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Charge-density distribution in hydrogen methyl-

phosphonates of calcium and lithium

Two new crystal structures, calcium bis(hydrogen methylphos-
phonate), Ca(CH3PO;H),, and lithium hydrogen methylphos-
phonate, Li(CH3;PO;H), have been obtained, and the
experimental and theoretical charge densities, as well as their
topological properties, are reported. Both compounds display
layered structures. Each hydrogen methylphosphonate anion
coordinates three metal cations in the calcium compound and
four in the lithium one. Weak polarization of oxygen lone pairs
is observed, with lithium showing somewhat stronger polar-
ization strength than calcium. The reported topological
properties from the density functional theory (DFT) and X-
ray approach are consistent with each other. In both structures
the P—O bonds have a significant share of ionic character. The
hyperconjugation effects within the phosphonate group are
quenched upon coordination of the metal cations.

1. Introduction

Phosphorus, one of the key chemical elements supporting life
(Westheimer, 1987) has always attracted the attention of
researchers. As a component of nucleic acids, enzymes and
intermediates in many metabolic pathways (Savigniac &
Torga, 2003; Murphy, 2004) it is present mostly in organic
phosphate form. On the other hand, inorganic phosphates also
play an important role in many fields, e.g. nonlinear optics
(potassium dihydrogen phosphate, KDP) and agriculture.

Phosphonates constitute another important family of
phosphorus compounds displaying a wide variety of properties
and possible applications. Owing to their intrinsic tendency to
form layered structures (Thompson, 1994; Alberti, 1996) they
offer many opportunities to tailor the desired solid-state
properties. There are many papers reporting phosphonate—
based compounds, covering such fields as intercalation (Zhang
et al., 1993; Rao & Vidyasagar, 2005), catalysis (Zeng et al.,
2006; Gliga et al., 2011), sensing (Melegari et al., 2008) and
nonlinear optical materials (Du et al., 2010). Apart from that
phosphonates have been known for their biological activity.
The presence of the biochemically inert P—C bond has given
rise to the use of nucleoside phosphonates as antiviral drugs,
with possible application in tumour therapy (De Clercq &
Holy, 2005), whereas the affinity towards Ca** and Mg
cations (Matczak-Jon & Videnova-Adrabinska, 2005) has led
to the development of bisphosphonate drugs used in therapy
of such disorders as osteoporosis, Paget’s disease and hyper-
calcaemia (Sparidans et al., 1998).

Therefore, many reports of the crystal structures of various
calcium phosphonates have been published so far (Cao et al.,
1990; Langley et al., 1996; Stone et al., 2007 élepokura & Lis,
2003). Significantly less research has been devoted to lithium
phosphonates, as their potential uses have not been developed
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much yet. The possible applications include: electrolyte
components or electrode materials in lithium batteries (Cheng
& Lin, 2006), and usage as precursors for the synthesis of
molecular sieves and ionic conductors (Walawalkar et al.,
1997).

Based on these reports we have decided to study the elec-
tronic nature of phosphonates by means of X-ray charge-
density determination combined with DFT calculations. We
have chosen relatively simple systems (the methylphos-
phonates) in order to establish a basis for further studies on
the nature of phosphonic and phosphate compounds, as
relatively few papers have covered this field. To date the
investigated systems include [(2,4-diamino-pyrimidin-1-
io)methyl]phosphonate monohydrate, hereinafter abbreviated
to HPPM (Slouf et al., 2002), diphosphonic acid (Lyssenko et
al.,2002), phosphoric acid (Souhassou et al., 1995), ammonium
dihydrogen phosphate (Péres et al., 1999), sodium dihydrogen
phosphate (Ichikawa et al., 1998), L-arginine dihydrogen
phosphate (Espinosa et al, 1996), AIPO, molecular sieve
(Aubert et al., 2003), urea—phosphoric acid (1:1) (Rodrigues et
al., 2001) and aminomethylphosphonic acid (Janicki &
Starynowicz, 2010).

We thus report two new crystal structures — calcium bis-
(hydrogen methylphosphonate), Ca(CH3PO5H),, and lithium
hydrogen methylphosphonate, Li(CH;POsH), together with
the analysis of charge-density distribution. By comparing them
to other systems found in the literature we hope to provide
some insight into the nature of bonding effects in phosphonic
compounds.

2. Experimental
2.1. Preparation of crystals

The mother solutions were prepared by dissolving methyl-
phosphonic acid in small amounts of water and then adding
stoichiometric amounts of CaCO; or Li,COj3. The crystals of
calcium bis(hydrogen methylphosphonate), hereinafter
denoted as (I), were obtained by slow evaporation of the
mother solution mixed with a small amount of ethanol.
Crystals of lithium hydrogen methylphosphonate (II) were
grown by slow evaporation of the mother solution. Appro-
priate crystals, in the form of colourless plates, were selected
from the respective solutions.

2.2. Data collection and refinement

In both cases preliminary diffraction experiments were
performed in order to examine the quality of the crystals. All
measurements were performed on an Xcalibur diffractometer
equipped with a Mo anode, a graphite monochromator, an
Onyx CCD area detector and an Oxford Cryosystem cooling
device. Data collected up to sin /A = 1.15 A~" at 85 K [32 821
reflections for (I) and 30 520 in the case of (IT)] were used for
further processing. The crystal structures were solved and
refined with SHEL XS and SHELXL (Sheldrick, 2008) and the
results indicated that both crystals were suitable for further
investigation. Data were corrected for Lorentz, polarization

and absorption factors, the latter calculated from crystal
habits; the software used was CrysAlis CCD (Oxford
Diffraction, 2010). The reflections were scaled and merged
with SORTAV (Blessing, 1987), giving R, = 0.0177 in the
sin /A range of 0.0-0.7 A7!, 00292 in the range of 0.7-
1.15 A~! and 0.0203 for sin #/A between 0 and 1.15 A~! in the
case of (I); for (II) the respective values were 0.0220, 0.0362
and 0.0237.

