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SYNTHESIS OF HYDROGEN-BOND DONATING UIO-66 DERIVATIVES BY POST-

SYNTHETIC MODIFICATION FOR ADSORPTION OF HAZARDOUS CHEMICALS 

INTRODUCTION 

The development of protection technologies to prevent human exposure to hazardous chemicals is 

beneficial to the Navy and all DOD services, as well as a variety of civilian applications related to chemical 

manufacturing and first responder communities [1]. A crucial component of these technologies is the sorbent [2], 

which serves as a molecular and particulate filter to remove chemicals from air and water. While there are countless 

examples of hazardous chemicals in existence, they can be organized into categories according to their chemical 

properties. For example, chlorine and phosgene can be classified as acidic or acid-forming chemicals [2], while 

common solvents such as benzene, xylene, methanol, acetone fall in the class of volatile organic compounds [3]. In 

this work, our interest is basic and hydrogen-bond accepting chemicals, such as organophosphates [2,4,5] and 

ammonia [3,6,7], which present hazards across DOD and civilian applications.  

Previous work designing sorbents for these chemicals, as well as others, has emphasized the use of activated 

carbon as the primary sorbent material. One advantage of activated carbon is that it offers broad protection against 

a variety of hazardous chemicals, since binding occurs through non-specific dispersion forces within the channels 

and pores of the material [2,6,8]. However, these materials show limitations that should be addressed by future 

sorbent designs. For example, very small and highly polar molecules (e.g. ammonia) are poorly bound by activated 

carbon, significantly reducing sorbent capacity [9]. In addition, the performance of activated carbons is known to 

decrease during exposure to high humidity [6,10] due to water condensation within the pores of the sorbent, limiting 

their utility in certain environments. From a research perspective, these materials are also difficult to study due to 

their irregular and poorly defined structures, which make performing systematic investigations challenging [8]. 

More recently, metal-organic frameworks (MOFs) have gained significant attention as platforms for both 

physical removal of hazardous chemical sorbents [2,3,6–8] and as catalysts for the degradation of these hazardous 

chemicals [3,11]. Perhaps the first example exploring MOFs in such applications came from Ni et al. in 2007, where 

IRMOF-1 was shown to bind dimethyl methylphosphonate (DMMP) effectively and in a selective fashion [12]. 

Shortly thereafter, Britt et al. compared the gas adsorption performance of several isoreticular MOFs to that of a 

common activated carbon, showing that in many cases MOFs can exhibit superior adsorption to traditional carbon-

based sorbents [13]. Despite these exciting discoveries, early MOF sorbents suffered from poor stability under 

ambient atmospheric conditions [12]. Since hydrolysis of metal-oxygen bonds within the framework was a 

suspected cause of this instability, subsequent work focused on developing hydrophobic MOFs that could minimize 

undesirable interactions with atmospheric water [14–16]. More recently, research has investigated MOFs with more 

inherent chemical stability, such as UiO-66 [17,18] and other Zr-based MOFs [3]. 

Separately, polymeric sorbents have been studied for use as sensor coatings to selectively bind target 

chemistries and in preconcentrator devices for hazardous chemical sensing applications. One early sorbent 

developed at the NRL is fluoropolyol (FPOL, Fig. 1) [19], which was later employed as an active layer for 

organophosphate binding within surface acoustic wave sensors [20–23]. Following the success of this sorbent, we 

became interested in developing new materials that could improve upon the performance of FPOL. As a result, 

______________
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several new materials were introduced, including novel polymeric sorbents (Fig. 1) [24,25] and small molecule 

analogues [26,27]. While many of these absorbent materials have shown improvements in sorbent performance 

relative to FPOL, such as increased binding affinity for DMMP, they suffer from several limitations. Due to the 

flexibility of the polymer chains, sorbent hydroxyl groups, which are primarily responsible for hydrogen-bonding 

to hazardous chemicals, exhibit self-association interactions that can interfere with binding of target chemicals [27]. 

