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We report the synthesis of hydrogen-bonded frameworks prepared from guanidinium, bis-amidinium or tetra-
amidinium cations, and diphosphonate or tetraphosphonate anions. The frameworks are assembled by both
charge-assisted amidinium---phosphonate and anti-electrostatic phosphonate---phosphonate hydrogen bonds,
of which the phosphonate:--phosphonate interactions are notably shorter. Frameworks prepared from the
tetrahedral tetraphosphonate building block contain relatively large water-filled channels, but lose crystallinity
upon drying. The crystal structure of a guanidinium---diphosphonate salt has an unusual structure related to
classic Ward guanidinium---sulfonate frameworks but with an additional cation/solvent layer. This material

includes toluene guests, which are held strongly within the crystal lattice.

Introduction

Hydrogen-bonded frameworks are an emerging class of
potentially porous materials.1.2 Pioneering work in the early
1990s from Ermer3 and Wuest's groups#® showed that
neutral molecules could be crystallised to give channel-
containing network structures through self-complementary
hydrogen bonding. Shortly after, Ward demonstrated that
the assembly of guanidinium cations and polysulfonate
anions could give a large family of frameworks, which could
include a variety of guest molecules.6-° In the last decade
or so, a huge number of reports of hydrogen bonded
frameworks have been reported, which have been used for
a variety of applications including gas sorption/separation,
10-14 sensing,15.16 and enzyme encapsulation.17.18

Many of these frameworks have been assembled from a
single neutral building block, however a significant amount
of effort has been dedicated to assembling frameworks
from two oppositely-charged building blocks.19.20 These
systems contain significantly stronger hydrogen bonds than
those assembled from neutral components. However, this
can come with drawbacks, with the need to use more polar
solvents to dissolve the charged building blocks leading to
difficulties in removing solvent from the frameworks without
structural rearrangement.21-23

The vast majority of charge-assisted hydrogen-bonded
frameworks have used either carboxylate24-26 or sulfonate
presumably because these remain
deprotonated at neutral conditions and have (relatively)
predictable hydrogen bonding geometries. In contrast, very
little work has investigated the use of phosphonate anions
for the assembly of hydrogen-bonded frameworks.
Potentially, these would represent an interesting canvas for
framework assembly, as phosphonate anions are able to
undergo anti-electrostatic hydrogen bonding
interactions31.32 with one another in addition to interactions
with the cation. Precedent for this approach exists in prior
work which has shown that anti-electrostatically hydrogen

anions76—9,23,27—30

bonded pairs of bicarbonate anions can form frameworks
with amidinium cations,33 and that solution phase
phosphonate:--phosphonate interactions can be used to
generate discrete and polymeric assemblies.34-36

We chose to use the amidinium---phosphonate pair to
investigate possible framework formation. This pair of ions
has been used in solution phase self-assembly,37-39 and
we are aware of three reports of its use to form hydrogen-
bonded frameworks from 2D components.40-42 |n 2014,
Wuest and co-workers studied the interaction of a bis-
amidinium cation with ditopic and tritopic aryl
phosphonates (Figure 1), forming tape and sheet-like
structures.40 In 2022, Zhang and co-workers studied the
assembly of a different bis-amidinium cation (amidphen2*,
Figure 1) with a carboxylic acid substituted diphosphonate.
They formed two different frameworks, depending on the
protonation state of the carboxylic acid/carboxylate group,
one of which contained small water-filled channels.4 Very
recently, Champness and co-workers reported the use of
benzylic phosphonates, including one derived from
naphthalenediimide in which the imide group ring-opened
during crystallisation, to form hydrogen-bonded frameworks
containing water-filled channels with amidpnhen2*.42 In
addition to these frameworks, we aware of two structures
assembled from di- or triphosphonates and guanidinium
cations, 4344 although these are both densely-packed
(guanidinium, guan*, is an amidinium cation containing a
third NH2 group, Figure 1).

