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ABSTRACT: Diamine functionalization of the metal−organic framework Mg2(dobpdc)
(dobpdc4− = 4,4′-dioxidobiphenyl-3,3′-dicarboxylate) significantly enhances its selectivity for
CO2 capture from flue gases and air. The structure and CO2 capacity of such materials are
typically assessed using bulk techniques that rely on averaging signal over large ensembles of unit
cells, obscuring local heterogeneities, such as variations in CO2 occupancy across individual
nanocrystals. To resolve this limitation, we demonstrate a multimodal, nanoscale characterization
of Mg2(dobpdc) appended with 1,3-diaminopropane. By employing recently developed
characterization techniques at progressively smaller length scales, we uncover insights from
correspondingly smaller populations of unit cells. First, we use parallel-beam 3D electron
diffraction (3D ED) to identify a prominent expansion in lattice parameters upon desorption of
CO2, as observed at the level of single nanocrystals. Second, we use convergent-probe 4D
scanning transmission electron microscopy (4D-STEM) to quantify associated differences in
lattice strain as a function of gas loading and diamine appending. These measurements sample
small subvolumes within individual nanocrystals. Finally, we apply infrared scattering scanning near-field optical microscopy (IR s-
SNOM) to confirm variable CO2 chemisorption across adsorption sites at the surface of single nanocrystals. This multimodal,
multiscale approach allows us to map heterogeneity within individual nanocrystals. Collectively, these findings emphasize the
importance of local, nanoscale characterization of metal−organic frameworks in revealing previously unresolvable features that
impact their performance.

■ INTRODUCTION
Metal−organic frameworks (MOFs) have attracted interest for
a range of applications, including catalysis,1,2 drug delivery,3,4

and gas storage and separations.5−10 For gas storage and
separations, these materials enable the tuning of host−guest
interactions between the framework and small molecules.11−13

Currently, host−guest interactions in MOFs are either
understood via theoretical simulations or bulk characterization
techniques such as gas adsorption isotherms, X-ray or neutron
diffraction (XRD/ND), diffuse reflectance infrared spectros-
copy (DRIFTS), and nuclear magnetic resonance (NMR)
spectroscopy.14,15 However, these bulk experimental techni-
ques average out information such as spatial heterogeneity
among many adsorption sites. Among the highest resolution
structural characterization methods for MOFs is single crystal
X-ray diffraction (SCXRD), which requires periodicity over
multiple micrometers in length.15−17 In many cases, however,
it is difficult to grow sufficiently large single crystals of a MOF,
or to maintain such order for in situ gas dosing studies, where
aperiodic features such as defects and interfaces can affect mass
transport properties.18−22 Recently, Yamada and coworkers
reported the visualization of spatially heterogeneous water
adsorption inside a 100 μm-scale Co2(dobdc) (dobdc4− = 2,5-

dioxido-1,4-benzenedicarboxylate) crystal using operando X-ray
absorption fine structure spectroscopy combined with
computed tomography.20

In contrast to X-ray techniques, which typically have probe
sizes on the order of hundreds of micrometers to millimeters,
electron microscopy probe sizes range from a few microns to
subangstrom level (Figure 1).23−26 Thus, electron microscopy
provides a local probe that can be used to examine a myriad of
elusive performance-related aspects of MOFs, including host−
guest interactions and structure−property relationships in
small crystals, partial loading of a gas within a crystal, and
sorption variations between crystals in an ensemble.12,13,22,27

Transmission electron microscopy (TEM) has only rarely been
employed for MOFs due to their sensitivity to electron-beam
induced radiolysis, heating, and knock-on damage. Indeed,
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irradiation under typical TEM conditions causes collapse of the
structure within seconds.14,21,25,28−33

In the past several years, there have been efforts to develop
dose-efficient protocols to investigate local structures in MOFs,
mainly using high-resolution TEM (HRTEM) and phase
contrast scanning transmission electron microscopy (STEM)
to directly image the sample, and 3D electron diffraction (“3D
ED,” “MicroED,” “cRED,” etc.) to image the reciprocal
space.11,21,22,25,28,31−40 However, to our knowledge there are
no previous nanoscale-resolution studies providing dual-space
(i.e., real and reciprocal space) visualization of the same
MOF.20 Furthermore, while the methodology has improved,
many of the reported electron microscopy studies have been
proof-of-concept studies, investigating a select few frameworks
that have already been well characterized and are not among
the top-performing candidates for a potential application.41−44

Here, we will focus instead on investigating performance-
related aspects of a framework relevant for CO2 separation.
Diamine-appended variants of Mg2(dobpdc) (dobpdc4− = 4,4′-
dioxidobiphenyl-3,3′-dicarboxylate) are recognized as leading
candidates for the capture of CO2 from flue gases and air.45−50

The framework Mg2(dobpdc) provides stability and a high
CO2 removal capacity, which are important for industrial
applications, while various diamines can be postsynthetically
appended onto the metal sites to improve the selectivity of the
framework for CO2 (Figure 2a).48,51,52 The specific desired
conditions for carbon capture, such as temperature and
pressure, can be further tuned based on the selected diamine.51

Structural characterization via SCXRD conducted on analo-
gous materials, diamine-appended variants of Zn2(dobpdc),
showed that CO2 adsorption proceeds via a cooperative
mechanism whereby the gas molecule inserts into the Zn−N
bonds of the framework, forming ammonium carbamate chains
(Figure 2b).46,51 Evidence for this mechanism in diamine-
appended Mg2(dobpdc) is supported by results from 13C
NMR, in situ DRIFTS, density-functional theory (DFT)
simulations, statistical mechanical modeling, and PXRD
refinements.45,53−56 However, attempts at direct structural
characterization of the magnesium analog, which is more
desirable for CO2 separation from dilute gas streams, have,
until now, been unsuccessful. Specifically, it has not been
possible to grow large enough single crystals to characterize
Mg2(dobpdc) and its amine-appended variants with
SCXRD.45,49,50 Furthermore, the CO2 capacities of these
frameworks have only been characterized in bulk via gas
adsorption measurements. The occupancies of the chem-
isorbed gas molecules within individual crystals of the MOF
are unknown.

