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Metal-Organic Frameworks (MOFs) are crystalline compounds formed from reacting a metal ion
with an organic ligand. They represent a promising new avenue in materials science for gas
separations and storage. Certain MOFs, in particular Mg-MOF-74, have shown a strong affinity
for the capture of CO2. This project investigated a known procedure for the synthesis of MgMOF-74 thin-film onto a chemically-treated glass substrate with the goal of improving process
consistency and creating a standard operating procedure. Using drop casting, consistent films
with 1-8 layer thicknesses were created. Through FTIR, CO2 transmittance was shown to
decrease as film thickness increased, demonstrating improved CO2 uptake. The procedure was
modified so that the aluminum hotplate covering was removed, which allowed for more even
substrate heating. Additionally, ultra-sonication cleaning time was increased from 10 seconds to
30 seconds to ensure complete removal of particulate waste. Issues of surface cracking are a
point for future investigation.
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1. Introduction
Metal organic frameworks (MOFs) are crystalline compounds formed by reacting an organic
ligand with a metal ion. They are a growing topic of interest for both chemical engineers and
material scientists, with several applications. One of the most promising is gas storage. Their
ability to store gases stems from their immense surface area to volume ratio, which is on the
order of 1000 m2/g1. Another potential application is selective gas separations, with recent
advances being made in ethane/ethylene streams2. Their selectivity can be tuned by altering
either the ligand or metal ion until the desired characteristics are obtained.

Current synthetic methods for MOFs center around the creation of particulates. These are
useful for bulk storage and separation applications and can be synthesized through relatively
simple batch reactions8. However, for specialized or smaller applications, loose powder MOFs
are less useful since they cannot be locked in place. Thin films allow for more freedom in MOF
placement, since they have the potential to be adhered directly to reactor walls, or in small
sensing devices10. The purpose of this work is to investigate a current thin-film synthetic process
and improve it to increase consistency and usability.
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2. Background
2.1 MOFs as a Developing Technology
In the most basic definition, metal organic frameworks consist of an organic electron
donator, known as a ligand, and a metal ion. When reacted, the metal ion complexes with the
organic ligand in a uniform, well-structured reaction that forms a defined framework. Depending
on the properties of the ligand or metal, the frameworks will have different pore sizes, surfacearea-to-volume ratios, adsorption affinities, or structures altogether. Many defined structures
exist, and they are notated according to a number proceeding after a MOF designation. The pores
of the MOF are where many processes are carried out5. For this investigation, this most notably
includes gas-specific adsorption. Depending on the physical and chemical features of the pore,
MOFs can have strong affinities for certain molecules, which are then pulled into the framework
and held there. Not only this, but pores can be designed to adsorb species of interest. That is,
knowledge of possible structures and previous studies can be used to direct efforts towards
synthesizing MOFs that have certain characteristics8. This ability is one of the reasons for such a
strong interest in MOFs as a material.

2.2 Mg-MOF-74 for CO2 Uptake
In the face of global climate change, the issue of rising greenhouse gas levels cannot be
overstated. Atmospheric levels of methane and carbon dioxide continue to increase drastically.
Eventually, the threshold for removal will be surpassed, and the world will be faced with
irreversible warming. In the United States, 82% of greenhouse gas emissions are in the form of
CO26. The ability to stop some of these emissions could prove instrumental to halting climate
change. MOFs have appeared as a possible tool to accomplish this goal. MOFs are an attractive
option for this task because of potential strong affinities for CO2 over N2 and CH4, which makes
them ideal for treating process waste streams3. Previous works have focused on experimental
MOF screening to determine which framework has the highest CO2 uptake capability. A recent
study performing a broad comparison between several known MOFs found that Mg-DOBDC had
the highest experimental CO2 uptake tested at over 250 mg/g9. These results are shown below in
Figure 1.
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Figure 1: Experimental CO2 uptake of various MOFs. Printed from source 9.

These data, and data from similar studies, show that Mg-DOBDC has great potential for use in
CO2 remediation applications, especially when compared to similar frameworks. This is what
motivated further investigation into Mg-DOBDC and attempts to synthesize it in thin-film form.

2.3 Current MOF Synthetic Techniques
Several techniques for traditional MOF particle synthesis have been well-investigated.
Two major classes of reactions are differentiated based on the process temperature: solvothermal
and nonsolvothermal8. Solvothermal synthesis involves the reaction taking place in a closed
vessel under pressure, above the normal boiling point of the solvent. In contrast,
nonsolvothermal synthesis occurs at ambient pressures, at or below the normal boiling point of
the solvent. Both techniques are considered “conventional,” and are among the most developed8.
Early work focused on developing reactions at lower temperatures. This was because, among
other reasons, lower temperatures and pressures are generally easier to carry out and reduce the
need for specialized equipment.