In this work, we study the assembly of poly-amidinium
cations and poly-phosphonate anions including 3D
tetrahedral tectons, and investigate their ability to form
porous framework structures. We show that it is possible to
form open frameworks with some degree of predictability,
although the stability of these materials to drying is limited.
We also report the crystal structure of a pillared network
from guan* cations and a diphosphonate anion, which
represents an unusual variation of the classic Ward
guanidinium---sulfonate framework motif.6

https://doi.org/10.26434/chemrxiv-2024-0m5s7 ORCID: https://orcid.org/0000-0003-2975-0887 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-0m5s7
https://orcid.org/0000-0003-2975-0887
https://creativecommons.org/licenses/by-nc-nd/4.0/

Wuest, 2014 Zhang, 2022 Champness, 2024
H@ H HoN NH, HoN NH,
® [©)
[\H\j ® G o
N @®N HoN NH, HoN NH,
H H
(€]
QP
HO_1_0O OH ©) _OH
HO—/\\
0 O
Ox _OH Ox _OH © o
_P g 1~o® 07 1~o® <)
071 0H © OH 0 © OH 0 N o)
o0 S 0
=R o
© //\
0
SN

This work

HoN NH, oM /9 H-bonding
® o— -0 H
@ I \ o NeH -
HoN NH, 0 OH (@)

a""‘idbiphen2+ phosbiphenz-
® o®
HoN_NH, o<l _on

NH,

HoN
phose*

amide**

amidinium- - -phosphonate

phosphonate- - -phosphonate

H-bonding
R /% o HQ _0
Z\Y Qs
°" o-H -0 R

Figure 1 Structures of the building blocks used by Wuest and co-workers,4° Zhang and co-workers,4! and Champness and co-workers42 to prepare
hydrogen bonded frameworks, and structures of the building blocks used in the current work. Note that Zhang prepared two frameworks, one of which
contained the 2- form of their building block where the carboxylic acid remained protonated, and one which contained the 3- form with a deprotonated
carboxylate group. Possible hydrogen bonding interactions are shown inset; these are shown interacting in a RZ(8) manner (in graph set notation45), but

other hydrogen bonding interactions are also possible.

Results and discussion

Synthesis of tectons

The building blocks used in this work are shown in Figure 1.
The tetraphenylmethane, biphenyl and phenyl-derived
amidinium building blocks amidtet-Cls,21 amidpiphen-Cl246
and amidphen-Cl247 were synthesised as described
previously. The guanidinium salt guan-Cl was purchased
commercially. The phenyl, biphenyl, and tetraphenyl-derived
phosphonic acids phosphen2H 48, phoSbiphen2H 49 and phoster*H
50 were prepared following literature procedures. We
prepared the tetrabutylammonium (TBA) salts of
phoSbiphen2- and phostet*- (i.e. TBA2:phOSbiphen and
TBA4-phostet) by reaction of phospiphen2H and phostet®H with
TBA-OH, however attempts to prepare TBA2:phOSphen gave

2

only oily material that was difficult to work with, so we
instead used phosphen2t for crystallisation studies.

Hydrogen-bonded assembly

Numerous crystallisation experiments were set up to try and
crystallise various combinations of the building blocks
shown in Figure 1. These were all conducted by mixing a
solution of the amidinium tecton with a solution of the
polyphosphonate tecton and leaving the mixture to stand at
room temperature. Using this approach we were able to
obtain single crystals of amidphen-Ph0OSphen,
amidbiphen-PhOSphen, (@amidphen)2.5-phOstet1-5H,
(amidbiphen)3:phOStet=2H, amidtet'phoStet and
(guan)-phosoiphen, although several other combinations
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proved resistant to crystallisation. These structures are
described in turn, followed by a brief discussion section,
describing the structures together. Full details of conditions
that did and did not lead to crystallisation are provided in
the Sl.

Crystal structures of salts of bis-amidiniums and
diphosphonates

Before attempting to synthesise three-dimensional
framework structures, we studied the interaction of the
simple ditopic amidiniums amidphen2t and amidbiphen2* With
the diphosphonates phosphen2- and phosopiphen?-. We did not
obtain any crystal structures containing phoOSbiphen2- but
were able to crystallise amidphenphOSphen  and
amidoiphen-PhOSphen. Both of these salts crystallised upon
mixing the chloride salt of the bis-amidinium and the
phosphonic acid phosphen2? in water. In both cases,
deprotonation of the phosphonic acid building block
occurred spontaneously. The salts were isolated and
characterised by *H NMR spectroscopy of the acid-digested
salt, powder X-ray diffraction (PXRD), thermogravimetric
analysis (TGA) and IR spectroscopy (Supporting
Information). All characterisation data was consistent with
the structures determined by single crystal X-ray diffraction
(SCXRD) studies.