To answer these longstanding questions, we started by
investigating the impact of CO2 on the structure of the host
framework, pn−Mg2(dobpdc) (pn = 1,3-diaminopropane). We
conducted 3D ED on the CO2-adsorbed MOF, followed by in
situ heating under vacuum to desorb any CO2 species in the
framework, and then collected 3D ED data of its activated
phase. In 3D ED, electron diffraction patterns are recorded at
different tilt angles to reconstruct the three-dimensional
reciprocal space. Although the setup is analogous to X-ray
crystallography, the Coulombic nature of the electron-sample
interactions is much stronger than the uncharged X-ray-sample
interactions in SCXRD.58 Thus, 3D ED enables structural
solution from smaller single crystals; furthermore, lighter
atoms, from which X-rays scatter only weakly, can be more
readily resolved.36,59 The probe in 3D ED is a few micrometers
wide, and a postspecimen aperture restricts the detected region
to an individual nanocrystal.60 Besides obtaining an ab initio
1.0-Å resolution electrostatic potential map of pn−CO2−
Mg 2 ( d o b p d c )� t h e fi r s t f o r a n y v a r i a n t o f
Mg2(dobpdc)

45,50,51�we uncovered an anisotropic expansion
of the unit cell upon CO2 desorption.

This difference in lattice parameter between CO2-adsorbed
and activated phases was then used to inform 4D scanning
transmission electron microscopy (4D-STEM) of pn−
Mg2(dobpdc). In 4D-STEM, a localized electron probe is
rastered across the sample and a diffraction pattern is collected
at every probe position. Fast detection renders 4D-STEM a
dose-efficient technique. Postprocessing of the data (i.e., use of
virtual apertures on the diffraction patterns) allows for
extraction of real space features resolved on the nanoscale.24,61

The unique capability of 4D-STEM to enable local, dual-space
visualization makes this technique ideal for probing structural
heterogeneity in the material. With this method, we were able
to connect distributions in lattice parameter value to variations
in CO2 occupancy and amine appending within a single
particle.

Figure 1. Representative probe size of traditional methods (top right)
to examine structure and composition in metal−organic frameworks
compared to that of local techniques utilized in this study.

Figure 2. (a) Schematic of diamine appending onto the open metal
site of Mg2(dobpdc) and (b) proposed mechanism of formation of
ammonium carbamate chains upon CO2 exposure.45,51,53,57 Repro-
duced from ref 75. Copyright 2024 American Chemical Society.
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Complementary infrared scattering scanning near-field
optical microscopy (IR s-SNOM) measurements were
employed to probe the presence of chemisorbed CO2 inside
a single particle of pn−Mg2(dobpdc) by relating the CO2-
induced chemical modification to changes in the characteristic
optical vibrational response. Specifically, the C−N stretch at
∼1328 cm−1, which is attributed to the formation of an
ammonium carbamate species, was tracked as a function of
position throughout the crystal.45,51,57 In IR s-SNOM, the
metallic tip of an atomic force microscope (AFM) serves to
localize broadband infrared radiation, and the near-field
interactions enable vibrational spectroscopy with nanometer
spatial resolution.62,63 IR s-SNOM has a similar spatial
resolution to 4D-STEM but is surface sensitive, probing only
the top several nanometers of the material. Taken together, our
multimodal approach comprising techniques that probe
progressively smaller regions of a MOF provides new insights

into heterogeneity arising from host−guest interactions and
material functionalization.

■ RESULTS AND DISCUSSION

3D Electron Diffraction

Although the pn−Mg2(dobpdc) crystals diffracted well
(Figures 3a and S6), their submicron size (Figures 4c and
S1) precluded SCXRD as a viable method for structural
elucidation, rendering the sample a good candidate for 3D ED.
Furthermore, both the CO2-adsorbed phase and the activated
phase could be accessed within the working parameters of the
TEM.51 At room temperature under vacuum (i.e., 8 × 10−8

Torr in the TEM column), CO2 is expected to remain
chemisorbed in pn−CO2−Mg2(dobpdc). Heating at 100 °C
under vacuum for 1 h promotes complete CO2 desorption,
resulting in the activated material pn−Mg2(dobpdc) (Figure
3d). Accordingly, we collected 3D ED data (using different
crystals for each measurement to reduce beam damage effects)
before and after in situ activation, allowing for a direct
comparison of the two phases. To negate the effects of thermal
expansion on the structure, we conducted the activated phase
measurements at room temperature. Precautions were taken to
mitigate beam damage effects. Most notably, no measured
crystal was exposed to the beam prior to data collection. This is
not standard practice in most TEM experiments, where the
crystal is irradiated prior to data collection in order to find and
focus the sample.

We compared data sets from three crystals of the CO2-
adsorbed phase with four crystals of the activated phase, all
from the same in situ session. The material was loaded as pn−
CO2−Mg2(dobpdc), measured, then heated in situ to yield
activated pn−Mg2(dobpdc), which was subsequently measured
at room temperature. This sequence was simulated using
thermogravimetric analysis (TGA), which measures changes in
sample mass as a function of temperature, to confirm activation
(Figures 3d and S12). Autoindexing of each individual data set
led to the assignment of lattice parameters in agreement with
various SCXRD solutions of diamine-appended Zn2(dobpdc)
(Table S1). The determined space group for both phases,
P3121, also aligned with solutions of these Zn analogs.51 As
visualized in Figure S2, a = b values ranged from 20.862 ±
0.045 Å to 21.014 ± 0.021 Å for the CO2-adsorbed phase
compared to 21.317 ± 0.002 Å to 21.522 ± 0.007 Å for the
activated phase. Table 1 illustrates the average of these results.
Upon desorption of CO2, the material expanded ∼0.5 Å
(2.4%) in the a = b direction, commensurate with the face of
the pore (Figure 4a) (the longest crystallite direction aligns
with the c axis).64−66 Previous unit cell parameter determi-
nations of diamine-appended Mg2(dobpdc) via DFT and
Pawley fits of PXRD data do not indicate a consistent trend of
contraction in the a = b direction upon CO2 adsorption (Table

