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ABSTRACT: Carbon capture, storage, and utilization (CCSU) represents an opportunity to mitigate carbon emissions that 
drive global anthropogenic climate change. Promising materials for CCSU through gas adsorption have been developed by 
leveraging the porosity, stability, and tunability of extended crystalline coordination polymers called metal-organic frame-
works (MOFs). While the development of these frameworks has yielded highly effective CO2 sorbents, an in-depth under-
standing of the properties of MOF pores that lead to the most efficient uptake during sorption would benefit the rational 
design of more efficient CCSU materials. Though previous investigations of gas-pore interactions often assumed that the in-
ternal pore environment was static, discovery of more dynamic behavior represents an opportunity for precise sorbent engi-
neering. Herein, we report a multifaceted in situ analysis following the adsorption of CO2 in MOF-808 variants with different 
capping agents (formate, acetate, and trifluoroacetate – FA, AA, and TFA, respectively). In situ diffuse reflectance infrared 
Fourier transform spectroscopy (DRIFTS) analysis paired with multivariate analysis tools and in situ powder X-ray diffraction 
revealed unexpected CO2 interactions at the node associated with dynamic behavior of node-capping modulators in the pores 
of MOF-808, which had previously been assumed to be static. MOF-808-TFA displays two binding modes, resulting in higher 
binding affinity for CO2. Computational analyses further support these dynamic observations. The beneficial role of these 
structural dynamics could play an essential role in building a deeper understanding of CO2 binding in MOFs.

Introduction 

The rapid rise in atmospheric CO2 concentration and con-
sequent warming climate have resulted in an increased fre-
quency of disastrous weather events and irreversible dam-
age to various ecosystems, posing a significant concern to 
societal wellbeing.1 Removal of greenhouse gases from the 
atmosphere or preemptive capture of industrially produced 
gases could potentially mitigate these effects.2–4 Significant 
recent effort has focused on achieving this goal by develop-
ing and discovering new materials with high affinity and se-
lectivity for CO2.5 These materials are often porous and crys-
talline, affording high internal surface area and recyclabil-
ity. Materials such as zeolites and porous silica have been 
well-studied for such applications,6,7 owing in part to their 
production on an industrial scale. While these materials are 
effective and reusable sorbents, they can exhibit variance in 
bulk structure, complicating detailed mechanistic investiga-
tions, or suffer from low selectivity for CO2 in the presence 
of water vapor.7,8 

Metal-organic frameworks (MOFs) are a tunable alterna-
tive to these sorbents that have molecularly defined 

structures paired with high porosity.9–11 These coordination 
polymers are composed of metal ion or metal cluster nodes 
and organic bridging linkers that self-assemble into ex-
tended crystals.12,13 An extensive library of MOFs has been 
developed from a variety of components,14 some of which 
exhibit superior CO2 sorption. While many of these sorbents 
depend on physisorptive interactions between the gas and 
the internal MOF pores,15,16 the introduction of platforms 
for chemisorption in MOFs has led to significant improve-
ment in gas uptake, especially at low partial pressures.17–19 
Detailed understanding of the mechanism that is operative 
during such strong interactions can inform further logical 
design and development of new CO2 sorption materials. 

Zirconium-based MOFs20,21 are well-regarded for their 
stability22,23 and ease of synthesis,20 as well as their catalytic 
properties24–26 and tunability,27–31 and have been success-
fully employed for gas sorption.32 The most widely studied 
of these MOFs, are UiO-66,33 NU-1000,34 and MOF-80835 all 
composed of zirconium-oxo cluster nodes with 12 potential 
linker binding sites. The Zr-nodes of these MOFs are 12-con-
nected, 8-connected, and 6-connected, respectively, with 
the sites that are not bound to linkers usually capped by the 



 

modulators used during synthesis or other coordinating 
groups present in solution such as hydroxide. Removal of 
the capping modulators from these sites uncovers Lewis 
acidic zirconium sites, which can be leveraged for binding 
of targeted guests,24 catalysis,29,36,37 and ligand substitution 
reactions to further tune the properties of the MOF.30,38,39 
Importantly, UiO-66, NU-1000, and MOF-808 are all com-
posed of symmetric unit cells, circumventing analytical 
complications associated with similar but asymmetric 9-
connected MOFs.40,41 The pore geometry of 3,6-connected 
MOF-808, which contains large adamantane-shaped cages 
(18.4 Å) and smaller tetrahedral cages (10 Å), minimizes 
steric inhibition about the node and allows for easier access 
to open zirconium sites than its more connected counter-
parts. 

