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Chapter 5 

4 Effect of the Linkers’ Functionalization on the 
Synthesis of SURMOFs from the  

5 DMOF-1(Cu) Family* 

Abstract 
Metal-organic frameworks (MOFs) have received a great amount of attention for their numerous 
properties that material scientists are trying to exploit in various applications ranging from catalysis 
to electronics. However, the synthesis of surface-mounted metal-organic frameworks, created to 
enable the integration of MOFs into devices, and the effect of synthesis conditions on their 
properties remain vaguely understood and hinder the development of MOF-containing devices. In 
this study, we synthesize five [M2L2P] type SURMOFs of the DMOF-1(Cu) family with different 
functional groups attached to their dicarboxylate linkers using identical growth conditions to 
investigate the effect of the linker’s nature on the properties of MOFs’ thin films. Scanning electron 
microscopy, x-ray diffraction and infrared reflection absorption spectroscopy show significant 
differences in crystallinity and topography between materials. Yet, the level of influence that each 
synthesis parameters have over the properties of the SURMOFs remain elusive. The comparison 
these results with other studies on the growth of SURMOFs provides perspective on the matter and 
emphasize the need for the development of growth models that take into account all interactions 
among the functionalized surfaces and the MOF precursor locally and at the molecular level to 
solve the challenges of SURMOF synthesis.  

  

 

* Lugier, O.; Amairi, M.N.; Castellanos, S.; “Effect of the linkers’ functionalization on the synthesis of 
SURMOFs from the DMOF-1(Cu) family”; manuscript in preparation. 
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5.1 Introduction 
Metal-organic frameworks (MOFs) are organic-inorganic crystalline materials first 
discovered in the late 1990s.1 They are composed of inorganic clusters, commonly metal oxo 
clusters, linked to each other by organic ligands, also called linkers, forming 1D, 2D or, 
usually, 3D structures. The prototypical MOF is crystalline with an astonishing porosity that 
provides a very high surface to volume ratio.  
 
MOFs have quickly gained steam in the scientific and industrial communities alike because 
of their great potential for structural and chemical tuning. Their tunability can be used to 
optimize the material for its intended application by adjusting key features, e.g., 
conductivity,2,3 fluorescence4 or catalytic potential,5,6 without major impact on its general 
structural properties. For these reasons, these materials captured the interest of material 
scientists as evidenced by the more than 90,000 synthesized MOF structures and 500,000 
modeled ones in the last 30 years.7 
 
Yet, MOFs’ device integration remains a challenge as these materials are mostly synthesized 
in the form of crystalline powders or monocrystals. Even though, the development of surface-
mounted metal-organic frameworks (SURMOFs) partially solved this issue, progress is 
required to better understand and control the mechanisms governing their synthesis.8,9 
 
SURMOFs are nanometer- to micrometer-thick thin films of MOFs grown directly attached 
to the surface of a substrate. Their anchoring is often attained by covalent bonding through a 
Self-Assembled Monolayer (SAM). SAMs are composed of individual molecules bearing a 
functional group with high affinity for the substrate, usually located at one end of the 
molecule. When the adequate substrate is brought in contact with SAM molecules in 
favorable conditions, they self-assemble to form a continuous monolayer with well-defined 
packing and long-range order. The functional group located at surface of the SAM acts as a 
nucleation point for SURMOF crystals. The two main SAM species are thiols and silanes, 
functionalizing coinage metals and hydroxylated surfaces, respectively.10,11 
 
Liquid phase epitaxy (LPE) is the main method used to grow SURMOFs. LPE enables a 
relatively accurate control over the thickness, coverage, homogeneity and even crystalline 
orientations of the thin films. Most SURMOFs are synthesized via layer-by-layer (LBL) 
methods using LPE technics as they proved the most efficient for a controlled growth.12,13 
 
To complicate matters, experimental growth studies have shown that synthetic parameters 
are not easily transferable from SURMOF to SURMOF, even for specimens of the same 
MOF-family. This means that tedious experimental screenings are often needed to synthesize 
an optimized SURMOF for its intended application. Moreover, help from growth models is 
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limited as only few simulations and theoretical studies have been conducted on these 
materials, although the field is rapidly developing.14,15 
 
