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Chapter 6 

Impact of the synthetic conditions on the morphology 
and crystallinity of FDMOF-1(Cu) thin films* 

Abstract 
Metal-organic frameworks (MOFs) have attracted a lot of interest for their numerous properties. 
However they are usually obtained as a powder (bulk) or as single crystals, which complicates their 
implementation into devices that could further exploit these properties. The development of 
surface-mounted MOFs (SURMOFs), allowed to synthesize MOFs’ thin films chemisorbed to a 
substrate, creating a viable solution to the device integration problem. Yet, the fundamental 
understanding of the mechanisms governing their growth remains limited and the systematic 
optimization of synthetic parameters is tedious. More studies on SURMOFs growth are needed 
before MOF-based devices become the norm. In this paper, a pillared-layer MOF with fluorinated 
terephthalate linkers, Cu2(fbdc)2(dabco) or F-DMOF-1(Cu), was synthesized on functionalized 
gold surfaces using a layer-by-layer method of Liquid Phase Epitaxy (LPE). The effects of 
temperature, linker concentration, type of surface functionalization and sonication during the 
rinsing step on coverage, film morphology and crystal orientation were studied. We found that the 
concentration of the linker has a strong impact on the morphology of the crystallites formed as well 
as on the surface coverage. It was noticed that the crystalline orientation is not only governed by 
the functionalization of the substrate, supporting the hypothesis that SURMOF thin films can 
switch their crystalline orientation during growth. This study adds information on which variables 
affect the formation of the first layers of a prototypical SURMOF.   

 

*Lugier, O.; Pokharel, U.; Castellanos, S. Impact of Synthetic Conditions on the Morphology and 
Crystallinity of FDMOF-1(Cu) Thin Films. Cryst. Growth Des. 2020, 20 (8), 5302–5309. 
https://doi.org/10.1021/acs.cgd.0c00529  
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6.1 Introduction 
Metal-organic frameworks (MOFs) have been extensively investigated during the past few 
decades for their numerous properties that promise ground-breaking applications. MOFs can 
be conductive, fluorescent, luminescent or possess redox and/or catalytic sites in their 
channels and/or pores.1,2 At the same time, the vast majority of them are porous, crystalline, 
and easily tunable. This opens the possibility of adjusting their macroscopic properties by 
means of modifying their composition and crystalline structure. This combination of features 
keeps the interest of the scientific community high, leading to a proliferation of MOF-related 
publications over the past thirty years since the report of the first specimens in the 1990’s.3,4 
 
Despite these advantages, MOFs have one main problem when it comes to device 
integration5; they are usually obtained in the form of bulk powder via hydro/solvo thermal 
synthesis.6 Surface-mounted metal-organic frameworks (SURMOFs) were developed to 
solve this technical limitation.7,8 SURMOFs are grown as thin films on substrates, usually 
via a liquid phase epitaxy (LPE) procedure.9 Prior to the synthesis, the substrate’s surface is 
modified with different functional groups, most commonly through the use of self-assembled 
monolayers (SAMs), such as the ones formed by thiols or silanes.10 The modification of the 
substrate’s surface is necessary in order to allow a strong bonding with the SURMOF via the 
coordination of the terminal group of the SAM with the metal clusters of the MOF at the 
interface. LPE is a general term that comprises a multitude of other sub-methods, the most 
common being the layer-by-layer (LBL) synthesis. LBL consists of the successive immersion 
of the functionalized substrates into a solution containing the precursors of the metallic nodes 
and a solution containing the organic linkers. Between each immersion in each building block 
solution, the samples are rinsed with pure solvent to remove uncoordinated scaffolds. When 
used with the right conditions, layer-by-layer synthesis leads to homogenous, highly oriented 
crystalline thin films of metal-organic frameworks and enables an accurate control over their 
thicknesses. Liquid Phase Epitaxy gives these materials the possibility to be incorporated and 
exploited in devices, as well as in various supports for other applications such as catalysis, 
and gas purification or separation.10,11 MOFs still remain mainly produced in laboratory scale 
for fundamental studies but the development of SURMOF thin films started the transition 
from wet bench experiments to commercially available devices, like ION-X by NuMat or 
TruPick™ by MOF Technologies.12,13  
 
