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Solid polymorphism and dynamic magnetic properties of 
dodecylated vanadyl-porphyrinato complex: Spin-lattice 
relaxations modulated by phase stabilisation† 

Yoji Horii,*a Momo Makino,a Taro Yamamoto,b Shoichi Tatsumi,b Hal Suzuki,b Mariko Noguchi,c 
Takefumi Yoshida,d Takashi Kajiwara,a Zhao-Yang Li,e Masahiro Yamashita*e,f 

The dynamical magnetic behavior of metal complexes correlates with their phonon modes, which depend on solid 

polymorphs. However, no systematic study has revealed the correlation between solid phases and spin-lattice relaxation. 

Herein, we report the magnetism of the VO2+-porphyrinato complex that contains dodecyl chains (1). Owing to the flexibility 

of the molecular structure, we successfully isolated the metastable crystalline phase 1m, glass phase 1g and stable crystalline 

phase 1s. Although chemical composition of three phases are same, 1s with the lowest entropy exhibited the longest 

magnetic relaxation time. Our results suggest that (1) phase stabilization is an effective method for elongating the spin-

lattice relaxation time and (2) spin-lattice relaxation correlates with the entropy of the solid. 

Introduction 

Molecule-based magnetic materials are possible candidates for 

the components of future information processing/storage 

devices that utilize the spin degree of freedoms.1, 2 The 

magnetic molecules with the strong magnetic anisotropy can 

behave as the single-molecule magnets (SMMs),3, 4 which can 

store 1-bit of information in single molecule as up- or down-spin 

states: by using SMMs, one can increase the information 

storage capacity drastically. On the other hand, the magnetic 

molecules with the negligible magnetic anisotropy are 

promising as the molecule-based quantum bit (qubit).5-14 

Especially, vanadyl (VO2+) complexes showing isotropic S = 1/2 

state undergo long decoherence time (T2) even at room 

temperature (T).5, 15 One of the merits of the molecule-based 

spin qubit is the facile modification of the ligands based on the 

rational design, which enables ones to systematically change 

the distance between electron spins and nuclear spins,16, 17 

packing structures to modulate the vibrational and phonon 

modes,18, 19 and also to integrate the spin qubit for construction 

of multiple qubit.20 

Elongation of the spin-lattice relaxation time T1 is required to 

achieve long T2 because T1 is generally longer than T2. The 

previous studies for VO2+ spin qubit indicated that the 

suppression of low energy vibrational modes reduces spin-

lattice relaxations (and elongates T1), through which 

decoherence time (T2) increases.18, 21, 22 Therefore, rigid 

molecular structures, which can be achieved by decreasing the 

number of atoms, is favored for spin qubit. On the other hand, 

VO2+ complex with long alkyl chains (soft part) is also attractive 

as it may behave as a spin qubit with a liquid crystalline property. 

Combination of the liquid crystalline properties with the 

magnetism can afford the unexpected behavior such as the 

revers spin crossover,23 and the facile modulation of the SMM 

properties upon changing annealing procedure.24 However, 

there is no magnetic investigation for VO2+ complex with long 

alkyl chains, presumably due to the conflict of the design criteria 

to achieve long T1. Introducing the long alkyl chains gives low 

melting point and flexible molecular conformations, enabling 

the isolation of various phases (both crystalline and glass 

phases) just by changing annealing/crystallization conditions. 

Especially, the effect of verification on the magnetic relaxation 

behavior of spin qubit has not yet been fully revealed, and 

studies have been limited to magnetic molecules in glassy 

frozen solution mixtures.25, 26 Thermal conductivity is 

significantly reduced upon vitrification,27 inducing the phonon 

bottleneck (PB) effect due to the delay in heat exchange 

between the lattice and thermal bath. However, compared to 

the crystal, the glass shows additional low-energy thermal 

motions that correlate with the spin-lattice relaxations. If the PB 

effect is significant compared with the effect of an increased 

number of low-energy thermal motions, T1 will elongate upon 

vitrification. To discuss the effect of low-energy thermal motion, 

heat capacity measurement is a powerful tool for capturing the 

vibrational contributions as the entropy (S). Investigations into 
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the effect of vitrification and crystal polymorphs on dynamical 

magnetic properties from the viewpoint of S can provide 

insights for the construction of spin qubits with long relaxation 

times. 

