Molecular tectonics: a node-and-linker building block approach to
a family of hydrogen bonded frameworks
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Abstract: While numerous hydrogen bonded organic frameworks
(HOFs) have been reported, typically these cannot be prepared
predictably or in a modular fashion. In this work, we report a family of
nine diamondoid crystalline porous frameworks assembled via
hydrogen bonding between poly-amidinium and poly-carboxylate
tectons. The frameworks are prepared at room temperature in either
water or water/alcohol mixtures. Importantly, both the cationic and
anionic components can be varied and additional functionality can be
incorporated into the frameworks, which show good stability including
to prolonged heating in DMSO or water.

Introduction

Building upon Ermerl¥ and Wuest's® pioneering studies in the
late 1980s and early 1990s, the field of three-dimensional
networks assembled by hydrogen bonding has expanded rapidly
in the last decade, stimulated in part by the demonstration that
these materials can be surprisingly stable and/or permanently
porous.B®! Frequently described as HOFs (hydrogen bonded
organic frameworks), the last few years have seen applications of
these materials in a range of applications including gas storage
and separation, proton conduction® and molecular sensing.®

While a range of impressive properties have been realized,
synthetic routes towards hydrogen-bonded materials are neither
as predictable nor as general as is the case for related network
solids such as metal organic frameworks!”l (MOFs) or covalent
organic frameworks!® (COFs). HOFs are typically synthesized
from self—-complementary recognition motifs such as carboxylic
acids, pyridone and diaminotriazines (Figure 1), however this
strategy has not realized large families of structurally related
materials.F!

An alternative approach to constructing HOFs is to employ
charged building units. This has the advantage that the hydrogen
bonds holding the material together are strengthened by
electrostatic attraction. In addition, employing two discrete
building units allows for the application of a node-and-linker
concept, which has underpinned the field of reticular chemistry, ["®
9 to be translated to HOFs. Indeed, several interesting materials
have been prepared from pairs of charged components, including
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protonated amines with anions,® 1% and guanidinium cations with
anions.l’& 1 Notably, Ward has used the interaction between
unsubstituted guanidinium cations and polysulfonate anions to
prepare a wide range of open materials including cylindrical and
lamellar architectures and networked cages.[*'¢9 These systems
show high levels of predictability, even though only one of the
components (the sulfonate anion) can be varied.

We recently reported that tetraamidinium cations and
dicarboxylate anions could be combined to prepare an open
diamondoid framework in  water.’2331 By  considering
polyamidinium and di/polycarboxylate units as node-and-linker
motifs, we hypothesized that this system may offer a route to
design and synthesize a family of frameworks and thus overcome
one of the major remaining challenges in HOF chemistry

In the current work, we demonstrate that it is possible to
prepare a family of robust hydrogen-bonded network materials
using the amidinium---carboxylate interaction.** Importantly, we
are able to vary the structure of both the amidinium or carboxylate
tecton, and introduce additional functionality while still retaining
predictive power in terms of the framework structure. Accordingly,
this work represents a first step towards synthesizing hydrogen
bonded materials of pre-determined structures, thus realizing
their potential for application to challenges in materials chemistry.
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Figure 1. Key recognition motifs used in the preparation of hydrogen bonded
framework materials.



Results and Discussion

Framework series A (tetraamidinium 1% and dicarboxylates)
We have previously reported the interpenetrated diamondoid
framework A" prepared by mixing amidinium 1-4Cl and
TBA;-terephthlate in water.*? Building upon this result, we
hypothesized that a similar structure could be prepared using the
extended tecton TBA;-biphenyldicarboxylate. Indeed, mixing
aqueous solutions of the two components resulted in rapid
precipitation of a powder, but layering EtOH/water solutions of the
two components gave crystals suitable for single crystal X-ray
diffraction (SCXRD) studies.

