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S1. Experimental Section and Characterisations 

Materials 

All the reagents are commercially available and used without further purification. All chemicals are 

purchased from Sigma Aldrich Pvt. Ltd. Solvents were used as received. 

Physical Measurements 

IR spectra were recorded with a Spectrum two spectrometer (PerkinElmer Inc.) in attenuated-total-

reflectance (ATR) mode under ambient conditions. Spectra were recorded at 4 cm–1 resolution with a 

wavelength range of 4000-400 cm–1.  Elemental analyses (CHNS) were performed at the Elementar 

Micro Vario Cube elemental analyzer. 

Powder XRD was carried out in the PANalytical EMPYREAN instrument using Cu Kα radiation. 

PerkinElmer TGA 4000 thermogravimetric analyzer was used for the thermodynamic analysis of all the 

samples with an alumina sample holder and an N2 flow of 10 mL per minute. The analysis was carried 

out between 30 °C to 600 °C at a heating rate of 5 °C per minute. 

Magnetic Measurements 

Magnetic measurements were performed using a Quantum Design SQUID-VSM (MPMS) 

magnetometer. The hysteresis measurements were performed in a -3.5 to 3.5 T field range with 

varying scan rates of 100/200/300 Oe s-1 in a 2-8 K temperature range. 

Magnetothermometry using hysteresis 

Equations S1 and S2 are used to calculate the relative thermal sensitivity (Sr), and temperature 

uncertainty (T), respectively. Here ∆ is the thermometry parameter (remanent 

magnetisation/saturation magnetisation/loop area). ∆/∆ represents the relative uncertainty on each 

of the thermometry parameters.  

𝑺𝒓 =
𝟏

∆
(

𝜹∆

𝜹𝑻
).........................................................................Equation S1 
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𝜹𝑻 =  
𝟏

𝑺𝒓
(

𝜹∆

∆
).......................................................................Equation S2 

The ∆ vs T plots were fitted considering a phenomenological model using the Boltzmann sigmoidal 

equation S3 in Origin software.  

∆ = 𝑨𝟐 +  
𝑨𝟏−𝑨𝟐

𝟏+𝐞𝐱𝐩(
𝐓−𝐓𝐨

𝐝𝐓
)
………………………………………………………..Equation S3 

Where A1 and A2 are the values of thermometry parameters at low and high temperatures, 

respectively, To is the midpoint temperature where the transition occurs, and dT is the width of the 

transition (i.e., the steepness of the ∆ vs T curve). 

To assess reproducibility, each hysteresis measurement at a given scan rate was repeated three times 

under identical conditions, and the standard deviation of the resulting values was used to estimate 

δ∆/∆. The corresponding error bars are shown as temperature uncertainty T. 

Syntheses of Complexes 

Synthesis of [Dy2(BBPEN)2Cl] (Complex 1) 

The ligand H2BBPEN was synthesized following the reported procedure.1 

[Dy2(BBPEN)2Cl] was prepared following the reported procedure.2 To a solution of DyCl3·6H2O (37 mg, 

0.1 mmol) and H2BBPEN (46 mg, 0.1 mmol) in Methanol (5 mL), triethylamine (30 L, 0.2 mmol) was 

added dropwise. After stirring for 5 min, the resulting mixture was immediately filtered, and the 

filtrate was left to stand at room temperature for slow evaporation. The product was obtained as a 

colorless block crystal after 1 day (Yield∼77% based on Dy).  

Elem anal (C28H28N4O2DyCl): Calcd C, 51.70; H, 4.34; N, 8.61. Found: C, 51.71; H, 4.28; N, 8.58. 

Synthesis of [Dy(LN6
phen)(Ph3SiO)2](PF6) (Complex 2) 

The complex 2 was synthesised following the reported procedure.3 A mixture of 1,10-phenanthroline-

2,9-dicarbaldehyde (0.20 mmol, 0.047 g), triethylenetetramine (0.20 mmol, 0.030 g), and DyCl₃·6H₂O 

(0.20 mmol, 0.075 g) was dissolved in 15 mL of methanol, affording a clear orange solution. The 

reaction mixture was heated under reflux for 24 h, after which the solvent was evaporated under 

reduced pressure, leaving behind an orange-yellow oily residue. This residue was treated with a 

dichloromethane solution (15 mL) of Ph₃SiOH (0.80 mmol, 0.222 g) and Et₃N (0.80 mmol, 0.112 mL). 

