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ABSTRACT: D, loaded to saturation at 25 K into the porous coordination
framework Cu;(1,3,5-benzenetricarboxylate), was studied using neutron pow-
der diffraction. A saturation loading equivalent to 6.1 wt % H, is reached at 25 K.
D, is located at up to nine distinct sites with six stable at saturation and three
“metastable” sites at doses intermediate to saturation. Filling of the trimodal
pore system is complex, and a concentration dependency on the optimal D,
arrangement is noted. A dynamic rearrangement of the D, in the pores to a

cubic-closed packed equilibrium structure occurs at doses close to saturation, with 4 D, molecules arranged tetrahedrally in the
smallest pore, 32 D, arranged in a truncated octahedron with capped hexagonal faces in the intermediate sized pore, and 48 D,
arranged in a face-capped rhombic dodecahedron in the largest pore. The equilibrium structure of D, in the largest pore at doses
close to and at saturation was found to be the same arrangement that is optimal for 48 circles on a sphere. The structural response of
the framework to D, adsorption is dependent on the amount of D,, where the host lattice expands with increasing amount of
adsorbed D, at low and high D, doses, and contracts upon adsorption of intermediate amounts of D,, commensurate with the

known flexibility exhibited by this framework.

B INTRODUCTION

Porous framework complexes are at the forefront of re-
search as materials with properties useful in azpplications such
as gas—storage,l_14 catalysis, SIS0 sensing,3’ Y22 and separa-
tions.>' ' 1%2372% Understanding the structure—function rela-
tionships of these materials, particularly the structural response
of the framework, is paramount to advancing toward materials
with superior properties for these and new functions. As new
materials are created and examined for these purposes, new
properties are uncovered such as negative thermal expansion”®~
and guest-dependent lattice expansion.*’

This study considers the three-dimensional porous framework
material, Cu3(BTC),,>" where BTC = 1,3,5-benzenetricarbox-
ylate, which has several features of interest, most notably a
topology that gives rise to a range of pore sizes and dimeric Cu
units, connected to four BT C units, each with two coordinatively
unsaturated Cu sites. Cuz(BTC), has a range of properties
shown useful for catalysis,*>** surface and molecular selection
and sezpara‘cions,32’34_41 and storage of hydrogen and other
gases.'»*739*2731 Other properties of this material have been
identified and studied, including cooperative magnetic
behavior’> >* and flexibility that results in a new mechanism of
negative thermal expansion,”*” also studied via the material’s
response to pressure.’’ Furthermore, the range of properties of
this remarkable material has raised interest in the methods and
mechanism of its formation,>37#35~6!
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Cu3(BTC), contains several features that allow exploration of
the material—dihydrogen interaction, including the coordina-
tively unsaturated Cu that provides a binding site for H,. #4762
The overall framework is neutral; however, a partial positive charge
is found at the Cu atoms with the remainin§ partial negative
charges localized on the carboxylate units.” The electron-
delocalization at the benzene units provides possible dihydrogen
binding via Coloumb-type electrostatic interactions. Finally, the
structure exhibits a complex trimodal pore distribution, with a
topology resulting in connectivity between some but not all of
the pores. We use a description of the three pores as follows. Pore
“A” is cuboctahedral and approximately 10.7 A across (distance
between Cu atoms of opposite dimeric units), formed from 12
Cu,(00C), units and containing face-on benzene linker units.
Pore A is connected to a secondary pore system, pore “B”,
centered on the faces and corners of the unit cell with a distance
across the pore center of approximately 12.7 A (distance between
Cu atoms of opposite dimeric units). Pore B is connected via
triangular windows to the smallest pores, pore “C”, in which four
benzene rings constitute the inner surface with the centers of the
rings forming a tetrahedron approximately 5 A in diameter. The
BTC units make pore C inaccessible from pore A.
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Previous work investigated D, adsorption in Cuz(BTC), to a
concentration of 4 wt %, achieved at 25 K, using neutron powder
diffraction. A progressive filling of six distinct D, sites, labeled
D,(1) up to D,(6) in order of appearance, up to the 4 wt %
concentration was found. The primary site, D, (1), was noted at
the coordinatively unsaturated Cu atoms. A progressive filling of
the smallest pore (C) followed by the larger pore (A) was noted.
A subsequent inelastic neutron scattering study of H, in the
system showed three binding sites that are progressively popu-
lated when the H, loading is less than 2.0 H,:Cu, consistent with
the neutron powder diffraction results.* The inelastic scattering
study estimated the H, adsorption enthalpy of the H,(1), H,(2),
and H,(3) to be between 6 and 10 kJ/mol, approximately S—6
kJ/mol, and less than 5 kJ/mol, respectively. Subsequent inelastic
neutron scattering and first-principles modeling revealed that the
form factors of the three main rotational peaks follow that expected
for a free hydrogen molecule with a regular H—H intramolecu-
lar bond distance, although the orientation potential at the Cu-
adsorption site is slightly two-dimensional, with a tendency for
the H, to lie in a plane perpendicular to the Cu—Cu bond.**