For most applications, MOFs thin films have requirements regarding their coverage, 
thickness and crystallinity for optimum performance. The crystallinity comprises two 
parameters, the crystalline quality and the crystalline orientation. The former describes the 
size and purity of the crystalline domains and the latter their orientation relative to the surface 
of the substrate. Crystalline orientation requires consideration in certain applications for 
MOFs with anisotropic unit cells. This is because the nature and dimensions of the channels 
and pores accessible at the surface of such a SURMOF are different depending on its growth 
orientation in relation to the substrate’s surface. Therefore, the diffusion of selected guests 
(molecules, ions, polymers, etc.) inside such material is regulated by the SURMOF’s crystal 
orientation through size or chemical selectivity. Examples of applications where this property 
is critical include membranes, gas storage/separation, sensors, in-pore polymerization, 
dipoles modulation, and enantiomer separation, among others.16–20 
 
DMOF-1(Cu), or [Cu(bdc)(dabco)0.5] (bdc = 1,4-benzenedicarboxylate, dabco = 1,4-
diazabicyclo[2.2.2]octane), is one of the simplest system of pillar-layer-based MOFs with 
the following formula [M2L2P] (M: Cu, Zn, Co, Ni; L: dicarboxylate linker; P: dinitrogen 
linker).21 They form 2D sheets of four dicarboxylate linkers binding the metal dimers at their 
equatorial coordination sites while the dinitrogen linkers act as “pillars” that coordinate the 
apical coordination sites, effectively bonding neighboring 2D sheets (Fig. 5.1 and Fig. 5.4). 
One of the advantages of DMOF-1, and many [M2L2P] species comes from their tuneability. 
For instance, in DMOF-1, the aromatic ring of the bdc linker is relatively easy to 
functionalize enabling the inclusion of selected functional groups in the material and the fine-
tuning of some properties of the material.22 
 
Here, we investigate the influence of the functional group of the dicarboxylate linker on the 
crystalline orientation of five X-DMOF-1(Cu) thin films. The homogeneity of the coverage 
was also considered, although the limited number of growth cycles used during the layer-by-
layer LPE synthesis led to low amounts of material deposited and a greater inhomogeneity. 
The dicarboxylate linkers tested are 1,4-benzenedicarboxylate, 2-nitroterephthalate (NO2), 
2-fluoroterephthalate (F), 2-bromoterephthalate (Br) and tetrafluoroterephthalate (F4). They 
form DMOF-1(Cu), NO2-DMOF-1(Cu), F-DMOF-1(Cu), Br-DMOF-1(Cu) and F4-DMOF-
1(Cu), respectively. 
 
Each SURMOF was grown on a carboxyl-terminated and a pyridyl-terminated SAM of 
thiols, namely 4-mercaptomethyl benzoic acid (MBA) and 4-pyridylethyl mercaptan (4pyr), 
respectively. Surface coverage and topography were characterized by scanning electron 
microscopy (SEM) and atomic fore microscopy (AFM) while crystalline orientation and 
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quality were assessed with powder x-ray diffraction (PXRD). Infrared reflection absorption 
spectroscopy (IRRAS) provided additional information on the chemical compositions and 
crystalline orientation of the SURMOFs.  

 

Figure 5.1: Chemical structure of one node in DMOF-1(Cu). Hydrogen atoms omitted for 
clarity. 

5.2 Experimental 

5.2.1 Sample preparation 

Substrate preparation 

1 × 1 cm2 silicon substrates were sputter coated with a Leica EM ACE600 with a 5 nm- or 
10 nm-thick chromium adhesion layer, then with a gold layer of 40 nm to 100 nm. The 
samples were then functionalized with Self-Assembled Monolayers of thiols, either 4-
pyridylethyl mercaptan (4pyr) or 4-mercaptomethyl benzoic acid (MBA), by immersion in a 
2 mM ethanol solution of the chosen thiol for 24 hours. A few drops of hydrochloric acid 
were added to the MBA solution to lower its pH to approx. 3. 
Prior to the functionalization, all samples were cleaned using common UV-ozone procedure 
(30 min). 