Regardless of these devices and the impressive list of MOFs reported in the literature, there 
is relatively limited amount of theoretical and experimental understanding about their growth 
processes.14 And this understanding is even more limited on surfaces which compels the 
optimization of synthesis procedures to be conducted through tedious systematic 
screenings.15–20 
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In this paper, we report the synthesis and first systematic study on the growth of Cu(2-
fluorobenzene-1,4-dicarboxylic acid)(DABCO)0.5 or F-DMOF-1(Cu) as thin films (< 100 
nm). The interest of using the terephthalate linker with a single fluorine atom arises from the 
dipole moment that results from having the fluorine substituent in the benzene ring, while 
negligible steric hindrances are added compared to the non-functionalized terephthalate, 
given the small size of the fluorine atom. This characteristic can potentially enable the control 
of the dipole orientation in the framework with an external electric field.21 Such control can 
have a significant impact on the material properties, such as for example enabling control of 
guest diffusion.22 The DMOF crystalline lattice is particularly interesting for this purpose 
because, due to its pillared-layer structure, by choosing the right orientation of the crystal 
growth, the linkers that bear the dipoles can be contained in a plane parallel to the substrate. 
Because these linkers can rotate, the dipoles direction (up/down) can be controlled by 
applying an external electric field perpendicular to the substrate. Therefore, having a good 
control on the growth of such a SURMOF is of high relevance. 
 
Therefore, we explored how the characteristics of the SURMOF (substrate coverage, 
morphology, and crystalline orientation) are affected by the substrate functionalization, 
growth temperature, concentration of the reagents, and use of sonication during the rinsing 
step of the LPE method. As a result of our investigations, the first highly oriented thin film 
of this fluorinated MOF was attained and some correlations between the layer morphology 
and reagent concentrations as well as between crystalline orientation and substrate 
functionalization were found. 
 

 

Figure 6.1: Schematic representation of the LBL growth method and the used variables and 
the observables with their corresponding characterization techniques.  
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6.2 Experimental 
6.2.1 Sample preparation 

Substrate preparation 

1 × 1 cm2 silicon substrates were sputter coated with a Leica EM ACE600 with a chromium 
adhesion layer 10 nm thick, then with a gold layer of 40 nm to 100 nm. The samples were 
then functionalized with Self-Assembled Monolayers (SAM) of thiols, either 4-pyridylethyl 
mercaptan (4pyr) or 4-mercaptomethyl benzoic acid (MBA), shown in Figure 6.1, by 
immersion in a 2 mM ethanol solution of the chosen thiol for 24 hours. A few drops of 
hydrochloric acid (HCl) were added to the MBA solution until the pH was approximately 3. 
Prior to the functionalization, all samples were cleaned using common UV-ozone procedur. 

SURMOF growth 

FDMOF-1(Cu) was synthesized using the Liquid Phase Epitaxy (LPE) method23 employing 
ethanol solutions of the reagents. A cycle of growth consists in: 15 minutes of immersion in 
a copper acetate hexahydrate solution, Cu(OAc)2•6H2O, followed by 3 minutes of rinsing in 
pure ethanol, followed by 30 minutes of immersion in an equimolar solution of 2-
fluoroterephtalic acid (fbdc) and 1,4-diazabicyclo[2.2.2]octane (dabco), ended by 3 minutes 
of rinsing in pure ethanol. Samples underwent 20 cycles of growth. With all solutions in 
ethanol. A schematic representation of the procedure can be found in Figure 6.1. 