Within pore C, filling of the sites is highly competitive, and a
complex response of the framework and D,—D, interaction
within pore C and pore A was revealed. The appearance of the
D,(5) site was found to stabilize the concentration of D, at the
D, (2) site, which saturated at a site occupancy factor (SOF) of
0.16 D, per Cu. An inspection of the D, - -D, site distances
revealed a fluxional site occupation within pore C, and at the
4 wt % loading, the refined site occupancies were consistent with
ca. 20% of pores C containing two D,, at the D,(2) site, and ca.
80% containing three D,, two D, at the D,($) site, and one at the
D,(2) site. In addition to the D, site competition, the crystalline
lattice of the Fm3m (a is approximately 26.4 A) structure changes
during D, adsorption, expanding initially as D, is adsorbed, then
contracting at D,:Cu loadings of 2 and 4. This contraction is
associated with a subtle buckling of the BTC units and a
concomitant decrease in the BTC bridged Cu- - - Cu distance
from 8.07(1) to 8.03(1) A.

The framework response to D, adsorption and its effect on D,
adsorption becomes increasingly important during higher D,
loadings. This work explores D, occupation and location in
Cu3(BTC), at high D,:Cu loadings, and in particular the
competitive D, site filling in the trimodal pore system.

B EXPERIMENTAL METHODS

Preparation of Cu3(BTC),. Cu3(BTC), was prepared as
described elsewhere.”®***” A 0.04883 mol portion of Cu-
(NO3),+3H,0 was dissolved in 42 mL of H,O and added to
0.02457 mol of H3;BTC dispersed by sonication in 42 mL of
ethanol and stirred for 20 min. The mixture was divided into
seven 20 mL Teflon inserts, placed in Parr solvothermal bombs,
and heated to 95 °C for 18 h. The solid was sonicated with
methanol for 20 min, heated to 40 °C, and the liquid decanted.
The washing and heating processes were repeated until phase-
pure octahedral blue crystals were observed by optical micro-
scopy. Dehydration (activation) of the sample from Cu3(BTC),-
(H,0); to Cus3(BTC), was performed in a glass tube with a
packless bellows valve attached. The sample was evacuated using
aturbo pump (10 Pa), heated at 1 °C/min to 150 °C, and degassed
for 24 h.

Sample Preparation and Neutron Powder Diffraction.
Prior to neutron powder diffraction measurement and D, dosing,