In this work, we report the phase behavior and dynamical 

magnetic properties for VO2+-porphyrinato complex with the n-

dodecyl chains (1). By changing the crystallization procedure 

and thermal treatment, we isolated metastable crystalline 

phase 1m, glass phase 1g and stable crystalline phase 1s. Heat 

capacity measurements for three phases revealed that 1s has 

the lowest entropy. AC magnetic susceptibility measurements 

revealed that 1m, 1g and 1s exhibited slow magnetic relaxations 

up to 130 K, which are among the highest T values reported for 

VO2+ complexes in solid states.8 Among three phases, 1g 

exhibited shortest T1, indicating that the vitrification accelerates 

spin-lattice relaxations in the low dc magnetic field and low T 

regions.  In addition, 1s exhibited longer T1 than 1m did, 

indicating that the stable phase with the lowest entropy is 

favourable for suppressing spin-lattice relaxations. 

Results and Discussion 

Synthesis of dodecylated vanadyl-porphyrin and conversion to 

metastable crystalline phase 

1 was synthesized by using base-catalysed ester exchange 

reaction (Scheme 1). The mixture of VO(TMCPP) (TMCPP = 

Tetrakis(4-(methoxycarbonyl)phenyl)porphyrinato) and n-

dodecanol (acting as the reaction solvent and alkoxide source) 

was stirred at 170 °C in the presence of the catalytic amount of 

1,8-diazabicyclo[5.4.0]undec-7-ene (DBU). As the ester 

exchange reaction among the methoxycarbonyl group and n-

dodecanol proceeded, the suspension of VO(TMCPP) turned to 

a solution. This change is an indicative of the formation of 1, 

which has high solubility and low melting point compared to 

VO(TMCPP). 

Metastable crystalline phase of 1 (1m) was obtained by slow 

diffusion of dichloromethane solution of 1 into the ethanol. The 

chemical stability of 1m was checked by thermogravimetric (TG) 

and differential thermal analyses (DTA). No significant change 

in weight was observed upon heating to 573 K, confirming that 

there was neither solvent inclusion nor chemical decomposition 

in 1m (Fig. S6). 

 
Scheme 1. Reaction scheme for the synthesis of 1. 

Differential scanning calorimetry (DSC) 

To check the thermal behaviour of 1m, DSC measurements 

were performed at a temperature sweep rate of ±10 K min−1 (Fig. 

S7). No thermal anomaly was observed during the 1st cooling of 

1m from 298 K to 203 K. Upon heating (1st heating), a large 

endothermic peak (ΔtrsH = 63.1 kJ mol−1) was observed at 364 K. 

This corresponds to the melting of 1m, which is consistent with 

the DTA results (Fig. S6). After melting, no crystallisation or 

melting was observed. These results indicate that the glassy 

state (1g) was formed by cooling at 10 K min-1 after the melting 

of 1m. 