More importantly, the application of these materials in protection equipment is hindered by their non-porous nature, 

which limits hazardous chemical binding to the surface of the sorbent or through slow absorption processes into the 

“bulk” absorbent material.   

  

   
Fig. 1—Previous polymeric sorbents and the limitations of these materials 

  

To address these limitations, we envisioned applying the design principles developed for polymeric and 

small molecule absorbents to a MOF architecture. As such, this work explores the post-synthetic modification 

(PSM) of well-established MOFs by adding sorbent moieties to augment their capabilities against hazardous 

chemicals (Fig. 2). The PSM strategy was selected for its ability to introduce a range of functional groups into MOFs 

without compromising the underlying MOF structure [28–34]. By selecting a parent MOF that displays chemical 

stability on its own, this approach allows for rapid generation of new materials that can withstand the challenging 

conditions of these protection applications. Specifically, the UiO-66 series was selected for its excellent chemical 

stability [35–39] and ability to be post-synthetically modified [29,30]. Following PSM, structural characterization 

of the resulting f-MOFs was performed prior to testing sorbent capabilities. DMMP was chosen as the target sorbate 

chemical for these studies given the previous use of this chemical in the literature [2,6,8,12,20,23,25,27]. By 

introducing sorbent moieties with varying electronic properties, structure-property relationships are discovered that 

may guide future investigations and sorbent design.     

  

   
Fig. 2—The central goal of this work: develop porous MOF sorbents with tunability to understand how structure impacts sorbent 

performance 
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EXPERIMENTAL   

 

Chemical Sources and Storage 

 

  All reagents were obtained from either Sigma Aldrich or Ambeed and used as received. All manipulations 

were carried out in a standard laboratory fume hood under ambient atmosphere. MOFs were stored under ambient 

conditions and dried thoroughly prior to analysis by drying overnight at 120 or 200 °C under reduced pressure.  

 

Instrumentation 

 

  Infrared (IR) spectroscopy was performed on a Bruker Vertex 80v FT-IR spectrometer with a PIKE 

Technologies MIRacle Single Reflection attenuated total reflectance (ATR) attachment equipped with a diamond 

crystal. Spectra were collected under vacuum and background corrected. Nuclear magnetic resonance (NMR) 

spectra were collected on a Bruker Ascend spectrometer (400 MHz) and are reported in parts per million (ppm, δ). 
1H NMR spectra are referenced to the residual solvent peak at 4.79 ppm for D2O. Powder x-ray diffraction data was 

collected on a Rigaku SmartLab powder diffraction system equipped with a D/tex ultra 1D detector and a Cu x-ray 

source using a Bragg-Brentano geometry. Nitrogen gas adsorption measurements were performed on a 

Micromeritics Tristar II Plus at 77K. Samples were activated prior to measurement on a Micromeritics Smart 

VacPrep system by heating at 200 °C under vacuum for 8h.  

 

Vapor uptake studies were performed using a Biolin Scientific QSense Analyzer quartz crystal 

microbalance (QCM) and a custom NRL developed vapor generation system. Vapor generation was achieved by 

flowing nitrogen through the head-space above liquid DMMP (for uptake studies) and bubbling nitrogen through 

liquid DMMP (for Henry’s Law studies). The temperature of the DMMP was maintained at 25 °C (for uptake 

studies) or 20 °C (for Henry’s Law studies) using a thermostated oil or water bath. Initially, the vapor stream was 

sent to waste until sufficient time had passed to achieve a steady flow of the target vapor. During this period, the 

QCM response was stabilized under a constant flow of dry air. The gas stream was then switched to deliver the 

desired vapor stream to the QCM system. The temperature of the QCM system was maintained at 25 °C during all 

experiments. After each experiment, the gas flow was switched back to dry air. In every case, a constant flow rate 

was maintained using an Apex mass flow controller. Since the QSense Analyzer allows for four simultaneous QCM 

measurements, the gas inlet line was split four ways to deliver vapor to the four QCM cells in parallel.  