activated Cuz(BTC), was further degassed in situ for ca. 20 min
under high vacaum (1.1 x 10~ * to 1.0 x 107> Pa) at 150 °C.
The activated sample was transferred to a cylindrical vanadium
can (internal diameter ~0.95 cm) equipped with a capillary gas
line and a packless valve in a helium-filled glovebox equipped
with water and oxygen monitors, and sealed with an indium
O-ring. The sample was mounted onto a sample stick equipped
with a stainless-steel gas line with an additional valve for a top-
loading closed-cycle helium refrigerator. Neutron powder dif-
fraction data were collected on the high-resolution neutron
powder diffractometer BT-1 at the National Institute of Stan-
dards and Technology (NIST) Center for Neutron Research
(NCNR) with a Ge(311) monochromator and using in-pile
1S arc minute collimation, corresponding to a wavelength of
2.0787 A. After the initial Cu3(BTC), measurement at 3.5 K, gas
loaded measurements were taken as a function of D, loading with
all measurements at a temperature of 3.5 K. The loading of
known amounts of D, gas into the sample (2.896 g) correspond-
ing to D,:Cu ratios of 0, 3.1, 4.5, 4.9, 5.6, and 6.6 was performed
at temperatures ranging from 55 K at low coverage to 30 K for the
highest loading. The sample was cooled to 3.5 K over 1 h to
ensure diffusion of the D, to its equilibrium location within
the sample and neutron powder diffraction data collected for
D,-loaded Cus(BTC),.

Structural Analysis. Rietveld refinements were performed
using GSAS as implemented in EXPGUL®*** Rietveld refine-
ment was performed using the structural model for the bare
Cu;(BTC),,* with atoms in the asymmetric unit redefined to lie
within a single unit cell. A 16-term shifted Chebyschev back-
ground function and the pseudo-Voigt peak profile with asym-
metry (CW Type IIl in GSAS) was used. The resulting crystalline
model for the bare framework was used for the analyses of the
powder diffraction data of Cu3(BTC), and then as the initial
model for the D, adsorbed data with the D, locations derived
using Fourier difference techniques. Three small reflections from
the bare framework (appearing also in the D,-loaded material)
were unable to be indexed by the model. These reflections were
attributed to impurities in the sample. Given the high affinity of
the framework for D, and the small phase fraction of this con-
taminant phase, it is unlikely that this contaminant affects the
measured D, sorption significantly. These additional reflections
were removed from the fitting procedure, with excluded regions
incorporated from 20 = 59.65—60.35°, 70.45—71.10°, and
109.65—110.75°. All reflections arising in the presence of the
gas-loaded framework were able to be indexed using the Fm3m
space group. This corrected “bare” model was used as a baseline
for all subsequent measurements involving D,. In each case, the
model for the bare framework was refined before the Fourier
difference was taken to identify the guest molecules. Deuterium
molecules are treated as point scatterers with double occupancy.
The D, locations and occupancy were then obtained by Rietveld
refinement. The D,—D, distances were considered in conjunc-
tion with the SOFs in order to check that physically realistic
results for D, location were obtained in cases where local
disorder of D, arrangement in the pores was present, as noted
in previous work.*’

B RESULTS AND DISCUSSION

Rietveld refinement using neutron powder diffraction data
(Figure 1 and Table S1 in the Supporting Information) revealed
the location of nine distinct D, sites located in Cuy(BTC),. All
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Figure 1. Neutron powder diffraction data of Cu3(BTC), loaded with D, from this and previous*” work.

Table 1. Site, Site Occupancy Factor (SOF), and Isotropic Atomic Displacement Parameter (ADP) for Each D, in Cus(BTC),"

D,(1) D,(2) D,(3) D,(4) D,(S) D,(6) D,(7) D,(8)
D,:Cu pore B pore C pore C/B pore A pore C pore A pore B pore A
3 SOF 0.97(2) 0.96(4) 0.38(2) 0.50(3) 0.20(2)
D,(4a)
ADP, A 0.125(3) 0.23(1) 0.14(1) 0.62(6) 0.43(5)
4.5 SOF 0.92(1) 0.26(4) 0.71(4) 0.49(3) 0.79(2) 0.38(3) 0.17(2)
(Dy(4a))
ADP, A” 0.127(4) 0.13(2) 0.23(2) 0.24(2) 0.24(1) 0.27(2) 0.37(7)
SOF 0.42(2)
(Dx(4b))
ADP, A? 0.18(1)
5 SOF 0.77(1) 0.94(5) 0.23(2) 1.02(3) 0.21(2) 0.28(2)
(D(42))
ADP, A? 0.085(4) 0.19(1) 0.12(2) 0.27(1) 0.23(3) 0.24(2)
SOF 0.69(3)
(Dx(4b))
ADP, A? 0.21(1)
5.5 SOF 0.87(2) 1.08(3) 1.06(2) 0.95(2) 0.46(1) 0.52(2)
(D,(4b))
ADP, A? 0.108(4) 0.24(1) 0.26(1) 0.16(1) 0.24(1) 0.11(1)
6.5 SOF 0.95(2) 1.04(2) 0.99(1) 0.92(2) 0.84(1) 1.04(2)
(D,(4b))
ADP, A 0.120(4) 0.23(1) 0.146(3) 0.17(1) 0.17(1) 0.16(1)
“Values in parentheses are estimated standard deviations in the last significant figure.

