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Abstract  

Porous macrocycle/nanocrystal mesoporous hybrid was designed by grafting a novel 

serendipitous preorganized macrocyclic motif L, synthesized from N
1
-(2-aminoethyl)ethane-

1,2-diamine and 1,4-diisocyanatobenzene driven 2:2 self assembly, on Fe3O4@SiO2 distorted 

hexagonal nanocrystals (NCs). L doped NCs were thoroughly characterized by TGA, XRD, 

XPS, VSM, SEM, TEM, EDX and BET techniques. Antibacterial tests depicted that, only L 

and Fe3O4@SiO2 NCs exhibited acceptable antifungal activity. 

Keywords: Macromolecule; macrocycle/nanocrystal hybrids; mesoporous material; 

supermagnetism; thermal endurance. 
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1. Introduction 

Recently, synthetic macrocyclic compound doped nanoparticles have fetched a great attention 

of the researchers, because of their diverse range of ensuing emerging applications such as 

biocompatible molecular machines [1], photocatalytic degradation [2], excellent extractants 

toward heavy metal ions [3] and pesticide residues [4], etc, albeit, most of the 

macrocycle/nanoparticle hybrids are designed with derivative of calixarenes [5]. Thus, the 

macrocyclic motif modified nanoparticles have constituted a promising class of belongings to 

the material chemistry.  

 Various surface modification strategies such as, silica shell, gold shell, catechol 

coordination, click chemistry, etc are used for stabilization of Fe3O4 NCs, as pristine Fe3O4 

NCs lose their magnetism on contact with air. Amongst this silica shell grafting is thoroughly 

used by researchers for dealing with the problem of magnetism loss and it is on form 

recognized that the discerning features of mesoporous silica coated magnetic materials put 

together them as potential sorbents. Still for the most part as-prepared mesoporous silica 

shells demonstrate moderately limited adsorption capacity, which in turn is undiscerning and 

reversible [6]. On the other hand, to amplify the selectivity, specificity and to create stronger 

linkages, these materials should be chemically tailored with specific organic motifs to obtain 

hybrid mesoporous silica frames. Consequently, the modification of mesoporous silica shells 

with organic motifs, leading to appealing artificial changes has become a prime region of 

research for their enormous applications in a range of areas [7, 8].  

 In recent times, microbial perilous effects to flora and fauna and related safety, have 

received significant public apprehension. With this increasing sprawl of the extensive 

dispersal of infectious diseases, antibacterial materials, that can efficiently hold back the 

growth of microorganisms, have fetched significant research concern. Most commonly 

applied antibacterial systems are hydroxyl groups on silica substrates, which are typically 
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made biocompatible by attaching an organic shell around the NCs, making them appropriate 

for in vivo uses [9]. Thus, the focal point of the current expansion and strategy, endowed with 

synthesis, characterization and an assortment of in vitro bioactivity of motif L and the hybrid 

NCs, which are the prerequisites of this research.  

2. Experimental 

2.1 Materials and Methods 

Anhydrous Ferric chloride (FeCl3), Ferrous Chloride (FeCl2.4H2O) and liquor ammonia were 

procured from Sigma Aldrich, India and Tetra Ethyl Ortho Silicate (TEOS), glycerol, 

anhydrous ethanol, methanol as well as acetonitrile were obtained from Arcos Organics, 

Germany. The other reagents were analytical grade and used without any purification unless 

and otherwise mentioned. 

 Macro scaffold L was characterized by spectroscopic techniques such as 
1
H NMR 

(1D), 
1
H-

1
H COSY (2D),

 13
C NMR on FT-NMR Cryo-magnet Bruker Avance-II 

spectrometer at 400 and 100 MHz, with DMSO-d6 as solvent. Synthesized motif L was 

characterized by FI-IR, Perkin Elmer Spectrum one spectrometer, using nujol mull sampling 

method. Mass of L was confirmed with Waters, Q-Tof Micromass (LCMS) spectrometer. X-

ray Photoelectron Spectroscopy (XPS) with Auger Electron Spectroscopy (AES) Module, 

PHI 5000 Versa Prob II, FEI Inc. was employed for elemental analysis of L. A SM350US 

model ultrasonicator was used to disperse the NCs in solution. Magnetic measurements were 

carried out at ambient temperature using a Lakeshore VSM 7410 vibrating sample 

magnetometer (VSM). The morphology and size of the synthesized NCs were screened using 

field emission scanning electron microscopy (FE-SEM), transmission electron microscopy 

(TEM) as well as X-ray diffractograms (XRD). FE-SEM analyses of the NCs were executed 

on a Hitachi S-4800 scanning electron microscope. X-ray diffractograms (XRD) of the all 

NCs were collected in the diffraction angle (θ) range of 10 to 80
o
 with scan rate of 1

o
/min on 
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a Bruker X-ray diffractometer equipped with a Ni-filtered Cu
1

K  (λ=0.154060 nm) radiation. 

