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Abstract: Here we report the first example of nanoMIL-100 particles modified with monomeric cyclodextrin derivatives of 

different length by exploiting strong interactions between non-saturated iron trimers at the external surface and carboxylate 

functionalities located at the end of biocompatible and flexible linkers of cyclodextrins. The main results revealed that, after the 

functionalization, the cyclodextrins are selectively located at the external surfaces covering the nanoparticles. Z potential 

measurements show that this functionalization induced changes respect to the bare nanoMIL-100 particles, however, the 

presence of the cyclodextrins does not modify the size neither porosity of the nanoparticles. The amount of cyclodextrins 

attached, investigated by thermogravimetry, increases with the length of the linker between CD cavity and nanoparticle surface, 

reaching up a 9 % wt. Auger spectroscopy suggested a clear predominant sp3 character after the functionalizations (vs. sp2 

predominance in the unmodified nanoMIL-100). This study supposes the creation of an alternative family of hybrids based on 

carboxylated monomeric cyclodextrins. 
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1. Introduction 

Metal–Organic Frameworks (MOFs) are a family of porous 

crystalline self-assembled materials form by polydentate 

ligands that coordinated to metal clusters [1].It is possible to 

tailor the properties of MOFs. For instance, by the selection of 

the metal nodes and the ligands, the porosity, size, flexibility, 

topology or structure can be tuned leading to a highly versatile 

family of materials. MOFs can be exploited in numerous 

applications, including traditional storage [2, 3], separation 

and catalysis [4, 5], and in newer areas such as sensors [6], 

renewable energy [7], functional membranes [8], or medicine 

[9-15]. In recent years, MOFs fabricated using transition metal 



ions and polycarboxylates have been emerged as an 

important class of materials suitable for such bio-applications 

[16-22]. 

Particularly, iron-based MOFs, especially iron (III) trimesate 

(MIL-100(Fe)), built from the assembly of oxo-centred trimers 

seem a perfect choice to be used for biomedical applications 

since it is possible to thoroughly achieve the control of the size 

by downsizing to the nanoscale regime (nanoMIL-100) [17, 

21, 23, 24]. Also, the nanoMIL-100 presents large accessible 

and permanent porosity with large (29 Å) and small (24 Å) 

mesoporous cages, good biodegradability, high drug loading 

capacities [9, 25-29] and tolerance to in vivo conditions [30-

32]. 

A key aspect for the use of nanoMOFs in the biomedical 

field relies on the fine control of the interaction between the 

exposed nanoMOF surface and the surrounding media. This 

often hampers their effective application due to the 

nanoparticles underwent a fast aggregation process in most 

common physiological media [31]. One rational approach to 

avoid this problem is to functionalize the outer surface with 

organic molecules or polymers that efficiently protect the 

nanoparticles against aggregation without altering its 

structural integrity and porosity. Thus, a variety of functional 

polymers have been investigated to coat MIL-100(Fe) such as 

silica [33], sodium alginate [34], phospholipids [35], 

polyethylenglycol [36], chitosan [37], heparin [38], or comb-

like dextran copolymers [39], among others. The ample 

functionalization explored in MIL-100 is mainly due to the 

presence of non-saturated metal sites that provide 

opportunities to bind to MIL100 nanoparticles, through strong 

covalent interactions between the exposed trimer sites at the 

external surfaces and iono-groups (i.e. carboxylate, sulphate, 

phosphate, among others) 

Among the possible coating agents used so far, 

cyclodextrins (CDs) result particularly interesting. These 

molecular entities made of 6, 7, or 8 α-1,4 linked glucose units, 

named as α-, β-, and γ-CD, respectively, have been largely 

used as functional coatings for drug delivery units due to their 

biocompatibility, hydrophilicity and chemical versatility, 

affording the plausible incorporation of new functionalities ‘on-

demand’ that permits the design of new CD derivatives with 

interesting properties [40]. Moreover, CDs result particularly 

convenient for selectively decorating the outer surface of the 

porous structures such as MIL-100(Fe) MOF, taking into 

account that the section of the beta CDs is larger than the 

accessible MOF windows (~5.5 and ~8.4 Å) [41]. In particular, 

modified monomeric CDs derivatives have been used to coat 

iron trimesate nanoMOFs [42-44] without changing the 

porosity and crystallinity of the MOF, mainly by covalent 

linkage between phosphate groups directly anchored to the 

rings of the CDs and the non-saturated iron trimer sites on the 

surface of nanoparticles, achieving optimal functionalization 

degrees in a simple and fast and biocompatible method. 

However, is known that Fe-based nanoMOFs degrade 

progressively in the presence of phosphate ions due to the 

coordination to their “free” iron sites when are exposed to 

biological media conducting to an uncontrolled drug release 

[45, 46], limiting their applications for controlled drug delivery 

devices. Inspired by the nature of the MOF formed by 

carboxylate organic linkers, the creation of cyclodextrin 

derivatives with the presence of this functional group that 

permits strong interactions with the available non-saturated 

iron trimer of the nanoMOF sites is logical. This approach has 

been much less exploited. Up to date only a core–shell 

nanocomposite based on γ-CD oligomers with carboxylate 

anchoring groups has been studied using nanoMIL-100 

particles as core material reaching up to 53 ± 8.4 wt% of 

oligomers associated to the nanoMOFs [47]. 