 
The synthesis conditions varied for each sample. The solutions for the LPE were either heated 
up to 50 °C or remained at room temperature (∼20 oC). The concentrations used were 2 mM 
for Cu(OAc)2•6H2O, and equimolar 0.2 mM or 0.02 mM concentrations for the solutions 
containing the two organic ligands. The rinsing step was conducted either with or without 
sonication and for every batch the SURMOF was grown on substrates previously 
functionalized with 4-pyridylethyl mercaptan (4pyr) or with 4-mercaptomethyl benzoic acid 
(MBA). All possible combinations of these four variables (substrate functionalization, 
concentration, temperature, sonication during rinsing) were used to grow the F-DMOF(Cu) 
(Table 6.1). 

Automatized LPE 

The synthesis of the SURMOFs was conducted using a home-made automatized system with 
control over the temperature, time of immersion, stirring and sonication. The sample holder 
can accommodate up to 6 substrates at the same time allowing growth of multiple samples 
in identical conditions for direct comparison. 
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6.2.2 Sample analysis 

Powder X-Ray Diffraction (PXRD) 

The phase purity (crystallinity) and crystalline orientation of the SURMOFs were identified 
by Powder X-ray Diffraction. The measurements were conducted on a Bruker PXRD at room 
temperature, using Cu−Kα radiations, at angles in the range of 2θ = 7−33°, at a step of 0.02°, 
with accumulation time 0.15 s per step. 

Atomic Force Microscopy (AFM) 

AFM images were acquired in contact mode in air on a Bruker Scan Assist AFM using the 
silicon nitride Burker ScanAsyst-Air tips. The measured data were treated with the software 
Nanoscope Analysis version 2.0. 

Scanning Electron Microscopy (SEM) 

SEM images were taken using a FEI VERIOS 460 scanning electron microscope allowing 
for the investigation of the SURMOF’s surface topologies. The pictures were taken with 5 
keV electrons at a beam current on 100 pA. 

Infrared Reflection Absorption Spectroscopy (IRRAS) 

IRRA spectra were taken using the Bruker A513/Q variable angle reflection accessory on a 
FT-IR spectrometer Bruker Vertex 80v at an angle of 70° (more grazing angle could not be 
used due to limitations in the set up and the dimension of the samples) with a resolution of 8 
cm-1. Each spectrum is the result of an accumulation of 200 scans. The incident light was not 
polarized. 

6.3 Results and discussion 
Pillar-layer-based MOFs with the following formula [M2L2P] (M: Cu, Zn, Co, Ni; L: 
dicarboxylate linker; P: dinitrogen linker) form 2D sheets composed of four dicarboxylate 
linkers binding to the metallic cation dimers at the equatorial coordination sites. These sheets 
are connected by the dinitrogen linkers coordinating the metal dimers at the apical 
coordination sites, acting as pillars (Fig. 6.4b and Fig. 5.1 in Chapter 5). Generally, 1,4-
benzenedicarboxylate units (BDC), also known as terephthalate, play the role of the linkers 
in the 2D sheets while 1,4-diazabicyclo[2.2.2]octane (dabco) or 4,4’-bipyridine play the role 
of the pillars. A prototypical MOF with such structure that has been reported as SURMOF is 
Cu2(bdc)2(dabco) or DMOF-1(Cu).24 
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Table 6.1: List of synthetic conditions used for the preparation of the samples and reference 
for sample labels. 

Synthetic parameters Values Code 

Linkers concentration 
0.02 mM c 
0.2 mM C 

*Sonication 
yes Y 
no N 

Temperature 
20 °C 20 
50 °C 50 

SAM 
MBA -M 
4pyr -P 

* during the rinsing step. 