Crystal structure of amidpnen-phOSphen: The structure of
amidpnen-phOSphen Crystallises as the dihydrate, with each
phosphen2t losing two protons to form phoSphen2- during
crystallisation. Phosphonic acids are highly acidic, so it is
perhaps unsurprising that a proton is lost. We have also
observed evidence for deprotonation of R-POsH- groups
(see later), as has previously been observed by Champness
in related systems.42 These deprotonations are not
particularly surprising given the pKa of phosphonic acid and
phosphonate groups (e.g. pKa of Ph-POsH2 = 1.4, pKa of
Ph-POsH-= 6.9 52),

The structure of amidphen-phOSphen features short
“paired” R3(8) anti-electrostatic hydrogen bonds between
phosphonate anions (H--O distance = 1.72 A). These
interactions are significantly shorter than other hydrogen
bonding interactions, which occur from water or amidinium
groups with the phosphonate anion (water H---O distance =
1.86 A; amidinium H--O distance = 2.02 A, Figure 2).

Crystal structure of amidbviphen'PhOSpren: The structure of
amidviphen’Ph0Sphen is quite different to that containing the
smaller amidphen?* building block. It is assembled from 1D
hydrogen-bonded  chains made up of R3(8)
amidinium---phosphonate hydrogen bonds (H-O distances:
2.06 - 2.12 A). These then link into 2D sheets through C(4)
anti-electrostatic hydrogen bonding between phosphonate
groups (H-0 distances: 1.74 - 1.75 A, Figure 3).51 There
are small 1D channels in the structure, which are filled with
water molecules (two water molecules per

formula

amidbviphen'PhOSphen

Figure 2 Crystal structure of amidpnen-phOSphen: @) packing diagram (water
molecules and C-H hydrogen atoms omitted for clarity); b) diagram
showing hydrogen bonding interactions.

Figure 3 Crystal structure of amidoiphen:phOSphen: @) packing diagram; b)
diagram showing hydrogen bonding interactions. Positional disorder of
phenyl groups, C-H hydrogen atoms, and water molecules are omitted in
both cases.

We were interested to see if these water molecules could be
removed from the framework and if this resulted in
structural rearrangement. Three dimensional frameworks
assembled  through  amidinium---carboxylate2t  and
amidinium---sulfonate22 hydrogen bonds have been shown
to re-arrange in a single-crystal-to-single-crystal manner
upon removal of water molecules and so we were interested
to see how structures built from amidinium---phosphonate
interactions compared. TGA confirmed the presence of two
water molecules per formula unit at room temperature, and
revealed that these were lost upon heating to 80 °C. We
were able to obtain a low quality X-ray crystal structure by
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heating a single crystal to 80 °C; while data are of low
quality, this revealed that water is lost in a single-crystal-to-
single-crystal transition to a densely-packed phase (see SI
for more information, and Figure S31 for a comparison of
the low and high temperature phases). Variable
temperature PXRD experiments show that this phase
change also occurs in the bulk material upon heating
(Figure S32).

Three-dimensional hydrogen-bonded frameworks

We next studied the synthesis of frameworks containing the
3D tetrahedral building block phostet*-. Using various
crystallisation conditions, we were able to obtain single
crystals of (amidphen)2.5:phoStet-1-5H, (@Midbiphen)3-PhOStet~2H
and amidtet'pPhOStet.

Crystal structure of (amidphen)2.5-phostet-1-5H: We were able
to obtain a few crystals of this compound from 1:1
methanol:water. Even though a 211 ratio of
amidpnen?*:phostet*~ was used in the crystallisation, the
crystals have a 2.5:1 ratio of these building blocks. We
determined the unit cell parameters of seven different
single crystals, all of which were consistent with
(amidphen)2.5-phostet-1-5H. However, 1H NMR spectroscopy of
the acid-digested bulk product suggests that these crystals
are not representative of the bulk. It appears that as well
as the single crystals there is a significant amount of
microcrystalline material that has a different formulation
and is too small for structure determination using SCXRD
techniques.