Figure 3. Traditional bulk characterization of pn−Mg2(dobpdc). (a)
Powder X-ray diffraction with in situ activation of the CO2-adsorbed
framework. The activation sequence parallels our electron diffraction
methodology. (b) In situ diffuse reflectance infrared Fourier transform
spectra of activated framework upon CO2 exposure. Lines at 1702 and
1325 cm−1 mark the diagnostic ν(C−O) and ν(C−N) bands,
respectively, of the carbamate that forms upon CO2 adsorption. (c)
Dry CO2 isotherm at 25 °C indicating an adsorption step well below
the dosing condition of 1 bar used in our microscopy studies. At this
plateau, the adsorption capacity is 89% of the theoretical capacity (4.2
mmol/g), corresponding to one CO2 molecule per Mg site. (d)
Thermogravimetric analysis showing desorption of water and weakly
bound CO2 followed by activation (CO2 desorption) at 100 °C. This
sequence simulates the in situ activation in the electron microscope,
indicating CO2 should be desorbed after activation.

Table 1. Lattice Parameters for pn−Mg2(dobpdc) Derived from 3D ED, PXRD, and DFT (Unit: Å)a

3D electron diffractionb,c Powder X-ray diffractionb,c Density functional theoryd

Activated CO2-dosed Activated CO2-dosed Activated CO2-dosed

a = b 21.427 ± 0.023 20.925 ± 0.030 21.3958(2) 21.2967(2) 21.544,67 − 20.688,67 21.02854

c 6.862 ± 0.040 6.914 ± 0.007 6.9409(2) 6.8485(2) 6.794,67 − 7.056,67 7.05154

aAll structures belong to the trigonal crystal system (α = β = 90°, γ = 120°). bCrystallography data were collected at room temperature. cThe
method to calculate error and precision in lattice parameter determination is very different in 3D ED and PXRD and therefore should not be
compared. dTemperature was not reported for the DFT calculations.
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S1).51,52,57 The same is true for structures of diamine-
appended Zn2(dobpdc) solved via SCXRD.51,57 This lack of
a consistent trend across all findings for diamine-appended
M2(dobpdc) (M = Mg, Zn) is unsurprising, because the choice
of both metal and amine affect the nature and strength of CO2
adsorption, in turn affecting the relative stability of the
activated and CO2-adsorbed phases.51,57

We suggest, however, that the more pronounced difference
in a = b between the two phases compared to literature values
comes not only from slight differences in composition, but also
from the more local nature of 3D ED compared to SCXRD
and PXRD. Considering the morphology observed by (S)TEM
(Figure S1), the sample thickness measured by AFM (Figure
6a), and the unit cell volume, we estimate that 108 unit cells
were averaged to determine the unit cell parameters of each
phase using 3D ED data. Given the larger crystal size
requirement for SCXRD, the resulting structural solutions
derive from an average over 1015 unit cells�7 orders of
magnitude more than results from 3D ED. Results from PXRD
average over similar orders of unit cells as from SCXRD, but
across many different crystallites (Figure 1). Defects in crystals
can hinder adsorption, and our 3D ED data reveal that
adsorption has a measurable effect on the unit cell parameters.
If a batch of dosed crystals measured with PXRD comprises a
mixture of MOFs with different concentrations of defects, the
resulting unit cell parameters will not accurately reflect those of
a MOF with complete CO2 adsorption. Consequently, for any
imperfect samples, PXRD may be ill-suited to characterize
accurately the structural changes upon guest molecule
incorporation, whereas each 3D ED data set is specific to a
single crystal. Indeed, through Pawley fits of in situ PXRD
measurements at 298 K mirroring our 3D ED setup (Figure
3a), we found a = b for the CO2-adsorbed phase to be 21.2967
± 0.0002 Å compared to 21.3958 ± 0.0002 Å for the activated
phase (Table 1); that is, expansion upon desorption of CO2
was evident, but to a lesser extent than in our 3D ED
measurements. The CO2 adsorption isotherm conducted on
the bulk powder at room temperature (Figure 3c) reinforces
the hypothesis that the sample comprises crystals with varying
CO2 capacities. The samples were dosed with 1 bar of dry CO2
to ensure maximal CO2 adsorption, but the adsorption step
plateaus at a much lower pressure, ∼10 mbar. The theoretical
CO2 capacity of pn−Mg2(dobpdc) is 4.2 mmol CO2/g,
assuming 1 CO2 molecule per metal site is adsorbed (Figure
2b). The measured capacity at the adsorption step plateau is
89.4%, or 3.82 mmol CO2/g pn−Mg2(dobpdc). It is therefore
reasonable to postulate that while the vast majority of the
metal sites participate in cooperative formation of ammonium
carbamate moieties, some sites do not. This imperfect capacity
could arise from defects or pore blockages for example. We
cannot deduce from the bulk isotherm how these ill-
performing sites are distributed; that is, whether it is a
collection of crystals with partial CO2 occupation, or a mixture
of crystals with complete occupation and others with none.
The range of a = b values from 3D ED measurements suggest
the former, but an even smaller probe is necessary to visualize
variability in occupation across a single nanocrystal.

Although the 3D ED-derived unit cell parameters were a
result of averaged data sets from the same in situ activation
session, every individual data set displayed the same trend (the
autoindexed a = b values for the CO2-adsorbed phase were
consistently smaller than those of the activated phase) (Figure
S2). Higher resolution data collected in a separate session,

used to generate an ab initio 1.0-Å resolution electrostatic
potential map of the CO2-adsorbed phase, were also
autoindexed to reveal smaller a = b parameters compared to
all measurements of the activated phase.

