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Magnetic, thermal behaviors and phase transition nature are strongly influenced by 

grain size in one-dimensional S = 1/2 molecular spin systems 
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Abstract 

In this study, we prepared the sub-micron crystals of one-dimensional (1-D) spin- 

Peierls-type compounds, 1-(4’-R-benzyl)pyridinium-d5 bis(maleonitriledithiolato)- 

nickelate (R = Br or Cl), using a facile method, namely, the acetonitrile solution of 

compound was quickly mixed with excess water (an insoluble solvent). This facile 

method of preparation gave uniform dispersion of sub-micron crystals with a typical 

dimension of < 1.0 µm. We observed that the grain size reducing effect the magnetic 

and phase transition features. With respect to the bulk crystal samples, the powder 

X-ray diffraction peaks are broadened, the transition temperature TC is up-shift with 

∆TC ≈ 1.2 K for R = Br vs. 1.0 K for R = Cl, and the changes of enthalpy and entropy 

of phase transition are much decreased for the sub-micron crystal samples; In addition, 

to reduce crystal grain size leads to the onset of strongly Curie-Weiss type 

paramagnetic background and significant temperature independent paramagnetism. 

Keywords: Nickel-bis-dithiolene molecule crystal, spin-Peierls-type transition, 

sub-microns scale, grain size effect
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Introduction 

Inorganic crystals, which consist of a network of ordered atoms or ions without 

discernible molecular unit, generally, show size-dependent electronic properties,1-3 

which is thought to originate from phonon confinement, additional surface phonons, 

or tensile surface stresses.4 However, the molecular crystals exhibit usually 

size-independent electronic properties because molecules are localized entities, the 

weakly intermolecular interactions extend rarely beyond the nearest neighbors in a 

typical molecular crystal and make possible the bulk properties of a molecular crystal 

to regularly be analyzed as the sum of individual molecular contributions, with small 

perturbations from the intermolecular forces.5 This is one of main reasons, in the 

context of molecule crystal, that the study of size-dependent electronic property has 

received relatively little attention so far. It is possible that the molecular crystals 

display the size-dependent electronic or magnetic behaviors if there is non-ignorable 

electron-phonon/spin-phonon interaction. 

In previous studies, we designed and achieved a series of 1-D [Ni(mnt)2]
--based 

spin-Peierls-type molecule crystals (mnt2- = maleonitriledithiolate),6 and observed the 

local structural fluctuation in such magnetic chain systems, which is a typical 

phenomenon originated from electron-phonon or magnetoelastic coupling 

interactions.7 This motivates us to further investigate the magnetic and phase 

transition natures for such spin-Peierls-type molecule crystals in the 

nano-scale/sub-micron scale, to gain new evidences of magnetoelastic interaction. 

In this paper, the sub-micron crystals of two 1-D [Ni(mnt)2]
--based 

spin-Peierls-type compounds, which molecule structure is illustrated in Scheme 1, 

were prepared using a facile method. The sub-micron crystals of these 1-D 

spin-Peierls-type transition compounds display some novel natures, such as the 

critical temperature of spin-Peierls-type transition, TC, up-shift and the magnetic 

susceptibility rounded change around TC with respect to the bulk crystals. 
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Scheme 1 Molecule structure of 1-(4’-R-benzyl)pyridinium-d5 

bis(maleonitriledithiolato)nickelate (R = Br or Cl) 

Experimental section 

Chemicals and materials 

All reagents and chemicals were purchased from commercial sources and used 

without further purification. The compounds 1-(4’-R-benzyl)pyridinium-d5 

bis(maleonitriledithiolato)nickelate (R = bromo and chloro; abbr. as Br-1 and Cl-1, 

respectively) and their bulk crystals were obtained by means of the reported 

approach.8 

Preparation of sub-micron crystals 

400 mL of water, an insoluble solvent, was quickly added to 10 mL of the 

acetonitrile solution with 595 mg (1.0 mmol) of 1-(4’-bromobenzyl)pyridinium-d5 

bis(maleonitriledithiolato)nickelate, the mixture is vigorously stirred at ambient 

temperature for 20 min, followed by standing for 10 hours, the precipitate was filtered 

off using superfine fiber filter membrane and dried under vacuum. The sub-micron 

crystals were labeled as Br-2. 