TEM analysis of the NCs was performed on PHILIPS CM200. The energy dispersive X–ray 

spectroscopy (EDX) was used for elemental analysis of the synthesized NCs and carried out 

on Bruker EDX flash detector model 5030. The high resolution transmission electron 

microscopy (HRTEM) instrument, JEM – 2100 HRTEM, JEOL, Japan was used for 

recording high resolved images of the hybrid NCs. The TGA-DSC analyses of a synthesized 

macromolecule L and the NCs were performed on Perkin-Elmer-4000 instrument. Surface 

area and porosity measurement was carried out by Bruauer–Emmet–Teller (BET) analysis on 

Quantachrome Instrument for physisorption and chemisorption by precise vacuum volumetric 

method.   

2.2 Synthesis of Macrocycle L 

Herein, a solution of one mole N
1
-(2-aminoethyl)ethane-1,2-diamine (1.09 g; 10 mmol) and 

one mole of 1,4-diisocyanatobenzene (2.44 g; 20 mmol) in dry and degassed acetone (50 

mL), was charged in a vessel. The mixture was stirred for 30 h, after which L was obtained. 

Because of the difficulty found in purification and recrystallization of these compounds, and 

to avoid the hazardous, ample solvent consuming column method, subsequent washing with 

chloroform and ethanol, obtained L as whitish pale yellow coloured powder. The schematic 

route for synthesis of L and its proposed synthesis mechanisms are depicted in Scheme 1 and 

Scheme 2A-2B. The characterization data for L is depicted below. 

2.2a Macrocyclic scaffold (L): [Yield: 4.84 g,92%]; Whitish pale yellow powder, M.p.>523 

KESI-MS in 10% aqueous MeOH: m/z 527.43 [M+H
+
]. IR (Nujol) / cm

-1
: 520m, 722m, 

827m, 1218s, 1300s, 1408m, 1511s, 1558s, 1639s, 3298vs(vs, very strong; s, strong;m, 

medium; w, weak)..
1
HNMR (400 MHz, DMSO-d6,) δH : 2.59 (br, 4H, for CH2), 2.75 (br, 4H, 

CH2), 3.13 (brs 4H, for CH2), 3.21 (br, 2H, NH), 3.29 (br, 4H, NH), 6.29 (br, 4H, CH2), 
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7.200-7.320 (m, 8H, Ar-H), 8.6059 (br, 4H, NH); 
13

C NMR (100 MHz, DMSO-d6 with small 

amount of CDCl3): δC = 155.58, 134.33(C=O), 120.38, 118.37, 61.01, 60.25. 

 

Scheme 1. Synthetic route of macrocyclic scaffold L 

  

Scheme 2. Plausible mechanisms (A and B) for synthesis of macrocyclic scaffold L 

2.2b Synthesis of supermagnetic Fe3O4 and Fe3O4@SiO2 NCs 

Supermagnetic Fe3O4 NCs were synthesized by charging, anhydrous FeCl3 (6.488 g; 40 

mmol) and FeCl2.4H2O (3.976 g; 20 mmol) in 200 mL degassed deionised water, in a three 

necked vessel placed in an oil bath and heated to attain a constant temperature of 358 K, with 

stirring under nitrogen. As the desired temperature was attained, 50 mL of liquor ammonia 

was added to the reaction mixture, so that the resulting orange colored reaction mixture 

turned black, without further need of addition of ammonia. Consequently, the Fe3O4 magnetic 

nanostructures were washed several times with water, twice with sodium chloride solution 

(20 mM L
-1

) and again with water centrifugation/dispersion cycles. Further these washed 

Fe3O4 NCs were dispersed in deionised water. 