 

General Procedure for MOF Functionalization.  

 

  UiO-66-NH2 was synthetized according to a literature procedure [37]. A single, multi-gram batch was 

synthesized and used for all subsequent modifications to eliminate batch-to-batch variations that might influence 

sorbent performance.  

 

UiO-66-NH2 was functionalized according to a modified literature procedure [40,41]. UiO-66-NH2 (200 

mg) was weighed into a 20 mL glass scintillation vial. The quantity of amine-groups in this amount of UiO-66-NH2 

was approximated based on the mass-ratio of -NH2 to an ideal MOF formula unit [Zr6O4(OH)4(BDC-NH2)6, where 

BDC-NH2 = 2-amino-1,4-benzenedicarboxylate]. The mass of -NH2 in 200 mg UiO-66-NH2 was then converted to 

moles (0.684 mmol, 1 eq). For each functionalization reaction, the chosen coupling partner was weighed and added 

to the reaction vial (1.368 mmol, 2 eq), along with methanol (10 mL) and a magnetic stir-bar. The reaction was 

stirred at room temperature for 7 days, after which the product was collected by vacuum filtration and washed with 
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clean methanol (4 x 10 mL). The product was dried briefly under air before being left to dry further in a vacuum 

oven at 120 °C for several days.   

 

In some cases, residual coupling partner in the functionalized MOF could be observed by 1H NMR after 

suspending the MOF in D2O for 30 minutes. For each sample where this impurity was found, the functionalized 

MOF was soaked in methanol overnight, filtered, and dried again as described above. In most cases, this procedure 

was sufficient to remove all detectable residual coupling partner.   

  

 

General Procedure for MOF Digestion.  

 

A small quantity of MOF (~ 2 – 5 mg) was added to an NMR tube along with 0.4 mL of saturated NaHCO3 

in D2O. The solution was mixed vigorously and allowed to react for 30 minutes. In most cases, the solution changed 

from colorless to lightly colored (typically yellow or orange), and some solid remained in the bottom of the NMR 

tube. The solution was immediately characterized by NMR spectroscopy.  

  

  

RESULTS AND DISCUSSION  

 

Unmodified MOFs (UiO-66, UiO-66-OH, and UiO-66-NH2) were synthesized according to the procedure 

reported by Katz and Brown et al. using ZrCl4, the corresponding dicarboxylate linker, N,N-dimethylformamide as 

the reaction solvent, and concentrated hydrochloric acid as a modulator [37]. The MOFs UiO-66 and UiO-66-OH 

were chosen as control systems, since UiO-66 does not feature any specific sorbent moiety while UiO-66-OH has 

a hydroxyl group on every linker. The MOF UiO-66-NH2 was chosen for further modification since many published 

PSM strategies rely on the reactivity of amine groups within the MOF [28–30,40–46]. To increase confidence that 

differences in sorbent performance can be attributed to the sorbent groups installed in the framework, UiO-66-NH2 

was synthetized on a multi-gram scale such that all modifications could be made to a single batch of material.  

 

As this work targets the adsorption of hydrogen-bond-accepting hazardous chemicals, a PSM method was 

sought to install hydroxyl-bearing groups that could act as good hydrogen-bond donors. In addition, the ability to 

install other functional groups that could tune the -OH acidity was desired, such that structure-property relationships 

could be investigated in this new class of adsorbents. Specifically, electron withdrawing groups of varying strength 

(CF3 and F) and electron donating groups (OMe) were incorporated to investigate the impact of these electronic 

modulating groups on sorbent performance.   