SURMOF growth 

The SURMOFs were synthesized using the Liquid Phase Epitaxy (LPE) method23 with 
ethanol solutions of the reagents. A growth cycle consists of 15 minutes of immersion in a 
copper acetate hexahydrate solution (1 mM), 4 minutes of rinsing in pure ethanol, 30 minutes 
of immersion in an equimolar solution of DABCO and the dicarboxylate linker (0.2 mM), 4 
minutes of rinsing in pure ethanol.  
A total of 20 cycles were used for each sample. The solutions were heated up to 50 °C with 
sonication (80 Hz) during the rising step. 
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Automatized LPE 

A home-made automatized system with control over the temperature, time of immersion, 
stirring and sonication was used to ensure a reproducible synthesis of the samples.  

5.2.2 Sample analysis 

Powder X-Ray Diffraction (PXRD) 

The crystalline phase purity 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 = 7−35°, 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 SURMOFs’ 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. The incident light was not polarized. 

5.3 Results 
To simplify the discussion, code names are used to distinguish between SURMOFs grown 
on MBA from those grown on 4pyr. A thin film of F-DMOF-1(Cu) grown on 4-pyridylethyl 
mercaptan (4pyr) is written as F-4pyr and a thin film of NO2-DMOF-1(Cu) grown on MBA 
is written as NO2-MBA. The full name, X-DMOF-1(Cu), is used when describing the 
material regardless of the type of substrate functionalization. Finally, to avoid confusion, 
samples of DMOF-1(Cu) are written as H-DMOF-1(Cu).  
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5.3.1 Layer coverage and morphology (SEM) 
SEM analysis (Fig. 5.2 and Fig. S5.1 in Supporting Information) shows that, regardless the 
functionalization of the linker, some material is always deposited on the substrate. However, 
the extent of the surface coverage significantly differs with the type of linker. Films of H-
DMOF-1(Cu) and F-DMOF-1(Cu) are composed of tightly packed, intergrown nanocrystals 
providing a continuous coverage of the substrate while NO2-DMOF-1(Cu), Br-DMOF-1(Cu) 
and F4-DMOF-1(Cu) show well-defined µm-scale crystallites randomly dispersed over the 
surface often forming clusters.  
 

 

Figure 5.2: SEM micrographs of each SURMOF sample grown on MBA-functionalized 
(top) and 4pyr-functionalized Au substrates. 



5.3 Results 

 

85 

85 

The SURMOFs composed of the big crystals can be divided into two groups. On one hand, 
Br-DMOF-1(Cu) displaying uniform cubic crystals and, on the other hand, NO2- and F4-
DMOF-1(Cu) composed of distinctive plate-shaped crystals. On the SEM micrographs these 
plate-shaped crystals either appear as dark tiles lying flat on the surface or as bright tiles 
tilted upright. 

5.3.2 Crystalline orientation (PXRD) 
As explained in the introduction, DMOF-1 is composed of two distinct linkers and an 
anisotropic crystalline lattice with two distinct crystalline directions. This means that the 
crystals and thin films of the MOF that form on a substrate can have one of two possible 
crystalline orientations relative to the substrate (Fig. 5.4a). The [001] orientation (dabco in 
the plane perpendicular to the surface) and the [100] orientation (dabco in the plane parallel 
to the surface). Therefore, DMOF-1 has two main diffraction peaks observed in PXRD, one 
at 2θ = 8.4° corresponding to the [100] orientation, and the other at 2θ = 9.1° corresponding 
to the [001] orientation (Fig. 5.3). The shorter distance between parallel crystalline planes in 
the [001] orientation (Ldabco < Lbdc) yields a bigger 2θ angle. In addition, the surface pores of 
a [001]-oriented film of DMOF-1, formed by the four terephthalate linkers, and those of a 
[100]-oriented film, formed by two terephthalates and two dabco linkers, have diameters of 
~0.7 nm and ~0.4 nm, respectively.24–26 
 