Here, we describe the synthesis of a hybrid material based 

on the functionalization of iron-trimesate MIL-100 nanoMOF 

(NanoMIL-100(Fe)) with monomeric carboxylate-ended 

cyclodextrin derivatives. In particular, biocompatible new 

cyclodextrin derivatives bearing carboxylate terminal groups 

have been obtained upon insertion of functionalities based on 

natural products such as succinyl and glutaryl moieties. 

Physicochemical characterizations have been performed by a 

set of complementary techniques such as FTIR, XRPD, TGA, 

N2 adsorption measurements, SEM, TEM, DLS and XPS that 

have permitted the determination of the successful synthesis 

of the hybrids and the location of the organic functional 

coating. Information of changes in the environment of the 

external iron trimers and analytical information of the 

Csp2:Csp3 ratio on the surfaces of the new hybrids have been 

obtained by Mössbauer and X-ray induced Auger 

spectroscopies, respectively. 

2. Experimental Section 

2.1 General 

In this work reagents (AK Scientific with exception of Iron 

(III) chloride hexahydrate (Scharlau)) and solvents 

(Sigma or Merck) were commercial and used without 

further purification. All aqueous procedures used 

ultrapure water obtained from a Millipore Milli-QPlus 

system (Millipore SpA, Milan, Italy). 

2.2 Synthesis and activation of nanoMIL-100 

Microwave assisted hydrothermal synthesis (Anton Paar, 

Monowave400, Power maximum output 850 W) on a 30 

mL vessel were placed Iron (III) chloride hexahydrate 

(2.43 g, 9.00 mmol) and trimesic acid (0.84 g, 4.00 mmol) 

in 20 mL of distilled water. The mixture was heated to 130 

°C over 30 s, then maintained at this temperature for 5 

min 30 s and, finally cooled to 70 °C. The vessel was 

placed in an ice bath for 15 min. Nanoparticles were 

collected by centrifugation at 7500 rpm for 20 minutes at 

25 °C. Washing was carried out 4 times with 20 mL water 

and 4 times with 20 mL absolute ethanol; each time using 

a vortex to re-disperse and centrifugation to collect. An 

orange solid was thus recovered which was stirred 1.75 

h in a solution of KF (0.1 M), then centrifugated and 

washed twice with 20 mL of water and 20 mL of ethanol. 



2.3 Synthesis and characterization of the cyclodextrin 

derivatives 

2.3.1 Preparation of 6-monodeoxy-monotosyl-β-cyclodextrin 

(1) 

11.60 g of β-cyclodextrin was suspended in 90 mL of water in 

a 250 mL round bottom flask. 34 mL of a solution of NaOH 3M 

was added dropwise within 1/2 h. The clear solution was 

stirred for additional 15 min. Then, 2.52 g (1.5 eq.) of p-

toluensulfonyl chloride (pTsCl) was added in 5 portions at 5 

min intervals. After the addition of the last portion the reaction 

mixture was stirred 1 h at room temperature and filtered off to 

eliminate the excess of non-reacting pTsCl. The solution was 

transferred to a 500 mL round bottom flask and 9.50 g of 

NH4Cl was added. Immediately a white precipitated appeared. 

The solvent was partially eliminated till 2/3 of the initial volume. 

The mixture was cooled overnight, the white precipitate was 

filtered off and washed with 2 portions of 20 mL of cold water 

and 20 mL of cold MeOH and dried 12 h at 60 °C. 2.9 g were 

obtained (25 % yield) 1H-NMR (400 MHz, DMSO- d6, δ): 7.75 

(d, 3J=8.3 Hz, 2H, Ha), 7.43 (d, 3J=8.4 Hz, 2H, Hb), 5.83 – 5.61 

(m, 14H, OH2+OH3), 4.88 – 4.73 (m, 7H, H1), 4.55 – 4.39 (m, 

6H, OH6), 4.37 – 4.29 (m, 2H, H6´), 4.24 – 4.14 (m, 1H, H5´), 

3.76 – 3.44 (m, 25H, H3+H5+H6), 3.43 – 3.17 (overlapping with 

HDO, m, 14H, H2+H4), 2.43 (s, 3H, -CH3). 13C-NMR (101 MHz, 

DMSO- d6, δ): 145.3(Cd), 133.1(Ce), 130.4(Cb), 128.0(Ca), 

102.4(C1 of βCD), 101.7(C1´ of βCD) 82.0(C4´ of βCD), 81.2(C4 

of βCD), 73.5(C2 of βCD), 73.2(C3´ of βCD), 72.9(C3 of βCD), 

72.5(C5 of βCD), 70.2(C5´ of βCD), 69.4(C6´ of βCD), 60.4(C6 

of βCD), 21.7(Cc). FTIR (ATR): 3292 (-OH) 2927 (C-Hstr), 

1637, 1542, 1489 (C-Carom, str), 1158 (O-S-Ostr), 1024 (i, C-O-

Cstr) cm-1. ESI-MS (m/z): calculated for C49H76O37S, 1288.4; 

found, 1311.4 for [M+Na]+. 

