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Abstract 

 

This work investigates the direct growth of materials - metal-organic frameworks 

(MOFs) - onto functionalized Si(111) substrates with different surface chemistries. 

Fe-based MOFs layers are obtained by exposing the silicon substrate to a solution 

containing Fe
3+

 and BDC or NDC in variable amounts. The morphology and structure 

of MOFs films are investigated by SEM, AFM and XRD.  

 

For Fe
3+

/BDC system, which may exist as MIL-101 and MIL-88B phases in solution, 

films always consist of isolated octahedral MIL-101 crystallites with the [111] 

direction perpendicular to the plane of pyridyl and hydroxyl terminated surfaces. On 

acid terminated surfaces (COOH), similar layers are obtained (isolated MIL-101 

crystallites) when metal cations are in excess in solution. Data analysis suggests that 

crystallites are first formed in solution and then adsorbed on the surface along with 

further growth. A strong linkage with the substrate is however observed.  

 

The growth of MIL-88B crystals with (001) texture is only observed onto 

COOH-functionalized surfaces and greatly favored by an excess of ligand in solution. 

In such conditions, addition of small amount of HCl promotes the formation of 

polycrystalline and continuous MIL-101 layers. Addition of triethylamine favors the 

formation of MIL-88B crystals. Data analysis suggests that both the MIL-88B and 

MIL-101 (in the presence of HCl) crystallites follow a Volmer-Weber growth mode, 

during which isolated crystals formed and grow laterally and vertically on the surface. 

A weak adhesion of MIL-88B crystals with the substrate is nevertheless found.  

 

Textured MIL-88C films are obtained on COOH-terminated surface in all conditions. 

Ex-situ and in-situ XRD measurements demonstrate clearly the flexibility and 

reversibility of MIL-88C framework during molecule adsorption and desorption. 

 



IV 
 

IV 
 

Résumé 

 

Ce travail porte sur l'étude de la croissance directe de couches de matériaux - 

métal-organiques frameworks (MOFs) - sur substrats de Si(111) fonctionnalisées avec 

différentes chimies de surface. Les couches de MOF à base de fer sont construites lors 

de la mise en contact du substrat de silicium avec une solution contenant des espèces 

Fe
3+

 et BDC ou NDC en proportions variables. La morphologie et la structure des 

couches sont étudiées par SEM, AFM et XRD.  

 

Pour le système Fe
3+

/BDC, qui existe sous la forme MIL-101 ou MIL-88B en solution, 

les films sont systématiquement composés de cristallites MIL-101 isolés de forme 

octaédrique avec leur direction [111] perpendiculaire au plan de la surface si celle-ci 

est terminée par des groupements pyridyles ou hydroxyles. Sur les surfaces avec une 

terminaison acide (COOH), l'excès de cations métalliques favorise la formation de 

couches similaires (cristallites MIL-101). L‟analyse des données suggère que les 

cristallites sont d‟abord formés en solution et qu‟ils s‟adsorbent progressivement sur 

la surface avec une croissance supplémentaire en formant néanmoins une liaison forte 

avec le substrat.  

 

La croissance de cristaux MIL-88B avec une texture (001) est uniquement observée 

sur des surfaces fonctionnalisées COOH et fortement favorisée en présence d‟un 

excès de ligands. L'introduction d‟une faible quantité de HCl favorise cependant la 



V 
 

V 
 

formation de couches polycristallines et continues de MIL-101. L'addition de 

triéthylamine favorise la formation de MIL-88B. L‟analyse des données indique que 

la formation des couches MIL-88B et MIL-101 (en présence de HCl) suit une loi de 

croissance de Volmer-Weber sur les surfaces COOH, au cours duquel les cristaux 

isolés nucléent et se développent latéralement et verticalement sur la surface. 

L‟ancrage des cristallites (MIL-88B) sur la surface est cependant faible.  

 

Des films texturés MIL-88C ont également été obtenus sur des surfaces COOH. Les 

mesures expérimentales ex situ et in situ de XRD démontrent clairement la flexibilité 

et la réversibilité du cadre MIL-88C pendant l'adsorption et la désorption des 

molécules. 
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Chapter 1: Introduction 

 

1.1 Context of MOFs 

Metal-organic frameworks (MOFs) or porous coordination polymers (PCPs) are 

essentially crystalline inorganic-organic hybrid materials with coordinative bonding 

formed by association of metal centers or clusters (inorganic part) and organic linker(s) 

bearing functional groups. Since the foremost definition as metal-organic frameworks 

by Omar Yaghi in 1995 
[1-3]

, MOFs have emerged as promising porous materials 

featuring versatile and adjustable porous topologies, resulting from the modular 

concept of combining metal centers and organic ligands for the construction of 

extended three-dimensional framework structures (Figure 1.1). A large variety of 

metal centers concerning di-, tri- (including rare earth) or tetravalent cations can 

participate in the building of MOFs architectures. The functional groups of organic 

linkers connected to the metal centers are most frequently carboxylates, phosphonates, 

sulfonates and nitrogen derivatives such as pyridines, cyanides and imidazoles 
[2-8]

. 

Furthermore, the backbone network of the bridging molecules (rigid or flexible) can 

be functionalized, for instance, with halogeno, amino and sulfonic groups prior to 

and/or after MOF synthesis, resting with the desired applications. The above three 

factors contribute to the enormous variety of potential MOF structures with variable 

(average) pore size, porosity and surface area, triggering massive consistent efforts 

toward the exploration of synthesis of novel frameworks as nano/micro crystalline 

powder that possess new topologies and open structures with exceptionally large 

surface area 
[9-13]

. 
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Figure 1.1 General scheme for construction of MOFs: organic linkers with at least two functional 

groups coordinate with metal ions or cluster centers leading to 3 dimensional framework structures.  

 

1.2 Synthesis and properties of MOFs 

Synthesis of MOFs requires conditions that lead to formation of well-defined 

inorganic building blocks (often termed as second building units (SBUs) firstly 

defined by Férey 
[14]

) without decomposition of the organic linkers. Meanwhile, the 

thermodynamics and kinetics of crystallization must be satisfied to allow for the 

nucleation and growth of desired phases to take place. Experimentally, many 

parameters like compositional (molar ratios of ligand to metal, starting precursor 

concentration, starting metallic salt, pH value, solvent, etc.) and process parameters 

(temperature, pressure and even reaction time) are found vital to the formation of 

resulted framework structures 
[15-23]

. Diverse synthesis methods such as conventional 

hydrothermal/solvothermal, micro-wave assisted, electrochemistry, 

mechanochemistry and ultrasonic ones as depicted in Figure 1.2 are considered 

important as well to the crystal morphologies, size, yields of the MOFs product and 

thus their physical and chemical properties. 
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Figure 1.2 Overview of synthesis methods and possible reaction temperatures regarding the formation 

of MOFs. Figure reproduced from Ref [15]. 

 

For example, by variety to the conventional heating way like electric resistance 

heating, the introduction of micro-wave irradiation into the synthesis of MOFs 

provides an efficient methodology to synthesize them with short reaction time, narrow 

particle size distribution, facile morphology control, high crystallinity and relatively 

efficient determination of compositional and process parameters 
[24-27] 

etc., attributed 

to the rapid and uniform heating of the reaction solutions. As mentioned above, the 

richness of possibility of linkage between inorganic moieties and linkers renders the 

delicate estimation of synthesis parameters extremely time-consuming and 

unachievable. Since its popularity in the synthesis of zeolites and zeotypes inorganic 

compounds, the high-throughput method which enables the systematic investigation 

of synthesis parameters and faster and less expensive access to a large variety of 

synthesis information has been proven an ideal tool to better understand the role of 

parameters involving the formation of MOFs materials 
[19,28,29,30,31,32]

. While, the 

application of high-throughput method does not enlighten one on the reaction 

mechanism or synthesis pathways for distinct phases (including intermediate phase) 

because of the fair complexity of metal ions-anions-solvent interactions and also the 

high number of competing events happening during MOF construction. Before the 
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mastery of a precise and thorough understanding toward the formation mechanisms, 

the phrase “design” of structures or “tailor-made” structure referring to the synthesis 

of MOFs is still debatable according to several reviews although the trial-and-error or 

automated approaches provide valuable empirical assembly rules of known and 

well-defined structures 
[33-36]

. Currently, ex-situ or in-situ studies have been performed 

by means of specific equipments such as extended X-ray absorption fine structure 

spectroscopy (EXAFS), X-ray powder diffraction (XRPD), energy-dispersive X-ray 

diffraction (EDXRD), small/wide angle X-ray scattering (SAXS/WAXS), static light 

scattering (SLS), surface plasmon resonance (SPR) etc, to monitor the crystallization 

process 
[37-45]

. Thanks to the above techniques, a broad range of information such as 

the formation and duration of inorganic bricks, the influence of metal ions, heating 

methods on crystallization kinetics and detection/isolation of intermediate phase 

involving the key points of MOFs formation mechanism can be obtained and/or 

evaluated.  

 

Millange and his co-workers
 [43]

 presented the first report of time-resolved in situ 

EDXRD study on crystallization of various MOFs (HUKST-1 ([Cu3(BTC)2], 

BTC=benzene-1,3,5-tricarboxylic acid), MIL-53 

(Fe(OH,F){O2C-C6H4-CO2}·mH2O]))
 
in solvothermal condition. Two distinguished 

crystallization scenarios were observed for the two transition-metal carboxylate 

MOFs. The crystallization kinetics of HUKST-1 was evaluated using the Avrami 

Erofeev model and a classical nucleation controlled reaction was observed, with 

nucleation happening over the time-scale. Whereas, the formation of MIL-53 occurred 

via the metastable phase-MOF-235 
[46]

, in which trimers of FeO6-octahedra are in 

linkage with terephthalate ligands, and the trapped species inside the porous 

three-dimensional network are not only DMF molecules but also [FeCl4]
-
 anions that 

balance the positive charge of the MIL-53 framework. The intermediate phase 

MOF-235 can also be isolated by quenching the reaction mixture at intermediate 

temperatures (between 100-125 
o
C). In situ SAXS/WAXS study on the crystallization 

process of NH2-MIL-101(Al) and NH2-MIL-53(Al)
 
was reported afterwards

 
by E. 
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Stavitski et al. 
[44]

. Their findings also confirm the existence of the metastable phase 

MOF-235(Al)-NH2 and as a kinetic phase it has inclination to transform first into 

MIL-101(Al)-NH2 phase and then the  resulted MIL-101(Al)-NH2 phase can also 

further dissolve and transform into NH2-MIL-53(Al) in DMF when the reaction 

temperature rises. The formed MOF-235(Al)-NH2 in a mixture medium of H2O and 

DMF could hydrolyze and then transfer into the thermodynamically stable phase 

NH2-MIL-53(Al) under higher temperature. And yet, considerable efforts still need to 

be made to correlate the synthesis conditions with the formation of inorganic bricks 

and with desired framework topologies to eventually realize the fine-design of MOFs 

in synthesis and goal-seeking performances that will be presented next. 

 

MOFs materials featuring large porosity, high specific surface area, well-defined pore 

shape and controllable size are regarded as good candidates for applications such as 

gas storage 
[47,48]

, drug delivery 
[49-51]

, molecular separation/purification 
[52,53]

, 

heterogeneous catalysis 
[54,55]

, chemical/biochemical sensors 
[56,57] 

etc. More 

interestingly, possibility of tailoring the pore size, accessibility and engineering 

crystal surfaces and internal interfaces, either by typically controlling the length of 

organic linkers or through pre- and/or post-synthesis functionalization of frameworks 

or just by intentionally creating defects within the frameworks has been attracting 

huge attention and efforts for their applications 
[5,15]

. In addition, it is striking that 

some types of MOFs frameworks, pioneered by the groups of S. Kitagawa and G. 

Férey, exhibit so-called “breathing” phenomenon with response to external stimuli 

(temperature, mechanical force, light, electric or magnetic field, molecule guests…), 

which are very interesting for applications involving host-guest interactions such as 

gas separation, chemical sensors and biochemical purposes 
[20,58,59]

. The networks of 

those materials usually transform between open pore and closed pore or narrow pore 

and large pore forms and therefore feature a drastic structural change in pore volume, 

not necessarily with phase transition. Literatures addressing the classification of 

different modes of framework flexibility based on various mechanisms, 

monitoring/characterization of transformation process and their applications are 
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currently abundant
 [60-63]

. While, the two most prototypical examples that were 

most-extensively studied are the MIL-53(M) family ([M(bdc)(OH/F)]n with bdc = 

terephthalic acid, and M =Al 
[64]

, Fe 
[65]

, Cr 
[20,66]

,
 
Sc 

[67]
, Ga 

[68]
, In 

[69]
) and 

MIL-88(A-D) class (M3O(X)3 (M = Fe
3+

,Cr
3+

; X= fumaric acid (MIL-88A), bdc 

(MIL-88B), 2,6-ndc (2,6-naphthalenedicarboxylic acid; MIL-88C) or bpdc 

(4,4‟-biphenyldicarboxylic acid; MIL-88D) 
[20]

.  

 

1.3 Fabrication and characterizations of MOF Films 

More recently, the fabrication of MOF layers on solid supports has received 

increasing interests as it opens up perspectives for the development of MOFs-based 

devices, which can be applied to many applications like chemical sensors, membranes 

and catalysis. The basic idea for preparation of MOFs films contains first choosing 

one interested MOF (e.g., by the porosity, pore size and properties) and then 

employing a suitable method to process it as a film on top of a substrate. Depending 

on the preparation approach, surface structure and composition of the given substrates 

and even synthesis conditions (specifically in the work we are about to present), 

MOFs films with and without preferential orientation can be obtained. Hereon, 

non-oriented films can be seen as an assembly of MOF crystals or particles with 

random orientation that are attached to a chosen substrate. The crystals can either be 

inter-grown to totally cover the surface or scattered in a non-continuous fashion. In 

the contrary, the binding/attachment of MOFs crystals to the substrate can be realized 

in a preferred direction, giving rise to textured MOF layers or isolated crystallites or 

islands with preferential orientation 
[70-72]

. To date, different approaches have been 

developed for the formation of MOFs films: direct growth/deposition from solutions 

[73-75]
; stepwise or layer-by-layer growth by immersing the substrate alternatively in 

solutions of the metal precursor and the organic ligand 
[76]

; assembly of preformed 

micro/nano crystals onto surfaces 
[27,77,78]

; electrochemical deposition 
[79-83] 

and 

evaporation-induced growth 
[84,85]

. Meanwhile, the concept of using self-assembled 
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monolayers (SAMs) to direct the nucleation, growth and orientation of MOFs on solid 

supports has been initiated by Fischer et al. 
[73,76,86]

 and Bein et al 
[74,87,88]

. Figure 1.3 

presents the scheme of MOF growth on SAM-functionalized surface where the 

head-end functional groups of the SAM could coordinate to the metal centers or SBUs 

from the solution to initial the nucleation. Crystal growth will be subsequently 

continued by the further linkage of organic ligands present in the solution, in such a 

way, leading to the growth of MOF crystals being directly bound to the substrate. In 

the following, an overview of different preparation ways of MOFs films and their 

characterizations based on the reported works are presented. Growth of oriented 

MOFs layers with well arrangement of channels of porous modules promising for 

nano-devices remains however a challenge for most of MOFs. 

 

 

Figure 1.3 Scheme of MOFs growth on SAM-functionalized surface. Note that the functional groups 

of the SAMs are not necessarily the same to the terminated functional groups of organic linkers. 

 

1.3.1 Assembly of preformed micro/nano crystals onto surfaces 

Preparation of MOF films by assembly of preformed objects has been extensively 

investigated by A. Demessence, C. Serre, and their co-workers
 [27,89,90]

. Their approach 

relies on the fabrication of well-defined MOF crystals first and afterwards transferring 

them onto the substrate just by dip-coating. The preparation of nanocrystals with 
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homogenous size was achieved under microwave irradiation for quite a short time (1 

min). After harvesting and characterization, the obtained particles were re-dispersed in 

ethanol to form a stable colloidal suspension solution, into which bare silicon 

substrates were dip coated. Thickness of MOF layers is controllable by varying the 

particle concentration in ethanol and also the repetition times for coating. The 

successful fabrication of three different kinds of MOFs films-MIL-89(Fe) 
[89]

, 

MIL-101(Cr) 
[27]

, and ZIF-8 
[90] 

strongly demonstrates the generality of this method. 

However, the adhesive properties of such films on substrate, especially for thicker 

ones, are expected to be problematic. 

 1.3.2 Seeded growth 

Just as its name implies, this method involves the preparation of seeded layers or 

isolated particles/crystals onto the substrate prior to the further film growth. The 

pre-formed seeds are of various natures: MOF nanocrystals or thin layers 
[91-93]

, zinc 

oxide 
[94]

, zinc phosphate 
[95]

, coordination polymers 
[96]

 etc., which can be fabricated 

by several types of techniques such as wiping, dip coating, spin coating and in-situ 

crystallization 
[97]

. And the procedure for seeding is of vital importance to the further 

MOF film growth. The sequent growth is usually done in solvothermol conditions and 

commonly dense and crystalline MOFs films without orientation can be obtained.  

1.3.3 Electrochemical deposition 

Based on the electrochemical synthesis of MOFs which has been introduced by 

researchers at BASF 
[98]

, R. Ameloot et al. 
[79]

 firstly demonstrated that it is feasible to 

coat the metal electrodes by a HKUST-1 MOF film through modifying the conditions 

and without stirring the solution during film preparation. When exposing to a biased 

voltage, the copper electrode immersed in a BTC solution starts to release the Cu
2+

 

ions into the solution. MOF layer is formed once the Cu
2+

 ions encounter the BTC 

linkers adjacent to the anodic electrode surface. The formed layers comprised of 

highly intergrown and homogeneous crystallites and with variable thicknesses ranging 
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from 2 to 50 μm by variation of the water content of the solution as well as the 

parameters of the applied voltage were successfully got in 30 min or less. The 

drawbacks of this method are that the deposition will terminate at some point when 

the MOF film covers the whole anodic surface and only conductive substrates are 

amenable to this method. Two years later, M. Dincǎ et al. 
[81]

 presented the first 

example of fabrication of MOF-5 films (Zn4O(BDC)3) onto inert fluorine-doped tin 

oxide (FTO) working electrode by cathodic electro-deposition at room temperature. 

Different from the above example, a Pt auxiliary served as the anodic electrode. 

Rough films whose thickness varies from 20 to 40 μm were obtained after only 15 

min, suggesting a fast and facile method of synthesizing MOF films. The proposed 

mechanism for the formation of MOF-5 films elucidates that the reduction of nitrate 

(NO3
-
) to NO2

- 
occurred in the vicinity of cathode and thereby allows the 

accumulation of HO
-
 anions near the conductive surface, which in return contributes 

to the deprotonation of BDC and further confines the MOF-5 crystallization at 

cathodic electrode. A further study concerning the mechanism of MOF-5 formation 

under cathodic bias 
[82]

 from the same group evidenced that the nitrate anions play an 

essential role in the formation of the Zn4O(O2C−)6 SBUs and thus determines the 

subsequent formation of MOF-5 on FTO substrate regardless of the hydration content.  

1.3.4 Layer-by-layer and Langmuir-Blodgett layer-by-layer deposition (LB-LbL) 

Originally designed for polyelectrolyte held together by electrostatic interactions 
[99]

, 

the layer-by-layer or step-by-step method was firstly introduced into the fabrication of 

MOFs films by R. A. Fischer, Ch. Wöll and their co-workers
 [76]

. The reactants (metal 

source and ligand) for constructing MOF frameworks are separated during the 

layer-by-layer approach. The substrate functionalized by organic monolayers bearing 

suitable terminal functional groups is immersed alternatively into two solutions 

containing the two precursors at low temperature (between 25 and 40 
o
C). For each 

circle, rinsing step is carried out toward the sample to remove unreacted precursor 

from the surface (see Figure 1.4). 
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Figure 1.4 Schematic diagram for the layer-by-layer growth of MOFs on substrates functionalized with 

SAMs. The approach is done by repeated immersion cycles first in solution containing metal precursor 

and subsequently in the solution of organic ligand. Rinsing procedure is needed in between. Figure 

reproduced from Ref [100]. 

 

Homogeneous, crystalline and various types of MOFs films, for instance, two 

components-HKUST-1 (Cu3(btc)2) 
[76,100]

, three components with the formula [M2L2P], 

where M=Cu
2+

 or Zn
2+， L=a rigid, linear dicarboxylate linker, and P=an optional 

diamine pillar 
[101-103]

, with controllable thickness and texture have been successfully 

obtained using the stepwise growth fashion. More interesting, the layer-by-layer 

method provides the possibility of monitoring each deposition of inorganic parts and 

the ligands by AFM, SPR spectroscopy or a quartz crystal microbalance (QCM) etc. 

Bear in mind that this method is only applicable to MOFs that can be constructed at 

lower temperatures and also has high requirement for the quality of SAMs on 

substrates, which plays a crucial role in the quality of deposited MOFs. 

 

In 2010, H. Katagawa and his co-workers 
[104]

 reported the first example of fabrication 

of ultrathin and oriented MOF nanofilms (NAFS-1 and NAFS-2) on solid surfaces at 

room temperature, combing the layer-by-layer method with the Langmuir Blodgett 

technique. Figure 1.5 presents the schematic illustration of fabrication approach of 

NAFS-1 using this approach.  
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Figure 1.5 Schematic illustration of the fabrication method of NAFS-1. The solution mixture of 

CoTCPP (1) and pyridine (2) molecular building units is spread onto an aqueous solution of 

CuCl2·2H2O (3) in a Langmuir trough. Pressing the surface with barrier walls leads to the formation of 

a copper-mediated CoTCPP 2D array (CoTCPP-Py-Cu) (Langmuir–Blodgett method). The 2D arrays 

are deposited onto the substrate by the horizontal dipping method at room temperature. Figure 

reproduced from Ref [104]. 

 

Cobalt-porphyrine units (CoTCCP) are assembled together by binuclear copper 

paddle-wheel units in terms of coordination bonds to form two-dimensional arrays 

due to the increasing the precursor concentration and surface pressure when the 

trough is compressed. Meanwhile, the vertical positions of the copper ions are 

connected by the pyridine molecules and proper π-stacking (norml to the 2D arrays) 

between different layers can thus be established so as that the prefect preferentially 

oriented NAFS-1 thin films are achieved layer-by-layer. In plane and out of plane 

XRD measurements clearly show that the NAFS-1 films are highly crystalline and 

well-oriented. 
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1.3.5 Evaporation-induced formation of MOFs films 

R. Ameloot et al. 
[105] 

proposed a particularly facile way for making patterned MOFs 

layers on a variety of substrates with different terminations (silanol, vinyl or 

carboxylic acid). This method is based on the first preparation of precursor solution 

containing the two constituents but without any MOF nuclei (confirmed by dynamic 

light scattering (DLS)). The solution was afterwards transferred to substrates by a 

polydimethylsiloxane (PDMS) stamps possessing differently sized and spaced square 

protrusions. The solution was only confined under these protrusions due to the 

capillary forces. In situ crystallization occurred at solvent evaporation. 

Monodispersed HKUST-1 crystals in various motifs were obtained at last as a 

consequence of physical boundaries present during MOF construction. Later, an 

alternative way to realize the localized transformation of metal oxides to crystalline 

and compact MOF films under solvent and/or solvent-free synthesis conditions was 

reported by several groups (R. Ameloot, S. Kitagawa and R. A. Fischer) 
[106-108]

.   