All five X-DMOF-1(Cu) specimens studied here are expected to share comparable 
crystalline lattices, and thus similar 2θ values. H-MBA is predominantly [100]-oriented with 
a relatively small contribution of [001]-oriented domains while the exact opposite is observed 
for H-4pyr. In the selected growth conditions, H-DMOF-1(Cu) follows the trend expected 
by the templating effect of each of the SAMs (see discussion for more details). However, the 
results obtained for the other X-DMOF-1(Cu) specimens are not as consistent. The films of 
NO2-, F- and Br-DMOF-1(Cu) display crystalline orientations that are independent from the 
type of functionalization. NO2-DMOF-1(Cu) remains mainly [001]-oriented with a sizeable 
amount of [100]-oriented domains, as evidenced by the relatively intense diffraction peak 
detected at 9.3°. F-DMOF-1(Cu) shows a unique diffraction peak at 2θ = 8.7°, although a 
second peak seems to appears above the noise level at 2θ = 9.3° for F-4pyr. Br-DMOF-1(Cu) 
displays two almost identical peaks, suggesting an equal concentration of [100]-oriented and 
[001]-oriented domains. For unclear reasons, NO2- and Br-DMOF-1(Cu) have stronger [200] 
diffraction peaks (2θ = 16.5°) than [002] diffraction peaks (2θ = 18.6°). F4-MBA grows in 
the [001] direction with traces of [100]-oriented crystallites while a third unassigned 
diffraction peak is detected at 2θ = 10.2°. F4-4pyr also is mainly [001]-oriented, but the 
concentration of the unidentified domains increases significantly while no [100]-oriented 
domains are detected. We speculate that the unassigned peak might be caused by catenation  
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Figure 5.3: Normalized PXRD diffractograms. Each specimen is described by the code name 
of its linker. Theoretical H is the diffractogram of the theoretical crystalline lattice of DMOF-
1(Cu). 

(interpenetration or interweaving of MOF frameworks),27 although the investigation of this 
phenomenon was out of the scope of these experiments.  
 
Overall, we observe a significant decrease in signal to noise for the diffractograms of 
SURMOFs grown on pyridyl-functionalized substrates. A similar observation was made in 
our previous study on the growth of thin films of F-DMOF-1(Cu) where it was suggested 
that the SURMOFs grows slower (thinner) or with smaller crystalline domains on pyridyl-
terminated thiols, based on complementary AFM analysis and previous reports.28,29  
 
Slight shifts are observed for some diffraction peaks. They can be caused by slight 
discrepancies in measurement conditions (sample height) or by differences in the interplanar 
distances between materials. Interactions between linkers, metal centers and other moieties 
potentially present in the pores are also known to distort the angles of the unit-cell in metal-
organic frameworks.30,31 The widening of the diffraction peaks stems from the convolution 
of the instrumental profile and sample-related contributions like an inhomogeneous 
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distribution of the crystallite sizes or the presence of defects such as stacking faults and 
microstrains.32,33  

5.3.3 Spectroscopic analysis (IRRAS) 
Infrared Reflection Absorption Spectroscopy (IRRAS) was performed on the samples. In this 
technique, the electric field vector of the infrared radiation perpendicular to the surface of 
the substrate is enhanced.34 This means that, for the molecules close to the surface, the 
detection of IR modes with dipole transition moments perpendicular to the Au-coated 
substrate is increased. Inversely, the modes with dipole transition moments parallel to the 
substrate’s surface are strongly attenuated, or suppressed. Consequently, IRRAS can provide 
information on the crystalline orientation of the SURMOFs, in addition to the chemical 
information typically obtained from IR measurements.30  
 
As described in other studies (chapter 6)28, for a [001]-oriented X-DMOF-1(Cu), the 
symmetric vibration dipole moments of the COO groups are parallel to the surface, yielding 

attenuated nsCOO bands, while their asymmetric counterparts are perpendicular to the 

surface, yielding amplified nasCOO bands. This effect is also seen for other bands such as 

the nasC=C or the fingerprint of the terephthalate linker as well as other material-specific 

bands. The effect of the crystalline orientations over nasCOO, nsCOO and the aromatic C-H 

bending modes, dC-H at ~750 cm-1, for the ideal X-DMOF-1(Cu) are listed in Table 1. The 
crystalline structure of X-DMOF-1(Cu) is displayed in Figure 5.4b. 
 
A first look at the IRRAS data reveals notable shifts in wavenumbers between the spectra of 
SURMOFs featuring different functional groups. Each functional group has a unique 
influence over the bond vibrations of the aromatic ring and carboxylates. Their electron 
withdrawing or donating effects weakens or strengthens the metal-linker bond, respectively. 
A copper-carboxylate bond that is weakened by an electron withdrawing group, like NO2, 
yields red-shifted COO vibrational bands, as seen Figure 5.4b. Moreover, we speculate that 
differences in crystalline structures and in-phase or out-of-phase vibrations of the extended 
crystalline lattice of each type of DMOF-1(Cu) can have and additional effect on the IR 
frequencies.35  
 
The influence of the type of functionalization on each type of DMOF-1(Cu) was investigated 
by comparing the spectra of their thin films on MBA and 4pyr. For H-DMOF-1(Cu), we 

observe notable differences in the intensity of the absorption bands of their nasCOO for both 
free carboxylic acids and Cu-bonded carboxylates at 1700 cm-1 and 1630 cm-1, respectively. 

