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Introduction

Gas sorbents and separators are critical technologies in a large

number of industrial contexts.[1] The reduction of negative en-
vironmental impacts associated with fossil-fuel-based energy

production methods, for example, by pre- or post-combustion

capture of waste carbon dioxide, is a primary focus of much re-
search into gas-sorption materials. Other diverse applications

include the purification of component gases from mixtures
such as air, and the safe and compact storage of gases for use

as portable fuels. In all cases, the targeted development of
more efficient, cheap, and safe gas sorbents must be informed

by a clear understanding of the interactions between gas mol-

ecules and the host sorbent material at the atomic level.[2]

The performance properties of a porous solid sorbent such

as a metal–organic framework (MOF) depend upon many varia-

bles, including the size, shape, topology, and interconnectivity

of the pores, the chemistry and geometry of guest binding
sites, and bulk structural features such as framework flexibility,

which has frequently been associated with enhanced selectivi-

ty between different guest types.[3] These intrinsic features are
often closely inter-related, and also exhibit complex interplay

with the external operating conditions. For example, pore
shape and size may be responsive to both temperature and

guest concentration. Guest concentration is constrained to
vary within a certain range during sorbent operation, but the

system temperature can be chosen by the operator, so an un-

derstanding of the response of the sorbent to both parameters
is important for the selection of optimal adsorption conditions.

In situ X-ray and neutron diffraction methods are typically fa-
vored for experimental studies of sorbent framework structures

and their responses to these changing conditions, and can also
be used to identify and characterize guest binding sites.[4]

Another important consideration in the study of sorbent ma-

terials is the fact that gas sorption systems typically operate
under non-equilibrium conditions, with a continuous supply of

gas to the sorbent resulting in dynamic variation of the guest
molecule concentration in the host pores until saturation is

reached. Real-time characterization experiments performed
under similar dynamic conditions therefore provide access to

information that is more relevant to the practical applications

of these materials than the information obtained from equilib-
rium-system studies alone. However, non-equilibrium charac-

terization experiments are not commonly performed on sorb-
ent–guest systems, partly because they are technically chal-

lenging, but also because the implicit local disorder and inho-
mogeneity of the sample complicate data analysis.[5]

An understanding of the atomic-scale interactions between
gas sorbent materials and their molecular guests is essential

for the identification of the origins of desirable function and

the rational optimization of performance. However, characteri-
zations performed on equilibrated sorbent–guest systems may

not accurately represent their behavior under dynamic operat-
ing conditions. The emergence of fast (minute-scale) neutron

powder diffraction coupled with direct, real-time quantification
of gas uptake opens up new possibilities for obtaining knowl-

edge about concentration-dependent effects of guest loading
upon function-critical features of sorbent materials, including

atomic structure, diffusion pathways, and thermal expansion of

the sorbent framework. This article presents a detailed investi-
gation of the ultramicroporous metal–organic framework

[Cu3(cdm)4] as a case study to demonstrate the variety of in-
sights into sorbent performance that can be obtained from

real-time characterizations using neutron diffraction.
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This article aims to demonstrate the breadth and depth of
knowledge that can be gained by using structural characteriza-

tions of the system both at equilibrium and not at equilibrium
to investigate gas incorporation and interaction processes

within a host sorbent. The ultramicroporous MOF [Cu3(cdm)4]
(cdm = carbamoyldicyanomethanide, C(CN)2CONH2

@)[6] serves

as an excellent model system to illustrate the power of such
methods for understanding sorbent function owing to the
wealth of complexity present in the interactions between the

framework, guests, and temperature, despite the relative sim-
plicity of its crystal structure. [Cu3(cdm)4] is constructed of cdm
anions bridging one square-planar CuII and two tetrahedrally
coordinated CuI metal nodes in a complicated topological ar-

rangement (Figure 1). The resulting tetragonal structure con-
tains narrow, non-intersecting void spaces (or pores) inter-

leaved along the a and b directions, creating “zig-zag”-shaped

1 D diffusion pathways for guests. Although guest molecules
must pass along the entire pore to penetrate into the bulk ma-

terial, neutron powder diffraction (NPD) experiments per-
formed on equilibrated samples have identified two positions

in the pore that CO2 guest molecules prefer to occupy owing
to favorable binding interactions with the framework: Site 1 is

near the coordinatively unsaturated CuII atoms at the “corners”

of each zig-zag pore, and Site 2 is halfway between the zig-zag
corners and equidistant from two CuII sites. These binding sites

also correspond approximately to the locations of the maxi-
mum pore size (MPS) or most spacious part of the void