Heat capacity measurement 

For more precise discussion, heat capacity analyses were 

performed for 1m using adiabatic calorimetry.28 In the first 

heating process from 77 K to 370 K, a broad transition peak was 

observed at around 180 K (Fig. 1a and 1b up). The transition 

enthalpy (ΔtrsH) and entropy (ΔtrsS) were determined to be 3.47 

kJ mol−1 and 20.3 J K−1 mol−1, respectively. A sharp peak was 

observed at around 360.8 K (Fig. 1a up) which corresponds to 

melting (Table S2). The cooling (−7 K min−1) of the liquid phase 

afforded glassy state of the undercooled liquid phase 1g. On 

heating 1g, a small exothermic T-drift (+0.01 K h−1 at most) and 

a broad step in heat capacity were observed in the T range from 

225 to 275 K, implying the glass transition (Fig. S8). Then, 1g 

exhibited a clear exothermic T-drift (+500 K h−1) above 320 K 

owing to the crystallization to stable crystalline phase 1s. In 

other word, it is possible to convert the metastable crystalline 

phase 1m to glass phase 1g by cooling the melted sample, and 

to convert stable crystalline phase 1s by thermal annealing. 1s 

showed a sharp peak at 181.8 K, which corresponds to the 

structural phase transition (Fig. 1a and 1b down). In addition to 

this sharp peak, broad peak was observed up to 227 K. The ΔtrsH 

and ΔtrsS was determined to be 9.02 kJ mol−1 and 47.9 J K−1 mol−1, 

respectively. Moreover, 1s exhibited equilibrium transition to 

1m at 354.4 K, and then melted at around 360.8 K. The whole 

picture of phase relation and thermodynamic stabilities are 

summarized as a schematic diagram of Gibbs energy against T 

in Fig. S9. To evaluate the degree of disorder, the entropy (S) 

differences of the three phases at 80 K were estimated using Cp 

data, assuming that the S values of the liquid phases obtained 

from 1m, 1s and 1g were identical (Fig. S10). Among three 

phases, 1s exhibited the lowest S, and the S of 1m and 1g were 

higher by 27.42 J K−1 mol−1 and 36.10 J K−1 mol−1 at 80 K,  
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Figure 1. (a) Molar heat capacities for 1m, 1g and 1s obtained using adiabatic 
calorimetry. (b) Enlarged view of Cp vs. T plots of 1m and 1s in the vicinity of 
structural phase transition. Solid lines represent a baseline used for obtaining Δ trsH 

and ΔtrsS. 
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respectively. The large S value of 1m compared with that of 1s 

indicates the significant contribution of disorders and soft 

molecular vibration in 1m. 

Single-crystal X-ray diffraction analyses 

To reveal correlation between molecular structures and 
thermal behaviors, we performed single-crystal X-ray 
diffraction (SCXRD) analyses for 1m and 1s. Both crystalline 
phases exhibited an inversion center at the centroid of 
porphyrinato core, and adopt VO-up and VO-down 
conformations (shown as red and blue in Fig. 2, respectively) 
with 50:50 ratio. The dodecyl chains of 1m were stretched out 
from the porphyrinato plane (Fig. 2a), whereas those of 1s 
adopted bended and compact conformations, which results in 
the densely packed structure of 1s (ρ = 1.203 g cm−3 at 153 K) 
compared with 1m (ρ = 1.141 g cm−3 at 153 K). At 153 K, 1m 
exhibited at least three kinds of conformations on dodecyl 
chains. Compared to 1m, disorders and thermal factors on 
dodecyl chains were suppressed in 1s, wherein only one C-C 
bond in a dodecyl chain exhibited a positional disorder (Fig. 2b 
left). The ordered structure of 1s compared with 1m is 
consistent with the low S value of 1s at 80 K. In addition, the 
large S value of 1m comparable to that of 1g at 80 K indicates a 
significant number of low energy excitations associated with 
dodecyl chains caused by the less densely packed structure of 
1m. 

 
Figure 2. Crystal structures of (a) 1m and (b) 1s at 153 K. Disordered structures are 
depicted in colours. 