D, introduced into the sample was accounted for by the Rietveld
model, with exceptional agreement between the dosed and calcu-
lated D, concentrations (Table S1, Supporting Information).
The following sections will focus on the loading characteristics by
describing the adsorption sites and the structural rearrangements
observed, followed by a detailed examination of the saturation
structure of the deuterium, and finally the effect that loading has
on the framework itself.

D, Adsorption Sites in Cuz(BTC),. Our previous work*’
included loadings of up to 4 D,:Cu in Cuz(BTC), and identified
6 D, binding sites. This earlier work considered D, with respect

to the Cu site, pore C (smallest), and pore A (the intermediate
sized aromatic pore), since the adsorbed D, was related by symmetry
to those located in the largest pore, B. At higher D, doses, as
applied here, sites additional to those previously identified are
located in the largest pore, B. Table S2 (Supporting Information)
lists the nine distinct sites for D, within Cu;(BTC),, and Table 1
reports the site occupancy factor (SOF) and atomic displacement
parameter (ADP) for each D, site at various D,:Cu loadings
(Figure 2).

The most favorable site, D,(1), occupies the coordinatively
unsaturated axial sites of the dinuclear Cu centers, as noted
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4.5D,:Cu

Figure 2. Fourier-difference maps shown along [001] for the unit cell
featuring nuclear scattering density arising from D, (yellow) in Cus-
(BTC), at a density of 0.7 fmA™> from three different D, doses
(increasing left to right). Shown are Cu (metallic copper), O (red), C
(gray), and H (white).

Figure 3. Rearrangement of D, in pore C, at low"” and high D,
loadings. Adsorption sites are labeled and colored according to sites
described in the text. For clarity, framework H atoms are not shown.

previously. Here, we report a decrease of up to 23% of D, at
D,(1) at doses intermediate to saturation. Given that all D, is
accounted for by the model, we attribute this to some “trapping”
of the D, at the nonequilibrium position during the data collec-
tion that highlights the fluxional nature of the adsorbed hydrogen
and the likely dependence on the loading/cooling protocols.

Pore C, the smallest pore, is the next place that D, is adsorbed
into, with our earlier work showing that the second site, D,(2), is
populated before saturation of the primary D,(1) site.*”*> Sub-
sequent population of the pore C window sites, D,(3), occurs
followed by population of the D,(5) site, located near the center
of the smallest pore. For reasons that will be explained later,
where we previously*” labeled the centroids of the pore C sites as
D,(2) at (0.25, 0.25, 0.34) and D,(3) at (0.16, 0.16, 0.16), they
are now relabeled as D,(2) at (0.17, 0.17, 0.17) and D,(3) at
(0.138, 0.138. 0.138). The four D,(2) sites are arranged tetra-
hedrally with respect to each other in a similar fashion to the
D,(5) site, with all four D,(2) sites (ca. 6 A apart) and all four
D,(S) sites able to be occupied (ca. 3 A apart) simultaneously,
unlike the previous assignment where at most two of the six
possible octahedrally arranged D,(2) sites could be occupied.
While the neighboring D,(2) and D,(S) sites are likely both
occupied at 3 D,:Cu loading resting ca. 2.5 A apart, at 4.5 D,:Cu
these sites approach each other to ca. 1.8 A, a distance so short
that they cannot be simultaneously occupied. While these sites
jostle, a shift of the D,(3) site away from the D,(5) site at higher
D, dosages occurs. The initial low-dose location of D,(3) at the
window entrance to pore C shifts to just inside pore B with
further loadings. This alternative description of the adsorption
sites results in the D,(3) site being approximately 1.4 A away