 

R. Ameloot and his co-workers 
[84]

 reported quite recently a novel strategy for 

fabricating MOF films in a conformal way using a chemical vapour deposition 

(MOF-CVD) approach. The „MOF-CVD‟ method entails two steps: a uniform thin 

metal oxide layer with controllable thickness (serve as the metal source for 

constructing the desired MOF) is fabricated by atomic layer deposition (ALD) first 

and then a vapour-solid reaction is implemented from outside to internal of the 

deposited layer (see Figure 1.6). The organic linkers are supplied as a vapour instead 

of in solution, which allows the localized transformation of ultrathin zinc oxide 

precursor into MOF layers. A series of ultrathin, conformal and homogeneous MOF 

films like ZIF-8, ZIF-61, ZIN-67 and ZIF-72 (ZIFs stands for zeolitic imidazolate 

frameworks) were successfully prepared using this method. The authors also studied 

the oxide-to-MOF conversion efficiency of ZIF-8 (with the 2-methylimidazole (HmI) 

as the ligand) films on zinc oxide precursor layers of various thickness via multiple 

techniques such as transmission electron microscopy (TEM), high-angle annular 
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dark-field (HAADF), energy dispersive X-ray spectroscopy (EDS) mapping and 

profiling, time-of-flight secondary ion mass spectroscopy (TOF-SIMS) and X-ray 

diffraction. Results clearly show that a complete transformation of precursor films of 

less than 10 nm thickness can be easily achieved, accompanied by the interference 

change (colour from dark to mirror-finish) and film thickness expansion (around 

17-fold). Combing with the soft lithography or lift-off patterning, the solvent-free 

MOF-CVD method where corrosion, chemical contamination and processability and 

cost concerns can be avoided is greatly promising for the integration of MOF 

materials in microelectronic devices both in research and production facilities. 

 

 

Figure 1.6 Chemical vapour deposition of ZIF-8 thin films. The procedure consists of a metal oxide 

vapour deposition (Step 1) and a consecutive vapour–solid reaction (Step 2). Metal, oxygen and ligand 

sources are labelled as M, O and L, respectively. Metal oxide deposition can be achieved by atomic 

layer deposition (M, diethylzinc; O, oxygen/water) or by reactive sputtering (M, zinc; O, oxygen 

plasma). Atom colours: zinc (grey) oxygen (red), nitrogen (light blue) and carbon (dark blue); 

hydrogen atoms are omitted for clarity. Illustration reproduced from Ref [84]. 
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1.3.6 Direct growth/deposition of MOFs from solutions 

A much more straightforward way to make MOF films is just immersing the substrate 

(bare or modified) in solution containing the necessary organic and inorganic bricks 

and let the crystallization (heterogeneous nucleation and growth) upon surface 

proceed under an appropriate condition for a certain time. Given the homogeneous 

nucleation and growth taking place simultaneously in solution, the active surface of 

substrate is supposed to being placed vertically or being kept face-down to avoid the 

precipitation from solution. Generally, heating (conventional or unconventional) is 

mandatory for most of the MOFs (above 100 
o
C). While, for the most common used 

thiol-based SAMs on gold in order to direct/initial the heterogeneous nucleation and 

subsequent growth the thermal stability is hugely problematic to work at such 

condition. To tackle this issue, R. A. Fischer and his co-workers 
[73]

 firstly tried to 

pre-heat the precursor solution for building MOF-5 at 75 
o
C for 3 d and then at 105 

o
C. 

After, the solution was cooled down to 25 
o
C and kept at this temperature for 24 h. 

The thiol-modified gold substrates were immersed into the solution after filtering the 

sediments. Film composed of MOF-5 crystallites with a thickness of 5 μm was found 

only on COOH-terminated SAM after 24 h crystallization at room temperature 

whereas no film growth happened onto CF3-terminated stripes. Zn complexes (SBUs) 

and/or MOF-5 nuclei were considered to be selectively coordinated to COOH groups 

at the surface and the further construction of MOF-5 was subsequently continued. T. 

Bein et al. applied this approach to several other MOF structures: HKUST-1 
[74]

, 

Fe-MIL-88B 
[87]

, and CAU-1([Al4(OH)2(OCH3)4(H2N-bdc)3]·xH2O, 

CAU=Christian-Albrechts-University) 
[109]

. The starting solution composition and the 

pre-treating program are thought as key parameters, which probably determine the 

formation of SBUs and/or the size and concentration of nuclei. They also 

demonstrated for the first time the attached crystal orientation can be tailored by 

varying the terminal functionalities of SAMs. One interesting aspect regarding the 

formation of hexagonal MIL-88B film is that the bulk phase is MIL-53, formed in the 

pre-treating procedure. The selective nucleation and growth of MIL-88B onto 
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COOH-ended SAM gold surface is assigned to the match between the 6-fold axis of 

the MIL-88B crystals and the hexagonal symmetry of the thiolate SAM. Nevertheless, 

as stated by R. A. Fischer 
[71]

, the main drawbacks of this method are in the lengthy 

and sometimes complicated preparation procedure (typically a couple of days with 

several heating steps) and the poor morphology of the obtained layers. In addition, the 

films obtained are often noncontinuous, in which the crystals are not really intergrown. 

Compromise can be made by using silane-based SAMs (usually on oxides) with a 

higher thermal stability above 120 
o
C but possessing inferior homogeneity that will 

worsen the quality of MOF films, comparing with that of alkanethiols SAMs
[86,110]

. 

Direct growth of other MOFs on substrates without SAMs and improvements towards 

this method for the growth of MOFs on surfaces with SAMs are now available in 

some review articles 
[70,71]

. 

1.4 Description of Fe
3+

/BDC and NDC MOFs 

G. Férey, C. Serre and their co-workers developed a series of MOF materials named 

MILs materials (MIL stands for Matériaux de l‟Institut Lavoisier), constructed by 

trivalent metal cations such as Al
3+

, Cr
3+

 and Fe
3+

 in coordination with terephthalic 

acid (or benzene-1,4-dicarboxylic acid (BDC)) and other ligands under solvothermal 

synthesis in the past decade. Considering the non-toxicity and easy-accessibility of Fe 

source, the well-known system Fe
3+

/BDC is of special interest, where three different 

phases MIL-101, MIL-88B, and MIL-53 are reported depending on synthesis 

conditions (solution composition, temperature, pressure) 
[111]

. The three structures 

differ in the connectivity of the inorganic nodes with the organic linkers, leading to 

different porous structures: MIL-53 and MIL-88B exhibit framework flexibility and 

MIL-101 possesses an unusually large pore volume and specific surface area
 [112,59,113]

. 

 

MIL-101: The first synthesis of MIL-101 was implemented with Chromium (Ⅲ) 

(Cr
3+

) at 220 
o
C after 8 h solvothermal reaction by G. Férey, C. Serre and their 

co-workers in 2005. The resulted crystalline solid (MIL-101) with formula 
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(Cr3F(H2O)2O[(O2C)-C6H4-(CO2)]3·nH2O, n ≈ 25) crystallizes in a cubic space group 

Fd-3m (89Å) with surface area (5900 m
2
/g) and pore sizes (29 Å and 34 Å). Single 

crystal is difficult to be obtained for MIL-101 with such a huge unit cell. 

Computational simulation (typically automated assembly of secondary building units 

(AASUB)) was employed to predict the potential 3D frameworks built by the same 

inorganic cluster and the linker. Comparison of the obtained calculated XRD patterns 

with the targeted experimental structure was made to give access to the structural 

information. The eventual crystal structure was achieved through fitting the 

experimental results with the theoretical data at the help of Rietveld method (as 

shown in Figure 1.7). 

 

Figure 1.7 (A) the computationally designed trimeric building block chelated by three carboxylic 

groups. The supertetrahedra hereafter named ST (C) was built by terephthalic acid (B) and the trimers, 

which lies on the edges of the ST. (D) Ball-and-stick representation of one unit cell. (E) Schematic 3D 

representation of the Mobil Thirty-Nine (MTN) zeotype architecture (the vertices represent the centers 

of each ST) with the medium (in green, with 20 tetrahedra) and large (in red with 28 tetrahedra) cages 

delimited by the vertex sharing of the ST. Chromium octahedron, oxygen, fluorine and carbon atoms 

are in green, red and blue, respectively. The Cr atoms localize at the centers of the octahedral. Figure 

reproduced from Ref [112]. 

 

MIL-88B: The MIL-88B presents a hexagonal structure (space group P-62c or 

P63/mmc) with formula of Fe3O(BDC)3·xsolv (solvent molecule). It is built up from 

the linkage of trimers of iron(III) or chromium(III) octahedra that share a μ3O oxygen 
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with dicarboxylates in such a way that two types of cavities exist: tunnels along [001] 

and bipyramidal cages with trimers at the vertices. The height of the bipyramid 

corresponds to the c cell parameter (Figure 1.8), whereas the distance between two 

adjacent trimers in the equatorial plane represents a cell parameter (Figure 1.9) 
[59]

. 

 

Figure 1.8 View of crystal structure of MIL-88B along b axis. Octahedron, oxygen and carbon atoms 

are in blue, red and black, respectively. The metal atoms localize at the center of the octahedra.  

 
Figure 1.9 View of crystal structure of MIL-88B along c axis. Octahedron, oxygen and carbon atoms 

are in blue, red and black, respectively. The metal atoms localize at the center of the octahedra.  

 

Other numbers of isoreticular MIL-88B family exhibit the similar framework 

structures but constructed with other organic ligands like fumaric acid (MIL-88A), 

2,6-naphthalenedicarboxylic acid (MIL-88C) and 4,4‟-biphenyldicarboxylate acid 
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(MIL-88D). 

MIL-53: The MIL-53 (formula: M(OH/F)(BDC)·solv) presents a monoclinic 

structure (space group-I2/a). It was also first synthesized by Férey‟group with the 

metal ions of chromium 
[66] 

and aluminum 
[114]

. The iron analogue was synthesized 

later by Whitfield et al., 
[115]

 which is constructed by chains of trans-corner-shared 

metal centered octahedra, where the bridging atom is either the oxygen of hydroxide 

ion or a halogen ion (F
-
). The inorganic chains are cross-linked by carboxylates to 

present rhomb-shaped channels running parallel to the a axis of the structure (Figure 

1.10). 

 

 

Figure 1.10 Crystal structure of MIL-53 with view along the a axis (a) and the inorganic chains of 

FeO6 octahedra along the channels (b).  

 

Note that as we mentioned in Section 1.2, a transient intermediate phase proposed 

first by O. M. Yaghi named after MOF-235 ([Fe3O(BDC)3(DMF)3]
+
·[FeCl4]

-
·x(DMF)) 

with a space group P-62c can also be isolated by using FeCl3 as the metal precursor, 

in which trimers of iron(III) oxy-octahedra are linked by terephthalate linkers, and 

trapped molecules within the porous three-dimensional network are not only DMF 

molecules but also [FeCl4]
-
 anions that balance the positive charge of the MOF 

framework (Figure 1.11).  
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Figure 1.11 View of crystal structure of MOF-235 along c axis. Octahedron, oxygen, carbon, iron, 

nitrogen and chlorine atoms are in blue, red, black, wathet blue, purple and green, respectively. Axial 

coordinating ligands and hydrogen atoms have been omitted for clarity.  

 

Properties of the above interesting framework structures make them interesting for 

various applications ranging from gas sorption/storage, to heterocatalyst, chemical 

sensors and drug delivery up to now 
[5,20,21,27,49,50,59,89,90]

. Shaping them on solid 

supports might expand their applications. 

1.5 Objectives and outline of the manuscript 

The objective of this PhD project is to investigate mainly synthesis conditions for the 

direct growth of Fe
3+

/BDC and Fe
3+

/NDC MOFs onto functionalized silicon (111) 

surfaces exhibiting well-defined structure and whose surface chemistry can be tailored 

in order to favor/direct the heterogeneous nucleation and growth of the MOFs. By 

varying the compositional and process parameters of synthesis conditions and/or 

surface chemistry of grafted monolayers on substrates, the following work is expected 

to contribute to a better understanding of phase selection (if possible) and growth 

mechanism of the targeted MOFs, which are crucial for achieving tailored properties 

via tuning the film morphologies and structures. The structure of this dissertation is as 
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below: After a chapter devoted to experimental details (Chapter 2), three chapters deal 

with MOF film formation. 

 Chapter 3 deals with the influence of surface chemistry on the formation of 

Fe
3+

/BDC MOFs films. The structure of crystallite is identified from correlation 

between SEM and XRD results and the interaction of crystallite with surface is 

also discussed.  

 Chapter 4 presents a detailed study of Fe
3+

/BDC MOFs films on acid-terminated 

surfaces. The influence of synthesis conditions (temperature, ratio of ligand to 

metal precursors, starting precursor concentration, additives and growth time) is 

investigated to discuss the nucleation and growth of films.  

 Chapter 5 presents the film growth of Fe
3+

/NDC MOF on carboxylic acid 

terminated Si surfaces. The flexible property of Fe
3+

/NDC MOF involving 

molecular trapping and release is preliminarily studied by ex/in situ XRD 

diffractometer. 

The manuscript ends with a general conclusion and gives some perspectives to the 

present work. 
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Chapter 2: Experimental details 

2.1 Substrate preparation 

In this work, oxide free silicon (111) surfaces are grafted with organic chains bearing 

different chemical functions (-COOH, -CH3 and -Pyridine) using protocols 

established in the electrochemistry group at PMC 
[1-4]

. The routes for achieving 

grafting organic monolayers are schematically presented in Figure 2.1. The key point 

is the formation of strong covalent Si-C bonds (~ 4.5 eV) 
[5-9]

 which provides higher 

chemical and thermal stability compared to the thiol-based self assembled monolayers 

(SAMs) on gold with Au-S bond energy ~ 2.6 eV. For silane SAMs on alumina and/or 

silica surfaces the thermal stability is not problematic (the average bond energy for 

covalent bond Al-O ~ 5.2 eV, for Si-O ~ 6.5 eV), while, they do not exhibit the same 

level of homogeneity as alkanethiols on gold 
[10-12]

. Oxidized Si (111) surface will be 

also used.  

Si(111) slides in size of around 60×10 mm were cut from one side-polished N-type 

wafer (500-550 μm thick) with a miscut angle of 0.2 
o
 along [112 ] direction 

(Siltronix, France).  
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Figure 2.1 Reaction scheme of the protocol used for the functionalization of Si (111) surfaces 

bearing with tailorable terminated groups: (a) thermal grafting of 1-decene onto hydrogenated Si 

surface; (b) UV-induced grafting of undecylenic acid onto hydrogenated Si surface and (c) 

UV-induced grafting of aminethyl pyridine onto hydrogenated Si surface. Note that the reason we 

use the thermal grafting of 1-decene on oxide-free Si is that this method experimentally gives 

more compact monolayers on surfaces. 

  

 

Etching procedure: Si pieces was etched in oxygen free 40 % NH4F solution to 

obtain surfaces with staircase structure as reported previously 
[13,14]

. These surfaces 

are terminated by Si-H bonds and are relatively inert in air. Prior to etching, the 

samples were cleaned twice in piranha solution (a mixture of 30 % H2O2 and 96 % 

H2SO4 at the volume ratio of 1:2) for 10 min to remove organic contaminants. After 
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thorough rinsing with ultra-pure water (UPW, 18 MΩ·cm), Si substrates were 

afterwards immersed in the etching solution for 15 min in which the ammonium 

sulfite ((NH4)2SO3·H2O) was added to remove the trace of dissolved oxygen. After 

being taken out of the etching solution the sample was rinsed under flowing UPW and 

then blown dried under argon flow. For the preparation of oxidized Si surfaces, once 

the H-terminated Si(111) surface is obtained, it is kept in piranha solution (a mixture 

of 30 % H2O2 and 96 % H2SO4 at the volume ratio of 1:2) for 10 min for further 

oxidization.  

 

Organic monolayer formation  

The experimental procedures used here have been previously established in the 

electrochemistry group at PMC 
[1-4]

. 

a) Methyl terminated surfaces 

1-Decene (CH2=CH-(CH2)7)-CH3, 97 % Sigma-Aldrich) after purification by passing 

slowly through a column containing fluorisil absorbent was collected in a schlenk 

reactor, which is always flushed with Ar flow. Afterwards, schlenk reactor containing 

the neat reagent was heated at 100 
o
C under Ar flowing for 30 min to eliminate 

oxygen and water traces. The freshly prepared H-terminated surface was introduced 

into the reactor after cooling it down to room temperature under continuous Ar flow. 

The grafting reaction was performed at 180 
o
C for 20 h with the schlenk tube 

hermetically sealed to avoid contamination with oxygen and water traces 
[1]

. Finally, 

the surface with alkyl monolayer was successively rinsed in tetrahydrofuran (THF) 

and dichloromethane (DCM) at room temperature for twice and blown dried under Ar 

flow. 

b) Carboxylic acid terminated Si (111) surfaces 

The grafted monolayer with carboxylic acid terminated functional groups was 

achieved by immersing the freshly prepared Si-H surfaces in undecylenic acid 

solution under UV irradiation. Before grafting, a schlenk tube containing undecylenic 

acid solution was previously heated at 85 °C and outgassed under Argon flowing for 

30 min to get rid of traces of water and oxygen. Before the introduction of Si-H 
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sample the schlenk was cooled down to 40 °C. Once the immersion of sample is done, 

the solution was further flushed with Ar at 40 °C for another 20 min. Then, the 

schlenk tube was tightly sealed and transferred into a home-made rayonnet reactor 

equipped with UV lamps (6 mW/cm
2
, 312 nm) for 3 h irradiation. Copious rinsing in 

hot acetic acid (70 
o
C) was done twice afterwards under Ar flowing to the sample to 

remove the physisorbed acid chains that tend to strongly interact with the monolayer 

via hydrogen bonding 
[8]

. Finally the acid surface was rinsed by UPW, dried by Ar and 

stored in plastic tube under protection of N2 for further functionalization and/or film 

preparation. 

 

c) Pyridine terminated Si (111) surfaces 

Once the grafting of undecylenic acid onto the H-terminated Si(111) surface through 

robust covalent Si-C linkage is done, the Si-COOH surfaces is immersed into a 

freshly prepared solution containing 0.1 M N-hydrosuccinimide (NHS) and 0.1 M 

N-ethyl-N‟-(3-(dimethylamino) propyl) carbodiimide (EDC) in 0.1M buffer solution 

at pH 5. The reaction of transformation of carboxylic acids into succinimidyl ester 

was let to proceed at 15 
o
C for 1 h. The resulting surfaces with –COOSuc termination 

were then cleansed successively in 1) warm NaH2PO4 (0.1 M, pH = 5, 50 
o
C) solution 

for 10 min, 2) diluted NaH2PO4 solution (NaH2PO4, 0.1 M/H2O, v:v = 1:1, 50 
o
C) and 

last 3) in UPW for another 10min. The –COOSuc surfaces were kept in acetonitrile 

solution after careful drying under Ar flow. The final step concerns the coupling of 

pyridyl groups onto the targeted surface through reacting –COOSuc surfaces with 

aminethyl pyridine. The reaction was done by immersion of the –COOSuc surfaces in 

5 mM aminethyl pyridine for 1 h at 25 
o
C in a closed schlenk. Before the introduction 

of the surfaces, the solution was flushed with Ar for 5 min to remove O2. The surfaces 

functionalized with pyridyl groups were rinsed sequentially by acetonitrile and water 

and finally dried under nitrogen flow 
[3,4]

. 
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2.2 Characterizations of as prepared substrates 

Substrates were characterized by AFM. No IR spectroscopy was performed, since the 

organic grafting protocols have been extensively studied in the group and the 

protocols prove to be highly reproducible.  

Representative AFM (in non-contact mode) images of functionalized Si surfaces with 

various surface chemistries are presented in Figure 2.2. The Si-H surface exhibits a 

staircase structure with atomically-flat terraces. The height of steps is around 4 Å, 

close to calibrated monatomic distance (3.14 Å). After functionalization, the surfaces, 

including the oxidized one, keep the same topography.  

It is important to notice that there are no significant contaminants or residues on these 

surfaces suggesting that homogeneous and thin dense monolayers were formed on 

these surfaces. This clearly indicates that the above preparation procedures render the 

substrate with high quality (atomically cleanness and flatness) without any obvious 

defect. Moreover, the staircase structure can serve as the benchmark to verify whether 

there is film growth. 
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Figure 2.2 Atomic force microscopy (AFM) images of functionalized Si (111) surfaces with various 

terminated groups: (a) hydrogenated Si surface (Si-H); (b) oxidized Si surface (Si-OH); (c) carboxylic 

acid ended Si surface (Si-COOH); (d) pyridine-terminated Si surface (Si-Pyridine) and (e) methyl 

terminated Si surface (Si-CH3). The inset profile in (a) corresponds to the black mark in the image.  

 

2.3 Growth of MOF films 

2.3.1 Preparation of solutions for film growth 

The precursor solutions were prepared by dissolving FeCl3·6H2O (ACS reagent, 97 %, 
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Sigma-Aldrich) in 7 ml dimethylformamide (DMF) (for molecular biology, ≥ 99 %, 

Sigma-Aldrich). The ligands H2BDC (benzene-1,4-dicarboxylic acid or terephthalic 

acid) (98 %, Sigma-Aldrich) and/or H2NDC (2,6-naphthalenedicarboxylic acid) (99 %, 

Sigma-Aldrich) was then after added and the solution was heated at around 60 °C for 

10 min under stirring in order to obtain a homogeneous solution. For samples 

prepared from solutions containing additives, certain amounts of additives were added 

just after the obtaining homogeneous solutions. Then continuous stirring for another 

10 min was done to the whole solution.  

2.3.2 Film growth 

The functionalized Si surfaces were rinsed with DMF prior to their immersion into the 

reactor containing the precursor solution. The polished face of the Si samples (active 

surface) was placed either face-down or in up-right position in the reactor to avoid 

precipitation of material from solution. The reactor was then transferred to an oil bath 

heated at a given temperature and the growth was let to proceed for a given time. At 

the end of reaction, the solution was extracted from the reactor prior to withdrawing 

the sample. The samples were rinsed successively in DMF, ethanol and finally dried 

under nitrogen flow. The materials formed in solution was collected by centrifugation 

at a speed of 14000 rpm for 5 min and then redispersed and centrifuged in DMF and 

ethanol twice. Finally, the powder was dried in an oven at 150 
o
C overnight. 

2.4 Film characterizations 

Atomic force microscopy (AFM) 

The surface morphologies of the films were investigated using a Pico SPM 

microscope (Molecular Imaging, Phoenix, AZ) equipped with silicon nitride 

cantilevers (Nanoprobe, spring constant of 0.2 N·m
-1

). Images were recorded in 

non-contact mode under a protected N2 atmosphere. 

 

Scanning electron microscopy (SEM) 
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Micro-structural characterizations were also carried out by scanning electron 

microscopy (SEM) using a Hitachi S4800 microscope equipped with a field emission 

gun. Plane view and cross section images were recorded using secondary electrons.  

 

X-ray diffraction (XRD) 

X-ray diffraction (XRD) patterns were recorded in Bragg-Brentano geometry using a 

PANalytical X‟Pert diffractometer equipped with Cu Kα radiation (λ = 0.15406 nm) 

and a rear-side (0002) graphite monochromator. 