2.4 Basis for Investigation
Previous work done by Hao Sun forms the basis for this work. In her master’s thesis, Sun
provided an introduction into MOF synthesis, geometry, and thin film fabrication7. Sun also
3

created a functional procedure for Mg-MOF-74 thin film synthesis onto modified glass
substrates, and worked to identify proper solvent ratios, precursor concentrations, and general
reaction times and temperatures. She also provided characterization studies with SEM, FTIR,
and XRD. In her thesis, she stated that the synthesis method could be improved to obtain better
quality film, potentially through increased reaction time. From her work, the goal is to further
refine a synthetic procedure and tailor it in order to increase consistency and uniformity.
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3. Materials and Methods
3.1 Materials
VWR microslides (25x75x1.0 mm3) were purchased from VWR International.
Magnesium acetate tetrahydrate (Mg(CH3COO)2·4H2O, 98%) was purchased from SigmaAldrich. 2,5-Dihydroxyterephthalic Acid (H4DOBDC, 98%) was purchased from TCI.
Dimethylformamide (DMF, >99.8%) was purchased from Sigma-Aldrich. Anhydrous methyl
alcohol (MeOH) was purchased from Macron Fine Chemicals. Ammonium hydroxide (NH3,
28%) was purchased for Alfa Aesar. Sulfuric acid (H2SO4, 95-98%) was purchased from J.T.
Baker. Hydrogen peroxide (H2O2, 30%) was purchased from Fisher Chemical. CO2 was
purchased from Airgas. All chemicals were used as purchased without further purification.

3.2 Methods
A standard operating procedure for synthesis of Mg-DOBDC thin films is based on Sun’s
thesis.
3.2.1 Glass Substrate Preparation and Treatment
One VWR microslide was scored and cut into three separate pieces, each with
dimensions of 25x25x1.0 mm3. After cutting, the glass slides were placed into Piranha solution
(volume ratio H2SO4:H2O2 = 7:3) and covered at room temperature for 30 minutes in order to
completely destroy organic surface contaminants. Each slide was then removed from the
solution, thoroughly rinsed with DI water, and placed into a separate container of DI water for
holding. After this, each slide was then soaked in RCA solution (volume ratio NH3·H2O:H2O2:DI
H2O = 1:1:5) at 70°C for 1 hour under ultrasonication. This was to obtain a hydrophilic surface
through hydroxylation to ensure uniform thin film growth. After RCA treatment, each slide was
thoroughly rinsed with DI water and placed into a clean DI water bath for a minimum of 1 day to
ensure complete surface wetting.

3.2.2 Synthesis of Mg-MOF-74 Thin Films
1.2 mL of DMF, 0.4 mL of DI water, and 0.4 mL of ethanol were mixed in a small glass
vial. In this, 0.1475 g of Mg(CH3COO)2·4H2O was dissolved under room temperature
ultrasonication. 2 mL of DMF were added to a separate vial, and 0.08 g of H4DOBDC was
5

dissolved under room temperature ultrasonication. After complete dissolution, the clear brown
H4DOBDC solution was added to the magnesium acetate solution, and this was shaken to ensure
complete mixing. This mixture served as the precursor to Mg-MOF-74 film growth.
The hotplate was set to 170°C and given 10 minutes to come to temperature. A pretreated
glass substrate was dried with air, and placed in the center of the hotplate for 1 minute. After this
time, the surface temperature reached approximately 120°C. Using a micropipette, 0.4 mL of the
precursor mixture was added directly to the center of the glass slide and allowed to heat for 1
minute and 45 seconds. The slide was then removed from heat, allowed to reach room
temperature, and submerged in a small beaker of methanol. While submerged, the beaker was
placed under ultrasonication for a minimum of 15 seconds, at which point the slide was removed
and the surface was gently rinsed with methanol. If significant raised particulates remained,
ultrasonication was continued for 5-10 additional seconds. The slide was then blown dry with air
and the process was continued until all desired layers had been deposited. After deposition was
complete, the methanol wash solution was collected in a clean vial, and the slide was submerged
under fresh methanol. The methanol for both the wash solution and the slide was replaced three
times over the course of two days. This was to facilitate solvent exchange from the precursor
solvents to the methanol.