 

 
Figure 6.2: SEM pictures of the different FDMOF-1(Cu) samples.  
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F-DMOF-1(Cu) or Cu2(fbdc)2(dabco) (where fbdc stands for 1,4-(2-fluorobenzene) 
dicarboxylate) is an analogous MOF where the terephthalate linker is replaced by a 
functionalized version of it, the 2-fluoroterephtalate (fbdc). When anchored on a substrate, 
the 2D sheets formed with fbdc can grow parallel (DABCO pillars perpendicular) or 
perpendicular (DABCO pillars parallel) to the substrate. It should be highlighted that, 
although many versions of tailored DMOF-1(Cu) or Cu2(bdc)2(dabco) were reported, to the 
best of our knowledge the singly fluorinated version of the material has not been yet reported, 
neither as a bulk material nor as a SURMOF.  
 
In general, for any potential application of a SURMOF, the thin film should be grown 
homogeneously over the whole functionalized area. Furthermore, for particular cases, such 
as for modulation of the dipoles orientation, proton/electron conductivity, gas detection, 
enantiomer separation/adsorption and others, it is necessary to have good control over the 
orientation of the SURMOF crystalline lattice. Therefore, the two main aspects studied in 
this work were the coverage of the SURMOF on the substrate and the SURMOF crystalline 
orientation.25–28 The four variables tested were: the type of functionalization of the substrate, 
the temperature during immersion in the reagents solutions, the concentration of linkers in 
solution, and the use of sonication (or not) during the rinsing step. Temperature and 
concentration are expected to mainly influence the growth kinetics and thus to strongly affect 
the coating coverage (extension, continuity, and thickness) and the size of the crystalline 
domains forming the thin film. Likewise, the functionalization of the substrate is expected to 
mostly influence the orientation of the SURMOF. The effect of sonication during rinsing is 
harder to predict. Although it is mainly used to remove non-covalently bonded species, it is 
also known to induce the growth of MOFs through the creation of hot-spots that initiate 
crystal nucleation.29,30 In addition, previous studies involving HKUST-1(Cu), have pointed 
out that sonication while rinsing has a positive influence over the properties of the thin film 
such as the surface roughness, overall morphology, optical properties and quality.31 The list 
of variables used for SURMOF growth and the code used to label each sample are listed in 
Table 6.1. 
 
The different samples resulting from the combination of these variables were evaluated by 
SEM, PXRD, and IRRAS. Specifically, coverage of the substrate and morphology of the 
crystallites were evaluated with SEM and AFM, the orientation of the crystalline lattice with 
PXRD and, indirectly, with IRRAS, and to some extent the chemical composition of the 
MOF with IRRAS.  

6.3.1 Layer coverage and morphology 
Essential requirements for device integration are the homogeneity and surface coverage of 
the SURMOF thin film. SEM analysis (Figure 6.2) shows that, regardless of the synthesis 
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conditions, there is always deposited material but the extent of the surface coverage differs. 
A first observation is that the low concentration of the linker has a detrimental effect on 
surface coverage when 50 °C are used for the synthesis. Yet, the crystallites population seems 
to increase at low concentration if sonication is applied. This might indicate that when 
sufficient energy is given to the system, the concentration of the linker is a limiting factor for 
the growth. In the case of sonication, additional energy is given in the form of hotspots that 
most likely create nucleation points where unwashed reagents still adsorbed at the surface 
(or trapped within the pores in later cycles) react. In fact, various ultrasound technics have 
proven to be an efficient method for the synthesis of MOFs.29,31,32 
 
Further differences between samples can be found within the morphology of the crystallites 
observed on the surface. In general, for identical sets of temperature, surface 
functionalization, and rinsing conditions, a decrease in the concentration of the linkers 
solution has an important impact on the morphology of the crystallites. While samples 
prepared with a higher linkers’ concentration yielded rectangular/square-shaped blocks with 
granular texture, samples prepared with low concentration yielded needle-shaped crystallites 
(Figure 6.2).  
 