The relative intensity of the nsCOO mode at 1436 cm-1, the 19a absorption band (a mix of 

nasC=C and nC-H from the aromatic ring)36 at 1585 cm-1 and the fingerprint region of the 
terephthalate between 700 cm-1 and 850 cm-1 are all influenced by the SAM. 
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Figure 5.4: (A) 3D representation of DMOF-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 5.1). Hydrogen 
atoms omitted for clarity. (B) IRRAS spectra of the X-DMOF-1(Cu) taken at an angle of 
incidence of 70° using non-polarized light. 
 
 

Table 5.1: Comparison of the orientation relative to the substrate’s surface of the transition 
dipole moments of the terephthalate linkers of X-DMOF-1(Cu). 

 BDC-(1) BDC-(2) 

 nas(COO) ns(COO) dC-H nas(COO) ns(COO) dC-H 
[100] ∥ ⊥ ∥* ∥ ∥ ⊥* 

[001] ⊥ ∥ ⊥* ⊥ ∥ ⊥* 

Transition dipole moments that are close and parallel to the surface (∥) are attenuated while 
those perpendicular (⊥) to it are enhanced.  
* the aromatic rings flip 180° along their C2 axis. 
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As shown in Table 5.1, the differences in the terephthalate fingerprint arise from the 
orientation of the terephthalate linkers relative to the surface. In a purely [100]-oriented film, 
50% of the terephthalates are located in planes parallel to the surface against 100% in a purely 
[001]-oriented film. This means that, although the rings are flipping alongside the C2 axis of 
the molecule,37 the number of transition dipole moment potentially aligned with the surface 
normal differs depending on the orientation. Hence the discrepancies in the intensities of the 
bands associated to the aromatic rings. 

NO2-MBA and NO2-4pyr are almost identical with a slight attenuation of nasCOO at 1650 
cm-1 for NO2-4pyr. This was expected as PXRD showed a higher concentration of [100]-
oriented domains in NO2-4pyr than in NO2-MBA. Exclusive to NO2-DMOF-1(Cu), the NO2 
stretching vibration modes are observed at 1540 cm-1 and at 1350 cm-1 (shoulder). As 
mentioned before, the strongly electron withdrawing nitro group is responsible for 

weakening the metal-ligand bond strength resulting in the blue-shift of the nasCOO of NO2-
DMOF-1(Cu) compared to H-DMOF. A similar effect is observed for F4-DMOF-1(Cu). 
For F-DMOF-1(Cu), the asymmetric COO stretching and asymmetric C=C stretching modes 
at 1627 cm-1 and 1595 cm-1, respectively, appear less intense in F-MBA than in F-4pyr 
suggesting that F-4pyr has a higher concentration of [001]-oriented domains, relatively to F-
MBA. This observation echoes with the weak diffraction peak detected above the noise level 
at 2θ = 9.4° on the diffractogram of F-4pyr (Fig. 5.3). 
For Br-DMOF-1(Cu), the IRRAS spectra are identical besides small baseline discrepancies. 
Again, these results were expected based on their diffractograms showing identical 
crystalline orientation regardless of the type of functionalization. 
The main difference between the spectra of F4-MBA and F4-4pyr is the significantly higher 

intensity of nasCOO at 1670 cm-1 for F4-MBA due to differences in their orientations. Minor 
differences are also observed in the terephthalate fingerprints, most likely stemming from 
the unassigned crystalline domains of F4-4pyr that yielded a diffraction peak at 2θ = 10.2°. 
The band at 1000 cm-1, also detected for F-DMOF-1(Cu) at slightly lower wavenumbers, is 
assigned to the stretching vibration mode of C-F. 
 
The weak bands detected at 1730 cm-1 for NO2-DMOF-1(Cu), Br-DMOF-1(Cu) and F4-
DMOF-1(Cu), and at 1700 cm-1 for DMOF-1(Cu), indicate that non-bonded carboxylate 
groups are present in the structure from incomplete synthesis and structural defect in the 
material. In each pair, except for DMOF-1(Cu), the amount of free acid seems to be 
independent of the type of functionalization. 