Figure 4. D, arrangement at the 4.5 (top), 5.5 (middle), and 6.5
(bottom) D,:Cu doses. The framework is shown with O (red), C (gray),
and Cu (pink dimeric units). D, sites are shown as circles with
occupancy indicated in grayscale intensity (black = 1). For clarity, H's
are omitted and the D, (6) site is shown only at the front and left views in
pore A.

from the D,(2) site, compared to 3.6 A in the previous descrip-
tion. Site population occurs in the order of D,(2), then D,($),
followed by the D,(3) site. The fact that these two adsorption
sites are derivatives of each other is likely; the population of
D,(3) begins when there is depopulation at the D,(2) site. The
D,(2) site is completely depopulated at D, dosages greater than
4.5 D,:Cu, leaving 4 D, molecules in the smallest pore at saturation
occupying the D,(S) position.

The interaction of D, in the confines of the smallest pore
results in a significant repositioning of the optimal D, (5) location
between the 3 D,:Cu and the 4.5 D,:Cu loads (Table S2,
Supporting Information). Locally, D, at the D,(S) site may be
positioned at either of these locations, depending on the local
concentration of D, in that particular pore. This effect is reflected
in the significantly higher ADP of 0.62(6) for the D,(5) in the 3
D,:Cu load, before reducing to the more modest ADP of 0.24(1)
in the 4.5 D,:Cu load, where there is ca. 50% more D, at the
D,(5) site.

Within the larger pore system, two sites were identified at
lower loadings, the D,(4) and D,(6) sites, both located in the
aromatic pore, A. The higher adsorption values measured here
show that the D,(6) site is transitional in nature, and disappears
with D, loadings in a similar fashion to D,(2). Shifting of the
previously labeled D,(4) site with higher loadings warrants a
relabeling of this site as D,(4a). While D,(4a) appears only at
loadings of 5 D,:Cu and below, it smears across the higher
multiplicity site D,(4b) at the 4.5 D,:Cu load, most likely
representing a variety of local arrangements of D, in this pore.
The D,(4a) site is similarly positioned between the 3.5,4.5,and S
D,:Cu loads; however, at the 4.5 D,:Cu load, the exact position
of the D, results in a different site multiplicity. The D,(4a) site is
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approximately 1.7 A from the D,(6) site. Therefore, these three
sites are mutually exclusive and nearby sites cannot be occupied
at the same time. The D,(4a) site is transitional in nature and
gives way for further population of the final D,(4b) site. Further
loading to 5.5 D,:Cu gives rise to adsorption at D,(8) and a
remarkable transition of the packing of D, inside pore A to a
cubic closed-packed arrangement, with the exception of 7
“absent” D, molecules at the center, resulting in this pore being
occupied by 32 D, molecules. This arrangement remains at the
highest loading, 6.5 D,:Cu. No more D, than this loading was
able to be adsorbed by the sample held at 25 K.

Pore B has one additional adsorption site, D,(7), besides the
two sites described above as D, (1), the coordinatively unsatu-
rated Cu”*, and D, (3), that migrates from within the window of
pore C. The appearance of the third and final site in this pore
occurs at 4.5 D,:Cu at the same time that D,(3) migrates.
Residing just 1.9 A from D,(6) in the adjacent pore A, the D,(6)
site depopulates commensurately with increasing population of
the D,(7) site; the D,(6) site disappears at the 5.5 D,:Cu loading.
At saturation, 48 D, molecules are present in pore B. Interest-
ingly, there is no change in the arrangement of the sites in the
largest pore unlike the dramatic rearrangement of the D, sites in
pore A.