 We have previously investigated the effect of the node-
capping modulator in MOF-808 on water sorption and the 
detoxification of chemical warfare agents,42 observing sig-
nificant variance in MOF behavior depending on which 
modulator was used during synthesis. While the influence 
of capping group identity on CO2 sorption in MOF-808 has 
been probed using postsynthetic substitution reactions,43–45 
we are not aware of any studies varying the modulator dur-
ing synthesis for the purpose of investigating CO2 adsorp-
tion mechanisms. Further, MOF-808 has been synthesized 
using a variety of modulators, making it a promising plat-
form for studying these effects. Additionally, while previous 
studies assumed that the capping carboxylate groups were 
static and inhibited direct chemisorption of gases to open 
metal sites, recent reports have explored the dynamic na-
ture of the bonds between nodes and bridging carboxylate 
linkers.29,36,39,46–48 Ostensibly, carboxylate modulators could 
be similarly labile, exposing open metal sites for direct sorp-
tion. Such lability might manifest in the form of shifting 
sorption behavior with increasing electron withdrawing 
characteristic of the capping modulator, which should de-
crease the strength of the Zr-Omodulator bonds in the frame-
work (Scheme 1).  Described herein is a mechanistic inves-
tigation of CO2 sorption in MOF-808-X (X = capping modu-
lator) and the dynamic role that the node-capping modula-
tor plays, insights from which can lead to the enhancement 
and improvement of other CO2 adsorption materials. 

Scheme 1. CO2 sorption behavior changes with increas-
ingly electron-withdrawing node-capping modulator in 

MOF-808 

 

Results and Discussion 

While previous reports have investigated the influence of 
various MOF characteristics on adsorbent properties, few 
have isolated the effect of the modulator used during syn-
thesis, which can lead to notable differences in structure 
and behavior. To selectively probe these effects for MOF-
808 and avoid batch-to-batch variation, several variants of 
MOF-808-X synthesized using formic acid, acetic acid, or tri-

fluoroacetic acid as a modulator (X = FA, AA, and TFA, re-
spectively) were prepared using previously established 
protocols for large-batch aqueous synthesis and character-
ized by NMR spectroscopy (Fig, S1-S3) to quantify the num-
ber of capping modulators per MOF node.42 MOF-808-OH, in 
which the modulator is removed and the resulting zirco-
nium nodes are capped by one hydroxyl and one aquo lig-
and per modulator site, was prepared by treatment of MOF-
808-FA with hydrochloric acid and characterized by di-
gested NMR to confirm successful removal of the modulator 
(Figure S4).49,50 Powder X-ray diffraction, N2 sorption, and 
SEM analyses indicated that each variant was crystalline, 
porous, and exhibited similar morphology (Figures S5-S14), 
meaning that variance in these characteristics would not be 
the root cause of differences in other behavior. 

While the only variance in the N2 sorption capacity of 
MOF-808-X variants as a function of modulator identity was 
lower adsorption capacity in MOF-808-TFA due to de-
creased average pore size (Figure S15), notable variation 
following a different trend was observed for CO2 sorption at 
298.15 K (Figure 1). MOF-808-TFA exhibited the highest ca-
pacity, while little difference was observed between MOF-
808-FA and MOF-808-AA, and MOF-808-OH was signifi-
cantly less effective for adsorbing CO2 than modulator-
capped analogs. Similar trends held for isotherms collected 
at 273.15 K, 288.15 K, and 313.15 K (Figures S16-18), con-
sistent with these variations in sorption being a conse-
quence of structural differences among the MOFs. The ob-
served trend in CO2 adsorption was different from that ob-
served for N2 at high loadings (Figure S6 and S7) but was 
similar to that at very low partial pressures (Figure S15). 
This dichotomy suggests that decreased size in the adaman-
tane-shaped pores in MOF-808-TFA promoted adsorption 
at low loadings but limited it at higher loadings while the 
larger pores of other variants led to improved adsorption at 
higher pressures. It was also apparent that access to the 
smaller, tetrahedral MOF pores was not the cause, as MOF-
808-OH should exhibit the highest capacity in that case ow-
ing to the increased steric accessibility to these cages in the 
absence of modulator.  