The ability to merge intensities from separate crystals, which
is a common solution to the hardware limitation of the missing
wedge in 3D ED,68,69 was hindered by the variation in unit cell
parameters between different specimens (Figure S2). Fur-
thermore, completeness�the proportion of measured reflec-
tions to possible reflections�stayed at 74.9% regardless of the
number of merged data sets due to orientation bias on the
TEM grid, as the crystals were elongated rectangular plates
(Figure 6a). Unambiguous interpretation of weaker features in
the obtained electrostatic potential map was therefore not
straightforward. As seen in the electrostatic potential map at 3
root-mean-square deviations (σ) (Figure 4a), the MOF was
clearly resolved, indicating the long-range order of its rigid
scaffold. Additional density within the pore appeared to
correspond to features anchored at the metal sites, which could
be ammonium carbamate species that propagate as chains
along the c axis.53,54,70 For an assumed 100% CO2 occupancy,
the ammonium carbamates would be clearly resolved at
3σ.34,36 The fact that they were not suggests partial CO2
adsorption in the measured crystal.

From our 3D ED analysis, we concluded that pn−
Mg2(dobpdc) is isomorphous to many diamine-appended
variants of Zn2(dobpdc), as they share a trigonal space group
symmetry and very similar unit cell parameters.46,51 However,
diamine-appended variants of Mg2(dobpdc) may not be
isostructural to their Zn analogs; that is, they may differ in
the atomic arrangement of appended amines. Disorder was
also present in refinements from SCXRD measurements of
Zn2(dobpdc) and its amine-appended variants.46,48,51 While
3D ED enabled partial structural elucidation of pn−CO2−
Mg2(dobpdc), the result was similarly disordered. Hetero-
geneity, e.g., as a function of partial CO2 occupancy, was
apparent but not completely visualized within a nanocrystal,
because parallel-beam TEM still leads to structural solutions
that average over ∼108 unit cells (Figure 1). A more local

Figure 4. 3D ED of pn−CO2−Mg2(dobpdc). (a) Weighted
electrostatic potential map (2F0-Fc) contoured at +3σ. The metal
nodes and organic ligands that comprise the framework are clearly
resolved. Within the pore, additional density attributed to atoms from
the ammonium carbamate moieties is visible, but the corresponding
atoms are not clearly resolved. (b) Example diffraction pattern from a
tilt series and (c) accompanying real space micrograph of the crystal
on lacey carbon, taken after the tilt series.
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characterization of structure and disorder in pn−CO2−
Mg2(dobpdc)�such as that provided by 4D-STEM�was
required to fully understand limitations of the 3D ED analysis.
4D-Scanning Transmission Electron Microscopy

Moving from a parallel beam in 3D ED to a convergent one in
4D-STEM reduces the probe size from a micrometer to a few
nanometers. Furthermore, while 3D ED is purely a reciprocal
space technique, 4D-STEM is a dual-space technique that
collects a series of diffraction patterns at many scan points
across a sample. Visualization of the crystal structure
superimposed on real space is an excellent tool for uncovering
structural heterogeneity within a single crystal. Therefore, we
used 4D-STEM to map the empirical relationship between gas
adsorption and the structural change uncovered by 3D ED.

The 3D ED results showed a measurable change in the a = b
unit cell dimension as a function of CO2 adsorption, so we
directed our focus toward 4D-STEM measurements of
Mg2(dobpdc) that included the d100 peak. The elongated
rectangular morphology of the particles led to orientation bias
and few particles with the desired orientation. For additional
data, we included data sets with the d110 peak, which should
still reflect change as a function of CO2 adsorption but to a
smaller degree.

Virtual dark field (VDF) images of these peaks for each
sample type (Mg2(dobpdc), Mg2(dobpdc) dosed with CO2,
amine-appended Mg2(dobpdc), and amine-appended
Mg2(dobpdc) dosed with CO2) are shown in Figure 5. A
VDF image uses the collected diffraction patterns to create an
image in real space, the contrast of which is dependent on the
diffracting condition of the selected lattice plane (in this case,
corresponding to the peak d100 or d110). High intensity in an
area in the VDF image indicates strong diffraction from the
selected peak. Inversely, weak diffraction of the crystal plane

corresponding to the selected peak manifests in low intensity
in the VDF image. A VDF image of a perfect crystal would be
uniformly bright or dark, depending on the diffracting
conditions. The striations in the VDF images in Figure 5
revealed mosaicity in the crystals, or imperfectly aligned
regions of crystallinity consistent with the disorder identified in
our 3D ED data. The highlighted features in the VDF images
varied in size, shape, and direction, indicating structural
heterogeneity not only within a crystal but also between the
different samples. To our knowledge, this is the first time these
crystalline features in MOFs have been visualized in dual space.

For a more detailed analysis of CO2 occupation and related
heterogeneity within the crystal, we mapped the lattice spacing
for the given peak as a function of spatial position. We plotted
this lattice spacing with respect to the average of the value
expected for activated and CO2-dosed pn−Mg2(dobpdc), as
calculated from the unit cell parameters and geometry
determined from our 3D ED data (Table 1). For example,
d100 expanded from 18.13 Å in pn−CO2−Mg2(dobpdc) to
18.59 Å in activated pn−Mg2(dobpdc). Thus, our reference
value for the d100 maps was 18.36 Å. In the case of d110, the
expected lattice spacings were 10.72 and 10.47 Å for activated
and CO2-dosed pn−Mg2(dobpdc), respectively, resulting in a
reference value of 10.56 Å for the d110 maps. For the sake of
comparing distributions of different samples, we used this type
of reference for all data sets.

