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Abstract: Against a sensible expectation that molecular mobility in fluids generally disrupts 

magnetic orderings that depend on intermolecular interactions, some molecular compounds with 

isolated electrons, which are called radicals, exhibit the increase of magnetic susceptibility in 

melting. Here we first propose a simple model to explain the thermomagnetic anomaly unique to 

fluids; the effect of the magnetic interactions in each of the contacts could be accumulated on each 

of the molecular spins as if the molecular motion amplified the first coordination number of each 

molecule hundredfold. The huge coordination number theoretically guarantees the retention of 

memory of interactions at equilibrium; molecules might be able to conserve the memory of 

molecular conformations, configurations, electric charges, energies as well as magnetic memory 

with each other.  
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1. Introduction 

A fast-moving molecule in fluids randomly contacts with other molecules one after another as 

illustrated in Figure 1.1 When the molecule can maintain the influence of the contacts, the 

influence could migrate among the molecules in non-equilibrium states; e.g., photon 

upconversion effectively occurs when a triplet excited state can migrate through the acceptors in 

a solution.2 Under the right conditions, the migratable memory might be conserved even at 

equilibrium. As one of the conservable memories, spin polarization is able to transfer between 

molecules;3 meanwhile, molecular motions are also, paradoxically, expected to disrupt any 

magnetic orderings due to relaxation. Spin exchange interactions, spin-orbit coupling or electric 

conduction is generally essential to inhibit the disruption of magnetic ordering because magnetic-

field-induced magnetic moment of an isolated electron spin rapidly relaxes. To conserve the 

magnetic moment in crystalline (Cr) phases at room temperature, spin exchange interactions in 

1-D and in 2-D are not enough and impracticably strong spin exchange interactions in 3-D are 

necessary as illustrated in Figure 1(a)-(d). However, the interaction is extremely weak for 
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nitroxide radicals (NRs), and therefore, even their ferromagnetic Cr phases show the 

ferromagnetic transitions at extremely low temperature no more than 1.48 K.4 In contrast to the 

history of the molecular magnetism of all-organic crystals, non-conductive NRs have proven to 

show unique magnetic properties in their liquid crystalline (LC) and isotropic liquid phases; 

magnetic susceptibilities abruptly increase in melting. It is called positive magneto-LC effect.5 

Given the fact that the magnetic moment of NRs can magnetically interact only with their 

adjacent molecules, the mechanism of the magnetic property unique to fluids has proven elusive. 

   At first, magneto-LC effects were reported to arise simply from inhomogeneous intermolecular 

magnetic interactions on the analogy of the magnetic ordering in spin glasses.6 Meanwhile, other 

experimental results indicate that molecular mobility is another origin of magneto-LC effects;7 it 

evokes the effects of the dynamics on the magneto-LC effects. We focused on the difference in 

magnetization behaviors between two categories of magnetic molecular LC materials: 

metallomesogens and LC organic radicals.8 The former does not show magneto-LC effects, 

whereas the latter does as mentioned above. First, spin-lattice relaxation time (T1) of organic 

radicals (10–7 ~ 10–5 s) is generally much longer than that of metal ions (10–12 ~ 10–8 s);9, 10 

retention time of the incremental magnetic field (η) induced by the spin-spin interaction between 

a certain pair of spins (τspin) illustrated in Figure 1(e) should be much longer for LC organic 

radicals than metallomesogens. Second, retention time of the spin-spin interaction should be the 

same as that of the intermolecular contact in the LC phase (τLC), which naturally depends on 

molecular diffusion. Therefore, the retention times of the spin-spin interaction of LC organic 

radicals are generally shorter than that of high-viscosity metallomesogens. Given the expectation 

that the number of the interactions during τspin should be larger in LC organic radicals than in 

metallomesogens; the magneto-LC effects originate from the conservation of the memory of the 
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spin-spin interactions between magnetic moments owing to the ceaseless molecular contacts as 

shown in Figure 1(f). Here, we propose a quantitative model incorporating the inhomogeneity of 

the magnetic interactions based on Thouless-Anderson-Palmer (TAP) approach,11, 12 which was 

proposed to solve Edwards-Anderson model for spin-glasses with inhomogeneous magnetic 

interactions,13 with careful consideration of characteristics of fluid phases and a spin localized in 

each molecule. And we discuss the validity of the new model by means of molecular dynamics 

(MD) simulation and density functional theory (DFT) calculations. 