Figure 1. CO2 adsorption isotherms in MOF-808-X at 
298.15 K 



 

In the interest of developing a further understanding of 
this behavior, we next calculated the heat of adsorption 
(QST) for CO2 in each variant based on these isotherms (Fig-
ure S19). While little difference was observed among vari-
ants at especially low coverage, more distinct gaps could be 
observed above 5 cm3/g. Although differences among vari-
ants were negligible for the most part, MOF-808-TFA exhib-
ited the highest QST (~26 kJ/mol) at these higher loadings, 
while MOF-808-AA and -FA behaved almost identically 
(~24 kJ/mol). The lowest QST (~20 kJ/mol) was observed 
for MOF-808-OH, consistent with the CO2 physisorption ca-
pacity among variants. 

To obtain more precise mechanistic insight into adsorp-
tion behavior in MOF-808-X, in situ DRIFTS difference spec-
tra of each variant were obtained at several time points 
leading up to 15 minutes under a flow of 5% CO2 and 95% 
argon at 298.15 K. While the expected asymmetric stretch-
ing mode for CO2 physisorption (2339-2343 cm-1, bulk CO2 
= 2349 cm-1) grew in intensity with time, another unex-
pected lower frequency stretch between 2333 and 2337 cm-

1 appeared simultaneously (Figure 2).51 Notably, while the 
higher-frequency peak disappeared when the sample was 
purged with argon at 298.15 K, this lower-frequency stretch 
remained. The intensity of the lower-frequency stretch was 
dependent on the identity of the modulator, with the high-
est intensity exhibited by MOF-808-TFA and the lowest by 
MOF-808-AA. This stretch was observed in MOF-808-OH as 
well, likely owing to a small amount of residual formate 
modulator in the framework after acid treatment.  The in-
tensity of this stretch did not correlate to the measured CO2 
adsorption capacity or previously calculated Qst values. 
This finding suggested that this stretch was a consequence 

of a process separate from physisorption, which dominates 
adsorption characteristics above the low CO2 loadings 
tested in these DRIFTS experiments. Additionally, relatively 
little variance in the higher-frequency stretch among sam-
ples suggests that the stretch at ~2335 cm-1 is directly re-
lated to the presence and identity of the capping modulator, 
while the stretch at ~2339 cm-1 is not. Shifts in the fre-
quency of typical stretches in the carboxylate region of the 
IR spectra (Figures S26-S30) indicated that the coordina-
tion of the capping modulator also changed during the pro-
cess of CO2 sorption in conjunction with the appearance of 
the lower-frequency peak, especially in MOF-808-TFA. 

To further deconvolute the evolution of the observed 
DRIFTS stretches for MOF-808-X, these time-resolved data 
were processed using non-negative matrix factorization 
(NMF) (Figure 3).52,53 NMF reduces complex data series to a 
smaller number of variables – i.e., a component and 
weighting matrix – which represent the contribution of 
component signals. Analysis by NMF indicates that two dis-
tinct DRIFTS signals evolve during CO2 sorption: a higher 
frequency signal at 2343 cm-1 (component 1) and a lower 
frequency signal at 2335 cm-1 (component 2). These two 
components correspond well with the two stretches ob-
served for MOF-808-TFA at 15 minutes, suggesting two sep-
arate modes of CO2 sorption. The respective weighting ma-
trices (Figure 3B) highlight the change in relative weights of 
components as CO2 is dosed in and as the system is purged 
with argon. The observed matrix trends further clarify the 
spectroscopic behavior of MOF-808-X. MOF-808-TFA exhib-
its two sorption regimes by DRIFTS, the first including 
growth of both signals in the presence of CO2 in which both 
components increase in intensity and the second being 

