (CR) between the proton spins and 35Cl

nuclear spins can occur. Cross-relaxation has indeed been observed between proton spins

and nitrogen and also between proton spins and 35Cl spins.3–5 Cross-relaxation may be-

come significant when the proton’s Larmor frequency is close to each one of the quadrupole

frequencies of the other nucleus. The relaxation rate can be expressed by3

(
1

T1

)
CRi

= ACRi
τCRi

1 + (ω − ωi)2 τ 2CRi

(3)

where ωi, with i = 1, 2, ..., are the frequencies that correspond to the 35Cl spin energy levels

and ACRi are parameters related with the strength of the interaction.
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Paramagnetic relaxation induced by superparamagnetic particles

Proton spin-lattice relaxation can be affected by the presence of magnetic ions in two ways:

i) the so-called inner-sphere relaxation, which occurs when relaxing protons bind temporarily

to ions or ion complexes, and the ii) outer-sphere applies to protons that do not bind but

move or diffuse close to magnetic ions or particles.6 In a recent study of molecular dynamics

in magnetic ionic liquid systems by proton spin-lattice relaxometry,7 it was shown that the

paramagnetic relaxation observed was better described considering an effective superparam-

agnetic outer-sphere contribution given by equation:

(
1

T1

)
PM

= 6τdc
{
S2
c j1(ω, τd, τs →∞)+[

S(S + 1)− Sc cotg
x

2S
− S2

c

]
j1(ω, τd, τs)

} (4)

where S is the electronic spin along the applied magnetic field, c is a quantity proportional

to the molar concentration of magnetized particles, [M]. r is the distance of closest approach

between the anion and the protonated cation, τd = 〈r2〉 /D, D is the diffusion time constant,

τs is the longitudinal electronic relaxation time and ω is the proton Larmor frequency. Sc is

given by

Sc =
2S + 1

2
tanh−1

(
(2S + 1)

ω

ωr

)
− 1

2
tanh−1

(
ω

ωr

)
(5)

where ωr = 2γkT/(h̄γS) and γS is the electron’s gyromagnetic ratio. The corresponding

spectral density for outer-sphere relaxation is6

j1(ω, τd, τs) = Re

{
1 + Ω1/2/4

1 + Ω1/2 + 4Ω/9 + Ω3/2/9

}
(6)

where Ω = (iω + 1/τs)τd.
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Relaxivity Dispersion

In the case of the magnetic ionic liquid/DMSO solutions presented in this work we considered

the inner-sphere relaxivity contribution expressed by:8

ris1 ≈
1

1000

qst

14.04

1

TH1m
(7)

being qst the number of DMSO molecules temporarily bind to the iron particles and TH1m � τm

where τm is the DMSO residence binding time to the FeCl−4 (or FeCl3).

1

TH1m
=

2

15
(
µ

4π
)2
h̄2γ2Iγ

2
S

r6Fe
Sp(Sp + 1)[3J(ωI , τd1) + 7J(ωS, τd2)] (8)

J(ω, τdi) =
S2τdig

1 + ω2τ 2dig
+

(1− S2)τdi
1 + ω2τ 2di

(9)

τdi =
1

τmH
+

1

TiS
(10)

τdig =
1

τmg
+

1

TiS
(11)

1

T1s
= 2C[

1

1 + ω2
sτ

2
v

+
4

1 + 4ω2
sτ

2
v

] (12)

1

T2s
= C[

5

1 + ω2
sτ

2
v

+
2

1 + 4ω2
sτ

2
v

+ 3] (13)

with

C =
1

50
∆2τv[4Sp(Sp + 1)− 3] (14)

The outer-sphere relaxivity contribution is given by:
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ros1 =
32NAπ

405
(
µ

4π
)2
h̄2γ2Iγ

2
S

RD
Sp(Sp + 1)[3Jos(ωI , τd), T1S + 7Jos(ωS, τd), T2S] (15)

with τd = R2/D

Jos = Re

{
1 + z

4

1 + z + 4
9
z2 + 1

9
z3

}
(16)

being, z = iωτd + τd
TjS

is a complex and j = 1, 2

DMSO/FeCl3 and DMSO/[P66614][FeCl4]

It is presented the relaxivity results and fitting curves obtained for DMSO/hexahydrated

FeCl3 for comparison with the DMSO/[P66614][FeCl4] solution.
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y=((T<2) ? iT1ISpara(f, 300.0, taud1/(1 + pow(2*pi*f*tauv, p)), taus, M, r, S) : 1e-9 ) +
BPP(f, Arot, tau) + BPP(f, Arot1, tau1) + (T<2) ? CROSSRELAX(f, adip, tdip, fdip)
: 1e-10 + (T<2) ? CROSSRELAX(f, adip1, tdip1, fdip1) : 1e-10 + (T<2) ? Torrey1(f,
d, r*1e10, n, taud/(6.0*(1 + pow(2*pi*f*tauv, p)))) : Torrey1(f, d, r*1e10, n, tauD)
to the 55 experimental points, considering 10 free parameters.

taud1 = 6.3465 × 10−09 ± 5.9527 × 10−10 n= 7 × 10+22 (fixed)

taus= 1 × 10−11 ± 6.431 × 10−13 tauD= 1.4574 × 10−08 ± 6.9147 × 10−10

taud= 7.3387 × 10−08 ± 3.4833 × 10−09 adip= 2.5352 × 10+07 ± 1.108 × 10+07

Arot= 1.85 × 10+08 (fixed) tdip= 5 × 10−07 ± 3.2912 × 10−07

tau= 1.18 × 10−08 (fixed) fdip= 3.4 × 10+07 (fixed)

Arot1 = 2.81 × 10+09 (fixed) tauv = 3.85 × 10−10 (fixed)

tau1 = 4.8 × 10−10 (fixed) p= 1.1303 (fixed)

M = 0.014 (fixed) adip1 = 2.518 × 10+07 ± 9.2404 × 10+06

r= 2.5314 × 10−10 ± 1.3679 × 10−12 tdip1 = 5 × 10−07 (fixed)

S = 400 (fixed) fdip1 = 2 × 10+07 ± 3.1437 × 10+05

d= 8 ± 0.017602
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