For the in-situ and ex-situ measurements regarding the molecule uptake and release 

shown in Chapter 5, a Bruker machine equipped with a Göbel mirror optic to 

produce a parallel incidence beam (λ = 0.15406 nm) and with a position sensitive 

detector (PSD) located behind a set of long Soller slits/parallel foils was used. The 

sample remains flat throughout the measurement but can be rotated to allow for better 

sampling. 
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Chapter 3: Direct growth of Fe
3+

/BDC MOFs onto functionalized 

Si surfaces: effect of surface chemistry 

3.1 Introduction 

The structure and physico-chemical properties of solid surfaces are anticipated to play 

a crucial role in the heterogeneous nucleation and growth of MOF films on solid 

supports. Indeed, the surface roughness, surface free energy, acid/base property, 

hydrophobicity or hydrophilicity character, and the presence of potential coordinating 

sites, are factors that may strongly influence the thermodynamics and the kinetics of 

the nucleation and the growth processes 
[1-6]

. This has been notably verified by the 

well-studied system of Cu
3+

/BTC (HKUST-1 phase with a formula of 

Cu3(BTC)2(H2O)3·xH2O, BTC stands for 1,3,5-benzenetricarboxylic acid). The 

growth of HKUST-1 was investigated on different surfaces (Au, Al2O3, SiO2) 

functionalized or not with self-assembled monolayers (SAMs) 
[7-9]

. No film growth 

was observed on the bare surfaces except onto alumina, on which the formation of 

polycrystalline HKUST-1 films was evidenced. Conversely, the growth of films 

exhibiting preferential orientations are found onto surfaces functionalized with 

variable terminated functional groups: [111] direction on -OH terminated SAM, [100] 

direction on -COOH ended SAM, homogeneous and less oriented thin film on 

methyl-based SAM. The different behavior observed on the two oxide surfaces (SiO2 

and Al2O3) as well as the different crystalline textures observed on surfaces 

functionalized with different types of functional terminations well illustrate how the 

physico-chemical properties of surfaces affect the nucleation and growth processes in 

such a drastic way and how much the mastering of the surface chemistry play a vital 

role in the nucleation and growth of supported MOFs. To date, few works report the 

fabrication of oriented Fe
3+

/BDC MOF films. Bein‟s group
 [10,11] 

have investigated the 

growth of Fe/BDC and Fe/NH2-BDC onto thiol-functionalized Au (111) surfaces at 

room temperature and showed the selective growth of oriented 
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MIL-88B/MIL-88B-NH2 crystallites from pre-treated solutions for long time exposure. 

In their synthesis procedure, the solution was obtained by filtrating the homogenous 

phase MIL-53 that solvothermally formed at 150 °C. The modified gold surfaces were 

afterwards immersed in the supernatant solution for varied time, ranging from 16 h to 

9 days. Remarkably, despite the possible/expected existence of MIL-53 nuclei in the 

filtered solution, they only evidenced the growth of oriented MIL-88B or 

MIL-88B-NH2 phase with (001) texture on the surface. While, to the best of our 

knowledge, the issue of the heterogeneous nucleation and growth mechanisms of 

Fe/BDC MOFs was rarely addressed. 

 

In this chapter we investigate the direct growth of Fe
3+

/BDC MOF on Si surfaces with 

different surface chemistries (see chapter 2). The film preparation was carried out on 

surfaces terminated with different chemical groups, i.e. carboxylic acid (-COOH), 

pyridyl (-C5H4N), hydroxyl (–OH) groups that are able to coordinate to Fe ions or 

clusters or nuclei. Methyl (-CH3) terminated monolayers are also considered for 

comparison because no specific interaction is expected with either the metal ions or 

the ligand. For each kind of surface, all the samples were prepared at 90 
o
C in DMF 

solution containing the same Fe
3+

 concentration (25 mM) and variable ligand to metal 

ratios R = [L] / [Fe
3+

] (L = Ligand). The structure and the morphology of the 

as-grown MOFs were characterized by X-Ray Diffraction (XRD), Scanning Electron 

Microscopy (SEM) and Atomic Force Microscopy (AFM). 

3.2 Results 

3.2.1 Growth onto carboxylic acid terminated Si surfaces (Si-COOH) 

Figure 3.1 shows SEM images of films grown on Si-COOH surfaces for R = [L] / 

[Fe
3+

] = 0.5. The images reveal a homogeneous coverage of the surface and the 

formation of a non-continuous layer made of isolated crystallites. Most of the 

crystallites present a triangular facet (Figure 3.1(a)) and will be hereafter named 
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crystallite A. Each A crystallite is composed of two pyramids with a common square 

base and opposite summits, i.e., has an octahedral shape. If one of their facets is 

parallel to the substrate surface, the opposite parallel facet is the triangle we observe 

in the images. The inset of Figure 3.1(a) shows a side view drawing of the octahedral 

crystallite sitting flat on one of its facets. Most of the octahedral crystallites exhibit 

triangular facets with equal side length indicating that they are parallel to the substrate 

surface (Figure 3.1(a), crystallite A1) whereas others are tilted (Figure 3.1(a), 

crystallite A2). The in-plane orientation of the triangles differs significantly from 

random orientation. Indeed, in Figure 3.1(a,b), one may easily find groups of 

connected crystallites whose top facets are oriented almost in the same direction 

(some of them are indicated by yellow circles in Figure 3.1(b)).  

Other crystallites are also observed in much lower density that exhibit hexagonal 

symmetry: flat hexagonal crystallites (Figure 3.1(b), crystallite B) and hexagonal 

pyramids (Figure 3.1(b), crystallite C). Rod-like crystallites (Figure 3.1(d), 

crystallite D) are rarely observed as well. The cross-section images (Figure 3.1(e-f)) 

show that the hexagonal crystallites (B, C) have their hexagonal planes of symmetry 

(top and bottom facets) parallel to the sample substrate surface. In the case of a 

hexagonal lattice, this suggests that they are oriented with c-axis perpendicular to the 

surface. On the other hand, the top surface of crystallites B present lines with 3 fold 

symmetry recalling very much the triangular facets of A type crystallites. The inset of 

Figure 3.1(b) shows a crystallite with an intermediate shape between A type and B 

type. We indeed observe triangular facets as well as some characteristics of flat 

hexagonal crystallites. The cross-section images (Figure 3.1(e,f)) allow to determine 

the height of the different crystallites and their 3D form (angles of the facets of 

hexagonal crystallites, shape of the octahedral crystallites). In addition, these images 

show that the crystallites are in direct contact with the substrate surface and, within 

the image resolution, no intermediate layer forms between the crystallites and the 

surface (Figure 3.1(e,f)). Figure 3.1(g) corresponds to crystallites formed in solution 

in the same conditions. These particles are collected at the end of the growth 

procedure and deposited on a Si surface for SEM observation. The majority of these 
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crystallites have an octahedral shape (A). Occasionally some B and C crystallites are 

observed.  

The density and the size of different crystallite types (A, B, C, D) determined 

from SEM images processing are plotted in Figure 3.2. These statistics are obtained 

from the analysis of at more than 100 crystallites and different images. The density of 

octahedral crystallites (A) is by far the largest compared to that of hexagonally shaped 

(B = 8·10
4 
/ cm

2
) and rod-like crystallites (D ~ 10

4
 / cm

2
). The octahedral crystalline 

(A) size is of ~ 915 ± 120 nm (the size was chosen as the triangle edge length) and 

their average height is ~ 750 nm. If crystallites A have their facets parallel to the 

substrate surface, the ratio between their height and their size should be sin(54.7 
o
) = 

0.82, which is in agreement with the average ratio we measure 750/915 = 0.82. This 

indicates that a large proportion of crystallites A have their facets parallel to the 

substrate surface. The size and size dispersion of crystallites A in solution (powder) is 

very close to that found on Si-COOH substrates. The flat hexagonal crystallites (B) 

exhibit a height of ~ 300 nm and in-plane dimension ~ 1.1 µm. The size in this case is 

defined as the average length of hexagon side. Among all crystallites, the hexagonal 

pyramids have the largest height (~ 2 µm) and size (~ 2.25 µm). Here again, the size 

is defined as the average length of hexagon side. 
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Figure 3.1 High magnification SEM images (a-d) showing the different crystalline shapes observed on 

the sample prepared in solution with metal excess (R = 0.5): octahedral crystallites (A), flat hexagons 

(B), hexagonal pyramids (C) and rod-like crystallites (D). Cross-section images (e, f) of crystallites 

(A-C). (g) Crystallites formed in solution in the same conditions. The inset in (a) shows a drawing of 

the side view of an octahedral crystallite laying flat on one facet and presenting an upper triangular 

facet parallel to the substrate surface. The inset in (b) shows a zoom on a particle with intermediate 

shape between A and B. 

In Figure 3.2(d), we plot the equivalent thickness which was estimated by computing 

the total volume of the crystallites (using the density, height and lateral size) 

normalized by the surface area. It corresponds to the deposit thickness if its 
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morphology is 2D. The equivalent thickness is dominated by the crystallites A. The 

contribution of crystallites B and C is nevertheless not negligible in spite of their low 

density because their sizes are relatively large.  

 

  

  

Figure 3.2 Density, height, size and equivalent thickness of the different crystallites (A, B, C, D) 

grown in solution with metal excess (R = 0.5). The crystallite nomenclature is shown on the left for the 

three main forms. 

 

Influence of R on the MOF growth on Si-COOH surfaces  

Figure 3.3 shows large field SEM images of films grown on Si-COOH surfaces for 

different R values. In all cases, the images reveal a homogeneous coverage of the 

surface but different morphologies. In contrast with the case of R = 0.5 where the 

layer is made of isolated crystallites mainly A type, when the relative fraction of 

ligand in solution increases (R  1), denser films exclusively made of close-packed 

crystallites of type C are observed (Figure 3.3(b,c)). This is also in striking contrast 

with the crystals which grow in solution which are mainly of A type (Figure 3.3(d,e)). 

High magnification images reveal that the C-type crystallites (hexagonal pyramids) 

are oriented with their c-axis perpendicular to the surface (Figure 3.4(d)). Between 

the crystallites, we observe a dense and compact layer composed of quasi-octahedral 

and/or octahedral crystals (Figure 3.4(b), red circle). 
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Figure 3.3 Large field SEM images showing the morphology of films grown onto Si-COOH surfaces 

in solutions containing various ligand to metal ratios R: (a) R = 0.5, (b) R = 1 and (c) R = 2. For all 

samples CFe = 25 mM, T = 90 oC and the growth time is 24 h. (d) And (e) crystals grown in solution in 

the same conditions with R = 1 and R = 2.  
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Figure 3.4 Higher magnification SEM images of films obtained in solution with R = 1 (a,b) and R = 2 

(c,d).  

 

The density and size of the hexagonal crystallites (C type) as a function of the three 

different ligand to metal ratios R are displayed in the Figure 3.5.    

 



46 
 

 

 
 

  

Figure 3.5 Density, dimensions and equivalent thickness of the hexagonal pyramids (C) of samples 

prepared under different ligand to metal ratios R. Note that the lateral size might have errors depending 

on the compactness of the film. 

 

As shown in Figure 3.5 the density of type C crystals increases dramatically as the 

ratio R increases, indicating a higher nucleation rate as the proportion of ligand 

increases. The height slightly decreases, whereas the lateral size (defined here as the 

hexagon diagonal) evidences an obvious decline as R increases most probably related 

with the increase of the island density. The size dispersion is 2.6 µm ± 0.5 for R = 1 

and 1.4 µm ± 0.44 for R = 2. This dispersion of ± 20-30 % is significantly larger than 

that observed for crystallites A (± 13 %) in the case of R = 0.5.  

The XRD patterns in Bragg Brentano configuration of the samples discussed 

above are presented in Figure 3.6. In Figure 3.6(a), the pattern of the film grown at R 

= 2 is shown (Note that the y-axis is the log of intensity). Figure 3.6(c) presents the 

patterns for different R values in the angular range were peaks are observed. The 

pattern in Figure 3.6(b) corresponds to crystallites formed in solution.  
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Figure 3.6 XRD patterns (a) in the case of R = 2 (full range) and (c) zoomed range of samples 

prepared in solutions with R = 0.5, R = 1, and R = 2. (b) XRD pattern of the crystallites grown in 

solution for R = 1. In (c), the arrows indicate diffraction peaks. Arrows of the same color correspond 

to coupled diffraction peaks. The SEM images of the samples are shown in Figure 3.3. For all 

samples CFe = 25 mM, T = 90 oC and the growth time is 24 h. 

 

The peak positions obtained from the XRD patterns displayed in Figure 3.6 are 

summarized in Table 3.1. 
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Table 3.1 Summary of the peak positions observed on the XRD patterns displayed in Figure 3.6. 

 

 Peak position (2, deg, λCu)  

R = 0.5  8.55  9.33  9.64  10.29  17.6  18.72  19.34  

R = 1  
 

9.33  9.64  
  

18.72  19.34  

R = 2  8.55  9.33  9.64  10.29  17.6  18.72  19.34  

 

Figure 3.6(c) shows that two main intense and coupled (the same crystallographic 

plane) reflections at 2 = 9.64 
o 

and 19.34 
o
 are observed for all the three samples. 

They indicate that the particles are well crystallized. The peak width is 0.06 ° which 

corresponds to the instrument resolution, thus no indication may be obtained on the 

particle size from this information. The intensities of these two peaks are much larger 

in the case of R  1. No other peaks of similar intensities were found. In powder XRD 

diagrams of such compounds, we observe several intense peaks corresponding to 

different crystallographic planes. The fact that only two coupled peaks are observed 

indicates a growth with a preferential orientation of the corresponding hkl family of 

planes parallel to the substrate surface. Another two coupled and less intense peaks 

localized at 2 = 9.33 
o 
and 18.72 

o
 are also observed. Three additional weak peaks at 

2 = 8.55 
o
, 10.29

 o
 and 17.6

 o
 are also found for the samples prepared at R = 0.5 and 2. 

The pattern of the crystallites formed in solution is very close to that expected for the 

MIL-101 phase. On the other hand, the XRD patterns in Figure 3.6(c) are not 

matching any of the powder XRD (PXRD) patterns reported for the three different 

structural phases known for this system: MIL-101
[12]

, MIL-88B 
[13]

 and MIL-53 
[14]

. It 

is interesting to note that the 9.64 ° peak intensity decreases by a factor of 3.4 when R 

goes from 2 to 1 and by a factor of 1600 when R goes from 2 to 0.5. A similar trend is 

observed with the equivalent thickness of deposited C type material: it decreases by a 

factor of 2.5 when R goes from 2 to 1 and by a factor of 1500 when R goes from 2 to 
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0.5. This suggests that the peak at 9.64 ° is correlated with the C crystallites.  

 

3.2.2 Growth onto pyridine terminated Si surfaces (Si-Pyridine) 

The morphology of MOFs grown onto Si-Pyridine surfaces at 90 
o
C are displayed in 

Figure 3.7.  

 

Figure 3.7 SEM images of Fe/BDC MOF grown onto pyridine terminated surfaces at 90 oC: (a) R = 

0.5, (b) R = 1 and (c) R = 2, For all samples CFe = 25 mM and the growth time is 24 h.  
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Octahedral crystals (type A) and/or flat hexagons (B) with various density and size are 

found in SEM images. Unlike the films grown on carboxylic acid terminated surfaces, 

onto Si surfaces bearing pyridine groups, hexagonal pyramids (Type C) were not 

observed for all R values. The variation of density and mean crystal size of crystals A 

and B is displayed in Figure 3.8. 

 

 

 

  

 

Figure 3.8 Density (a), lateral size (b) and equivalent thickness (c) of A-type crystals (blue) and B-type 

crystals (red) on pyridine terminated Si surfaces as a function of ligand to metal ratio R value in 

solutions. Grey bars correspond to the sum of A and B density (a) of equivalent thickness (c).  

 

Majority of A-type crystallites is found on the Si-Pyridine surfaces for all R values. A 

slight increase of the density of A-type crystallites with R is observed. For B-type, 
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their density increases when R is raised from 0.5 to 1 but decreases when the ligand 

concentration is further increased. For R = 2, the SEM images show the quasi 

selective growth of A-type crystallites. An increase of the crystallite density (Figure 

3.8(a)) is observed considering all the crystallites without shape discrimination (grey 

plot), indicating that the nucleation yield is slightly affected by the ligand 

concentration. The equivalent thickness of deposited material for each crystallite type 

is plotted as an equivalent thickness in Figure 3.8(c).  

XRD patterns of layers grown onto Si surfaces with pyridine-ended groups as a 

function of ratio R are presented in Figure 3.9. The calculated PXRD pattern of the 

well-known MIL-101 phase 
[12]

 for this system is also given in Figure 3.9 (top black 

curves): the blue curve corresponds to the calculated diagram with additional 

broadening of the peaks (~ 1 °). The dark yellow curve is obtained using the same 

broadening procedure of the (111) diffraction peaks. In the experimental diagrams, a 

broad peak is found in the range 3 °
 
 2 6 ° in addition to smaller coupled peaks at 

9.33 ° and 18.72 ° (indicated by black triangles). The position of this broad peak is 

close to that of MIL-101 phase with restriction to the (111) peaks and with additional 

peak broadening.  
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Figure 3.9 XRD experimental patterns (black, red and green curves) of Fe/BDC MOF films grown 

onto pyridine terminated Si surfaces under various ligand to metal ratios R in solution. Top curves are 

calculated PXRD pattern of MIL-101 phase. The two overlaid curves with broad peaks correspond to 

the same calculated pattern with additional broadening, in which the peak shape is considered to 

exhibit a Gaussian function. A new function of the peak shape could be obtained by substituting the 

already known peak positions and intensity of the simulated peaks of MIL-101 into the Gaussian 

function and afterwards making a superposition of all of them. Calculated curves with different extent 

of broadening can thus be plotted according to the new resulted function. For the blue curve, all 

diffraction peaks were considered; for the dark yellow curve, only the (111) family was considered. For 

all samples CFe = 25 mM, T = 90 oC and the growth time is 24 h. The experimental peak positions are 

summarized in Table 3.2.  

 

No peaks related to the MIL-88B and MIL-53 phases are expected within the (3 - 6 °) 

range. This experimentally observed broad peak could probably be assigned to 

MIL-101 phase of poor crystallinity and/or of too small thickness, both leading to 

peak broadening effects. The peak at 17.6 
o
 was always observed on samples without 

any correlation with the MOF growth. It might indicate the presence of residual 

crystallized H2BDC ligands or the formation of FeO(OH) in some synthesis 

conditions.  
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Table 3.2 Summary of the peak positions observed on the XRD patterns of samples fabricated on 

pyridine terminated surfaces as a function of ratio R. 

 Peak position (2, deg, λCu)  

R = 0.5, 1, 2 3-6 9.33 17.6 18.72 

 

3.2.3 Growth onto oxidized Si surfaces 

The morphologies of Fe/BDC MOFs grown onto Si oxidized surfaces are displayed in 

the SEM images in Figure 3.10. Similar to Si-Pyridine surfaces, a distribution of 

isolated A-type and B-type crystallites and rare D-type is observed on oxidized Si 

surfaces disregarding the relative ligand concentration in solution. We also 

occasionally found very large hexagonal bipyramids lying on one of their facets 

(Figure 3.10(d)). These crystallites most probably formed in solution. Their density is 

very low and it is hard to quantify with small uncertainty. However, it does show a 

clear dependence on R.  
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Figure 3.10 (a-c) Morphology of Fe/BDC MOFs as grown onto Si oxidized surfaces as a function of 

the ligand to metal ratio R in solutions. (d) R = 1 with some specific crystallites with a much lower 

density but with a much larger size. For all samples CFe = 25 mM and the growth time is 24 h. 

 

The density and mean lateral size of A-type and B-type crystallites are plotted in 

Figure 3.11. 
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Figure 3.11: Density (a), lateral size (b) and equivalent thickness (c) of A-Type (blue) and B-Type 

(red) crystallites as grown on Si oxidized surfaces as a function of the ligand to metal ratio R. Grey bars 

correspond to the sum of A and B density (a) of equivalent thickness (c). 

 

As in the case of Si-Pyridine surfaces, on the oxidized Si surfaces the crystallite total 

density is found to slightly increase when the solution is richer in ligand. The fraction 

of B-type crystallites has a maximum at R = 1. For R = 2, the images show the 

formation of large agglomerates consisting of several individual crystallites.  

The XRD patterns of the MOFs grown on oxidized Si surfaces are displayed in 

Figure 3.12. The pattern of the MOF film prepared in solution with metal excess R = 

0.5 (Figure 3.12(a) black curve) shows several sharp peaks: two coupled peaks at 

9.33 ° and 18.72 ° (indicated by black rectangles), two sharp peaks below 2 = 6 °, 

and two other peaks at 8.55 ° and 10.3 °. For R = 1 (Figure 3.12(a) red curve), we 
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find the two coupled peaks at 9.33 ° and 18.72 ° of almost equal intensities as for R = 

0.5, and one peak below 6 °. In Figure 3.12(b) we focus on the low 2 range. The 

MIL-101 phase PXRD is also shown (green and red vertical bars). The two peaks at 

2= 3.43 ° and 5.15 ° fit well with the position of (222) and (333) Bragg peaks (red 

bars in Figure 3.12(b)) reported in the literature for of the MIL-101. The fact that 

mainly (111) peaks are observed indicates an oriented growth of MIL-101 phase with 

(111) texture. In addition, other peaks not fitting the MIL-101 phase are also observed 

at larger angles (9.33 ° and 18.72 °) suggesting the growth of at least two different 

structural phases.  

 

 

Figure 3.12 (a) XRD patterns of Fe/BDC MOFs grown onto oxidized Si surfaces for ligand to metal 

ratio R at 0.5 (black curve) and 1 (red curve). The rectangles indicate coupled peaks. (b) Zoom on the 

low angular range. The green and red bars correspond to the calculated XRD pattern of MIL-101. For 

all samples CFe = 25 mM and the growth time is 24 h. The peak positions are listed in Table 3.3. 
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Table 3.3 Summary of the peak positions observed on the XRD patterns of samples fabricated on 

oxidized terminated surfaces at R = 0.5 and 1. 

 Peak position (2, deg)  

R = 0.5  3.43  5.15  8.55  9.33  10.29  17.6  18.72  

R = 1  
3.43 

(weak)   
9.33  

 
17.6 18.72  

 

3.2.4 Growth onto methyl terminated Si surfaces (Si-CH3) 

Morphologies of methyl terminated Si surfaces after 24 h immersion in solutions 

containing various amount of ligand at 90 
o
C are presented in Figure 3.13. As 

revealed by SEM images, no crystallites indicating MOF growth on Si surfaces with 

-CH3 termination have been found for all R values. The occasional sub-100 nm 

islands may be some surface impurities. Representative AFM image of the sample 

prepared at R = 2 exhibits the typical and atomically flat structure with terraces of the 

Si(111) surface, ruling out the formation of any MOF layer on this kind of substrate. 

The absence of any diffraction peaks in the XRD patterns is in agreement also with 

the absence of MOF growth on this surface (See Figure 3.14). 
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Figure 3.13 SEM images of methyl terminated Si surfaces after immersion in solutions containing 

variable R values at 90 oC: (a) R = 0.5, (b) R = 1 and (c) R = 2. (d) AFM image of sample as shown in 

(c). For all samples CFe = 25 mM and the growth time is 24 h. 

 

 

Figure 3.14 XRD patterns (background corrected) of methyl terminated Si surfaces after 24 h 

immersion in solutions containing equal amount of ligand to metal and excess of ligand. For all 

samples [Fe3+] concentration is 25 mM and the growth time is 24 h.  
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3.3 Effect of post-treatment 

Post synthesis treatments are very often used to remove residual solvent 

molecules/unreacted precursors trapped inside the MOFs and/or to improve their 

crystallinity 
[15]

. Within this section we investigated the effect of thermal annealing 

and soxhlet rinsing on the as-prepared surface-mounted Fe/BDC MOFs. In the last 

part, we investigate the adhesion properties of the MOF layers.  

