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Chemicals 

Iron pentacarbonyl Fe(CO)5 (98%), 1-octadecene (ODE, 99%), oleic acid (OLAC, 90%), 

triethylamine (99%), chloroform, ethanol (EtOH), dichloromethane (DCM), Dimethyl sulfoxide 

(DMSO), α,ω-aminopropyl-poly(ethylene glycol) (Mn=1500 g/mol), gallic acid, N-

hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

(EDC), 2-(N-morpholino) ethanesulfonic acid hydrate (MES), phosphate buffered saline (PBS) 

(150 mM NaCl, pH 7.4), sodium chloride, sodium sulfate, sodium hydroxide, Tween20, NHS-

activated biotin and fluorescein isothiocyanate (FITC) conjugated Streptavidin were purchased 

from Sigma-Aldrich. Sodium oleate (97%) were obtained from TCI. All the chemicals were 

utilized "as-received" and without further purification. 

MES buffer was prepared at 0.6 M concentration and adjusted to pH 5.5 by titration with 1 M 

NaOH solution. For the ligand synthesis reaction, MES buffer solution was diluted to 0.1 M 

concentration. PBS-Tween20 (0.01 w%) (PBS-T20) buffer was made by dissolving 20 µL 

Tween-20 into 200 mL PBS (pH 7.4). 
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Post synthesis thermal annealing of nanocubes 

Typically, in a 50 mL three neck flask, 20 mL particle suspension in chloroform containing 40 

mg iron was added slowly to a mixture of 40 mL ODE and 2 mL OLAC at 70 °C in ambient 

atmosphere. The mixture was heated up from 70 to 130 °C in 20 minutes to slowly evaporate the 

chloroform and have the nanocubes well soluble in the organic mixture. The reaction mixture 

was then kept at this temperature for additional 5 h and within this period the solution color 

changes from black to dark brown. After cooling the reaction mixture to RT, the particles were 

isolated and washed following the procedure described in the previous section. The particles 

were dispersed in chloroform for further surface modification and characterization. 

Gallic acid functionalization of α,ω-diaminopropyl poly(ethylene 

glycol) (Gallic-PEG-NH2) 

114 mg (0.67 mmol, 1 eq.) gallic acid was dissolved in a glass flask in 80 mL of MES/EtOH 

mixture (1:1 v%) and cooled down to 4 °C using ice bath. Subsequently, 257 mg (1.34 mmol, 2 

eq.) EDC and 154 mg (1.34 mmol, 2 eq.) NHS were added and the solution was stirred for 30 

min to activate the carboxyl group of the gallic acid. Afterwards, 1 g (0.67 mmol) α,ω-

aminopropyl-poly(ethylene glycol) was added under vigorous stirring and the solution was 

warmed up to RT and stirred overnight. Next, the ethanol was removed under reduced pressure 

using rotary evaporator. Brine solution was added to the aqueous phase to facilitate the phase 

separation and the product was extracted three times with DCM. The combined organic phases 

were collected and dried with sodium sulfate. DCM was removed completely under reduced 

pressure. The final product was dried under vacuum at 40 °C. 
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Geometric phase analysis of high resolution transmission electron 

microscopy images 

The geometric phase analysis (GPA)1 has been performed employing the FRWR tools plugin for 

DigitalMicrograph(TM) (Gatan, Inc.). In summary, GPA measures the relative displacement of 

lattice fringes compared to a reference area from a HRTEM image to calculate the strain tensor 

(εij) and the rotation (ωxy). In GPA analysis, the Fourier component g of a particular set of fringes 

are selected. The intensity of these fringes is given by 

ሻ࢘௚ሺܫ ൌ ሺ݅	ሻexp࢘௚ሺܣ ௚ܲሺ࢘ሻሻ 

with Ag(r) the amplitude and Pg(r) the phase. 

The relative phase shift induced by a small displacement of the fringes u(r) with respect to the 

selected reference region is given by 

௚ܲሺ࢘ሻ ൌ െ2࢛.ࢍߨሺ࢘ሻ 

By taking two non-collinear g components into analysis, the two-dimensional displacement field 

holds 
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with a1 and a2 lattice vectors corresponding to g1 and g2 in the real space. The strain tensor and 

rotation are defined by2 
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particles implies that the (400)S planes ascribed to magnetite are not well ordered and this phase 

is rather defected.  

