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Phase Control in the Modulated Self-Assembly

of

Lanthanide MOFs of a Flexible Tetratopic Bis-Amide Linker
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Ross S. Forgan*™

The targeted synthesis of phase-pure metal-organic frameworks
(MOFs) is often complicated by the fact that a number of
different products can result from the same metal-ligand
combination. The self-assembly of lanthanide-based MOFs can
be particularly challenging due to the versatile coordination
chemistry of the f-block allowing for diverse coordination
spheres with irregular geometries driven by steric effects.
Herein we show that modulated self-assembly — the addition of
small molecules to solvothermal synthesis in order to control
pH and coordination equilibria — can control phase formation
when preparing lanthanide MOFs from the tetratopic bis-(3,5-
dicarboxyphenyl)terephthalamide ligand. We report 27 new
MOFs, of which 21 are characterised by single crystal X-ray

Introduction

The photo-physics of metal-organic frameworks (MOFs), net-
work solids where metal ions or clusters are connected by
organic ligands" has attracted notable attention due to the
potential applications of photoactive MOFs as photon
upconverters,” white light emitting diodes (LEDs),” sensors,””
and bioimaging agents.”! Of special interest has been the use of
lanthanide MOFs (Ln MOFs)® that inherit the tuneable, sensitive
and well-defined photophysical properties of the lanthanide
metal(s) that are enhanced by the antenna effect,”’ making
them ideal candidates for use in sensing and as emissive
materials in general.”! Lanthanide coordination chemistry is
dominated by ligand sterics rather than ligand field effects,
where buried 4f orbitals and a lack of structural directionality
by the outermost 5 s orbital contribute to the lack of defined
coordination geometries.”’ As such, when assembling coordina-
tion polymers, multiple different topologies can typically be
accessed from individual metal-ligand combinations."” Over-
coming this challenge, and fully understanding the synthesis of
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diffraction, that can be categorised into six structure types. The
formation of different phases is largely driven by the contrac-
tion in ionic radius across the lanthanide series, but we show
how careful choice of both solvent and modulator can influence
reaction outcome. As an example, phase pure samples of three
Gd MOFs of the same ligand can be selected by simply
changing the modulator - acetic acid, benzoic acid, or nitric
acid — used in closely related syntheses. These results show that
modulation can control phase in f-block MOFs, just as it can in
d-block MOFs, and provide design rules for uncovering
structural diversity by carefully exploring the chemical parame-
ter space of lanthanide MOFs in single ligand systems.

Ln MOFs, is therefore of the utmost importance for the
development of new, applied materials.

The flexible coordination chemistry of the lanthanides
means controlling Ln(lll) MOF syntheses to reproducibly prepare
the same, phase pure material is challenging."” Subtle mod-
ifications to synthetic conditions, such as changes in solvent,
temperature, pH and starting material ratios, therefore present
an opportunity to synthesise many new structures."? Modu-
lation, the purposeful addition of a compound to influence the
crystallinity, particle size, morphology and/or the phase of the
resulting MOF,"® has been shown to exert phase control in
MOFs linked by trivalent metals such as Al(lII),"* Fe(lll)," and
Cr(I),"® but has not been widely investigated in the synthesis
of Ln(lll) MOFs, with examples limited to morphological
control."” Previously, we have shown that Y(lll), which has
closely related coordination chemistry to the lanthanides, can
controllably form six different phases with the 2,6-naphthalene-
dicarboxylate ligand through use of different modulators."®
Herein, we examine the effect of both the lanthanide
contraction" and modulation in the self-assembly of a series of
Ln(lll)  MOFs  with the tetratopic ligand  bis-(3,5-
dicarboxyphenyl)terephthalamide (H,L). By combining a ligand
with inherently flexible amide units and a range of different
lanthanides, we describe the formation of six predominant
phases — GUF-2(Ln), GUF-3(Ln), GUF-4(Ln), GUF-5(Ln), GUF-6(Ln),
and GUF-7(Ln) (GUF=Glasgow University Framework) - that are
largely dependent on lanthanide ionic radius, in addition to a
seventh that has been previously reported.”” We show multiple
examples of modulated syntheses leading to different phases
from the same metal-ligand combination — gadolinium versions
of three of the new phases can be isolated - suggesting great
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structural diversity and control is possible through modulated
self-assembly of Ln MOFs.

