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Introduction

A detailed comparative structural study of the
hydrogen bonded networks in solids, obtained by
the reaction of 4,4'-bipyridine and varied alkane-
a,o-diphosphonic acids+

M. van Megen, W. Frank and G. J. Reiss*

In a comparative structural study, the solid state structures of seven new compounds obtained by the reac-
tion of 4,4'-bipyridine and alkane-a,®-diphosphonic acids with different chain lengths have been
characterised by single crystal X-ray diffraction and vibrational spectroscopy. The compounds are com-
posed of either [4,4'-Hbipyl* or [4,4'-H,bipyl®* cations and [H,OsP(CH,),POsHI™ anions and exhibit layered
structures with clearly separated anionic and cationic areas. Within the three [4,4'-Hbipyl* salts, the 4,4'-
bipyridin-1-ium cations are connected to adjacent ones by medium strong, charge supported N*-H---N
hydrogen bonds to form infinite chains. The anionic substructures of these compounds are quite different.
The crystal structures of the five [4,4'-H,bipy]>* salts consist of anionic, hydrogen bonded strands which
are linked to adjacent ones by 4,4'-bipyridine-1,1'-diium cations. All but one can be broken down into two
different types of structures in which the cations either lie in line with the anionic strands (type 1) or per-
pendicular to the aforementioned (type 2). For [4,4'-H,bipyl[H,O3P(CH,)sPOzHI, (2), two concomitant
polymorphs have been obtained and characterised by single crystal and powder X-ray diffraction. Both
polymorphs were classifiable into type 1 and 2, respectively. Only [4,4'-H,bipyl[H,OzP(CH,)gPOsH], (4) is a
three-dimensional hydrogen bonded framework and therefore not assignable to one of these two types of
structures. n-System distances and a remarkable bending of the alkylene chains document the contribution
of m-rn-stacking and van der Waals interactions to the lattice enthalpy.

diphosphonate tectons for the construction of microporous
materials.>® Although metal phosphonates synthesised from

Materials constructed from organophosphonic acids have
attracted much attention in the fields of crystal engineering
not only because of their interesting topologies and structural
diversity but also due to their diverse functional properties.
For instance, metal phosphonates exhibit a low solubility and
resistance against chemicals. They have potential applications
regarding catalysis," ™ ion exchange,”” proton conductivity,
intercalation chemistry,">™**> photochemistry'®>*> and materials
chemistry.>*2®  Oligofunctional ~derivatives like
phosphonic acids, carboxyphosphonic acids and diphosphonic
acids are promising tectons for the preparation of pillared
layered metal phosphonates and the formation of microporous
solids.>®>*"73? In 1983, Dines et al. were the first to use
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these oligofunctional phosphonic acids are increasingly
applied as organic-inorganic hybrid materials in materials
chemistry, their structural elucidation is often handicapped by
the lack of crystalline material suitable for powder or single
crystal X-ray diffraction studies.** However, organic salts of
organophosphonic acids, e.g. with primary,*° secondary*®*
and tertiary*>***® amines, seem to be feasible model com-
pounds for metal phosphonates as they exhibit similar struc-
tural characteristics and are less complicated to crystallise. A
common feature of the synthesis of these materials in solution
is the transfer of a proton from the phosphonic acid to the
amine. Furthermore, the resulting [R-PO,(OH)| anions are
able to act as both hydrogen bond donor and hydrogen bond
acceptor. Thus, these organic solids establish extended hydro-
gen bonded networks which include a rich diversity of strong,
charge supported hydrogen bonds and can either be one-, two-
or three-dimensional.*® Also protonated long-chained diphos-
phinic acid tectons have been used to construct hydrogen
bonded frameworks.* Investigations of the solid state structures
of alkane-o,w-diphosphonic acids, (HO),OP-(CH,),~PO(OH),

This journal is © The Royal Society of Chemistry 2016
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(n = 1-12), have shown that the geometric parameters of the
phosphonic acid moiety as well as its tridentate character
benefit the formation of three-dimensional hydrogen bonded
architectures.®®°>* In all structures of the alkane-o,w-
diphosphonic acids, each P—0 oxygen atom acts as an accep-
tor for two hydrogen bonds and each P-OH group partici-
pates in a single hydrogen bond as a donor. In terms of
graph set analysis,>* ">’ R3(8), which is formed by a dimeric
unit of phosphonic acid groups, and R} (2(n + 1) + 12), whose
ring size depends on the chain length n of the corresponding
diphosphonic acid, are the most frequently appearing hydro-
gen bonded ring motifs (Fig. 1). The hydrogen bonded chain
motif C(4) [---O=P-O-H--"], can also be found in the major-
ity of the crystal structures of the alkane-o,»-diphosphonic
acids. It is conceivable that these structural characteristics
are retained e.g. within aminium salts of alkane-a,o-
diphosphonic acids and can be utilised to design new organic
solids with predictable structures. Especially, 4,4"-bipyridine
seems to be a suitable crystal engineering tecton for the crea-
tion of hydrogen bonded networks.***” In this work, we re-
port the crystal structures and vibrational spectra of eight
novel hydrogen bonded networks in the 4,4-bipyridine/
alkane-o,w-diphosphonic acid system as part of our continu-
ing interest in general concepts within the fields of crystal
engineering.