 

Two approaches to PSM were explored: condensation of benzaldehydes [40,41] to form f-MOFs with 

imine-bridges between the MOF linker and the grafted sorbent group (imine series: Fig. 3, left), and condensation 

of benzoic acids [46] to form f-MOFs with amide-bridges (amide series: Fig. 3, right). While previous reports 

employed toluene as the reaction solvent [40,41], methanol was chosen in this work due to the favorable solubility 

of the benzaldehyde and benzoic acid coupling partners. In nearly every case, f-MOFs exhibited a characteristic 

color change [40,41,46] over time from light yellow to dark yellow or orange, consistent with successful 

functionalization of the MOF.   
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Fig. 3—General reaction schemes for the functionalization of MOFs in this work. Coupling partners include benzaldehydes to generate 

imine functionalized MOFs (left) and benzoic acids to generate amide functionalized MOFs (right) 

  

Functionalized MOFs were initially characterized using attenuated-total-reflectance infrared (ATR-IR) 

spectroscopy to probe for the presence of residual coupling partner. In every case, the f-MOF IR spectra 

(Appendix A, Figs. A1 – A2) showed complete removal of the free coupling partner as a result of post-modification 

washing with excess methanol. The IR spectra were also analyzed for possible new signals corresponding to imine 

or amide stretches that could support successful MOF functionalization, but no obvious assignments could be made.   

To gain better insight into the products of the functionalization reactions, f-MOFs were digested and their 

free linkers were characterized by nuclear magnetic resonance (NMR) spectroscopy. While UiO-66 MOFs are often 

digested using hydrofluoric acid [30,43,45,47], this approach was avoided due to the catalytic role acids can play in 

the hydrolysis of imines and amides [48]. Instead, more mild digestion conditions [49] were chosen employing 

NaHCO3 (Fig. 4) to preserve connectivity between the MOF linkers and added sorbent groups. The digested 

solutions (dark blue traces) were then compared to UiO-66-NH2 digested under the same conditions (light blue) and 

the free coupling partner in the same saturated NaHCO3 / D2O solution (red).   
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Fig. 4—Digestion of I1 (left) and A1 (right) in saturated NaHCO3 and its resulting 1H NMR spectra (dark blue). The spectra of digested 

UiO-66-NH2 (light blue) and 4-hydroxybenzaldehyde or 4-hydroxybenzoic acid coupling partner in the presence of saturated NaHCO3 (red) 

are provided for reference 

  

In each case, peaks were observed corresponding to the unfunctionalized BDC-NH2 linker as well as the 

added sorbent moiety. Slight changes in the chemical shifts of the sorbent group signals relative to the free coupling 

partners suggest successful attachment of these groups to the MOF linkers, since attachment to the linkers should 

perturb the electronic properties of the sorbent groups to some degree. Alternatively, it is possible the signals 

assigned here to the attached sorbent groups could in fact be residual coupling partner left over from the 

functionalization reactions. To test this possibility, f-MOF samples were also soaked in D2O and analyzed by NMR 

spectroscopy to probe for the presence of unbound, soluble impurities. In each case, little-to-no residual coupling 

partner could be observed, suggesting the signals observed in the f-MOF digestions are in fact due to the 

functionalized linkers. Using the 1H NMR spectra of the digested f-MOFs, the percentage of linkers functionalized 

was estimated based on the relative peak integrations for the sorbent moieties (i.e. the bound coupling partner) and 

the unfunctionalized BDC-NH2 linkers. The values obtained are provided in Table 1. In general, the amide series 

showed greater incorporation of sorbent groups than the imine series, with the percent of linkers functionalized 

appearing consistently around 50%. For the imine series, electron-rich sorbent groups (I6 and I7) produce higher 

degrees of incorporation (~ 20%) than electron-neutral or electron-deficient groups (~ 5%). However, it is unclear 

why this phenomenon is observed.  
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Table 1—Characterization data for UiO-66, UiO-66-NH2, UiO-66-OH, I1 – I7, and A1 – A6 

Sorbent  % Functionalized a 
 

SABET 
b 

 (m
2
 g

−1
)  