5.4 Discussion 
SEM micrographs confirmed that the layer-by-layer LPE growth conditions tested in this 
study successfully deposit material regardless of the synthesized DMOF-1(Cu) derivative, 
although homogeneous coverage could only be obtained for H-DMOF-1(Cu) and F-DMOF-



Effect of the Linker’s Functionalization on SURMOFs from the DMOF-1(Cu) Family 

 

90 

90 

1(Cu). The growth of other X-DMOF-1(Cu) analogues yielded agglomerated µm-scale 
crystallites scattered on the surface.  
 
PXRD and IRRAS analysis, showed that the type of surface functionalization has little 
influence on the shapes, numbers and primary crystalline growth direction of the SURMOFs. 
Only the thin films of H-DMOF-1(Cu), F4-DMOF-1(Cu) and, to a lesser extent, F-DMOF-
1(Cu) grew differently on carboxyl-terminated thiols and pyridyl-terminated thiols. 
 
On the other hand, the functional group attached to the terephthalate proved strongly 
influential to both the surface coverage and the crystalline orientation of the films. While the 
surface coverage, usually attributed to different nucleation rates or growth rates, is expected 
to improve with the addition of growth cycles to our relatively short procedure, the lack of 
clear trend regarding the crystalline orientation of the films complicates the identification of 
its determining parameters. Nevertheless, comparing our results with hypotheses proposed 
in previous reports on SURMOF growth can provide some insights. 

Table 5.2: Summary of the measured coverage and crystalline properties of each X-DMOF-

1(Cu) thin film synthesized in this study.  

MOF Coverage Crystal shape 
Crystalline orientation 

main (secondary) 

H 
MBA homogeneous undistinguishable 

100	(001) 
4pyr 001	(100) 

NO2	 MBA	 poor	 tiles	 001	(100)	
4pyr	

F	 MBA	 homogeneous	 undistinguishable	 100	
4pyr	 100	(001*)	

Br	 MBA	 poor	 cubes	 100	/	001	
4pyr	

F4	 MBA	 poor	 tiles	 001	(100	/	unassigned)	
4pyr	 001	(unassigned)	

*very weak diffraction peak 

Multiple studies identified the templating effect of the SAM as the dominant parameter for 
the crystalline growth direction of SURMOF. There, the authors postulate that the growth 
direction is given by the terminal groups of the SAM during the nucleation phase and solely 
depends on how the SAM molecules coordinate the metal-clusters.21,38,39 Taking the growth 
of X-DMOF-1(Cu) as an example, the hypothesis states that the carboxyl-terminated thiols 
featuring the same coordination groups than dicarboxylate linkers would bind to the first 
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copper dimers at the equatorial position, thus commanding a growth towards the [100] 
crystalline direction to the entire system. Contrarily, pyridyl-terminated thiols would 
preferentially bind to the axial positions and promote the [001] orientation. However, the 
experimental results obtained in the conditions of our study refute this hypothesis. 
 
Another report on the growth of X-DMOF-1(Cu) and X-DMOF-1(Zn) on pyridyl-terminated 
SAMs, proposed the pKa of the dicarboxylate linker as determining factor for the orientation 
of the films. Although the cause of this effect remains unclear, the authors showed that purely 
[001]-oriented films could only be obtained for materials which bdc linkers have a pKa value 
higher than 2.5.40 Again, our results disagree with this hypothesis. Four of our samples are 
predominantly [001]-oriented, namely H-4pyr, NO2-4pyr, F4-4pyr and F4-MBA. The pKa 
values of their respective dicarboxylate linkers are 3.5, 1.79 and 1.42. Moreover, F4-MBA, 
the sample made out of the most acidic linker tested and a [001]-unfavorable thiols, displayed 
one of the purest [001] orientation of the batch.  
 