Figure 2. DRIFTS difference spectra in the region associated with CO2 adsorption asymmetric stretching mode for MOF-808-X 
where X = A) TFA, B) FA, C) AA, and D) OH, collected under a flow of 5% CO2 (balance Ar) at 30 ºC at various time points 



 

purging with argon, in which the intensity of component 1 
is reduced while component 2 more effectively retains in-
tensity. MOF-808-FA behaves similarly but exhibits much 
lower relative intensity for both components compared to 
the -TFA variant. As expected, MOF-808-OH exhibits the 
highest relative intensity for component 1 as well as contri-
butions of component 2, directly linked to the remaining FA 
capping ligand after acid treatment. The intensity of compo-
nent 2 is lowest in MOF-808-AA and sudden decay of com-
ponent 1 is observed once the system is purged, which fur-
ther supports the modulator dependency of adsorption be-
havior for CO2 in MOF-808-X. 

Such unexpected spectroscopic behavior continued at 
temperatures ranging from -60 ºC to 80 ºC (Figure 4 and 
Figures S31-S42). Additionally, the variance in intensity of 
each stretch provided further insight into the cause of the 
lower-frequency stretch. Consistent with physisorption be-
havior, the intensity of the high-frequency peak (Figure 4 
and 5A) was highest at lower temperatures where the free 
energy of adsorption is dominated by the enthalpic contri-

bution rather than the entropic component. 

However, the lower-frequency stretch followed a differ-
ent trend (Figure 5B). This stretch increased in intensity 
with increasing temperature for all samples containing 
node-capping modulators, reaching a maximum intensity at 
a different temperature depending on modulator identity 
(30 ºC for MOF-808-TFA and -FA, 60 ºC for MOF-808-AA), 

then decreased as expected with increasing temperature. 
Such initially counterintuitive behavior indicates that the 

Figure 4. Variable temperature DRIFTS difference spectra 
in the region associated with CO2 adsorption asymmetric 
stretching mode for MOF-808-X where X = A) TFA, B) FA, 
C) AA, and D) OH, collected under a flow of 5% CO2 (balance 
Ar) at 15 minutes at temperatures from -60 to 80 ºC. 

Figure 3. Non-negative matrix factorization (NMF) analysis of 
DRIFTS spectra, represented as A) difference spectra for MOF-
808-TFA after 15 minutes of exposure to CO2 at 298 K decon-
voluted into two components and B) respective relative 
weighting matrices representing the contribution of each com-
ponent spectrum to overall spectra during CO2 adsorption and 
purging with Ar in MOF-808-X  



 

lower-frequency stretch results from a process for which a 
modulator-dependent activation energy must be overcome, 
suggesting a chemisorption pathway. The absence of such 
temperature dependence in the intensity of the lower-fre-
quency peak for MOF-808-OH or its fully dehydrated analog 
MOF-808-D54,55 further supports the hypothesis of modula-
tor-dependent chemisorption, as access to the bare zirco-
nium of the MOF node is most unimpeded in the absence of 
capping modulator. Similar temperature-dependent trends 
were observed when the samples were purged with argon 
for 10 minutes (Figure 5C and D). Very little signal was ob-
served for either stretch in MOFs without capping modula-
tor (MOF-808-OH and MOF-808-D) (Figures S38 and S40), 
suggesting full desorption of any adsorbed CO2. Similarly, 
the high-frequency stretch was either absent or observed in 
very low intensity for samples with capping modulator 
above cryogenic temperatures after purging with argon. 
However, the low-frequency stretch intensity followed a 
similar trend to that during sorption for MOF-808-TFA, -AA, 
and –FA (Figure 5D), as intensity reached a maximum at el-
evated temperatures (40 ºC for MOF-808-TFA, and -FA, 50 
ºC for MOF-808-AA). In conjunction, these data indicate that 
the high-frequency peak describes physisorption of CO2 and 
the lower-frequency peak corresponds to a different pro-
cess – likely chemisorption – that is both stronger than phy-
sisorption and involves the capping modulator. This is fur-
ther supported by significant underprediction by GCMC cal-
culated isotherms (Figure S46) indicating interactions go-
ing beyond physisorption. 