Uptake Capacity c  

(mmol g
−1

) d  

Normalized Capacity 

(μmol m
−2

) e  

UiO-66  -  1360 ± 30  0.123 ± 0.013  0.090 ± 0.010  

UiO-66-NH2  0  1080 ± 120  0.137 ± 0.068  0.126 ± 0.063  

UiO-66-OH  -  310 ± 60  0.124 ± 0.016  0.401 ± 0.051  

I1  5  420 ± 40  0.084 ± 0.003  0.199 ± 0.007  

I2  5  640 ± 40  0.104 ± 0.006  0.163 ± 0.009  

I3  2  500 ± 50  0.315 ± 0.035  0.630 ± 0.070  

I4  6  570 ± 10  0.144 ± 0.018  0.252 ± 0.032  

I5  6  530 ± 20  0.109 ± 0.028  0.205 ± 0.053  

I6  23  640 ± 70  0.028 ± 0.004  0.043 ± 0.006  

I7  18  470 ± 40  0.144 ± 0.033  0.306 ± 0.071  

A1  49  160 ± 20  0.055 ± 0.013  0.341 ± 0.079  

A2  18  680 ± 20  0.058 ± 0.002  0.085 ± 0.003  

A3  52  240 ± 90  0.075 ± 0.013  0.313 ± 0.053  

A4  55  230 ± 10  0.049 ± 0.002  0.214 ± 0.010  

A5  - f  470 ± 20  0.124 ± 0.003  0.264 ± 0.005  

A6  65  140 ± 30  0.108 ± 0.041  0.769 ± 0.296  
a Determined by 1H NMR based on the quantity of coupling partner incorporated relative to free BDC-NH2.  
b Brunauer-Emmett-Teller surface area determined by nitrogen gas adsorption at 77K; measurements performed in 

triplicate.  
c Uptake capacity of DMMP measured at 25 °C on samples dried in a vacuum oven at 120 °C; measurements 

performed in triplicate.  
d Uptake capacity reported as mmol of DMMP per gram of sorbent.  
e Normalized capacity refers to the uptake capacity divided by the surface area of the sorbent and is reported as μmol 

of DMMP per m2 of the sorbent.  
f Percent of functionalization could not be obtained for A5 due to the lack of observable protons for this coupling 

partner.  

  

Analysis of the f-MOFs by powder x-ray diffraction revealed many of the functionalized materials exhibit 

a loss of crystallinity, as indicated by peak broadening in the powder patterns (Appendix A, Fig. A3). Similar 

observations have been reported by others following UiO-66 exposure to methanol, which is believed to facilitate 

linker exchange by interrupting bonding between MOF linkers and nodes [50]. Despite this peak broadening, the 

same general features were observed as in the powder patterns of UiO-66 and UiO-66-NH2, indicating some 

preservation of the framework structure.   

 

To evaluate whether this loss of crystallinity is detrimental to MOF surface area, N2 gas adsorption was 

performed. The resulting data was analyzed according to Brunauer-Emmett-Teller (BET) theory [51– 54] using the 

fitting criteria described by Rouquerol [55]. All of the f-MOFs investigated in this work exhibited Type I isotherms 

[52,53] similar to the unfunctionalized MOFs (Appendix A, Figs. A4 – A6). Further, all of the f-MOFs displayed 

lower surface areas than unfunctionalized UiO-66-NH2 (Table 1), which is consistent with incorporation of the 

sorbent groups within the framework. For materials with greater sorbent group incorporation (~ 50%), a weak 

correlation is observed between the percentage of functionalized linkers and f-MOF surface area (Fig. 5).  However, 

materials with fewer sorbent groups (~ 5 – 20%) show no correlation, as all these materials have roughly half the 

surface area of the unfunctionalized UiO-66-NH2 starting material. While the reason for this observation is not clear, 
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it could be related to the large number of defect sites created during MOF synthesis [37] or perhaps the reduced 

crystallinity of these materials following PSM. However, further investigation is necessary to understand how each 

of these variables might impact the surface area of the final material.  