2. Methods 

2.1. Molecular Dynamics Simulation 

All-atom MD simulation was carried out using the MD program GROMACS 4.6.6. The partial 

atomic charges of the simulated LC molecule were determined by the restrained electrostatic 

potential (RESP)14 methodology at the UB3LYP/6-31G(d,p) level using the GAUSSIAN 09 

package.15 In order to calculate the intra- and intermolecular interactions, generalized Amber force 

field16 parameters were used. 

The initial structure of the MD simulation system was the cubic simulation box with the side 

of 8.0 nm containing 1024 molecules by replicating the small rectangular cell containing both 

enantiomers with random rotation. Based on the Cr structure obtained from the experiment for 

(2S,5S)-enatiomer,17 both (2S,5S)- and (2R,5R)-enantiomers were placed in the small rectangular 

unit cell as shown in Figure S1. The relaxation runs at 300 K for 10 ns and at 400 K for 30 ns were 

successively performed. During the relaxation runs, the Berendsen thermostat and barostat18 were 

used to keep the temperature and pressure of the system with relaxation times of 0.2 and 2.0 ps, 

respectively. After the relaxation runs, the equilibration run at 400K was done for 100 ns using 

Nosé-Hoover thermostat19 and Parrinello-Rahman barostat20 with relaxation times of 1.0 and 5.0 
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ps, respectively. The time step was set to 2 fs since all bonds connected to hydrogen atoms were 

constrained with the LINCS algorithm.21 The smooth particle-mesh Ewald (PME) method was 

employed to treat the long-rang electrostatic interactions and the real space cutoff and the grid 

spacing are 1.4 and 0.30 nm, respectively. 

A snapshot of MD simulation shown in Figure S2 shows that LC molecules tend to align along 

one direction after 100 ns of the equilibration run. For the quantitative analysis of the orientational 

order for LC molecules, we calculated the nematic order parameter. The nematic order parameter 

was estimated as the largest positive eigenvalue of the order parameter tensor P, as expressed 

below: 

𝑃!" =
1
𝑁%

1
2 '3𝑛#!𝑛#" − 𝛿!",

$

#%&

 

where 𝑁 is the total number of LC molecules, subscripts 𝛼 and 𝛽 represent the coordinates 𝑥, 𝑦, 

and 𝑧. 𝒏# is the normalized vector of the 𝑖th molecular long axis defined as the vector connecting 

the two end carbon atoms in the rigid aromatic core part as shown in the inset of Figure S3. As 

shown in the time profile of the nematic order parameter for the system, the system reached 

equilibrium after 50 ns. The average order parameter during the last 20 ns was 0.71 ± 0.01 and 

indicates that the simulated system was in the nematic LC state. The mean square displacement 

(MSD) of the LC molecules was analyzed as shown in Figure S4. The self-diffusion coefficient 

calculated by using the Einstein relation was 2.02 × 10-11 m2/s and the system has fluidity to the 

same extent as typical nematics.22 The radial distribution function (RDF) of the center of the mass 

of the LC molecules was also analyzed. The RDF, 𝑔(𝑟), is defined as 

𝑔(𝑟) =
1
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where 𝑉 is the total volume of the system, 𝑁 is the total number of the LC molecules, Δ𝑁#(𝑟) is 

the number of the LC molecules in the shell at a distance 𝑟 from the	𝑖th molecule, and Δ𝑟 is the 

thickness of the shell. In Figure S5, 𝑔(𝑟)  does not exhibit discrete sharp peaks and it is the 

characteristics of the typical fluids. 