 

Figure 6.1: Normalized PXRD diffractograms of the FDMOF samples that show clear 
crystalline peaks. The diffractograms of samples sharing equivalent synthetic conditions in 
terms of concentration, temperature, and thiol species but that differ in the rinsing conditions 
are paired (without sonication blue, with sonication red). The simulated diffractogram of 
DMOF-1(Cu), a MOF with identical interplanar distances, is used as reference. 
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The impact of the temperature is more subtle. The thin films grown at lower temperature 
seemingly display poorer coverage. In particular for the samples that were sonicated there is 
a certain trend of lower amount of large structures when the growth is performed at 20 °C 
compared to the 50 °C samples. Finally, no clear difference in morphology and coverage can 
be attributed to the type of functionalization of the substrate.  
 
Therefore, in these series, the best conditions to obtain thin films of FDMOF-1(Cu) in terms 
of coverage are higher temperature and higher concentration of linker, that is, the samples 
with code CY/N50. The nature of the surface-functionalizing-thiols seems to have little to 
no influence over the crystallite shape of this SURMOF.  
 
On a side note, the thickness and roughness of the aforementioned samples (CY/N50-M/P) 
were respectively measured to be in the range of 70-90 nm and 30-35 nm, excepted for CN50-
P displaying a thickness of 30 nm and a roughness of 35 nm as measured by AFM (see Table 
S6.2 and Figure S6.2). The differences in synthetic conditions, and associated differences in 
the kinetics of growth, explain the range of thicknesses obtained for the three thicker films. 
The significantly smaller thickness and higher roughness of CN50-P indicates that the sample 
is composed of a thin fragmented layer or a collection of big individual crystallites on a thin 
layer. We found a growth rate of 2.3 layer to 3 layers per cycle for the thick samples and 1.5 
layers per cycle for CN50-P, although the latter needs to be considered with precaution due 
to the high roughness of the SURMOF layer. Based on its lattice parameters (a = c = 15.48 
Å; b = 9.64 Å; " = # = $ = 90°)33,34, a pure epitaxial growth of FDMOF-1(Cu) should lead 
to an increase in thickness of about 1.6 nm per cycle or 0.96 nm per cycle, depending on its 
crystalline orientation. 
 
Non-linear growth rate, inhomogeneous growth and the growth of more than one layer per 
cycle are phenomena that were reported for various SURMOFs, in particular during the early 
stage of the growth.23,24,35 

6.3.2 Crystalline orientation 
Having control over the crystalline orientation can be of critical importance in several 
potential SURMOFs applications. For DMOF, the different length of each type of linker 
(terephthalate and dabco, Figure 6.1 and 6.4b) makes the crystalline structure anisotropic. 
This means that, for a thin film, the channels that will be accessible from the surface of the 
SURMOF will be different depending on the crystalline orientation on the substrate. The 
dimension and nature of the accessible channel determine whether or not specific guests will 
diffuse in the pores. In some cases, these differences in the channel sizes of DMOFs could 
be used for selectivity in guest diffusion by controlling the crystalline orientation of the 
corresponding SURMOF. This argument would concern, for example, applications like gas 
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storage/separation, sensors, membranes, molecular transport/storage, proton/electron 
conduction, in-pore polymerization and others.25–27 
 
The nature of the end group of the self-assembled monolayer on the substrate has proven to 
have a significant impact on the crystalline growth direction of multiple SURMOFs.24,36 
Metal clusters coordinate to the terminal functional group at the surface of the monolayer 
during the very first steps of the LPE. Therefore, the SAM usually acts as a molding template 
to control the orientation of the whole thin film.  
 
For the pillared-layer SURMOFs of the DMOF family, a SAM featuring terminal hydroxyl 
groups or nitrogen-based groups (amine, pyridyl) mimics the monodentate DABCO ligand 
and binds the copper acetate dimers to their axial positions, thus promoting the [001] growth 
orientation (layers parallel to the substrate). Contrarily, for carboxyl-terminated SAMs, the 
most favored coordination mode is as a bidentate ligand that bridges the two metallic cations 
of the metal dimer. Therefore, on such SAM, the paddle-wheel unit of the Cu2(OAc)4 
precursor is coordinated at its equatorial positions and promotes the [100] growth direction 
(layers perpendicular to the substrate).  
 