Results and Discussion
Single Crystal Structures

Previously, MOFs with the general formula [Ln,(L),s(DMF),],,
where DMF=N,N-dimethylformamide, have been isolated for
Th(lll), through synthesis in 4:1 (v/v) DMF:H,O at 75°C with
nitric acid modulation,® and for Dy(lll) and Sm(lll) in
solvothermal syntheses in DMF at 100°C.* A 5:1:40 Ln:H,L:
HNO, stoichiometry was used in the former, and a 2:1 Ln:H,L
ratio in the latter, with 48 hour synthesis times for all. Our initial
attempts to prepare lanthanide MOFs from H,L (prepared by a
literature procedure)®” and lanthanide nitrates involved a
stochastic approach to the investigation of the wide chemical
parameter space in terms of modulator, solvent, reaction
stoichiometry, temperature, etc. It became quickly clear that
this approach was not optimal for controllably generating
materials, and so to homogenise conditions across the
lanthanides, we selected conditions whereby H,L and the
lanthanide nitrate (1:1 ratio) were combined in a 1:1 (v/v)
mixture of N,N-dimethylformamide (DMF) and water, and
heated at 80 °C for 24 hours in the presence of varying
equivalents of different modulators, where required. For each
material described, precise synthetic conditions are reported in
the supporting information, Section S3. MOFs were initially
analysed through single crystal X-ray diffraction (SCXRD), and if
bulk samples could be obtained, by powder X-ray diffraction
(PXRD) and thermogravimetric analysis (TGA).

Some unsuccessful syntheses resulted in recrystallization of
the linker as the bis-DMF solvate (Figure 1). Hydrogen bonds
form between the formamide oxygen of the DMF molecules
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Figure 1. Crystal structure of H,L-2DMF illustrating the formation of
hydrogen bonded two-dimensional sheets. C: grey; O: red; N: blue;
H: white. H atoms not involved in hydrogen bonding removed for
clarity.
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and the amide NH moieties of H,L (N1--015=2.937 (3) A), while
the linkers themselves associate via a conventional carboxylic
acid hydrogen bonded dimer (04-03=2.629 (3)A) and a
hydrogen bond between a carboxylic acid unit and the amide
carbonyl (01--05=2.597 (3) A). This results in ribbons of H,L
molecules, connected by the carboxylic acid dimer, that hydro-
gen bond to each other forming two-dimensional sheets with
DMF molecules enclosed in vacancies, reminiscent of hydrogen-
bonded organic frameworks.?” These sheets then form offset -
stacks at an interplanar distance of approximately 3.6 A.

Crystal structures of the first three MOFs in this study, GUF-
2(Ln), GUF-3(Ln), and GUF-4(Ln), were obtained for the early
lanthanides using crystals isolated from very similar (or indeed
identical) reactions. The materials show significant structural
similarities, all being two-dimensional MOFs linked by Ln,
secondary building units (SBUs) with the linker being in the
monoprotonated state to allow charge balance, giving the
general formula [Ln(HL)(solvent),]. The MOFs often crystallised
together in individual syntheses, making scale-up of phase pure
samples highly challenging. The first MOF, GUF-2(Ln), could be
crystallised with La(lll) and Ce(lll) using two equivalents of HNO,
as a modulator in a 1:1 (v/v) DMF:H,O solvent mixture. GUF-
2(La) will be described as representative of both MOFs, and
crystallises in the ftriclinic P-1 space group with an overall
formula of ([La(HL)(H,0),]-{H,0},),. A centrosymmetric dimer of
nine-coordinate  La(lll)  units  with  formula [La,(p,-
RCO0),(RCOO),(RCOOH),(H,0)¢] is present (Figure 2a), where
two carboxylates bridge the dimer in the m,:x;.x; binding
mode (1 describes the binding mode of the carboxylate as a
whole and « describes the binding mode of each individual
oxygen atom of the carboxylate), two carboxylates coordinate
one to each La(lll) ion in a bidentate, ,:k;.x; manner, and two
protonated carboxylates coordinate to each La(lll) ion in a
monodentate 1,:%;.K, motif. The dimer participates in signifi-
cant outer sphere hydrogen bonding. Within the dimer, a water
ligand on one La(lll) unit hydrogen bonds to a water ligand on
the adjacent La(lll) of the dimer (O4W--03W=2.941 (6)A;
analogous distances for GUF-2(Ce) are given in the Sl, Table S2).
One carboxylate unit of HL is unusually both uncoordinated
and deprotonated, and enters into a network of outer sphere H-
bond interactions (Figure 2a) with an adjacent cluster on the
same 2D sheet, to three coordinated water molecules
(02W--05=2.956 (5) A; O3W--05=2.674 (5)A; 04W--06=
2.905 (5) A) and the protonated carboxylic acid unit (0306 =
2500 (5) A). These dimers connect linker molecules into two-
dimensional sheets (Figure 2b) which are two linkers in depth in
an offset stacking arrangement around 3.3 A apart. Hydrogen
bonds are formed from the uncoordinated carboxylate unit to a
water ligand on an adjacent sheet (02W--05'=2.866 (4) A) and
from another coordinated water to an amide oxygen
(03W--010'=2.734 (4) A). These are the only major interactions
between the layers in the structure, which themselves are
distanced by around 3.5 A. Infinite channels, which are filled
with ordered water molecules, are apparent when the structure
is viewed down the crystallographic a-axis (Figure 2c). Pairs of
these water molecules hydrogen bond to each other and
extensively to donors and acceptors on both the linker amide
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Figure 2. Crystal structure of GUF-2(La). a) Dimeric La(lll) SBU showing outer sphere H-bonding. b) Offset stacking of two-dimensional
sheets viewed down the crystallographic b-axis. c) Packing structure viewed down the crystallographic a-axis showing channels (bound
water guest molecules removed for clarity). Crystal structure of GUF-3(Ce). d) Dimeric Ce(lll) SBU showing outer sphere H-bonding. e) Offset
linear stacking of two-dimensional sheets viewed along the crystallographic a-axis with inter-dimer H-bonding. f) Stacked sheets viewed
down the crystallographic b-axis showing solvent-accessible channels. Crystal structure of GUF-4(Pr). g) Dimeric Pr(lll) paddlewheel SBU
showing outer sphere H-bonding. h) Stepped two-dimensional sheet structure viewed down the crystallographic a-axis. i) Packing structure
viewed down the crystallographic c-axis to show solvent accessible channels. La: light blue; Ce: gold; Pr: pale purple; C: grey; O: red; N: blue;
H: white. H atoms removed for clarity other than those involved in outer sphere H-bonding interactions in parts a), d) and g).