     

     
Fig. 5—Comparison of MOF surface areas (blue bars) as measured by N2 gas adsorption relative to the amount of the MOF that was 

functionalized (red points). Measurements were performed in triplicate; error bars represent the standard deviation from three 

measurements 

  

It is important to note that the activated carbons that are commonly used as adsorbents in protection 

applications typically exhibit surface areas ranging from about 500 – 1500 m2 g-1 [56,57]. Thus, the f-MOFs 

developed in this work should be suitable for use in similar protection applications. With that said, greater surface 

areas would certainly be beneficial, and MOFs have been reported with surface areas as high as 7300 m2 g-1 [58], 

highlighting the potential of this class of materials.  

 

To probe whether these f-MOFs could function as adsorbents for hazardous chemicals, the uptake capacity 

of these materials (Table 1) was measured using a quartz crystal microbalance (QCM) testbed. Gold-coated QCM 

sensors were obtained, cleaned, and measured to determine their uncoated oscillation frequencies. Suspensions of 

each f-MOF were then prepared in ethanol and drop-cast separately onto the sensors. After thorough drying in a 

vacuum oven for several days, the sensors’ oscillation frequencies were remeasured to determine the mass of each 

f-MOF deposited on the sensor surface. A stream of saturated DMMP in dry air was then passed over the surface of 

the sensors, causing the oscillation frequency of each sensor to change as DMMP adsorbed in the MOFs. Saturation 

of the MOFs was assumed once the sensors’ oscillation frequencies stabilized, allowing for calculation of each 

material’s DMMP uptake capacity based on the amount of DMMP adsorbed per mass of sorbent. 

 

At first glance, functionalization with various sorbent groups appears to have a limited, if not negative, 

impact on uptake capacity (Fig. 6, blue bars). In nearly every case, the unfunctionalized MOFs UiO-66 and UiO-

66-NH2 exhibit similar or even better uptake capacities relative to the f-MOFs developed in this work. However, it 

is important to consider the impact of surface area on these measurements, as uptake capacity is expected to be 

directly related to the available surface area of each MOF. Since the f-MOFs developed here show decreased surface 

areas as a result of functionalization, some decrease in overall capacity is not surprising. Therefore, to focus on just 

the impact of these added functionalities on sorbent performance, the data was normalized to the surface area of 
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each material (Fig. 6, red bars). In the future, this limitation can easily be addressed by functionalizing MOFs with 

larger pores, which would increase the surface area of the final material and limit the effect of the added sorbent 

group on porosity.  

  

  

Fig. 6—Measurement of sorbent uptake capacity for DMMP using a QCM testbed. Capacity is displayed versus sorbent weight (blue bars) 

and sorbent surface area (red bars). For samples in which functional groups are defined (light grey text), positions are relative to the 
hydroxyl group 

  

Considering the data in this manner, a few interesting observations can be made. In many cases, the f-MOFs 

show improved normalized uptake capacity for DMMP relative to UiO-66 and UiO-66-NH2. This observation 

agrees with expected trends and indicates that the added sorbent groups enable more DMMP to be adsorbed relative 

the unfunctionalized MOFs, absent any contributions from the surface area of the MOF. In addition, UiO-66-OH is 

among the materials with the highest normalized uptake capacities, likely due to the high concentration of hydroxyl 

groups that can act as sorbent sites within the MOF.   

 

Perhaps the most interesting discovery was the correlation of normalized uptake capacity with the Hammett 

constants of the electron-donating and electron-withdrawing substituents within the sorbents. Hammett substituent 

constants were originally developed to understand the effects of aromatic substituents on the ionization of benzoic 

acid derivatives [59]. Since then, they have been used to understand equilibrium processes, reaction kinetics [60], 

and even non-covalent interactions [61]. In this work, the normalized uptake capacity of each f-MOF was plotted 

versus the respective Hammett constant to gain insight into how substituent electronic effects and positions relative 

to the hydroxyl group impact sorbent performance. Since Hammett constants for ortho-substituents are often 

ignored due to possible steric interference, these values were estimated from the respective para-substituent 

constants in accordance with a previous report (σo ~ 0.75*σp) [62].   