Here, the Au surfaces were functionalized with 4-mercaptomethyl benzoic acid (MBA) or 4-
pyridylethyl mercaptan (4pyr) prior to the growth of the thin film by LPE. The resulting 
orientations of the different samples were determined by PXRD. The diffractogram of 
DMOF-1(Cu) has two major diffraction peaks at 2q = 8.4° corresponding to the [100] 
crystalline plane and at 2q = 9.1° corresponding to the [001] crystalline plane. Since replacing 
one of the hydrogen atoms of the terephthalate ligand by a fluorine atom should not lead to 
any changes in the crystalline lattice, the detection of diffraction peaks at the aforementioned 
2q values are used to determine the crystalline orientation of F-DMOF-1(Cu) grown on the 
functionalized substrates.  
 
All samples grown on the carboxyl-terminated thiols gave clear diffraction peaks (samples 
with -M in their label), confirming their crystalline nature. Their diffractograms (Figure 6.3) 
showed peaks at around 8.4o and 16.8o, evidencing a pure [100] crystalline orientation 
regardless of any other synthetic conditions of temperature, concentration or sonication and 
despite clear differences in crystal morphologies as observed with SEM (Figure 6.2). For 
instance, taking sample CY50-M as reference, using lower temperature and lower linker 
concentrations (cY20-M) during the synthesis leads to a SURMOF with an identical 
diffractogram, although significant morphology differences are observed between the two 
samples.  
 
In the case of pyridyl-functionalized substrates, X-ray diffraction is only observed from 
samples prepared at high linker concentration and temperature (CY50-P and CN50-P). 
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Taking into account the observations made in the SEM analysis (Figure 6.2), where similar 
coatings and crystallite morphologies were detected on carboxylate- and pyridyl-terminated 
SAMs, these results suggest that F-DMOF(Cu) grows slower (thinner) or with a lower degree 
of crystallinity on pyridyl-terminated thiols.14 Moreover, although pyridyl-terminated thiols 
usually lead to [001] oriented thin films for the DMOF family, we observe a clear [100] 
orientation for CY50-P (Figure 6.3). The diffractograms of the other samples grown on 4-
pyridylethyl mercaptan can be found in Figure S6.3 of the supporting information. 
 
Similar behavior was observed in growth studies performed on the prototypical DMOF (no 
substitution in the terephthalate linker) and on an analogous SURMOFs with perfluorinated 
terephthalate linkers, F4DMOF-1(Cu).16,36 These studies showed that these materials are 
prone to twinning defects, a type of crystalline defect that can happen when one of the COO 
groups in the terephthalate linkers rotates 90°	relative	to	the	phenyl	plane. The rotation 
forces the next Cu(I) dimer that coordinates to this COO group to be oriented perpendicular 
to the Cu(I) dimer at the other end of the ditopic linker. This then leads to an inversion in the 
local crystalline orientation that can further propagate during the growth of the next layers, 
eventually shifting the orientation of the entire film. Thus, to synthesize a [001]-oriented 
film, the number of twinning defects created with each cycle of growth has to be kept to a 
minimum in order to prevent the gradual reordering of the film to the [100] orientation. This 
would explain why CN50-P is the only sample to show [001] crystalline orientation. Indeed, 
with no sonication during the rinsing step, CN50-P was kept free from turbulences or 
disruptions while the high concentration of the linkers solution and high temperature allowed 
efficient growth of the film, leading to a strong diffraction peak. CY50-P shows the reverse 
behavior, bringing up the hypothesis that sonication triggered twinning defects and the 
subsequent reorientation of the lattice of CY50-P towards the [100] direction. These 
observations, in agreement with the previously cited studies16,36, are suggesting the FDMOF-
1(Cu) to also be sensitive to twinning defects. 
 