Experimental section
Synthesis and characterisation

The alkane-o,w-diphosphonic acids were synthesised
according to the literature.”®®° All other chemicals were
obtained from commercial sources and used as purchased.
The title compounds [4,4"-Hbipy|[H,O;P(CH,);PO;H] (1), [4,4"
H,bipy][H,0;P(CH,)sPO;H], (2a) and (2b), [4,4-H,bipy][H,0;-
P(CH,)sPO;H], (3), [4,4"-H,bipy][H,05P(CH,)oPO;H], (4), [4,4™
H,bipy][H,0,P(CH,),,PO;H], (5), [4,4-H,bipy][H,05P(CH,),;-
PO;H], (6), [4,4-Hbipy][H,03P(CH,);,PO;H]-H,0,P(CH,);,PO5-
H, (7) were prepared by dissolving equimolar quantities (0.5
mmol) of 4,4-bipyridine and the corresponding alkane-o,®-
diphosphonic acid in methanol separately. The solutions
were mixed and set aside exposed to air. Within several days,
colourless platelet-like crystals suitable for single crystal X-ray
diffraction were obtained in all cases. The single crystals of
compounds 1-7 were mounted on an Oxford Xcalibur four-

Fig. 1 Schematic illustration of the hydrogen bonded motifs R3(8)
(left) and R3 (2(n + 1) + 12) (right) occurring in most of the alkane-a, -
diphosphonic acids' crystal structures.>®
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circle diffractometer® equipped with an EOS detector and a
gas stream cooling device. X-ray powder diffraction patterns
were measured with a Huber G600 Guinier diffractometer
working in transmission mode. The utilised Cu Ko, radiation
was generated using a quartz (101) monochromator. Compar-
ative powder patterns were simulated from the single crystal
data with the PowderCell 2.3 programme.®* IR spectra were
recorded on a Digilab Excalibur FTS 3500 spectrometer®® with
an apodised resolution of 4 cm™ using a MIRacle ATR unit®
in the region between 4000 and 530 ¢m'. Raman spectra
were measured on a MultiRAM spectrometer® equipped with
a Nd-YAG laser (1064 nm) and an InGaAs detector (resolu-
tion: 8 em™"; range: 4000-70 cm ™). Elemental analyses (C, H, N)
were performed with a HEKAtech Euro EA3000 instrument.®®
Differential scanning calorimetry experiments were carried
out with a Mettler Toledo DSC 1 calorimeter®” equipped with
a FRS 5 sensor using aluminium crucibles with perforated
caps. Melting points were determined using the Mettler
Toledo melting point system MP90. The results of the IR and
Raman spectroscopic measurements as well as the results of
elemental analysis and melting point determinations are de-
posited in the ESIT file.

Crystal structure determinations

Data collection and data reduction followed the standard rou-
tine ensuring a completeness of more than 99% of reflections
necessary for the Laue class in each case. Absorption correc-
tions were applied using the multi-scan method. Structure so-
lutions by Direct Methods®® generally yielded all non-
hydrogen atom positions. Difference Fourier maps and simul-
taneous successive refinement of the primary structure solu-
tions gave almost completed models. In the latest stages of
refinement anisotropic displacement parameters for all non-
hydrogen atoms were refined. Hydrogen atoms were included
using suitable riding models of the SHELX programme sys-
tem:*® AFIX 23 for methylene groups, AFIX 43 for methine
and aminium groups and AFIX 147 for hydroxyl groups. Se-
lected crystallographic data are given in Table 1. CCDC
1433066 (1), 1004560 (2a), 1433181 (2b), 1433067 (3), 1433068
(4), 1433279 (5), 1433280 (6) and 1433281 (7) contain the sup-
plementary crystallographic data for this paper.

Results and discussion
[4,4'-Hbipy]" salts of alkane-a,w-diphosphonic acids

All yet structurally characterised [4,4'-Hbipy]" salts of alkane-
o,0-diphosphonic acids comprise 4,4"-bipyridin-1-ium cations
linked to adjacent ones by medium strong, charge supported
N'-H---N hydrogen bonds to form infinite chains (Fig. 2)
which can be described by the symbol C(9) in terms of graph-
set analysis.>* >’

D---A distances between 2.591(3) and 2.815(2) A and bond
angles of 176-180° are observed. Additionally, these pillared
cationic chains are stacked in parallel displaced face-to-face
arrangements either pairwise or in layers consisting of multi-
ple chains.”® The perpendicular distances between the planes

CrysttngComm, 2016, 18, 3574-3584 | 3575
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Table 1 Crystallographic data and details of the structure refinement for 1-7

Compound 1 2a 2b 3 4 5 6 7
Empirical C13H18N206Py  CpoHyoN2O010Psy  CooHyoN2O1oPy  CagHagNoO1oPy  CogHi5oN2O015P;  C30Hs6N2012Ps  C3oHeoN2012Ps C34HeaN2012P,
formula