groups and at the SBUs (SI, Figure S1). The two-dimensional
MOF has sql topology with point symbol {4*.6” (SI, Figure S2).

The second MOF, GUF-3(Ln), could be crystallised with
Ce(lll), Pr(lll), and Nd(lll), using two to four equivalents of HNO,
as a modulator in a 1:1 (v/v) DMF:H,O solvent mixture. GUF-
3(Ln) is very closely related to GUF-2(Ln), with the only
difference being that while the linker is again monoprotonated,
all four carboxylates now coordinate to the Ln, SBU, meaning
two water ligands per Ln(lll) are no longer required to fill the
coordination sphere of the nine-coordinate ion, giving an
overall formula of [Ln(HL)(H,0).],. The Ce(lll) congener will be
described as representative of the series, which crystallises in
the triclinic P-1 space group, and is again linked by a
centrosymmetric nine-coordinate Ce(lll) dimer, this time with
formula  [Ce,(u,-RCO0),(RCOO),(RCOOH),(H,0),]  (Figure 2d).
Two carboxylates bridge the dimer in the m,:x;.x; binding
mode, two carboxylates coordinate to each individual Ce(lll) ion
in a bidentate, n,:k;.k; manner (in contrast to one per Ln(lll)
ion in GUF-2(Ln)), and two protonated carboxylates coordinate,
one to each Ce(lll), in a monodentate v,:%k;.K, motif, with the
OH unit entering into a short hydrogen bond with the oxygen

of a bidentate carboxylate on the adjacent Ce(lll) (03--07=
2669 (3) A; analogous distances for the other members of the
series are given in the SI, Table S4). Connection of the clusters
by the linker results in a similar two-dimensional sheet structure
to GUF-2(Ln). The sheets are two linkers in depth; molecules of
HL form offset stacks at an interplanar distance of approx-
imately 3.5 A. Viewing the structure of GUF-3(Ce) along the
crystallographic a-axis shows the stacking of these layers, with
the second water ligand from each Ce(lll) dimer forming
bifurcated hydrogen bonds to individual carboxylate oxygen
donors on a dimer of an the adjacent sheet (O2W--05=2.921
(3) A, 02W--08=2.918 (3) A), bringing each sheet together into
an offset stacking arrangement with an inter-sheet spacing of
approximately 3.4 A (Figure 2e). When viewed down the
crystallographic b-axis (Figure 2f) channels are apparent, into
which projects one of the H,O ligands, forming a hydrogen
bond with an amide oxygen of HL (O1W--09=2.828 (3)A).
These channels account for a 21.0% solvent accessible void
volume in the structure, as determined by Mercury 4.0.%¥
Topologically, GUF-3(Ln) is related to GUF-2(Ln), with greater
connectivity due to the coordination of the fourth carboxylate
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of HL; it has (6,3)lla topology with point symbol {4%6% (S|,
Figure S3).