The presence of 2.5 amidphen2* cations, implies that the
phostetanion should have a 5- charge, i.e. TBAa-phostet has
lost a proton during crystallisation. However, the crystal
structure shows that three of the phosphonate groups are
forming short phosphonate---phosphonate  hydrogen
bonding interactions with an adjacent phostet anion, with
the hydrogen atom located on symmetry positions between
the phosphonate groups. Therefore, each of these
phosphonate groups has a 1.5- charge; the fourth
phosphonate group is a conventional R-POsH- group,
meaning that overall the anion is phostt®5- and the
structure is not charge-balanced. We have searched the
structure carefully to find an additional site for 0.5 of a
hydrogen atom on a phosphonate group to give a charge-
balanced structure, but cannot find a plausible position. We
suggest that the most likely explanation is that either one of
the amidinium groups is partially deprotonated, or there is
a partial occupancy hydroxide group located in the water-
filled channels. Unfortunately, because we were not able to
prepare this framework cleanly in bulk, we were not able to
investigate this using techniques other than Xray
crystallography.

The hydrogen bonding interactions between
phosphonate groups are very short (O---O distances =
2.460(3) - 2.487(3) A, hydrogen atoms are located on
symmetry positions halfway between the two oxygen

atoms), and link the phostt35- anions into a two-
dimensionally connected network containing quite large
channels (Figure 4a). These channels contain amidphen2*
cations as well as water molecules, some of which were
poorly-resolved and were included in the model using
PLATON-SQUEEZE.53 The amidinium cations all hydrogen
bond to phosphonate groups, primarily through single-point
D hydrogen bonding interactions (H---O distances = 1.95 -
2.23 A), although there is one paired R3(8) interaction (H---O
distances = 1.95, 1.95 A). These hydrogen bonding
interactions link the 2D networks of phostet®-5- anions into
three dimensions (Figure 4b).

Figure 4 Crystal structure of (@midpnen)2.5:phoSter~1-5H: a) diagram showing
2D hydrogen-bonded sheets formed from anti-electrostatic interactions
between phostet>5- units; b) packing diagram with water molecules
omitted. C-H hydrogen atoms are omitted for clarity, PLATON-SQUEEZES33
was used.

Crystal structure of (amidoiphen)3-phostet-2": We were able
to obtain a small number of crystals from the crystallisation
of amidpiphen2* and phostet?- in water. As was the case with
the analogous crystallisation involving amidphen?*, only a
small number of crystals were obtained, the identity of these
did not match that of the bulk material, and spontaneous
deprotonation of phostt*- has occurred. In this case, the
tetraphosphonate is in its 6- form, with two R-POsH-
groups and two R-P03s2- groups. Both R-POsH- groups form
short hydrogen bonds to R-P032- groups (H---O distances =
1.69, 1.82 A), and there are a large number of hydrogen
bonds between amidinium groups and phosphonate
groups, which have D, R1(6) and R3(8) arrangements (H---O
distances = 1.78 - 2.35 A). Overall, these various hydrogen
bonds link the structure into three dimensions and result in
relatively large channels (Figure 5), which are filled with
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poorly-resolved/disordered water molecules. These could
not be refined sensibly and so the OLEX2 mask routine54
was used to include their electron density in the refinement.

Figure 5 Crystal structure of (@midbiphen)3-phostet-2H showing the relatively
large channels. C-H hydrogen atoms are omitted for clarity; the OLEX2
solvent mask routine54 was used.

Crystal structure of amidtet-phostet: We obtained very small
crystals of amidtet-phostet by mixing the two components in
water; SCXRD studies using synchrotron radiation revealed
that these had the formula amidtet-phostet. Unlike the crystal
structures of (amidphen)2.5-phOStet-1-5H and
(amidbiphen)3:-phostet-2H, no spontaneous deprotonation of
the phosphonate building block has occurred in the current
structure. In this case, we were able to isolate
amidiet-phostet On reasonable scales and show using 1H
NMR spectroscopy of an acid-digested sample, as well as IR
spectroscopy, PXRD and TGA that the bulk material was
consistent with the structure determined by X-ray
crystallography (see Sl).