Structural phase transition of 1m and 1s 

Both 1m and 1s exhibited structural changes upon elevating T 

(Fig. 2a and 2b left), which are ascribed as the anomalous peaks 

in Cp below 240 K. In case of 1m, the porphyrinato core unit 

superimposed at 153 K, splitted into two positions at 283 K, and 

the dodecyl chains exhibited heavy disorders. To check the 

correlation between Cp and crystal structures, T-dependence of 

the crystalline cell parameters for 1m during cooling and 

heating process was obtained (Fig. S4). There is no sudden 

changes in the unit cell parameters upon sweeping T (Fig. S4), 

being consistent with the broad peak in Cp due to gradual 

structural phase transition over wide T range. In case of 1s, 

sudden change in unit cell parameters were observed at around 

170 K (Fig. S5) in a cooling process and at around 180 K in a 

heating process due to the structural phase transition with 

hysteresis behavior. The transition T in the heating process 

matches with the T at which Cp peak was observed, confirming 

that Cp anomaly corresponds to the structural phase transition 

captured by SCXRD analyses. This phase transition is 

attributable to the lateral expansion of the molecule due to 

thermal motion of the dodecyl chains, which was observed as 

the sudden increase in the number of disordered conformations 

on dodecyl chains (Fig. 2b right). These conformations became 

non-visible at 283 K because of the dynamical disorder of the 

dodecyl chains. Based on the numbers of possible disordered 

conformations determined from SCXRD analyses, 

conformational contributions to the ΔtrsS were 16.3 J K−1 mol−1 

for 1m and 23.1 J K−1 mol−1 for 1s (see SI). These values are 

smaller than the ΔtrsS values obtained by Cp measurements 

(20.3 J K−1 mol−1 for 1m and 47.9 J K−1 mol−1 for 1s), indicating 

the vibrational contribution to the ΔtrsS. 

Preparation of samples for magnetic measurements 

1m for magnetic measurements were prepared by solution 

diffusion method using dichloromethane and ethanol. 1s was 

prepared by keeping the melted 1 at 320 K in the adiabatic 

calorimeter (see experimental). The phase purity of 1m and 1s 

was checked by powder X-ray diffraction (PXRD) measurements 

(Figs. S1 and S2). Experimental PXRD patterns of 1m and 1s 

showed good agreement with the ones simulated from SCXRD 

data, confirming that there was no phase contamination of 

crystal polymorphs. The glass state 1g was obtained by rapidly 

cooling the melted phase by dipping into liquid nitrogen, 

followed by inserting the sample to the physical property 

measurement system (PPMS), and then setting the T to 150 K 

with the cooling rate of 20 K min−1. This cooling rate is rapid 

enough for preparation of 1g, as proved by Cp measurement and 

DSC analyses (Fig. S6). In addition, 1g did not show obvious 

diffraction peaks (Fig. S3). An extended X-ray absorption fine 

structure (EXAFS) indicates that coordination geometry VO2+ of 

1g is identical to that of 1m (Fig. S4 and S5). 

DC magnetic properties 

The VO2+ porphyrinato complexes exhibit magnetic properties 

due to an unpaired electron on non-degenerated dxy orbital; this 

electronic configuration quenches orbital angular momentum, 

resulting in the isotropic S = 1/2 spin state. Low spin 

concentration of the series of 1 makes it difficult to get the 

reliable magnetic susceptibility above 150 K. Therefore, χMT 

value of 1m, 1g and 1s under a dc magnetic field of 10 kOe 

below 150 K was shown in Fig. 3a. χMT value is almost constant 

above 10 K in all solid phases due to negligible magnetic 

anisotropy and intermolecular magnetic interactions. Below 10 

K, small decrease in χMT value was observed, which is 

attributable to the weak intermolecular magnetic interactions 

and magnetization saturation. Curie constants (C) determined 

from fitting the χM
−1 vs. T plots in the T-rage from 20 to 100 K 



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

were 0.37 cm3 K mol−1 for 1m, 0.37 cm3 K mol−1 for 1g, and 0.36 

cm3 K mol−1 for 1s, in good agreement with the value for 

isotropic S = 1/2 spin with g value of 2 (0.375 cm3 K mol−1). 

Magnetization (M) vs. HT−1 plots of all phases at 2, 4, 6 and 10 K 

were overlapped, and reasonably simulated with the Brillouin 

function with S = 1/2 and g = 2 (Fig. 3b), again confirming the 

isotropic spin of the 1m, 1g and 1s. 
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Figure 3. (a) χMT vs. T plots and χM

−1 vs. T plots of 1m, 1g and 1s under a 10 kOe dc 
magnetic field. Solid lines in χM

−1 vs. T plots represent a fit using Curie's law in the 
T-range of 20 to 100 K. (b) M vs. HT −1 plots at 1m, 1g and 1s. The solid curves 
represent theoretical M from Brillouin function with S = 1/2 and g = 2. 