Whilst it was possible to isolate X-ray quality single crystals
of GUF-2(Ln) and GUF-3(Ln) materials (in the case of the Ce(lll)
congeners, they crystallise alongside one another in solvother-
mal syntheses) they were challenging to scale up, and it was
evident that further phases could form. By slightly modifying
the reaction conditions, using a 2.7:1 (v/v) DMF:H,O solvent
mixture with two equivalents of HNO; as modulator, single
crystals of GUF-4(Ln) could be isolated for Ln=Ce(lll) and Pr(lll).
GUF-4(Ln) has a similar two-dimensional layered structure to
the previous MOFs, but with notable differences in the nature
of the layers. The structure of GUF-4(Pr) will be described as
representative of the series, and the MOF again crystallises in
the P-1 space group with a monoprotonated linker. Carrying
out the reaction in a more DMF rich solvent mixture seems to
have influenced the structure formation, with two coordinated
DMF molecules and one coordinated water molecule on each
Pr(ll), plus an ordered, pore-bound DMF molecule (SI, Fig-
ure S4), giving the MOF an overall formula of ([Pr-
(HL)(DMF),(H,0)1-DMF),.. All Pr(lll) ions are equivalent, and form
a centrosymmetric paddlewheel dimer (Figure 2g) where four
carboxylates bridge the two Pr(lll) centres in the m,:k;.k;
binding mode, alongside two monodentate carboxylates coor-
dinating in the n,:x;.x, motif, forming bifurcated hydrogen
bonds through their uncoordinated oxygen atoms to adjacent
coordinated water molecules (O1W--07 =2.658 (6) A; analogous
distances for GUF-4(Ce) are provided in the Sl, Table $6) and an
amide unit of a neighbouring linker (N1--O7=2.976 (6) A). The
coordination sphere of the Pr(lll) unit is completed by two O-
donor DMF ligands, leaving the Pr(lll) eight-coordinate, in
contrast to the nine-coordinate metal centres in GUF-2(Ln) and
GUF-3(Ln). The isophthalate moiety of HL that is doubly
deprotonated bridges between clusters to form the two-dimen-
sional sheet structure, while the protonated carboxylic acid unit
does not form any significant short contacts, in contrast to GUF-
3(Ln) where it coordinated to the metal centres. Viewing the
structure down the crystallographic a-axis, the sheets of GUF-
4(Pr) are stepped (Figure 2h), in comparison to the linear sheets
of GUF-2(Ln) and GUF-3(Ln), and there are no notable non-
covalent interactions between the sheets. Solvent accessible
voids are visible when the structure if viewed down the
crystallographic c-axis, with a void volume™ of 42.1% when
the DMF guest is removed (Figure 2i). The DMF molecule in the
pore forms a bifurcated hydrogen bond (SI, Figure S4) through
its formamide oxygen to a proton of the coordinated water
molecule (O1W--035=2.867 (6) A) and an amide proton
(N2--035=2.777 (4) A). With many structural similarities, it is
not surprising that GUF-3(Ln) and GUF-4(Ln) display the same
underlying (6,3)lla topology, with point symbol {4%.6% (S|,
Figure S5).

A fourth MOF, GUF-5(Ln), has been characterised by SCXRD
where Ln=Ce(lll), Pr(ll), Nd(lll), Sm(lll), Eu(lll), and Gd(lll), with
single crystals grown under standard conditions by using 2-
10 eq of HNO; as a modulator. The only outlier is GUF-5(Ce),
where crystals were isolated by modifying the metal:linker ratio
to 1:2 and using 10 eq of acetic acid (AcOH) as modulator; the

RESEARCH ARTICLE

previous three Ce(lll) MOFs described required HNO; as
modulator, suggesting a possible structure directing effect of
AcOH. All four Ce(lll) MOFs have a Ce(lll) to HL ratio of 1:1,
which would indicate that the modified reaction stoichiometry
is of lesser effect. The isostructural series crystallises in the
monoclinic Cc space group where the metal atom is nine-
coordinate, with three coordinated water ligands, one coordi-
nated DMF, and the linker is again monoprotonated, giving an
overall formula of [Ln(HL)(H,0);(DMF)],. The structure of GUF-
5(Nd) will be described here as representative of the series, and
any distances reported are tabulated in the supporting
information, Table S8, for the other analogues. The MOF
consists of one-dimensional chains of crystallographically equiv-
alent Nd(Ill) ions that project down the crystallographic c-axis,
which are linked by full isophthalate moieties of HL rather than
bridging individual carboxylate moeities; a segment showing
two Nd(lll) ions is given in Figure 3a. One isophthalate has both
carboxylate moieties deprotonated and coordinating in the
bidentate 1, :k;.k; motif, while the other has one deprotonated
monodentate carboxylate (n;:x;.x,) and one protonated, un-
coordinated carboxylate unit that forms hydrogen bonds with a
coordinated water ligand (O3W--05=2.854 (4) A) and an oxy-