A B 
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From the above solution (40 g/L), 20 mL volume was taken in a beaker and the NCs 

were allowed to settle, with the help of a strong permanent magnet, kept at the bottom of the 

container. Afterwards, the NCs get settled down, the supernatant liquid was discarded 

followed by addition of, 10 % aqueous emulsion of TEOS (80 mL), followed by glycerol (60 

mL). The pH of the resultant mixture was adjusted at 4.6, using acetic acid and ammonia. 

This stirring reaction mixture was charged in a two necked flask and heated on a mantle for 2 

hours at 363 K under nitrogen atmosphere. After 2 hours, a brown colored suspension 

obtained, indicates the silica core shell formation (Fe3O4@SiO2). These NCs were washed 

sub-sequentially with centrifugation/dispersion cycles in methanol followed by water. 

Eventually, the silica coated NCs obtained, were stored under the same conditions as that of 

Fe3O4 NCs. Thus, the NCs were synthesized by slender modifications in a literature reported 

methodologies [10-12].  

2.2c Preparation of macrocycle(L)/nanocrystal hybrids (Fe3O4@SiO2@L) 

From the stored Fe3O4@SiO2 solution, 25 mL volume was taken in a 250 mL beaker and 

NCs were settled down with the employed permanent magnet, followed by exclusion of 

supernatant liquid. Afterward, Fe3O4@SiO2 colloids were washed with 

centrifugation/dispersion cycles in ethanol. A mixture of Fe3O4@SiO2and 0.05 % solution 

(100 mL) of L prepared in acetonitrile, was ultrasonicated for 1 h at ambient temperature and 

the solvent is evaporated. This footstep accomplished immobilization of L on Fe3O4@SiO2 

and the resultant hybrids (Fe3O4@SiO2@L) were washed with several 

centrifugation/dispersion cycles in water. The washed NCs were dried into powder at an 

ambient temperature, under vacuum. 

2.3 In vitro Antimicrobial Screenings 

All the NCs and L (Samples a-d) were screened for their in vitro antimicrobial activity. 

Standards were achieved from National Collection of Industrial Microorganisms (NCIM), 
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National Chemical Laboratory (NCL), Pune-411 008, India. The antibacterial activity was 

executed next to Gram-positive bacteria Staphylococcus aureus (S. aureus, NCIM 2079), 

Bacillus subtilis (B. subtilis, NCIM 2250), and the Gram-negative bacteria Escherichia coli 

(E. coli, NCIM 2109), Pseudomonas aeruginosa (P. aeruginosa, NCIM 2036). In the similar 

approach, the antifungal activity was tested against Candida albicans (C. albicans, NCIM 

3471), Aspergillus niger (A. niger, NCIM 545). Chloramphenicol and Ciprofloxacin were 

used as standard antibacterial agents for the antibacterial tests.  Amphotericin‐B was used as 

standard antifungal agent for antifungal tests with dimethyl sulfoxide (DMSO) as a control 

throughout the study. 

 All the growth media, nutrient agar (Hi-media), potato dextrose broth (Hi-media), and 

MGYP (Hi-media) were prepared in double-distilled water, consistent with standard 

procedures. Sterile saline was prepared by dissolving 0.85 g saline in double-distilled water 

and making up the volume to 100 mL. McFarland solution (0.5 turbidity standards) was 

prepared by adding 0.5 mL of BaCl2 to 99.5 mL of sulphuric acid (both of 1 % concentration 

in water) [13]. Agar disc diffusion method was engaged to explore the susceptibility of the 

microorganisms towards the key compounds under study [14]. The groundwork of the agar 

plates preparation, culturing of the microbial strains, and the inoculation of the plates were 

followed from the literature illustrated procedures [15, 16]. The stock solutions (1000 

mg/mL) of each compound were prepared in DMSO and the assay was conceded with 100 

μg/disk concentration. Chloramphenicol and Ciprofloxacin (10 μg/disk) as well as 

Amphotericin‐B (100 units/disk) were also prepared in DMSO and used as standards [17].  

 Agar disc diffusion method [18] was brought into play for the antimicrobial study. 