M, [g mol_l] 360.2 648.4 648.4 704.5 732.6 760.6 788.7 816.8
Crystal system Triclinic Monoclinic Triclinic Triclinic Monoclinic Monoclinic Triclinic Triclinic
Space group P1 P2,4/c P1 P1 Pc P2,/c Pi Pi

a[A] 9.8401(4) 19.5429(8) 9.1687(4) 9.1052(2) 42.860(9) 23.4234(7) 4.75510(10)  9.1869(18)
b [A] 12.0388(5) 4.71970(10) 9.6050(4) 9.5324(3) 11.426(2) 4.64205(13) 8.7442(3) 9.2725(19)
c[A] 15.2173(5) 17.2626(7) 17.9827(7) 20.3596(6) 7.3826(15) 16.9643(5) 22.6864(3) 24.348(5)
al] 95.386(3) 90 79.130(3) 79.976(2) 90 90 81.639(3) 83.68(3)
1] 106.844(3) 114.668(5) 89.668(3) 86.857(2) 90.59(3) 104.720(3) 87.130(3) 81.01(3)
y[° 112.289(4) 90 70.320(3) 69.836(2) 90 90 88.196(3) 81.40(3)
V[A%] 1553.60(11)  1446.93(10) 1461.54(11) 1633.45(8) 3615.2(12) 1784.02(10) 931.81(5) 2017.6(7)

Z 4 2 2 2 4 2 2 2

Deatea. [g em™]  1.54 1.49 1.47 1.43 1.35 1.42 1.41 1.34

yZi [mm_l] 0.313 0.324 0.321 0.294 0.268 0.275 0.266 0.248
Tnin/Tmax 0.939/1.000 0.885/1.000 0.920/1.000 0.902/1.000 0.244/0.267 0.831/1.000 0.960/1.000 0.931/1.000
F(000) 752 684 684 748 1560 812 422 876

T [K] 100 294 294 105 173 106 122 110

A [A] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073

2 max [°] 54.99 50.00 50.00 50.00 53.83 50.00 50.00 50.00
Completeness  99.8 99.8 99.8 99.8 97.8 99.8 98.7 99.8

[9%]

Total 19960 19524 15954 27285 26931 20584 7612 21099
reflections

Independent 7121 2563 5133 5745 12351 3141 3257 7072
reflections

Rin¢ 0.0386 0.0276 0.0268 0.0345 0.0399 0.0812 0.0285 0.0380
Parameters 422/0 190/0 367/0 403/0 841/2 220/0 229/0 476/0
ref./restr.

R, (r>20(1) 0.0406 0.0334 0.0340 0.0297 0.0504 0.0435 0.0375 0.0717
Wsz (all data) 0.0919 0.0691 0.0930 0.0912 0.1079 0.0974 0.0967 0.1933
Goodness of 1.042 1.305 1.049 1.046 1.132 1.019 1.048 1.115

fit

ApPmin/max -0.408/0.431 -0.330/0.351 —0.397/0.390 -0.369/0.416 -0.266/0.332 -0.368/0.388 —-0.372/0.425 -0.540/0.996
[eA”]

“ Ry = Y |IFo| = |FICIF|- ” wR, = {Z[W(Foz - Fcz)z]/Z[W(Foz)z]}o's-

of neighbouring pyridinium rings within these n-n-stackings
are in the range between 3.40 and 3.62 A and the centroid
offsets amount to 1.34-3.07 A. These values are representative
for interactions at medium strength.”® Intramolecular bond
lengths and angles of the 4,4-bipyridin-1-ium cations are
within the expected ranges. Moreover, the pyridinium moie-
ties of the [4,4-Hbipy]" cations are oriented coplanar or
twisted against each other up to an angle of torsion of
27.1(3)° depending on the packing conditions and their posi-
tioning within the anionic substructures. Although the cat-
ionic substructures within the here presented [4,4"-Hbipy]*

Fig. 2 Pairwise n-n-stacking of infinite hydrogen bonded [4,4'-Hbipy]*
chains within the crystal structure of 1. Showing the parallel displaced
face-to-face arrangement as well as the graph-set C(9) indicated by
blue bonds.
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salts are basically very similar, the anionic substructures ex-
hibit some fundamental differences.

[H,05P(CH,);PO;H] . The anionic substructure of 1 con-
sists of hydrogen (3-phosphonopropyl)phosphonate ions
which establish head-to-tail connected dimeric units via me-
dium strong O-H:--O hydrogen bonding (Fig. 3). Resulting
hydrogen bonded motifs are a 16-membered ring, which is
classified as a first level graph-set R3(16), and a 8-membered
ring, classified as a second level graph-set R3(8). Additionally,
the hydrogen (3-phosphonopropyl)phosphonate anions are
connected to neighbouring dimeric units by strong, charge
supported O-H:--O™ hydrogen bonds forming infinite strands
running parallel to the cationic chains along the a axis (Fig. 3).
In this case, the resulting hydrogen bonded motif is a 16-
membered ring, classified as a second level graph-set R3(16).
The D---A distances for the hydrogen bonds within the an-
ionic substructure lie between 2.4048(19) and 2.542(2) A and
the bond angles amount to 158-171°. Intramolecular bond
lengths and angles of the hydrogen (3-phosphonopropyl)-
phosphonate anions are within the expected ranges and com-
parable with those found in the structure of propane-1,3-

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 The anionic substructure of 1 exhibits dimeric hydrogen
bonded units of [H,OzP(CH,)zPOzH] ions which are further connected
to infinite strands. Corresponding graph-set descriptors R3(8), R(16)

and R3(16) are indicated by red, green and blue bonds, respectively. A
corresponding constructor graph is shown below.>%°”