On the other hand, in the amplitude map of the treated nanocubes (Fig. S3b), a rather uniform 

relative intensity of (400)S plane is seen. The GPA analysis on HRTEM micrograph was 

conducted by taking the contribution of (400)S fringe into account. Observing such high intensity 

for this plane without taking FeO fringe into analysis means that there is a significant occurrence 

of the ordered (400)S planes throughout the whole particle. This is an indication of the formation 

of ordered magnetite phase in the treated particles.  

 

Analysis of the magnetization curves 

To derive magnetic moment distribution from M-H curves, the reconstructions of M-H curves 

were performed using MINORIM non-regularized inversion method using a discrete form of the 

Langevin function given by 

௝൯ܪ൫ܯ ൌ෍݉௜ܮ൫݉௜, ௝൯݊௜ܪ

ஶ

଴
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where mi is the mean magnetic moment of ith size bin with an amplitude equals to ni, µ0 is the 

permeability of vacuum and kB is the Boltzmann constant.3 
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This approach assumes no specific shape and number of modality for the distribution function, 

being advantageous for the accurate determination of magnetic moment distribution from M-H 

curves. The Ms and the mean magnetic moment m were set as fit parameters.  

To obtain the size of magnetic domain dm from the m, firstly, the Ms values given in emu/gFe 

were converted to SI unit in A/m using 

ܣ௦൫ܯ ݉ൗ ൯ ൌ ݑ௦ሺ݁݉ܯ ݃ி௘ൗ ሻ ൈ ሺ݃ߩ ܿ݉ଷൗ ሻ ൈ 1000 

For the core-shell nanocubes, the effective density ρe was calculated using 

௘ߩ ൌ ி௘ைߩ ൈ ி݂௘ை ൅ ி௘యைరߩ ൈ ி݂௘యைర 

with fFeO and fFe3O4 the volume fraction of Fe1-xO and Fe3-δO4 phases extracted from the XRD 

Rietveld analysis and ߩி௘ை (6.17 g/cm3) and ߩி௘యைర (5.14 g/cm3). Eventually, the magnetic size 

dm holds 

݀௠ሺ݊݉ሻ ൌ ඨ
݉
௦ܯ

య
 

The exchange HE and coercive HC fields can be written as 

ாܪ ൌ
െሺܪା ൅ ሻିܪ

2
 

௖ܪ ൌ
ሺܪା െ ሻିܪ

2
 

in which H+ and H- are the positive and negative coercivities taken from the FC hysteresis loops. 

The magnetocrystalline anisotropy constant (Ke) was calculated using the Néel-Brownian 

relaxation equation as described by 
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௘ܸܭ ൌ ݇஻ ஻ܶln	ሺ
߬௠
߬଴
ሻ 

with the inverse attempt frequency τ0=10-9 s, the measurement time τm≈1 s and the particle 

volume Vc=173 nm3. The superparamagnetic blocking temperatures Tb were estimated from the 

maximum in ZFC curve and data are summarized in table 1 in the main paper. 

 

 

 

Figure S4. Magnetic moment distributions of initial, 10 and 25 MH cycles treated nanocubes 

derived from the fits to the room temperature M-H curves. The peak appeared around 10-21-10-20 

Am2 is below the diamagnetic cutoff chosen for the fits and thus physically meaningless. 
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Figure S5. Temperature dependent ZFC magnetizations measured at 1, 2.5 and 50 mT on 25 MH 

cycles treated nanocubes. The results show that the ZFC maxima (corresponding to the blocking 

temperature) is independent of the applied field and remains at 232 K. 