2.3.2 Preparation of 6-monodeoxy-6-monoazido-β-

cyclodextrin (2) 

10.57 g (8.20 mmol) of 1 and 2.64 g (40.61 mmol, 5 eq.) 

of NaN3 were dissolved in 50 mL of dry DMF in a 100 mL 

round bottom flask. The solution was heated to 80 °C 24 

h. Then was cooled down to room temperature and 

precipitated with acetone. The mixture was stirred at 80 

°C for 24 h, precipitated in acetone, and filtered. The 

crude product was recrystallized by dissolving it in hot 

water and precipitating in acetone. This procedure was 

repeated until FTIR showed no peak from residual 

sodium azide (at 2138 cm-1) was observed. There was 

obtained. 5.8 g of a white powder (60 %). 1H-NMR (400 

MHz, DMSO-d6, δ): 5.8 – 5.6 (m, 14H, OH2+OH3), 4.9 – 

4.7 (m, 7H, H1), 4.6 – 4.4 (m, 6H, OH6), 3.8 – 3.5 (m, 28H, 

H3+H5+H6), 3.42 – 3.23 (overlapping with HDO, m, 14H, 

H2+H4). 13C-NMR (101 MHz, DMSO- d6, δ): 101.9(C1 of 

βCD), 101.6(C1´ of βCD), 83.5(C4
´ of βCD), 81.5(C4 of 

βCD), 73.1(C2 of βCD), 72.4(C3´ of βCD), 72.2(C5 of 

βCD), 72.0(C3 of βCD), 70.2(C5´ of βCD), 59.9(C6 of 

βCD), 51.6(C6´ of βCD). FTIR (ATR): 3383 (-OH), 2918 

(Csp3-Hstr), 2101 (-N3,str), 1024 (C-O-Cstr) cm-1. ESI-MS 

(m/z): calculated for C42H69O34N3, 1160.0; found, 1182.5 

for [M+Na]+. 

2.3.3 Preparation of 6-monodeoxy-6-monoamino-β-

cyclodextrin (3) 

2.50 g (2.11 mmol) of 2 in 5 ml of dry DMF and 0.61 g 

(2.32 mmol, 1.1 eq.) of triphenylphosphine were placed in 

a 10 mL round bottom flask. The system was sealed 

under N2. This solution was stirred 2 hours under the 

protection of the N2 atmosphere at room temperature. 

Then was open to the atmosphere and 435 µL of water 

were added. The solution was heated to 90 °C for 3 hours. 

Cool down to room temperature and precipitated with 

acetone. The precipitate was washed with two portions of 

20 mL of acetone and dried at 60 °C 12 hours. 2.24 g of 

a white powder (93 % yield) were obtained. 1H-NMR (400 

MHz, DMSO-d6): 5.88 – 5.56 (m, 14H, OH2+OH3), 4.91 – 

4.77 (m, 7H, H1), 4.57 – 4.32 (m, 6H, OH6), 3.95 – 3.46 

(m, 28H, H3+H5+H6), 3.43–3.23 (overlap with HDO, m, 

16H, H2+H4+NH2). 13C-NMR (101 MHz, DMSO-d6, δ): 

101.9(C1 of βCD), 81.6(C4 of βCD), 81.5(C2 of βCD), 

73.1(C5 of βCD), 72.4(C3 of βCD), 72.0(C6 of βCD), 

59.9(C6 of βCD), 41.9(C6´ of βCD). FTIR (ATR): 3428 (-

OH), 2928 (Csp3-Hstr), 1029 (C-O-Cstr). cm-1. ESI-MS 

(m/z): calculated for C42H71O34N, 1134.3; found, 1135.5. 

2.3.4 Preparation of 6-monodeoxy-6-amidosuccinyl-β-

cyclodextrin (4) 

To 501 mg (0.44 mmol) of 3 dissolved in 12 mL of dry DMF 

were added 58.5 mg (0.58 mmol, 1.1 eq.) of succinic 

anhydride dissolved in 2 mL of DMF with vigorous stirring. 