MOF-808 is one of a family of zirconium-based MOFs in 
which the modulator caps open zirconium sites on the node. 
Two others are UiO-66, which exhibits no open metal sites 
in an ideal structure but often contains modulator-capped 

missing-linker defects, and NU-1000, a channel-type MOF in 
which four pairs of open metal sites per node are capped by 
modulators. Importantly, the linker geometry about the 
nodes of UiO-66 and NU-1000 leads to more steric crowding 
than in MOF-808. To determine whether this difference in 
geometry influences the behavior of CO2 and whether the 
observed spectroscopic behavior was unique to MOF-808 
or characteristic of zirconium MOFs in general, similar var-
iable-temperature DRIFTS experiments were conducted 
with UiO-66 and NU-1000 (Figures S47 and S48). While a 
small signal at around 2335 cm-1 has previously been re-
ported for UiO-66,56 the sharp stretch observed for MOF-
808 was absent for formate-capped variants of UiO-66 or 
NU-1000. The absence of this stretch suggests that the 
unique geometry of the 6-connected node in MOF-808 influ-
ences the behavior leading to the lower-frequency peak. 
One possible explanation for this is a more open pathway 
due to a less sterically crowded node allowing for dynamic 
modulator coordination and therefore enabling CO2 to di-
rectly access the bare zirconium of the node.   

Two potential operative pathways can thus be proposed 
for such direct adsorption of CO2 to the MOF node: full dis-
sociation of the modulator to leave two bare zirconium sites 
or hemilabile dissociation of one oxygen of the capping 
modulator from zirconium and coordination of this labile 
oxygen to a different atom nearby during sorption to un-
cover one zirconium site. To test the former, a sample of 
each variant was digested before and after in situ DRIFTS 
measurements, using NaOD in D2O to determine whether 
the ratio of modulator to BTC linker had changed by 1H NMR 
spectroscopy (Figures S1, S2, and S4) for MOF-808-FA, -AA, 
and -OH and by a combination 19F NMR and 1H NMR spec-
troscopy with an internal standard in NaOD/DMSO-d6 for 

Figure 5. Trends observed in the intensity of variable temperature DRIFTS peaks for MOF-808-X under a flow of 5% CO2 (balance 
Ar) at 15 minutes at A) 2339 cm-1 and B) 2335 cm-1, and after 10 minutes purging with 100% Ar thereafter at C) 2339 cm-1, and D) 
2335 cm-1 

 



 

MOF-808-TFA (Figure S3). In all cases, the ratio of modula-
tor to linker remained unchanged, suggesting that any mod-
ulator initially present in the MOF remained present after 
sorption and thus likely remained bound in some way to the 
node throughout the process. 

In situ powder X-ray diffraction (PXRD) data were col-
lected for MOF-808-TFA, -AA, and -OH upon adsorption and 
desorption of CO2 in the temperature range 30-120 °C. The 
close correspondence of the PXRD data for the pristine and 
adsorption/temperature-cycled materials confirm their 
stability (Figure S49). Differential envelope densities 
(DEDs) were derived from the PXRD data to locate electron 
density associated with the CO2 guest within the MOF pores 
(Figure 6). For MOF-808-AA and -OH, no guest electron den-
sity was observed following CO2 exposure at 120 °C (Figure 
6A and B). Upon cooling to 60 °C, electron density associ-
ated with adsorbed CO2 was observed in the larger pore for 
-AA and in the smaller tetragonal pore for -OH, seemingly 
corresponding to the initial physisorption peak denoted by 
component 1 in the discussed NMF data (Figure 3). At 30 °C, 
the CO2 was localized near the smaller tetragonal pore for 
both -AA and -OH. Progressive heating to 120 °C under he-
lium to remove CO2 reveals a hysteresis in adsorption. The 
DEDs indicate that the guests become more delocalized and 
are partially but not fully removed at 120 °C within the 1.5 
minutes of the measurement. By contrast, MOF-808-TFA ex-
hibits CO2 adsorption even at 120 °C (Figure 6C). As with 
other variants, CO2 adsorbs first near the smaller tetragonal 

pore at 60 °C, but then occupies a second binding site close 
to the Zr node at 30 °C. This indicates a secondary, poten-
tially chemisorptive, adsorption site. This guest arrange-
ment persists during subsequent heating to 60 °C and at 120 
ºC as the timeframe of the measurement was insufficient to 
fully eliminate adsorbed CO2 guests. The structural analysis 
of the in situ X-ray scattering during adsorption of CO2 fur-
ther supported direct adsorption of CO2 to the zirconium 
node and suggested modulator hemilability, as capping 
modulator – especially in the presence of electron-rich flu-
orine of TFA – would repel the guest and result in greater 
density near the MOF linkers. 