As shown in Figure 3, this compound is the framework APiPhen,
which has a similar diamondoid structure to A®*'®, and the same
R? (8) hydrogen bonding geometries.'® Unlike A, which
crystallizes in a tetragonal space group and contains square
channels with a diameter of ~ 13 A, AbPhen contains two different
hexagonal channels, one with a diameter of ~ 8.5 A and one with
a diameter of ~ 4 A. The hexagonal packing of the diamondoid
network appears to arise from small twists in both organic
components. We were also able to prepare APPhen py
crystallization from DMSO/water, suggesting that the structures of
these materials are less solvent-dependent than many HOFs.[%8]

Having demonstrated that the structure of A®™® can be
expanded by the use of a larger dicarboxylate, we next
investigated whether functionalized linkers could be incorporated
into the hydrogen-bonded network. Crystallization of 1-4Cl and
TBA,-aminoterephthlate or TBA,-anthracenedicarboxylate gave
the frameworks AN"2 and Aanth
(Figure 3). While these frameworks
have the same diamondoid
structure as A®*® and AbiPhen
distortions are observed: in the
structure of AN half of the
hydrogen bonding interactions are
“offset” such that only one
amidinium N-H group and one
carboxylate O atom engage in a
significant hydrogen bond,*"! while
the other half have the expected
R2(8) geometry. In the structure of
A3 there is a bend associated
with the amidinium---carboxylate
interaction, which introduces a kink

into the hydrogen-bonded network, 0 O
and causes a significant flattening @)\—@—\(
of the diamondoid structure. 0 0

Nevertheless, functionalized
organic links can be introduced into
the framework with retention of the

overall supramolecular structure. 0 o
To understand the o >—©—\< =
generalizability of our synthetic 0 0
approach, we next crystallized the
bis(amidinium) 2-2Cl with the
tetrahedral tetracarboxylate
TBAs-4, which gave the “reverse”

aminoterephthalate

anthracenedicarboxylate

framework Areverse (j.e. the reverse of A''®), This structure is very
similar to the parent framework A", although crystallizes in an
orthorhombic rather than tetragonal space group. While in this
case, the preparation of the reverse framework is trivial, for future
more complex materials the ability to be able to choose which
tecton is the amidinium or carboxylate may offer considerable
synthetic advantages.

Interestingly, Abiphen ANH2 - panth gndg Areverse remain crystalline
on removal from solvent and subsequent drying (as indicated by
PXRD studies, see Supporting Information).['8 This is in contrast
to A", which lost crystallinity under these conditions. Two forms
of At'® were observed depending on the speed of crystallization:
a kinetically-trapped open phase that formed within seconds and
a thermodynamically-favoured phase that showed a higher
degree of interpenetration and took hours to form. No such
kinetic/thermodynamic isomerism is observed in any of the new
diamondoid materials suggesting that they have more robust
structures.

While the structure of the hydrogen-bonded networks are
similar for all five frameworks, the crystal symmetry and packing
changes substantially (Table 1). Calculated N,-accessible surface
areas vary widely: AN*? has no solvent-accessible pores, while
Abirhen and Aanth have calculated surface areas in the range 500—
600 m? g%, and A"®v®'s¢ has a surface area of 1100 m? g*. It is
remarkable how apparently relatively minor differences in
hydrogen bonding geometry lead to very large changes in both
the degree of interpenetration and porosity of these closely-
related materials.
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Figure 2. Structure of amidinium and carboxylate tectons used in this study, and the key building blocks of the A, B and
C frameworks prepared in this work.



ceq,
coq
“ee
*,

Figure 3 Structure and hydrogen bonding geometries in the X-ray crystal structures of a) Abiphen; ph) ANH2Z; c) Aanth and d) Areverse, Solvent molecules and most
hydrogen atoms omitted for clarity; in some cases, PLATON-SQUEEZE® was used.

Table 1. Structural data for A family of frameworks.