The intermolecular separations for D, in Cusy(BTC), are
relatively short, most notably the neighboring D,(2) and D,(S)
sites (both occupied) at the 3 D,:Cu loading that rest ca. 2.5 A
apart. These short distances are consistent with other reports of

Figure 5. Arrangement of D, in the three pores. D, are represented as
spheres and shown green in the smallest pore (C), pink in the large
aromatic pore (A), and blue in the largest pore (B).

D, adsorptlon in porous framework materials, as discussed in
recent work®® commenting on prev10us findings of a 2.85 A
D,—D, separation in MOF 74-7n.% Similar findings for H, in
H,-hydrates are noted,” where H, forms a tetrahedron with only
2.42—2.53 A between the H, at the cage center and the corner H,.

Final Arrangement of D, at Saturation. The final arrange-
ment of D, loaded to saturation at 25 K is distinctly different in
each of the three pores (Figure S). In the smallest pore, C, four
D, molecules form a regular tetrahedron, where the D,- - -D,
centroid distance is approximately 3.25 A. This pore connects to
the largest pore, pore B, where 48 D, molecules are located at the
vertices of a face-capped truncated rhombic dodecahedron; the
same packing arrangement is optimal for 48 circles on a sphere.%®
In the medium-sized pore, A, 32 D, molecules form a truncated
octahedron with capped hexagonal faces. The three D,- - D,
distances in pore B are 3.2, 3.7, and 3.4 A, and in pore A, these are
3.4,3.4,and 3.5 A. Interestingly, pore A contains apparently open
space at the loading level we obtained at 25 K. Further loading
and cooling down to 16 K might alter this arrangement and in-
crease the capacity, as noted in MOE-5, where a similar close-packed
arrangement was noted.*” The space located at the center of pore
A could accommodate an additional 7 D, molecules. If these 7
sites were able to be fully occupied, this would correspond to 7.58
D, per Cu (the equivalent of 7.0 wt % H,).

The dynamic rearrangement of the D, in the pores at
saturation results in an essentially even monolayer distribution
of the D, around the inner pore surface (with the exception of
the D, (1)) with D, molecules roughly equidistant. In pore C, the
centroid of the D,(S) site is ca. 3.9 A from the closest part of
the framework but only 3.1 A from D,(3) in pore B. In pore A,
the D,(4b) site is ca. 3.5 A from the framework and D,(8) is ca.
3.6 A from the framework, with D,(4b) 3.5 A from D,(7) in pore
B. The closest D, comes toward the framework isin pore B where
D, (1) docks only ca. 2.4 A from the Cu" ion. The D,(7) site in
pore B is arranged at a distance intermediate to the shorter D,(1)
distance and that of the other sites, at 2.6 A. The final site in this
pore, D,(3), is 3.4 A from the framework but only 3.1 A from
D,(S). With the exception of the D,(1) site, the D, arranges itself
as evenly as possible with respect to the framework surface and to
other D, molecules. The slightly stronger affinity of D, to the
unsaturated metal center than to the framework is consistent
with the reported nature of the hydrogen phase in several

a=263384 A
26.34 4 a=263339 A o
a=26.3304A
a=26.3260 A
< 26.33 -
= ° a=263231A
[ o) *
2 °
e o
@ 26327 _oeatash
3
o]
° [ ]
O 2631 4
b=}
©
- [¢]
26.3 Cu site: Full occ. Cu site: Full occ. Cu site: Full occ. S“ si’(g SF'UH oce Cu site: Full occ.
Pore C: Sig. occ. Pore C Sig. occ. ore 9. occ. Pore C: Full occ.
Pore A: Sig. occ. Pore A: S!g, oce. Pore A: Full occ.
rore B: Sig. occ. Pore B: Full occ.
26.29 T T T T T 1
05 15 25 3.5 4.5 55 6.5
D2:CU — o

Figure 6. Cus(BTC), cubic lattice-parameter response to D, adsorption. Shown are lattice parameters from this (closed circles) and a previous*” (open
circles) study. Arrows and text indicate D, occupation at the Cu site and at sites within the three pores at various D,:Cu doses (Full occ., fully occupied;

Sig. occ,, significantly occupied).
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moderately weak adsorption enthalpy metal organic frameworks,
and in this case, the chemical composition of the adsorbent is not
altered much by differences in the sample’s affinity for molecular
hydrogen. This does not address the case where there is a stron-
ger enthalpy of adsorption and the mean distance between next-
neighbor D, is smaller than in the bulk solid, resulting in a denser
packing,°® as demonstrated by the observation of liq7uid—like
hydrogen observed in porous coordination frameworks.”’