A similar procedure was utilized for the sub-micron crystals preparation of 

1-(4’-chlorobenzyl)pyridinium-d5 bis(maleonitriledithiolato)nickelate and the 

corresponding sample was labeled as Cl-2. 

Physical measurements 

Power X-ray diffraction (PXRD) data were collected on a Bruker D8 Advance 
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powder diffractometer operating at 40 kV and 40 mA using Cu Kα radiation with λ = 

1.5418 Å. Samples were scanned in the range of 2θ = 5-50° with 0.02°/step and 1.2 

s/step. The morphology and crystal grain sizes of the samples were observed using a 

Hitachi S-3400N Π scanning electron microscopy (SEM) at an operating voltage of 

15 KV. Magnetic susceptibility data were measured over the temperature range of 

2-300 K using a Quantum Design MPMS-5S superconducting quantum interference 

device (SQUID) magnetometer. Differential scanning calorimetry (DSC) was carried 

out on a Q2000 V24.9 Build 121 instrumental in the temperature range of 93-293 K 

(from -180 to 20 °C) with a rate of 20 K⋅min-1. 

Results and discussion 

SEM images and PXRD patterns  

Figure 1 shows the scanning electron microscopy (SEM) micrographs for Br-2 

and Cl-2, respectively, indicating both Br-2 and Cl-2 samples to have uniform 

particle size distribution and the maximum dimensional of particle sizes is about 1.0 

µm. It is mentioned that the different batches can give similar size samples using such 

facile preparation approach (ref. Figure S1). 

  

Figure 1 SEM images of (a) Br-2 (b) Cl-2 

The powder X-ray diffraction profiles over the 2θ range of 5-50° are shown in 

Figure 2 and the enlarged ones are displayed in Figure 3. By comparison of the bulk 

crystals, the broadening effects of diffraction peaks are clearly seen in the diffraction 

profiles of Br-2 and Cl-2 sub-micron crystals owing to the crystal grain size reduced. 

(a) (b) 
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The diffraction pattern of the sub-micron crystals Br-2 is almost the same as its bulk 

crystals Br-1, the peak positions of diffractions, for instance, (1 1 0), (1 3 0), (2 0 0) 

and (2 2 0) and so on, shift to the lower angle quite little; while these diffraction peaks 

obviously shift towards the lower angle in the powder X-ray diffraction profile of 

sub-micron crystals Cl-2 by comparison of these in the corresponding bulk crystals of 

Cl-1. If the diffraction peaks towards the lower angle is the inherent nature of the 

sub-micron crystals of Cl-2, it means that the lattice expansion occurs in the 

sub-micron crystals. 

It is well-known that the nanocrystals with free surfaces have considerable lattice 

contraction induced by the large surface/volume ratio,9 and such a phenomenon is 

generally observed in metal nanocrystals.10 In contrast with this common observation, 

the lattice expansion as the particle size reduced was also found in some metal-oxide 

nanocrystals.11,12 Although the exact origin of size-induced the lattice expansion in 

metal-oxide nanocrystals is still not clearly understood, the structural changes of the 

species on the nanocrystals surface are thought to play an important role in such a 

fairly surprising situation, for example, the lattice expansion was observed in the 

CeO2 nanocrystals, and the lattice expansion origin of nanocrystals was considered to 

being due to the valence reduction of metal ions from smaller ion-radii Ce4+ to the 

larger ion-radii Ce3+ on the surface of nanocrystals, and the increases of Ce-O bond 

length on the surface of nanocrystals result in the lattice expansion.12 For Cl-1 and 

Cl-2, the PXRD measurements were performed using the crystalline Si powder as an 

internal standard and shown in Figure S2 in ESI, and the results disclosed that the 

small difference between the Cl-1 and Cl-2 PXRD patterns probably arise from the 

errors in measurements. 
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Figure 2 Experimental Powder X-ray diffraction profiles over the 2θ range of 5-50° 

for (a) Br-1 and Br-2 (b) Cl-1 and Cl-2. 

 

Figure 3 Powdered X-ray diffraction profiles at room temperature for (a, b) Br-1 and 

Br-2 (c, d) Cl-1 and Cl-2. 

Magnetic and spin-Peierls-type transition natures 

(a) (b) 

(c) (d) 

(b) (a) 
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The plots of χm-T are displayed in Figure 4a and 4b for Br-1, Br-2, Cl-1 and Cl-2. 