After 3h of stirring at room temperature the solvent was 

evaporated. The viscous residue was precipitated with 100 mL 

of acetone and filtered off. The white precipitate was dissolved 

in 5 mL of water, stirred 30 mins and reprecipitated in acetone, 

filtered and dried 12 h at 60 °C. 447 mg (82% yield) of the title 

compound were obtained. 1H-NMR (400 MHz, D2O, δ): 5.15 – 

5.06 (m, 7H, H1), 4.06 – 3.84 (m, 28H, H2+H3+H4+H5), 3.71 – 

3.59 (m, 12H, H6), 3.46 (d, 1H, 3J=9.0 Hz, H6´), 3.32 (dd, 1H, 

3J=14.7, 8.5 Hz, H6´´), 2.64 – 2.51 (m, 4H, -(CH2)2-). 13C NMR 

(101 MHz, D2O, δ): 177.4(COOH), 174.9(CONH), 101.9(C1 of 

βCD), 101.5(C1´ of βCD) 83.1(C4´ of βCD), 81.1(C4 of βCD), 

73.1(C2 of βCD), 72.0(C3 of βCD), 71.7(C5 of βCD), 70.6(C5´ of 

βCD), 60.2 (C6 of βCD), 40.2(C6´ of βCD), 30.5(-CH2-COOH), 

29.9(-CH2-CONH-). FTIR (ATR): 3430 (-OH), 2920 (Csp3-Hstr), 

1024 (C O-Cstr) cm-1. ESI-MS (m/z): calculated for 

C46H75NO37, 1233.4; found, 1255.6 for [M+Na]+ 

2.3.5 Preparation of 6-monodeoxy-6-amidoglutaryl-β-

cyclodextrin (5) 

To 505 mg (0.44 mmol) of 3 dissolved in 12 mL of dry DMF 

were added under the protection of inert atmosphere 66.3 mg 

(0.58 mmol, 1.3 eq.) of glutaric anhydride dissolved in 1 mL of 

DMF under vigorous stirring: This mixture was stirred 2.5 

hours at room temperature. Then was precipitated with 50 mL 

of ethyl acetate stirred 1 hour and filtered off. The white 

precipitate was dissolved in 5 mL water and stirred 30 



minutes, reprecipitated in acetone and filtered. After drying 12 

hours at 60 °C 355 mg of the title compound was obtained (64 

% yield). 1H-NMR (400 MHz, D2O, δ): 5.10 – 5.02 (m, 7H, H1), 

4.07 – 3.80 (m, 28H, H2+H3+H4+H5), 3.73 – 3.57 (m, 12H, H6) 

3.46 (t, 3J=9.2 Hz, 1H, H6
´), 3.32 (dd, 3J=14.8, 8.7 Hz, 1H, 

H6
´´), 2.48 – 2.32 (m, 4 H, -CH2-C=O-NH- and -CH2-COOH), 

2.00 – 1.83 (m, 2H, -CH2-). FTIR (ATR): 3430 (-OHstr), 2920 

(Csp3-Hstr), 1024 (C O-Cstr) cm-1. 13C NMR (101 MHz, D2O, δ): 

178.1(C=O), 175.4(C=O), 101.9(C1 of βCD), 83.2(C1 of βCD), 

81.1(C1 of βCD), 81.0(C1 of βCD), 80.8(C1 of βCD), 73.1(C1 of 

βCD), 72.0(C1 of βCD), 71.7(C1 of βCD), 70.4(C1 of βCD), 

60.2(-CH2-OH of βCD), 40.2(-CH2-NH of βCD), 34.7(-CH2-

COOH), 29.7(-CH2-CONH-), 20.8(-CH2-). ESI-MS (m/z): 

calculated for C47H77NO37, 1247.5; found, 1270.9 for [M+Na]+. 

2.4 Characterizations 

The 1H (13C) Nuclear Magnetic Resonance (NMR) spectra 

were recorded NMR spectra were recorded on a Bruker 

Advanced 400 MHz spectrometer at 400 (100.6) MHz. at 300 

K. Chemical shifts (δ)are given in parts per million (ppm) and 

referenced to the solvent residual signal. J values are given in 

Hertz (Hz).Fourier Transform Infrared Spectroscopy (FTIR) 

analyses were performed using a Jasco FTIR-4600 

spectrophotometer equipped with an ATR accessory. Spectra 

were recorded in the 4000-400 cm-1 range at room 

temperature. Electrospray ionization mass spectrometry (ESI-

MS) studies were done with a LTQ XL Linear Ion Trap Mass 

Spectrometer with the spray voltage set at 3 kV. Detection was 

performed in full scan mode in the 100–2000 m/z range in 

positive mode. The crystallinity and purity of MIL-100(Fe) 

nanoMOFs were assessed by X-ray powder diffraction 

(XRPD). Patterns were collected in a Bruker D8 Advance with 

Lyxneye detector and variable optical or PANalytical 

Empyrean X-ray platform with PIXcel detector with capillary 

powder diffraction (transmission mode measurement) set up 

using Cu radiation (K1, λ= 1.5406 Å) from 2 to 30º (2) a step 

size of 0.02º and 4° per step in continuous mode. The 

nanoparticle size was measured with a Malvern Zetasizer 

(Malvern, UK). 100 µg/ml dispersions of the modified and 

unmodified nanomaterials were prepared in fresh MilliQ water 

and sonicated for 15 mins. The measurements were 

performed in polystyrene cells within an hour after the 

dispersion procedure. Images were obtained from Zeiss 

model Evo MA10 equipped with Tungsten with an acceleration 

voltage of 20 kV and 8 mm of working distance. For the 

Transmission Electron Microscopy (TEM) drops of sample (~2 

mg/ml) were dropped on a copper grid and air-dried. The 

samples were examined by a Hitachi HT7700 microscope 

operating at an accelerating voltage of 120.0 keV. Average 

sizes were determined by measuring diameters along a 

consistent axis throughout the samples.Analyses were carried 

out between 25 and 600(800) ºC with a heating rate of 10 

ºCmin-1 under air conditions using a TGA/DSC Mettler Toledo.  