Figure 3. Crystal structure of GUF-5(Nd). a) Connectivity of the
crystallographically equivalent Nd(lll) ions by fully bridging iso-
phthalate moieties rather than individual bridging carboxylates,
with outer sphere hydrogen bonding from a protonated carboxylic
acid group. b) Projection of HL~ linkers from the one-dimensional
chain SBU. ¢) Diamondoid channels of a single net of GUF-5(Nd)
viewed down the crystallographic c-axis. Nd: green; C: grey; O: red;
N: blue; H: white. H atoms removed for clarity other than those
involved in outer sphere H-bonding interactions in part a). d) Five-
fold interpenetration, with each net coloured differently, also
viewed down the crystallographic c-axis.
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gen atom of a bidentate carboxylate (06--02=2.548 (4) A). A
further outer sphere hydrogen bond is evident between the
non-coordinated oxygen atom of the monodentate carboxylate
and a second coordinated water ligand (O2W--08=2.665 (3) A),
contrasting both GUF-3(Ln), where the protonated carboxylate
coordinates, and GUF-4(Ln), where it forms no significant short
contacts. The coordination sphere of the Nd(lll) ions is therefore
composed of two bidentate carboxylates, one monodentate
carboxylate, three water molecules and one DMF molecule.

Linker molecules project from the chains in a staggered
fashion (Figure 3b) to form diamond shaped nets with signifi-
cant channels down the crystallographic c-axis (Figure 3c),
sufficient to facilitate five-fold interpenetration (Figure 3d). The
densely packed structure contains a number of inter-net hydro-
gen bonds. One water ligand hydrogen bonds to an amide
oxygen (O1W--010=2.871 (3)A) and carboxylate oxygen
(0O1W--08=2.784 (3) A) of the same linker, there are similar
water to amide (02W--09=2.817 (3) A) and water to carbox-
ylate (03W--04=2.978 (3)A) interactions with the other
ligands, while an amide proton hydrogen bonds to a bidentate
carboxylate (N1--03=2.918 (3) A). Topological analysis confirms
that GUF-5(Ln) displays a three-connected unimodal net with
ths topology (SI, Figure S6) that exhibits class la (Z=5) inter-
penetration (Figure 3d) and point symbol {10%}.

Crystal structures of GUF-6(Ln), where Ln=Sm(lll), Eu(lll), and
Gd(lll), were obtained from syntheses under standard condi-
tions with 10 eq of benzoic acid as modulator. It was also
possible to isolate crystals of the MOFs where Ln=Tb(lll), Ho(lll),
and Er(lll) by using HNO; modulation and tuning the solvent
system, but the diffraction data were only sufficient to refine
unit cell parameters that confirm formation of the GUF-6(Ln)
structure. In contrast to the previous MOFs, GUF-6(Ln) displays
a fully deprotonated linker with a different metal:linker
stoichiometry to ensure charge balance; the overall formula is
([Ln,y(L); 5s(H,0)51-H,0),. The structure of GUF-6(Eu) will be
described here, which crystallises in the C2/c space group and
contains two crystallographically independent, eight-coordinate
Eu(lll) ions that form dimers (Figure 4a). One metal ion (Eu1) is
bound entirely by carboxylate oxygen atoms; four of the
oxygen donors come from two m,:x;.k, carboxylates of two
adjacent ligands, while two m,:x;.kx; carboxylates bridge the
two lanthanide ions of the dimer. A third carboxylate bridges
with a m,:%;.x, motif to provide one O-donor, and the final
oxygen comes from a carboxylate that bridges to an adjacent
dimer in a 1,:x;.x; motif, resulting in a one-dimensional chain
SBU. The other metal ion (Eu2) is bound by two oxygen donors
from the m,:x;.x, carboxylates bridging across the dimer, two
oxygen donors from the bridging m,:x;.k, carboxylate, a single
O-donor from the m,:x;.x; carboxylate that bridges adjacent
dimers, and three water ligands. One of the water molecules
coordinated to Eu2 forms outer sphere hydrogen bonds to
carboxylates from two symmetry independent linkers that are
coordinated to the adjacent Eul (O2W--08=2.677 (5)A,
02W--011=2.874 (6) A; distances for other congeners given in
the SI, Table S10). There are two crystallographically independ-
ent linker molecules. The isophthalate units of one linker further
connect the Eu(lll) dimers along the chain - each carboxylate of
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Figure 4. Solid state structure of GUF-6(Eu). a) Bridged lanthanide
dimer stabilised by outer sphere hydrogen bonding. b) Connection
of these dimers into a one-dimensional chain SBU, with further
outer sphere hydrogen bonding (the H-bond in part a) is also
represented in part b)). ¢) Packing structure viewed down the
crystallographic b-axis. Eu: deep pink; C: grey; O: red; N: blue; H:
white. H atoms removed for clarity other than those involved in
outer sphere H-bonding interactions in parts a) and b). Linker
disorder removed for clarity. d) Topological representation of GUF-
6(Eu) viewed down the crystallographic c-axis.