The asymmetric unit of amidit-phostet contains two
complete molecules of both amidiet** and phostt?-, and
there are a wide variety of amidinium---phosphonate (H---O
distances =1.88 - 2.18 A) and phosphonate---phosphonate
hydrogen bonds (H--O distances = 1.72 - 1.83 A) that
assemble a three dimensional network. There are also
several hydrogen bonding interactions with well-resolved
water molecules, although numerous other water molecules
could not be refined sensibly and were included in the
model using the OLEX2 solvent mask routine.>4 The
structure contains large channels (Figure 6, approximately
11 x 6 A between opposite sides). We were interested to
see whether the structures were stable to evacuation as

related frameworks prepared from amidwet** and the
carboxylate2! or sulfonate analogues of phoStet- 2230
adsorb water significant amounts of water vapour, which
occurs with  significant structural rearrangement.
Unfortunately, amidtet-phostet becomes amorphous on

drying, so we were unable to study this.

Figure 6 Crystal structure of amidietphostet showing the relatively large
channels. C-H hydrogen atoms are omitted for clarity; the OLEX2 solvent
mask routine54 was used.

A pillared guanidinium---phosphonate structure

Inspired by Ward’'s studies on guanidinium---sulfonate
frameworks,”.55 we investigated the crystallisation of
guanidinium cations with diphosphonate anions. We hoped
that we would be able to form similar pillared bilayer
structures to Ward, but potentially with additional anti-
electrostatic hydrogen bonding interactions between
phosphonate groups to further stabilise the structures.
Initial attempts to prepare crystals by mixing the two
components in water, or mixture of organic solvents and
water were unsuccessful; however, mixing guan-Cl and
TBA2:phosbiphen in 1:1 methanol:toluene resulted in the
formation of small single crystals of guan2-phosSbiphen Over
long periods (1 -2 months), and we were able to
characterise these by synchrotron X-ray crystallography.
Analysis by *H NMR and IR spectroscopy, PXRD and TGA was
consistent with the bulk product having the same structure
as the single crystals (see Sl).
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a)

F

Figure 7 Crystal structure of guanz-phosuiphen: @) view of the 2D hydrogen-bonded sheets, b) packing diagram, c) two views of hexagonal “cage”
encapsulating toluene guest. C-H hydrogen atoms on phoseiphen2- anions and methanol solvents omitted for clarity, toluene guests shown in yellow in

space-filling representation.

The structure is shown in Figure 7, and is quite different
from structures formed from the analogous sulfonate
biphenyl-4,4'-disulfonate (i.e. sulfoiphen?-). Many structures
of guana-sulfuiphen have been reported, which vary
depending on the nature of the included guest, but they are
characterised by charge-neutral hydrogen-bonded sheets
made up of guanidinium cations and sulfonate
groups.6.7:55.56 |n contrast, guan2-phoseiphen contains 2D
sheets that contain two mono-anionic phosphonate groups
for each guanidinium cation. These are assembled through
both guanidinium---phosphonate hydrogen bonds (H-0
distances: 1.96 - 2.36 Z\) and phosphonate:--phosphonate
interactions (H-O distances: 1.70, 1.70 /°\). These sheets
possess a negative charge, which is balanced by a cationic
layer made up of guanidinium cations and methanol solvent
molecules.

Toluene guests are included in the framework and are
located in pseudo-hexagonal “cages” formed by six
biphen2- groups. This arrangement is quite different from
the analogous sulfonate-based material (i.e.
guanz-sulfyipren-toluene) where the toluene guests are
located in continuous channels, with each toluene close to
four sulfoiphen?- anions.® Perhaps unsurprisingly, the toluene
is held quite tightly within the framework: it is not removed

upon vacuum drying, and loss of solvent in the TGA is not
complete until approximately 200 °C (Figure S29).

Discussion

The crystal structures of the structures reported herein
share several common features, which differentiate them
from far more thoroughly-studied amidinium---carboxylate
frameworks. While amidinium---carboxylate do show some
variability in their hydrogen bonding arrangements, we have
found that it is nearly always possible to isolate frameworks
assembled only through R2(8) hydrogen bonds between
amidinium cations and carboxylate anions.26 In contrast, in
this work, a wide variety of hydrogen bonding interactions
between amidinium and phosphonate groups is observed.
This is particularly apparent in structures involving the
tetrahedral phosphonate phoswt-. This wide variety of
hydrogen bonding interactions is also reflected in
phosphonate-containing structures adopting much lower
symmetry space groups than the analogous
amidinium---carboxylate and amidinium---sulfonate
frameworks, which often crystallise in tetragonal space
groups.21.22.25 Part of the reason for this might be the length
of the time taken to form crystals, as we have previously
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observed that amidinium---carboxylate frameworks
containing R2(8) hydrogen bonds are kinetically-favoured
products, which can rearrange to lower symmetry products
if crystallisation is slowed.25