The sterile assay disks were kept in sealed containers at 278 K and allowed to equilibrate to 

room temperature before use. Known concentrations of test samples, labeled a–d dissolved in 

DMSO were delivered on to sterile assay disks of 6 mm diameter each using a micropipette; 
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the quantity taken was 250 μg/disk. 125  g of Chloramphenicol, Ciprofloxacin and 

Amphotericin‐Bwere measured on separate disks and allowed to dry under the laminar flow. 

Seven disks were placed on each inoculated agar plate containing the appropriate growth 

medium and incubated for 24 h and 60 h at 37 
o
C, in case of bacteria and fungus respectively. 

The diameter of zone of inhibition of the microbial growth by each compound was thereafter 

measured.  

3. Results and Discussion 

3.1 Synthesis and characterization 

3.1a Synthesis of macrocyclic scaffold L 

The synthesis of macrocyclic motif L, engaged a reaction between, N
1
-(2-aminoethyl)ethane-

1,2-diamine with 1,4-diisocyanatobenzene (Scheme 1). The pale yellow coloured motif L 

was obtained with quantitative yield and further characterized with IR, 
1
H NMR, 

13
C NMR, 

1
H-

1
H COSY (2D NMR) and mass spectroscopic methods (Figs. S1-S5) which is reliable 

with the structure of macromolecule L. Also D2O exchange NMR spectrum of L displayed, 

disappearance of all the –NH signals and shifting of the –CH2– signals, thus confirmed the 

compound formation. Additionally, to reveal the interactions and arrangements within the 

macromolecule, its 2D NMR spectrum was recorded which revealed four broad singlet for  

–CH2– and probably give the impression of some sort of twisting linked within the molecule, 

beside the difference in environment of –CH2– attached to O=C–NH– and aliphatic –NH–, 

which have given the perception of two types of methylene protons. Also the two protons of 

each benzene ring of the macromolecule, are likely seemed to form six member rings with 

C=O groups through hydrogen bonding, hence found to be deshielded (∼7.05 δ), while other 

two protons of these benzene rings were necked, thus expected to be shielded and equivalent, 

with corresponding signal observed at ∼6.50 δ. Thus, difference in the environment of these 
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protons is most likely attributed to, the intramolecular hydrogen bonding associated within 

the macromolecule [19, 20].  

3.1b Synthesis and analysis of key functional hybrids (Fe3O4@SiO2@L) 

The supermagnetic Fe3O4 and Fe3O4@SiO2 NCs were synthesized, with minor modifications 

in the literature reported methods.  It was enticing to make a note of fact that, in the formation 

of Fe3O4@SiO2@L, the intercalation of the macromolecule L with the Fe3O4@SiO2 NCs 

takes place. The characterization of NCs was tackled by various techniques, such as, SEM, 

TEM, EDX, XRD, VSM, BET, TGA and DSC as discussed below.  

3.2 FTIR analysis of L 

The FTIR spectrum of the synthesized key scaffold L as displayed in Fig. 1 shows intense 

peaks at 3298 and 1639 cm
-1

, represents characteristic –NH and –C=O stretching frequency 

peaks of the amide group.  

 

Fig. 1. FTIR spectrum of macrocyclic scaffold L (nujol). (a) -NH- stretch, (b) Amide -C=O 

stretch. 

 The additional peak at 1558 cm
−1

 are appeared due to –C=C– group stretching 

frequencies of the aromatic ring. Sharp IR peak at 1510 cm
−1

 denotes the presence of C–N 

stretching, when –NH is hydrogen bonded. The peak centered at 1408 cm
−1

, is rendered to the 

symmetrical deformation of the –CH2– group on the nitrogen atom as reported in the 

literature for monosubstituted amides [21]. Furthermore, the IR bands at 2959 and 2836 cm
−1

 

are related to –CH2– stretching, The sharp peak at 520 cm
−1

 evidenced, out of plane –C=O 
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bending. The peak at 724 cm
−1

 depicts, alkane C–H rocking and the peak at 827 cm
−1

 

represented, out of plane –NH bending. The FTIR investigations indicate that data is in 

harmony with the structure of macromolecular motif L.   

3.3 X-ray photoelectron spectroscopy (XPS) analysis 

Further exploration on the composition of the synthesized motifs, L and NCs was carried out 

by X-ray photoelectron spectrometry. The high resolution XPS spectrum for L is shown in 

the Fig. 2. In this case, spectrum shows photoemission peaks for C 1s (284.4 eV, C–C or C–

H) and O 1s (530.0 eV, C=O). The atoms of nitrogen with a bonding energy of 397.6 eV are 

related to the N1s corresponding to an amide nitrogen atom single bonded to a carbon atom 

[22]. 