Framework Response to D, Adsorption. The most notable
crystal structure change in Cu3(BTC), upon D, adsorption occurs
to the unit-cell dimension that varies according to the quantity of
D, adsorbed (Figure 6) and the subsequent structural arrange-
ment of the adsorbate. The unit cell initially expands linearly for
doses below 1 D,:Cu followed by a slight contraction when
amounts of D, ranging from 2 to 4.5 D,:Cu are adsorbed. We
previously®” associated this with a subtle buckling of the BTC
units and a concomitant decrease in the BTC bridged Cu—Cu
distance from 8.07(1) to 8.03(1) A. The response of the unit cell
becomes positive and more linear at D, loadings above 5 D,:Cu.
A careful examination of the D, sites (Table 2) reveals that the
unit-cell response is correlated with increasing population at
specific D, guest sites.

Most notably, the contraction of the lattice observed at D,
doses of approximately 4.5 D,:Cu is associated with significant
disorder in pore A. It is above this loading that the D,(4a) site
becomes less distinct, smearing into the D,(8) and D, (4b) sites.
A similar situation exists for D, in the other two pores, with two
exceptions: the D, at site D,(2), in pore C, and at D,(6), in pore
A. We attribute the lattice response to significant occupation of
D, in the large aromatic pore, A, at the D,(6) site. This site is
intermediate in nature and begins to depopulate at the 5 D,:Cu
dose (with increasing population of the D,(4b) site). This site is
located in the large pore entrance, where four dimeric units form
the corners of the large pore boundary. D,(6) is approximately
4.07 A equidistant from the closest Cu atom of each dimer. The
apparent reduction in the lattice at intermediate D, doses is not
unexpected given the known flexibility of this framework, as
demonstrated by its negative thermal expansion.***’

Il CONCLUSIONS

We observe D, adsorption in a trimodal porous metal organic
framework, Cu3(BTC),, up to saturation at 25 K using neutron
powder diffraction. Saturation is reached at a loading of 6.5 D:
Cu, corresponding to the equivalent of 6.1 wt % H,. The D, is
located at up to nine distinct sites, with six stable at saturation,
and three sites that are metastable and exist at intermediate doses.
The pore filling follows a complex mechanism, with D, sites
changing between D, dosages, arising as a result of concentra-
tion-dependent optimal D, arrangements caused by D,—D, and
D, —framework interactions. At saturation, one site exists in the
smallest pore, two in the intermediate sized pore, and three in the
largest pore. Most notably, a dynamic transition to a high symmetry
D, arrangement is observed at doses approaching saturation. In
this arrangement, the smallest pore contains 4 D, arranged
tetrahedrally and the intermediate sized pore contains 32 D,
arranged in a truncated octahedron with capped hexagonal faces.
Interestingly, the largest pore contains 48 D, arranged in a face-
capped rhombic dodecahedron, the same arrangement that has
been shown to be optimal for 48 circles on a sphere. The arrange-
ment of D, at saturation has D, molecules roughly equidistant
from each other and from the framework surface, with the exception

of the stronglest binding site, located at the coordinatively un-
saturated Cu'" ions, which are closer. The framework responds
structurally to the adsorption of D,, expanding at low and high
D, doses, although at intermediate doses the framework lattice
displays an apparent reduction upon population of the meta-
stable D, sites, a behavior that is commensurate with the known
flexibility of the material.

B ASSOCIATED CONTENT

© Supporting Information. Figure of merit (wR,) for
Rietveld analysis using neutron diffraction data for Cuz(BTC),
loaded with D, as well as D, quantities and site locations obtained
from the refinements. This material is available free of charge via
the Internet at http://pubs.acs.org.
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