Another possibly surprising phenomenon is the influence
of phosphonate---phosphonate hydrogen bonds, which are
significantly shorter than amidinium---phosphonate
hydrogen bonds. While these kind of anti-electrostatic
hydrogen bonds are known to be significant in solution and
in the solid state,32:34-36 it is remarkable that the hydrogen
bonds between two anionic species are shorter and
apparently at least as important as a conventional
electrostatic charge-assisted hydrogen bonding interaction
between a cation and an anion. There are 18 of these
phosphonate:--phosphonate hydrogen bonds in the
structures reported in this work (excluding the low quality
high temperature data collection of amidbiphen‘PhOSphen)
with a mean O---O distance of 2.543(11) A, 85% of the sum
of the van der Waals radii5” of two oxygen atoms. These
have either a D or R2(8) geometry. Interactions with a D
geometry are slightly shorter than those with an R2(8)
geometry (2.529(12) and 2.578(14) A, respectively).
Interestingly, this R2(8) value is not significantly different
than that observed for R3(8) interactions between H2POa-
anions in a previous survey of the Cambridge Structural
Database (2.585(2) A).31  Amidinium---phosphonate
hydrogen bonds are significantly longer (mean N---O
distance of 2.859(19) A, 94% of the sum of the van der
Waals radii>” of N and O, see Supporting Information for full
analysis of hydrogen bonding parameters).

One of the initial motivations for
amidinium---phosphonate frameworks was that the
additional hydrogen bonding interactions between
phosphonate groups might give more robust frameworks
than related amidinium---carboxylate or
amidinium---sulfonate materials. This does not seem to be
the case as amidiet-phostet loses all crystallinity on thorough
drying, as do the salts prepared from amidpnhen2* or
amidoiphen2* and phostet?-. This contrasts with frameworks
prepared from amidiet** and the tetra-carboxylate or tetra-
sulfonate analogues of phostet*-, which undergo structural
rearrangements upon drying but remain crystalline (and
which subsequently absorb water vapour).21.22,30

Other materials reported herein show significantly higher
stability. For example, amidbiphen-PhOSphen can retain
crystallinity on losing solvent and (guan)2-phoSoiphen
remains crystalline on drying and retains encapsulated
toluene until approximately 200 °C. This suggests that the
lack of stability of the amidinium---phosphonate structures
involving phostet*- is not necessarily an innate feature of
materials assembled through
guanidinium/amidinium---phosphonate hydrogen bonds,
but rather the structures of the specific networks. It is
possible that more robust materials could be prepared from
this building block, although we have studied a wide range
of crystallisation conditions and not found such conditions.
Crystal structure prediction58 or high throughput screening23

investigating

approaches may offer ways to find stable, porous phases of
these or related amidinium---phosphonate salts.

Conclusions

We have prepared a series of hydrogen bonded frameworks
from  guanidinium or amidinium  cations and
polyphosphonates. A bis-amidinium crystallised with a
diphosphonate to give a framework containing small water-
filled channels: heating this caused a single-crystal-to-
single-crystal transition to a close-packed anhydrous phase.
Crystallisation of ditopic or tetratopic amidinium tectons
with a tetrahedral phosphonate gave crystals containing
relatively large water-filled channels, although these lost
crystallinity upon thorough drying. Crystallisation of
guanidinium cations with diphosphonate gave a structure
related 1o, but distinct from, analogous
guanidinium---sulfonate frameworks. In this structure,
toluene is encapsulated in a pillared bilayer that has an
overall anionic charge because it contains only one
guanidinium cation for every diphosphonate. A second layer
composed of guanidinium cations and solvent molecules
gives a charge-neutral structure.

Generally we have found the rational design of
amidinium---phopshonate frameworks to be challenging.
We found it difficult to find crystallisation conditions to form
the materials, and predicting hydrogen bonding geometries
is not simple due to the multiple ways amidinium cations
can interact with phosphonate anions, and phosphonate
anions can interact with each other. While many of the
materials prepared here are not particularly stable, we still
think it likely that well-designed materials could have high
stability due to the combination of inter- and intra-
component hydrogen bonding.