AC magnetic properties 

To investigate the T1, we performed ac magnetic susceptibility 

measurements for 1m, 1g and 1s (Fig. 4). Hereafter, we use “τ” 

instead of T1 to distinguish the spin-lattice relaxation time 

obtained by ac measurement (τ) and that by electron 

paramagnetic resonance (T1). 1m, 1g and 1s exhibited no ac 

frequency (ν) dependences on in phase (χM') and out-of-phase 

(χM'') of the ac magnetic susceptibilities in the absence of dc 

magnetic field (upper left of Fig. 4). However, clear slow 

magnetic relaxation was observed in the presence of non-zero 

H. At H = 1 kOe and T = 30 K (upper middle of Fig. 4), the χM' 

value at ν = 104 Hz was 0.004-0.005 cm3 mol−1 for all phases, 

indicating that partial amount (ca. 2/3) of the VO2+ unit 

participates the slow magnetic relaxation. At H = 10 kOe 

however, χM' value was almost zero at ν = 104 Hz because all 

amount of the VO2+ complex underwent slow magnetic 

relaxation. With increasing T, the difference in the ac magnetic 

curves among 1m, 1g and 1s became negligible (Lower raw of 

Fig. 4), implying that the solid polymorphs affect the dynamic 

magnetic behaviour at low T as discussed later.  

For more precise discussion, τ was obtained by fitting the ac 

magnetic susceptibilities using generalized Debye model (Figs. 

S17-22). H dependence of τ at 30 K is summarized in Fig. 5a. 

Gradual increase in τ values of 1m and 1g with increasing H up 

to 0.4 T corresponds to the quenching of magnetic relaxations 

mediated by internal magnetic field (magnetic dipole-dipole 

interactions), which are suppressed by applying dc magnetic 

field. 1s did not exhibit such a gradual increase in τ values at the 

low field, indicating that the magnetic relaxations via internal 

magnetic field were suppressed. T dependence of τ at a dc 

magnetic field of 10 kOe (Fig. 5b) of 1g exhibited small 

inclination in the low T region and large inclination in the high T 

region, the boundary of which existed at 30 K. Similar behavior 

was observed in the τ vs. T plots of 1m, whereas 1s did not show 

changes in inclination in the measured T range. τ vs. T plots of 
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Figure 4. AC magnetic susceptibilities for 1m, 1g and 1s at various H and T. No frequency 

dependences on χM' and χM'' were observed at zero H. Solid curves for the plots at non-

zero H represent a fit using generalized Debye model. 

all three phases above 60 K is superimposed. To get the deeper 

insight into magnetic relaxation, τ vs. H and τ vs. T plots were 

simulated using the following equation: 

𝜏−1 = 𝑎𝐷𝑖𝑟𝐻
5 coth(

𝑔𝜇𝐵𝐻

𝑘𝐵𝑇
)+𝑎𝑅𝑎𝑚𝑇

𝑚 + 𝐵
1+ 𝐵1𝐻

2

1 + 𝐵2𝐻
2
𝑇 Eq. 1 

where first and second term represent direct and Raman 

process, respectively.29 g-value in the first term is fixed to 1.98, 

the value typical for VO2+ porphyrinato complex.18 Third one is 

a Brons-van Vleck term which represents the magnetic 

relaxation via internal magnetic field.30 B1 is the effect of 

internal magnetic field which induces magnetic relaxation, and 

B2 the effect of external magnetic field which quenches internal 

field, both of which are field and T independent at weak dc 

magnetic field. Considering that the spin-lattice relaxations via 

internal field occur with a single phonon, the third term is 

proportional to T.13 Orbach process was excluded from the 

possible relaxation process because there are no available 

excited states in the measurement T range. In case of 1s, B was 

fixed to 0 (As a result, B1 and B2 for 1s were excluded from the 

optimized parameters) due to negligible H dependence of τ at 

weak field. In other words, the magnetic relaxations of 1s in the 

measured H and T range were driven by direct and Raman 

processes. In 1m and 1g, B1 and B2 were expected to be similar 

due to the lack of the magnetic anisotropy of VO2+ ion, making 

the internal magnetic field of electron spins less dependent on 

the packing structure. In addition, Raman terms of 1m, 1g and 

1s are similar as evidenced by the overlapped τ vs. T plots above 

60 K. Therefore, to avoid overparameterization, the optimized 

parameters for eq. 1 were obtained by using the same Raman 

term for all phases and sharing the B1 and B2 of 1m and 1g. H 

and T dependences on τ were simulated using the optimized 

parameters summarized in Table 1. The m value of the Raman 

term is 4.0(1), which is larger but typical range in the reported 

VO2+ complexes.5, 18, 21 In all case, aDir values which represent the 

direct process were similar in magnitude since the τ vs. H plots 

above 3 T for 1m-1s were similar with each other. In contrast, B 

values were strongly dependent on the phases. The magnitude 
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of B values correlates with the low energy vibrational modes, 