-

diphosphonic acid.”* Within the PO;H™ group there is a sig-
nificant difference in the P-O bond lengths between the P-
OH bond and those in the PO, fragment. Furthermore the
O-P-0 angle of the PO, fragment is considerably larger than
tetrahedral.** In the structure of 1, the pillared anionic and
cationic substructures are packed alternating along [011] held
together by comparatively strong n-n-interactions as well as
Coulomb and van der Waals forces (Fig. 4, upper part).
[H,05P(CH,),POsH] -2H,O (ref. 47). Within the anionic
substructure of [4,4-Hbipy][H,0sP(CH,),PO;H]-2H,0 known
from the literature, the hydrogen (4-phosphonobutyl)-
phosphonate ions form two-dimensional hydrogen bonded
networks in the ab plane (Fig. 5). The strong to medium
strong O-H:--O hydrogen bonds exhibit D-:-A distances from
2.463(3) to 2.624(3) A and bond angles ranging from 166(4)
to 178(3)°. Resulting hydrogen bonded motifs are a 16-
membered ring R}(16) and a 18-membered ring R3(18), which
is comparable to R3(16) in the structure of 1, as well as the
chain motif C3(8), which is similarly found within the crystal
structures of several alkane-o,w-diphosphonic acids. The
intramolecular bond lengths and angles within the
hydrogen(4-phosphonobutyl)phosphonate anions are unexcep-
tional and comparable with the findings described for the an-
ions in 1. Along the ¢ axis, the two-dimensional anionic net-
works are further connected by the water molecules to form a
three-dimensional hydrogen bonded framework which ex-
hibits rectangular channels with cavities of approximately
11.0 x 7.9 A (Fig. 4, middle part). These channels, which can
be described with the symbol R3(34) in terms of graph-set
analysis, are occupied by pairwise n-n-stacked infinite [4,4'-
Hbipy]" chains running along the b axis. Structural data of
[4,4’-Hbipy][H,03P(CH,),PO;H|-2H,0 can be obtained from
The Cambridge Crystallographic Data Centre via the deposi-
tion number 208719 (CSD entry: OBOZIP).
[H,0;P(CH,),PO;H)] -H,0;P(CH,);,PO;H,. The anionic
substructure of 7 contains two-dimensional hydrogen bonded
networks in the ab plane (Fig. 6) which are pairwise

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Packing diagrams of the anionic and cationic substructures
within the three [4,4'-Hbipyl* containing hydrogen bonded networks:
[4,4'-Hbipyl[H,OsP(CH,)sPOsH] (1) (top). [4.4'-Hbipyl[H,O3P(CH,)4POzH]
-2H,O (middle) and [4,4'-Hbipyl[H,03sP(CH,)1,PO3H)]-H,03P(CH,)1,POsH,
(7) (bottom) (R§(34) is indicated by blue bonds).

connected with each other by alkylene chains along the ¢ axis
to form a typical bilayer with a hydrophobic interior and a
hydrophilic exterior (Fig. 4, lower part). The corresponding
D---A distances of the strong to medium strong O-H:--O
hydrogen bonds lie between 2.435(4) and 2.674(4) A and the
bond angles amount to 154(2)-176(2)°. Within the two-
dimensional networks, three different hydrogen bonded ring
motifs can be observed, classifiable as the fourth level graph-
sets Rj(14) and Rj(16) as well as the fifth level graph-set
R(22). Within the hydrophobic regions of the anionic sub-
structure, neighbouring alkylene chains interact with each
other through van der Waals forces which are of comparable

CrystEngComm, 2016, 18, 3574-3584 | 3577
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Fig. 5 Hydrogen bonding within the two-dimensional networks com-
posed of [H,O3P(CH,)4,POsH]™ ions with R3(18) (blue), R5(16) (green)
and C3(8) (red).
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Fig. 6 Two-dimensional hydrogen bonded networks within the
anionic substructure of 7 with the corresponding graph-set descriptors
R3(14) (red), R4(16) (green) and Rg(22) (blue).

strength as in the related n-alkanes.”' The intramolecular
bond lengths and angles within the hydrogen (12-
phosphonododecyl)phosphonate anions and the dodecane-
1,12-diphosphonic acid molecules are unexceptional and lie
within the expected ranges. In the structure of 7, the anionic
and cationic substructures are arranged in layers alternating
along the ¢ axis held together by Coulomb as well as van der
Waals forces (Fig. 4). Contrary to the structure of 1 in which
the pillared anionic and cationic substructures run parallel
to each other along the a axis, the moieties within the an-
ionic substructure of 7 are arranged with its alkylene chains
approximately perpendicular to the propagation direction of
neighbouring [4,4-Hbipy]" chains.