 

2.2. DFT Calculation for one of Snapshot Geometries of Molecular Dynamics Simulation 

We extract molecular pairs that are effectively interacting with each other by choosing the pairs 

with which the distance between their centers of gravity is less than 1 nm. Actually, we select 1807 

pairs of molecules. Single-point calculation of energies of singlet and triplet states, Eij,Singlet and 

Eij,Triplet, was performed for all the 1807 pairs at the UB3LYP/6-31G(d,p) level using the 

GAUSSIAN 09 package.15 We define that Jij is singlet-triplet gap in Joule, Eij,Singlet and Eij,Triplet are 

the energy in singlet and triplet states of the pair of molecules i and j, respectively.23-25 

 

3. Results and Discussion 

First, we derive the relation between magnetic susceptibility and magnetic interactions in fluid 

phases of molecules. All magnetic interactions involving the magneto-LC effects are described 

based on the interaction Hamiltonian of Edwards-Anderson model; 

 𝐻 = −%𝐽#(
#,(

𝑺#𝑺( (1) 

where Si denotes the spin of molecule i interacting with molecule j with a random set of 

exchange couplings (Jij). To introduce the inhomogeneity of the magnetic interactions in LC 

phases, we assume that each of the Jij values is decided independently from a Gaussian 

probability density with mean zero, in which the mean field is not induced simply by the 

surrounding spins on average as the first-order term, and variance 𝐽' 𝑁⁄  in LC phases; 
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 𝑃'𝐽#(, ∝ expE−
𝑁𝐽#('

2𝐽' F (2) 

where N denotes the numbers of the molecules. According to the TAP approach, the non-zero 

variance (𝐽' 𝑁⁄ ) indicates that the incremental magnetization of the spins interacting with spin Si 

induced by spin Si recursively influences Si as the second-order term; the mean field was divided 

into two terms. 

 𝒉# = 𝒉#* + η𝑺# (3) 

where the first term, 𝒉#*, is the fleld that would be present in the absence of the spin 𝑺# (retaining 

the couplings Jij), and the second term, η𝑺#, is the recursive contribution of the spins interacting 

with 𝑺#, when 𝑺# is introduced. Note that the first-order term of η(Jij) is canceled out because the 

average of Jij is zero. Meanwhile, the second-order term η(𝐽#(' ) in the three-dimensional vector 

spin model can be derived according to the approach with a hole that Palmer proposed.12 

 η =
2
3
1
∆𝐸%𝐽#('

(

 (4) 

When that external magnetic field, H0, is constant and enough larger than the mean field, ∆𝐸 can 

be approximated to be gμBH0, which is Zeeman energy. For spin glasses, in which coordination 

number is assumed to be N, the summation of 𝐽#('  is J2. Meanwhile, for LC phases of NRs, the 

normal coordination number z is much smaller than N due to the bulkiness of the NRs as shown 

in Figure 1(a), and therefore, the summation of  𝐽#('  is estimated to be 𝑧𝐽' 𝑁⁄ . Since 𝐽' 𝑁⁄  is the 

variance of Jij and the 𝐽' 𝑁⁄  for the LC-NRs is expected to be much smaller than that for the 

ordinary spin glasses, this model is not likely to rationalize the magneto-LC effect in the higher 

temperature ranges. It suggests that just introducing the inhomogeneity is not enough to explain 

the magneto-LC effect. To also consider the effect of molecular mobility, we convert z into the 
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effective coordination number 𝑧̂; molecules exchange their interaction partners many times in 

τspin as if a molecule shared the spin polarization induced by the interactions with another 

molecule to other molecules before forgetting it as illustrated in Figure 1(f). 

 %𝐽#('

(

=
𝑧̂
𝑁 𝐽

' (5) 

The strength and frequency of the molecular contact are exp'−𝑡 τ+,-.⁄ , and 1 τ/0⁄ , respectively. 

We can assume that 𝑧̂ depends on the above-mentioned two time periods: τspin and τLC.  

