Angewandte
A Journal of the Gesellschaft Deutscher Chemiker

International Edition

Chemie
www.angewandte.org

Accepted Article
Title: Post-synthetic modification unlocks a 2D-to-3D switch in MOF
breathing response: a single-crystal-diffraction mapping study
Authors: Lee Brammer, Elliot J. Carrington, Stephen F. Dodsworth,
Sandra van Meurs, and Mark R. Warren
This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Article.
To be cited as: Angew. Chem. Int. Ed. 10.1002/anie.202105272
Link to VoR: https://doi.org/10.1002/anie.202105272

10.1002/anie.202105272

Angewandte Chemie International Edition

COMMUNICATION
Post-synthetic modification unlocks a 2D-to-3D switch in MOF
breathing response: a single-crystal-diffraction mapping study
Elliot J. Carrington, Stephen F. Dodsworth, Sandra van Meurs, Mark R. Warren and Lee Brammer*

Metal-organic frameworks (MOFs), a class of porous
coordination polymers, have attracted much research interest
over the last two decades due to the wide range of potential
applications afforded by their structural diversity, modular
construction, chemical and spatial tunability and large internal
surface areas.[1-5] A small subset of known MOFs, currently
estimated at 0.1-1%,[6,7] exhibit significant dynamic structural
responses,[8] for example breathing or swelling behaviour during
guest adsorption or release,[9-16] and have been shown to offer
further versatility including potential for improved performance in
applications such as molecular sensing, separation, catalysis
and drug delivery.[17-20] Previous work in this area has shown
that the use of different pendant functional groups on linker
ligands is a promising method for fine-tuning of the flexible
behaviour with applications in mind.[21-23] Where direct
incorporation of pendant groups via synthesis using substituted
ligands has not been possible, post-synthetic modification (PSM)
methods have been employed to introduce these functionalities
to an existing framework. For example, PSM of the framework
DMOF-NH2 enables control of the magnitude of its flexibility,
while retaining the mode of flexibility.[24] This ability to modulate
the flexibility of MOFs, however, has only been shown for a
limited number of framework materials which typically show
stepwise breathing behaviours. The characterization of post-

[*]

Dr. E. J. Carrington, S. F. Dodsworth, Dr. S. van Meurs, Prof. L.
Brammer
Department of Chemistry, University of Sheffield
Brook Hill, Sheffield S3 7HF (UK)
E-mail: lee.brammer@sheffield.ac.uk
Dr. M. R. Warren
Diamond Light Source, Harwell Science and Innovation Campus,
Didcot OX11 0DE (UK)

Supporting information and the ORCID identification number(s) for the
author(s) of this article can be found under:
https://doi.org/10.1002/anie.202105272