Subsequently, an aqueous solution of NH₄PF₆ (0.20 mmol, 0.032 g, 15 mL) was added, resulting in the 

formation of a biphasic system. The mixture was refluxed for an additional hour, and the organic phase 

(CH₂Cl₂) was separated using a separatory funnel, then filtered to obtain a clear yellow solution. Slow 

diffusion of n-pentane into this solution over 2–3 days yielded pale yellow plate-shaped crystals 

suitable for single-crystal X-ray diffraction. The crystals were collected by filtration, washed with 

CH₂Cl₂ (2 × 2 mL), and dried in air to give the product ( Yield 35 % based on Dy). 

Elem anal (C56H52DyF6N6O2PSi2): Calculated C, 55.83; H, 4.35; N, 6.98. Found: C, 55.70; H, 4.22; N, 6.95. 
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S2. IR spectroscopy  

 

Figure S1: IR spectrum of a) complex 1and b) complex 2. 

 

S3. Powder X-ray diffraction analysis 

 

Figure S2: Powder X-ray diffraction pattern of a) complex 1 and b) complex 2. 
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S6. Thermogravimetric analysis  

 

Figure S3: TGA plot of a) complex 1 and b) complex 2. 

 

S5. Hysteresis Measurements 

 

Figure S4: The hysteresis plot of complex 1 in a 2-8 K temperature range at a) 20, b) 100, c) 200 and 

d) 300 Oe s-1. 
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S6. Magneto-thermometry Analysis 

Extraction of the thermometry parameters from the hysteresis data:  

The saturation magnetisation (MS), remanent magnetisation (MR), and loop area (A) from magnetic 

hysteresis data were extracted by following the protocols as mentioned below: 

a) Saturation Magnetisation: The saturation magnetisation value was taken from the high-field 

region (|H|  35 kOe), where M approaches a plateau. To minimise noise, an average value 

of the top 2–3 points at the field extremes was used as MS. 

b) Remanent Magnetisation: The remanent magnetisation was determined as the intercept of 

the magnetisation axis (M at H = 0) obtained during the descending branch of the hysteresis 

loop (after field reversal). The value was symmetrised by averaging the positive and negative 

intercepts. 

c) Loop Area: The hysteresis loop area was calculated using the built-in Polygon Area function in 

Origin, which integrates the enclosed M–H curve between the forward and backward 

branches. The area represents the energy dissipated during one magnetisation cycle and was 

reported in units of μ·kOe per molecule (corresponding to magnetisation in μ and field in 

kOe). 

 

 

Figure S5. The temperature dependence of the a) remanent magnetisation, and b) area (200 Oe s-1), 

depicting the region considered for fitting for complex 1. For other scan rates, similar regions have 

been considered for fitting. 
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Figure S6. The temperature dependence and corresponding fit of the a) saturation magnetisation, b) 

remanent magnetisation, and c) area. The relative thermal sensitivity and temperature uncertainty 

for d) saturation magnetisation, e) remanent magnetisation, and f) area at a scan rate of 20 Oe s-1 for 

complex 1. 
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Figure S7. The temperature dependence and corresponding fit of the a) saturation magnetisation, b) 

remanent magnetisation, and c) area. The relative thermal sensitivity and temperature uncertainty 

for d) saturation magnetisation, e) remanent magnetisation, and f) area at a scan rate of 100 Oe s-1 

for complex 1. 
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Figure S8. The temperature dependence and corresponding fit of the a) saturation magnetisation, b) 

remanent magnetisation, and c) area. The relative thermal sensitivity and temperature uncertainty 

for d) saturation magnetisation, e) remanent magnetisation, and f) area at a scan rate of 300 Oe s-1 

for complex 1. 
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Table S1. The fitting parameters of complex 1 for saturation magnetisation-based temperature 

calibration using equation 1. 

 

 

 

Table S2. The fitting parameters of complex 1 for remanent magnetisation-based temperature 

calibration using equation 1. 
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Table S3. The fitting parameters of complex 1 for area-based temperature calibration using equation 

1. 

 

 

 

Magnetothermometry of [Dy(LN6
phen)(Ph3SiO)2](PF6) (Complex 2): 

To check the applicability of this strategy in other molecules, we have synthesised 

[Dy(LN6
phen)(Ph3SiO)2](PF6) (Complex 2) as reported by Armenis et al.3 We have recorded the hysteresis 

data in the 2.5-5 K range with a scan rate of 50 Oe s-1. The remanent and saturation magnetisation 

were considered as thermometry parameters (Figure S8). The molecule did not show wide loops, so 

we could not use the loop area for thermometry measurements. The narrow hysteresis indicates 

faster magnetic relaxation (high QTM), leading to a very small loop area (~0.216 μ·kOe at 2.5 K) that 

lies within experimental noise. As a result, the temperature dependence of the area could not be 

resolved reliably, and only MS and MR were used for thermometric analysis. Similar to complex 1, the 

remanent magnetisation yielded better sensitivity compared to the saturation magnetisation in 

complex 2. This shows that hysteresis-based thermometry can be employed for other classes of 