Figure 2: General pathway for Mg-MOF-74 synthesis onto glass slide substrates.

6

3.2.3 Temperature Ramp
Reaction temperature was altered to investigate lengthening of the intermediate gel state
during synthesis. Two alternative reaction schemes were tested. First, the hotplate was set to
130°C, which corresponded to a surface temperature of approximately 100°C. Precursor was
added normally, the temperature was ramped to 170°C after 2 minutes, and the substrate was
removed after 2 minutes and 45 seconds. Second, the hotplate was set to 150°C for a surface
temperature of 115°C. Temperature was ramped to 170°C after 1 minute and 10 seconds, and
substrate was removed after 2 minutes and 5 seconds.

3.2.4 Variation of Organic Ligand Concentration
It was believed that organic ligand concentration could have a positive effect of thin-film
consistency. In order to assess the effect of ligand concentration, additional experiments were
conducted at increased ligand levels. Initially, the concentration was increased to 200% for an
added mass of 0.16 g H4DOBDC. In addition to regular sonication, this concentration required
heating for dissolution. Later experiments were conducted at 120%, 140%, and 160% ligand
concentrations. These experiments corresponded to 0.096 g, 0.112 g, and 0.128 g of H4DOBDC
added, respectively.
3.3 Characterization Techniques
For the purposes of characterizing synthesized MOF thin films, three techniques were
used. First, X-Ray Diffraction (XRD) was used to confirm the identity of the synthesized films
through crystalline diffraction. Next, Fourier-Transform Infrared Spectroscopy (FTIR) was used
to test CO2 uptake capabilities of thin films. Argon was used to purge the system of any
impurities, and a blank glass window was tested with CO2 to establish a baseline reading. Then,
MOF thin-film samples of varying thickness were tested for CO2 uptake capabilities. Finally,
Scanning Electron Microscopy (SEM) was used to investigate the surface morphology of the
films and compare results for various synthetic methods.
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4. Results
4.1 XRD Results for MOF Identity Confirmation
XRD testing was performed in order to compare the results from the synthesized MOF
films with those of known MOFs. In the case of the results matching, the identity of the MOF
could be confirmed. Experimental XRD results for three films are shown in Figure 3.
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Figure 3: Experimental XRD results for three Mg-MOF-74 films. As notated in the legend, the red line corresponds
to a 2-layer film, the blue line to a 4-layer film, and the green line to a 6-layer film. The black bars at the bottom of
the figure correspond to the known pattern for Mg-MOF-74.

When compared to the known pattern for Mg-MOF-74, it can be seen that the major peaks at 2
Thetas of approximately 6.8° and 11.8° align well with the expected values. This confirms that
the synthesized material is Mg-MOF-74. The peak at 6.8° is of significant importance, since it
corresponds to the (110) plane. This plane corresponds to the central MOF channel for gas
adsorption. Because of this, its relatively strong intensity on the XRD results shows good
promise for gas adsorption.
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4.2 FTIR Results for CO2 Uptake
After confirming the MOF identity through XRD, FTIR was used to test the gas
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Figure 4: Experimental FTIR results for three Mg-MOF-74 films. The Window reading corresponds to the
transmittance of a blank piece of VWR microslide and was used as a reference. MOF_2L corresponds to a 2-layer
film, MOF_4L corresponds to a 4-layer film, and MOF_6L corresponds to a 6-layer film.

The window results were formed by testing CO2 absorbance of a blank VWR microslide and
were used as a reference for subsequent testing. The area of interest occurred at approximately
2680 nm, since this corresponds to CO2. The lower the recorded transmittance at this point, the
larger the CO2 uptake. In light of this, the results appear to be promising. The measured window
transmittance at 2680 nm was approximately 68.5%. As the number of MOF layers on the
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substrate increased, the % transmittance at 2680 nm decreased. At 2 layers, it was approximately
67.5%, and it continued to decrease slightly towards 67%.

Via the Beer-Lambert Law, an enhancement factor was calculated for Mg-MOF-74 as a
function of film thickness. This number corresponds to a scalar improvement in CO2 uptake
performance as compared to the blank glass window. Additionally, the Beer-Lambert Law was
used to calculate a theoretical extra absorption length for the MOF, taking into account the
MOF’s effects on adsorptive behavior over those of the blank window.
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Figure 5: Graph of experimental enhancement factor and extra absorption length as a function of average MgMOF-74 film thickness. These results were calculated based on FTIR data using the Beer-Lambert Law.