synthetic modifications is often achieved through destructive
techniques and consequently provides limited detail of the
structural changes caused by addition of the new functional
group. Relatively few PSM reports involve a single-crystal-tosingle-crystal (SC-SC) process, which enables more detailed
structural analysis.[25-27]
We have previously reported the large-amplitude 2D
breathing behaviour and prominent host-guest chemistry leading
to CO2/CH4 gas separation capabilities of the diamondoid MOF
(Me2NH2)[In(BDC-NH2)2] (SHF-61).[28,29] A recent report has
extended the potential application to a wider range of
hydrocarbons.[30] Here we report the post-synthetic modification
of SHF-61 by reaction with acetic anhydride at 55 °C in CHCl3 to
yield the fully acetamide-modified MOF (Me2NH2)[In(BDCNHC(O)Me)2] (SHF-62). This occurs in a SC-SC transformation
and has a dramatic effect on the flexibility of the framework.
SHF-61 was shown to exhibit a continuous and solventdependent flexibility which, in contrast to almost all other known
flexible frameworks, allows it to adopt a continuum of structures
between wide-pore and narrow-pore forms, depending on the
amount or type of solvent contained. This continuous “breathing”
motion occurs predominantly via changes in the two dimensions
perpendicular to its channels, whereas only much smaller
changes occur along the channel direction. SHF-62 undergoes
framework breathing via a similar mechanism during guest
removal, but due to the different intermolecular interactions
between the two interpenetrated networks the relative
magnitudes of framework motion are markedly different and
substantial flexibility of the MOF is now observed in all three
dimensions. The mechanistic details that give rise to the highly
anisotropic breathing response to PSM have been mapped by
single-crystal X-ray diffraction and clearly demonstrate the role
of the modified functional group in triggering the new behaviour.
The structure of SHF-62, in its solvated forms as SHF-62CHCl3 and SHF-62-DMF, was determined by single-crystal Xray diffraction, facilitated by the SC-SC nature of the PSM
reaction in CHCl3 and subsequent solvent exchange to introduce
DMF. The doubly-interpenetrated anionic diamondoid network
found in SHF-61 is maintained during the reaction, along with
the lozenge-shaped channels, which run along the a-axis and
contain dimethylammonium cations to balance the framework
charge. The addition of the acetamide functional group, however,
results in a 180° flip of the aromatic ring of the terephthalate
ligand (the PSM-flip), replacing the 4-membered hydrogenbonding motif between amino groups observed in SHF-61 with a
carbonyl–carbonyl interaction between amides of the two
interpenetrated networks (Figure 1). An accompanying small
contraction of the framework along the channel length (Δa ≈ –
0.6 Å) provides an optimal geometry for this interaction and
involves compression of the framework helices which run along
the channel direction. Consistent with observations for the
amine group of SHF-61, the post-synthetically-added amide
group in SHF-62 does not exhibit site disorder and is
crystallographically characterized at full site occupancy,
exclusively in one of the four sites on the aromatic ring. This
ordering of the substituents is unusual in MOFs containing
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Abstract: Post-synthetic modification (PSM) of the interpenetrated
diamondoid metal-organic framework (Me2NH2)[In(BDC-NH2)2]
(BDC-NH2 = aminobenzenedicarboxylate) SHF-61 proceeds
quantitatively in a single-crystal-to-single-crystal manner to yield the
acetamide derivative (Me2NH2)[In(BDC-NHC(O)Me)2] SHF-62.
Continuous breathing behaviour during activation/desolvation is
retained upon PSM, but pore closing now leads to ring-flipping to
avert steric clash of amide methyl groups of the modified ligands.
This triggers a reduction in the amplitude of the breathing
deformation in the two dimensions associated with pore diameter,
but a large increase in the third dimension associated with pore
length. The MOF is thereby converted from predominantly 2D
breathing (in SHF-61) to a distinctly 3D breathing motion (in SHF-62)
indicating a decoupling of the pore-width and pore-length breathing
motions. These breathing motions have been mapped by a series of
single-crystal diffraction studies.
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anisotropic modification of the framework breathing behaviour
that results from PSM (vide infra).

Figure 1. a) and b) View down the a-axis showing the lozenge shape channels in the doubly-interpenetrated frameworks of solvated SHF-61 and SHF-62,
respectively. Inset images show the relevant inter-network interactions observed in the two crystal structures. c) and d) View down the c-axis of SHF-61 and SHF62, respectively, showing the alternation along the a-axis of the orientation of the arene substituent, leading to an alternating pattern of the inter-network
interactions (NH2···NH2 in SHF-61, C=O···C=O in SHF-62) and the absence thereof, occurring between the two interpenetrated networks. Red and blue dotted
lines indicate the path of the two different interpenetrated networks which form helical chains that run along the channels in the a-axis direction. The ring-flip
arising from PSM is evident from comparison of the structures of the two MOFs, i.e. comparing insets in a) with b) or comparing c) with d).

In
contrast
to
the
SHF-61
framework,
the
dimethylammonium cations are also localized within the pores of
SHF-62 and could be characterized crystallographically. A
hydrogen-bonding interaction between the N–H group of the
cation and the carbonyl oxygen of the amide functionality is
clearly identified. By contrast, in SHF-61 the amino group lone
pair is sterically blocked by the other interpenetrated network,
preventing such strong interactions with the cations. Guest
CHCl3 molecules were also located crystallographically in SHF62-CHCl3, and occupy the centre of the pore space. The CHCl3
guests can be readily exchanged for DMF molecules, which
were identified in SHF-62-DMF by single-crystal diffraction, 1H
NMR spectroscopy and elemental analysis (see ESI).