which are enhanced in the glass state. Compared to the 

crystalline phase, glass phase 1g exhibited larger B values. On 

the contrary, the B value of the stable phase 1s was negligible. 

Our results suggest that the vitrification accelerates the 

magnetic relaxations, rather than enhancing PB effect. In 

contrast, 1s obtained by phase stabilization exhibited longest τ 

among three phases. The effect of phases on τ is pronounced at 

low T and low H, at which low energy thermal motions 

accelerate spin-lattice relaxations. These results are consistent 

with the excess S of 1m and 1g, which is attributable to the low 

energy thermal motions of dodecyl chains. In contrast to the 

low T region, τ vs. T plots of the three phases above 60 K overlap, 

indicating that the Raman process in this T region correlates 

with the vibrational mode of the VO(TCPP) core rather than the 

soft motion of the dodecyl chains. 
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Figure 5. (a) τ vs. H (T = 30 K) and (b) τ vs. T (H = 10 kOe) plots at 1m, 1g and 1s. 
The solid curves represent the fit using Eq. 1. 

Table 1. Fitting parameters for 1m, 1g and 1s using eq. 1. 

 1m 1g 1s 

aDir / kOe−5 s−1 3.6(4) × 10−7 4.2(7) × 10−7 2.0(2) × 10−7 

aRam / K−m s−1 2.6(8) × 10−4 2.6(8) × 10−4 2.6(8) × 10−4 

m 4.0(1) 4.0(1) 4.0(1) 

B / K−1 s−1 23(6) 2.5(6) × 102 0 (fixed) 

B1 / kOe−2 0.27(5) 0.27(5) - 

B2 / kOe−2 2.2(8) 2.2(8) - 

 

Comparison of magnetic properties with reported analogues 

1m and 1s exhibited long τ values (19-64 ms at 15 K and 15-20 

μs at 130 K) compared to the VO(TCPP) (TCPP = tetrakis(4-

carboxyphenyl)porphyrinato) analogues (Table 2) 8, 18, 31 even 

though dodecyl chains act as the source of soft motions. We 

believe that the elongation of the intermolecular V4+–V4+ 

distances due to the bulkiness of the alkyl chain is the possible 

explanation for the observed long τ. Magnetic dilution using 

solution or a diamagnetic crystalline solid matrix elongates the 

T1 and T2 dramatically.15 The concentration of S = 1/2 spin for 

1m and 1s are 0.45 and 0.47 nm−3, respectively, which are lower 

than that of ethyl esterified analogue 2 (0.88 nm−3).8 The τ value 

of crystalline 2 (ca. 6 ms at 15 K) is shorter than those of 1m and 

1s (19 and 64 ms at 15 K, respectively) but is longer than that of 

1g (1.7 ms at 15 K). In the case of 1m and 1s, the effect of 

magnetic dilution, which elongates τ, overcomes the effect of 

soft motion. In the case of 1g, the effect of soft motion is 

significant compared to the dilution effect, resulting in the short 

τ value. The magnetic relaxation times at high T seem to be less 

dependent on magnetic dilution and chemical substitution. T1 

of the frozen solution (0.46 mM, which corresponds to the spin 

concentration of 2.8 × 10−4 nm3) of 2 (20 μs at 120 K) is 

comparable to the τ of the present samples (20-24 μs at 120 K). 

Similar T1 values have been reported for VO(TCPP)-based 2D31 

and 3D18 MOFs under dilute conditions (16 μs at 120 K and 22 

μs at 100 K, respectively). These independences in T1 are 

attributed to the Raman process which is driven by the 

vibrational motion of the core VO(TCPP) unit. 