The obvious distinctions are observed in the χm against T plots between the samples 

of sub-micron crystals and the corresponding bulk crystals, (1) the magnetic 

susceptibility change sharply in the bulk crystals, while rounded in the sub-micron 

crystal sample at the transition. The analogous phenomenon was reported in some 

spin-crossover (SCO) compounds, where to downscale the particles leads to more 

gradual magnetic susceptibility change in the thermal SCO process, owing to the 

particle size dependent cooperative interactions in the lattice of SCO compounds.13-18 

(2) An onset of a strongly paramagnetic background appears in the sub-micron 

crystals, whereas the diamagnetism (where the negative magnetic susceptibility is 

clearly seen between 10 and 100 K for Br-1 and Cl-1) occurs in the corresponding 

bulk crystals below transition temperature. It is easily understandable that to reduce 

the crystal size induces the strongly Curie-Weiss type paramagnetic background in 

such 1-D magnetic systems since an antiferromagnetic spin chain of [Ni(mnt)2]
- is 

decoupled at the position of the crystal surface, these decoupled [Ni(mnt)2]
- anions 

give a contribution to the Curie-Weiss type paramagnetic susceptibility and a larger 

percentage of the decoupled [Ni(mnt)2]
- anions are in the surfaces of sub-micron 

crystals, owing to larger surface/volume ratio, with regard to the bulk crystals. 

 

Figure 4 Plots of χm-T of (a) Br-1 and Br-2 (b) Cl-1 and Cl-2 (insets: enlarged plots), 

respectively. 

Given that the spin gap opens below the magnetic transition in a 1-D spin-Peierls 

(a) (b) 
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system, the paramagnetic susceptibility contributed from 1-D magnetic chains is 

ignorable in the lower temperature region owing to the existence of big spin gap, as a 

result, the Curie-Weiss type paramagnetic background and the temperature 

independent paramagnetism can be estimated from the fits of temperature-dependent 

magnetic susceptibilities in the lower temperature region using Eq. (1), 

om
T

C
χ

θ
χ +

−
=        (1) 

The first term in Eq.(1) represents the Curie-Weiss type paramagnetic susceptibility; 

the parameters C and θ correspond to the Curie and Weiss constants, respectively. 

The parameter χ0 is the summations of diamagnetism contributed from the atoms core 

of molecules and the possible van Vleck-type temperature-independent paramagnetic 

susceptibility originated from the coupling of the ground and excited states through a 

magnetic field.19 The fitted parameters of C, θ, χ0 and the temperature interval used 

for the fits are summarized in Table 1 for Br-1, Br-2, Cl-1 and Cl-2, indicating that 

the amount of only a fraction of 0.3% for Br-1 versus ~0.7% for Cl-1 of Curie-Weiss 

type paramagnetism is estimated in the bulk crystals from the fitted Curie constants, 

however, the pronounced Curie-Weiss type paramagnetism with a fraction of 1.1% 

for Br-2 versus 2.1% for Cl-2 were observed in the sub-micron crystals (ref. Table 1). 

Another striking feature arose from the particle size reducing is that the 

temperature-independent paramagnetic susceptibilities appear in the sub-micron 

crystal samples by comparison of the corresponding bulk crystal samples. For 

example, the fits of magnetic susceptibility gave the negative χ0 for the bulk crystals 

Br-1 and Cl-1, moreover, the χ0 values are close to the Pascal’s constants of the 

corresponding 1-D spin-Peierls-type compound; however, the positive χ0 for the 

sub-micron crystals Br-2 and Cl-2, demonstrating that there exists van Vleck-type 

temperature independent paramagnetic susceptibility in the sub-micron crystals. 

Above the magnetic transition, form the structural viewpoint, the spin-Peierls-type 

compound shows the magnetic susceptibility character of a Heisenberg uniform 

antiferromagnetic chain, the corresponding magnetic susceptibility data were further 
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analyzed using Eq.(2) with Eq.(3), 

0)( χ
θ

χχ +
−

+=
T

C
chainmm      (2) 

321

2122

1
)(

−−−

−−

+++

++
⋅=

FXEXDX

CXBXA

Tk

Ng
chain

B

B
m

µ
χ      (3) 