(&4.2 a internal van der Waals diameter), and the limiting
pore size (LPS) or most constricted part of the pore (&3.3 a),

respectively (Figure 1 b).[7] Because the LPS is very close to the
kinetic diameter of CO2,[1a] [Cu3(cdm)4] exhibits naturally slow
adsorption kinetics even near room temperature, and is not re-

garded as a competitive sorbent material for commercial appli-
cations. Nevertheless, this feature renders the material particu-
larly well suited to non-equilibrium characterization studies,
because multiple diffraction patterns can be obtained with
good counting statistics during equilibration of a single dose
of gas.

The crystal lattice of [Cu3(cdm)4] has also been shown to dis-

play a highly anisotropic response to temperature, with areal
negative thermal expansion (NTE) occurring in the a–b plane

and positive thermal expansion (PTE) along the c axis.[8] Unlike
in some other coordination frameworks such as the Prussian

Blue analogs, in which the incorporation of guests suppresses
or eliminates NTE by impeding the vibration of active frame-

work components into the open pore space,[9] the presence of

CO2 in [Cu3(cdm)4] only causes a slight enhancement of the
axial expansion behavior inherent to the empty framework, in-

dicating that a different NTE mechanism is at play.[7] In addition
to being of fundamental interest, the anisotropic temperature

dependence of a framework structure may change the shape
as well as the size of the pore cross-section and lead to non-

trivial effects on the ability of the material to accommodate

guests.
The [Cu3(cdm)4] lattice and pore size responses to CO2 load-

ing have been studied previously at discrete, equilibrated
guest concentrations as a function of temperature.[7, 8] Howev-

er, the isothermal guest-dependent responses of the material
have not been analyzed or discussed in detail.[5] Using time-re-

solved NPD data collected during isothermal gas sorption

measurements, we describe here how the concentration de-
pendence of various structural features related to sorbent

function (lattice dimensions, bond geometries, and pore aper-
tures) can be determined with fine granularity for the example

system [Cu3(cdm)4] under non-equilibrium conditions.

Results and Discussion

CO2 adsorption

Lattice response of the sorbent

The crystal lattice expansion of a framework sorbent in re-
sponse to changes in guest concentration (and any operational

temperature changes, such as in temperature-swing adsorp-

tion) is relevant to its performance in sorbent devices, because
larger expansion coefficients tend to increase the risk of me-

chanical degradation during adsorption/desorption cycling.
The lattice parameters of [Cu3(cdm)4] were refined against a

series of NPD patterns collected at regular time intervals
during stepwise addition of CO2 at 273 K. The refined parame-

Figure 1. a) Schematic diagram of the cdm ligand showing the labels given
to crystallographically distinct atomic sites. b) The structure of [Cu3(cdm)4] ;
framework atoms are depicted using van der Waals radii. Two unit cells are
shown. Dark lines indicate a zig-zag channel along the b axis and are a
guide to the eye. Example locations of spheres defining the maximum and
limiting pore sizes (MPS and LPS) along the channel are depicted by green
and yellow spheres, respectively. CO2 binding sites identified in a previous
study[6] are depicted in the same channel.
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ters tracked the recorded CO2 uptake closely enough that cor-
responding steps and equilibration plateaus were observed

clearly, especially at moderate loadings (Figure S1 in the Sup-

porting Information). This allowed the synchronization of the
independently timestamped NPD and adsorption data sets to

be confirmed. The obtained lattice parameters are replotted as
a function of CO2 uptake in Figure 2, with parameters obtained

during equilibration plateaus appearing as clusters.

Both the lattice parameter c and the unit cell volume V in-
crease with the addition of CO2 guests, whereas the a parame-

ter decreases slightly. Earlier work based on temperature-de-
pendent NPD data collected on an equilibrated system[7, 8] iden-

tified opposite guest-dependent trends below 200 K, that is, a
increasing and c decreasing with increasing CO2 concentration,
but a crossover in the behavior of both parameters indicated
just above 200 K renders that result consistent with the 273 K
observations in Figure 2. The isothermal volume expansion of

the framework upon adsorption of 2.1 mmol g@1 CO2 is approx-
imately 0.5 % and is dominated by around 0.6 % axial expan-
sion along c, outweighing the contractions along a and b,
which is an order of magnitude smaller.