 𝑧̂ = O
𝑒
1 2
3!"#$

τ/0
𝑧𝑑𝑡

4

*
=
τ+,-.
τ/0

𝑧 (6) 

The mean field for spin i described as eqs 3-6 leads to the following Curie-Weiss type equation 

with Weiss constant θ for the LC phases of NRs (θLC); we assume that this approximation should 

be plausible in such a high temperature region, in which LC phases of NRs are stable.5-7 

Paramagnetic susceptibility in the LC phases (χLC) can be estimated using the obtained θLC. 

 χ/0 =
𝐶

𝑇 − θ/0
=

𝐶

𝑇 − 𝑧̂
𝑁

𝐽'
6𝑘𝑔µ5𝐻*

 (7) 

where k is Boltzmann constant. If the Cr phase has no effective exchange interactions (θCr = 0) 

like typical LC-NRs, we can compare χLC with the susceptibility of the Cr phase, χCr, at the 

melting point (T >> θLC). 

 
χ/0
χ06

=
1

1 − 𝑧̂
𝑁

𝐽'
6𝑘𝑔µ5𝐻*𝑇

≃ 1 +
𝑧̂
𝑁

𝐽'

6𝑘𝑔µ5𝐻*𝑇
 (8) 
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This equation is qualitatively consistent with reported H0-dependence of χLC/χCr for LC-NRs; this 

ratio generally decreases as H0 increases for positive magneto-LC effect.6 Numerical simulation 

of 𝑧̂ and 𝐽' 𝑁⁄  would enable us to quantitatively confirm the validity of this equation. 

 

 

Figure 1. High-frequency exchange of interacting pairs detectable as increase of coordination 

number. (a) Molecules interact with each other in fluids. Because LC-NR molecules are bulky, 

each of them usually interacts with only one other molecule. In this case, the coordination 

number z is 1. (b)-(d) Generally speaking, z values for one, two and three-dimensionally 

interacting NR crystals are 2 (b), 4 (c) and 6 (d), respectively. (e) Schematic illustration of the 



 10 

attenuation of η for a certain pair of molecules. The horizontal axis denotes the time elapsed 

since the interaction occurs. After a molecule interact with another molecule, it moves and the 

interaction disappears. The effect of the exchange magnetic field disappears after time constant 

τspin. (f) Each molecule changes the partner of the interaction many times before disappearance of 

the effect of the exchange magnetic field. Each molecule interacts with a lot of molecules as if 

coordination number substantially increased (𝑧̂). 

 

Instead of X-ray crystallography for the analysis of the interacting manner of ordinary 

crystalline magnetic materials, we perform molecular dynamics (MD) simulation for 4NO4, 

which is the smallest one of the first generation chiral LC-NRs abbreviated to mNOn as shown in 

Figure 2(a), to directly estimate τLC and the obtained configuration of the intermolecular 

interactions was used to estimate 𝐽' 𝑁⁄ . As is often the case with MD simulation of LC materials, 

the calculation started from random configuration of 1024 molecules of racemic 4NO4 prepared 

from real Cr structure of one of the enantiomers of 4NO4 (See Supporting Information); the 

magneto-LC effects have been well investigated for them.5-8 The density of the system is set to 

be 1 g cm–3. We measured a period during the distance, d, between oxygen atoms of nitroxide 

moieties in adjacent molecules smaller than 1 nm, which is the limit of intermolecular distances 

between radical species with a localized spin to magnetically interact with each other,26 to be 

0.22 ns at 400 K as shown in Figure 2(b),(c). We assume the period is nearly equal to τLC; it is 

consistent with generally estimated rotational and translational correlation times for LC phases 