As seen in Figure 5d, the most strained crystal was the
diamine-appended, gas-dosed Mg2(dobpdc), which interest-
ingly displayed a bimodal distribution of d100 values. A simple
interpretation of this distribution is that it reflects a distinction
between gas-filled (−Δd) and empty regions (+Δd) of the
material. The domain size of these regions ranged from as
small as the probe step size (1.56 nm) up to ∼600 nm. If this

Figure 5. 4D-STEM of variants of Mg2(dobpdc) crystals. Virtual dark field images (top) highlight diffraction from the selected diffraction plane,
circled in white in the inset diffraction pattern. The variation in intensity throughout the crystals reveals their mosaicity, a sign of disorder. Although
the selected crystal planes form striations in all cases, the shape and size of these striations are not consistent across the four samples, indicating
structural heterogeneity. Lattice parameter maps of these peaks and accompanying histograms are shown at bottom. Strain Δd (±0.05) was
calculated relative to the mean lattice parameter of pn−CO2−Mg2(dobpdc) and activated pn−Mg2(dobpdc), as determined by electron
crystallography (d100 = 18.36 Å; d110 = 10.56 Å). Crystals in (a), (c), and (d) were mapped using d100; however, due to orientational restrictions,
(b) was mapped using d110. The results indicate increased structural heterogeneity after the framework is functionalized with diamine (c−d), as well
as after the diamine-appended framework is loaded with CO2 (d).
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probed crystal were representative of the bulk powder
measured in the isotherm (Figure 3c), we would expect
∼90% of the sites to have −Δd, i.e., a contracted lattice
parameter from CO2 adsorption. Instead, as seen in the
histogram in Figure 5d, we observed ∼67% of sites with this
contracted lattice parameter, despite the excess dosing
condition of 1 bar of CO2. Furthermore, the range of values
was larger than expected from the 3D ED findings. This can be
explained in part by following the example outlined in the
previous section and visualized in Figure 1. Values of d from
the 4D-STEM measurement with a 7 nm probe step size
represent an average of fewer than 1000 unit cells, 5 orders of
magnitude less than the 3D ED data. Thus, the relatively large
range of strain values could be attributed to the full distribution
of possible values that are provided with the higher spatial
resolution sampling of 4D-STEM.

The increasingly local nature of the techniques used in this
workflow served to highlight heterogeneity in the MOF crystal.
In addition to strain caused by CO2, there were other sources
of strain in the crystals. This is evidenced by the nonsingular
distribution of lattice parameter values in activated pn−
Mg2(dobpdc) (Figure 5c). The larger range of lattice
parameter values in both of the diamine-appended samples
relative to the other two samples of Mg2(dobpdc) suggests that
the process of diamine appending enhances structural
heterogeneity of the sample. The material Mg2(dobpdc)
without diamines, whether solvated (Figure 5a) or gas-dosed
(Figure 5b), had relatively narrower lattice parameter
distributions compared to the diamine-appended counterparts
(Figure 5c,d). Since the diamines induce a cooperative
adsorption mechanism in diamine-appended M2(dobpdc) (M
= Mg, Mn, Co, Fe, Zn), structural and chemical heterogeneity
as a result of incomplete diamine appending could disrupt the
propagation of ammonium carbamate chain formation,
ultimately affecting the CO2 adsorption mechanism and
crystallinity. Some mosaicity is apparent in all of these samples,
and strain could have originated during nucleation and growth
of the parent framework Mg2(dobpdc) for example.

Based on the 4D-STEM results, we propose that
Mg2(dobpdc) exhibits inherent structural heterogeneity,
which is exacerbated by diamine appending, and further
intensified by CO2 adsorption. These two processes are
invariably linked because incomplete diamine appending
would lead to metal sites that cannot participate in the
cooperative adsorption mechanism. However, we could not
use 4D-STEM to deconvolute the structural effects of diamine
appending and CO2 dosing, since both processes induced
strain in the crystals. In this case, chemically specific
spectroscopy was needed to probe the CO2 occupation
directly. Therefore, IR s-SNOM was employed to map
heterogeneity in pn−CO2−Mg2(dobpdc) solely as a function
of chemisorbed CO2 occupation.
Infrared Scattering Scanning Near-Field Optical
Microscopy

As seen in Figure 3b and in previous studies,71 peaks at several
different wavenumbers in the DRIFTS spectrum appear after
dosing pn−Mg2(dobpdc) with CO2. Absorption bands at these
wavenumbers (1325−1328, 1702, and 3300−3600 cm−1) are
considered diagnostic stretches and bends for the formation of
an ammonium carbamate species.45,51,57 Thus, as a proxy for
chemisorbed CO2 (i.e., ammonium carbamate species; see
Figure 2b), we tracked the intensity of the C−N stretch at

1328 cm−1 as a function of position throughout the crystal,
measured in arrays with spatial intervals of 25 nm, as shown in
Figure 6b. The C−N s-SNOM signal was normalized with

respect to the intensity at 1300 cm−1, attributed to bonds in
the ligand which do not change upon CO2 dosing. The relative
intensity of the C−N stretch in pn−CO2−Mg2(dobpdc) varied
with position (Figure 6b), suggesting spatially heterogeneous
chemisorption of CO2. The observed variance in CO2
adsorption in the crystal supports the 4D-STEM and 3D ED
data, indicating that incomplete incorporation of the guest
molecules into the framework contributed to structural
heterogeneity.

The variations in CO2 occupation observed with IR s-
SNOM were not as extreme as the variations in our 4D-STEM
lattice parameter measurements. IR s-SNOM is a surface
sensitive technique; therefore, CO2 chemisorption was probed
only within the top ∼20 nm of the crystal. In contrast,
(S)TEM is a transmission technique; the electron beam in 4D-
STEM probed the entire thickness of the material,
corresponding to an order of magnitude increase in the

Figure 6. CO2 loading of pn−Mg2(dobpdc) mapped by IR s-SNOM
via the intensity of the C−N stretching vibration at 1328 cm−1, which
is associated with the formation of an ammonium carbamate species.
(a) AFM topography of a group of nanocrystals. (b) Nano-FTIR array
of the outlined area with relative intensity I(νCO2)/I(νref) for each
spectrum. (c) Combined spectra revealing the increase and variability
(dotted lines) in CO2 uptake upon loading (dark line; solid lines are
Lorentzian fits). Hyperspectral maps of (e) activated pn−
Mg2(dobpdc) showing little to no presence of CO2, compared to
(d) higher but varied amounts in pn−CO2− Mg2(dobpdc). (f)
Statistical distribution of the referenced peak intensities in the
activated and loaded samples.
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number of unit cells sampled in projection. Additionally, it is
possible that CO2 molecules diffuse more slowly to interior
adsorption sites compared to surface sites, leading to a
disparity in the CO2 occupancy between the surface and
interior of the nanocrystal.56,72 Although both 4D-STEM and
IR s-SNOM techniques provide novel information on the
nanoscale level, their relative differences purely from their
interaction volumes highlight the benefit of our multimodal
approach.