 

Fig. 2. XPS spectrum of synthesized macromolecule L. (a) 284.4 eV, C 1s  C–C or C–H, (b) 

397.6 eV, N1s amide nitrogen atom single bonded to a carbon atom (c) 530.0 eV, O 1s C=O 

bond 

 Appearence of dual peaks with binding energies of Fe 2p3/2 and Fe 2p1/2 at 709.6 as 

well as 724.0 eV and absence of the satellite peak around 719 eV, typical for the maghemite 

phase, recommended the phase purity of the Fe3O4NCs [23] (Fig. 3). In the hybrid NCs, 

bonding energies at 396 and 399.2 eV are due to atoms of nitrogen bonded to amide carbonyl 

groups (–N–C=O), and bonding energies at 402.4 eV are related to bonds involving 

secondary amines (−CH2−NH−CH2−), assures the concurrent grafting [24] (Fig. 4). 
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Fig. 3. XPS spectrum of synthesized pristine Fe3O4 NCs. (a) 528.8 eV O 1s (b) 709.6 eV Fe 

2p3/2,724.0 eV Fe 2p1/2  

 

Fig. 4. XPS spectrum of synthesized hybrid NCs (Fe3O4@SiO2@L). (a) 396 eV (b) 399.2 eV, 

–N–C=O group (c) 402.4 eV −CH2−NH−CH2− group 

3.4 Morphological Analyses with SEM and TEM 

The images displayed in Figs. 5A-5F, signifies the FE–SEM and EDX images of all the 

synthesized NCs, depicting their nanosized morphology and elemental mapping. SEM 

revealed that the apparent size of the synthesized Fe3O4@SiO2 NCs was observed quite larger 

than the bare Fe3O4 NCs, and is most likely related to the inhomogeneous incorporation of 

the pristine supermagnetic NCs while coating with silica shell, but still in the close proximity 

of nanoscale. On formation of Fe3O4@SiO2 NCs, minimized aggregation was observed, 
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while further formation of Fe3O4@SiO2@L depicts increase in size of the NCs, whilst 

consequently promising the grafting. 

    

      

     

Fig. 5. (A) FE–SEM image of bare Fe3O4 NCs (B) EDX image of bare Fe3O4 NCs (C) FE–

SEM image of Fe3O4@SiO2 NCs (D) EDX image of Fe3O4@SiO2 NCs (E) FE–SEM image 

of Fe3O4@SiO2@L NCs prepared by modification of Fe3O4@SiO2 NCs (F) EDX image of 

Fe3O4@SiO2@L NCs prepared by modification of Fe3O4@SiO2 NCs 
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 EDX spectra of all the synthesized NCs, indicates the presence of the related elements 

and the presence of nitrogen and carbon in the key hybrid NCs ensures the grafting of L on 

silica coated NCs. TEM was used to screen the exact size of Fe3O4 NCs in their aqueous 

dispersions and confirmed the nanoscale size in the range of ∼5–15 nm (Figs. 6A).  

 

 

Fig. 6. (A) TEM image of Fe3O4 NCs. Figure in the insets show its D-spacing and SAED 

images and confirms its crystalline nature (B) TEM image of Fe3O4@SiO2 NCs. Inset depicts 

the SAED pattern and confirms its partly crystalline nature. (C) TEM image of 

Fe3O4@SiO2@L NCs. Figure in the inset shows its SAED pattern with crystalline nature (D) 

Interlayer spacing of Fe3O4@SiO2@L NCs 

 

A B 

C D 
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 Furthermore, the TEM of Fe3O4@SiO2 NCs is recorded and depicted in Fig. 6B. 