Table 2. Spin-lattice relaxation time for relevant VO(TCPP) complexes. 

 

τ, T1 / μs T / K 

DC 

field / 

kOe 

Concentration 

/ spin nm−3 

1m 

1.9 × 104 

24 

20 

15 

120 

130 

10 0.45 

1g 

1.7 × 103 

20 

16 

15 

120 

130 

10 - 

1s 

6 × 104 

20 

16 

15 

120 

130 

10 0.47 

2(crystalline)8 6 × 103a 15 0.05 0.88 

2(solution)8, 32 20b 120 3.47 2.8 × 10−4 

2DMOF(1%)31 16b 120 3.43 7.4 × 10−3 

3DMOF(5%)18 22b 100 3.4 1.3 × 10−2 

a: from ac magnetic measurements; b: from EPR measurements 

Conclusions 

We presented the synthesis and magnetic properties of dodecyl 

substituted VO2+ complex. Slow magnetic relaxations were 

observed up to 130 K, indicating that introduction of the alkyl 

chains did not act to decrease T1. Comparison of dynamical 

magnetic properties of three phases suggests that the stable 

phase with low S is more promising than metastable phase for 

suppressing spin-lattice relaxation. To the best of our 

knowledge, this is the first example that mentions about the 

relationship between the entropy and spin-lattice relaxations. 

Our result also suggests the usefulness of heat capacity 

measurements as the tool for capturing the soft molecular 

motions as the entropy differences. Heat capacity 

measurements can capture the contribution of whole 

vibrational modes, whereas THz spectroscopy used in the 

previous research18, 21 cannot capture the vibrational modes 

which violate a selection rule. Therefore, we believe that heat 

capacity measurement becomes a powerful tool to reveal the 

correlation between spin-lattice relaxations and solid 

polymorphs. To prove the correlation between S and dynamic 

magnetic properties, further investigation for the magnetic 

relaxation behaviors of various kinds of VO2+-porphyrinato 
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analogue is needed. Especially, the Cp measurements down to 

the liquid helium temperature and electron paramagnetic 

resonance, although not conducted in this research, would be 

helpful to understand the correlation between soft motion and 

low temperature spin dynamics including T2. From the point of 

view of synthetic chemistry, the use of ester exchange reaction 

to attach the long alkyl chains can be applied for facile 

construction of the ligand library. By using this method, we will 

provide the comprehensive survey which unveils the 

relationship between phase behavior and spin-lattice relaxation 

in the future paper. 

Experimental 

Chemical reagents 

Tetrakis(4-methoxycarbonylphenyl)porphyrin (H2TMCPP) was 

synthesized according to the literature method.33 Vanadyl 

acetylacetonate (VO(acac)2), phenol, and 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) were purchased from 

Wako Chemicals. 1-Dodecanol was purchased from Tokyo 

Chemical Industry. All the reagents were used as received 

without further purification. 

Synthesis of 1m 

A mixture of H2TMCPP (130 mg, 0.15 mmol), VO(acac)2 (102 mg, 

0.38 mmol) and phenol (5 mL) was refluxed for 6 hours under 

N2. After cooling to room temperature, ca. 30 mL of methanol 

was added, and the mixture was stirred for ca. 12 h. The violet 

precipitate was collected by vacuum filtration, washed with 

methanol, and dried under vacuum. A mixture of the obtained 

solid, 1-dodecanol (5 mL), and DBU (100 μL) was stirred at 

170 °C for 12 h under N2. After cooling to room temperature, 

ca. 30 mL of methanol was added and the violet precipitate was 

collected by vacuum filtration. Silica gel (silica gel 60N, spherical 

neutral, particle size 100-210 μm) column chromatography, 

using dichloromethane as the eluent, afforded the main red 

solution (eluted first) containing 1. After evaporating the 

solvent, recrystallisation using dichloromethane/ethanol 

afforded pure 1m as red platelet crystals (150 mg, 64% yield). 

CHN elemental analysis calcd. (%) for C96H124N4O9V: C 75.41, H 

8.17, N 3.66; found: C 75.21, H 8.19, N 3.78. 