These results show enhancement factors as high as 750 times that of the blank glass slide. As the
number of layers and average thickness increased, the enhancement factor decreased
significantly. However, the lowest enhancement factor measured was still over 200, which shows
a strong preference for CO2 uptake in the MOF over the blank slide. Extra absorption length
showed a strongly linear trend with average film thickness, and values were 1000 times greater
than the actual thickness.
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4.3 SEM Results for Thin-Film Morphologies
SEM was the primary method for direct observation of the thin film surface and for
characterization of film morphology. SEM was also used to determine film thickness by cutting
the sample in half, and then analyzing it from the perspective of the cut edge. General
morphology for constant-temperature deposition did not change as a function of number of
layers, as shown in Figure 6.

Figure 6: SEM images of Mg-MOF-74 thin films of varying film thickness. All films produced at a constant surface
temperature of approximately 120°C. 2L caption corresponds to a thickness of 2 layers, and so on.

The surface remained cracked and relatively uneven throughout all trials. These samples were
also tested for layer thickness using SEM. There was a distinct linear trend between number of
deposited layers and overall thickness of film, with each layer depositing approximately 153 nm.

Figure 7: SEM cross-section of Mg-MOF-74 thin films of varying thickness. All films were synthesized at a constant
surface temperature of approximately 120°C.

11

MOF films synthesized under temperature-ramping conditions were also characterized
using SEM. The overall process for characterization was the same, with both thickness and
surface morphology observed. Thickness followed the linear trend shown in constanttemperature synthesis. Morphology was slightly altered, with the surface appearing to have large,
crystalline structures scattered throughout it, as shown in Figure 8.

Figure 8: SEM images of Mg-MOF-74 thin-films synthesized at varying temperature schemes. All pictured films
have three layers. A corresponds to a hot plate temperature ramp of 130-170°C, B corresponds to a ramp of 150170°C, and C corresponds to a constant hot plate temperature of 170°C.

In addition to the crystalline structure, the reaction with temperature ramp of 130-170°C
appeared to have a significantly altered surface, seen in Figure 8, section A. The surface was less
cracked and seemed overall more consistent in comparison to the standard synthetic procedure.
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5. Discussion
5.1 Changes with Initial Synthetic Procedure
The majority of the original synthetic procedure proposed by Sun remained unchanged.
Solution preparation methods seemed to perform well and were not altered. Smaller components
of synthesis were changed, however. The most important change was to the length of time the
sample spent under sonication between layer growth. In the original procedure, sonication was
limited to between five and ten seconds. This was due to concerns that longer exposure would
lead to film peeling. Experimental testing, however, found that sonication for this low amount of
time often did not remove enough waste material. This would result in inconsistent film growth
for subsequent layers. Sonication up to 30-40 seconds was tested and no film degradation was
noted. Because of this, it is recommended for future syntheses that sonication be performed for at
least 30 seconds or longer.

The general hotplate procedure was also changed and made more specific. The initial
procedure did not include information as to how long the hotplate should preheat, or a defined
amount of time for the substrate to heat before the precursor solution was added. These were
eventually defined as 10 minutes and 1 minute, respectively. Another change was removing the
foil covering that was originally on the hotplate surface. This is shown in Figure 9. Although
seemingly small, this change greatly increased the consistency of the films. Discussion and
explanation of this is continued in Section 5.2.
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Figure 9: Original hotplate setup using an aluminum foil covering. This was eventually rejected due to problems
with consistency.

Temperature ramping was investigated as a means of increasing the time spent in the gel
intermediate state. In theory, lowering the initial temperature would decrease the rate of solvent
evaporation, which could be used to extend the overall time of reaction. This would be
advantageous, as it would allow more time for the film to grow on the substrate surface.
Experimental results varied, however, and it is difficult to arrive at a definite conclusion as to if
this should be adopted into a standard procedure. While the reaction time did increase with
temperature ramping, film morphology changed when compared to the standard procedure, as
seen in Figure 6 and Figure 8. A greater number of crystal structures formed, which is negative
for consistent film growth. Temperature ramping should be investigated further as a potential
means of improving crystal growth, but no definitive conclusion can be reached at this time.

5.2 Inconsistency and Byproduct Formation
As mentioned in Section 5.1, inconsistency in synthesis was a large issue throughout this
project. The initial synthetic approach involved covering the hotplate with a sheet of aluminum
foil to protect the surface. However, after many attempts, it was not possible to achieve a
consistent film with this method. Inconsistencies came in the form of uneven film formation, or
14

the formation of a dark spot somewhere on the film surface, as shown in Figure 10. This was
only improved after removing the aluminum foil and heating the glass directly on the surface of
the hotplate.