the isophthalate connecting adjacent dimers — while another
carboxylate bridges the dimer in a 1,:x;.x; motif (Figure 4b).
These L*~ units form off-set stacked dimers at a distance of
approximately 4.1 A apart. The second linker, which is centred
on an inversion centre, is disordered at its central terephthaloyl
moieity and is also associated with a positionally disordered
pore-bound water molecule, but connects adjacent chain SBUs
that run down the crystallographic b-axis to form the three-
dimensional net (Figure 4c). The resulting structure is reminis-
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cent of the previously reported [Ln,(L),s(DMF),], materials,*”

but with differences in the SBU (1D chain vs discrete dimers),
coordinated solvent (three water ligands on one Ln(lll) only vs
two DMF ligands on each Ln(lll)), and topology. Topologically,
GUF-6(Ln) is a 4 nodal, 4,6,6,7-connected net with (4-c),(6-c)(6-
c),(7-c), stoichiometry and has a previously unobserved top-
ology type (Figure 4d) where the point symbol was calculated
to be {4'.6°.8},{4°.6),{4°.6°.8°}{4%6'},.

Crystals of GUF-7(Ln) can be isolated where Ln=Tb(lll),
Dy(lll), Ho(lll), Er(ll), and Yb(ll) using HNO; modulation; this
MOF crystallises in the P2,/n space group where the Ln(lll) atom
is eight-coordinate. The MOFs were crystallised under standard
conditions except for GUF-7(Yb), which required nearly pure
DMF as solvent and reaction temperatures of 120°C. In GUF-
7(Ln), the ligand is once again monoprotonated, with two
coordinated water ligands giving an overall formula of [Ln-
(HL)(H,0),],. The crystal structure of GUF-7(Yb) is described
here, with further data for the isostructural analogues provided
in the SI, Table S12. Chains of crystallographically equivalent
Yb(lll) ions running down the crystallographic a-axis are bridged
by isophthalate units in a centrosymmetric, dimeric motif
(Figure 5a). The two equivalent isophthalate units have one
bidentate (1, :k;.x,) carboxylate, and a second carboxylate that
bridges down the chain in a (1,:x;.%x;) motif, forming infinite
chains of dimers (Figure 5b). Further interactions down the
chain are facilitated by the two coordinated water molecules;
both form H-bonds to amide (O1W--09=2902 (12)A,
02W--010=2.769 (12) A) and carboxylate (O1W--02=2.746
(1) A, 02W--07=2.706 (12) A) oxygens of a neighbouring
ligand. The coordination sphere of the Yb(lll) is completed a
second bidentate (n,:x;.k;) carboxylate, with the neighbouring
carboxylate moiety on this isophthalate being both protonated
and uncoordinated, entering into a centrosymmetric carboxylic
acid hydrogen bond dimer with an adjacent ligand. The
carboxylate is positionally disordered over two sites, leading to

Figure 5. Crystal structure of GUF-7(Yb). a) Isophthalate bridged
dimers of Yb(lll) ions. b) Connection of these dimers by bridging
carboxylate units into one-dimensional chain SBUs that run down
the crystallographic g-axis. ¢) Packing structure viewed down the
crystallographic a-axis, showing formation of carboxylate H-bond
dimers and large solvent accessible channels. Yb: purple; C: grey; O:
red; N: blue; H: white. Disorder and H atoms removed for clarity
other than protons on coordinated water ligands in part a).
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four potential H-bond distances across the dimer (03 A--O4=
251 (4 A; 03-04A=257 (4)A; 03A-04A=273 (4 A
03--04=2.88 (4) A). This leads to significant channels down the
a-axis, with a solvent accessible void volume™ of 34.0%
(Figure 5c). GUF-7(Ln) is therefore a three-dimensional, non-
interpenetrated structure with sra topology (S, Figure S8).

These six MOFs exhibit some common features but also
topological diversity as a consequence of the versatile coordina-
tion chemistry of the lanthanides and also the flexibility of the
bis-amide linker. This is evident in the linker adopting both syn
and anti conformations with respect to the two amide moieties
across the structures, and deviating from co-planarity of the
aromatic rings (see SI, Section S4). These features also make
control over phase formation challenging. Whilst it is clear that
the ionic radii of the lanthanides play a key role in structure
direction — GUF-2(Ln), GUF-3(Ln) and GUF-5(Ln) have nine-
coordinate lanthanide ions while GUF-4(Ln), GUF-6(Ln) and
GUF-7(Ln) have eight coordinate lanthanide ions - there are
examples where crystals of different phases can be formed from
the same metal-ligand combination, influenced by the reaction
conditions and potentially modulator. As such, modulated self-
assembly™ was used to attempt to isolate phase pure bulk
samples and extend the incidence of the individual phases to
additional lanthanides, by utilising both mineral acids to control
pH, and monotopic carboxylic acids that can enhance the
crystallinity and phase purity of the MOFs, as well as modulate
the pH. During these studies it was found that isolation of
phase pure samples of GUF-2(Ln), GUF-3(Ln) and GUF-4(Ln) was
highly challenging, and it was not possible to scale up phase
pure samples.