Slight shifts (∼ 0.2°) between the diffraction peaks of the samples are observed. We speculate 
that perhaps different amounts of defects within the crystal structures of the samples, 
resulting from different growth conditions, are responsible for these shifts. Or, as it was 
reported for halogenated DMOF-1(Zn),37 interactions between the fluorine and hydrogen 
atoms of neighboring linkers could also affect interplanar distances, leading to a shift in 
diffraction angles. Also, there are some differences in the width of the peaks that are likely 
to arise from differences in crystallite sizes between samples (Scherrer equation), as observed 
on SEM images.38,39 Other factors may also contribute to the observed peak profile but we 
have not further investigated these phenomena.  
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Table 6.2: Comparison of the three linkers of FDMOF-1(Cu) and the orientation of their 
transition dipole moments of interest relative to the surface of the substrate. 

 DABCO BDC-(1) BDC-(2) 
 n(NCC) nas(COO) ns(COO) nas(COO) ns(COO) 

[100] ∥ ∥ ⊥ ∥ ∥ 
[001] ⊥ ⊥ ∥ ⊥ ∥ 

Transition dipole moments that are close and parallel to the surface (∥) are attenuated 
while those perpendicular (⊥) to it are enhanced.  

 

 

Figure 6.4: (a) IRRAS spectra of CY50-M/P (in red) and CN50-M/P (in blue) taken at an 
angle of incidence of 70° using non-polarized light. The arrow points at the nsN-C-C or nsNC3 

vibrational mode, from the dabco linker, whereas the nsCOO mode and the nasCOO mode in 
CN50-P are respectively labelled at 1420 cm-1 and 1635 cm-1. (b) 3D representation of 
FDMOF-1(Cu) with the DABCO linker in blue and the two terephthalate linkers in red and 
labelled (1) and (2) to distinguish the contribution of their symmetric and asymmetric COO 
stretching vibrations in IRRAS (see Table 6.2). Hydrogen and fluorine atoms omitted for 
clarity.  

Infrared Reflection Absorption Spectroscopy (IRRAS) was performed on the best thin films, 
that is, the ones showing the crystalline structure expected from FDMOF in the PXRD 
analysis as well as a good coverage in SEM inspection. In IRRAS, the reflection of an 
infrared beam at low angle (or near grazing incidence) is used on a mirror-like metal surface 
on top of which the material lays. In such conditions, the electric field vector of the infrared 
radiation perpendicular to the surface of the substrate is enhanced.40 Therefore, the detection 
of IR modes with dipole transition moments perpendicular to the Au-coated substrate from 
molecules close to the surface is increased, whereas the modes with dipole transition 
moments parallel to the substrate become strongly attenuated, or suppressed.  
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In Figure 6.4a, the main differences in the IRRAS spectra of the selected FDMOF samples 
are the intensity ratio of the carboxylate symmetric to asymmetric stretching modes 
(respectively at 1425 cm-1 and 1625 cm-1) and the presence of the vibrational mode associated 
to nsN-C-C or nsNC3 bond vibration in the spectrum of CN50-P (indicated by the arrow at 
1005 cm-1 in Figure 6.4a).41,42 These differences likely arise from the different directions of 
the transition dipole moments of those vibrational modes related to the surface at each of the 
two crystalline orientations of the prepared SURMOFs.  
 
The transition dipole moment of the symmetric COO stretching modes is in-plane and along 
the longitudinal axis of the terephthalate unit, whereas the transition dipole moment of the 
asymmetric COO stretching mode is also in-plane but perpendicular to the longitudinal 
axis.36 On the other hand, the vibrational mode at 1005 cm-1 related to the DABCO linker, 
has a transition dipole moment along the longitudinal axis of the DABCO. 
 