Atomic structure response of the sorbent

The atomic structure of a sorbent framework is key to predict-

ing and rationalizing its ability to accommodate guests, as the
framework atom positions define the shape and size of the

void pores in which the guest molecules diffuse and bind. Re-
fined atomic coordinates and calculated interatomic distances

and angles for [Cu3(cdm)4] , obtained from the time-resolved
NPD data as a function of CO2 guest concentration, are plotted
in Figure 3 and Figure S2 (Supporting Information). Several of

these parameters reveal a marked change in behavior com-
mencing in the 1.5–1.9 mmol g@1 loading range (a stoichiomet-
ric loading of 1 mol mol@1 CO2, denoted “1 CO2”, corresponds
to 1.6 mmol g@1). These changes are characterized by either a

Figure 2. Relative lattice parameters obtained from time-resolved NPD data
collected during isothermal adsorption of CO2 at 273 K.

Figure 3. Selected interatomic angles and distances in the [Cu3(cdm)4] framework determined as a function of CO2 loading from sequential Rietveld refine-
ments against time-resolved NPD data. The labels (2) and (3) refer to linkages along@C2@N2@ and@C3@N3@, respectively, and (S) and (A) refer to angles in
which the N2 and N3 atoms lie alongside the same pore or adjacent pores, respectively. The small inset is a magnification of the Cu1@N3 series showing the
bimodal distribution of values near 1.5 mmol g@1 CO2.
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discontinuity (step) or a change in slope, indicative of an in-
crease in the rate of structural change as a function of CO2

loading. Although the two binding sites identified by McCor-
mick et al. each have a nominal capacity of 2 CO2 per formula

unit, site occupancies refined against NPD data for the equili-
brated system showed that both sites are partially occupied

after a 1 CO2 total dose,[6] such that no particular step in behav-
ior is expected to occur at this loading. However, this concen-
tration may correspond to the point at which significant num-

bers of neighboring Sites 1 and 2 become occupied simultane-
ously, forcing an increase in guest–guest interactions, which, in

turn, may exert influence on the host framework structure
owing to the close proximity of the host and guest atoms.

For certain atomic coordinates, a bimodal behavior is also
observed clearly in the vicinity of the parameter gradient

change (Figure 3), possibly indicating the presence of two simi-
lar, coexistent states of the sample which are almost equally
likely to be reached by convergence at each point in the se-

quential Rietveld analysis. This result implies a mixture of two
very similar structural phases, probably owing to guest inho-

mogeneity on some length scale arising during slow diffusion
of CO2 through the [Cu3(cdm)4] crystallites. Note that, in addi-

tion to the local disorder implicit in a sorbent system loaded

with a nonstoichiometric quantity of guests, significant inho-
mogeneity up to much greater length scales may be induced

by “reaction fronts” occurring as the adsorbate gas percolates
through the bulk sample. Indeed, inhomogeneities induced by

guest uptake or removal processes occurring in other host–
guest systems such as lithium-ion battery electrodes[10] and gas

hydrates[11] have frequently required consideration of the

sample as a two-phase mixture. Such phenomena are more
likely to occur if the rate of guest diffusion is severely limited,

as is the case for CO2 in the narrow 1 D pores of [Cu3(cdm)4] .[6]

We note that allowing the [Cu3(cdm)4] sample to equilibrate

before each NPD measurement would be likely to increase
sample homogeneity and decrease the size of distinct phase
regions, perhaps below the length scale of diffraction, making

it more probable that the measurement would identify a
single-phase system.

Many of the parameters for which the bimodal change is
most apparent in Figure 3 correspond to structural changes

that are consistent with a lengthening and straightening of
the C4=O1@Cu2 linkage, accompanied by a decrease in the

O1@Cu2 distance (refer to Figure 1 for a depiction of these

atoms). The atoms involved in this linkage are all highly ex-
posed to the void space of the [Cu3(cdm)4] pore, so it is unsur-

prising that these atoms should exhibit the most sensitive re-
sponse to the presence of guest molecules in the pores.

Indeed, examination of the refined positions of the O1, Cu2,
and C3 atoms, which define the maximum pore size (MPS) in

[Cu3(cdm)4] ,[7] reveals that significant guest-dependent dis-

placement occurs only for the O1 site, which moves away from
the center of the MPS void as the CO2 concentration increases.