2.4.9 X-Ray Photoelectron Spectroscopy (XPS). Data 

were recorded with a SPECS-150 hemispherical electron 

analyzer at a take-off angle of 90º, using Mg K radiation 

(1253.6 eV) and a constant pass energy of 20 eV, under a 

base pressure lower than 2·10-9 mbar. The XPS source was 

operated at a power of 100 W instead of the most usual 300 

W to minimize the possible radiation damage of the organic 

samples. The binding energy scale was referenced to the C-

H/C-C peak which was set at 284.6 eV. All the spectra were 

fitted with the CasaXPS software using a sum of pseudo 

Voight line profiles (70% Gaussian-30% Lorentzian) and a 

Shirley background. 57Fe Mössbauer transmission spectra 

were recorded at room temperature using a constant 

acceleration spectrometer with a 57Co(Rh) source. Absorbers 

were prepared to contain ca. 5 mg/cm2 of natural iron. The 

velocity scale was calibrated using an -Fe foil 6 m thick. All 

the spectra were computer-fitted and the isomer shift values 

were referred to the centroid of the -Fe sextet at room 

temperature. Adsorption isotherms of N2 were measured at 77 

K in an IGA-100 gravimetric gas sorption analyzer (Hiden 

Isochema) using approximately 50 mg of sample. The sample 

was outgassed at 398 K under vacuum for 3 hours. 

3. Results and Discussion 

3.1 Synthesis of nanoMIL-100 and surface modification 

with carboxylic CD derivatives 

We carried out the synthesis of carboxylate functionalized 

β-CD derivatives for their use as functionalizing agents in the 

post synthetic surface modification of the iron-trimesate MIL-

100 nanoMOF by adjusting methods previously reported [48-

50]. (see Supporting Information for more details) The used 

synthetic route provided pure CD compounds avoiding the 

formation of undesired CD monomer/dimer mixtures which 

would be very difficult to separate by column chromatography 

techniques. 

Scheme 1: a) Schematic representation of the synthesis of 

nanoMIL-100; b) Frontal and lateral view of the 6-monodeoxy-6-

amidoglutaryl-β-cyclodextrin (5) and functionalization of the 

nanoMIL-100 with 5.c) Schematic diagram of the coordination 

environment of the Fe-trimer SBU. 



 

Figure 1. (a) FTIR spectra in the 2100 to 400 cm-1 range of the unmodified (―) and modified nanoMIL-100 cyclodextrin derivative 4 (―) and the 

hybrid material (―); (b) XRPD normalized patterns of nanoMIL-100 modified with 4 (―), 5 (―) and unmodified (―); (c) TGA analysis of 

nanoMIL100(Fe) (―) and after modification with cyclodextrin derivative 4 (―) and 5(―); (d) N2 adsorption-desorption isotherms of the unmodified 

nanoMIL-100 (―) and modified with 4 (―) and 5 (―).

NanoMIL-100 particles were synthesized by microwave 

assisted hydrothermal synthesis as previously described and 

stored wet [23]. Structure analysis of the obtained nanoMIL-

100 by XRPD confirms that the polycrystalline sample 

corresponds with the previously reported Fe-trimesate MIL-

100 material, with a particle measured size of 89 ± 33 and BET 

surface area of 1,245 m²g-1 (see Supporting Information Fig. 

1S for more details). 

External surface functionalization of MIL-100 nanoparticles 

(2.5 mg, dried based) was directly performed by soaking the 

wet nanoparticles in CD derivatives 4 or 5 aqueous solutions 

(3.0 mg·mL−1, 1 mL) with orbital agitation for 3 h at room 

temperature. After stirring, nanoparticles were recovered by 

centrifugation (15 min at 15k rpm) and washed twice with 

water (1 mL each) to remove the excess of CD derivatives not 

linked to the surface of the nanoparticles. 

The successful modification was first determined by FTIR, 

XRPD, TGA and N2 adsorption measurements. FTIR spectra 

of the unmodified nanoMIL-100 and the nanomaterial 

obtained after functionalization with CD 4 are shown in Fig. 

1a. In particular, the characteristic intense bands associated 

to the asymmetric and symmetric vibrational bands of the 

coordinated carboxylate groups in the nanoMIL-100 and the 

in-plane asymmetric stretch band, νas (Fe3O), assigned to the 

iron oxocluster core [51], appeared at 1575, 1380 and 621 cm-

1 respectively in the hybrid nanoparticles. These bands were 

unaffected after the coordination of the carboxylate groups of 

the cyclodextrins on the non-saturated sites of the iron trimers 

in the modified materials. In addition to the nanoMIL-100 

associated bands, a low intense band appeared at 1030 cm-

1, which are attributed to the C-O-C skeletal vibrations from 

the CDs and therefore confirm their presence in the new 

material. Similar vibrations have been observed by other 

authors when they performed post synthetic functionalizations 

using both native and modified cyclodextrins [33, 52-54]. 