The solvated forms of SHF-62 exhibit concerted differences
in the b- and c-axis lengths when containing different guests.
Both SHF-62-CHCl3 and SHF-62-DMF adopt the wide-pore form,
but SHF-62-DMF has more contracted pores (smaller b- and
larger c-axis lengths). Both have similar pore lengths (a-axes).
The behaviour of the framework during removal of the solvent
molecules (i.e. activation) was mapped crystallographically in an
analogous manner to that used for SHF-61. Thus, a series of
single crystals were each heated in situ using a nitrogen stream
or ex situ using a temperature-controlled oven, then returned to
room temperature after fixed time periods prior to unit cell
determination or full data collection at different stages of
activation. Additional data were collected at 100 K in some
cases (see ESI for details; see Figure 2).
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substituted terephthalate linkers, but here is consistent with the
prominent role of the substituents in linking the two
interpenetrated networks and is of consequence in the
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Removal of solvent guests resulted in a closing of the
framework pores. Similar to the parent MOF (SHF-61), the
continuous flexibility of SHF-62 involves a contraction along the
crystallographic b-axis and an elongation along the c-axis,
resulting in reduction in the pore cross-section in a pseudo-winerack manner. The overall extent of this deformation is less than
observed upon DMF removal from SHF-61-DMF, but notably is
also accompanied by a much larger change in the 3rd dimension
(a-axis) which compresses the helical chains running parallel to
the framework channels (Figures 2a-f). Although the maximum
change in unit cell volume is similar for the two materials (ΔV ≈ –
2100 and –1600 Å3 for SHF-61 and SHF-62, respectively), the
breathing deformations occur distinctly in three dimensions in
SHF-62, in contrast to the ostensibly 2D breathing in SHF-61.
More detailed analysis of the crystal structures obtained at
different levels of activation/desolvation show that this
compression of the helical chains along the a-axis causes a
steric clash between methyl groups from pairs of adjacent amide
substituents on different networks. This results in 50% of the
ligands rotating by approx. 150 ° (the activation-flip) about the
ring-to-carboxylate C–C bonds to avoid the unfavourable
interaction, largely reversing their PSM-flip and forcing the
corresponding amide groups to point into the channels of the
framework instead. The activation-flip is accompanied by a 120 °

torsional rotation of the amide group out of the ring plane,
allowing this arrangement to be stabilised by formation of a new
inter-network N–H···O hydrogen bond. This ligand rotation is
modelled as a 50:50 crystallographic disorder within the singlecrystal structures.[31] Figures 2i-k illustrate this behaviour
sequentially, firstly showing two amide groups before
activation/desolvation, where no steric clash is present (Figure
2i). The predicted steric clash that results from
activation/desolvation is then illustrated (Figure 2j) and finally the
positions after the resulting flip of 50% of the ligands to avert the
clash (Figure 2k). This rotation for half of the ligands occurs part
way along the breathing pathway associated with
activation/desolvation and takes place within a narrow region of
channel lengths (14.2 Å ≤ a ≤ 14.4 Å; Figure 2h), but within a
rather broader range of channel cross-sections (25.3 Å ≤ b ≤
26.5 Å; 32.0 Å ≤ c ≤ 33.0 Å; Figure 2g). The consequence of the
activation-flip is an increased contraction of the channel lengths
not observed in the parent SHF-61 MOF. The resulting
positioning of half of the amide groups into the channel causes
the pores to become more congested, reduces the accessible
void volume, and limits contraction of the pore cross-section
compared to that accessible in SHF-61. Figures 2a and 2b show
the view down one pore before and after solvent removal,
respectively.