Bulk Powder Samples

During the identification of the different phases above, HNO,
was by far the most successful modulator in producing X-ray
quality single crystals for structural analysis. In the first instance,
attempts to scale up samples (SI, Section S5) therefore relied on
a modulator screen, using five equivalents of modulator relative
to the amount of metal nitrate. This was carried out in the
synthesis of Gd(lll) and Tb(lll) MOFs of the ligand, with these
lanthanides selected due to their intermediary position in the f-
block suggesting potential access to multiple phases. Isolated
solids were subsequently characterised by powder X-ray
diffraction (PXRD), using predicted diffractograms generated
from the single crystal data. Modulator screening (SI, Figur-
es S11 and S12) showed that five equivalents of acetic acid
(AcOH) and nitric acid were the most effective at synthesising
GUF-5(Gd) and GUF-7(Tb), respectively, as the major products,
but they did not yet produce phase pure material. Increasing
amounts of AcOH and nitric acid were therefore added to probe
the power of modulation, and PXRD analysis subsequently
showed that using 20 equivalents each of either AcOH or nitric
acid produced phase pure GUF-5(Gd) and GUF-7(Tb), respec-
tively (S, Figures S13 and S14).

Extending these conditions to other lanthanides, addition of
20 equivalents of AcOH to synthesis containing Ce(lll), Pr(lll),
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Nd(Ill), or Gd(lll) and H,L led to phase pure GUF-5(Ln) materials.
GUF-5(Ln) is also the majority product formed under these
conditions with Sm(lll) or Eu(lll) as the metal, however there is
still a minor impurity in these samples, characterised by the
presence of a small Bragg peak at 26 =4.8°, which could not be
excluded from the mixture when using different modulators
(Figure 6a). Based on the diffractogram predicted from the
single crystal structure of GUF-6(Sm) (Figure 6b) this impurity
phase likely constitutes GUF-6(Ln). Thermogravimetric analysis
(TGA, Sl Section S6) also suggests the presence of a phase
impurity in the Sm(lll) and Eu(lll) samples. Qualitatively, the TGA
profiles (SI, Figure S18) for these two samples differ from the
rest of the GUF-5(Ln) samples where PXRD indicates phase
purity. Additionally, the residual masses for the Sm(lll) and
Eu(lll) samples were higher than the others, suggesting a
different overall bulk composition.

As the modulator screen did not identify conditions to
reliably produce GUF-6(Ln), benzoic acid (BA), which yielded
single crystals of the GUF-6(Ln) phases and has also previously
been used in the synthesis of Zr MOFs where it aided in the
formation of the Zrs0,(0H),(RCO,),, cluster,” was reinvesti-
gated. Using 10 equivalents of BA relative to the amount of
metal nitrate resulted in the synthesis of GUF-6(Ln), as
confirmed by PXRD analysis, for syntheses containing Sm(lll),
Eu(lll), or Gd(lll) and H,L (Figure 6b), although some minor
additional reflections in the diffractogram for GUF-6(Gd)
suggest a minor phase impurity. This was again evident by TGA,
as the profile for GUF-6(Gd) differed somewhat from the others
(SI, Figure S19). The diffractograms show a large degree of
preferred orientation, which can be attributed to the plate like
morphology of the GUF-6(Ln) crystals. This method of BA
modulation was also tested on the other lanthanide metals, as
unit cell analysis showed that the MOF can crystallise with
Ln=Tb(lll), Ho(lll) and Er(lll), however, it produced an intractable
mixture of phases in all other cases (S, Figures S15 and S16).