3.3.1 Thermal annealing 

Thermal annealing of as-prepared MOF layers exhibiting different composition in 

term of type of the crystalline structures/habits observed on the SEM images and/or 

morphologies was performed in an oven at ambient pressure. The sample was put into 

a pre-heated oven at 150 
o
C for various durations. XRD and SEM characterizations 

were carried out to monitor the morphology and structural changes.  

Figure 3.15 shows the evolution of XRD patterns during annealing sequences of a 

sample exhibiting two types of crystallites grown on Si-COOH at 70 °C: isolated 

octahedral (A-type) and hexagonal pyramid-like (C-type). Two coupled peaks at 2 = 

9.64 
o
 and 19.34 

o
 are observed in the XRD pattern. In Figure 3.15 only the 9.64 ° 

peak is shown. During annealing the main feature observed on the XRD patterns is a 

fast and quasi total disappearance of the peak standing initially at 2 = 9.64 ° and the 

appearance of a new peak at lower angle 2 ~ 9.5 ° after 2 h annealing.  

As with subsequent annealing the peak is shifting progressively to an even lower 

angle, down to 2 = 9.24 ° after 86 h total annealing time. Together with the peak 

shift a broadening and a loss of its intensity is observed. The peak intensity and 

position as a function of annealing time are shown in Figure 3.16(a). The SEM 

images prior to and after 22 h thermal annealing are displayed Figure 3.16(b2) and 

(c2) respectively. They show that the C type crystallites present a very irregular shape 

upon annealing.  
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Figure 3.15 Evolution of the peak at 2θ = 9.64 o of the film deposited on Si-COOH with R = 2, 70 oC 

and [Fe3+] = 25 mM (for 1day growth) along with the post-treating time in an oven under 150 oC over 

86 h.   

 

It is noteworthy that the peak evolution takes place in two steps: a fast left-shift of 

around 0.15 ° in position and a loss of ~30 % in intensity after the first annealing 2 h 

and then a slower and monotonous shift accompanied by additional loss in intensity. 

Around 70-75 % of intensity is lost after 22 h annealing. After then the intensity 

evolves slightly whereas the peak position is still shifting continuously towards lower 

angle. The significant decrease of the peak intensity is correlated with the observation 

of breakdown of most hexagonal pyramid-like crystallites. No other sizeable 

morphology change was found on the SEM images after the thermal treatment. 
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Figure 3.16 (a) Time dependence of peak position (black) and integrated area (red) of the (002) peak 

as a function of annealing time in the oven at 150 oC. SEM images prior to (b2) and after (c2) 

annealing for 22 h. 

 

It must be noted that for the films composed of compact assembly of hexagonal 

crystals the results after thermal annealing show a shifting of the XRD peaks towards 

lower angle but with a slower rate. Meanwhile, the intensity of the relevant peaks also 

evidence a drastic decrease related to the collapse of the hexagonal pyramids. 
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3.3.2 Soxhlet rinsing  

The SEM images and XRD patterns of Fe/BDC MOF grown onto Si-COOH surface 

prior to and after long term soxhlet rinsing in EtOH are displayed on Figure 3.17(a-d) 

and Figure 3.17(e), respectively. In the case of layers mainly composed of close 

packed hexagonal pyramid (C) crystallites obtained with R  1, the SEM images 

evidenced the disappearance of most of the crystallites after the rinsing. This may be 

due to a weak anchoring force of this phase with the Si-COOH surface or that this 

phase dissolves in this rinsing condition. Conversely, the thinner layer observed in 

between the hexagonal phase remains present, surrounded by the „foot-print‟ of the 

removed crystallites. The removal of C-type crystallites is correlated with the 

disappearance of the two intense coupled peaks at 2 = 9.64 ° and 19.34 ° on the 

XRD patterns and the appearance a coupled sharp and much weaker peaks at 2 = 

9.07 ° and 18.19 °. A similar treatment done to layers grown on Si-COOH surface 

mainly composed of A and B-type crystallites and a few hexagonal crystallites (C) 

demonstrates that after 16 h in soxhlet the A and B-type crystals are intact whereas the 

hexagonal crystals (C) are removed. 
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Figure 3.17 SEM images of sample prepared at 90 oC on Si-COOH surface under R = 1 prior to (a,b) 

and after (c,d) rinsing in soxhlet with ethanol for 16 h. (e) XRD patterns before (black curve) and after 

(red curve) the rinsing procedure. The peak position is indicated nearby each peak. [Fe3+] 

concentration is 25 mM and the growth time is 24 h. 

 

We performed similar experiments on films prepared onto pyridine-terminated Si 

surfaces where only types A and B crystals were observed. Figure 3.18 shows the 

result of rinsing such samples in soxhlet with ethanol. SEM images prior to and after 
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rinsing do not show any significant difference confirming the strong adhesion of 

octahedral and flat hexagonal crystals on this surface. On the other hand, the few 

features present in the XRD diagrams (broad peak below 6 ° and two coupled peaks at 

9.33 ° and 18.72 
o
) disappear upon rinsing (Figure 3.18(c)). 

 

 

 

Figure 3.18 (a) and (b) SEM images of sample prepared on Si-Pyridine surface at R = 1 prior to and 

after rinsing in soxhlet with ethanol for 2 h. XRD patterns (c) prior to (black) and after (red) the 

rinsing procedure.  
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3.3.3 Adhesion tests  

The adhesion of the supported MOFs on the different types of surfaces has been 

investigated using scotch tape peeling method. The SEM images (Figure 3.19(a-f)) 

reveal the removal of most of the crystallites for the different kinds of MOF films. 

However different behaviors have been observed depending on the crystallite type. 

Indeed, the SEM images show the removal of entire hexagonal pyramids (C) (Figure 

3.19(a-b)) indicating weak anchoring of these crystallites on the Si-COOH surfaces. 

In the case of crystallites B, the SEM (Figure 3.19(c,e)) images show that they are 

still present on the surface after the scotch peeling experiment. In the case of 

crystallites A, the SEM (Figure 3.19(c-f)) and AFM (Figure 3.19(g)) images indicate 

that only upper part of the octahedral crystallites was removed. For A and B-type 

crystallites similar behavior was observed on surfaces with other chemical 

termination.  
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Figure 3.19 SEM images of samples exhibiting different types of crystallites after scotching test: (a,b) 

composed of assembly of hexagonal crystals and compact layer in between; (c,d) Sample prepared on 

Si-COOH surface mainly comprised of octahedral and flat hexagonal crystals; (e,f) Sample prepared 

on Si-Oxidized surface also made of octahedral and flat hexagonal crystallites. AFM image (g) and 

cross section (h) showing the 3D morphology and height of the triangular residues remaining on the 

surface after the removal of octahedral crystallites as shown in (c,d). (i) Schematic crystal orientation 

of MIL-101[12]. Synthesis conditions for all samples: CFe
3+ = 25 mM, T = 90 oC. Growth time and ratio 

of ligand to metal are all 24 h and R = 0.5 for (c-f), respectively. While, for (a,b) the R equals 2 and 

the growth time is 10 h. 

 

3.4 Discussion 

3.4.1 Identification of structural phases  

The SEM characterizations of Fe/BDC supported MOFs prepared on surfaces with 

different chemistry revealed the growth of crystalline materials. Different types of 

crystallites exhibiting different shapes were identified, suggesting the presence of 

different crystalline phases on the surface and/or with different orientations.  

The observation of crystallites exhibiting well defined octahedral shape (A-type) 
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is consistent with that of the rigid MIL-101 fcc phase. Indeed, the crystallites formed 

in solution are mainly of A type and their XRD pattern is similar to that expected for 

the MIL-101 phase. In addition, we found in the case of films prepared on oxidized Si 

surfaces the signature of the MIL-101 phase in the XRD patterns. The exclusive 

observation of the (111) family planes in this case indicate an oriented growth with 

(111) texture. A drawing of a fcc lattice is shown in Figure 3.20(a), where an 

octahedron with isosceles triangular facets is highlighted. It is clear from this drawing 

that the facets are along the 111 direction. The (111) oriented growth is also consistent 

with the observation of A-type crystallites exhibiting flat triangular facets parallel to 

the surface as confirmed by the SEM images.  
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Figure 3.20 Drawings showing the crystalline structure of the MIL-101 (a) and the MIL-88B (b). In 

(a), the red octahedra is a representation of the symmetry of the A crystallites. The colored area 

highlights one of the 8 facets which are oriented along the 111 direction. In (b), the grey plane on the 

left highlights the facets of the C crystallites. These facets are oriented along the 101 direction.  

 

We did not observe a clear signature for the presence of MIL-101 in the XRD data in 

the case of Si-COOH with R = 0.5 or on Si-Pyridine despite the crystallites exhibit a 

well-defined octahedral geometry in the SEM images. This behavior may have 

different origins.  

- A first explanation is a slight mis-orientation of crystallographic axis [111] with 

respect to the surface normal. That would make difficult observing the corresponding 

Bragg reflections in the Bragg Brentano geometry used for the XRD measurements. 

Indeed, SEM images show that some A-type crystallites look like quasi perfectly 

oriented with triangular (111) facets parallel to the surface, whereas others look like 

tilted. Since the divergence of the X-ray beam is in the range 0.5-1 °, if the crystallite 
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tilt is larger than 1 °, their diffraction intensity is going to be weak.  

- A second possible explanation is the small scattering intensity of the MIL-101 

phase because of its high degree of porosity and the small amount of diffracting 

material on the Si surface.  

- A third possibility is that the as-prepared MIL-101phase filled with solvent 

molecules and/or unreacted precursors inducing poor crystallinity. However no 

significant improvement of the crystallinity was observed on the XRD pattern after 

soxhlet rinsing. On the contrary, the disappearance of the diffraction upon rinsing 

while the crystallite form, size and density remaining the same may suggest that the 

diffraction peaks originate from other crystallites having a very low surface density 

making difficult their observation and quantification. These crystallites may come 

from the solution and attach to the surface during the MOF film formation. 

 

Apart from the octahedral crystallites (A-type) that may be identified as MIL-101 

phase, the SEM images reveal the growth of crystallites exhibiting hexagonal 

symmetry. Two types are distinguished: hexagonal pyramids (C-type crystallites) and 

hexagonal crystallites with flat top (B-type crystallites). 

The C-type crystallites with the coupled peaks at 9.64 ° and 19.34 ° may be 

identified as MIL-88B phase because of their characteristic hexagonal shape similar 

to that of the reported MIL-88B crystallites as-obtained from synthesis in 

homogeneous phase. A drawing of a hexagonal crystallite is shown in Figure 3.20(b), 

where the 101 plane is highlighted. As shown in the figure, the MIL-88B pyramids 

have six facets which are oriented along the 101 direction. This is consistent with our 

SEM observations of C crystallites. The XRD peak attribution is however delicate 

because the MIL-88B phase has a flexible structure and is well known to undergo 

drastic structural changes upon solvent uptake or release 
[13]

. As a result, very 

different XRD patterns are reported depending on the filling degree of the porous 

matrix by solvent molecules and/or the nature of the solvents (size, polarity). 

Examples of experimental PXRD patterns of dry MIL-88B and solvated MIL-88B 

with various solvents are shown in Figure 3.21.  
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Figure 3.21 (a) Experimental PXRD patterns of dry MIL-88B (blue plot) and solvated MIL-88B with 

different solvents as inferred from in-situ XRD measurements. (b) Scheme of the network swelling 

upon solvent uptake. Figure reproduced from Ref [13]. 

 

The variable amplitude of the shift of the three main Bragg peaks (100, 002, and 101 

planes) suggests variable degree of network swelling, with a larger pore opening 

observed in MeOH. In Figure 3.21(a), the 9.64 ° peak is at a position larger than that 

of the 002 peak of the dry phase. A larger peak position indicates that the C 

crystallites are partly solvated. The assignment of the peak at 2 ~ 9.64 ° to 002 Bragg 

reflection of partially solvated MIL-88B phase is further sustained by the observation 

of the shift of the peak towards lower angles after post-synthesis annealing at 150 °C 

(Figure 3.15) 

 The XRD patterns of Fe/BDC MOF layers grown onto the three different 
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functionalized surfaces show another set of two sharp coupled peaks at 2 ~ 9.33 ° 

and 2 ~ 18.72 °. These two peaks are present in the case of Si-pyridine and oxidized 

Si surfaces where no C type crystallite have been identified by SEM. In addition, 

these peaks disappear after a soxhlet rinsing with ethanol, indicating that they are not 

correlated with A or B type crystallites. On the other hand, we found sometimes on 

the substrate surface large hexagonal double sided pyramids (Figure 3.10(d)). These 

crystallites resembles C type ones. They disappear from the SEM images upon 

soxhlet rinsing together with the disappearance of the coupled peaks at 9.33 ° and 

18.72 °. This correlation suggests that the diffracted intensity in these peaks may 

originate from these crystallites and particularly, from the atomic planes parallel to the 

facets. As for the C crystallites the c-axis is perpendicular to the pyramid basis, the 

facets are oriented 101. The expected (101) peak for MIL-88B phase depends on the 

solvation and may be found close to 9.33 ° in the case of Toluene (Figure 3.21(a)). 

This yields a rather consistent picture.  

The crystalline structure of B-type crystallites that also exhibit hexagonal 

geometry is much more difficult to determine. The larger crystallites exhibit 

hexagonal shapes with non vertical facets at edges and irregular sides whereas other 

smaller ones look like truncated octahedrons. All these different crystal habits are 

known to possibly exist for cubic crystallographic phases which would suggest that 

these crystallites (B-type) may also be MIL-101 phase. However, we couldn‟t find 

evidence for the XRD signature of these crystallites.  

The crystalline structure of the compact layer observed in between the dense 

assembly of C-type crystallites on Si-COOH surfaces when R = 2 and 1 (Figure 

3.4(b)) remains unresolved. The observation of triangular and/or octahedral like 

geometry within this layer suggests it might be MIL-101 phase. No clear organization 

is observed which might indicate a non oriented growth. Unfortunately no clear-cut 

Bragg peaks corresponding to this phase are observed on the XRD patterns (Figure 

3.6). In addition, since it is much thinner than the C type crystallites, its diffracted 

intensity is expected to be low. Interestingly, the Figure 3.17 shows that after long 

term soxhlet rinsing in EtOH, the remaining film on the surface is composed of this 
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layer and a few C type crystallites which have undergone a serious deformation. This 

is correlated with the appearance of two coupled sharp peaks at 2 = 9.07 ° and 

18.19 °. Their intensities are ~ 500 times weaker and their positions are significantly 

lower than the 002 (9.24 °) and 004 (18.54 °) Bragg reflections reported for the dry 

MIL-88B phase, allowing for discarding the assignment of these peaks to the (001) 

reflections of solvent free MIL-88B residual C-type crystallites. But as we observed 

in Figure 3.21(a), they might correspond to the (100) and/or (101) reflections of 

solvated MIL-88B originating from the residual C crystallite. However, their strong 

deformation should yield a XRD pattern close to powder XRD with broad peaks, 

which is clearly not the case.  

Another possibility is that the soxhlet rinsing induces a phase transition of the 

dense layer to more crystallized phase. Figure 3.22 shows that the peak at 2 = 9.07 ° 

stands within the range where Bragg peaks of MIL-88B (100 and 101) and MIL-53 

(002 and 110) are reported, depending on their solvation degree 
[13,14,16,17]

. Therefore a 

transformation of the as-grown layer into MIL-88B phase with a different texture or 

into MIL-53 phase can‟t be totally disregarded. Phase transitions from the MIL-101 

kinetic phase to more stable MIL-88B or MIL-53 thermodynamic phases upon aging 

or post-treatment have already been reported in the literature 
[18,19]

. We will see 

additional experimental data in Chapter 4 which suggest that this dense layer structure 

is that of MIL-101.  
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Figure 3.22 XRD pattern prior to (black plot) and after (red plot) long term soxhlet rinsing in EtOH of 

supported MOFs exhibiting two structural phases: dense assembly of hexagonal pyramids and isolated 

compact layer (the same sample as in Figure 3.17). The peak positions are compared to the angular 

range where Bragg peaks of MIL-88B (002, 100, 101) and MIL-53 (002, 110) phases are reported. 

Note that both phases exhibit a flexible structure and therefore variable XRD patterns depending on 

their solvation degree. The arrows represent the amplitude of peak shift, starting from the position 

reported for the dry phases. 

 

Table 3.4 summaries the crystallite shapes, structure and XRD peaks positions of 

crystallites A, B, C, dense layer and bipyramids formed in solution.  
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Table 3.4 Summary of the crystallite shape, structure and XRD peak positions. The text in italics 

indicates that the attribution is not founded on direct experimental observations but on a deduction 

based on several data.   

Crystallite  

shape 

Crystallite 

structure 
Texture 

XRD peak 2θ 

positions (λCu) 

 

MIL-101 (111) 3.43 °, 5.15 ° 

 

MIL-101 (111) 3.43 °, 5.15 ° 

 

MIL-88B (001) 9.64 °, 19.34 ° 

 

MIL-101 polycrystalline  

 

MIL-88B 101 9.33 °, 18.72 ° 

 

3.4.2 Crystallite growth mode 

The fact that the top surface of B crystallites presents shapes recalling A type 

crystallites strongly suggests that the formation of A and B crystallites are related. We 
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will first start by discussing the formation of A crystallite. Three different 

nucleation/growth mechanisms may be considered:  

i) A direct nucleation and growth on the surface (heterogeneous nucleation) leading 

to the formation of the A-type crystallites.  

ii) The anchoring of MIL-101 octahedral nuclei/seeds that pre-formed in solution 

and their subsequent growth on the surface leading to the formation of the 3D 

octahedrons.  

iii) The nucleation and growth of the A crystallite in solution and attachment to the 

surface. 

The last scenario is rather improbable because we clearly observe the formation of C 

crystallite on top of some A crystallites. The first scenario is plausible but some facts 

remain inconsistent: (i) the crystallite size at the surface is very close to that of the 

crystallite formed in solution; (ii) the size distribution is rather narrow and even 

closely packed crystallites have a similar size as independent crystallites; (iii) the 

alignment of A crystallites which are closely packed and oriented is counter intuitive 

for a nucleation and growth mechanism entirely taking place on the substrate surface. 

The second scenario seems the most plausible. It allows explaining the alignment of 

close packed crystallite. Indeed, a crystallite arriving to the surface with enough 

mobility will attach with one of its facets and if it arrives close to another crystallite 

already attached, it will attach by two adjacent facets and align with the second 

crystallite. It also allows explaining the similar crystallite size as that formed in 

solution and the narrow size distribution. It finally give a hint about the absence of 

diffracted intensity of the A crystallites since the orientation on the surface of these 

crystallites coming from the solution may not be parallel to the surface within 1 °, in 

contrast with C crystallites.  

The same scenarios may be proposed for the formation of B type crystallites. 

However, since they seem to present characteristics which strongly recall A type 

crystallites, a similar scenario as that of A crystallite formation is most probable. The 

formation of B crystallites proceeds then by the agglomeration of two or more A type 

crystallites which nucleated and grew in solution and attached close to each other onto 



76 
 

 

the surface. Further growth and reorganization is necessary to transform the A 

crystallite agglomerates into B type crystallites. An example of B type crystallite 

during its formation is shown in the inset of Figure 3.1(b). It is not clear from this 

scenario whether the merging of A type crystallites to form B type crystallites is 

accompanied by a structural transition. 

These conclusions clearly suggest that massive mass transport and reorganization 

on the surface is possible during the formation of the crystallites on the surface. Such 

surface specific transformations may be induced by (i) the contact between the 

crystallite and the surface which modifies the crystallite surface energetics and (ii) the 

close packing of the crystallites on the surface which is less probable in the solution.  

3.4.3 Influence of the substrate surface chemistry 

The relative coverage - in term of crystallite type and/or structural phase - obtained on 

different types of surfaces as a function of the relative ratio of precursors in solution is 

summarized in Figure 3.23. Remarkably, the growth of MIL-88B hexagonal pyramids 

(C-type) is observed merely onto Si-COOH and is strongly promoted by ligand excess 

in solution. Further investigations of Fe/BDC growth on these surfaces will be 

presented in the next chapter. 
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Figure 3.23 Relative surface coverage of different types of crystallites formed on functionalized Si 

surfaces as a function of ligand to metal ratio R and Si surface chemistry. From left to right the three 

columns correspond to R = 0.5, R = 1 and R = 2. The different rows correspond to different surface 

terminations: carboxylic acid, pyridine and hydroxyl, respectively from top to bottom.  

 

Variable relative fractions of A-type (octahedrons) and B-type (flat hexagons) 

crystallites were observed depending on the surface chemistry and/or the relative ratio 

R of precursors in solutions. The presence of A crystallites on the surfaces whatever 

the chemical termination is consistent with their formation in solution and indicates 

weak attachment selectivity of these crystallites with respect to the surface chemistry. 

The variation of their coverage for different Si surface chemistry is probably due to 

the fluctuation of the attachment process and to the availability of free surface sites. 

The presence of clear triangular „foot-prints‟ after adhesive tape test demonstrates a 

strong connection between the crystals and the substrate.   

The growth of B-type crystallites looks much more selective, an oxidized Si 

surface and R = 1 being the optimal conditions for the highest B crystallite coverage. 

In these conditions, the total crystallite surface density is the largest among those 

observed for oxidized Si and Si-Pyridine for all R values. Following the growth model 
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presented above for B crystallite, a larger B crystallite coverage may be associated 

with a larger A crystallite density attaching to the surface. If the A crystallite density 

increases, the probability of crystallite merging to form B crystallites is larger. This 

may explain the larger B crystallite density. It is still unclear why in these conditions; 

more A crystallites attach on top the Si surface. The case of C type crystallites is 

probably the most interesting. The associated large XRD diffraction intensities and the 

orientation of the crystallite on the substrate surface are clear indications that their 

nucleation and their growth are taking place exclusively on carboxylic acid terminated 

surfaces. These crystallites substantially form on Si-COOH for R ≥ 1. The dense layer 

(Figure 3.4(b, circle)) is also only observed in the later conditions. One may 

conclude that the COOH termination has a determining influence on the growth of the 

dense layer and the C crystallites. For the bidentate carboxylic terminated functional 

groups on Si substrate, carboxylates of 3 acid chains serve as the anchors to bind with 

3 Fe
3+

 to form the FeO6 trimer and then initial the sequent construction of MIL-88B 

framework. In such a way, all terephthalic acid molecules are configured along [001] 

direction, matching well with the orientation of terephthalic acid molecules within the 

bulk MIL-88B structures (See Figure 3.24). This building scheme allows elaborating 

correctly the specific growth of the C crystallite on Si-COOH surface.  
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Figure 3.24 Schematic growth of MIL-88B crystals along [001] direction. The monolayer grafted on 

Si is simplified as purple stick. Oxygen, carbon and iron atoms are in red, black, and light green, 

respectively. Hydrogen atoms have been omitted for clarity.  