 

In the case of the imine series, a positive correlation was observed between the Hammett substituent 

constants and normalized uptake capacity (Fig. 7, left). This correlation reveals that in imine-functionalized MOFs, 

electron-withdrawing substituents are most beneficial for sorbent capacity. In addition, the position of the 

substituent also plays an important role, since the electronic impact of the substituent in the ortho, meta, and para 

positions varies due to changes in resonance and inductive effects. Importantly, two outliers were omitted from this 
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analysis – I2 and I5. In the case of I2, deviation from the expected trend is not surprising given that the ortho-CF3 

group may cause steric interference during DMMP binding, an effect that is not considered by Hammett constants. 

Instead for I5, it is not clear why this sample does not follow the trend observed with the other materials in this 

series.   

  

  
Fig. 7—Correlation of normalized sorbent capacity with Hammett constants for the imine series (left) and amide series (right) of sorbents. 

Outliers are displayed in red. For ortho-substituents, σo was calculated as 0.75*σp (the Hammett constant for the same substituent in the 
para-position) [62] 

  

Unexpectedly, the amide series shows the opposite trend of the imine series (Fig. 7, right). In this case, 

normalized uptake capacity is negatively correlated with the Hammett substituent constants, indicating that electron-

donating groups may be most beneficial for sorbent performance in this series. This discovery is surprising and 

indicates a fundamental difference between the imine- and amide-functionalized sorbents, although the cause of this 

difference is unclear at this time.  

  

 In an attempt to understand these observed differences between the imine- and amide-functionalized MOFs, 

the binding affinities of each sorbent were analyzed using the same QCM apparatus described above. This time, 

instead of a saturated DMMP vapor stream, a diluted vapor stream was employed with [DMMP] ranging from ~50 

to 1000 parts per billion. At each [DMMP], the quantity of DMMP adsorbed was calculated and converted to the 

[DMMP] within the sorbent ([DMMP]ads). This value was then divided by the [DMMP] in the vapor phase 

([DMMP]vapor) to give log(KH) at each point, where KH = [DMMP]ads / [DMMP]vapor. By performing this analysis at 

various [DMMP]vapor and applying a linear regression to infinite dilution (i.e. [DMMP]vapor = 0, or the y-intercept of 

the log(KH) vs. [DMMP]vapor plot), the limiting value of log(KH), or the Henry’s Law binding constant, was obtained.  

 

 Figure 8 shows the results of these analyses, which demonstrates an improvement in binding affinity for 

DMMP [i.e. an increase in log(KH)] for all functionalized MOFs relative to the unfunctionalized UiO-66-NH2 

precursor. Unfortunately, attempts to correlate these data to Hammett substituent constants as was done previously 

were unsuccessful, suggesting the binding affinity of each sorbent group cannot explain the structure-property 

relationships observed for uptake capacity. However, these results do exhibit a broad correlation with each material’s 

degree of functionalization (Appendix A, Fig. A7), highlighting the importance of maximizing functionalization 
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through the chosen PSM approach. It is also interesting to note that UiO-66-OH shows one of the strongest affinities 

for DMMP of all the sorbents tested in this work despite no further functionalization being performed on this 

material.  