In Eq.(2), the terms of C/(T-θ) and χ0 represent the Curie-Weiss type and 

temperature-independent magnetic susceptibilities, respectively; the term of χm(chain) 

corresponds to the magnetic susceptibility contributed from the magnetic chains, and 

the Eq.(3) is deduced from a S = ½ Heisenberg model of uniform chain and is based 

on the spin Hamiltonian below, 

∑
=

−−=
n

i

jj SSJH
1

1
ˆˆ2ˆ              (4) 

In Eq.(3), X = kBT/|J|, where J is the magnetic exchange constant of the neighboring 

spins in a uniform magnetic chain and the coefficients A-F are constants with the 

values A = 0.25, B = 0.14995, C = 0.30094, D = 1.9862, E = 0.68854, F = 6.0626.20  

In the fitting procedure, it was supposed that the Curie-Weiss type paramagnetic 

background and the temperature-independent paramagnetic term, χ0, are the same in 

both high- and low-temperature phases for each sample, and these terms were 

obtained from the fits of magnetic susceptibility data in the low-temperature phase. 

The fitted magnetic exchange constant J and the temperature interval used for the fits 

are listed in Table 1. It is mentioned that the fit gave the unreasonable g-factor value 

besides for Br-1, as a result, the g-factor value was fixed in the fitting process. The 

theoretically reproduced plots of χm-T match well with the experimental data for the 

bulk crystals of both Br-1 and Cl-1, whereas not good for the sub-micron crystals of 

both Br-2 and Cl-2 in the high-temperature phase (ref. Figure S3). The fits of the 

temperature dependent magnetic susceptibility disclosed that the magnetic exchange 

constant J within a magnetic chain increases as the crystal particle size reduces in the 

high temperature phase.  

Table 1 the fitted parameters and the used temperature ranges for both sub-micron 
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crystals and bulk crystals 

 Br-1 Br-2 Cl-1 Cl-2 

In low-temperature phase 

C / emu⋅K⋅mol-1 1.07(3)×10-3 4.25(6)×10-3 2.61(13)×10-3 8.04(53)×10-3 

θ / K -0.06(6) -1.16(4) -0.61(14) -1.61(22) 

χ0 / emu⋅mol-1 -2.9(2)×10-4 4.6(4)×10-4 -3.1(7)×10-4 4.0(3)×10-4 

Temp. range / K 2-50 2-45 2-50 2-55 

In high-temperature phase 

g 2.02(0) 2.0 (fixed) 2.0 (fixed) 1.9 (fixed) 

J/kB / K 13.4(4) 36(2) 2.3(1) 11(2) 

Temp. range / K 128-300 140-300 124-300 140-300 

The phenomenon that crystal grain size effects the phase transition or physical 

properties of a material has been observed in some ferroelectric or ferromagnetic 

system. The well-known ferroelectric material BaTiO3 experiences three-step 

structural phase transitions, namely, the cubic (C) → tetragonal (T) → orthorhombic 

(O) → rhombohedral (R) transition sequence. Arlt et al.21 showed that in fine-grained 

(ca. 1 µm) polycrystalline samples, the O→T transition temperature shifts to higher 

temperatures with decreasing grain size. In Sm0.5Sr0.5MnO3, Zhou et al.22 found that 

all the nanoparticles show a first-order ferromagnetic transition under low magnetic 

fields, but a second-order one above a critical field HCR. As the particle size 

decreases, the ferromagnetic transition temperature, the thermal hysteresis width in 

the magnetizations, and HCR as well as the Weiss constant θPM in the 

high-temperature paramagnetic phase exhibit a significant decrease, indicating that 

the ferromagnetism is weakened and the first-order transition is softened; such a 

phenomenon is due to the weakened double-exchange interactions and the strongly 

suppressed charge-ordered antiferromagnetic state by the size reduction, respectively. 

In our 1-D spin systems, the exact mechanism is not clear for the phenomenon of the 

crystal grain dependent J at present stage. 

Differential scan calorimetry (DSC) measurements were additionally performed to 

precisely determine the change of TC for these 1-D spin-Peierls-type systems, and the 

corresponding curves are shown in Figure 5. The critical temperature of transition, TC, 

is upshift with ∆TC ≈ 1.2 K for Br-2 versus ca. 1.0 K for Cl-2 regarding the bulk 
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crystal samples.  