These findings were further supported by radial distribu-
tion function (RDF) data constructed from molecular dy-
namics (MD) simulations (Figure S50) run for 500 ps under 
thermal-isobaric conditions for MOF-808-FA. Such RDF 
plots describe the distance between the oxygens of CO2 and 
the Zr atoms in the framework during these simulations. 
Across simulations, four predominant distance regions 
emerged, the smallest being between 2.8 – 3.0 Å, slightly 
longer than the Zr-O bonds of the framework. At the lowest 
pressures (Figure S50A), the distance between Zr and the 
CO2 oxygen is most likely around 2.8 Å. As pressure in-
creases and more CO2 molecules enter the MOF framework, 
a more even distribution evolves, reflecting a shift to phy-
sisorption at other available sites (Fig S50B-F), consistent 
with the observed CO2 isotherms. 

Figure 6. Representations of differential envelope densities (DEDs) that reflect the locations of electron density from adsorbed 
CO2 within MOF-808-X (X= A) -OH, B) -AA, C) -TFA). These were derived from in situ PXRD data collected during CO2 adsorption 
upon cooling from 120 °C to 30 °C in a CO2 atmosphere, and subsequent CO2 desorption upon reheating to 120 °C under helium 
gas flow.  

 



 

Based on these experimental observations, we propose a 
mechanistic pathway for CO2 chemisorption to the zirco-
nium node in Scheme 2 that is consistent with dependence 
on modulator identity and could lead to the observed spec-
troscopic behavior. In this pathway, both zirconium atoms 
of the node are initially capped by the two oxygens of the 
carboxylate modulator (i), after which dissociation of one 
oxygen (1) results in one capped and one uncapped metal 
site (ii). CO2 can then directly access the open zirconium site 
(2) to fully cap the node (iii), after which the dangling elec-
tron-rich modulator oxygen either (3a) interacts directly 

with the electron-deficient carbon of CO2 (iv) to form an 
eight-membered ring or (3b) the hydrogen of a µ3-OH bridg-
ing group (v), to form two six-membered rings and stabilize 
the geometry about the node. This pathway is consistent 
with the modulator dependence of the 2335 cm-1 IR stretch, 

as well as its odd temperature-dependence and the absence 
of such behavior in MOFs with modulator removed. Addi-
tionally, the first step correlates with the observed experi-
mental trends: the CF3 group of trifluoroacetate withdraws 
electron density from the carboxylate oxygens and stabi-
lizes a partially dissociated geometry, while the CH3 group 
of acetate increases the electron density of these oxygens 
and destabilizes the same species. 

 In order to further investigate the viability of this expla-
nation for the observed spectroscopic behavior, density 
functional theory (DFT) calculations were conducted on 
cluster models of the MOF-808 pore (See SI for details on 
selecting the representative cluster). The first adsorption 
mode tested was CO2 physisorption on the zirconium node 
with the FA modulator bound through both carboxylate ox-
ygens (configuration (i) in Scheme 2). The frequencies and 
enthalpies of adsorption for physisorption of CO2 on differ-
ent potential sites are reported in Figure 7 and Table 1. The 
frequencies of the CO2 asymmetric stretching mode for the 
three physisorption sites ranged from 2338 to 2343 cm-1 
(Table 1), in an excellent agreement with experimentally 

determined values. Adsorption on Zr and on µOH is more fa-
vorable than on µO, with the enthalpies of adsorption of ap-
prox. -24 kJ/mol and -12 kJ/mol, respectively, which follows 
the expected trend, where the adsorbate molecule interacts 
strongly with the hydroxyl group or a “pocket” created by 
the linker and two formate modulators.  