Unfortunately, the amide band from the CD derivative could 

not be detected due to the overlapping of this band with the 

nanoMIL-100 carboxylate bands. 

Fig. 1b shows the XRPD patterns before and after the 

modification process with CDs 4 and 5, respectively. The 
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Figure 2. (a) Mean particle size obtained from TEM 

measurements; (b) Zeta potential of the unfunctionalized nanoMIL-

100 (orange), functionalized with cyclodextrins 4 (green) and 5 

(blue). 

reflections presented in the unmodified nanomaterial were 

conserved in the treated ones, showing that the integrity of the 

lattice was preserved in the new hybrid nanomaterials [42, 43]. 

TEM micrographs obtained before and after functionalization  

with 4 and 5 revealed that no morphological differences were 

found the new hybrids respect to unmodified material (Figs. 

S10-S12, of the Supporting Information). The thermograms for 

the modified and unmodified materials under an air 

atmosphere are presented in Fig. 1c (for cyclodextrins 4 and 

5 see Fig. S8 in Supporting Information). For the modified 

nanomaterials, a similar two-mass loss event profile was 

registered with two main differences respect to the uncoated 

nanoMIL-100. It was observed a broadening of the second 

mass loss to higher temperatures accompanied with an 

increased weight loss. The latter indicates the presence of 

additional organic components which combustion occurred at 

the same time as the trimesic acid from nanoMIL-100 on the 

modified nanomaterials until the total collapse of the 

framework. These additional weigh losses should be 

associated to the presence of the cyclodextrin derivatives. The 

amount of CDs anchored to the surface of the nanoparticles 

was determined by TGA analysis. Direct comparison of the 

inorganic residues in the dried unmodified and modified 

nanoparticles revealed a 5 and a 9 wt% of CD derivatives 4 

and 5 respectively linked in the new hybrid nanomaterials. The 

latter value is slightly lower than the results obtained by 

Agostoni et al.[43] in which a 14 wt% was obtained after 1 h 

of incubation of monomeric CD-phosphate derivatives and in 

range with the results obtained by Cutrone et al.[44] with the 

CD-P decorated with mannose moieties directly attached or at 

the end of relatively short and flexible linkages at the primary 

faces. The different association to nanoMIL-100 observed 

when comparing CD derivatives 4 and 5 could be associated 

to the presence of an additional methylene group in CD 5 that 

avoids steric hindrance and therefore improves the 

association percentage. Fig. 1d shows the N2 

adsorption/desorption isotherms of the modified and 

unmodified nanoMIL-100 particles. After the modification, the 

calculated values were 1,226 and 1,238 for the new hybris the 

formed with CD 4 and 5, respectively. (vs. 1245 m²g-1 for the 

unmodified nanomaterial). The BET surface area after the 

functionalization was not affected by surface modification with 

CD derivatives suggesting that the CD derivatives should be 

located onto the nanoMIL-100 external surfaces as have been 

previously obtained [42, 43]. 

The size and changes at the external surfaces of the 

modified nanoparticles was investigated by TEM and DLS 

techniques. TEM analyses revealed (Fig. 2a) very close 

average diameters for the modified and unmodified 

nanoparticles, 91 ± 34 and 93 ± 32 for the modified nanoMIL-

100 with 4 and 5 respectively vs. 89 ± 33 for the unmodified 

nanoMIL-100. (for statistical analysis see Figs. S10-S12). 

These results indicate that the mean size of the functionalized 

particles kept constant being lesser than 100 nm in both 

cases. Values below 100 nm have been obtained previously 

in dry state by different techniques [9, 35, 55, 56]. In the 

characterizations using DLS measurements, the estimated 

mean hydrodynamic diameter values were larger than the  

obtained using TEM, as expected, with moderate 

polidispersities (pdI > 0.3). 

This can be explained by the tendency to agglomeration 

behaviour of the particles in solution. However, a striking 

difference were obtained when Z-potential values were 

measured. Results are depicted in Fig. 2b, which shows that 

the Z-potential values shifted from −22.5 mV for the 

unmodified nanoMIL-100 to values around a halve (~−10 mV) 

after the functionalization. The value before the modification 

indicates a dispersion with a rather good colloidal stability and 

a decrease of carboxylate pending groups substituted by F− 

ions coordinated to the metallic centres of the framework 

which proportionate negative charges on the external surfaces 

of the nanoparticles as results of the activation process [57]. 

The variation of the Z-potential values towards less negative 

values can be associated to the substitution of the previously 

generated charges of those ions with the carboxylate moieties 

of the cyclodextrin derivatives. This supposes a decrease of 

the charge on the surface by a non-ionic cyclodextrin 

coverage leading to a decrease of the Z-potential values 

confirming the success of the functionalization. 