SMMs, apart from the discussed complex 1 in the manuscript. For Complex 2, the saturation 

magnetisation yielded Smax of 1.1 % K-1 (at 4.3 K) and remanent magnetisation yielded a Smax of 31 % K-

1 (at 3.6 K). For both parameters, the temperature uncertainty was well within an acceptable range (< 

0.1 K). For remanent magnetisation, the sensitivity was above 1 % K-1 in the entire temperature range 

of 2.5-5 K. However, the lower Smax
R value of Complex 2 (31 % K⁻¹) compared to Complex 1 (96 % K⁻¹) 

arises from differences in their magnetic anisotropy and relaxation behaviour. Complex 1, with nearly 

ideal D₅h symmetry, exhibits strong axial crystal-field splitting and suppressed quantum tunnelling of 

magnetisation (τQTM  0.24 s)4, leading to larger remanence and higher thermal sensitivity. In contrast, 

the pseudo-D₆h symmetry of Complex 2 introduces stronger transverse components that enhance 

QTM (τQTM  1.6 × 10⁻² s)3, resulting in faster relaxation and hence reduced remanent magnetisation 

and sensitivity. 
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Figure S9. The variable temperature hysteresis data of complex 2 at a scan rate of 50 Oe s-1. 

 

Figure S10. The temperature dependence and corresponding fit of the a) saturation magnetisation, 

and b) remanent magnetisation, the relative thermal sensitivity and temperature uncertainty for c) 

saturation magnetisation, and d) remanent magnetisation at a scan rate of 50 Oe s-1 for complex 2. 
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Table S4: The comparison of relative thermal sensitivity for the three thermometry parameters under 

different scan rates for complex 1. 

   

 
 

Advantages and drawbacks of hysteresis-based thermometry in SMMs: 

 

The present study introduces a proof-of-concept demonstration of magnetic hysteresis-based 

thermometry in single-molecule magnets (SMMs). The approach utilises the temperature dependence 

of key magnetic parameters: saturation magnetisation (Mₛ), remanent magnetisation (Mᵣ), and 

hysteresis loop area (A), as intrinsic thermal markers in the cryogenic regime (2–8 K). Unlike 

conventional luminescence thermometry, which depends on optical signal intensity ratios and 

becomes unreliable below 10 K due to frozen Boltzmann populations, this method directly relies on 

the intrinsic spin-phonon coupling and magnetic relaxation dynamics governing the SMM behaviour. 

The parameters Mₛ, Mᵣ, and A show reproducible and monotonic temperature trends, enabling 

reliable calibration without the need for optical probes, emissive ligands, or external reference 

channels. The multiparametric nature of the method further allows internal validation; if one 

parameter shows limited sensitivity, others (notably loop area) retain strong thermal response and 

robustness against experimental noise. 

From a practical standpoint, we acknowledge that the current implementation relies on a SQUID 

magnetometer, which already includes precise temperature control. However, this setup serves 

primarily as a controlled calibration platform to validate the principle. The broader value lies in the 

transferability of the concept to miniaturised magnetic readouts such as micro-Hall sensors, 

nanoSQUIDs, or magneto-optical detectors, where direct temperature measurement may be difficult 

or intrusive. Some instrumental and physical constraints must be acknowledged: (i) hysteresis 

parameters show mild dependence on field sweep rate, requiring standardized sweep protocols for 

reliable calibration; (ii) applicability is limited to magnetically robust SMMs that retain open hysteresis 

at low temperatures; (iii) the method loses sensitivity above the blocking temperature as hysteresis 

collapses; and (iv) magnetic measurements inherently offer lower temporal resolution than optical 

techniques. Nevertheless, once calibrated, this intrinsic, magnetically encoded thermometric strategy 

provides a valuable and conceptually distinct complement to luminescence thermometry, particularly 
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effective in the sub-10 K regime where optical approaches typically fail. Its integration with on-chip 

magnetic sensors offers a potentially scalable route toward local and non-contact cryogenic 

thermometry in quantum and molecular spintronic devices. 

 

Table S5: A comparative table of multifunctional lanthanide SMMs using conventional thermometry 

approaches, luminescence thermometry, magneto-thermometry, magnetic circular dichroism (MCD), 

and multiparametric thermometry by MLR. (If not mentioned, the Smax values are based on 

luminescence thermometry) 
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