■ CONCLUSION
In this work, we have presented a multimodal nanoscale
approach that not only furthers the elucidation of enigmatic
crystal structures, but also uncovers and maps heterogeneity in
individual MOF crystals. Our observations suggest structural
variability in pn−CO2−Mg2(dobpdc) is a result of both
diamine functionalization and host−guest interactions in the
material. We employed 3D ED combined with in situ activation
to investigate the impact of CO2 on the host framework. The
findings were then used to inform nanoscale mapping of
structural features in the MOF via 4D-STEM, while also
mapping the chemisorbed CO2 with IR s-SNOM. Broadly, all
of these techniques revealed heterogeneity in the material, but
each method provided us with unique insights based on their
interaction volume.

The 3D ED experiments performed on pn−CO2−
Mg2(dobpdc) indicated a 0.5 Å expansion in a = b upon
desorption of CO2. Although expansion was sometimes
observed in SCXRD studies of diamine-appended variants of
the commonly used analog Zn2(dobpdc), no consistent trend
was established.46,54,73 Our in situ PXRD measurements of pn−
CO2−Mg2(dobpdc) activated to pn−Mg2(dobpdc) indicated a
0.1 Å expansion in a = b upon CO2 desorption. Therefore, we
suggest the greater extent of structural change in diamine-
appended Mg2(dobpdc) upon CO2 adsorption compared to
other previously reported measurements is connected not only
to the difference in the metal, which participates in the CO2
adsorption mechanism, but also to the reduction of averaging
effects obtained with using 3D ED compared to X-ray
methods. The crystals showed disorder, as indicated by
variations in unit cell parameters and unresolved features
attributed to ammonium carbamate species in the electrostatic
potential map, resulting in only partial structural elucidation of
pn−CO2−Mg2(dobpdc).

We sought to further reduce averaging effects and
understand the observed disorder using a focused electron
probe in 4D-STEM. This approach reduced the probe size
from one micrometer to a few nanometers. Measuring lattice
spacings corresponding to the a = b plane, we mapped
differences in strain in pn−CO2−Mg2(dobpdc) and pn−
Mg2(dobpdc), as well as their unfunctionalized variants CO2−
Mg2(dobpdc) and Mg2(dobpdc). We found increased
distributions of lattice spacings upon diamine functionalization,
with the most disparate, bimodal distribution corresponding to
amine-appended and CO2-dosed Mg2(dobpdc). Although the
lattice spacing distributions centered around the expected
values from our 3D ED results, the range of values was wider.
Corresponding VDF images visualized mosaicity in all of the
probed crystals. Based on these results, we conclude that
Mg2(dobpdc) exhibits inherent structural heterogeneity, which
is exacerbated by diamine appending, and further by CO2
adsorption.

Because both diamine appending and CO2 adsorption
impacted local structure in the framework, we sought to
isolate local characterization of CO2 adsorption in pn−CO2−
Mg2(dobpdc) using spectroscopy. We used IR s-SNOM to
map CO2 chemisorption by analyzing the intensity of the C−N
stretch at 1328 cm−1, which is only apparent in the CO2-
adsorbed phase. The change in intensity values across the map
confirmed variability in CO2 adsorption within the individual
crystal. Unlike our TEM techniques, IR s-SNOM offered
surface-sensitive chemical characterization of the material.

Altogether, this workflow integrates several techniques not
traditionally applied to MOFs to characterize locally a
framework of interest in gas storage and separation
technologies. We uncovered previously unknown aspects of
the material, including an expansion of the pore upon CO2
desorption, mosaicity, and disorder connected to amine
functionalization and incorporation of CO2. Heterogeneity
was observed in CO2 adsorption using three separate
modalities, demonstrating that 3D ED, 4D-STEM, and IR s-
SNOM are effective tools, complementary to the established
bulk techniques, to evaluate and optimize synthetic and
postsynthetic modification procedures of MOFs. Overall, we
stress the importance of local characterization in these
materials to uncover performance-related aspects that are
obscured in bulk characterization techniques by averaging
effects.

■ EXPERIMENTAL SECTION

General Procedures
The diamine, metal salt, and solvents were purchased from
commercial sources and used as received. The ligand
H4(dobpdc) was purchased from Hangzhou Trylead Chemical
Technology and used without further purification. The MOF
Mg2(dobpdc) was prepared according to the literature
procedure, as detailed below.51,54 Laboratory powder X-ray
diffraction data were collected on a Bruker AXS D8 Advance
diffractometer using Cu Kα radiation (λ = 1.5418 Å) and a
zero-background silicon holder.
Synthesis and CO2 Dosing of pn−Mg2(dobpdc)45,51

A 20 mL scintillation vial was charged with 4 mL of toluene
and 1 mL of 1,3-diaminopropane. Methanol-solvated
Mg2(dobpdc) (∼50 mg) was filtered and washed with
successive aliquots of toluene (2 × 30 mL). Note that
Mg2(dobpdc) should not be allowed to dry completely, as this
can in some cases lead to decomposition of the material.71

Next, Mg2(dobpdc) was added to the diamine solution, and
the vial was swirled several times and allowed to stand at room
temperature for 24 h. The mixture was then filtered, and the
resulting powder was thoroughly washed with toluene (3 × 20
mL) and allowed to dry for 2 min, yielding ∼50 mg of the
diamine-appended metal−organic framework. Activation of the
samples at 130 °C for 30 min under flowing Ar was sufficient
to remove the excess diamine from the pores. A small sample
of the product was removed for solution-phase 1H NMR
digestion (Figure S13) to assess diamine loading. Approx-
imately 2 mg of material was suspended in 0.5 mL of dimethyl
sulfoxide-d6 and 100 μL of DCl solution (35 g/100 g in D2O,
≥99 atom % D) was added to dissolve the sample.74 Data were
collected on a Bruker NEO 500 MHz NMR spectrometer and
referenced to residual DMSO (δ 2.50 ppm). 1H NMR
digestion confirmed that the ratio of diamine to Mg2+ sites
was ∼0.95. The remaining solid was transferred to a glass
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adsorption tube equipped with a Micromeritics TransSeal, and
activated for an additional 12 h under reduced pressure (<10
μbar) at 100 °C on a Micromeritics 2420 degas manifold. The
sample was then transferred air-free to the analysis port of the
2420 adsorption analyzer, dosed with 1 bar of research-grade
(>99.998%) CO2, and allowed to equilibrate for 12 h before
removal from the adsorption analyzer.
Gas Adsorption Measurements