These TEM images are depicted with their selected area electron diffraction images (SAED) 

in inset. HRTEM of key hybrid NCs recorded in Fig. 6C revealed size of ∼50-70 nm having 

distorted hexagon like structures with few cubic crystals. The increase size suggests that, 

inhomogeneous distribution of the pristine crystalline Fe3O4 NCs in the shell of silica, so that 

the Fe3O4 NCs encapsulated silica shell NCs and the key hybrids have larger size. The SAED 

pattern of these synthesized NCs, confirmed their crystalline nature and it is noteworthy to 

mention here that, the crystallinity was found more in Fe3O4@SiO2@L (SAED, Fig. 6C 

inset). The interlayer spacing (D spacing, Fig. 6A inset) of Fe3O4 NCs is computed as 

0.20±0.03 nm, which matches to the interlayer distance of (311) crystal plane of cubic Fe3O4 

NCs [25]. In the key hybrids, the D spacing was determined and observed to be dramatically 

altered to 0.60±0.03 nm as depicted in Fig. 6D. The increased D spacing might be reunited to 

the intercalation of L and Fe3O4@SiO2 NCs or the formation of self assembly of L on the 

surface of Fe3O4@SiO2 NCs [26]. 

3.6 X ray diffraction (XRD) analysis 

The XRD analysis patterns of bare Fe3O4, Fe3O4@SiO2 and Fe3O4@SiO2@L NCs were 

recorded and displayed in the Fig. 7.  

 

Fig. 7. XRD profile of the synthesized NCs 
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 The crystallographic properties were identified by using the software PDFWIN, based 

on diffraction data from International Centre for Diffraction Data (ICDD). The synthesized 

motifs Fe3O4 and Fe3O4@SiO2 were found in harmony with the Joint Committee on Powder 

Diffraction Standards (JCPDS) results 79-0418, along with the broad band for amorphous 

silica centred at 20
o
 (Fig. S6). The persistence of exceptionally discernible peaks of bare 

Fe3O4 in Fe3O4@SiO2 and Fe3O4@SiO2@L, depicts their phase stability [27, 28].                

3.7 BET analysis for surface area and porosity measurement 

Bruauer–Emmet–Teller (BET) [29] analysis, fundamentally an adsorption-desorption 

multiple point phenomena (N2 adsorption–desorption) was employed to measure the specific 

surface area, average porosity and pore size distribution of bare Fe3O4, Fe3O4@SiO2 and 

Fe3O4@SiO2@L. Earlier than actual analysis, the samples are necessarily to be degassed to 

get rid of impurities, such as air as well as other gases, subsequently the samples were 

degassed under high vacuum at 473 K for 1 h, followed by weighing the amount of the 

compound in the cell and encumbered to the analysis port of the apparatus. Afterward, the 

quantity of nitrogen gas adsorbed at an applied range of relative pressures was measured. 

Also from this accomplished data a plot of p/povs [X/V(1-X)] was plotted and surface area is 

computed using the well recognized BET equations (Figs. 8A-8C). 

According to the IUPAC recommendation [30], the linear association of this equation is 

continued only in the range of 0.05 <p/po> 0.35, where, p and po represents the equilibrium 

and the saturation pressure of adsorbates at the respective adsorption temperature. The 

adsorption-desorption isotherms of NCs are measured over a relative pressure range of 

5.3533E-02 to around 9.6400E-01. Once details of the isotherm curve are accurately 

expressed as a series of pressure vs. quantity adsorbed data pairs, a number of different 

methods (theories or models) can be applied to determine the pore size distribution. Barrett, 
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Joyner and Halenda method (BJH) [31], T-Plot [32, 33] and Density Functional Theory 

(DFT) [34, 35] analyses were used for pore size distribution exploration. 

  

  

  

Fig. 8. Figures (A), (B) and (C) indicates plot of relative pressure (X) vs {X/V(1-X)}, while 

figures (D), (E) and (F) depicts Adsorption-Desorption isotherms for the respective NCs 
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 Figs. 8D-8F represented N2 adsorption/desorption isotherms of the bare Fe3O4, 

Fe3O4@SiO2 and Fe3O4@SiO2@L NCs, respectively at 77.3 
o
K. All the isotherms are found 

of Type–V with a hysteresis loop except isotherm of Fe3O4@SiO2 which is of Type-IV, 

ascribed to the abundance of mesopores and the size of Fe3O4, Fe3O4@SiO2 and 

Fe3O4@SiO2@L NCS were recorded as 56.93 nm (macropore), 5.33 nm (mesopore) and 

23.91nm (mesopore), respectively. BET total surface area (STotal), total pore volume, pore 

size diameter and average pore diameter of bare Fe3O4, Fe3O4@SiO2 and Fe3O4@SiO2@L 