 

Quantitative Rietveld crystal structure analysis 

In this study, the Rietveld crystal structure method has been exploited to simulate the 

experimental XRD patterns, monitor temporal evolution of particle phase composition and lattice 

constant. The refinements were carried out using FullProf Suite program.4 Firstly, the 

instrumental resolution function (IRF) file was generated by performing the profile matching on 

the LaB6 NIST SRM 660a standard sample XRD pattern. The IRF file was uploaded into the 

program in order to take into account the instrumental broadening. The Thompson-Cox-Hastings 

Pseudo-Voigt with an axial divergence asymmetry was selected as a peak shape. The background 
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was set to a linear interpolation of background points obtained using the WinPLOTR software 

(FullProf package). The free parameters which have shown more than 50% cross correlation 

were refined independently. The refined parameters were limited to scale factor, lattice constants 

and the first two parameters of anisotropic Lorentzian size broadening. The simulated patterns 

are shown in Fig. S6. 

To estimate the crystallite size, the Scherrer formula as written 

݀ ൌ
ߣ݇

ሻߠሺ	cosߚ
 

with k220 = 0.789 and k200 = 0.862 the anisotropy constants5,  = 0.1540 nm the wavelength of 

Cu-Kα,  the full maximum at half width (FWHM) and  the Bragg angle in radians, was used. 

The peak shape was assumed to be Gaussian. The overlapping reflections such as (200)RS and 

(400)S at  = 42° and (220)RS and(440)S  = 62° were deconvoluted by superposition of two 

Gaussian peaks. An example of the double peak fit is demonstrated in Fig. S5d for the initial 

nanocubes. 

Table S1. Atom positions, sites and occupancies used in the Rietveld analysis of initial, 10 and 

25 cycles MH treated nanocubes for both Fe1-xO and Fe3-δO4 phases. 



 13



 

Figure 

of (a) in

are show

Gaussia

 

S6. XRD pa

nitial core-s

wn as blue 

an peaks as h

attern (red s

hell nanocu

lines), and 

here shown 

symbols) an

ubes, (b) 10

(d) deconv

for (200)RS

nd correspon

 and (c) 25 

volution of 

 and (400)S

nding Rietve

MH cycles

overlapping

reflections 

eld refineme

s treated nan

g peaks by 

at  = 42°. 

ent (solid bl

nocubes (fit

superpositi

14

lack lines) 

t residuals 

on of two 



 

Figuure S7. Rotaational deforrmation ωxy

initial c

y map of (a) 

core-shell na

 

 

 

 

 

 

 

{400}S/{20

anocubes. 

00}RS and (bb) {220}S fri

15

 

inge of 



 

Figure 

fringe, 

obtained

and P2 i

S8. (a) Fou

(b) lattice 

d by GPA a

in the phase

urier filtered

fringe imag

analysis and

e map. 

d image of 

ge, (c) the 

d (e) relativ

f initial nano

correspond

ve phase shi

ocubes obta

ding phase 

ift profiles 

ained by m

and (d) la

along two A

 

asking {220

attice deform

APBs deno

16

0}S spinel 

mation εxy 

oted by P1 



 

Figure 

{220}S 

deforma

denoted

S9. (a) Fou

spinel frin

ation εxy obt

d by P1 and 

urier filtered

nge, (b) lat

tained by G

P2 in the ph

d image of 

ttice fringe 

GPA analysi

hase map. 

25 MH cyc

image, (c)

is and (e) re

cles treated

) the corre

elative phas

nanocubes 

sponding p

se shift prof

 

obtained by

phase and (

files along t

17

y masking 

(d) lattice 

two APBs 



 18

The antiphase boundaries (APBs) at which the neighbor Fe3O4 subdomains are shifted by ¼ 

a0[110] can be identified by ± π shift in the phase map from the (220)S fringe.3 For the initial 

nanocubes, the phase and strain εxy maps are shown in Fig. S8c,d. Along two areas denoted by P1 

and P2, a discontinuity in both phase and deformation maps can be observed. And, the phase 

shifts from +π/-π to 0, respectively, within ≈ 1 nm length (Fig. S8e). The APBs can be seen in 

the Fourier filtered lattice fringe image acquired by masking the (220)S spot as highlighted in 

Fig. S8b. By performing the same GPA analysis on the 25 MH cycles treated nanocubes (see 

Fig. S9), it has been found that the APBs do persist although the Fe3O4 domain size grows nearly 

twice. Indeed, the APBs separate the Fe3O4 domains, accounting for the retarded growth of the 

size of the (220)S diffraction line (Table 1, main paper). 
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