 

For MIL-101 phase, it crystallizes in the cubic space group with a huge unit cell 

parameter of a = 89 angstrom. To interpret the orientation and/or alignment of 

MIL-101 along [111] direction, the second building unit-supertetrahedra constructed 

by four trimers of metal-oxygen octahedral and 6 deprotonated H2BDC linkers 
[12]

 is 

brought in to simplify the interface between the MIL-101 crystal and substrate. For 

the textured MIL-101 along [111] direction observed on carboxylic terminated Si 

surfaces, it is expected that the substitution of terminal groups of grafted monolayer 

instead of linkers launches the coordination with the ferric ions as depicted in Figure 

3.25(b) (the position 1, 2 and 3). Although the coordinating sites of Fe
3+

 are not 

arranged in the same horizontal plane, the flexibility of grafted molecule chains 

makes it achieve. Oriented MIL-101 crystallites are obtained once the further 

construction of the frameworks is maintained along [111] direction. Unlike the mere 

alignment of linkers along [001] direction of oriented MIL-88B crystals, linkers 

within MIL-101 frameworks configures in a much more complicated way, which can 
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probably be disturbed in terms of interactions by other molecules in the medium 

and/or steric hindrance. This might explain why in the case of R ≧1 randomly 

oriented MIL-101 islands were found on acid terminated Si surfaces. While, the 

observed preferred orientation of MIL-101 crystals on monodentate pyridine and 

hydroxyl ended Si surfaces can nicely be understood in the following way. As shown 

in Figure 3.25(a), two different types of atoms and/or molecules coordinating the 

three ferric ions of one trimeric Fe
3+ 

octahedral cluster is anticipated. Weakly bound 

water molecules and/or solvent (DMF in our case) connected to two of the three 

coordinating positions of one trimeric Fe
3+ 

octahedral cluster are easy to be removed 

to make them become potential or active coordinating sites like the one bound by 

–OH and/or Cl
- [20-22]

. Coincidently, the position marked with 4* (oxygen atom at 

present) is slantly pointing down. As such, this Fe
3+ 

site of the trimer can of course be 

coordinated by N and O atoms of pyridyl and hydroxyl functional groups of the 

respective monolayer and oxidized Si. Thereafter, it enables the orientation of 

MIL-101 crystals along [111] direction for the functionalized Si surfaces bearing with 

pyridine and hydroxyl functional groups.  

 

 
Figure 3.25: (a) Trimer of metal-oxygen octahedra with extended species; (b) Schematic representation 

of two supertetrahedras along with [111] direction. Note that in (b) 1, 2 and 3 positions are only for the 

linkers and positon 4* can be connected by the species shown in (a) for the metal ions.  
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3.5 Conclusion 

Within this chapter we have investigated the growth of Fe/BDC MOFs onto Silicon 

surfaces with different surface chemistries. Our results show the existence of at least 

two different structural phases: MIL-88B and MIL-101, identified based on 

crystalline habits observed on the SEM images and/or structural characterization by 

XRD. Selective formation and orientation of MOFs were evidenced on various 

surface chemistries: the growth of MIL-88B phase with (001) texture was observed 

only onto surfaces functionalized with carboxylic acid monolayer (Si-COOH) 

whereas the formation of MIL-101 phase was observed disregarding the surface 

chemistry. Apart from this two identified phases, the growth of crystallites exhibiting 

flat hexagonal shape as well as the formation of the isolated compact layers/islands 

were also observed, whose crystalline structures are mostly likely MIL-101 phase as 

well. To the contrary, no film growth happened on methyl terminated Si surfaces. The 

availability of bidentate coordinating sites and arrangement of linkers inside the 

framework probably explain the observed selective nucleation and preferential growth 

of MIL-88B crystals on carboxylic acid terminated Si surfaces. The identical 

orientation phenomenon (along [111] direction) of MIL-101 crystals on varied termini 

of substrates (-COOH, pyridine and -OH) can be interpreted in terms of different 

coordinating sites of the trimeric Fe
3+ 

octahedral cluster that all could bind the 

MIL-101 frameworks. Post-treatment results show that the anchoring of MIL-88B 

crystallites onto the Si-COOH surfaces is not as strong as that of other types of 

crystallites observed on substrates irrespective of surface chemistry.      
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Chapter 4: Direct growth of Fe
3+

/BDC MOF onto carboxylic acid 

terminated Si surfaces: influence of synthesis conditions 

 

4.1 Introduction 

Synthesis of metal-organic frameworks (MOFs) has attracted intense attention in the 

past two decades because of the large synthetic flexibility to obtain a huge variety of 

interesting porous structures with tailored physico-chemical properties (electrical, 

optical, magnetic or mechanical…) through combination of large variety of metals 

and ligands. Results have already demonstrated that many parameters, such as the 

solution composition (medium, precursors concentration and/or relative ratio, 

additives (pH modulator, structure-directing agents, mineralizers) and even the 

counter anion of the metallic salt) and process parameters (temperature, crystallization 

time and pressure) have profound influences on the crystallinity, morphology, crystal 

size, and even phase composition and thereby their physical and chemical properties 

of desired MOFs 
[1-9]

. Regarding the solvothermal formation of Fe
3+

/BDC and/or their 

analogues like Fe
3+

/NH2-BDC MOFs, S. Bauer and his co-workers investigated 

systemically the parameter space towards the formation of those MOFs thanks to the 

use of high-throughput method 
[6]

. Their studies show that the nature of reaction 

medium exhibits the most profound impact on phase formation. The overall 

concentration of the reaction mixture, temperature and acidity/alkalinity are also 

found decisive factors for resulted product. For instance, both for amino-terephthalic 

and terephthalic acid, more basic reaction conditions lead to only the synthesis of 

MIL-88B phase in DMF at low temperature. Whereas, the addition of HF results in 

exclusively the formation of MIL-53 phase and incorporation of HCl in the solution 

enhances the synthesis of a mixture of MIL-53 and MIL-88B phases. In view of 

above-mentioned factors, they are likely to be vital as well involving the fabrication 

of MOF films on solid supports. 

In the previous chapter, it has been shown that specific behavior was observed on 
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carboxylic acid terminated surfaces (Si-COOH). High coverage of the hexagonal 

MIL-88B phase was observed solely on these surfaces and the nucleation and growth 

of this phase were found to be strongly dependent on the ligand to metal ratio R in 

solution. In order to better understand the factors governing the nucleation and growth 

of the Fe
3+

/BDC phases on these surfaces, we have undertaken additional studies. We 

varied the synthesis conditions, exploring in particular the influence of parameters 

that are known to play a role with respect to the nucleation/growth rate, the selectivity 

of synthesized phases, the size and/or the shape of the obtained crystallites, in the case 

of the growth of Fe
3+

/BDC-based MOF compounds in homogeneous phase. The 

synthesis parameters we have investigated are: the growth temperature and time, the 

solution composition (precursor concentration, ligand to metal ratio and additives). 

The last part of this chapter will be devoted to the discussion of influence of solution 

composition on the formation of MOFs and also the growth mechanism of the 

obtained surface-grown MOFs. 

4.2 Results 

4.2.1 Growth at different temperature 

The influence of temperature on the nucleation and growth of Fe/BDC MOF has been 

investigated for different Fe
3+

 concentrations and different ligand to metal ratios (R) 

in solutions. No sizeable growth has been observed at room temperature (RT) over 

time scale from one to few days. Examples of the morphology of the films obtained 

after 24 h growth at three different temperatures (70 °C, 90 °C and 110 °C), are shown 

in the Figure 4.1. All the samples were prepared with the same Fe
3+

 concentration in 

solution (CFe = 25 mM).  
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Figure 4.1 Film morphology (SEM images) as a function of the growth temperature (bottom to top) 

and the relative concentration of precursors (R) in solutions (left to right). From bottom to top: (a) T = 

70 oC, (b) T = 90 oC and (c) T = 110 oC. From left to right R = 0.5, R = 1 and R = 2. For all samples, CFe 

= 25 mM and the growth time is 24 h.  

Figure 4.1 reveals the existence of a temperature threshold T* for the onset of 

nucleation and growth of Fe
3+

/BDC MOFs and T* depends on R: a certain density of 

crystallites are already observed at 70 °C in presence of ligand excess in solution (R = 

2) whereas for lower ligand concentration (R  1) the onset of significant nucleation 

and growth is observed at higher temperature ~ 80 
o
C. Other results (not shown) 

indicate that T* also depends on the Fe
3+

 concentration. Indeed for a same growth 

temperature, higher coverage has been observed for higher concentrations, thus 

indicating a lowering of the threshold temperature T*. 

As already detailed in the previous chapter, variable relative coverage of the different 

crystalline phases is observed depending on the relative concentration of ligand in 

solution. The presence of a majority of octahedral MIL-101 crystallites (A-type) are 
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observed in case of Fe
3+

 excess in solution (R = 0.5) whereas the MIL-88B hexagonal 

crystallites become the dominant phase when the ligand concentration is raised. This 

trend is observed whatever the temperature.       

The density and sizes of the different crystallites observed in the different 

synthesis conditions are given in Figure 4.2. As quantitatively suggested by the SEM 

images, the crystallite density (octahedral MIL-101 and hexagonal MIL-88B) 

increases with the temperature with a maximum for T= 90 °C. For T° above, the 

density is found to decrease. This might be related to simultaneous high nucleation 

and growth rate in solution that consume the precursors and slow down the 

heterogeneous nucleation and growth on the surface.  

Characterizations of the powders formed simultaneously in the homogeneous 

phase, during the growth of the supported MOF, indicate a dominant nucleation and 

grown of octahedral MIL-101 nano-crystallites (size) in any R conditions and to much 

less extent the nucleation and growth of bipyramidal hexagonal MIL-88B crystallites 

of much larger size (several µm). 

XRD characterizations of the samples displayed in Figure 4.1 have been done. 

Diffraction patterns with characteristic Bragg peaks were only obtained for samples 

showing the growth of oriented hexagonal MIL-88B crystallites. As presented in the 

previous chapter, despite the observation of – in some cases – large density of 

octahedral MIL-101 crystallites (A-type), no clear XRD signature that might be 

assigned to this phase was evidenced. This is the case for all samples prepared in 

solution with metal excess and at low T° in the case R = 1 for which the images show 

only very rare crystallites. In others conditions, very similar XRD patterns were 

obtained showing essentially couples of peaks in the 9 – 10 ° and 18 – 20 ° (2) 

angular ranges, similarly to what was presented in Chapter 3. 
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Figure 4.2 Evolution of the density (a,c) and height (b) of hexagonal MIL-88B and lateral size (d) of 

octahedral MIL-101 crystallites as a function of the synthesis temperature. 

The evolution of the XRD patterns as a function of the synthesis temperature is 

shown in Figure 4.3, for the samples prepared in solution conditions (R = 2) in which 

the growth of oriented MIL-88B hexagonal crystallites (C-type) is dominating. Only 

two narrow angular ranges where peaks are found are displayed for better clarity. The 

intensity is plotted in log scale to better show the details of the peaks. On the side of 

the patterns, high magnification SEM images recall the morphology/structure of the 

as-grown MOF. Globally, an evolution is observed from a simple pattern exhibiting 

only a couple of peaks at low T° towards much more complex patterns showing in 

both angular ranges the existence of several peaks overlapping. Remarkably, all the 

peaks turn out coupled with interplanar spacing scaling by a factor 2. This strongly 

suggests that they correspond to diffractions on same hkl family of crystallographic 

planes, thus indicating a preferential orientation growth. This feature has been already 

highlighted in the previous chapter.        
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Figure 4.3 Narrow range XRD patterns (a-b) and SEM images (c-e) of Fe3+/BDC MOFs grown onto 

carboxylic acid terminated Si surfaces at various temperatures. For all samples, CFe = 25 mM , CBDC = 

50 mM (R = 2) and the growth time is 24 h. 

At low temperature (70 °C), only two coupled peaks at 2 = 9.64 ° and 2 = 

19.34 ° are observed. These peaks are assigned to (002) and (004) Bragg reflections of 

the MIL-88B hexagonal crystallites observed on the SEM images and the shift of their 

positions with respect to that expected for dry MIL-88B phase indicate partial 

solvation (as already discussed in Chapter 3). When the synthesis temperature is 

raised, the appearance of new couples of peaks is observed. Two additional peaks at 

2 = 9.2 ° and 2 = 18.46 ° are observed overlapping with broader ones (shoulders). 

These two peaks are rather sharp indicating a high degree of crystallinity. Noticeably, 

the appearance of additional peaks on the XRD patterns is correlated to the 

observation of the formation of a compact layer in between the hexagonal MIL-88B 



90 
 

 

crystals, whose structural properties are difficult to identify only looking at its 

morphology. At this stage, it is not straightforward to clear-cut the assignment of the 

peaks appearing at high T° because of the structural flexibility of the MIL-88B phase. 

The appearance of new peaks might have several origins. They might indicate the 

growth of another structural phase, the growth of MIL-88B with different texture or 

variations of the solvation degree of MIL-88B crystallites with 001 texture (MIL-88B 

with less solvent content). The peak positions at the different temperatures are 

summarized in Table 4.1. 

 

Table 4.1 Summary of the peak positions observed on the XRD patterns displayed in Figure 4.3. 

 Peak position (2, deg) 

70 
o
C      

 
9.64 

    
19.34  

90 
o
C  8.55 9.2 9.33 9.64 10.29 18.46 18.72 19.1 19.34  

110 
o
C  

 

9.2 9.4 9.64 

 

18.46 18.72 19.1 19.34  

 

The sample preparation turned out less reproducible at T° above 100 
o
C. At high T°, a 

large amount of material was found to form simultaneously in homogeneous phase, 

thus making less reliable the conditions for heterogeneous nucleation and growth on 

the surface (fast consumption of the precursors, deposit/insertion of crystallites 

formed in solution). An example of deposit of bipyramidal MIL-88B crystallites 

grown in solution can be seen on Figure 4.1(c1). These crystallites are clearly 

identified as coming from the solution because of their random orientation and their 

bi-pyramidal shape and their size similar to those obtained from the solution.  

In the following, all the samples were prepared at 90 °C, at which significant 

nucleation and growth were observed and for which the synthesis conditions turned 

out much more reliable.   
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4.2.2 Influence of solution composition (T = 90 °C) 

Within this section, surface-grown MOFs were prepared in solutions with various 

compositions in term of precursor concentration and relative ratios in order to 

investigate the influence of these parameters on the nucleation and the growth of the 

Fe
3+

/BDC phases. The effect of additives, i.e. HCl, triethylamine (TEA) and H2O into 

the solution was also investigated. All the samples were prepared at 90 °C for 24 h.    

4.2.2.1 Influence of ratio and precursor concentration 

Influence of ligand to metal ratio 

In the previous chapter we already showed that the relative concentration of H2BDC 

ligand plays an important role with respect to the nucleation and growth of MIL-88B 

phase. Figure 4.4 recalls the different structural phase and/or morphologies of the 

Fe/BDC MOF grown on the Si-COOH surfaces for different ligand to metal ratio R in 

solution. The structural phases formed on the surfaces are compared with those 

obtained simultaneously in homogeneous phase. Surprisingly, the nucleation and 

growth of MIL-88B phase is observed above a certain ligand concentration (R ≥ 1) 

on the surfaces whereas MIL-101 phase is the dominant phase formed in solution 

disregarding the relative concentration of ligand. The evolution of the density and 

height of supported MIL-88B crystallites as a function of the relative concentration of 

ligand R are displayed on Figure 4.5. Whereas a quasi-full coverage is observed when  

R ≥ 1 (~ 80%), the density of crystallites increases with R indicating enhancement 

of the nucleation rate when the ligand concentration increases. In parallel, the mean 

size of the crystallites decreases due to a faster coalescence. Conspicuously, the 

thickness of the MIL-88B layer decreases, indicating a diminution of the growth rate 

with increasing ligand concentration. Similar trend is observed in solution where the 

major structural phase is the MIL-101 phase. The mean size of the octahedral 

MIL-101 crystallites formed in homogeneous phase also decrease when the ligand 

concentration increases, indicating also a decrease of the growth rate. 
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Figure 4.4 Morphology of Fe/BDC MOFs grown on Si-COOH surfaces and of powder formed 

simultaneously in solution for various ligand to metal ratio in solution R. Synthesis conditions: CFe = 

25 mM, T = 90 °C and 24 h growth. 
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Figure 4.5 Evolution of the density (a) and height (b) of hexagonal MIL-88B crystallites as a function 

of the relative ligand concentration in solution. (c) Evolution of the mean size of MIL-101 crystallites 

formed simultaneously in solution. Synthesis conditions: CFe = 25 mM, T = 90 °C and 24 h growth. 
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Influence of precursor concentration 

The evolution of the relative fraction of the different crystallites/structural phases 

– octahedral MIL-101 (A-type), flat hexagonal (B-type) and hexagonal MIL-88B 

crystallites - as a function the solution composition (CFe and R = [L] / [Fe
3+

]) - as 

inferred from SEM image analysis - are displayed on Figure 4.6. The SEM images 

are provided in Supplementary Information Figure S4.1.   

There is a concentration threshold to promote the formation of the two phases: 

high density of isolated octahedral MIL-101 crystallites is observed above CFe ~ 20 

mM (R = 0.5) whereas already a large density of MIL-88B crystallites is observed for 

lower Fe concentration (CFe ~ 10 mM, R = 2). The density of MIL-101 crystallites 

increases with the concentration. Conversely, a maximum density of MIL-88B 

crystallites is observed for CFe = 25 mM, the density falling down for higher Fe 

concentration.   
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Figure 4.6 Density and size of the A, B and C-type crystallites as a function of the solution 

composition (CFe and R). Note that the same Y-axis scale is set for all density or size plots.   

 

We tentatively estimated the mass of MIL-88B phase grown on the surface. The 

volume of matter was calculated by considering the coverage and the height of 

MIL-88B crystallites as inferred from SEM image analysis, and the volumic density 

of MIL-88B phase (1.5 g/cm
3
) 

[7]
. The result is plotted in Figure 4.7.  

 XRD patterns of samples prepared in solution with various (CFe and R) are 

displayed in Figure 4.8. Overall they mainly show the presence of two characteristic 

coupled peaks at 2 = 9.64 
o 
and 19.34 

o
 that can be assigned to MIL-88B phase with 

(001) texture and only in very few cases XRD signatures indicating the growth of 

MIL-101 (CFe = 50 mM, R = 0.5, and R = 1) with preferential orientation along [111] 

direction. 
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Figure 4.7 Mass of MIL-88B phase obtained after 24 h growth at 90 °C as a function of the solution 

composition ([Fe3+] concentration and ratio R). The mass was calculated from the coverage and 

thickness of the MIL-88B crystallites as inferred from SEM images and a volumic density of 1.5 g/cm
3
 

for MIL-88B phase. 

 

Figure 4.8 XRD patterns of MOF layers on surfaces prepared from solution with different composition 

(CFe and R). The Fe concentration CFe is indicated nearby each plot. The different sets of data 

correspond to different relative ratio of precursor in solution R. All samples were prepared at 90 °C for 

24 h. The calculated PXRD pattern of MIL-101 phase is plotted in blue at bottom for comparison 
[10]

. 

SEM images of sample prepared in conditions CFe = 6 mM and R = 2 are given in Figure S4.2. 

Details of XRD patterns for R = 1 and R = 2 are presented in Figure S4.3.  
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To summarize this section, depending on the ratio R = [L] / [Fe
3+

], a transition 

from the formation of octahedral and/or flat hexagonal crystals to that of hexagonal 

pyramids is observed at R value close to 1: dominating formation of octahedral and/or 

flat hexagonal (or truncated octahedral) crystals is observed when R < 1 whereas 

formation of hexagonal crystals is greatly favored at R > 1. At equal amount of ligand 

and metal precursors, the starting precursor concentration appears critical as well to 

the formation of different types of crystals. A higher [Fe
3+

] concentration sees the 

majority of octahedral and/or flat hexagonal crystallites, while, a progressive 

formation of hexagonal crystals is observed when C[Fe
3+

] ≤ 25 mM.  

4.2.2.2 Influence of additives 

In order to further understand what happened during film preparation, we investigated 

the effect of adding acid or base in the solution. The idea was modifying the degree of 

ligand deprotonation, which is known to have strong influence on the homogeneous 

nucleation and growth of MOFs in solution 
[11,12]

. For this purpose HCl or 

triethylamine (TEA) were added into the synthesis solution. Two different types of 

synthesis conditions were studied: the growth in presence of metal excess (R = 0.5) 

for which the main phase obtained is the MIL-101 phase and the growth in presence 

of ligand excess (R = 2) for which the major phase obtained is the MIL-88B phase. 

All samples were prepared for 24 h at T = 90 °C in solution with identical Fe
3+

 

concentration CFe = 25 mM. Table 4.2 summarizes the synthesis conditions of 

samples hereafter discussed.   

Addition of HCl 

Figure 4.9 compares the morphology of Fe/BDC films obtained without (a, b) and 

with (a1,a2,b1,b2) addition of 1 M HCl in solution with metal excess (a) or with 

ligand excess (b). For the two synthesis conditions (R = 0.5 and R = 2) very different 

morphologies are obtained in presence of HCl.   
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Table 4.2 Solution composition without and/or with additives for sample preparation 

 

Ratio Concentration (mM) 

R CFe CH2O CHCl CTEA 

1 0.5 25 0 0 0 

2 0.5 25 555 10 0 

3 2 25 0 0 0 

4 2 25 555 10 0 

5 0.5 25 0 0 10 

 

When R = 0.5, where the formation of isolated octahedral MIL-101 crystallites (~ 

750 nm thick) prevails in the neat precursor solution (Figure 4.9(a)), addition of HCl 

induces the formation a thick film (~ 2.3 μm thick) made of islands separated by 

cracks (Figure 4.9(a1)). Images at higher magnification show the formation of 

crystalline material exhibiting at majority octahedral structures, strongly suggesting 

the growth of MIL-101 phase (Figure 4.9(a2)). The formation of polycrystalline 

MIL-101 is confirmed because XRD patterns are matching well the calculated PXRD 

pattern of MIL-101 phase (Figure 4.10(a)). At R = 2, in presence of HCl, a dense film 

is also obtained while densely packed hexagonal MIL-88B crystallites were got 

without HCl. Only a few isolated oriented MIL-88B hexagonal pyramids (~ 3.1 μm 

high) are observed (Figure 4.9(b1)). They are embedded in a compact crystalline 

layer with a thickness of ~ 380 nm whose structure is difficult to identify, even though 

triangular and/or octahedral structure may be distinguished. In this case, XRD 

patterns (Figure 4.10(b)) show mainly two couples of peaks at 2 = 9.17 ° and 18.39 ° 

and 2 ~ 9.53 ° and 19.24 ° whose position is different from the position usually find 

for MIL-88B oriented crystallites i.e. 2 = 9.64 ° and 19.34 °. Again, as already 

outlined in Section 4.2.1 (Figure 4.3), the observation of peaks slightly shifted to 
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lower angles with respect to the peaks assigned to 002 and 004 Bragg peaks of 

MIL-88B phase might be correlated to the observation of the thinner layer. Even if the 

SEM images show structural geometry atop of the layer that would sustain the growth 

of cubic MIL-101 phase, the formation of MIL-53 phase or MIL-88B phase with 

different texture cannot be totally discarded.  

 

Figure 4.9 Comparison of film morphology obtained without (a,b) and with addition of 1M HCl 

(a1,a2,b1,b2) into the precursor solutions. The two column refers to samples prepared in solutions 

with metal excess R = 0.5 (left) or with ligand excess R = 2 (right) for which MIL-101 (a) or MIL-88B 

(b) phases are obtained at majority. The final HCl and H2O concentrations in the solution were CHCl = 

10 mM and CH2O = 555 mM. For all samples, CFe = 25 mM, T = 90 oC and the growth time is 24 h.  
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Figure 4.10 Comparison of XRD patterns of films on carboxylic terminated Si surfaces prepared in 

solutions without (blue plot) or with (red plot) addition of 1 M HCl solution. Samples were prepared 

either in solution with metal excess R = 0.5 (a) or with ligand excess R = 2 (b). For all the surfaces, CFe 

= 25 mM, T = 90 
o
C and the growth time is 24 h. SEM images of the films are shown in the Figure 4.9. 