In the [001] configuration, all dicarboxylate linkers are found in the crystalline plane parallel 
to the surface. However, given the geometry of the copper paddlewheel, the plane containing 
the carboxylic groups lays perpendicular to the surface. This means that, close to the surface, 
the asymmetric stretching mode will be enhanced and the symmetric one attenuated. In 
contrast, for the [100] crystalline orientation, the dicarboxylate linkers are in a plane 
perpendicular to the substrate, with one terephthalate linker (1) perpendicular to the surface 
and the other (2) parallel to it. Consequently, the ns(COO) of terephthalate (1) could be 
enhanced and the ones in (2) attenuated, whereas in all cases the nasCOO would be attenuated. 
In the case of the vibrational mode related to the DABCO linker, only the [001] orientation 
would show a surface enhancement of the IR absorption. The different combinations are 
summarized in Table 6.2 and the structure of the material is displayed in Figure 6.4b. 
 
We thus assign the band at 1635 cm-1 in CN50-P to the nasCOO. This band is either 
suppressed or appears as a shoulder at 1626 cm-1 (9 cm-1 red shift) in the other samples, 
overlapping with the phenyl vibrational modes (1597 cm-1). The higher intensity of nasCOO 
in CN50-P is attributed to the different crystalline orientation of this sample compared to the 
others. As explained above, for a [001] oriented thin film, an enhancement of the nasCOO 
mode is expected. An analogous behavior for the absorbance ratio between nsCOO and 
nasCOO peaks has been observed in similar SURMOFs.17 In line with these results, the weak 
absorption of the vibration mode related to the stretching of the N-C/C-C bonds of the 
DABCO (1005 cm-1) is only visible for CN50-P, the only thin film in which the diamine 
linker is found to be perpendicular to the surface.  
 
Regarding the frequency shift of nasCOO and some other bands (see Table S6.1 for the 
complete peaks assignment), we speculate that they could originate from various sources. In-
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phase and out-of-phase vibrations within the crystalline lattice of the MOF can have an effect 
in the IR frequencies.43 We can also not dismiss that different defects might be present when 
the SURMOF is grown in distinct orientations. Yet, the exact origin of the slight shift is 
outside the scope of this work. 

6.4 Conclusions 
In this work, we investigated how the characteristics (substrate coverage, morphology, and 
crystalline orientation) of thin films of Cu(2-fluoroterephthalic acid)(dabco)0.5, FDMOF-
1(Cu), are affected by factors such as the substrate functionalization, growth temperature, 
reagents concentration, and use of sonication during the rinsing step of the Liquid Phase 
Epitaxy method. As a result, highly oriented SURMOFs layers of FDMOF-1(Cu) were 
obtained while relationships between layer morphology and reagent concentrations, as well 
as between crystalline orientation and substrate functionalization were highlighted. To the 
best of our knowledge, this is the first report of the synthesis of Cu(2-fluoroterephthalic 
acid)(dabco)0.5. 
 
We showed that 20 cycles of growth using the Liquid Phase Epitaxy method on thiol-
functionalized Au substrates yield better layers when the synthesis is performed at 50 °C and 
common linkers’ concentrations than at 20 °C or using low linkers’ concentration. The 
temperature of the solutions also influenced the morphology of the crystal, yielding needle-
shaped crystals at 20 °C and square-shaped crystals at 50°C. Surprisingly, PXRD analysis 
revealed that both carboxylic- and pyridine-functionalized substrates yielded the [100] 
orientation. Only a unique set of conditions (high linkers’ concentration, high temperature, 
no sonication, pyridyl-terminated SAM) lead to a [001] oriented film. This suggests that 
FDMOF is sensitive to twinning defects occurring at early stages of the growth of the thin 
film, similarly to previously reported studies on other specimens of the DMOF family. These 
observations suggest that the nature of the SAM used to functionalize the substrate does not 
always play the main role in the determination of the orientation of the thin film as the final 
properties of the SURMOF rely on a delicate combination of various parameters, that even 
varies if other linkers are used.  
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