10–10 ~ 10–9 s.27, 28 
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Figure 2. Molecular motion analysis for molecular configurations obtained from molecular 

dynamics simulation. (a) Molecular structures of mNOn. (b) Schematic of the definition of the 

retention time τLC. Red circles denote 1 nm distant from molecule i. Time required from the 

entering of molecule j into the circle to the leaving of the same molecule from the circle is 

defined as τLC. (c) The time course of τLC. Although τLC is initially very low because all 

molecules initially exist inside the red circle shown in (b), it is likely to converge to 0.22 ns over 

time. 
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Next, we have performed DFT calculations for the configuration obtained from the above-

mentioned MD simulation to estimate 𝐽' 𝑁⁄ . In a certain configuration, there are 1807 molecular 

pairs with the distance, d, less than 1 nm. We calculated Jij as the difference between single point 

energies for singlet and triplet of each of the 1807 pairs (See Supporting Information),26 and the 

histogram of Jij shows that the number of the pairs around Jij = 0 is quite large, indicating that 

most pairs do not interact with each other. When we assume that the dispersion obeys a Gaussian 

function, we can fit it with an equation with standard deviation J = 1.1 × 10–22 J. Note that the 

two points closest to Jij = 0 were eliminated for the fitting because they involve some of the 

distant pairs without any interactions. The integration of the function indicate that the number of 

the interacting pairs is only 182 as shown in Figure 3(a), from which z can be estimated to be 

0.355. As a lot of papers reported, we assumed that the spin-lattice relaxation time (T1) of NRs is 

generally 10–7 ~ 10–6 s at such a high temperature. If τspin is comparable to T1, 𝑧̂ is estimated to be 

1.6 × 102 ~ 103. If gμBH0 is 6.1 × 10–24 J in 3300 Oe that is the usual magnetic field for X-band 

electron paramagnetic resonance (EPR) spectroscopy and kT is 5.5 × 10–21 J at 400 K, we can 

estimate using eq 7 that the increase of the magnetic susceptibility in melting is 1.2% ~ 12%. In 

fact, X-band EPR spectroscopy with 3300 Oe around 400 K has recognized the magneto-LC 

effects up to a few tens % jump of magnetic susceptibility.5, 6 In addition, we estimated 

magnetization curves for τspin = 1.0, 0.5 and 0.1 μs in the ranges of H0 < –1000 Oe and H0 > 1000 

Oe because the approximation is valid for the high magnetic field as shown in Figure 3(b). This 

leads to the decrease of the ratio χLC/χCr with increasing H0, which is consistent with the 

experimental results for positive magneto-LC effect.6 These indicate that the model is valid for 

the magneto-LC effect of LC-NRs. Rapidly rotating or diffusing LC-NRs could show stronger 

magneto-LC effects. 



 13 

 

 

Figure 3. Simulated magnetic properties. (a) Distribution of Jij obtained from DFT calculation 

results. The crosses denote the simulated values, and the solid line denotes the fitting line. (b) 

Magnetization curves depend on τspin. Dashed line denotes paramagnetic magnetization without 

any magnetic interactions. Red, green and blue curves denote magnetization curves with τspin of 

0.1, 0.5 and 1.0 μs, respectively. 
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4. Conclusions 

Our theory has successfully accounted for the positive magneto-LC effect in terms of the 

molecular mobility and inhomogeneity of intermolecular interactions; the estimated magnetic 

susceptibility is consistent with the previously reported experimental results. This is one of the 

scenarios to explain the emergence of the magneto-LC effects. Further examinations will tell 

how valid the theory is. In addition, a molecule with photoexcited triplet electrons might be able 

to further enhance the spin polarization of LC molecules owing to radical-triplet pair 

mechanism.29 Our theory differs from mean field theories for magnetism with static interactions 

in the concept that molecular mobility can amplify the contact frequency; the theoretically 

estimated coordination number is 102 ~ 104. Molecules might be able to conserve the memory of 

molecular conformations, configurations, electric charges, energies as well as magnetic memory 

with each other. As well as the theories for static interactions applied for any other sciences, our 

theory could be extended into systems with dynamic changes in the interactions between 

components; e.g., neurons, persons and economic players have such interactions with each other 

in a neuronal system, a community and a business world, respectively.30 

 

Supporting Information. The following files are available free of charge.  

Detailed methods of Molecular Dynamics Simulation and Density Functional Theory 

Calculations (PDF) 
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