 
Fig. 8—Henry’s Law binding constants for imine- and amide-functionalized f-MOFs relative to their degree of functionalization 

 

In addition to their binding affinities for DMMP, it is important to consider how these sorbents interact with 

other chemicals that might interfere with DMMP adsorption. In an attempt to quantify possible interfering effects, a 

similar Henry’s Law study was performed using toluene instead of DMMP. Table 2 compares the results of these 

measurements with those using DMMP, highlighting that UiO-66-OH, UiO-66-NH2, and A6 all exhibit selectivity 

(i.e. a larger log(KH)) for DMMP over toluene. However, the degree of selectivity, as estimated by the ΔKH, is not 

equal for these three materials. In fact, UiO-66-NH2 is more selective for DMMP than A6 (ΔKH = 22 vs. 16, 

respectively). While this result is initially surprising, it can be rationalized by the fact that A6 has added aromatic 

groups as a result of functionalization, which likely increase the affinity of this material for toluene relative to UiO-

66-NH2. However, the most selective material tested is UiO-66-OH, highlighting the potential of this material given 

that it balances selectivity and affinity for DMMP without sacrificing either property.  

 

Table 2—Comparison of Henry’s Law binding constants for select sorbents with DMMP and toluene  

Sample 
Log(KH) 

(DMMP) 

Log(KH) 

(Toluene) 
ΔLog(KH) ΔKH 

UiO-66-OH 6.82 ± 0.01 5.37 ± 0.03 1.45 28 

UiO-66-NH2 6.30 ± 0.05 4.95 ± 0.04 1.35 22 

A6 7.00 ± 0.02 5.79 ± 0.03 1.21 16 

 

 

CONCLUSION  

 

Through simple condensation reactions between the amine-functionalized MOF UiO-66-NH2 and 

commercially-available benzaldehydes and benzoic acids, hydrogen-bond-acidic sorbent moieties were introduced 

into the UiO-66 framework. As a result, f-MOFs show decreased crystallinity and surface areas but still exhibit 
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reasonable porosities for adsorbent applications. In uptake studies with DMMP, these f-MOFs showed successful 

adsorption with noticeable impacts from the added sorbent groups. Excitingly, by normalizing uptake capacity to f-

MOF surface area and correlating this property to Hammett substituent constants, structure-property relationships 

emerged that can guide future sorbent design. In the case of imine-functionalized MOFs, an expected trend was 

observed in which adding electron-deficient sorbent groups provides the best sorbent performance, in this case 

measured through uptake capacity. Unexpectedly, the opposite trend is observed for amide-functionalized MOFs, 

where electron-rich sorbent groups provide the best performance. 

 

 Ongoing work is focused on understanding these observed differences. In one such study, the binding 

affinities of these sorbents for DMMP were measured, although this investigation did not yield similar structure-

property relationships as observed for uptake capacity. Instead, this investigation highlighted the beneficial impact 

of achieving high degrees of MOF functionalization, which increases the sorbent’s affinity for DMMP. Future work 

will incorporate design principles elucidated in this study to generate improved sorbents, such as by increasing the 

pore size and surface area of the f-MOFs to reduce the negative impact of the added sorbent groups on overall 

uptake capacity.  
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Appendix A 

 

SUPPLEMENTAL DATA 

 

 

INFRARED SPECTRA OF I1 AND A1 

 

 
Fig. A1—IR spectrum of I1 (dark blue), UiO-66-NH2 (light blue), and 3-trifluoromethyl-4-hydroxybenzaldehyde (red) 
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Fig. A2—IR spectrum of A1 (dark blue), UiO-66-NH2 (light blue), and 4-hydroxybenzoic acid (red) 

 

 

POWEDER X-RAY DIFFRACTION OF I1 AND A1 

 

 
Fig. A3—Powder patterns of UiO-66-NH2 (black), I1 (blue), and A1 (red), with grey lines highlighting similar features observed for each 

material. Data above 10° is magnified for clarity 
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NITROGEN GAS ADSORPTION DATA 

 

 
Fig. A4—Nitrogen gas adsorption data collected at 77K for UiO-66-NH2 

 

 
Fig. A5—Nitrogen gas adsorption data collected at 77K for I1 
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Fig. A6—Nitrogen gas adsorption data collected at 77K for A1 

 

 

HENRY’S LAW DATA  

 

 
Fig. A7—Correlation of Henry’s Law binding constants for DMMP with the degree of f-MOF functionalization 