The CO2 adsorption isotherm for pn−Mg2(dobpdc) was
obtained at room temperature by a volumetric method using a
Micromeritics 3Flex gas adsorption analyzer and research-
grade (>99.995%) CO2 and N2. Approximately 112 mg of the
framework was loaded into a preweighted sample tube and
heated to 100 °C under reduced pressure (<2 μbar) for 12 h in
a sand bath. The measurement was carried out at 25 °C. The
isotherm data points were considered equilibrated after
<0.01% of a pressure change occurred over a 15 s interval.

Thermogravimetric analysis experiments of pn−CO2−
Mg2(dobpdc) were conducted using a TA Instruments TGA
5500 with a gas flow rate of 25 sccm. Masses were uncorrected
for buoyancy effects. The following workflow was carried out
to simulate the conditions for 3D ED data acquisition and in
situ activation in the electron microscope (substituting inert
gas as a proxy for vacuum). The sample was subjected to a
100% dry N2 stream for 1 h to remove weakly bound species
such as water. The sample was then activated by heating to 100
°C using a temperature ramp rate of 5 °C/min, and the sample
was held isothermally at 100 °C under flowing N2 for 2 h. To
assess whether the previous activation conditions were
sufficient, the sample was further heated to 150 °C at a
temperature ramp rate of 10 °C/min and held isothermally at
150 °C under flowing N2 for 10 min, resulting in an additional
1.93% mass loss relative to the starting mass. This additional
mass loss, although relatively insignificant, suggests either the
volatilization of the amine, which is not stable past 130 °C, or
the possibility of a small amount of residual solvent remaining
in the pores of pn−Mg2(dobpdc) after in situ activation in the
TEM, and could contribute to the distribution of lattice
parameters in activated pn−Mg2(dobpdc) determined by 4D-
STEM.
In Situ Diffuse Reflectance Fourier Transform
Spectroscopy
74 DRIFTS data were collected using a Bruker Vertex 70
spectrometer equipped with a glowbar source, KBr beamsplit-
ter, and liquid nitrogen cooled mercury−cadmium−telluride
detector. A custom-built diffuse reflectance system with an IR-
accessible gas dosing cell was used for all of the measurements.
The cell was equipped with a heater controlled by a
thermocouple in direct contact with the sample, and the
sample atmosphere was controlled by a Micromeritics ASAP
2020Plus gas adsorption analyzer. A sample of the activated
framework was dispersed in diamond powder (10 wt %) and
evacuated at 100 °C before dosing. Known pressures of CO2
(99.998%) were dosed into the sample using a Micromeritics
ASAP 2020Plus gas sorption analyzer. Spectra at 4 cm−1

resolution were generated from 128 scans collected over the
course of approximately 35 s and collected at 1 min intervals
until no further changes were observed. All spectra were
processed in pseudoabsorbance units.

In Situ Powder X-ray Diffraction

A pure, polycrystalline powder of activated pn−Mg2(dobpdc)
was dosed with 1 bar of dry CO2 for 18 h to generate the
carbamate species pn−Mg2(dobpdc)(CO2), which was then
sealed air-free under N2. At beamline BL02B2 at SPring-8, the
sample (∼10 mg) was packed into a 0.5 mm diameter
borosilicate capillary in air (∼5 min), mounted on the
goniometer, and connected to the automatic gas handling
system at the beamline. The sample was spun at 200 rpm to
enhance powder averaging. Scattered X-ray intensity was
measured using six one-dimensional solid-state (MYTHEN)
detectors.75 Data were collected with an X-ray energy of
13.0000 keV (i.e., wavelength of 0.95308 Å) with a range of Q
from ∼0.2 Å−1 to ∼8 Å−1. Sample temperature was controlled
between 298 and 373 K using a heated nitrogen gas stream
flowed over the capillary.75,76

The sample was evacuated under dynamic vacuum at 298 K
for 30 min (base pressure of 0.1 Pa achieved), with patterns
collected every 60 s. A pattern was collected over 360 s
representing the room-temperature carbamate material. The
sample was then heated at a rate of 10 K/min to 373 K while
collecting patterns every 60 s. The sample temperature was
held at 373 K for 1 h for activation and to desorb CO2, with
patterns collected every 60 s. Next, a pattern was collected over
360 s at 373 K, and then the sample temperature was
decreased at a rate of 2 K/min to 298 K. A pattern was
collected over 360 s representing the activated material at 298
K. Pawley fits of the powder patterns at 298 K were used to
extract the lattice parameters of CO2-dosed and activated pn−
Mg2(dobpdc), as detailed in the SI.
3D Electron Diffraction Data Acquisition and Processing

All 3D ED experiments were carried out on an FEI Titan
Themis TEM (Thermo Fisher, Eindhoven, The Netherlands)
operated at 300 kV. Generally, the workflow for electron
diffraction experiments involved the dispersion of a nano-
crystalline powder onto a lacey carbon grid and subsequent
insertion of the grid into the TEM using an Elsa cryo-transfer
holder (Gatan, Pleasanton, USA). A 1.3 μm postspecimen
selected area aperture was inserted to isolate the crystal of
interest. The crystal was then exposed to parallel illumination
and unidirectionally rotated at an angular speed of 2°/s.
During this process, a series of diffraction patterns were
continuously acquired using 0.25-s exposures throughout the
angular wedge sampled. Diffraction patterns were recorded on
a Ceta-S CMOS camera. After every series, the beam was
blanked and the stage was moved to an unexposed area to
avoid irradiation of crystals before data collection.