Theoretically, the expression for spin-Peierls transition temperature, TC, is of the 

BCS form 

)/1exp()(14.1 λpJTk CB =       (8) 

2
00

22 /4 ωλ Npg=             (9) 

)2,( fkqqgg == λ            (10) 

Where N0 = 1/pJπ is the density of states at kf for the fermion band, J is the static 

exchange constant and the only weakly temperature dependent constant p = 1.64 as 

well as ω0 and g represent the phonon frequency in the absence of spin interaction and 

the spin-phonon coupling constant, respectively.23,24 As a result, the critical 

temperature of spin-Peierls-type TC increases with the magnetic coupling interactions 

(J) within a magnetic chain. In our previous study, such a phenomenon of magnetic 

exchange constant J dependent TC was really observed. The TC in a series of 

[1-(4’-R-benzyl)pyridinium][Pt(mnt)2] salts is much higher than that in the 

isostructural [1-(4’-R-benzyl)pyridinium][Ni(mnt)2] salts with the same substituent R 

(R = Cl, Br, NO2, CH3, CH=CH2) owing to the bigger J value in [Pt(mnt)2]
- salt with 

respect to the corresponding [Ni(mnt)2]
- salt.6a, 6b, 25 Therefore, the fact that the 

sub-micron crystal samples show higher TC, with respect to the corresponding bulk 

crystal samples, is probably related to its J value increase. 

 

Figure 5 DSC plots of (a) Br-1 and Br-2 (b) Cl-1 and Cl-2. 

(a) (b) 
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The enthalpies and entropies of the spin-Peierls-type transition, including the 

contribution of both structure and spin, are estimated as ∆H ≈ 0.472 kJ⋅mol-1 and ∆S ≈ 

4.06 J⋅K-1⋅mol-1 for Br-1 versus ∆H ≈ 0.537 kJ⋅mol-1 and ∆S ≈ 4.88 J⋅K-1⋅mol-1 for 

Cl-1. The transition entropy contributed from the structure is almost equal to zero 

because the crystal structures are ordered in both the high- and the low-temperature 

phases. The estimated entropies of phase transition are lower than the theoretical 

maximum of spin entropies from a mole of S = ½ anions in HT phase to S = 0 anions 

in LT phase (Rln2 ≈ 5.76 J⋅K-1⋅mol-1),26 this suggests that a substantial short-range 

order persists above the magnetic transition temperature of Br-1 and Cl-1. The 

short-range order is an indication of a lowered dimensionality of the spin system,27 

and is consistent with the uniform chain structure of the [Ni(mnt)2]
- anions in the 

crystal Br-1 and Cl-1.8 The enthalpies and entropies of the spin-Peierls-type transition 

are estimated as ∆H ≈ 0.073 kJ⋅mol-1 and ∆S ≈ 0.62 J⋅K-1⋅mol-1 for Br-2 versus ∆H ≈ 

0.031 kJ⋅mol-1 and ∆S ≈ 0.27 J⋅K-1⋅mol-1 for Cl-2. Obviously, to reduce the crystal 

grain size gives rise to the enthalpies and entropies of the spin-Peierls-type transition 

much decreasing. The phenomenon that the enthalpy and entropy of transition reduce 

with decreasing particle size was also reported in other phase transition material,28 

and the particle size dependent enthalpy and entropy of transition is probably related 

to the lattice defects, in general, the lattice defect increases with decreasing particle 

size. 

Conclusion and remark 

In summary, the sub-micron crystals were prepared for two 1-D [Ni(mnt)2]
--based 

spin-Peierls-type compounds. The up-shift of magnetic transition temperature, the 

onset of a strongly Curie-Weiss type paramagnetic background and the significant 

temperature independent paramagnetism appear in the sub-micron crystals with 

respect to the bulk crystals. The strongly Curie-Weiss type paramagnetic background 

in the sub-micron crystals of two 1-D compounds is due to that an antiferromagnetic 

spin chain of [Ni(mnt)2]
- is decoupled at the position of the crystal surface, these 

decoupled [Ni(mnt)2]
- anions contribute to the Curie-Weiss type paramagnetic 
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susceptibility and a larger percentage of the [Ni(mnt)2]
- anions are on the surfaces of 

sub-micron crystals with regard to the bulk crystals. In addition, the size-dependent 

magnetic and phase transition behaviors further support that there exist the phonon 

confinement effect in 1-D [Ni(mnt)2]
--based spin-Peierls-type compounds. 
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