Preparation of 1s 

1s was prepared using an adiabatic calorimeter. 1m was placed 

in the adiabatic calorimeter and melted by heating at 400 K. The 

melted sample was maintained at 320 K, and the temperature 

(T) drift was monitored. After the complete absence of the 

exothermic T-drift (took one day), the crystalline sample 1s was 

removed from the adiabatic calorimeter. 

Crystallization of 1s for SCXRD analyses 

A mixture of ca. 1.5 mg of 1m and 0.5 mL of 1-octanol was 

heated at 393 K to dissolve 1m completely. After cooling the 

mixture to room temperature, a few drops of this solution 

mixture were added to an excess amount (ca. 0.5 mL) of 

Paratone-N (Hampton Research). This mixture was maintained 

at 276 K for ca. 2 weeks to obtain hexagonal-shaped crystals 

suitable for SCXRD analyses. 

Preparation of 1g for magnetic measurements 

1m (141 mg) was placed in the gelatine capsule and the capsule 

was inserted into the straw. After melting 1m by heating at ca. 

390 K using an oven for overnight, the sample was rapidly 

cooled by dipping the capsule and the straw into liquid nitrogen. 

The sample was inserted to the physical property measurement 

system (PPMS) and set the T to 150 K with the cooling rate of 20 

K min−1. 

Measurements 

Single-crystal X-ray diffraction measurements were performed 

using a Varimax Saturn diffractometer (Rigaku). Diffraction data 

were processed using CrysAlisPro 4.0. Initial structures were 

obtained using SHELXT (2018/3) and refined with SHELXL 

(2018/3)32 combined with Yadokari-XG.34 Powder X-ray 

diffraction patterns were acquired using a D2 Phaser (Bruker). 

Magnetic measurements were performed using a physical 

property measurement system (PPMS) equipped with the 

ACMS option (Quantum Design) and a magnetic property 

measurement system (MPMS) XL7AC (Quantum Design). The 

magnetic relaxation time was acquired by fitting the real (χM’) 

and imaginary (χM’) parts of the AC magnetic susceptibilities 

using the generalised Debye model. Thermogravimetry-

differential thermal analysis (TG-DTA) measurement of 1m was 

performed using a Rigaku TG8120 instrument. The sample was 

placed in an aluminum pan and heated from 296 to 573 K at a 

rate of 10 K min-1 under a N2 atmosphere. DSC data were 

acquired using a PerkinElmer DSC8500 under a flow of N2 gas 

(20 mL min-1). We used aluminum sample pans and covers for 

all measurements. DSC measurements of 1m were performed 

at a heating and cooling rate of 10 K min-1 from 203 K to 403 K. 

Heat capacity measurements were conducted using a 

homemade adiabatic calorimeter. X-ray absorption 

spectroscopy was performed at the BL9A High Energy 

Accelerator Research Organization (KEK) (the edge position was 

calibrated using that of V foil). The analysis was performed using 

the Demeter software platform.35 The crystalline sample (1m) 

for the XASF measurement was prepared by dispersing 1m in 

boron nitride (BN) and then pressing into pellets. The melted 

sample was prepared by melting 1m inside a plastic bag. 

Heat capacity measurements 

Heat capacity measurements were conducted at temperatures 

between 78 and 370 K in the heating direction using a 

laboratory-made adiabatic calorimeter.28 The sample was 

sealed in a vacuum-tight copper cell, whose weight and inner 

volume were 7302.62 mg and 0.995 cm3, respectively. Thermal 

energy was applied in a stepwise manner using a heater wire 

(ca. 100 Ω) attached to the cell. The amount of energy applied 

was measured precisely using a source meter (Keithley 2401). 

The sample temperature was measured using a Rh–Fe alloy 

resistance thermometer attached to the top of the sample cell. 

The thermometer was calibrated using an ITS-90 standard. The 

heat capacity of the empty cell was determined in advance and 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7  

Please do not adjust margins 

Please do not adjust margins 

subtracted from the total heat capacity to obtain the heat 

capacity of the sample. The sample weighed 312.44 mg (0.2043 

mmol). The contribution of the sample to the total heat capacity 

was 8.65% in the crystalline phase at 300 K. 
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