3.2 Surface analysis of the functionalized nanoMIL-

100 with cyclodextrin derivatives 4 and 5 

XPS was used to ascertain the presence of the CD 

derivatives in the top layers (~5–10 nm depth) in the modified 

nanoMIL-100 particles. Fig. 3 shows the C1s core level 

spectra recorded from the unmodified nanoMIL-100, the free 

cyclodextrins 4 and 5 and the hybrid nanomaterials obtained 

after surface modification. The C1s XPS spectrum recorded 

from nanoMIL-100 was fitted to five different contributions (for 

further details see Supplementary Information). The main 

ones at 284.6 and 288.6 eV are characteristic “fingerprints” of  
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Figure 3. Left: C1s XPS spectra recorded from the 

unmodified nanoMIL-100, 4 and nanoMIL-100 functionalized 

with 4 (―); Right: C1s XPS spectra recorded from nanoMIL-

100, 5 and nanoMIL-100 functionalized with 5. 

the carbon skeleton of the organic linker of nanoMIL-100 (C-

C and C-OOH contributions, respectively) [43, 58].  

The XPS spectra recorded from the synthesized 

cyclodextrins presented a C1s ‘fingerprint’ with a main 

contribution located at 286.3 eV associated to a C-O-C 

contribution, together with other components at 284.6 and 

288.6 eV which, as mentioned above, can be assigned to the 

functional groups C-C and C-OOH, respectively. After the 

coating process, the C1s XPS profiles of the hybrid 

nanoparticles differ considerably of that of the uncoated 

material: an intense component located at 286.4 eV is now 

clearly observed. This should correspond to the presence of 

associated cyclodextrin derivatives, thus confirming the 

external surface location of the derivatives 4 and 5. In fact, the 

C1s spectra recorded from the hybrid materials can be 

considered as a combination of the C1s spectra of the 

nanoMIL-100 material and those of the synthesized 

cyclodextrins These new contributions have been previously 

observed by Qiu et al.[47] when core–shell nanocomposite 

based on γ-CD oligomers with flexible bridges and carboxylate 

anchoring groups using nanoMIL-100 particles as core 

material has been studied. Overall, the XPS results confirm 

the successful coating with CDs of the nanoMIL-100 particles. 

Table 1.- Hyperfine parameters and spectral areas obtained 

from the fit of the Mössbauer spectrum with no imposed 

restrictions 

 

57Fe Mössbauer spectroscopy can provide further 

insight into both the oxidation state and the environment 

of iron in the nanoMIL-100 samples. The Mössbauer 

spectra recorded from the unmodified nanoMIL-100 and 

from the modified materials with 4 and 5 are depicted in 

Fig. 6. They consist of an asymmetric quadrupole doublet 

with broadened lines.The corresponding Mössbauer 

parameters and spectral areas are collected in Table 1. 

In all the cases, the isomer shifts and spectral areas 

are free parameters. The hyperfine parameters are 

characteristic of high spin Fe(III) ions in octahedral 

coordination. The presence of three different quadrupole 

doublets with quadrupole splittings ranging from 0.16 

mms-1 to 1.05 mms-1 is indicative of the presence of, at 

least, three different octahedral environments, spanning 

from a quite symmetrical one (associated to the smallest 

quadrupole splitting) to a very distorted one (associated 

to the largest quadrupole splitting). It is quite plausible to 

associate the higher quadrupole splitting with those 

octahedra which contain F. In fact, as Table 1 indicates, 

in general terms the isomer shift is larger for the sites with 

higher quadrupole splittings with is indicative of a more 

marked ionic character of these particular iron species 

and, therefore, consistent with the presence of F as a 

ligand.  

Figure 4. X-ray induced C KVV Auger spectra recorded from 

the unmodified nanoMIL-100 (top) and modified with CD 5 (middle) 

and 4 (bottom).  

Li et al.[46] introduced a better approach to the 

evaluation of spectra such of these implies the use of 

quadrupole splitting (QS) distributions. As mentioned  

before, Table 1 suggests that the species with smaller 

quadrupole splitting has an isomer shift lower than those  

Site  nanoMIL100 5-coated 4-coated 

1 

 (mms-1) 0.41 0.38 0.38 

 (mms-1) 0.20 0.16 0.14 

Area (%) 29 22 10 

2 

 (mms-1) 0.43 0.41 0.44 

 (mms-1) 0.61 0.53 0.44 

Area (%) 48 47 44 

3 

 (mms-1) 0.44 0.41 0.42 

 (mms-1) 1.05 0.96 0.87 

Area (%) 23 31 45 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. First derivative of the C KVV spectra depicted in Fig. 4. 

corresponding to the species with larger quadrupole 

splittings. Thus, in the fit we have introduced a small 

linear correlation between the isomer shifts and the 

quadrupole splittings in the distribution such that the 

isomer shift of the first doublet in the distribution is 0.38 

mms-1 and that of the last doublet is 0.45 mms-1. If this 

correlation is not contemplated, then a good fit cannot be 

obtained since a symmetrical QS distribution cannot 

match properly an asymmetric spectrum. Fig. 7 shows the 

results obtained from this type of fit.  