Structure Crystal No. of Solvent Calculated
system interpenetrating % [ surface
networks area
(m? g™ ©
Atere [1[12] tetragonal 11 46 1590
Abiphen hexagonal 15 25 520
ANH2 monoclinic 13 19 0
Aanth tetragonal 5 28 590
Areverse orthorhombic 10 38 1100

[a] Calculated using PLATON-SQUEEZE.['! [b] Solvent accessible surface
area calculated using Zeo++2% with a probe radius of 1.82 A. [c] This refers
to the rapidly-formed isomer of Atere (121

Framework series B (tetraamidinium 3*" and dicarboxylates)
Having demonstrated that a series of isostructural frameworks
can be prepared from 1#*, we next investigated whether we could

expand the central core of the material to include the new
tetra(biphenyl)methane-derived building block 3%*. Crystallization
of 34 with terephthalate, biphenyldicarboxylate,
aminoterephthalate and anthracenedicarboxylate gave a series of
hydrogen-bonded frameworks, B.

Interestingly, while B2"™ and BPP"" have diamondoid
structures, B'*'® forms open 2D structures containing large square
channels. In this case, it appears that the flexibility of the biphenyl
groups present in 3*" allow this molecule to act as a pseudo-
square planar, rather than tetrahedral, tecton.?YIn contrast to
Btere, Bbiehen gand B which all contain the “paired” RZ (8)
hydrogen bonding geometry, BN"? has a different hydrogen
bonding arrangement in which half of the aminoterephthalate
anions bind side-on. As a result, this structure does not contain
significant channels (see Sl for more details).

As was the case with the A family of structures, the B
structures are generally significantly porous and highly
interpenetrated (Table 2). Indeed BPP"e" has 32 interpenetrated
nets, which we believe to be the most interpenetrated hydrogen
bonded framework yet reported. Despite this very high level of
interpenetration, it possesses a modest surface area as a result
of square channels running through the material.



Figure 4 Structure and hydrogen bonding geometries in the X-ray crystal structures of a) Btere; b) BPirhen; and c) Banth, Solvent molecules and most hydrogen atoms

omitted for clarity; PLATON-SQUEEZE!® was used.

Table 2. Structural data for B family of frameworks.

Structure Crystal No. of Solvent Calculated
system interpenetrating % @ surface
networks area
m2g o
Btere monoclinic 6 (2D) 35 1040
Bbiphen tetragonal 32 17 390
Banth tetragonal 18 33 0

[a] Calculated using PLATON-SQUEEZE.[ [b] Solvent accessible surface
area calculated using Zeo++2% with a probe radius of 1.82 A.

Framework series C (tetraamidinium and tetracarboxylates)
While the A and B series of frameworks both show good stability,
we were interested to see whether materials could be prepared
from two tetravalent tectons, as these may be even more robust.
Crystallization of the tetra(phenylamidinium) 1% and
tetra(biphenylamidinium) 3* with the tetracarboxylate 4*-, again
by simply mixing solutions of the components, gave the new
frameworks CPhe™! and CPPhenyl Both have the expected

diamondoid topology (Figure 5), and contain square channels. In
both frameworks, these channels have a diameter of ~ 9 A. As
was the case for the A and B series of frameworks, the structures
are significantly interpenetrated but still contain significant
solvent-accessible voids (640 and 1130 m? g* for CP"W' and
CPirhenyl regpectively, Table 3).

Table 3. Structural data for C family of frameworks.

Structure Crystal No. of Solvent Calculated
system interpenetrating % [ surface
networks area
(m? gy P!
Cphenyl tetragonal 6 29 640
Cbipheny! tetragonal 8 35 1130

[a] Calculated using PLATON-SQUEEZE.[**! [b] Solvent accessible surface
area calculated using Zeo++2° with a probe radius of 1.82 A.