Calculated XRD pattern of MIL-101 is plotted below for comparison (black plot). 

Addition of triethylamine (TEA) 

Figure 4.11 displays SEM images of Fe/BDC MOF prepared in solution with excess 

metal (R = 0.5) in which neat TEA was added. The morphology of sample prepared in 

solution without TEA addition is shown on Figure 4.9(a).  

 

Figure 4.11: SEM images (a-d) of supported Fe/BDC MOF on surface prepared in solution with 

addition of 10 mM neat TEA in the precursor solution. Synthesis conditions: CFe = 25 mM, R = 

0.5, T = 90 
o
C and the growth time is 24 h.  
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Addition of TEA was also found to tremendously modify the nucleation and growth 

but in a different way. Both on the surface and in solution the major phase obtained is 

the MIL-88B phase. We recall that in the standard conditions (without TEA) MIL-101 

is the phase obtained at majority (Figure. 4.4) both on surface and in solution. On the 

surface the SEM images evidence the oriented growth of MIL-88B crystallites 

(Figure 4.11(a,b)) and the presence of randomly oriented MIL-88B crystallites 

(Figure 4.11(a,d)). Their bipyramidal shape suggests they were formed in 

homogeneous phase and deposited on the surface. Indeed, their size is comparable to 

that of crystallites collected in the solution. In addition, much smaller crystallites 

exhibiting octahedral or irregular hexagonal geometry are also observed that look like 

– on some area - in between the MIL-88B crystallites (Figure 4.11(c)). This issue is 

however difficult to clarify only on the basis of SEM images.         

 The XRD patterns show mainly the presence of the two sets of coupled peaks 

usually found in presence of MIL-88B crystallites. These peaks stand at 2 = 9.64 ° 

and 19.34 ° for the most intense and 2 = 9.33 ° and 18.72 ° for the less intense 

(Figure 4.12). Because only these peaks are observed we infer that there are the 

signatures of the oriented MIL-88B crystallites (002 and 004 Bragg reflections) as 

inferred previously. It is however surprising that no other peaks assigned to the 

randomly oriented bipyramids are observed. This might mean that no crystallographic 

planes would be in suited configuration (parallel to the surface) to get diffraction in 

the Bragg Brentano configuration used for the measurements. In addition to these 

intense peaks very tiny peaks are found at 2 ~ 16 °, 17 ° and 17.6 ° (insert of Figure 

4.12).  
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Figure 4.12 XRD patterns of Fe/BDC sample prepared in solutions with addition of 10 mM pure TEA. 

Synthesis conditions: CFe = 25 mM, T = 90 oC and the growth time is 24 h.  

 

To sum up the effect of HCl or TEA addition:  

 Addition of 1M HCl promotes/speeds up the nucleation and growth of MIL-101 

phase and lead to the grow of a compact and thick polycrystalline MIL-101 layers 

in presence of metal excess in solution and also to a compact and continuous 

thinner layer but whose structural properties are not identified, in case of ligand 

excess in solution.  

 Addition of neat TEA favors the nucleation and growth of MIL-88B phase. 

4.2.3 Time evolution of the film morphology and structure  

Within this section the time evolution of the morphology and/or structure of supported 

MOFs were investigated for three different synthesis conditions leading to the quasi 

selective growth of a dominant phase and/or morphology. The three synthesis 

conditions that will be presented are:  

 Growth in solution with excess metal (R = 0.5) leading mainly to the 

formation of isolated MIL-101 crystallites with (111) texture   

 Growth in solution with excess metal (R = 0.5) in presence of HCl leading 

to the growth of a compact and thick polycrystalline layer 
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 Growth in solution with ligand excess leading to the progressive growth 

of dense layer of closed-packed MIL-88B crystallites with (001) texture. 

All samples were prepared at 90 °C and CFe = 25 mM for various exposure times from 

2 h up to 24 h.   

4.2.3.1 Growth in solution with metal excess (R = 0.5) 

Figure 4.13 presents SEM images of surface-grown Fe/BDC MOFs after various 

exposure times in solution without (left) and with (right) 1 M HCl solution added in 

the precursor solutions. The images show an earlier nucleation onset in presence of 

HCl, after only 2 h growth the images show already high coverage of octahedral 

isolated crystallites or islands. The formation of a compact layer with cracks is 

observed since 4 h growth. By comparison 24 h growth is required to observed 

significant coverage (56 %) in case of no HCl addition. In conditions where low 

coverage is observed, characterizations at higher resolution by AFM show the 

staircase structure of the Si surface confirming the absence of an eventual continuous 

thin layer in between the isolated crystallites. Regarding the generation of cracks 

shown in Figure 4.13(b3,b4), obvious cracks are already visible to optical light 

microscopy before exposure to vacuum of SEM characterizations, indicating that the 

formation of cracks can be attributed to synthesis process and/or the drying procedure 

after rinsing. While, during SEM characterizations, we do observe the apparent 

propagation of cracks due to the ultra high vacuum that induces the fast relaxation of 

molecules or solvents hosted in the pores of frameworks. 
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Figure 4.13 Time evolution of the morphology of films grown in solutions under R = 0.5 without 

(a) and with addition of 1M HCl solution (b). The synthesis conditions were: CFe = 25 mM, CBDC 

= 12.5 mM, T= 90 
o
C, and the growth time is 2 h (1); 4 h (2); 10 h (3) and 24 h (4). The final HCl 

concentration is 10 mM.  
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XRD characterizations of the samples don‟t provide any structural signature for short 

time growths. XRD patterns in the two synthesis conditions after 24 h growth are 

shown in Figure 4.10.  

Time evolution of the height and/or thickness of crystals and/or layers as inferred 

from cross-section SEM images are presented in Figure 4.14. In both cases the 

height/thickness more or less increases linearly with time indicating a constant growth 

rate which is ~ twice faster when HCl is added in solution.  

 

 

 

 

 

 

 

Figure 4.14 Time evolution of the height/thickness of isolated crystallites/layers grown in 

solutions without (blue plot) and with addition (red plot) of HCl solution.  

 

4.2.3.2 Growth in solution with ligand excess (R = 2) 

Figure 4.15 presents SEM images of Fe/BDC MOFs grown in solutions with ligand 

excess (R = 2) at 90 °C for various growth times (2 h, 4 h, 10 h and 24 h). 

Cross-section SEM images of samples prepared for shorter growth times are 

presented in Appendix 4 (Figure S4.4).  
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Figure 4.15 Large field (left column) and high magnification (right column) SEM images of 

MOFs grown in solution with ligand excess (R = 2). The synthesis conditions were: CFe = 25 mM, 

CBDC = 50 mM, T= 90 
o
C, and the growth time was 2 h (a); 4 h (b); 10 h (c) and 24 h (d), 

respectively.  

After 2 h crystallization the image shows a distribution of isolated crystallites with 

hexagonal symmetry. After longer exposures the coverage of hexagonal crystals 
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increases and the surface becomes more or less entirely covered after 10 h. Since the 

early stages, the images also show the existence of layers surrounding the already 

grown MIL-88B crystallites, indicating the co-nucleation and growth of different 

phases. The cross-section images shown in Figure 4.15(d2) indicate clearly that the 

pyramidal crystals are perpendicular to the Si substrate, implying they have 

preferential orientation. Evolution of the density of hexagonal pyramid crystallites, 

their height and the thickness of the layer between the hexagonal crystals as a function 

of exposure time are presented in Figure 4.16. Density of hexagonal crystallites 

slightly increases along with the crystallization time. The height of pyramids rises 

dramatically until the exposure time of 10 h, and then slowly increases with a longer 

exposure time in the solution. Contractively, the thickness of the layers between the 

hexagonal crystals more or less keeps a linear increase but at quite a slow growth rate 

(~ 2 nm/h). 

The corresponding XRD patterns are depicted in Figure 4.17. The patterns for 

short growth times show the existence of two massif of three overlapping sharp peaks 

within the angular range 2 = 9 - 10 ° and 2 = 18 - 20 °. The intensity of the couple 

of peak at 2 = 9.64 ° and 19.34 ° increases of several order of magnitude with 

increasing time (notice that Y-axis is plotted in log scale to show more details of the 

peaks) whereas those of the 2 peaks at lower angles (2 = 9.2 ° and 18.46 °; 2 = 

9.33 ° and 18.72 °) increase slightly (Figure 4.17 (A)). The variations of the 

integrated intensity of the peak around 2 = 9.64 ° inferred from the XRD patterns 

and the normalized mass of MIL-88B crystallites are plotted as a function of 

crystallization time (Figure 4.17(B)). Mass of the hexagonal crystals was calculated 

through multiplying the volume density by the equivalent matter volume 

as-determined from the SEM images. The more or less similar tendency confirms the 

assignment of the couple of peaks at 2 = 9.64 ° and 19.34 ° to the oriented MIL-88B 

crystallites. No XRD signature below 6 
o 

where most of the intense peaks of cubic 

MIL-101 phase are expected is observed. 
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Figure 4.16 Time evolution of the density (A) and thicknesses (B) of the MIL-88B crystallites 

(black squares), and the layer in between the hexagonal MIL-88B crystallites (red dots).   

 

 

 

 

 

 

Figure 4.17: (a) Time evolution of XRD patterns of Fe/BDC MOFs grown in solution with ligand 

excess (R = 2). (b) Normalized mass of hexagonal crystals (red triangles) and normalized 

integrated intensity of Bragg peaks nearby the peak 2 = 9.64 ° from XRD patterns as a function 

of crystallization time. The calculated density of MIL-88B phase is 1.5 g/cm
3 [7]

. The synthesis 

conditions were: CFe = 25 mM, CBDC = 50 mM, T= 90 
o
C, and the growth time was indicated near 

to the plot in (a). The peak position is summarized in the Table 4.3.  
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Table 4.3 Experimental peak positions from XRD patterns in Figure 4.17(a). 

 

Experimental peak position 

2(deg,Cu) 

2h 4h 10h 24h 

  
8.55 8.55 

9.2 9.2 9.2 9.2 

9.33 9.33 9.33 9.33 

9.45 9.42 9.45 
 

9.64 9.64 9.64 9.64 

  
10.29 10.29 

   
17.6 

18.45 18.47 18.45 18.46 

18.70 18.78 18.75 18.72 

  
19.1 19.1 

19.34 19.34 19.34 19.34 

 

4.3 Discussion 

4.3.1 Structural identification 

Regarding the hexagonally pyramidal crystals, XRD patterns always show two 

coupled peaks nearby 2= 9.64 
o 
and 19.34 

o
. As we demonstrated in Chapter 3 it 

can be assigned to MIL-88B phase with preferential orientation along [001] direction , 
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but in a solvated form, in which solvents/molecules are captured in the pores of 

MIL-88B framework that induced the structural expansion and thus the shifting of 

XRD peaks. Shoulder or overlapped peaks close to these two coupled peaks are often 

observed as well, usually accompanied by the formation of compact and/or isolated 

layers composed of quasi-octahedral and/or unidentified crystals. The intensity of 

those shoulder peaks increases along with synthesis temperature, precursor 

concentration and crystallization time as we depicted in Figure 4.3, Figure S4.3 and 

Figure 4.17. Three different hypotheses could be made addressing this issue. At first 

glance, this could be attributed to the appearance of the layers. The other explanation 

might be due to the uneven release of solvents/molecules trapped inside the 

framework of some MIL-88B crystals that drives the peak back to the “empty” 

position (near 9.24 
o
). But some crystals remain in the solvated form so that broad or 

shoulder peaks are found. Another possibility might be because of the deposition of 

powder (probably MIL-88B even though in low quantity) that formed in solution and 

precipitated onto the surface giving the XRD signature of solvated forms (with (100) 

or (101) planes detected) or dry form (with 001 plane detected). Actually, we do find 

some cases that the XRD patterns provides some additional peaks close to the two 

characteristic ranges once the deposited MIL-88B crystals occurred on the surface. 

But in most cases especially for samples prepared at 90 
o
C the SEM results see the 

absence of deposited huge MIL-88B crystals, but still the shoulder or broad peaks are 

observed. For the first hypothesis that it might be assigned to the layer, results after 

post-synthesis treatment as shown in Chapter 3 (Figure 3.17) clearly manifest that 

the peaks shifted to a lower angle and experienced a huge decrease of peak intensity 

with the removal of pillared hexagonal crystals, suggesting that there is a strong 

correlation between them. In addition, the time evolution of film growth depicted in 

Figure 4.16(B) and 4.17(a) apparently see an increase of peak intensity along with 

growth time whereas the thicknesses of the underneath layers increases at a extremely 

slow rate (~ 2 nm/h), ruling out the first hypothesis as well. So here we conclude the 

appearance of shoulder or overlapped peaks is due to the uneven release of solvents 

trapped inside the pores of MIL-88B framework. As with to the fragmented layers, 
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composed of octahedral and/or quasi-octahedral crystals between the large 

hexagonally pyramidal crystals that we usually observed when R ≥ 1, they can 

probably be assigned to MIL-101 with random orientation in spite of the absence of 

clear-cut signature.  

For the isolated octahedral or truncated octahedral crystallites with clear flat-top 

facets, additional results (Figure 4.8) strongly suggest that both of them are mostly 

likely MIL-101 phase exhibiting preferred orientation along [111] plane, even though 

for the truncated octahedral crystals with non well-defined octahedral shape. 

For the thick films prepared with addition of 10 mM HCl, it is apparent that they are 

MIL-101 films without any preferential orientation. 

Once the phase identification is resolved, another point needs to be discussed here 

is what state of MIL-88B and MIL-101 crystals exists once two phases are observed 

at the same time. There are 6 ideal possibilities considering if an ultrathin layer that 

might be MIL-88B or MIL-101 exists. Schematic representation of these six possible 

combinations is given in Figure 4.18.  

 

 

 

 

 

 

 

 

 

Figure 4.18 Schematic view of 6 potential combinations when two phases are observed grown on 

carboxylic terminated Si surfaces. Note that the unidentified layer if any might be MIL-101 or 

MIL-88B.  
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Figure 4.19 SEM images of films after scotching tests. The synthesis conditions were: CFe = 25 mM, 

CBDC = 50 mM, T= 90 oC, and the growth time was 2 h (a,b) and 10 h (c,d).  

 

Morphology of the films after peeling test as depicted in Figure 4.19 indicates clearly 

that hexagonally-shaped pyramids are removed by adhesive tape, left with footprints 

surrounded by isolated islands composed of quasi-octahedral crystallites. No trace of 

octahedral MIL-101 crystals is found on top of the footprint. Combing with results of 

rinsing in soxhlet as shown in Figure 3.17 (Chapter 3) done to the film that is 

comprised of two phases demonstrate clearly as well the footprint of hexagonal 

MIL-88B crystallites, we can exclude (b) and (e) in Figure 4.18. The observation of 

cross-section SEM images as displayed in Figure 4.15(d2) and Figure S4.4 that 

MIL-101 layer or islands is directly connected to the substrate rules out the cases of 

(d-f). Indeed, at first glance, appearance of some holes on the track of MIL-88B 

crystals shown in Figure 4.19(b) makes us think that there might be a layer below the 

hexagonal crystals. Nevertheless, the interface between the MIL-88B crystal and Si 

substrate as given in Figure 4.15(d2) strongly suggests that there is nothing in 
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between. Therefore, the case of (a) is only considered in the film growth process 

when two phases are found (R ≧1). This probably explains why MIL-88B crystals 

are grown on carboxylic terminated Si surfaces along [001] direction. Since 

terephthalic acid molecules are configurated along [001] in the framework of 

MIL-88B, substitution of carboxylates of terephthalic acid through carboxylates of the 

monolayer grafted on Si substrate renders the growth of hexagonal crystal merely in 

[001] direction as schematically depicted in Figure 3.24 (Chapter 3).  

4.3.2 Effect of solution composition 

Results shown in Section 4.2.2 suggest clearly that excess of metal precursor and/or 

the addition of aqueous HCl solution substantially favor the formation of oriented 

and/or polycrystalline MIL-101 films, whereas excess of ligand and/or the 

introduction of weak base-TEA in a way facilitates the nucleation and growth of 

oriented hexagonal MIL-88B crystallites on functionalized Si surfaces bearing 

carboxylic ended groups. It has been known that deprotonation of neutral ligands is a 

prerequisite for crystallization to construct MOF frameworks. To realize that, as 

discussed by M. Li 
[11]

, base equivalents are usually needed to be introduced quite 

slowly either by vapor diffusion, as shown in the original synthesis of MOF-5 
[12]

, or 

by in situ formation of dialkylamines from the decomposition of dialkylformamides 

with and even without heating 
[13,14]

.
 
Actually, the hydrolysis of DMF is a well 

established reaction in organic chemistry, which can happen both in acidic and basic 

environments 
[15-18]

. For example, in the presence of hydroxide ions, decomposition of 

DMF can be accelerated even at room temperature with the liberation of 

dimethylamine and formate ions. The generation of dialkylamines will in return 

accelerate not only the deprotonation of linkers (BDC in our case) in solution but also 

the deprotonation of carboxylic terminated groups of the monolayer due to the lone 

pare electrons of N atom. Thereby, this makes the crystallization happen both in 

solution and at the interface between the substrate and solution. The possible reactions 

concerned above are summarized as follows:
[11,16]
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HOOC-Ar-COOH + 2(CH3)2NH -OOC-Ar-COO- + 2[(CH3)2NH2]+ (4-2)

-OOC-Ar-COO- + M3+ MOF (4-3)

(CH3)2N-CHO +H2O HCOOH + (CH3)2NH (4-1)

  

In reactions, Ar stands for benzene ring. Meanwhile, the formic acid formed might 

further decompose into carbon monoxide and H2O 
[19]

.  

In the solutions containing only FeCl3·6H2O and H2BDC, the present of water makes 

the reaction of Eq.4.1 realistic and explains that MOF may be synthesized. Increasing 

the amount of ligand while keeping other variables constant, will probably drive the 

reversible reaction of Eq.4.2 to the right, inducing the formation of more MOF nuclei 

(both MIL-101 and MIL-88B) and then growth of MOF crystals but a dominating 

growth of MIL-88B was found. Low concentration of ligand likely limits this reaction, 

contributing to a low density of crystals as we observed in the case of excess of metal 

precursor. Additionally, with regard to temperature, a higher temperature will 

undoubtedly quicken the above reactions and thus promotes the nucleation and 

growth of crystals not only onto substrate but also in solution. This is consistent to the 

fact that we found much more matters on surfaces as well as in solution at higher 

temperature comparing with that at low temperature (70 
o
C). 

When additive like aqueous HCl is introduced in, it is believed to catalyze the 

reaction Eq.4.1 to the right, increasing the degree of deprotonation of –COOH. 

Favorable accessibility of deprotonated linkers gives rise to fast nucleation and 

growth of MOF. Reported as the kinetic phase 
[20,21]

, MIL-101 is most likely to 

emerge and expand on the surface, which will surely prevent the further formation of 

MIL-88B. Thick (2.3 μm) and polycrystalline film was obtained at last as displayed in 

Figure 4.9(a1,a2). A thinner polycrystalline film (900 nm) prepared with addition of 

same amount of HCl (10 mM) but with less H2O (35 mM H2O) might be interpreted 

by Eq.4.1 during which H2O will be consumed (See supplementary information 
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Figure S4.5). Reducing of H2O will in a sense slow down the reaction rate of Eq.4.1 

and hence make the construction of MOF slower. Nuclear Magnetic Resonance (NMR) 

measurements toward 
1
H spectrum of DMF with addition HCl solution after 24 h 

treatment at 90 
o
C confirm the existence of DMF and H2O, but the absence of 

chemical shift of DMA or DMACl (See Figure S4.6) 
[16,22]

. No detectable signal 

indicates a pretty slow hydrolysis rate of Eq.4.1 under the absence of H2BDC. 

Introduction of organic alkali-triethylamine (10 mM) is primitively expected to 

promote the deprotonation of linkers. While, triethylamine first coordinates with Fe
3+

 

to form reddish-brown colloidal clathrate or complexes (Fe(TEA)
3+

) 
[23]

. The 

complexation between Fe
3+

 and triethylamine inevitably decreases the available 

amount of trimers of FeO6 octahedra and thereafter restricts the construction of MOF 

frameworks. On the other hand, the redundant may catalyze the reaction of Eq.4.1 

and/or directly react with H2BDC to achieve the effective deprotonation of H2BDC. 

Once the free triethylamine is all reacted, the complexes (Fe(TEA)
3+

) is likely to 

decompose to supply the nutrition that reaction needs. The above two aspects 

comprehensively determine the nucleation and growth of MOF, exhibiting isolated 

oriented MIL-88B crystallites and tiny octahedral MIL-101 crystals in between. 

Introduction of equivalent amount of TEA to Fe
3+

 concentration into the original 

solution presents only the growth of low density of nanometer MIL-101 crystallites 

(See Figure S4.7), supporting the above inference. Nevertheless, a thorough and 

precise knowledge of synthesis pathways for different phases regarding the 

Fe
3+

/H2BDC system is still inaccessible because of the complexity of 

metal-anion-solvent interactions and high number of competing simultaneous events 

that occur during MOF formation. 

4.3.3 Nucleation and growth 

When R = 0.5 without any additive, MIL-101 formation remains very limited below 

10 h. After 10 h, increase of coverage and density of μm-size octahedral crystals of 

the film show 3-dimentional expansion of particles, both in plane and out-of plane. 
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The vertical crystalline size of MIL-101 crystals from solutions without HCl solution 

after 4 h nearly maintains a linear increase, but showing a slow increase rate (~ 40 

nm/h). Further, one may notice that even after 10 h crystallization tiny particulates 

(dozen nanometers) as shown in Figure 4.13(a3) can still be observed. This implies 

that either formation of particles is still going on or the growth of „nuclei‟ is 

non-homogenous through the surface. Nevertheless, similar crystalline size is 

observed for the crystals on surface and the crystallites formed in solution. As we 

already discussed in the last chapter, the crystals on surface seems formed in solution 

at the initial stage, deposited onto the surface and grow subsequently. 

Time dependence of film growth from solution containing HCl solution under the 

same ratio R = 0.5 (See Figure 4.13(b1-b4)) follows a Volmer-Weber growth mode 

[24]
, during which, a much larger density of isolated three-dimensional MIL-101 

islands or clusters formed after 2 h crystallization and grew laterally and vertically 

until coalescence, resulting in rough and polycrystalline layer on the surface. More 

interesting, the thickness of polycrystalline films shows a linear increase along with 

time, suggesting a constant growth rate in this direction (~ 100 nm/h), which is much 

faster than the case without addition of HCl. Further expansion along the horizontal 

plane will greatly be restrained after crystal coalescence. This will surely introduce 

additional stress inside the layer, which might explain why we observed huge cracks 

at 24 h growth. 

For the case of R = 2, the substrate experienced a co-nucleation of MIL-88B and 

MIL-101. Even at 2 h exposure in solution, 26 % of the surface was covered by 

MIL-88B crystals, while, most of the rest area was occupied by MIL-101 crystallites 

with a huge density. This will undoubtedly make the further nucleation pretty difficult. 