Experimental Section
General remarks

The building blocks amidphen-Cl2,4”7 amidbiphen-Cl2,46
amidiet-Cls,21 phOSphenQH,48 phOSbiphenQH,49 and
phostet*H 50were prepared as previously described. Other
compounds including  solvents were  purchased
commercially and used as received. Characterisation data
for new compounds and frameworks are provided in the SI.

Synthesis of new compounds

TBA2:-phosbiphen: The diphosphonic acid phospiphen2H (0.10 g,
0.32 mmol) was suspended in water (5 mL) and stirred
under N2 for 10 minutes at room temperature. TBA-OH
(1.0 M, 0.72 mL, 0.72 mmol) was added and stirred for 10
minutes, during which time all material dissolved to give a
brown solution. The reaction mixture was taken to dryness
under reduced pressure to give a brown powder. Excess
TBA-OH was removed by dissolving the crude material in
warm acetone (2 mL) and precipitating with diethyl ether (8
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mL). The resulting white powder was isolated by filtration,
washed with diethyl ether (2 x 10 mL) and air-dried to give
TBA2:phoSsbiphen. Yield: 0.15 g (0.19 mmol, 59%).

1H NMR (D20): 7.73-7.79 (m, 8H), 3.07-3.11 (m, 16H),
1.51-1.59 (m, 16H), 1.22-1.31 (m, 16H), 0.84 (t, J=7.4
Hz, 24H) ppm. 13C{tH} NMR (D20): 141.9, 134.6 (d, J =
178.2 Hz), 131.0 (d, J = 10.2 Hz), 126.9 (d, J = 14.3 Hz),
58.1, 23.1, 19.1, 12.8 ppm. 31P NMR (D20): 12.9 ppm. ESI-
MS (neg.): 313.011, calc. for [C12H1106P2]-, i.e. [PhOSbiphen]~
= 313.004 Da.

TBAa:-phostet: The tetraphosphonic acid phoster*t (0.20 g,
0.31 mmol) was suspended in water (5 mL) and stirred
under N2 for 10 minutes at room temperature. TBA-OH in
methanol (1.0 M, 1.4 mL, 1.4 mmol) was added and stirred
for 10 minutes, during which time all material dissolved to
give a brown solution. The reaction mixture was taken to
dryness under reduced pressure to give a brown powder.
Excess TBA-OH was removed by dissolving the brown
powder in acetone (3 mL) and precipitating using diethyl
ether (10 mL) to give a white powder. This was isolated by
filtration, washed with diethyl ether (2 x 10 mL) and air-
dried to give TBA4-phostet. Yield: 0.41 g (0.26 mmol, 81%).
1H NMR (D20): 7.52-7.58 (m, 8H), 7.36-7.38 (m, 8H),
3.08-3.12 (m, 32 H), 1.52-1.59 (m, 32H), 1.22-1.31 (m,
32 H), 0.85 (t, J = 7.4 Hz, 48H) ppm. 13C{tH} NMR (D20):
148.4, 130.5 (d, J = 13.7 Hz), 129.9 (d, J = 10.2 Hz), 58.1,
23.1, 19.1, 12.8ppm (2 peaks not observed). 3P NMR
(D20): 12.7 ppm. ESI-MS (neg.): 560.280, calc. for
[C57H92N2012P4]2-, i.e. [TBA2-phostet]2- = 560.281 Da.

amidpnen'PhOSphen: A solution of phosphen?! (4.8 mg,
20 umol) in water (5 mL) was added to a solution of
amidphenCl2 (4.8 mg, 20 umol) in water (5 mL). After several
weeks standing at room temperature, colourless crystals
formed. These were isolated by filtration, washed with water
(3 mL) and dried under moderate vacuum. Yield: 4.7 mg (11
umol, 55%). Yield calculated accounting for 2 H20
molecules per formula unit, as indicated by TGA and
SCXRD.

1H NMR (de-DMSO containing a drop of DCl(aq): 9.78 (br.
s, 4H), 9.45 (br. s, 4H), 8.05 (s, 8H), 7.73-7.77 (m, 4H).
ATR-IR (inter alia): 1664 (br., C=N stretch), 1137 (P=0
stretch) cm-1. TGA and PXRD data are provided in the SI.

amidoiphen'PhOSphen: A solution of phosphen2t (4.8 mg,
20 umol) in water (10 mL) was added to a solution of
amidbpiphenCl2 (6.2 mg, 20 umol) in water (10 mL). Within five
minutes, colourless crystals formed. After two weeks, these
were isolated by filtration, washed with water (3 mL) and
dried under moderate vacuum. Yield: 5.7 mg (11 umol,
55%). Yield calculated accounting for 2 H20 molecules per
formula unit, as indicated by TGA and SCXRD.