Figure 5 Structure and hydrogen bonding geometries in the X-ray crystal structures
of a) CP"*W" and b) CPPre"! Solvent molecules and most hydrogen atoms omitted for
clarity; PLATON-SQUEEZE! was used in the refinement of the structure of CPPhen!,

As an initial investigation into the stability of these materials, we
tested the stability of CP"e™' by heating samples of the framework
to 100 °C in either water or DMSO. Remarkably, the PXRD trace
of the framework is completely unchanged after heating in water
for 24 hours, and essentially unchanged after heating in DMSO
for 1 hour? (Figure 6). While several HOFs are known to exhibit
stability in water, these materials are typically made from very
hydrophobic components that have no aqueous solubility. In our
case, both building blocks are highly soluble in water and it is
remarkable that the hydrogen bonds holding the material together
can survive prolonged heating in this solvent. It is also surprising
that this material retains crystallinity when heated in DMSO, and
indeed we believe this is one of very few hydrogen bonded
materials to do so.Bd
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Figure 6 PXRD traces of CP"™' as synthesized and after heating at 100 °C in water
(24 hrs) or DMSO (1 hr).

Discussion

We have demonstrated the utility of the amidinium:--carboxylate
motif for the formation of a wide range of porous diamondoid
frameworks. This approach is general and reproducible, but does
have some limits; these are discussed briefly here, with more
details provided in the Supporting Information. 23!

As previously discussed BNH2, forms a close-packed network
that does not have the desired R%(8) hydrogen bonding geometry.
We also investigated the use of oxalate to prepare frameworks
from the larger tetraamidinium tecton 3** and found that these did
not give diamondoid materials, due to the ability of oxalate to bind
either “front-on” or “side-on” to the amidinium group®* [i.e. R2(8)
or R? (9) geometries].’™ Similarly, the use of flexible
dicarboxylates based on amino acids did not give diamondoid
networks — it would appear that the use of rigid building blocks
with well-defined coordination vectors is necessary for predictable
framework formation.

Flexibility may explain the observed 2D rather than 3D
network topologies for the structures of B'®"® — as the tectons get
larger, they inherently become more flexible. While this structure
still contains large open channels, it is no longer diamondoid.
However, this is clearly not the only factor at play as the structure
of BPPhen which contains the same amidinium tecton but a longer
dicarboxylate, is diamondoid (although under different conditions,
a few single crystals of a 2D form of BPP"e" were isolated, see
Supporting Information).

Generally the larger tecton, 3**, present in the B family of
frameworks, seems to give less predictable strucutres than the
smaller tetraamidinium 14, While BPPhen and B2 form
diamondoid networks, B¢ forms an open RZ(8)-bonded but non-
diamondoid material, while BN"? forms a close-packed structure
that does not contain the desired R? (8) hydrogen bonding
interactions. It may be possible to achieve diamondoid materials
from these tectons by varying crystallization conditions (e.qg.
temperature or solvent) but this is clearly not quite as easy as for
the A family of frameworks, where all five materials have
crystalline diamondoid networks. Similarly, the A frameworks all
crystallize (both as single crystals suitable for SCXRD studies and



as bulk crystalline products) from 1:1 EtOH:H.O, while it was
necessary to optimize crystallization solvents to obtain crystalline
frameworks for the B materials. Using a 4~ anion in the C
frameworks seems to overcome these difficulties, as CPipheny!
crystallized readily from 1:1 EtOH:H,O. Remarkably, in the case
of CP"Y mixing the two tectons causes immediate precipitation,
but PXRD studies showed that this rapidly-formed material is
crystalline.

It is interesting that while the number of interpenetrating nets
varies significantly between frameworks (from 5-32),1%] the %
solvent falls within a relatively narrow window (generally 20—40%),
and that samples within this range remain crystalline on drying. A
previous amidinium---carboxylate framework had only four
interpenetrating nets and a solvent content of 75% but lost
crystallinity immediately upon removal from solvent,*3! so these
results suggest a certain degree of interpenetration is necessary
to retain a robust structure. A more detailed analysis is provided
in the Supporting Information.