NCs were calculated and summarized in Table S1. The BJH plots in addition to DFT plots 

depict the pore size distribution and are shown in Figs. S10-15. Statistical thicknesses of the 

NCs were computed with De Boer equation (V-t plot) (Figs. S16-S18). More to the point, for 

DFT pore size distribution exploration, DFT Kernel was used with N2 at 77 K on carbon (slit 

pore, NLDFT equilibrium model). For bare Fe3O4, Fe3O4@SiO2 and Fe3O4@SiO2@L, the 

pore volumes measured from DFT were 0.7944, 0.5584 and 1.1481 cc/g escorted with lower 

confidence limits 16.137, 16.879 and 16.879 Å, accompanied with actual fitting errors 2.630, 

0.574 and 1.228 %. The pore width (mode) observed from DFT for these NCs were 

3.6000E+02, 3.7943E+01 and 1.1173E+02 Å, respectively.  

3.8 Magnetic Susceptibility Measurement with the Magnetization Contour 

Magnetization measurements of the synthesized NCs were executed as functions of applied 

field at ambient temperature.  

 

Fig. 9. Magnetization curves for NCs. 
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 Fig. 9, evidenced the supermagnetism of the bare Fe3O4 NCs as functions of applied 

magnetic field. Magnetic properties of all the NCs were investigated at ambient temperature. 

The saturation magnetization values were found smaller than its expected values, are may be 

resulted from the smaller particle size, with more or less negligible coercivity and are 

depicted in Table S2. The magnetization curves, revealed no hysteresis loop at room 

temperature, thus depict the supermagnetic behavior of the synthesized distorted hexagonal 

NCs [36]. Moreover, the grafting of Fe3O4 NCs likely made a payment to the lower saturation 

magnetization of Fe3O4@SiO2 NCs. Literature reported hitherto revealed that, an organic 

layer used for modification deduces the magnetism [37]; but awfully the magnetization is not 

gets compromised and is still better than the Fe3O4@SiO2 NCs after tethering L to it. The 

literature reported hitherto in the same context revealed that, the superior and tunable 

magnetization may result due to magnetic moment creation at the magnetic-organic material 

interface tempted by a contact potential formed by charge transfer to the organic layer from 

magnetic material. Into the bargain, it is also reported that, increased structural order and 

increase in particle size increases magnetization value [38-40]. 

3.9 Thermal analysis with TGA and DSC 

Thermal stability of L was evaluated with TGA and DSC as shown in Figs. 10A and 10B.  

 

Fig. 10. (A) TGA and (B) DSC curves of bare macrocyclic scaffold L 

A B 
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Thermal profile (TGA) of synthesized compound L reveals that, it involved three stage 

decomposition reactions. The plausible mechanism for decomposition is depicted in schemes 

3-5. The decomposition reaction starts with the loss of isocyanic acid (Scheme 3). In the 

second step of the reaction (Scheme 4), cyclohexa-2,5-dienimine and 1-(2-(2-

aminoethylamino)ethyl)-3-(4-aminophenyl)urea were eliminated and eventually in the final 

step bis(2-isocyanatoethyl)amine likely to be converted into 1-(2-isocyanatoethyl) 

imidazolidin-2-one via thermal rearrangement reaction (scheme 5). The higher stability of the 

compound L is probably related to the strong covalent interaction or energy/charge transfer 

between organic material and magnetic material, as discussed above. The DSC of L revealed 

the sharp exothermic peak at 319 K, which is probably attributed to some sort of phase 

transition. A broad endothermic peak nearby to 533 K was correlated to some sort of curing 

in the residual isocyanides mass and the further endothermic peak with onset temperature of 

610 K was subsequent for melting temperature of the cured product. Further, the compound 

gets oxidized which was in concordance with the experimentation from open capillary 

method for melting point determination.  

 

Scheme 3. First plausible decomposition step of L 

Scheme 4. Second plausible decomposition step of L 

Scheme 5. Third plausible decomposition step of L 

 

 Thermal exploration on all the synthesized NCs were executed in the same 

temperature interval and with the same purging rate of nitrogen, as used for analysis of L. 