When using 20 equivalents of nitric acid as a modulator in
syntheses containing Tb(lll), Dy(lll), Ho(lll), Er(lll), Tm(lll), Yb(lll),
or Lu(lll) and H,L, GUF-7(Ln) was formed as the major product,
and phase purity was achieved with Tb(lll), Dy(lll), Ho(lll) and
Er(ll) (Figure 6c). In the syntheses containing Tm(lll), Yb(lll) and
Lu(ll), the products showed an impurity phase with Bragg
peaks at 20=6° and 11.1°, which could not be removed by

RESEARCH ARTICLE

using alternative modulators during synthesis. Nevertheless,
modulation has extended our knowledge of the presence of the
GUF-7(Ln) phase for more lanthanides than those for which
single crystals were isolated. It has also been possible to extend
the series further and synthesise GUF-7(Gd) as a powder, by
using 10 equivalents of dichloroacetic acid (DCA) as a modu-
lator; synthesis of this MOF was not possible when using nitric
acid as the modulator (SI, Figure S17). The powder X-ray
diffractogram did however contain additional Bragg reflections
that likely correspond to unreacted ligand. This preparation of
the Gd(lll) congener suggests that, as well as having a
lanthanide with a suitable ionic radius, the reaction pH is key to
preparing GUF-7(Ln), as DCA has a much lower pK, than the
AcOH used to produce GUF-5(Ln). This also correlates with the
initial study on HNO; modulation of GUF-7(Tb), which required
addition of 20 equivalents of modulator to eliminate minor
impurities (Figure S14). TGA of the four samples presumed to
be phase pure by PXRD showed similar profiles, albeit with
slightly differing final mass residues indicating different levels
of solvation.

Conclusions

The occurrence of these different Ln(lll) MOFs of H,L has been
collated in Figure 7 in the context of the f-block elements, for
both the single crystal structures described above, and for the
samples identified by PXRD. It is clear that the lanthanide ionic
radius has a significant structure-directing effect, which has
been observed previously in an alternative Ln MOF system,”
but the phase space is complex, and multiple phases can form
from the same metal-ligand combination. Overall, modulated
self-assembly has been shown to be applicable to directing
structure in lanthanide MOF discovery and synthesis, comple-
menting existing studies with d-block MOFs. Modulation has
allowed isolation of phase pure materials from the system,
directly accessing GUF-5(Ln) by using 20 equivalents of AcOH as
modulator, GUF-6(Ln) by using 10 equivalents of benzoic acid,
and GUF-7(Ln) by using 20 equivalents of HNO,, all as bulk
powders. The appropriate choice of modulator (2-4 equivalents
of HNO,) has also allowed characterisation of GUF-2(Ln), GUF-
3(Ln) and GUF-4(Ln), with crystals of the latter favoured by

a) | J GUF-5(Gd) expt D) GUF-6(Gd) expt C) 1 GUF-7(Lu) expt
A ad A
S J GUF-5(Eu) expt = 7 5 GUF-7(Yb) expt
< e . < <
= j GUF-5(Sm) expt 3, GUF-6(Eu) expt < l ‘ GUF-7(Tm) expt
7 La I » B B
g j GUF-5(Nd) expt & | o § | I I GUF-7(Er) expt
= A 1 N . = <
F- t -
3 i GUF-5(Pr) expt  § UG GUF-7(Ho) expt
T A i J T T -
E éUF»S(Ce) expt E g 1 i  GUF-7(Dy) expt
o = =
S l s b S | GUF-6(Sm) pred S | GUF-7(Tb) expt
GUF-5(Nd) pred GUF-7(Tb) pred
5 10 15 20 25 30 35 5 10 15 20 25 30 35 5 10 15 20 25 30 35
20 / Degrees 260 / Degrees 20 / Degrees

Figure 6. Stacked powder X-ray diffractograms of bulk samples of Ln MOFs of L prepared by modulated self-assembly, using a) 20 equiv.
acetic acid, b) 10 equiv. benzoic acid, and c) 20 equiv. nitric acid as modulators of solvothermal syntheses.
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|La|Ce Pr | Nd |Pm|Sm| Eu|Gd | Tb | Dy | Ho | Er | Tm| Yb | Lu

GUF-2(Ln)

GUF-3(Ln)

GUF-4(Ln)

GUF-5(Ln)

GUF-8(Ln)

GUF-7(Ln)

£ t ¥

|:| = single crystal and powder

Figure 7. Overview of the known Ln(lll) MOFs of H,L by lanthanide,
collated in terms of their appearance in the f-block and the form in
which they have been characterised (single crystal structure only,
bulk powder only, or both). *Literature structures reported in refs
[20a] and [20b].

Literature

KEy;I:I = single crystal l:l = powder

UC  =unitcell only *  =minor impurity

increasing the DMF content of reactions, but is yet to offer
scale-up. Solvent therefore clearly can influence phase forma-
tion, which is further evidenced by the additional phase that
has previously been reported for H,L MOFs linked by Sm(lll),
Tb(lll), and Dy(lll). These myriad factors, combined with the
flexibility of Ln coordination chemistry and the propensity for
H,L to adopt multiple different co-conformations in the solid
state, suggests that other phases in this lanathanide-ligand
system remain to be discovered.
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