[4,4-H,bipy]** salts of alkane-a,m-diphosphonic acids

Most of the [4,4-H,bipy]** salts of alkane-o,m-diphosphonic
acids exhibit layered crystal structures in which two-
dimensional hydrogen bonded strands consisting of hydro-
gen (w-phosphonoalkyl)phosphonate anions are linked by
4,4"-bipyridine-1,1-diilum cations via medium strong, charge

3578 | CrysttngComm, 2016, 18, 3574-3584
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supported N'-H---O hydrogen bonds along one direction
(Fig. 7, 8 and 9). The corresponding D---A distances lie be-
tween 2.521(6) and 2.676(2) A and the bond angles amount to
164.4-175.1°. Similar to the structures of the corresponding
[4,4"-Hbipy]" containing salts, the cations within the [4,4"
H,bipy]** salts reported here are n-n-stacked in parallel
displaced face-to-face arrangements with perpendicular dis-
tances between neighbouring pyridinium rings of 3.30-3.62 A
and centroid offsets ranging between 0.85 and 1.58 A. These
values represent strong to medium strong interactions. The
vast majority of the [4,4"-H,bipy]’" cations within the struc-
tures discussed here exhibit an almost coplanar conforma-
tion of the two pyridinium moieties with a maximum angle
of torsion of 2.9(3)° concerning the twist of the two
pyridinium rings. All other intramolecular bond lengths and
angles of the cations are within the expected ranges.”>’* The
linkage of the [4,4-H,bipy]*" cations and the anionic strands
of hydrogen (o»-phosphonoalkyl)phosphonates results in two-
dimensional hydrogen bonded frameworks which are stacked
in layers and interact with neighbouring frameworks through
Coulomb as well as van der Waals forces. The hydrogen
bonded networks described afterwards can mainly be classi-
fied into two different types of structures according to the ar-
rangement of their cationic and anionic parts.

Type 1. The anionic substructures within the homotypic
hydrogen bonded networks of 2a and 5 contain hydrogen
bonded ribbons which are formed by -PO;H, and -PO;H"
groups and run along the b axis (Fig. 7). The corresponding
D---A distances of the medium strong O-H:--O hydrogen
bonds amount to 2.512(2)-2.563(2) A and the bond angles lie
between 157.0 and 173.6°. Within these ribbons, a hydrogen
bonded 16-membered ring motif occurs which is classified as
a third level graph-set Rj(16). Moreover, the connection of re-
spectively two hydrogen bonded ribbons along [101] via the
alkylene chains of the anions results in the ring motifs R3(22)

Fig. 7 Packing diagram of 2a exemplary for type 1 structures with the
linearly arranged two-dimensional hydrogen bonded frameworks
consisting of [4,4'-H,bipyl®* cations and [H>O3P(CH,)sPO3zHI™ anions.
The hydrogen bonding within the anionic strands is shown in the red
box (R3(22) and R4(16) are indicated by green and blue bonds, respec-
tively). The green arrow shows the shortest van der Waals contact.

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 Packing diagram of 2b (similar for 3) with the hydrogen bonded
[4,4'-H,bipy]** cations and [H,OsP(CH,)sPOsHI™ anions arranged in a
herringbone pattern. The hydrogen bonded ribbons within the anionic
substructures of 2b and 3 are shown in the red box (R3(22), R3(10) and
R3(14) are indicated by green, red and blue bonds, respectively). The
green arrows show the shortest van der Waals contacts.

Fig. 9 Packing diagram of 6 with the hydrogen bonded [4,4'-
H,bipyl?* cations and [H,O3P(CH,)sPOsHI™ anions arranged in a
herringbone pattern. The hydrogen bonding within the anionic strands
of 6 is shown in the red box (R3(32) and R3(14) are indicated by green
and blue bonds, respectively).

for 2a and R3(30) for 5. The hydrogen (w-phosphonoalkyl)-
phosphonates in the anionic substructures exhibit almost all-
transoid conformations with bond lengths and angles within
the expected ranges. However, their alkylene chains are
slightly bent towards the inside of the hydrogen bonded
strands resulting in considerably shorter van der Waals con-
tacts with a C-+-C distance of 3.96 A in the middle (see green
arrows in Fig. 7). Along [101], the anionic hydrogen bonded
strands in the structures of type 1 are linked with each other
by roughly parallel arranged, n-n-stacked [4,4'-H,bipy]*" cat-
ions to form two-dimensional frameworks.