Figure 10: Example of unknown byproduct formation on the top layer of the film after heating. Dark spot is shown
in the red circle. Identity of dark substance is unknown.

The dark spot is assumed to be from a side reaction, although its identity is unknown. However,
it seems likely that it is formed when the precursor mixture reacts at temperatures lower than
120°C. This is supported because the dark spot formed exclusively in the middle of the
precursor, never at the edges. The middle contained the most liquid, and so would be slower to
heat up than the edges. This would also explain why removing the aluminum foil covering
reduced its formation; it is likely that using the aluminum foil created air pockets where there
was not a tight seal between the foil and the hotplate surface. These air pockets would be at a
lower temperature than the surface around them and would cause uneven heating.

5.3 Surface Cracking and Ligand Concentration Variation
In addition to byproduct formation, another synthetic issue was the thin film surface
cracking. These cracks can be seen in Figure 6 and Figure 8. The cracks are unwanted, since they
decrease film uniformity and make the synthetic process less consistent. The exact cause of these
cracks is unknown, but there are several possible explanations. The first possibility is that these
cracks occur during the drying process in-between individual layer growth. The drying process
occurs relatively quickly, and it is conceivable that the rapid loss of solvent leads to cracking.
15

Another potential explanation is the lack of a strong surface anchor. Although the glass substrate
treatment adds hydroxyl groups to the surface and encourages film growth, this may not be
enough to hold the film in place. Previous studies have investigated continuous film growth on
porous substrates, such as porous α-aluminum, with encouraging results4. It is reported that the
properties of the substrate greatly impact the growth density of MOF crystals. Because of this,
using a porous or modified substrate could help to alleviate surface cracking, and should be
investigated in the future.
As a potential method of decreasing surface cracking and increasing film strength, the
organic ligand concentration in the precursor solution was varied as described in Section 3.5. In
theory, increasing the ligand concentration would increase the availability of free electrons in the
solution. In turn, this would increase the ease of film formation, and could help to decrease the
cracking observed. In practice, there were some difficulties with this approach. Initial
experiments doubled the concentration of organic ligand, with the thought that greater increases
would be the most effective. However, at this elevated concentration, solubility issues became
prominent. Even under sonication, it was not possible to dissolve all of the added H4DOBDC
without raising the temperature above ambient conditions. Upon drop casting, much of the
H4DOBDC fell out of solution and no discernable film was formed. This led to the procedure
outlined in Section 3.5 of only moderate concentration increases of 20, 40, and 60%. At these
concentrations, films formed as normal. Unfortunately, due to time constraints, characterization
of these new films was not possible, so the outcomes of these experiments are unknown.
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6. Conclusion
The objective of this work was to investigate the synthesis of Mg-MOF-74 thin films
onto modified glass substrates and to improve an existing synthetic procedure. Mg-MOF-74 thin
films were successfully synthesized, and they matched the characteristic XRD peaks at 2 Thetas
of approximately 6.8° and 11.8°. FTIR results showed strong affinity for CO2 uptake, with
enhancement factors as high as 750. SEM results demonstrated a linear relationship between the
number of layers deposited and the overall thickness of the film, with each layer adding on
average 153 nm of thickness. Two major changes were proposed to the initial procedure: first,
the time for ultrasonic cleaning between individual layer growth was increased from 10 seconds
to 30 seconds or more. This was ensure that all waste particulates were completely removed, and
that the surface was as smooth and even as possible to promote consistent film growth. Second,
the aluminum foil covering on the hotplate was removed. This was because initial synthetic
attempts suffered from the formation of a byproduct in the form of a dark spot at the center of the
film. Although the identity of the byproduct is unknown, its formation was significantly reduced
after removing the aluminum foil and performing the synthesis directly on the surface of the
hotplate. It is assumed that this is due to cold spots on the surface caused by air bubbles between
the hotplate and the aluminum foil. SEM demonstrated that the films were mostly continuous,
but suffered from cracking. There are several possible explanations for the cracking, and the
concentration of organic ligand in solution was increased in an attempt to address this. However,
due to time constraints, the films could not be characterized. Determining the cause of the
cracking should be addressed in future work, since this is an issue that decreases film uniformity
and could limit the ease with which the films could be attached to other surfaces. Identifying the
unknown byproduct and the cause of its formation should also be addressed in future work, since
it was prevalent throughout the entire synthetic process.
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