As the MPS coincides with the location of CO2 binding Site 1, it
may be speculated that increasing occupation of this site by

CO2 guests drives the structural transition described above by
slightly distorting the Cu2O14 square-planar unit to which the

CO2 is bound, causing the rest of the interconnected frame-
work to be slightly distorted as well. This guest-driven dis-

placement of the rigid cdm ligands is also the probable mech-
anism by which the CO2 guests slightly alter the rate of ther-

mal expansion without eliminating the areal negative thermal
expansion, as the @C3/N3 “arm” of the ligand, which displays

the greatest displacement during dynamic tilting,[7] is not di-
rectly perturbed by increasing concentrations of guest mole-
cules.

Implications for guest diffusion

The limiting pore size (LPS) or narrowest internal pore diame-
ter is the pore sizing metric most closely related to guest

uptake kinetics because it defines the smallest aperture
through which the guest must pass to diffuse through the

bulk material. In [Cu3(cdm)4] , the LPS aperture is defined by
the C4 and O1 atoms.[7] Both of these atoms exhibit moderate

displacement with CO2 loading (Figure S2 in the Supporting In-
formation), but the direction of movement is approximately

parallel to the channel, so the LPS is not greatly affected. This

result agrees with an earlier finding in which the LPS distribu-
tions obtained from molecular dynamics simulations of the

empty and 1 CO2-dosed systems at 273 K were similar.[7] The
result suggests that CO2 guests binding at Site 2 near the LPS

aperture have less direct influence on the framework structure
than those at Site 1, which distort the Cu2O14 environment

(see previous section). We also deduce that the observed de-
crease in the adsorption kinetics of CO2 in [Cu3(cdm)4] at

higher loadings is dominated by simple guest–guest conges-

tion in the narrow 1 D pores, rather than by guest-induced
changes to the framework structure altering the pore dimen-

sions. The lack of significant change to the LPS aperture in
[Cu3(cdm)4] in response to changes in either temperature or

guest adsorption is noteworthy among flexible MOF sorbents
and points to a remarkable stability of the adsorption kinetic
properties under a wide range of conditions, but diminishes

the possibility of stimulus-induced switching of adsorption ca-
pabilities, which might be advantageous for the cyclical use of
the sorbent in a gas capture or separation device.

Understanding selectivity for CO2 over CH4

The search for efficient separators of CO2/CH4 mixtures relates
chiefly to the processing of “sour” natural gas, which may con-
tain up to 40 % CO2/N2 as contaminants.[12] The molar uptake

of CH4 in [Cu3(cdm)4] was previously reported to be approxi-
mately half that of CO2 at 273 K and 1 bar.[6] Adsorption iso-

therms recorded for deuterated methane (CD4), which is used
in neutron diffraction experiments to mitigate the large inco-

herent background signal from hydrogen, are in general agree-

ment with this at high pressures (Figure 4). Fourier difference
analysis identifies a single binding site for CD4, which corre-

sponds to binding Site 1, that is, located in the most spacious
void at the “corners” of the zig-zag pore. No significant nuclear

density was observed near binding Site 2 up to the maximum
experimental isothermal CD4 loading of 0.48 mol mol@1
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(0.77 mmol g@1) ; this result is unsurprising considering that the
3.74 a kinetic diameter of CH4

[1a] is larger than the constriction

point of around 3.3 a determined near Site 2 from analysis of
the internal van der Waals surface of the pore. Indeed, CD4

uptake kinetics are exceedingly slow as the CD4 molecules

must diffuse along the 1 D channels through these bottlenecks,
which can presumably only admit them during dynamic fluctu-

ations.

Comparison between structural responses to CO2 and CD4

NPD data for the CD4-loaded [Cu3(cdm)4] sample were first col-

lected for an equilibrated system over a wide temperature

range, for direct comparison with data reported previously for
the CO2-loaded system.[7, 8] Despite the greater steric bulk of

CD4, a dose of 1 mol mol@1 (denoted “1 CD4”) applied to the
same sample of [Cu3(cdm)4] produced a much smaller pertur-

bation of the low-temperature thermal expansion than the
comparable dose of CO2, especially at the highest measured

temperatures (Figure 5). First, it is noted that the 1 CD4 dose
was not completely adsorbed by the sample. The actual CD4

uptake after saturation could not be determined quantitatively,
but was estimated at approximately 0.5 mol mol@1 CD4