Data of the CO2-adsorbed phase were collected at room
temperature after waiting >1 h after sample loading into the
TEM column; thermogravimetric analysis (Figure 3d)
suggested these conditions were largely sufficient to desorb
any weakly bound species (such as water). To access the
activated phase, the sample was heated at 100 °C in the TEM
column and left to equilibrate for >1 h. The heating was then
turned off and the sample was left to cool back to room
temperature overnight. Data of the in situ activated phase were
collected at room temperature under the same imaging
conditions as the CO2-adsorbed phase.

Individual diffraction patterns were extracted from each
continuous-rotation movie and converted to SMV format using
mrc2smv.77 Indexing, integration, scaling, and merging were
conducted using the XDS suite of programs.78 Integrated
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intensities were scaled and merged using XSCALE and then
exported to shelx format using XDSCONV. No attempt was
made to assign the absolute enantiomorph; the assigned space
group (P3121) was arbitrarily selected over its counterpart
P3221. A total of seven data sets were utilized for the unit cell
determination, comprising three data sets merged for the CO2-
adsorbed and four merged for the activated phase. Separately,
an additional pn−CO2−Mg2(dobpdc) data set of higher
resolution from a different session was processed for structural
elucidation. The structure was solved using ab initio phasing in
SHELXT.79 In order to produce the electrostatic potential map
in Figure 4a, no additional refinement was conducted.
Visualization of the electrostatic potential map was done in
Coot.80 Additional details for structural elucidation past the ab
initio phasing step can be found in the Supporting Information.
4D Scanning Transmission Electron Microscopy and Data
Processing

All 4D-STEM experiments were carried out on the double-
aberration-corrected TEAM 0.5 instrument, a modified FEI
Titan TEM (Thermo Fisher, Eindhoven, The Netherlands)
equipped with a Gatan OneView camera and 4D Camera
based on the Gatan K3 platform (Gatan, Pleasanton, USA)
operating at 87000 fps.61 A 70 μm condenser aperture was
used to produce a beam convergence semiangle of 0.57 mrad
(fwhm = 1.78 nm). For pn−CO2−Mg2(dobpdc) and
Mg2(dobpdc), a probe step size of 1.56 nm and camera length
of 144 and 180 mm, respectively, was used. For pn−
Mg2(dobpdc) and CO2−Mg2(dobpdc), a probe step size of
2.24 nm and camera length of 180 mm was used. The probe
current was approximately 100 pA.

Data sets were postprocessed using the National Energy
Research Scientific Computing Center (NERSC) and
visualized using DuSC Explorer, an open-source graphical
user interface.81 Peak detection was carried out in
py4DSTEM82 after the data were binned in real space by 4.
The strain in the lattice parameter maps was calculated relative
to the mean lattice parameter of the CO2-adsorbed and
activated phases, as determined by 3D ED.
Infrared Scattering Scanning Near-Field Optical
Microscopy Acquisition and Data Processing

Microcrystalline pn−CO2−Mg2(dobpdc) was thinly deposited
onto a clean Si(100) substrate. Isolated single crystals were
chosen for further spatio-spectral measurements which were all
performed under a purged CO2 free, 0% RH enclosure. The
same crystals were then probed after an ex situ activation step
by heating the sample to 100 °C for 16 h in an N2 purged
environment.

IR nanoimaging and spectroscopy were performed using
infrared scattering scanning near-field optical microscopy (IR
s-SNOM) (customized nanoIR2-s prototype, Anasys Instru-
ments/Bruker). A tunable, low-noise, broadband, femtosecond
mid-IR laser (Flint, Light Conversion; Levante OPO +
HarmoniXX DFG, APE) was focused and scattered off a
metallic atomic force microscopy (AFM) tip tapping at 350
kHz (Pt/Ir coated, ARROW-NCPt-50, NANOWorld) as
described previously.62,63 The optical frequency of the
generated femtosecond laser pulse was centered around ν0 =
1320 cm−1 (λ = 7.5 μm) with a fwhm bandwidth of 100 cm−1

with 3 mW focused onto the tip−sample area. The setup was
configured as an asymmetric Michelson interferometer with
the sample arm containing the near-field tip−sample
interaction and the reference arm with the moving reference

mirror. The tip-scattered light was then combined with the
reference beam and was detected by a HgCdTe (MCT)
detector. The oscillating signal was lock-in demodulated
(Zurich Instruments HF2LI) at twice the tip tapping frequency
isolating the near-field signal of the material response. By
scanning the reference arm, an interferogram of the combined
light was detected (nano-FTIR). Each interferogram was
collected over a 50 s scan of 1.4 mm distance (corresponding
to 3.5 cm−1 spectral resolution) of the reference mirror. The
interferogram was Fourier transformed into a complex valued
frequency response of the material in which the near-field
s i g n a l i s g i v e n b y

= [ ] + [ ] = | |E Re E Im E A e( ) ( ) ( ) ( )NF NF NF NF
i ( )NF result-

ing in amplitude and phase information which is related to the
complex dielectric function of the sample.

The phase response ΦNF(υ) of the averaged frequency
domain spectra of the Si substrate background was then
subtracted from the sample spectrum. The resulting spectrum
of the phase intensity was then normalized with respect to a
nearby ligand vibration at νref = 1300 cm−1 which is invariant
under CO2 adsorption. The normalized spectra were fit using
two Lorentzian peaks centered at fixed νref = 1300 cm−1 and
νCO2 = 1328 ± 1 cm−1 and fixed width Γ making the peak
intensities (ΦCO2 and Φref) the only free variables. Fits with R2

< 0.8 were excluded from further processing and plotting as
these appeared representative of spectra not taken on the
crystal surface but on the substrate, and therefore did not carry
any sample information. The fitted νprobe intensities were then
mapped onto their respective positions on the high-resolution
AFM scan resulting in a spatio-spectral scan of the area. Each
point was representative of an ∼83 nm3 volume near the crystal
surface. Array scans of 8 × 8 points were taken over a 200 ×
200 nm area measuring a spectrum in 25 nm intervals.
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