A slight variation of MIL-88B density might better illustrate this point. Figure 4.20 

presents the time dependence of crystal dimensions of hexagonal MIL-88B 

crystallites (a) and corresponding average growth rate (b) of in plane and out-of plane 

in varied growth periods. Once formed, hexagonal MIL-88B crystals proceed to 

expand quickly both laterally and vertically, inducing a rapid increase of surface 
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coverage and crystal dimension. Crystal coalescence is likely reached above 10 h 

crystallization when lateral growth rate is greatly slowed down, less than the vertical 

growth speed as depicted in Figure 4.20(b). Crystal growth out-of plane is however 

continuing, but with a slow rate as confirmed by the slow increase of integrated area 

of (002) plane shown in Figure 4.17(b). Meanwhile, one unnegligible factor is the 

existence of MIL-101 assemblies around hexagonal crystals, which will obviously 

obstruct the lateral expansion of hexagonal crystals. Cross-section SEM images 

displayed in Figure 4.15(d2) and Figure S4.4(c) show apparently that partial of some 

hexagonal crystals is above the underneath MIL-101 islands, providing evidences that 

MIL-88B crystals could overcome the barrier that MIL-101 assemblies exposed to 

proceed. With regard to the growth of MIL-101, it suggests a extreme slow growth 

rate (~ 2 nm/h) not only due to the spacial compression from MIL-88B crystals but 

also because of the deficient supply of precursors that are largely consumed by 

surface-mounted MIL-88B as well as bulk materials generated in solution.  

 

 

 

 

 

 

Figure 4.20 Time dependence of crystal dimensions of hexagonal MIL-88B crystallites (a) and 

corresponding average growth rate (b) in different growth period. Note that the diagonal of 

hexagon of MIL-88B crystals represents the lateral size. It might have errors depending on the 

compactness of the film. Growth condition: R = 2, [Fe
3+

] = 25 mM and at 90 
o
C.  
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4.4 Conclusion 

Depending on the synthesis conditions, including temperature, precursor 

concentration, ratio R of [L] to [Fe
3+

], additives and reaction time, formation of two 

crystalline phases with variable symmetries and crystal density were observed. 

Temperature plays a key role in the onset formation of two different phases- MIL-101 

and MIL-88B and their relative ratio through the existence of a temperature threshold 

T*. The results show different film morphologies going from isolated crystallites near 

the T* (~ 90 °C for R < 1 and 70 
o
C for R ≥ 1) to dense and more or less continuous 

films made of close-packed or interconnected crystallites above. T* depends not only 

on the ratio R but also the starting precursor concentration. Variation of ratio R makes 

Si surfaces experience a transition from the formation of mainly octahedral MIL-101 

to that of hexagonal MIL-88B at R value close to 1: dominating formation of 

MIL-101 in [111] direction is found when R < 1 whereas growth of MIL-88B in [001] 

direction is greatly favored at R > 1. At R = 1, the starting precursor concentration is 

also critical to the formation of MIL-88B hexagonal crystallites. Addition of HCl (10 

mM) plays an important role in the formation of compact and polycrystalline 

MIL-101 films. The above results might be understood in terms of the extent of DMF 

decomposition (or hydrolysis) that leads to the in-situ formation of dimethylamine, 

which determines the deprotonation of carboxylic groups and therefore affect the 

further coordination with the trimeric Fe
3+

-oxygen octahedral clusters. Addition of 

TEA probably involves both the complexation of Fe
3+

 by TEA and also the effective 

boosting of ligand deprotonation, which interplay determining the final morphologies 

and structures of film.  

Time dependence of film growth at excess of metal (R = 0.5) without additive 

demonstrate that oriented and isolated MIL-101 crystals are firstly nucleated in 

solution, deposited on surface and expanded vertically and laterally until 56 % of the 

surface was covered. Film growth under the same R value (R = 0.5) but with addition 

of HCl solution follows a Volmer-Weber growth mode, during which, large density of 
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isolated three-dimensional MIL-101 islands or clusters with random orientation 

formed after 2 h crystallization and grew much more fast both in-plane and out-of 

plane, resulting in dense and thick polycrystalline layers. 

Whereas, at excess of ligand (R = 2), the surface sees a co-nucleation of 

MIL-88B and MIL-101, and then MIL-88B nuclei grow rapidly both laterally and 

vertically over time until coalescence (around 10 h). Crystal growth out-of plane is 

however continuing, but with a slow rate. In the meantime, the growth of MIL-101 is 

greatly restricted. 
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Supplementary information of Chapter 4 

 

Figure S4.1 Film morphology as a function of the precursor concentration and ratio in solution. 

The rows correspond to different Fe
3+

 concentration: CFe = 12.5 mM (a,b,c); CFe = 25 mM (d,e,f) 

and CFe = 50 mM (g,h,i). The columns correspond to three different Ligand to Metal ratios R: R = 

0.5 (a,d,g); R = 1 (b,e,h) and R = 2 (c,f,i). The synthesis temperature is 90 
o
C and the growth time 

is 24 h. 
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Figure S4.2 SEM images of film grown on Si-COOH surface at 90 
o
C in solution containing 6 

mM [Fe
3+

]. The growth time is 24 h and the R value is 2. 

 

 

 

 

 

 

 

 

 

Figure S4.3 Short range XRD patterns of MOF films grown on carboxylic acid terminated 

surfaces at R = 1 (a) and R = 2 (b) as a function of [Fe
3+

] concentration. [Fe
3+

] concentration is 

given near to each plot. Growth time is 24 hours and the synthesis temperature is 90 
o
C for all 

samples. Calculated XRD pattern of MIL-101 is plotted underneath (blue) for comparison. 
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Figure S4.4 SEM images of cross-sections of films got on acid surfaces at 90 
o
C as a function of 

growth time: (a) 2 h; (b) 4 h; (c) 10 h. The ratio R equals to 2, C[Fe
3+

] = 25 mM. Note that the 

thinner layers in right column are just between the big hexagonal crystals. 
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Figure S4.5 SEM images of sample obtained under R = 0.5 at 90 
o
C with addition of 12 M HCl 

solution. The final HCl and H2O concentrations (of additive) in the synthesis solution are 10 mM 

and 35 mM, respectively. CFe = 25 mM and the growth time is 24 h. 
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Figure S4.6: 
1
H NMR spectra of 40 % DMA aqueous solution (a) and of DMF with addition of 

HCl solution after 24 h treatment at 90 
o
C (b). 

 

 

Figure S4.7 SEM images of film prepared with addition of 25 mM TEA on acid surfaces at 90 
o
C 

for 24 h growth. [Fe
3+

] = 25 mM and R = 0.5. 
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Chapter 5: Nucleation and growth of Fe
3+

/NDC MOF films on 

carboxylic functionalized Si surfaces 

5.1 Introduction 

As an analogue of MIL-88B(Fe), MIL-88C(Fe) is constructed from the connection of 

trimers of Fe(III)-oxygen octahedra that share a μ3-O oxygen with dicarboxylates of 

2,6-naphthalenedicarboxylic acid (H2NDC). Owing to the rotation of trimeric 

Fe(III)-oxygen octahedra and aromatic rings around the O-O axis of the carboxylates, 

MIL-88C framework also exhibits reversible swelling and contraction phenomenon 

induced by associated host-guest interactions, without any apparent loss of 

crystallinity. While, unlike MIL-88B in which the plane of aromatic rings within the 

framework points to the interior of the tunnel (along [001] direction), those of 

MIL-88C are tangent to the tunnels. Combing with the slightly longer linkers, 

MIL-88C is prone to provide facile accessibility for molecule uptake and/or release 

comparing with MIL-88B
 [1,2]

. To the best of our knowledge, there is still no report 

regarding the growth of MIL-88C on solid supports. Herein, the fabrication of 

Fe
3+

/NDC MOF layers has been investigated on Si surfaces functionalized with 

carboxylic acid monolayer, onto which successful growth of Fe/H2BDC MOFs have 

been observed in certain synthesis conditions. In the first part of this chapter the 

nucleation and growth of layers are investigated as a function of temperature, solution 

composition and crystallization time. The second part focuses on the properties of 

Fe
3+

/NDC MOF layers regarding the adsorption and desorption of molecules. The 

nucleation and growth of MIL-88C are discussed at last by comparison with the 

system of Fe
3+

/BDC. 
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5.2 Results 

5.2.1 Influence of temperature 

 
 

Figure 5.1 SEM images of films grown onto Si-COOH surfaces at different temperatures in 

Fe3+/H2NDC DMF solutions with variable R = ligand/metal ratios. From left to right the three columns 

show images of films grown in solution with R = 0.5, R = 1 and R = 2. The different rows correspond 

to three different temperatures: T = 70 °C (a), T= 90 °C (b) and T = 110 °C (c), respectively from top to 

bottom. For all samples CFe = 25 mM and the growth time is 24 h.   

 

Figure 5.1 presents top view SEM images of layers grown on carboxylic terminated 

Si surfaces immersed in solution containing 25 mM [Fe
3+

] and variable amount of 

H2NDC for 24 h crystallization. When R kept at 0.5, the surface appears pretty empty 

except very few cubic crystals at 70 
o
C. Higher temperature evidences the increase of 

crystal density and also the intergrowth of hexagonal crystallites. At R = 2 and 1, the 

samples prepared at 70 
o
C both exhibit isolated nanometer crystals with well-defined 

hexagonal symmetry. Increasing the temperature to 90 
o
C, isolated assemblies of 

crystals are observed for both cases. An even higher temperature (110 
o
C) does not 
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improve the coverage of the film, but presents more randomly oriented dipyramidal 

prism crystals especially at the case of R = 2, which are considered as deposited 

powder from the solution because of the identical crystal dimension they have to the 

powder (See Figure S5.1). It is worth to note that only one phase with the same 

crystallographic shape was found in the powder due to the homogenous nucleation 

and growth at a given condition. Morphology of crystals evolves from hexagonal 

bipyramids to bipyramidal hexagonal prism as temperature increases, whereas the 

overall dimension becomes coarsened first and then thinner as depicted in Figure 

S5.1, while, crystals grown on the surface always possess mono-pyramidal shape. 

XRD patterns of the samples prepared at R = 2 as a function of temperature as well as 

the powder are presented in Figure 5.2. Their peak positions and possible 

assignments are listed in Table 5.1. Three main coupled peaks sometimes with 

shoulder peaks are observed for samples prepared at 90 
o
C and 110 

o
C, whereas two 

main coupled ones are found for the sample fabricated at 70 
o
C (see Table 5.1). 

Considering the crystal shape and the XRD pattern of the powder, we infer that the 

homogenous product is MIL-88C phase 
[1,2]

. Regarding the structural identification of 

the layers grown on Si surfaces, none of them matches the pattern of the powder but 

near to 7.42
 o

, 14.87
 o

 and 22.39 
o
, which are corresponding to the three reflections 

(002), (004) and (006) of MIL-88C, respectively. Taking the flexibility of MIL-88C 

frameworks and the crystalline shape into consideration, we think that the layers 

formed on functionalized Si surfaces with carboxylic terminated groups can be 

attributed to MIL-88C, but in a solvated form. The flexibility induced by interactions 

between the framework and trapped molecules will be thoroughly discussed later. The 

two little peaks found close to 10.67
 o 

(2) of samples prepared at 70 and 110 
o
C can 

be assigned to the precipitated crystals from the solution as depicted in the inset 

images of Figure 5.1(a3,c3). Note that XRD patterns of samples obtained in ratio R = 

1 and 0.5 as a function of temperature indicate similar trend that three coupled intense 

peaks are always observed, but with a discrepancy of peak positions compared to the 

powder pattern (See Figure S5.2). To shortly summarize, as we showed for the 

system of Fe
3+

/BDC the synthesis temperature also determinates the morphologies of 
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Fe
3+

/NDC MOF films formed onto carboxylic acid terminated Si surfaces. At low 

temperature, isolated hexagonal pyramids occurred on the surface, whereas samples 

prepared at a higher temperature exhibit the appearance of separated assemblies of 

hexagonal crystallites and deposited powder on the surface is often observed. So in 

the coming sections, we will focus on the film preparation at 90 
o
C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: (a) XRD patterns of samples as shown in Figure 5.1(a3,b3,c3) after background correction. 

Powder obtained from the solution is plotted on top for comparison. Details in enlarged scale between 

6.5-8.5 (b) and 14-16 (c) (2theta), respectively. Note that the pattern of powder is in dry form and 

different conditions give pretty similar PXRD patterns. 
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Table 5.1 Experimental peak positions extracted from Figure 5.2 and their most potential assignments 

 

 

Experimental peak 

position 2 (deg, λCu) 

 

 

Possible phase 

 

 

Expected peak 

position 

 

 

h k l scattering 

plane T=70
o
C T=90

o
C T=110

o
C Powder 

7.45 7.45 

7.62 

7.47 7.42 MIL-88C
sol

 >7.42
dry

 002 

 

10.67 

 

10.67 

10.33 

 

 

10.67 

MIL-88C
sol 

MIL-88C 

<10.67 

10.67 

100 

100 

   11.31 MIL-88C 11.31 101 

14.92 14.92 

15.25-15.4 

14.95 14.87 MIL-88C
sol

 >14.87
dry

 

 

004 

 

17.6  17.6 
 Goethite 

FeO(OH)  
  

 
22.94-23.17 

 
22.5 

22.39 
MIL-88C

sol
 >22.39

dry
 006 

 

5.2.2 Influence of solution composition 

5.2.2.1 Influence of ratio of ligand to metal 

As already presented in Figure 5.1(b1,b2,b3), it compares the morphologies of films 

as a function of R. The layers grown with R ≥ 1 (excess of ligand and equal amount of 

ligand to metal) are composed of isolated bunch of pyramidal hexagonal prism 

crystals. The thicknesses for the bundle of crystals of R at 2 and 1 are 850 and 1050 

nm, respectively. While at R = 0.5, apart from the appearance of hexagonally 

dipyramial crystallites, isolated crystals with well-defined hexagonal symmetry are 

also observed. XRD patterns of the above mentioned films as well as the powder 
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corresponding are plotted in Figure 5.3. The peak positions and most likely 

assignments are listed in Table 5.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: (a) XRD patterns of samples prepared in DMF solutions containing variable R ratios at 90 
oC as shown in Figure 5.1(b1,b2,b3) after background correction. Patterns of powder obtained from 

various solutions are plotted on top for comparison. Details in enlarged scale between 6.5-8.5 o is 

presented in (b). The ratio R value is indicated next to each plot. 
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Table 5.2 Experimental peak positions extracted from Figure 5.3 and their most potential 

assignments 

 

 

Experimental peak 

position 2 (deg, λCu) 

 

 

Possible phase 

 

 

Expected peak 

position 

 

 

h k l scattering 

plane R=2 R=1 R=0.5 Powder 

7.45 

7.62 

7.45 

7.66 

7.45 7.42 MIL-88C
sol

 >7.42
dry

 002 

  9.0 

9.82 

 MIL-88C
sol

 <10.67 100 

 

10.67 

 

 

10.49 

 

 

10.67 

MIL-88C
sol 

MIL-88C 

<10.67 

10.67 

100 

100 

 11.21  11.31 MIL-88C
sol

 <11.31
dry

 101 

14.92 

15.25-15.4 

14.92 

15.26-15.41 

 

14.98 14.87 MIL-88C
sol

 >14.87
dry

 

 

004 

 

  17.6 
 Goethite 

FeO(OH) 
  

22.94-23.17 

 

22.45 

23-23.17 
 

22.39 
MIL-88C

sol
 >22.39

dry
 006 

 

Powder XRD spectra suggest that an identical phase was formed independent of ratio 

of ligand to metal, which is consistent with the SEM images displayed in Figure 

S5.1(b1,b2,b3). Films prepared at R = 2 and 1 provide several peaks mainly localized 

in three ranges that are close to the three reflections of (002), (004) and (006) of the 

powder. For the layer fabricated at R = 0.5, besides those peaks nearby the two main 

characteristic positions (7.42 
o
 and 14.87 

o
), three additional peaks are also observed, 

which could be explained by the appearance of randomly oriented crystals shown in 
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Figure 5.1(b1). At last, one interesting point needs to be noted is that as ligand 

content increases, the size of resulted powder become smaller as clearly shown in 

Figure S5.1(b1,b2,b3). 

 

5.2.2.2 Influence of [Fe
3+

] concentration 

Based on the fact that only one phase was found referring to this system in spite of the 

ratio R. Morphologies of surfaces prepared at the ratio R = 2 and 1 appear pretty 

similar and there is little matter on the surfaces obtained at R = 0.5. Therefore, in all 

coming sections we only focus on the ratio R = 2, all films were prepared at 90 
o
C. 

Figure 5.4 presents the morphologies of films grown onto Si-COOH surfaces as a 

function of [Fe
3+

] concentration. As demonstrated in the figure, a main observation is 

that the layers grown on Si-COOH surfaces at R = 2 are composed of isolated 

assemblies of pyramidal crystals. A low concentration (3 mM) also evidences the 

existence of separated hexagonal crystallites. An even lower [Fe
3+

] concentration at 

1.5 mM only gives a low density of tilted and elongated hexagonal crystals as well as 

few hexagonal crystals that are perpendicular to the surface (See Figure S5.3). The 

distribution and evolution of the island area as a function of the Fe
3+

 concentration 

after processing the SEM images by the software SPIP is presented in Figure 5.5. In 

parallel, the evolution of surface coverage, density of isolated islands and thickness of 

the bundles of crystals are depicted in Figure 5.6. The surface coverage almost keeps 

constant around 30 %, whereas the mean island area increases with the increasing of 

[Fe
3+

] concentration. With the increasing of [Fe
3+

] concentration from 3 mM to 12.5 

mM, the height of crystals increases from 400 nm up to around 1 μm. Keeping 

increasing the concentration, the sample sees a slight decrease of the height of 

assemblies of hexagonal crystals.  
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Figure 5.4 SEM images of films grown onto Si-COOH surfaces at 90 oC as a function of [Fe3+] 

concentration. (a,b) 25 mM; (c,d) 12.5 mM; (e,f) 6 mM and (g,h) 3 mM. For all samples the ratio R 

equals 2, and the growth time is 24 h.  
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Figure 5.5 Distribution (a-d) and evolution (e) of the island area as a function of the [Fe3+] 

concentration.  

 

Interestingly, the density of isolated islands composed of hexagonal crystallites 

undergoes a substantial decrease after 3 mM and remains unchanged afterwards along 

with the increase of concentration. SEM images of the powder obtained from solution 

at each concentration are displayed in Figure S5.4. Similar phenomenon as with to 

the variation of crystal size is observed for the powder. At the [Fe
3+

] concentration of 

1.5 mM, the hexagonal and elongated crystals possess a mean aspect ratio around 5.7. 

0.0 0.5 1.0 1.5 2.0 2.5
0

500

 

 

Island area (m
2
)

Mean  area= 0.21 m
2
 SD = 0.27

3 mM(a)

0.0 0.5 1.0 1.5 2.0 2.5
0

500

(b)

 

 

Island area (m
2
)

Mean  area= 0.49 m
2
   SD = 0.44

6 mM

0.0 0.5 1.0 1.5 2.0 2.5
0

100

200

300

(c)

 

 

Island area (m
2
)

Mean  area = 0.93 m
2
 SD = 0.68 

12.5 mM

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0

100

200

 

 

Island area (m
2
)

0.0 0.5 1.0 1.5 2.0 2.5
0

500

1000

(d)

 

 

Island area (m
2
)

Mean  area= 1.23 m
2
  SD = 2.12

25 mM

0 2 4 6
0

500

 

 

Island area (m
2
)

0 5 10 15 20 25
0

1

2

3

4

(e)

C
Fe

 (mM) 

 

Is
la

n
d

 m
ea

n
 a

re
a 

(
m

2
)



136 
 

 

Increasing the concentration from 3 mM until to 12.5 mM, dipyramidal crystallites 

with increased size (both in a and c direction) are found, whereas a nearly constant 

aspect ratio (around 3.6) is kept. An even higher [Fe
3+

] concentration (25 mM) 

contributes to the formation of massive crystals with an aspect ratio of appro. 2.8, but 

with small size, comparing with the ones generated at 12.5 mM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 Island coverage (a), density (b) and thickness (c) as a function of Fe3+ concentration, 

deducted from SEM images processing (SPIP software).   

 

Narrow range XRD patterns of films prepared in Fe
3+

/H2NDC solution with various 

[Fe
3+

] concentrations ranging from 3 mM to 25 mM for 24 h growth are presented in 

Figure 5.7. The full range experimental XRD patterns are given in Figure S5.5.  
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Figure 5.7 Narrow range XRD patterns of films prepared in Fe3+/H2NDC solution with various [Fe3+] 

concentrations ranging from 3 mM to 25 mM for 24 h growth. The concentration is indicated next to 

each pattern.  

 

Experimental peak positions extracted from Figure 5.7 and their most potential 

assignments are presented in Table 5.3. 
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Table 5.3 Experimental peak positions extracted from Figure 5.7 and their most potential assignments. 

 

  

Experimental peak 

position 2 (deg, λCu) 

 

 

Possible 

phase 

 

 

Expected 

peak 

position 

 

 

h k l 

scattering 

plane 

25mM 12.5mM 6mM 3mM Powder 

7.45 

7.62 

7.45 

7.62 

7.45 

7.62 

7.47 7.42 MIL-88C
sol

 >7.42
dry

 002 

   9.67 

 

 MIL-88C
sol

 <10.67 100 

 

10.67 

  

 

10.56 

 

 

10.67 

MIL-88C
sol 

MIL-88C 

<10.67 

10.67 

100 

100 

 11.16 11.15  11.31 MIL-88C
sol

 <11.31
dry

 101 

14.92 

15.25-15.4 

14.92 

15.25-15.4 

14.92 

15.24 

 

14.97 14.87 MIL-88C
sol

 >14.87
dry

 

 

004 

 

 
 

 17.6 
 Goethite 

FeO(OH)  
  

22.94-23.17 

 

22.45 

22.94-23.17 

22.45 

22.94 
22.53 

22.39 
MIL-88C

sol
 >22.39

dry
 006 

 

XRD patterns of the as-prepared samples at 90 
o
C from solutions containing variable 

[Fe
3+

] concentration clearly show the peaks are present in three characteristic ranges 

nearby the three reflections (002), (004) and (006) of MIL-88C which localizes at 

2
 o


 o
and 22.39 

o
, respectively, but always with a discrepancy. 

Shoulder and/or broad peaks are usually observed close to the three main peaks 

probably due to the uneven release of solvent that encapsulated inside the frameworks. 

Mass of the isolated bundles of hexagonal crystals was estimated from the crystalline 
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dimension and coverage as-determined from the SEM images as shown in Figure 5.4. 

In comparison with the integrated area of XRD peaks nearby the two (002) and (004) 

reflections of MIL-88C, the calculated mass of the layers grown onto carboxylic 

terminated Si surfaces as a function of [Fe
3+

] concentration is plotted in Figure 5.8. 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 Normalized estimated mass of layers grown onto carboxylic ended Si surfaces as a function 

of [Fe3+] concentration and normalized integrated intensity of the peaks nearby the two (002) and (004) 

reflections of MIL-88C phase. The calculated density of MIL-88C is 1.74 g/cm3 [2]. 

 

The estimated mass of layers obtained on carboxylic terminated Si surfaces evidences 

an increase along with the increasing of the [Fe
3+

] concentration up to 12.5 mM. 