A third hypothesis suggests that the minimization of surface energies and ripening 
(recrystallization) combine as determining factor for the crystalline orientation of [M2L2P] 
type SURMOFs.41 The authors commented that as long as the energy provided to the system 
remains below the threshold for Ostwald ripening and recrystallization, the orientation of the 
film is determined by the phenomenon of surface energies minimization. Another study on 
thin films of DMOF-1(Cu) also reported on the major influence of temperature on the 
crystalline orientation 42  
 
The pKa and ripening hypotheses are likely to be related. Indeed, the growth of SURMOFs 
is a ligand-exchange equilibrium between the original ligands of the metal clusters and the 
new linkers which yields the thermodynamic product, i.e., the MOF. Because the 
carboxylate-metal coordination bond weakens with decreasing pKa (increasing acidity), 
acidic linkers favor ripening and recrystallization. We observed a similar behavior in our 
samples. H-DMOF-1(Cu) and F-DMOF-1(Cu), the specimens with the less acidic linkers, 
form layers of packed nanocrystals as expected from a system with limited recrystallization. 
On the other hand, the SURMOFs comprising more acidic linkers exclusively display large 
µm-scale crystals as the less thermodynamically stable nanocrystals (high surface to volume 
ratio) were dissolved and redeposited during synthesis. 
 
Regardless, neither of these hypotheses can be verified nor rejected with certainty because 
of slight differences in the synthetic conditions or type of SURMOF used in each study. For 
instance, experiments in which the templating effect of the SAM was shown to govern the 
orientation of the SURMOF were mostly conducted on HKUST-1(Cu). The authors of the 
surface energy minimization hypothesis suggested that the templating effect has a relatively 
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greater importance for materials with an isotropic unit cell, such as HKUST-1(Cu). They 
argued that there is less energy to be gained from reorientation for such crystals.41  
 
The hypothesis combining temperature and metal-linker bond strength appears to be the most 
probable due to the known relationship between these parameters and crystal growth rates or 
recrystallization. Moreover, the influence of surface energy minimization is a common 
notion in the field of crystal growth. Nevertheless, its influence appears constrained to 
[M2L2P] type SURMOFs.  
 
Finally, it is important to remark that the aforementioned studies, as well as ours, overlooked 
synthetic parameters known to affect SURMOF growth (e.g., water concentration in reagent 
solutions, length of the SAM molecules)43,44 as well as other behavioral phenomena observed 
in bulk MOFs that could also influence films of these materials (e.g., catenation, 
swealing/breathing, flexibility).27,45,46 
 
Although our observations and comparisons do not provide a definitive answer, they 
highlight that many of the variables surrounding the growth of SURMOFs can be 
intercorrelated. This interdependency observed between the synthesis parameters 
complicates the assessment of their precise nature and influence, and emphasize the need for 
extensive experimental screenings and the development growth models. For as mentioned 
earlier, the successful device integration of the promising materials that are metal-organic 
frameworks remains limited by the effectiveness of the available growth methods. 

5.5 Conclusions 
In this work, we investigated how the functional group of the terephthalate linkers impacts 
the crystalline orientation and coverage of copper-based SURMOFs of the DMOF-1(Cu) 
family, or Cu(bdc)(dabco)0.5 where bdc = 1,4-benzenedicarboxylate and dabco = 1,4-
diazabicyclo[2.2.2]octane, using identical liquid phase epitaxy (LPE) layer-by-layer (LBL) 
growth conditions. Each SURMOF was grown on a pyridyl-functionalised Au-substrate and 
a carboxyl-functionalized Au-substrate. The following functional groups were tested: NO2, 
F, Br and tetrafluoro (F4). 
 
We show that, for our set of synthesis conditions, the SAM has little influence over the 
SURMOFs’ properties as opposed to the nature of the dicarboxylate linkers. We observe a 
correlation between the sizes of the crystallites and the pKa of the linkers. Homogeneous 
layers of tightly packed nanocrystals could only be obtained using the less acidic linkers. The 
parameters controlling the crystalline orientation of the SURMOFs are more complicated to 
identify with precision. Nevertheless, the relationship between linker’s pKa and crystallite’s 
properties suggests that crystalline orientation and acidity could be related.  
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Comparing the hypotheses proposed in previous studies on the growth of SURMOF to the 
results obtained here provided some perspective. Yet, no clear answer could be provided 
besides that the properties of the films depend on a blend of synthetic conditions which 
influence seemingly varies depending on the general conditions of the synthesis and the type 
of MOF. Theoretical calculations could help to precisely describe the mechanisms defining 
the growth of these materials. 
With this work we emphasize the need for extensive experimental screening of SURMOF 
synthesis and for the development of growth models to unlock the full potential of these 
promising materials.  
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