Clearly longer tectons such as the tetra(biphenylamidinium)
3% and the biphenyldicarboxylate anion would be expected to
favour crystal structures with a higher number of interpenetrating
nets. However, even where frameworks with the same node and
linker lengths are used, different degrees of interpenetration are
observed (e.g. ANF2, A2t gnd Areverse hayve components with the
same length but 5-13 interpenetrating nets). As well as the
different steric demands of the dicarboxylate anions in these
frameworks, it is apparent that bending/twisting of the tectons or
the hydrogen bonds between them also impacts interpenetration.
The hydrogen bonds in A2"™" are significantly bent (Figure 3c) and
this causes a major flattening of the diamondoid structure,
reducing the potential for interpenetration (see Figure S41 for an
overlay of the nets of ANH2 Aanth gnd Areverse)

Conclusions

In this work, we have shown that the established node-and-linker
concept well known in MOF chemistry can be extended to
hydrogen bonded materials. A family of singly-crystalline
frameworks was synthesized by simply combining amidinium and
carboxylate tectons in water or water/alcohol mixtures.
Importantly these materials can be prepared with a reasonable
degree of predictability and both the cationic and anionic tectons
can be modified. This has allowed us to incorporate additional
functionality and tune the size of the hydrogen bonded nets. We
have found that our approach does not appear to extend to
flexible tectons, but generalizes well to building blocks with rigid
geometries and well-defined coordination vectors. Preliminary
investigations reveal that the materials are remarkably stable and
can survive prolonged heating in water or DMSO.

Experimental Section

Amidinium compounds as their chloride salts were prepared from the
corresponding nitriles in good yields using LIHMDS in THF followed by
work-up with ethanolic HCI. Carboxylates as their TBA salts were prepared
from the corresponding carboxylic acids. Frameworks were prepared by
simply mixing amidinium and carboxylate tectons in water/alcohol mixtures.
In some cases, it was necessary to layer the solutions to slow down mixing
in order to obtain crystalline products. All frameworks were prepared “in
bulk” and characterized by PXRD, TGA, IR spectroscopy and 'H NMR
spectroscopy of the acid-digested material. Full details and
characterization data are provided in the Supporting Information. CCDC
1902502-1902517 contain the supplementary crystallographic data for
this paper. These data are provided free of charge by The Cambridge
Crystallographic Data Centre.
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Two crystal forms were identified by SCXRD studies: a diamondoid form
identical to that prepared from EtOH/H20 and a different structure. PXRD
experiments suggest that the bulk material has the diamondoid structure
(see Supporting Information).

The H---O distance for this interaction is 2.07 A, while that for the “non-
interacting" oxygen atom is 2.59 A.

We are currently investigating ways to activate the frameworks reported
in this paper so that we can study their gas absorption properties.
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We were also able to isolate a few crystals of BPiPhen which had a very
similar 2D structure. When prepared "in bulk," BPPhen is phase pure and
has a diamondoid structure (as indicated by PXRD, see Supporting
Information).

Crhenyl retains crystallinity after extended heating (24 hrs) in DMSO, but
there appears to be a phase change beginning to occur, see Figure S122.
A description of all crystallizations and their outcomes is provided on p.
38 of the Supporting Information.

We previously observed unpredictable behavior when we reacted 14*
with oxalate, in that case leading to a close-packed material containing
one oxalate and two chloride anions per molecule of 14*, see Ref. 13a.
Interestingly, the different degrees of interpenetration do not appear to
be simply due to different solvents used in framework preparation. All the
A and C frameworks were prepared in the same solvent (1:1 EtOH:H20),
but feature very different degrees of interpenetration.

N. P. Cowieson, D. Aragao, M. Clift, D. J. Ericsson, C. H. Gee, Stephen
J., N. Mudie, S. Panijikar, J. R. Price, A. Riboldi-Tunnicliffe, R. Williamson,
T. Caradoc-Davies, J. Synchrotron Radiat. 2015, 22, 187-190