Continuing increasing the concentration to 25 mM sees a decrease of the quantity of 

matter grown on the surface. The integrated area of XRD peaks close to the two main 

reflections (002) and (004) more or less follows the same trend, even if the increasing 

rate at beginning varies. Homogenous nucleation and growth in solution are in some 

sense promoted at higher concentration, which in turn will consume more precursors 

and hence influence the heterogeneous nucleation and growth on surface. This might 

explain why the decrease of matter at higher concentration is found at higher C[Fe
3+

]. 
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5.2.3 Influence of immersion time 

 

 

Figure 5.9 Morphologies of films grown onto Si-COOH surfaces at 90 oC as a function of immersion 

time: (a,b) 2 h; (c,d) 4 h; (e,f) 10 h and (g,h) 24 h. The inserted images in (b,h) are the representative 

AFM images showing the empty areas between the crystals. For all samples R equals 2 and [Fe3+] is 



141 
 

 

fixed at 25 mM.  

 

Morphologies of films grown onto Si-COOH surfaces at 90 
o
C as a function of 

immersion time are depicted in Figure 5.9. As we see clearly from Figure 5.9(a,b), 

SEM images of sample after 2 h immersion in the crystallization solution is pretty 

empty except some cubic-like crystals. At longer immersion times (4 h, 10 h and 24 h), 

layers obtained on functionalized Si surfaces with carboxylic functional groups 

exhibit isolated assemblies of inter-grown and pyramidal crystals (see Figure S5.6). 

Representative AFM images as displayed in the inset images show the characteristic 

atomically-flat Si structure with terraces, ruling out the existence of thin layer through 

the surface. Figure 5.10 depicts the distribution and evolution of crystal island area as 

a function of crystallization time and Figure 5.11 presents the island coverage, 

density and thickness as a function of growth time, deducted from SEM images 

processing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 Distribution (a-c) and evolution (d) of the island area as a function of growth time.  
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Figure 5.11 Island coverage (a), density (b) and thickness (c) as a function of growth time, deducted 

from SEM images processing (SPIP software).   

 

The mean area of isolated assemblies of crystals increases over time, in contrary, the 

density of those islands declines after 4 h crystallization. Concurrently, the film 

coverage keeps almost unchanged. The height of bunches of hexagonal crystals 

increases dramatically after 2 h immersion and then grows linearly with a slower rate. 

Normalized mass of layers formed at various immersion times was also calculated by 

considering their vertical height and surface coverage obtained from the SEM images. 

The calculated values as well as the integrated area of peaks close to the two 

reflections (002) and (004) of MIL-88C phase is plotted in Figure 5.12. Amount of 

matters grown on surfaces increase dramatically along with immersion time at 

beginning. Apparent slower rate is observed above 10 h crystallization. 
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Figure 5.12 Normalized estimated mass of layers grown onto carboxylic ended Si surfaces as a 

function of immersion time and integrated intensity of the peaks nearby the two (002) and (004) 

reflections of MIL-88C phase. The calculated density of MIL-88C is 1.74 g/cm
3
. 

 

5.2.4 Effect of post-treatments 

XRD spectra of the as-prepared films on carboxylic terminated Si surfaces always 

show a deviation from that of the powder (in dry form) and the simulated XRD 

pattern of MIL-88C. The discrepancy can be attributed to the existence of captured 

molecules/solvents inside the framework that evokes the structural change. Obvious 

shifting undergoes from low angle value to higher one with a long immersion time 

and a high precursor concentration as demonstrated in Figure 5.13. Post-treatment 

such as annealing and/or rinsing that makes the molecules release from the channels 

and/or cages of MIL-88C will probably see a shifting of relevant XRD peaks. 

Adsorption of molecules will undoubtedly make it shifted to a higher value. 
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Figure 5.13 Evolution of the two main peak positions (at or nearby 7.45 o and 7.62 o) as function of 

[Fe3+] concentration (a) and immersion time (b). All the samples were prepared at 90 oC and the ratio R 

was fixed at 2. For (b) the [Fe3+] is 25 mM.  

5.2.4.1 Thermal annealing 

Figure 5.14(a) presents the peak evolution (the peak nearby 7.42 
o
) of the film along 

with annealing time in an oven at 150 
o
C. Apparently, the peak sees a left-shifting by 

0.15 
o
 upon heating, indicating clearly the structure of this layer is flexible. Time 

dependence of peak position and integrated area after various annealing time are also 

plotted in Figure 5.14(b). 
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Figure 5.14 (a) Evolution of the XRD patterns after sequences of thermal annealing in an oven at 150 
oC (narrow angular range). The annealing time is indicated for each sequence. (b) Variation of the peak 

position and its integrated area as a function of cumulated annealing time. (c) SEM images prior to (top) 

and after (below) annealing. Note that the sample was measured immediately after heating; the 

scanning for each spectrum needs 50 min. The synthesis conditions for this sample: [Fe3+] = 25 mM, R 

= 2 and at 90 oC for one day growth. 

 

Unlike the MIL-88B framework as we show in Chapter 4, peak intensity of this layer 

does not evidence a decrease, suggesting good thermal stability towards cyclic heating. 

In fact, SEM characterizations after annealing (Figure 5.14(c)) indicates that a large 

number of small pieces or islands are observed, probably originating from the 

7.0 7.2 7.4 7.6 7.8 8.0

 

 

 

86h

67h

52h

38h

22h

10h

6h

4h

2h

as-prepared

In
te

n
si

ty
 (

C
P

S
)

2 (Deg,
Cu

)

(a)

0 20 40 60 80 100

7.42

7.44

7.46

7.48

7.50

7.52

7.54

7.56

7.58

7.60

7.62

7.64

200

400

600

800

P
e

a
k
 p

o
s
it
io

n
 (

o
)

Annealing time (h)

(b)  

In
te

g
ra

te
d
 a

re
a

dry MIL-88C



146 
 

 

breakdown of the isolated large assemblies of hexagonal crystallites due to the 

thermal stress. 

Due to the absence of most peaks of the surface-bound crystals, information about the 

lattice parameter reflecting the planes which are parallel to the surface is only 

available. A slight value increase of lattice parameter c (c = 2dspacing) corresponds to 

the shifting of the peak to a lower angle. As elaborated by C. Serre and his co-workers 

[1,2]
, MIL-88C framework shrinks/swells (“breathing phenomenon”) in large 

magnitude under external stimulus (temperature, pressure, molecule encapsulation...) 

with no apparent loss of crystallinity. Upon desorption of molecules/solvents by 

heating, MIL-88C framework tends to approach the so-called „dry form‟ in which it 

possesses a smaller latter parameter in (a, b) plane whereas a larger parameter value in 

c direction, synergistically resulting in a small cell volume. 

5.2.4.2 Soxhlet rinsing 

In fact, rinsing the sample as shown in Figure 5.4(c,d) composed of isolated 

assemblies of pyramids in soxhlet with ethanol as the solvent gives similar result. 

Figure 5.15 depicts the XRD patterns of sample before and after the rinsing 

procedure. The plot prior to rinsing shows three main peaks with shoulder peaks 

localized in three characteristic ranges that are near to the (002), (004) and (006) 

reflections of MIL-88C phase, respectively. After rinsing in soxhlet for 16 h, only 

three peaks at 2and 22.41 
o
 are observed, which nearly matching the 

(002), (004) and (006) reflections of PXRD of “empty” MIL-88C, strongly 

demonstrating the flexibility of MIL-88C framework and they are much more 

resistant to soxhlet rinsing comparing with the MIL-88B framework. Furthermore, 

this rinsing method is in short length and can be an alternative way for activating the 

MOFs in comparison with the previous one.  
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Figure 5.15 (a) XRD patterns before (black) and after (red) the rinsing in soxhlet with ethanol for 16 h. 

The inset plot is the zoomed range between 7 and 8.2 
o
.
 
(b) SEM images showing the film morphology 

prior to (top) and after (below) rinsing. Synthesis condition for this sample: [Fe3+] = 12.5 mM, R = 2, T 

= 90 oC, 24 h growth. 

 

SEM images shown in Figure 5.15(b) confirms the still existence of layer after 

rinsing in soxhlet while zoomed image shows the isolated islands after rinsing for 16 

h tend to split into small pieces/islands, which is consistent with the results shown in 

the previous section. Furthermore, the peak position remains unchanged with the 

further storage at ambient environment for 4 days (see supplementary information in 
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Figure S5.7), suggesting a good stability at ambient environment which is perspective 

for potential applications. 

5.2.4.3 Solvent capture and release 

To verify the accessibility of the porosity of those layers grown on carboxylic 

terminated Si surfaces, which is a prerequisite for many intriguing applications, 

tentative experiments involving the adsorption as well as desorption of small polar 

molecule (ethanol) was implemented by a Bruker machine equipped with a parallel 

beam. Evolution of the (002) reflection of the film as shown in Figure 5.4(g,h) upon 

ethanol adsorption and desorption with and without a poly(methyl methacrylate) 

(PMMA) dome is presented in Figure 5.16. 

 

 

 

Figure 5.16 Evolution of XRD pattern of Fe3+/NDC film as shown in Figure 5.4(g,h) exposed in 

saturated EtOH atmosphere. The sample was placed in a closed poly(methyl methacrylate) (PMMA) 

cell. XRD pattern was collected in air (black plot at bottom) prior to the insertion of EtOH inside the 

cell. Red to green plots was recorded under saturated EtOH atmosphere (cell closed). Blue to black 

plots (top) were recorded again in air after EtOH evaporation (without dome). Note that the spectra 

obtained within the dome, the interval between two adjacent spectra shown here is 20 min, whereas, 

after removing the dome, the interval is 2 min. For each spectrum, the scanning itself takes 20 s. All the 

measurements were done by a Bruker machine equipped with a parallel incidence beam and a position 

sensitive detector (PSD).  



149 
 

 

The (002) reflection of the surface-bound layer undergoes a rapid shifting (appro. 15 

seconds) to a higher 2value once a droplet of ethanol is dropped on the surface. 

Afterwards, the surface was sealed by a PMMA dome, with another several drops of 

ethanol in the groove that surrounds the sample. Additional pressure will be induced 

thanks to the evaporation of ethanol inside the dome, which of course impels more 

ethanol molecules filling the pore channels and cages of MIL-88C framework. As the 

XRD spectra in early stage display that the peak continues shifting to higher angle in 

an extreme slow rate, corresponding to a structural expansion upon adsorption of 

ethanol molecules. Maximum intake amount is reached after around 7 h when the 

internal pressure increases, making the further capture of molecules difficult. Along 

with time, the framework goes through a release of ethanol molecules, showing a 

minor shifting back. After removing the top dome, we observed an instantaneous 

transferring to the lower 2value from XRD pattern, meaning structural contraction 

happened. The obvious hysteresis of molecule release is likely to be related to the 

associated interaction in terms of hydrogen bonds built between the trapped polar 

molecules and inorganic parts of the framework 
[1]

. The schematic representation of 

changes in MIL-88C framework during molecule adsorption and desorption is 

depicted in Figure 5.17. 
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Figure 5.17 Schematic representations of changes in MIL-88C framework during molecule uptake and 

release. Notice that the lattice parameter c equals 2dspacing.  

 

During uptake of molecules, the interplanar distance in c direction (d001) of MIL-88C 

framework contracts, confirmed by an increase of two theta value of (001) reflection 

position. To maintain the integrity of framework, a swelling happens to that of (100) 

and (101) reflections, corresponding an overall expansion of MIL-88C framework as 

elucidated by C. Serre and his co-workers 
[1]

. While, upon desorpion, the framework 

shows a reverse evolution.  

5.3 Discussion 

Different from the results as shown in Chapter 4 (Figure 4.15) in which certain 

amount of isolated hexagonal MIL-88B crystals are already observed after 2 h 

immersion in solution, few nuclei are formed after 2 h crystallization for MIL-88C 

phase as depicted in Figure 5.9(a,b). For a longer immersion time (4 h), the 

carboxylic terminated Si surface evidences the formation of large density of isolated 

assemblies of hexagonal MIL-88C crystallites instead of separated hexagonal crystals 
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that we found regarding the Fe
3+

/BDC system, suggesting that an intergrowth took 

place between those MIL-88C crystals even at the initial stage. As shown in Figure 

5.11(c), film thickness increases drastically after 2 h incubation, suggesting a fast 

growth rate in vertical direction. After 4 h crystallization, the growth rate is more or 

less constant, but keeps at a low level (25 nm/h). Actually, lateral growth of the 

assembled MIL-88C crystals is also observed, as demonstrated by the increase of 

overall area of the separated hexagonal crystal islands. Nevertheless, given the similar 

film coverage, a somehow removal (dissolution and/or detachment) of assemblies of 

MIL-88C crystals from the substrate is anticipated for longer immersion in the heated 

precursors. Whereas, the MIL-88B crystals undergo an obvious growth both laterally 

and vertically over time until most of the surface is covered. A slow growth rate in 

normal direction was kept even after the coalescence of hexagonal MIL-88B 

crystallites. 

Furthermore, since the preferential orientation along [001] direction is observed 

for the MIL-88C layers grown on functionalized Si surfaces with carboxylic acid 

termination, the carboxylates of the monolayer are considered to link with the trimers 

of metal-oxygen octahedra to initiate the nucleation and hence the further growth of 

MIL-88C crystallites along the direction normal to the substrate. The scheme of direct 

growth of MIL-88C crystals on carboxylic acid terminated Si surfaces is shown in 

Figure 5.18, similar to that of MIL-88B. 
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Figure 5.18 Scheme of direct growth of MIL-88C crystals onto carboxylic acid terminated Si surfaces. 

The monolayer grafted on Si is simplified as purple stick. The blue octahedron stands for the FeO6 

cluster and the black ball represents the carbon atom. Hydrogen atoms have been omitted for 

clarification. 
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5.4 Conclusion 

Crystalline MIL-88C films were obtained on carboxylic acid terminated Si surfaces 

through a direct growth from DMF solutions only containing FeCl3·6H2O and 

H2NDC. Depending on the synthesis conditions including temperature, ratio of ligand 

to [Fe
3+

] and [Fe
3+

] concentration, SEM results show morphologies with various 

surface coverage ranging from separated hexagonal crystals to layers composed of 

bundles of hexagonal crystallites. XRD results demonstrate that surface-bound 

MIL-88C crystals are preferably oriented in [001] direction and are in their solvated 

and swelled form. Tentative ex-situ and in-situ XRD measurements demonstrate 

clearly the flexibility and reversibility of MIL-88C framework during molecule 

adsorption and desorption. Time dependence of film growth indicates that MIL-88C 

crystallites nucleate after 2 h crystallization and grow vertically and laterally. 

Dissolution and/or detachment of crystals might happen considering the nearly 

unchanged film coverage over immersion time. 
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Supplementary information of Chapter 5 

 

 

 

Figure S5.1 SEM images of powder formed at various conditions that were used for the film 

fabrication shown in Figure 5.1. From left to right the three columns show images of powder generated 

in solution with R = 0.5, R = 1 and R = 2. The different rows correspond to three different temperatures: 

T = 70 °C (a), T= 90 °C (b) and T = 110 °C (c), respectively from top to bottom. For all samples [Fe3+] 

= 25 mM and the growth time is 24 h. 
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Figure S5.2 Narrow range XRD patterns of films prepared at different temperatures in Fe3+/H2NDC 

solutions with various R ratios. The top arrow corresponds to samples prepared at R = 1 whereas the 

below arrow shows the samples fabricated at R = 0.5. For all samples C[Fe3+] is 25 mM and the growth 

time is 24 h. 
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Figure S5.3 SEM images of film grown onto Si-COOH surface at 90 oC for 24 h growth with [Fe3+] 

concentration of 1.5 mM. The ratio R is fixed at 2.  
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Figure S5.4 SEM images of powder formed at 90 oC with various [Fe3+] concentrations that were used 

for the film fabrication. (a,b) 25 mM; (c,d) 12.5 mM; (e,f) 6 mM; (g,h) 3 mM and (i,j) 1.5 mM. The 

growth time is 24 h for all samples and R is fixed at 2.  
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Figure S5.5 Full range XRD patterns of films prepared in Fe
3+

/H2NDC solution with various 

[Fe
3+

] concentrations ranging from 3 mM to 25 mM for 24 h growth. The concentration is 

indicated next to each pattern. The ratio R is fixed at 2 and the temperature is 90 
o
C. 

 

 

 

 

 

Figure S5.6 SEM images of assembled crystals formed at 90 
o
C at various immersion times: (a) 4 

h; (b) 10 h and (c) 24 h. For all samples [Fe
3+

] concentration is 25 mM and R is fixed at 2. 
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Figure S5.7 Short range XRD patterns of film after the rinsing in soxhlet with ethanol for 16 h 

(black) and the pattern after 4 more days storage at ambient environment (red). 
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General summary and conclusion 

 

Within this thesis, two main aspects from the perspective of chemical terminations of 

functionalized Si surfaces and the synthesis conditions that both might affect the 

direct growth of Fe-based MOFs onto functionalized Si (111) surfaces from one 

solution containing the requisite precursors were considered. 

 

For the Fe
3+

/BDC system, a strong effect of surface chemistry on the formation of 

MOFs has been observed. Selective nucleation and controllable growth of MIL-88B 

(preferential orientation along [001] direction) were only found on carboxylic acid 

terminated surfaces whereas the formation of textured octahedral MIL-101 crystallites 

(111 direction) was observed irrespective of surface chemistry. The morphologies and 

relative amount of matters also depend on the synthesis conditions in terms of 

temperature, ligand to metal ratio, starting concentration and additives (proton and/or 

weak base).Various film morphologies from isolated crystallites to more or less 

continuous films made of close-packed or inter-grown crystallites for both MIL-101 

and MIL-88B phases were obtained. The mechanism upon the distinct phase 

formation under various conditions might be discussed in the light of deprotonation of 

the organic linkers. Time dependence of film growth at ligand excess and at metal 

excess with addition of HCl demonstrates clearly that both of MIL-88B (oriented) and 

MIL-101 (non-oriented) crystallites follow a Volmer-Weber growth mode, whereas 

oriented MIL-101 crystals formed at excess of metal precursor deposited from 

solution and then grow up. Identification of the observed isolated layers between the 

hexagonal MIL-88B crystals found on acid terminated Si surfaces is difficult due to 

the absence of clear-cut XRD signature, possibility of the formation of different 

phases and the flexibility of MIL-88B and/or MIL-53 frameworks. Nevertheless, 

further study on the above issue and also selective growth of MIL-88B onto 

carboxylic acid surfaces from the dominantly homogeneous nucleation and growth of 

MIL-101 in solution still needs to be better understood.  
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For Fe
3+

/NDC system, variable surface coverage ranging from separated hexagonal 

MIL-88C crystals to layers composed of isolated bundles of crystallites all with 

preferential (001) orientation were also observed using the same method as presented 

above. Evolution of MIL-88C crystallite size/shape along with crystallization time 

also suggests a Volmer-Weber growth mode plus Ostwald ripening. Tentative ex-situ 

and in-situ XRD measurements demonstrate clearly the flexibility and reversibility of 

MIL-88C framework during molecule adsorption and desorption. 

 

To sum up, this dissertation enriches the concept of using SAMs with functional 

groups to control the orientation and/or growth of MOF films grown onto substrates. 

Interestingly, other aspect like solution composition which might affect the orientation 

and/or phase formation also needs to be considered, especially for systems in which 

multi-phases can be formed. In addition, the surface-attached MOFs with preferential 

orientation enabling the controlling of the pores/channels (in the cases of MIL-88B 

and MIL-88C perpendicular to the substrate) might open perspectives for the 

promising applications like adsorption of targeted molecules and/or chemical sensors. 
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Résumé :  
Ce travail porte sur l'étude de la croissance directe de 

couches de matériaux - métal-organiques frameworks 

(MOFs) - sur substrats de Si(111) fonctionnalisées avec 

différentes chimies de surface. Les couches de MOF à 

base de fer sont construites lors de la mise en contact du 

substrat de silicium avec une solution contenant des 

espèces Fe3+ et BDC ou NDC en proportions variables. 

La morphologie et la structure des couches sont étudiées 

par SEM, AFM et XRD.  

Pour le système Fe/BDC, qui existe sous la forme MIL-
101 ou MIL-88B en solution, les films sont 

systématiquement composés de cristallites MIL-101 

isolés de forme octaédrique avec leur direction [111] 

perpendiculaire au plan de la surface si celle-ci est 

terminée par des groupements pyridyles ou hydroxyles. 

Sur les surfaces avec une terminaison acide (COOH), 

l'excès de cations métalliques favorise la formation de 

couches similaires (cristallites MIL-101). L’analyse des 

données suggère que les cristallites sont d’abord formés  

en solution et qu’ils s’adsorbent progressivement en 

 

formant néanmoins une liaison forte avec le substrat.  

La croissance de cristaux MIL-88B avec une texture 

(001) est uniquement observée sur des surfaces 

fonctionnalisées COOH et en présence d’un excès de 

ligands. L'introduction d’une faible quantité de HCl 

favorise cependant la formation de couches 

polycristallines et continues de MIL-101. L'addition de 

triéthylamine favorise la formation de MIL-88B. 

L’analyse des données indique que la formation des 

couches MIL-88B et MIL-101 (en présence de HCl) suit 
une loi de croissance de Volmer-Weber sur les surfaces 

COOH, au cours duquel les cristaux isolés nucléent et se 

développent latéralement et verticalement sur la surface. 

L’ancrage des cristallites (MIL-88B) sur la surface est 

cependant faible. 

Des films texturés MIL-88C ont également été obtenus 

sur des surfaces COOH. Les mesures expérimentales ex 

situ et in situ de XRD démontrent clairement la flexibilité 

et la réversibilité du cadre MIL-88C pendant l'adsorption 

et la désorption des molécules. 
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Abstract : 

 

This work investigates the direct growth of materials - 

metal-organic frameworks (MOFs)-onto functionalized 

Si(111) substrates with different surface chemistries. Fe-

based MOFs layers are obtained by exposing the silicon 
substrate to a solution containing Fe3+ and BDC or NDC 

in variable amounts. The morphology and structure of 

MOFs films are investigated by SEM, AFM and XRD.  

For Fe3+/BDC system, which may exist as MIL-101 and 

MIL-88B phases in solution, films always consist of 

isolated octahedral MIL-101 crystallites with the [111] 

direction perpendicular to the plane of pyridyl and 

hydroxyl terminated surfaces. On acid terminated 

surfaces (COOH), similar layers are obtained (isolated 

MIL-101 crystallites) when metal cations are in excess 

in solution. Data analysis suggests that crystallites are 

first formed in solution and then adsorbed on the surface 
with further growth. A strong linkage with the substrate 

is however observed.  

 

 

 

The growth of MIL-88B crystals with (001) texture is 

only observed onto COOH-functionalized surfaces and 

greatly favored by an excess of ligand in solution. In 

such conditions, addition of small amount of HCl 
promotes the formation of polycrystalline and continuous 

MIL-101 layers. Addition of triethylamine favors 

formation of MIL-88B crystals. Data analysis suggests 

that both the MIL-88B and MIL-101 (in the presence of 

HCl) crystallites follow a Volmer-Weber growth mode, 

during which isolated crystals formed and grow laterally 

and vertically on the surface. A weak adhesion of MIL-

88B crystals with the substrate is nevertheless found.  

Textured MIL-88C films are obtained on COOH-

terminated surface in all conditions. Ex-situ and in-situ 

XRD measurements demonstrate clearly the flexibility 

and reversibility of MIL-88C framework during molecule 
adsorption and desorption. 

 

 