1H NMR (de-DMSO containing a drop of DCl(aq): 9.65 (br.
s, 4H), 9.39 (br. s, 4H), 8.05 (s, 8H), 7.75-7.79 (m, 4H).
ATR-IR (inter alia): 1699 (br., C=N stretch), 1137 (P=0
stretch) cm-1. TGA and PXRD data are provided in the SI.

(amidphen)n-phostet: A solution of TBAs-phostet (32 mg,
20 pumol) in 1:1 methanol:water (10 mL) was added to a
solution of amidphenCl2 (9.4 mg, 40 umol) in 1:1
methanol:water (10 mL). After approximately a week, a few
block-like crystals were visible. After 3 weeks, these were
isolated by filtration, washed with water (6 mL) and dried
under moderate vacuum. Yield: 1.5 mg. SCXRD unit cell
analysis of 7 crystals showed they were all
(@midphen)2.5:phoster-1-5H, however 1H NMR analysis
suggested the bulk material has an approximately 2:1
ration of amidpnen?* to phostet*- (see Sl for characterisation
data).

(amidbiphen)n-phostet: A solution of TBAs-phostet (10 mg,
6.5 umol) in water (10 mL) was added to a solution of
amidbpiphenCl2 (6.4 mg, 20 umol) in water (10 mL). After 2
days, a cloudy suspension containing needle-like crystals
was observed, and over a few more weeks, the cloudiness
cleared. After a month, the crystals were isolated by
filtration, washed with water (6 mL) and dried under a
moderate vacuum. Yield: 2.1 mg. SCXRD unit cell analysis
of 8 crystals showed they were all (amidbiphen)s-ph0Stet=2H,
however 1H NMR analysis suggested the bulk material has
an approximately 2:1 ratio of amidbipnen®* to phostet*- (see
Sl for characterisation data).

amidiet-phostet: A solution of TBAs-phostet (32.3 mg,
20.1 umol) in water (10 mL) was added to a solution of
amidtet-Cla (12.7 mg, 20.0 umol) in water (10 mL) resulting
in the immediate formation of a cloudy suspension. Upon
extended standing (~ 3 weeks), small needle-like crystals
were observed and on further standing (~ 3 months), the
cloudiness cleared to give a solution containing colourless
crystals. These were isolated by filtration, washed with water
(6 mL) and dried under moderate vacuum. Yield: 16.4 mg
(13.1 umol, 65%). Yield calculated accounting for 6 H20
molecules per formula unit, as indicated by TGA.

1H NMR (de-DMSO containing a drop of DCl(aq): 9.61 (br.
s, 8H), 9.34 (br. s, 8H), 7.97 (d, J = 8.3 Hz, 8H), 7.62-7.68
(m, 8H), 7.54 (d, J = 8.3 Hz, 8H), 7.33 - 7.36 (m, 8H). ATR-
IR (inter alia): 1675 (br., C=N stretch), 1130 (P=0 stretch)
cm-1. TGA and PXRD data are provided in the Sl.

(guan)2-phosbiphen: A solution of TBA2:phOSpiphen (16.3 mg,
21.2 umol) in 1:1 methanol:toluene (40 mL) was added to
a solution of guan-Cl (4.42 mg, 46.3 umol) in 1:1
methanol:toluene (40 mL). After an extended period (~ 2
months), colourless plate-like crystals were observed. These
were isolated by filtration and dried under moderate
vacuum. Yield: 3.0 mg (6.3 umol, 30%). Yield calculated
accounting for half a molecule of toluene per formula unit,
as indicated by 1H NMR spectroscopy and TGA.

1H NMR (de-DMSO containing a drop of DClaqg): 7.77 -
7.83 (m, 8H), 7.12 - 7.26 (m, 2.5H, toluene Ar-H), 2.29 (s,
1.5H, toluene CHs). ATR-IR (inter alia): 1655 (br., C=N
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stretch), 1133 (P=0 stretch) cm-1. TGA and PXRD data are
provided in the SI.
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