Figure 2. a) View down the a-axis of SHF-62-CHCl3 showing the lozenge-shaped channel. b) View down the a-axis of SHF-62 after solvent removal showing
reduced channel area and congestion of the channels due to the blocking amide methyl groups. c) View down the c-axis showing the helical arrangement of the
two interpenetrated networks in SHF-62-CHCl3. d) View down the c-axis for SHF-62 after solvent removal. e) Changes in the crystallographic b- and c-axes during
a series of in situ and ex situ single-crystal heating experiments for SHF-62-CHCl3 (red) and SHF-62-DMF (blue), shown for comparison with analogous
experiments for SHF-61-DMF (purple). f) Changes in the a-axis and unit cell volume during the same in situ heating experiments (as used in Figure 2e) for SHF62-CHCl3 (red) and SHF-62-DMF (blue), compared with SHF-61-DMF (purple). g) and h) Expanded version of Figures 2e and 2f, showing structural changes in
SHF-62-CHCl3 (red) and SHF-62-DMF (blue) and highlighting the region in which the ligand ring-flip (activation-flip) occurs, enabling further contraction of the aaxis. Open symbols represent flipped-ring stuctures; triangles represent full structure determination; circles represent unit-cell determination. i) Inter-framework
(CO···CO) interactions of amide groups in SHF-62-CHCl3; no steric clash between methyl groups in wide-pore solvated form. j) Predicted interactions between
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The strikingly different behaviour between SHF-61 and SHF62 is thought to arise due to the change in the interactions
between the two interpenetrated networks that is a consequence
of PSM. SHF-61 displays a 4-membered hydrogen-bond motif
between amine groups on different networks,[28] whereas the
amide groups of SHF-62 interact via carbonyl-carbonyl
interactions, following a 180° ring-flip (PSM-flip) of the amidoaryl
group and resulting in the helical chains of the framework being
more contracted (Δa ≈ 0.6 Å) in the resting wide-pore state of
the solvated forms. Further differences are also evident on
comparison of the dynamic response to activation by removal of
different solvents. SHF-61 is observed to be in a wide-pore form
after removal of CHCl3 and narrow-pore after removal of DMF,
whereas removal of either solvent in SHF-62 resulted in a similar
flexible response, albeit from slightly different starting points, but
with similar end points (Figure 2e-h). Most significant, however,
is the change upon activation from a 2D breathing response in
SHF-61 to a 3D breathing response in SHF-62 (activation-flip).
This clearly demonstrates that although the breathing motions
that affect pore cross-section (changes in b- and c-axis
dimensions) are largely coupled in a pseudo-wine-rack manner,
these deformations are essentially decoupled from the breathing
motion the affects pore length (changes in a-axis).

both the solvent and cation molecules in the pore of the assynthesized SHF-62 during crystallographic studies suggests
that there are stronger interactions between the framework and
the pore contents in SHF-62 than SHF-61 and may also
contribute to the change in behaviour. Further exploration of
different solvents and the effect of any water content would be
needed to draw more detailed conclusions; these aspects are
being actively explored alongside computational modelling.
Recent studies of MOFs comprising deformable M(O2CR)4n–
nodes[28,30,32,33] illustrate that these represent an emerging class
of responsive dynamic MOFs with tuneable behaviour. The
amenability to study in situ by single-crystal diffraction provides
a route to detailed characterisation and understanding of this
behaviour as a platform to future applications.

Experimental Section
Single crystals of (Me2NH2)[In(ABDC)2] (SHF-61) (0.1 g, 0.2
mmol), synthesised according to the literature procedure,[28]
were
converted
to
the
acetamide-modified
MOF
(Me2NH2)[In(BDC-NHC(O)Me)2] (SHF-62) by reaction with acetic
anhydride (100 μL, 1 mmol) in chloroform (0.6 mL) at 55 °C for
24 hrs. After the reaction, the solvent was exchanged several
times with fresh CHCl3. Full conversion of the amine group to
amide was evident from solid-state 13C and 15N NMR spectra
and solution-phase 1H NMR analysis of the framework after
digestion using 35% DCl (see ESI). The structure of the
framework was determined by single-crystal X-ray diffraction
and phase purity confirmed by PXRD analysis. Exploration of
the flexible behaviour of the framework during removal of the
solvent guests was carried out in situ by heating single crystals
of SHF-62 under nitrogen using an Oxford Cryosystems
Cryostream Plus device or ex situ by heating crystals in a
temperature-controlled oven. Diffraction data were obtained on
the single crystals after cooling to 298 K or 100 K (see ESI for
details). Supporting information includes full synthesis,
characterisation and crystallographic experimental details.
CCDC 2078296-2078308 contain the crystallographic data for
experiments E1, A1, C4.4, C5.2, C7.1, C3.3, A2, D1.3, C6.2,
C6.1, C7.2, A3 and C1.3, respectively. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Scheme 1. Representation of the different breathing behaviours of the MOFs
SHF-61 and SHF-62 involving pore closing (SHF-61-DMF) and pore
shortening (SHF-62-solvent) as a consequence of removal of solvent from the
pores of the framework (activation).
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