Type 2. The anionic substructures within the homotypic
hydrogen bonded networks 2b and 3 consist of strands in
which respectively two hydrogen bonded ribbons are linked
by the alkylene chains of the hydrogen (®-phosphonoalkyl)-
phosphonate anions. However, the connection of the -POz;H,
and -PO;H" groups within these hydrogen bonded ribbons is
completely different from that in the structures of type 1. The
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hydrogen bonded motifs within the ribbons which run along
the a axis are a 10-membered ring classifiable as a third level
graph-set R3(10) and a 14-membered ring classifiable as the
fourth level graph-set R}(14) (Fig. 8). The corresponding D---A
distances of the strong to medium strong O-H-:-O hydrogen
bonds lie between 2.4595(16) and 2.619(2) A and the bond
angles amount to 154.4-172.3°. Similar to the structures of
type 1, the connection of two neighbouring hydrogen bonded
ribbons via the alkylene chains of the hydrogen (w-
phosphonoalkyl)phosphonate anions which exhibit slightly
distorted all-transoid conformations results in the ring motifs
R3(22) for 2b and R3(26) for 3. In this case, the alkylene
chains are bent towards the outside of the hydrogen bonded
strands. Therefore, potential van der Waals interactions
within the strands (shortest C---C distance 4.29 A) are consid-
erably weaker than in the structures of type 1. Furthermore,
the shortest C---C distances of neighboring strands are with
a value of 4.35 A (green arrows in Fig. 8) in the range of weak
van der Waals interactions. Approximately along [011], the
anionic hydrogen bonded strands of 2b and 3 are further
connected with each other by the n-n-stacked [4,4-H,bipy]**
cations (Fig. 8). The two-dimensional frameworks formed this
way are arranged in a herringbone pattern. In the crystal
structure of 6, the anionic and cationic domains of the hydro-
gen bonded network are arranged in a herringbone pattern
as well. However, the arrangement of the hydrogen
(11-phosphonoundecyl)phosphonates within the anionic sub-
structures is more related to the structures of type 1 than to
the other structures of type 2. The hydrogen bonded ribbons
within the anionic substructures are composed of -PO;H,
and -PO;H  groups, run along the a axis and exhibit a
14-membered hydrogen bonded ring motif which is classifi-
able as the third level graph-set R}(14) (Fig. 9). The D---A dis-
tances of the corresponding O-H:--O hydrogen bonds lie be-
tween 2.4911(19) and 2.5711(19) A and the bond angles
amount to 153.8-164.4°. Moreover, the connection of respec-
tively two hydrogen bonded ribbons by the alkylene chains of
the [H,O3;P(CH,);;PO;H] anions results in the hydrogen
bonded ring motif R3(32). Here, the anions don’t show any
form of bending and the C:--C distances within the hydrogen
bonded strands lie between 4.00 and 4.91 A. Similar to the
other structures of type 2, the anionic hydrogen bonded
strands within the structure of 6 are linked by n-n-stacked
[4,4-H,bipy]*" cations approximately along [011] to form two-
dimensional frameworks (Fig. 9).

Comparative view. In both types of structures, the stacking
of the anionic, hydrogen bonded strands is nearly identical.
However, the n-n-stacked [4,4'-H,bipy]** cations which con-
nect these stacks can either lie in line with the anionic
strands (type 1) or perpendicular to the aforementioned (type
2) (Fig. 10). The arrangement of type 2 results in a herring-
bone pattern. For [4,4-H,bipy][H,O3P(CH,)sPOsH],, a modifi-
cation featuring the linear arrangement (2a) as well as a mod-
ification including the herringbone pattern (2b) was
obtained. The polymorphism of 2 is described more in detail
in a following section. Besides the hydrogen bonded network

CrysttngComm, 2016, 18, 3574-3584 | 3579
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Fig. 10 Schematic representation of the two mainly occurring
construction patterns within the [4,4’-H2bipy]2+ salts of alkane-o,w-
diphosphonic acids. The anionic strands consist of hydrogen bonded
terminal groups (red rectangles) and alkylene chains (grey lines). The
n-n-stacked [4,4’—H2bipy]2+ cations are drawn as blue ellipses.

2a, the homotypic structure of 5 also exhibits an in-line ar-
rangement of the anionic and cationic domains. These struc-
tures represent type 1. On the other hand, the two homotypic
compounds of 2b and 3 as well as compound 6 have their an-
ionic and cationic domains adjusted in a herringbone pat-
tern. The structure of [4,4'-H,bipy|[HO;P(CH,),PO;H]-2H,0
(ref. 44) known from the literature shows a slightly different
kind of herringbone pattern. These four structures are re-
ferred to as type 2.

[4,4-H,bipy][H,O0;P(CH,)o,PO;H],. An exceptional case to
the two mainly occurring structural arrangements is the
structure of 4. Here, the [4,4-H,bipy]*" cations which connect
the anionic substructures via medium strong, charge
supported N'-H---O hydrogen bonds along [100] are oriented
crosswise to each other (Fig. 11). However, the corresponding
D--A distances with values between 2.521(6) and 2.556(7) A
(bond angles of 168.6-173.5°) are similar to those within the
other [4,4-H,bipy]** salts featured here. The n-n-stacking of
the [4,4'-H,bipy]** cations in parallel displaced face-to-face ar-
rangements is quite different as in this case only one
pyridinium ring per dication is involved. The perpendicular
distances between neighbouring pyridinium rings amount to
3.57-3.64 A and the centroid offsets lie between 0.95 and
1.12 A. Compared to the n-n-stacking parameters discussed
before, these values denote slightly weaker interactions.
Moreover, the two pyridinium rings of the [4,4'-H,bipy]*" cat-
ions are considerably twisted against each other with torsion
angles of 25.1(8)° and 27.0(8)°, respectively. The crystal struc-
ture of 4 exhibits two different anionic substructures which both
consist of hydrogen bonded hydrogen (9-phosphonononyl)-
phosphonate ions. The first anionic substructure contains
hydrogen bonded ribbons which are formed by -PO;H, and
-PO;H™ groups and run along the ¢ axis (Fig. 11, red box).
The corresponding D---A distances of the strong to medium
strong O-H---O hydrogen bonds amount to 2.426(6)-2.588(6) A
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Fig. 11 Packing diagram of 4 with the crosswise stacking of the [4,4'-
Hobipyl>* cations and the two different anionic substructures
consisting of [H,OszP(CH,)9POzH]™ anions. The hydrogen bonded
ribbons within the first anionic substructure are shown in the red box
and the hydrogen bonded two-dimensional networks within the sec-
ond anionic substructure are shown in the blue box (R§(28), R§(8) and
R2(22) are indicated by green, red and blue bonds, respectively).