(&0.8 mmol g@1) on the basis of the adsorption isotherm in
Figure 4 recorded during the time-resolved NPD experiments

(see also Figure S3 in the Supporting Information).
Time-resolved NPD data collected during the CD4 adsorption

isotherm do not reveal any significant structural changes in

[Cu3(cdm)4] up to the maximum achieved CD4 loading (Fig-
ure S3). However, this result is consistent with the framework
response to CO2 at comparable loadings, as Figure 3 and Fig-
ure S2 (Supporting Information) demonstrate that the structur-

al response of [Cu3(cdm)4] to increased CO2 loading is not
linear, but accelerates near the transition region just below

1 mol mol@1. Even so, the magnitude of the effect of approxi-

mately 0.5 CD4 on thermal expansion is still considerably small-
er than that expected for a 0.5 CO2 dose.[13] Distinctions be-

tween the framework responses to different guest species are
observed commonly in MOFs owing to differences in host–

guest interaction strength, which are often exploited to sepa-
rate CO2 from CH4 or elemental gases,[12, 14] and the absence of

any guest dependence in the structural responses of certain

MOFs has been considered indicative of purely kinetic separa-
tion mechanisms such as those based on steric limitation.[15]

However, the lack of CD4 guests at Site 2 introduces the possi-
bility that the different lattice behavior arises from the unequal

contributions of guests at different binding sites to the
[Cu3(cdm)4] lattice expansion characteristics, as mentioned in

the previous section. Although this subtle difference between

the lattice responses of [Cu3(cdm)4] to CD4 and CO2 loading
cannot be assigned conclusively to energetic or steric causes,

it does indicate that the observed difference in adsorption ca-
pacity between CO2 and CD4 is related to multiple factors, of

which the size-based limiting of diffusion kinetics described
above is only one.

Figure 4. Adsorption isotherms recorded during time-resolved NPD experi-
ments at 273 K.

Figure 5. Lattice parameters obtained from temperature-dependent NPD data collected for a [Cu3(cdm)4] sample with empty pores (black squares) and after
dosing with CO2 (red circles) or CD4 (blue triangles). Error bars on some series are smaller than the symbols.
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Conclusion

The ultramicroporous framework [Cu3(cdm)4] serves as a model
system to demonstrate how NPD data collected under equilib-

rium and non-equilibrium system conditions can yield advan-
ces in the understanding of host lattice responses to the ad-

sorption of guests such as CO2 and CD4. The [Cu3(cdm)4] lattice
expands anisotropically upon adsorbing 2.1 mmol g@1 CO2 at

273 K, with a maximum axial change of approximately 0.6 %
and an overall volume expansion of only around 0.5 % offering
the promise of good mechanical robustness during repeated
adsorption/desorption cycling. The progressive inclusion of
CO2 guest molecules also displaces some framework atoms,

with a sudden acceleration occurring around 1.6 mmol g@1

(1 mol mol@1) CO2 indicating a subtle and previously undetect-

ed phase transition that appears to be triggered by guest–

guest steric interactions. The bimodal distribution of structural
parameters near this transition is indicative of sample inhomo-

geneity or two-phase behavior, highlighting the importance of
time-resolved diffraction methods for obtaining a clear picture

of the phase composition of functional host materials during
operational processes.

The primary structural change induced by the inclusion of

guest molecules is a distortion of the pseudo-square-planar
CuO4 units as the O atoms shift away from CO2 at binding

Site 1, one of two binding sites identified in an earlier study[6]

and located adjacent to the CuII center. The nature of this

structural change is consistent with the modest impact of
guest molecules on the anisotropic thermal expansion of

[Cu3(cdm)4] , as it causes minimal displacement of the rigid

cdm ligand, and does not directly impede the motion of the
@C3/N3 nitrile arm. Importantly, the framework distortion in

[Cu3(cdm)4] has no measurable effect on the limiting pore di-
ameter, meaning that the slower diffusion kinetics observed at

high CO2 loadings are not attributed to guest-induced frame-
work contraction, but probably arise from guest congestion in
the narrow pores. The unresponsiveness of the pore aperture

of [Cu3(cdm)4] to both temperature and guest loading is un-
usual in MOFs, and precludes stimulus-switched adsorption ca-
pabilities in this particular candidate sorbent material.