The (QS) distribution corresponding to the unmodified 

nanoMIL-100 presents four well-defined maxima. The 

first three ones appear at  values similar to those 

collected in Tables 1 and S1, i.e., 0.14 mms-1, 0.65 mms-

1 and 1.08 mms-1 what indicates that the three-doublets 

discrete fit is a reasonable approach and, therefore, 

compatible with the existence of at least three main Fe(III) 

sites in octahedral coordination having different distortion 

degrees. 

The fourth minor maximum at =1.54 mms-1 is not an 

artefact as it appears consistently in the QS distributions 

of the three samples. In fact, a close look at the spectra 

indicates that this contribution tries to fit the small bump 

marked with an arrow in Fig. 7. This quadrupole splitting 

is really large and would correspond to a very distorted 

Fe(III) octahedral unit. Hence, this type of fit suggest the 

existence of four different Fe(III) environments in the 

material although the relative importance of the most 

distorted one is very small as it contributes with less than 

5% to the total spectral area.  

The distribution corresponding to the 5-coated material also 

presents four well-defined maxima although it shows a trend 

to become flatter than the previous one in the region 0.75-1.00 

mms-1. This trend is more general and accentuated in the 

 Figure 6. 57Fe Mössbauer spectra recorded from the various 

samples fitted to three doublets with no restrictions imposed to 

their linewidths or their hyperfine parameters. 

distribution corresponding to the 4-coated sample as the 

second and third maxima are almost completely smeared out. 

It is known32 that the Mössbauer spectra are sensitive 

to changes in the environment of iron beyond its first 

coordination shell when its immediate coordination 

remains unchanged. This fact would imply the existence 

in this sample of a large multiplicity of octahedral species 

with different chemical environments beyond their first 

coordination sphere compatible with the occurrence of 

chemical disorder. In other words, functionalization of the 

nanoMIL-100 sample with 5 and 4 induces, especially in 

the case of the latter, a remarkable chemical disorder 

around the Fe(III) sites. This might be associated to 

changes in the environment surrounding the accessible 

iron trimers by the replacement of more labile molecules 

(i.e water, partially coordinated trimesate linkers) by the 

carboxylate terminal groups of the cyclodextrins. It could 

be expected that this chemical disorder can be 

particularly important near to the surface of the materials 

where a variety of situations which would include a 

different number of missing/substituting carboxylate 

terminal groups might occur. 

 

 

 

 

 



Figure 7. Left: 57Fe Mössbauer spectra recorded from the 

various samples fitted to a quadrupole splitting distribution. 

Right: Corresponding quadrupole splitting distributions of the 

spectra on the left. 

4. Conclusion 

We report the synthesis of highly biocompatible β-CD 

modified with carboxylate-ended functionalities based on 

flexible linkers. These CD derivatives have been used for 

the external functionalization of porous nanoMIL-100 

creating two new hybrids following a simple green and 

straightforward method. The successful synthesis of 

these new hybrid nanomaterials is evidenced by FTIR, 

XPS, Auger and TGA analysis. FTIR analysis of the new 

hybrids reveal the appearance of new bands associated 

to the cyclodextrins pointing out the presence of the 

cyclodextrins. XPS confirms the presence of cyclodextrin 

on the nanoparticles due to the presence of additional 

contributions in the spectra that are associated to the 

cyclodextrins. The crystalline porous structure was not 

disrupted upon CDs attachment, as the calculated BET 

surfaces after the coating process are unaffected 

indicating that the CDs derivatives are selectively located 

at the external surfaces. This efficient external selective 

functionalization is due by the section of the CD 

derivatives is larger than the accessible windows of the 

nanoMIL-100 preventing their entrance within the pores 

of the nanoparticles. TGA measurements show that CDs 

anchored reaching up to 9 wt% of coating associated to 

the nanoMOFs. Sizes measured by TEM afford diameters 

around 100 nm both for the uncoated and coated 

nanomaterials.  

The presence of cyclodextrins at the external surfaces 

in the new hybrids is also supported by drastic changes 

in the sp2:sp3 ratio measured by X-ray Auger 

spectroscopy changing from almost 100 % of sp2 

hybridized carbons in the unmodified nanoMIL-100 to 

close to 100 % of sp3 after the functionalization. By taking 

advantage on the inherently able to form inclusion 

complexes in water solution of cyclodextrins and the 

versatility of chemical modifications and the different 

hydrophobicity of their cavities than the nanoMIL-100 

pores, this study paves the way for the construction of an 

alternative family of hybrids based on carboxylated 

monomeric CDs in which two drugs can be loaded in 

different compartments. Further studies about this 

potential application are currently in process in our 

laboratories. 

Supporting Information 

Synthesis and characterization of the nanoMIL-100, 

synthesis and characterization of the cyclodextrin derivatives 

4 and 5 and characterization of the hybrids. 
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