and the bond angles lie between 155.6 and 165.9°. Within these
ribbons, hydrogen bonded 8-membered ring motifs classified as
second level graph-sets R3(8) are connected with each other
in a zig-zag-chain. The connection of respectively two hydro-
gen bonded ribbons approximately along the a axis via the
alkylene chains of the anions results in two-dimensional
frameworks. In contrast to the structures of the other
[4,4"-H,bipy]*" salts, the connection of two neighbouring hy-
drogen bonded ribbons via the alkylene chains in this sub-
structure results in a further connection along the b axis
(Fig. 11, left half). The second anionic substructure exhibits
two-dimensional hydrogen bonded networks in the bc plane
(Fig. 11, blue box) in which the -PO3zH, and -PO;H™ groups
are linked by strong to medium strong O-H---O hydrogen
bonds with D---A distances between 2.456(5) and 2.580(5) A
and bond angles of 152.8-163.1°. Within these networks, hy-
drogen bonded 22-membered ring motifs can be found clas-
sifiable as third level graph-sets R3(22). Further hydrogen
bonded ring motifs R3(28) occur from the connection of re-
spectively two hydrogen bonded networks approximately
along the a axis (Fig. 11, right half). The linkage of the
[4,4-H,bipy]*" cations and the two different anionic substruc-
ture moieties results in a three-dimensional hydrogen
bonded framework with clearly separated anionic and cat-
ionic layers.

Polymorphism of [4,4'-H,bipy|[H,03;P(CH,)sPO;H],. The
powder pattern of a sample of 2, which was crystallised under
ambient conditions, clearly showed the presence of the two
concomitant polymorphs 2a and 2b in an approximate ratio
of 1:9 (Fig. 12). After annealing parts of this powder sample
in a sealed Duran glass ampoule in a block oven at 150 °C
for five days, the recorded powder pattern revealed that 2a
exclusively was present now. Subsequently, differential

This journal is © The Royal Society of Chemistry 2016
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Fig. 12 Powder patterns of 2 before (top) and after (bottom)
annealing at 150 °C for five days compared to the simulated powder
patterns of 2a (red) and 2b (blue).

scanning calorimetry experiments were carried out for both
powder samples in order to determine potential phase trans-
formation and melting temperatures (also see the ESIT file).
For the sample containing the two modifications 2a and 2b,
two endothermic effects could be observed on heating (5 °C
min ') at Tpeax = 174.2 °C (Tonset = 154.0 °C) and Tpeai = 182.6
°C (Tonset = 176.6 °C), respectively. The DSC curve of 2a on
the other hand only showed one endothermic effect on
heating (5 °C min™) at Tpeai = 182.3 °C (Tonset = 173.5 °C).
Thus, the endothermic peak at 174.2 °C could be assigned to
the phase transformation of 2b into 2a. The second endother-
mic peak at 182.6 °C reflected the melting temperature of 2a.
In the region where lattice vibrations occur, the F-IR
spectrum of 2a shows two bands, at 102 and 74 cm™". The
spectrum of the sample containing 2a and 2b exhibits three
additional bands at 89, 54 and 36 ¢cm ' giving strong evi-
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dence for the presence of two different crystalline phases.
Both F-IR spectra are depicted in the ESIT file.

Stoichiometric aspects

At the beginning of this study all experiments were set up by
using equimolar quantities of 4,4"-bipyridine and the corre-
sponding alkane-o,o-diphosphonic acids. Nevertheless, differ-
ent compositions containing either mono- or diprotonated
4,4"-bipyridinium cations were obtained. In all cases, the
alkane-o,w-diphosphonic acid units were monodeprotonated.
In order to further examine this finding we applied different
stoichiometries of the educts. However, we solely obtained
the same products already known from the reactions with
equimolar quantities. The reaction product of decane-1,10-
diphosphonic acid with a threefold molar excess of
4,4'-bipyridine has exemplary been characterised by powder
X-ray diffraction. The corresponding pattern shown in the
ESIt file reveals that the product which crystallised from the
solution after two days was still [4,4"-H,bipy|[H,O5P(CH,) 0"
PO;H], (5) in pure form. The excess 4,4"-bipyridine crystallised
several days later. So apparently, for some of these com-
pounds the principles of packing outplay the stoichiometric
conversion of the educts.