The patterns of the recorded thermograms of these NCs are shown in the Fig. 11.  
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Fig. 11. TGA of the synthesized NCs 

The bare Fe3O4 NCs were observed to be thermostable at ambient temperature, but a sudden 

decrease up to 373 K revealed loss of adsorbed or associated water molecules. Further 

heating ensuing in the slow weight loss up to ∼623 K, above which the weight loss was not 

significant. Above ∼843 K the weight loss was negligible as represented by the left weight 

residue, might be due to the phase transition from Fe3O4 to FeO, for the reason that FeO is 

thermodynamically resolute above this temperature in phase diagram of the Fe–O system. 

The results embedded in the present work indicated the close resemblance with the literature 

reported data
 
[41]. The heat fortitude of Fe3O4@SiO2 NCs was tested as shown in Fig. 11 and 

its thermogram revealed three discrete weight loss stages. The small weight loss below 373 K 

may be due to the evaporation of the physically adsorbed or associated water. The two 

subsequent weight losses with onset ∼383 K and 483 K came into sight from the 

disintegration of moieties in Fe3O4@SiO2 NCs. The moderate weight loss between ∼603–

1073 K, gives perception that the Fe3O4@SiO2 NCs had the good thermal endurance up to 

1073 K. Interestingly Fe3O4@SiO2@L has shown even superior thermal endurance as the 

grafting on the magnetic core can modify the charge, stability and dispersibility associated 

with them and hence improves the thermal stability along with the acid resistance in corrosive 

solution
 
[42]. 
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3.10 Bioactivity study 

The grafting of organic or inorganic material over the NCs revolutionizes the virtuous 

properties of nanomaterials. For the same rationale, the bioactivity study was carried out and 

the results for the disc diffusion susceptibility tests are summarized in Table S4, shows the 

inhibitory activity of each key component studied. In these study two Gram-positive bacteria, 

S. Aureus and B. subtilis with two Gram-negative bacteria, E. Coli and P. aeruginosa were 

harvested for antibacterial study. C. albicans and A. niger were brought in role for antifungal 

study. From the study it is clear that, Fe3O4NCs do not show activity against bacteria and 

fungus, while SiO2@Fe3O4 NCs shows moderate to low antifungal activity against C. 

albicans. Albeit, the resultant SiO2@Fe3O4@L NCs does not shown any bioactivity, bare L 

shows moderate to low antifungal activity against the same. The loss of bioactivity in case of 

SiO2@Fe3O4@L NCs can be reunited to engaged functionalities of SiO2@Fe3O4 NCs and L. 

Thus, amongst the two key molecules synthesized, that is, L and SiO2@Fe3O4@L, the 

macromolecule L is bioactive with not excellent but harmonious antifungal activity.  

Conclusion 

In the present paper, we have presented the synthesis and thorough characterization of a 

novel, distinct, preorganised macrocyclic scaffold L and the key hybrid NCs. The 

supermagnetic hybrid nanoparticles, through the synergistic effect of organic-inorganic 

framework show engorged and discernable thermal stability compared to their counterparts. 

BET analyses revealed superior surface areas, with larger number of fine bore mesopores in 

case of key hybrid NCs. In the midst of all the synthesized NCs and L, only Fe3O4@SiO2 

NCs and the key macro scaffold L showed moderate to good antifungal activity against C. 

albicans. These results depicted that, macro scaffold L engages strong charge transfer 

between organic shell and magnetic material for facile modification of supermagnetic 

Fe3O4@SiO2 NCs. Thus, the synthesized macromolecule L, because of the preorganized 
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structure holds substantial prospective for its future use in areas where such materials are 

needed, for instance, supramolecular host-guest study, etc. Furthermore, with the well 

established fact that, the response of macromolecule modified NCs changes with the external 

stimuli such as temperature, pH, etc, the synthesized mesoporous key hybrid NCs can be used 

in future for the requisite areas such as extraction, photocatalytic degradation, etc. 

Supplementary Information  

All additional information pertaining to characterization of L using FTIR spectrum, 
1
H NMR 

(1D NMR), 
13

C NMR, D2O exchange 
1
H NMR, Mass spectra and

 1
H-

1
H NMR (2D NMR) of 

macromolecule L (Figs. S1-S5), XRD pattern of Fe3O4@SiO2 NCs (Fig. S6), BET related 

plots (Figs. S7-S18), BET data (Table S1), Magnetization data (Table S2) and antimicrobial 

activity data (Table S3) are given in the supporting information.  
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