CD4 guest molecules bind at Site 1 but not at Site 2, which is
located at the narrowest part of the channel and is equidistant
between two CuII centers. As a result, the total uptake of CD4

is correspondingly lower than that of CO2 at saturation. The
unexpectedly small magnitude of the impact of around
0.5 mol mol@1 CD4 on the lattice parameters and thermal evolu-

tion of [Cu3(cdm)4] reinforces the fact that CD4 typically inter-
acts more weakly with framework pore surfaces than CO2, but

it may also reflect the distinction between the contribution of
guests at Sites 1 and 2 to the perturbation of the framework

structure. The very narrow limiting pore diameter (&3.3 a) is

presumed to be primarily responsible for limiting the uptake
of CD4 and also for severely restricting the kinetics of guest dif-

fusion into the pores. Given the remarkably invariant nature of
the limiting pore size of [Cu3(cdm)4] in response to changing

temperature or guest concentration, the prospects for further
tuning of the CO2/CD4 selectivity of this particular framework

sorbent are poor, but the potential for other ultramicroporous
MOFs to achieve stimulus-switched adsorption remains clear.

This work demonstrates that the level of structural detail
and mechanistic insight that can be obtained from analysis of

time-resolved NPD data collected during gas sorption is con-
siderable. It is to be hoped that such experimental studies will

be utilized increasingly in the future to characterize a broad
range of crystalline gas sorbent and separator materials, fur-

nishing important information about guest capacity and selec-
tivity, adsorption kinetics, and thermomechanical performance,
which can be used to rationalize and refine sorbent per-

formance under industrial operating conditions.

Experimental Section

A polycrystalline sample of desolvated [Cu3(cdm)4] (1.005 g) was
prepared as described elsewhere.[6] Neutron powder diffraction
(NPD) data were collected during adsorption isotherms using the
high-intensity powder diffractometer WOMBAT[16] at the OPAL reac-
tor, ANSTO, Australia. A computer-controlled Hiden Isochema IMI
manometric dosing system was used in conjunction with a
custom-designed gas delivery sample stick, described else-
where,[8, 17] to regulate the sample temperature and gas pressure
throughout the experiment. The sample chamber volume was cali-
brated by He pycnometry prior to the first isotherm. CO2 and CD4

adsorption isotherms were performed at 273 K, each consisting of
19 pressure steps in the range 25–5000 mbar. Minimum and maxi-
mum wait times for equilibration at each pressure point were 30
and 70 min, respectively. The sample was reactivated in vacuo at
320 K for at least 30 min between isotherms. NPD data were col-
lected continuously during the isotherm experiments and recorded
at 2 min intervals. Timestamps for the NPD data frames were con-
verted to the corresponding guest uptake amount by linear inter-
polation of the time-dependent uptake data recorded by the
manometric system at irregular 1–20 s intervals.

Sequential Rietveld refinements were performed for each data set
using the GSAS-II program.[18] The neutron wavelength
(2.42034(19) a) was refined against a NIST 660b LaB6 standard. The
first pattern in each dataset was modelled by refining a 6-term
Chebyschev polynomial background, a Pseudo–Voight profile func-
tion (U, V, W, and X refined), one scale factor, zero shift, unit cell pa-
rameters, and independent isotropic atomic displacement parame-
ters and fractional coordinates for each framework atom. The zero
shift and profile parameters were then fixed for the sequential re-
finement using the entire data set. For the CO2 isotherm data, a
site occupancy factor was also refined for a single C atom repre-
senting the first of two successive CO2 binding sites identified in a
previous in situ NPD study.[6] This site was fixed at the fractional co-
ordinates (0.5, 0.5, 0.16) and its occupancy was allowed to exceed
one owing to modelling of the polyatomic CO2 guest molecule.
For the CD4 data, Fourier difference mapping was first used to
identify a single adsorption site located near (0.5, 0.5, 0.16), which
was subsequently refined analogously to the CO2 site.

Variable-temperature NPD data were also collected for a
[Cu3(cdm)4] sample dosed with 1 mol mol@1 CD4. This sample was
dosed at 273 K and cooled slowly to 100 K until no further increase
in guest uptake was observed. A small residual pressure in the
sample chamber indicated that the CD4 dose was incompletely ad-
sorbed by the sample, though the excess was not quantified. The
sample was then cooled to 20 K and NPD data were collected in
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the range 20–80 K in 10 K steps. The exposure time at each tem-
perature was 15 min.
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