Vibrational spectroscopy

The IR spectra of the compounds 1-7 depicted in the ESIf
file show the typical pattern for strongly hydrogen bonded
systems which have multiple broad maxima associated with
the O-H stretching vibration (2700, 2200 and 1600 cm™*).”*™7®
The relative intensities of these A, B and C type bands are
quite similar with band C marginally stronger. Very often
these bands have rather smooth contours or are even fused
to a continuous region of enhanced absorption between 2900
and 1600 cm ".7* Additionally, the IR and Raman spectra
show the characteristic bands of the C-H stretching vibra-
tions of the 4,4"-bipyridinium cations in the region of 3100-
3000 cm " giving clear evidence for the presence of these
protonated species in the solids. The characteristic pair of
IR bands between 2960 and 2840 cm™' whose intensity in-
creases with an increasing chain length of the hydrogen
(o-phosphonoalkyl)phosphonate anion and which is in some
cases split into several sub-bands can unambiguously be
assigned to the asymmetric and symmetric C-H stretching vi-
brations of the methylene groups. However, the band of the
N'-H stretching vibration which should appear between 2700
and 2250 cm™ as a broad band seems to overlap with the
aforementioned A and B type bands.”””® Three to four char-
acteristic bands belonging to the ring vibrations of a proton-
ated pyridyl moiety are found between 1640 and 1460
cm 7% Typical for protonated pyridyl moieties, the band at
~1640 cm ™" is the most pronounced one. The fingerprint re-
gions of the IR spectra show the bands of the deformation vi-
brations of the methylene groups (~1420-1390 cm ™), of the
stretching vibrations of the PO; moieties (~1040-930 cm™)
and of the P-C stretching vibrations (~790-750 cm™).** The
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latter seem to be insensitive to the state of deprotonation of the
alkylphosphonic acid.®* The broad band near 900 cm™ is very
typical for solid acids and acid salts with very strong O-H:--O
hydrogen bonds which is sometimes named D type band.”* An
example showing the identification of a D band spectrum is
given by Bujak and Frank.** A summary of tentative assign-
ments of prominent IR bands is shown in the ESI file.

Conclusions

Seven new salts in the 4,4-bipyridine/alkane-a,w-diphosphonic
acid system have been prepared and characterised by single
crystal X-ray diffraction and vibrational spectroscopy. In the
case of [4,4-H,bipy][H,O3P(CH,)sPOsH], (2), two concomitant
polymorphs have been obtained and investigated with powder
X-ray diffraction and differential scanning calorimetry.

Within the solids of the presented compounds, the 4,4'-
bipyridine units were found to be either mono- or dipro-
tonated. On the other hand, the counterions were hydrogen
(o-phosphonoalkyl)phosphonates in each case. Compound 7
might be considered as an addition compound of 4,4-
bipyridin-1-ium hydrogen (12-phosphonododecyl)phosphonate
and the corresponding diphosphonic acid. Hence, for some of
these compounds the principles of packing seem to outplay the
stoichiometric conversion of the educts.

The common structural element of all [4,4"-Hbipy]" salts
presented in this contribution is an infinite hydrogen bonded
chain of 4,4-bipyridin-1-ium cations whereas the anionic sub-
structures of these compounds are quite different. The crystal
structures of the [4,4"-H,bipy|[H,0;P(CH,),PO;H], salts were
classified into mainly two different types of structures. In
both types, the stacking of anionic, hydrogen bonded strands
is nearly identical. However, the n-n-stacked 4,4-bipyridine-
1,1-diium cations can either lie in line with the anionic
strands (type 1) or perpendicular to the aforementioned (type
2). The arrangement of type 2 results in a herringbone pat-
tern. For [4,4-H,bipy[[H,0sP(CH,)sPOs;H], (2), two poly-
morphs have been obtained which could be classified
into type 1 and type 2, respectively. Only the structure of
[4,4"-H,bipy][H,0;P(CH,)oPO3H], (4) could not be assigned to
one of these two types.

Using the literature known plot of the valence of an
O-H:--O hydrogen bond against its O---O distance,®® the
0---0 distances within the range of 2.4 to 2.7 A in the crystal
structures of the compounds 1-7 must be attributed to
valences of 0.50-0.25 for the H---O bond. Consequently, the
O-H:--O hydrogen bonds discussed in this contribution can
be classified as strong to medium strong. For an evaluation
of the strength of the N-H---O and N-H:--N hydrogen bonds,
a similar approach given for H---N distances can be used.®*
This suggests that N---O and N---N distances close to 2.5 A
produce valences of more than 0.3 and thus should be associ-
ated with strong hydrogen bonds (for detailed geometric pa-
rameters, see the ESIT file).

Overall, hydrogen bonding appears as the front runner in
the hierarchy of intermolecular interactions concerning the
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compounds discussed in this work followed by n-n-stacking
and van der Waals forces. For example, the aforementioned
bending of the anions' alkylene chains reveals that the hydro-
gen bonding between the -PO;H, and -PO;H™ groups out-
plays the van der Waals interactions within the hydrophobic
regions. Nevertheless, the fact that a conformational disorder
between the alkylene chains was not observed in any case in-
dicates that van der Waals forces still provide a considerable
contribution to the lattice enthalpy.

All the structures shown in this work, solely exhibit ‘pure’
stacks of anionic and cationic tectons. One of us (GJR) has al-
ready shown that o,w-diammonioalkanes are feasible tectons
for the creation of layered compounds including ‘mixed’
stacks of anions and cations.®® Hence, the formation of struc-
tures featuring ‘mixed’ stacks within the 4,4"-bipyridine/a,o-
diphosphonic acid system could possibly be achieved by
using anionic tectons derived from diphosphonic acids with
aromatic spacers like benzene-1,4-diphosphonic acid or
biphenyl-4,4-diphosphonic acid. Alternatively, hydrogen
bonded networks with ‘mixed’ stacks can also be constructed
from long-chained o,w-diammonioalkanes and alkane-o,-
diphosphonates as it has been suggested by Mahmoudkhani
et al.>® The execution and examination of those intellectual
pastimes is the next step of our continuing investigations
within the fields of crystal engineering.
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