Scheme 2. Hypothesized modulator/node dynamics  

Figure 7. Three physisorption modes considered in DFT 
computations: CO2 adsorbs on A) the Zr atom, B) the µO 
bridging atom or C) the µOH bridging atom of the MOF-808-
FA node. Dotted lines added to clarify spatial configuration 
of the CO2 molecule. (green = Zr, red = O, brown = C, white 
= H) 

Table 1. Frequencies of the CO2 asymmetric stretching 
mode and enthalpies of adsorption for physisorption 
configurations on the MOF-808-FA node, tested in DFT 
calculations. 



 

 To analyze the possibility of CO2 chemisorption, we opti-
mized structures in which one of the Zr-O bonds between 
the node and modulator was broken and oxygen from CO2 
coordinated to the open Zr site. The three generated config-
urations (Figure 8) differ in the position of the “dangling” 
carboxylate oxygen. The optimized Zr-OCO2 distances are 
2.49 Å, 2.59 Å and 2.49 Å for configurations 8A, 8B and 8C, 
respectively which suggest strong interactions, as Zr-Oformate 
bond lengths are approximately 2.25 Å. The corresponding 
observed frequencies range from 2337 to 2325 cm-1, de-
creasing in frequency compared to physisorption as a con-
sequence of the Zr ion pulling electron density from the 
bound OCO2, which weakens the C-O bond in the guest mole-
cule.  

The stretching frequency of configuration 8B is approxi-
mately 2335 cm-1 which is in almost perfect agreement with 
experimental results, suggesting that this is the most plau-
sible configuration for CO2 chemisorption. While the calcu-
lated enthalpies of chemisorption are endothermic (Table 
2), this could be a result of instability in the dangling oxygen 
from monodentate formate. A stabilizing factor not consid-
ered in these calculations likely exists that leads to stabili-
zation beyond the binding of a single molecule, such as ad-
ditional CO2 molecules interacting with the node. While pre-
vious reports show that chemisorption can be exothermic 
in case of full modulator removal, 56 experimental results in-
dicated that the number of modulators does not change be-
fore and after exposure to a CO2 stream (Figures S1-S4). 

To further computationally probe the experimentally ob-
served modulator effects on sorption, the monodentate for-
mate modulator was replaced with acetate and trifluoroace-
tate. These calculations confirmed the experimental obser-
vation that the chemisorption is most likely to occur in the 
presence of TFA (Table 3), where ∆Hchemisorption decreases by 
11 to 16 kJ/mol depending on configuration. Moreover, the 
decrease of the Zr-O bond strength (AA > FA > TFA) with 
changes in modulator agree with the decrease of natural 
bond orbital (NBO) charge on the oxygen atom of the mod-
ulator (-0.66, -0.64 and -0.61, respectively).  

In combination with experimental findings, these calcula-
tions suggest that the pore structure within MOF-808, typi-
cally presumed to be static during gas sorption, is very dy-
namic. Not only does this represent a shift in perspective on 
potential surface engineering within MOF pores, it also sug-
gests necessary improvements in computational adsorption 
studies, especially Monte Carlo simulations, where most 
previous reports consider the bonds of the capping modu-
lator to the MOF node to be fully intact throughout sorption. 

Conclusion 

The structures of many metal-organic frameworks are 

very stable and thus often assumed to be static. Dynamic 
pore structures could lead to behavior otherwise inaccessi-
ble during gas sorption. The variety of modulators used to 
cap open metal sites of zirconium MOFs offers a promising 
handle to tune such dynamics. Spurred by the observation 
of unexpected in situ DRIFTS behavior during CO2 sorption, 
we probed new possible chemisorption mechanisms. Our 
investigation indicated dynamic capping modulator behav-
ior allowing CO2 to directly chemisorb to open zirconium 
sites to various degrees depending on the identity of the 
modulator, specifically the electron density on the carbox-
ylate oxygens. These dynamics and the cooperative interac-
tion between the adsorbed CO2 and hemilabile modulator 
represent new considerations when examining gas sorption 
mechanisms: modulator-node bonds in MOFs should not be 
considered static during gas sorption, and dynamic pore 
structures could be leveraged in the design of future 
sorbents. 
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