Multipole refinements were performed with XD (Volkov et
al., 2006) according to the multipole expansion formula given
by Hansen & Coppens (1978)

IO‘lem = IOCOIC(r) + PVK3IOV316I1C€(Kr)

I=n !
+ ZKBRI(K/”) Z Py,dy, (0, @) 1)
1=0

m=—I

where peore and Pyaence are the spherically averaged electron
density functions of the core and valence electrons, P, is the
electron population parameter of the valence shell, « is the
contraction/expansion parameter of the valence-shell radial
electron density function, " and P,,, represent the contraction
and population parameters of the multipole functions, d,,, are
the spherical harmonic functions in real form and r, 6, ¢ are
the spherical coordinates.

Refinements were performed against F and up to sin 6/A =
1.15 A™'. The parametrization and constraints applied during
the calculations were as follows. The C—H bond lengths were
reset after each cycle to 1.09 A (Allen et al., 1987), and to
1.01 A for the O1—H bond — the average value taken from the
DFT calculations for the clusters (see §2.3). Displacement
parameters of the heavy atoms were harmonic anisotropic,
with the exception of Ca, for which anharmonic terms (the
Gram—Charlier expansion) up to the fourth order were
included in the refinement; the anharmonic corrections were
not large but their inclusion helped to reduce the peaks
around this atom on the residual density maps. The anisotropic
temperature factors of the H atoms were simulated with
SHADE (Madsen, 2006) and then kept fixed during the
refinement. P, O and C atoms were modelled as octupoles, for
the C-bonded H atoms the dipoles and the quadrupolar terms
along the C—H bonds were refined whereas the O-bonded H
atoms were expanded up to full quadrupoles. The metal atoms
(Ca or Li) were treated as dipoles. The O atoms were divided
into two classes: the hydroxyl O1 atom and the terminal O2
and O3 atoms. For P, C and O1 both « and «’ were refined,
whereas for H and metal atoms they were kept fixed at 1.2 for
H and 1.0 for Ca or Li. The «’ parameter for the terminal O
atoms would not converge to reasonable values, therefore that
obtained by Slouf ef al. (2002), 0.73, was used. The electro-
neutrality constraint was applied to the whole asymmetric unit
in both cases, thus allowing charge transfer between the ions.
The scattering factors calculated from Clementi—-Roetti
wavefunctions (Clementi & Roetti, 1974) for the core and
spherical valence parts of the atomic charge distribution were
used. The radial deformation functions R(r) were in the form
of single Slater functions [¢""%/(n +2)!]/""exp(—¢r). For
phosphorus the n value was set to 6 for all orders of multi-

400 Mermer and Starynowicz « Charge-density distribution

Acta Cryst. (2011). B67, 399-408



research papers

Table 1

Data collection and refinement details for (I) and (II).

Only reflections with sin §/A < 1.15 A" are taken into account. Experiments were carried out at 85 K with
Mo Ko radiation using an Xcalibur Onyx diffractometer. Refinement was with 0 restraints. H-atom

parameters were constrained.

Crystal data

Chemical formula

M,

Crystal system, space group
a, b, c (A)

B(C)

V (A®)

V4

p (mm~)

Crystal size (mm)

Data collection
Absorption correction

Tmim Tnmx

No. of measured, independent
and observed [/ > 30(1)]
reflections

Rinl

Refinement

R(F), wR(F?), S for F* > 30(F?):

spherical refinement

R(F), wR(F?), S for F* > 30(F°):

multipole refinement
No. of reflections
No. of parameters
Apmaxa Apmin (C Ais)

@

C,HgCaOg4P,

230.10

Monoclinic, C2/c

20.403 (13), 5.601 (2), 7.274 (6)
108.48 (8)

788.4 (9)

4

1.18

0.48 x 0.35 x 0.06

Analytical CrysAlis RED
(Oxford Diffraction Ltd,
2010)F

0.667, 0.941

32 821, 5010, 4683

0.020

0.016, 0.047, 2.634
0.012, 0.026, 1.455
4683

174
0.39, —0.24

(1)

CH,LiO;P

101.95

Monoclinic, P2,/c

9.267 (5), 4.604 (2), 9.384 (3)
96.12 (4)

398.1 (3)

4

0.53

0.46 x 0.34 x 0.06

Analytical CrysAlis RED
(Oxford Diffraction Ltd,
2010)t

0.832, 0.970

30 520, 5066, 4610

0.024

0.021, 0.056, 2.851
0.016, 0.031, 1.470
4610

169
0.35, —0.22

For comparison purposes we have
performed spherical refinements with
XD on the same set of data as that
used for the multipole refinements.

Topological  parameters  were
calculated for the asymmetric part of
the unit cell with several atoms added
so that the metal cation and the O
atoms could be provided with their
closest neighbours and the atomic
basins were given adequate bound-
aries.

2.3. Theoretical calculations

The DFT calculations were
performed with the ADF suite of
programs (Baerends et al., 2008). For
the calculations the following systems
were taken:

(i) free methylphosphonic acid [in
two geometries, one taken from (I)
and the other from (II); the main
difference between them is in the H—
O—P—C torsion angle, see §3];

(i) a cluster of 13 methylphos-
phonate anions and three calcium
cations;

F Version 1.171.33.32 (release 27-01-2009 CrysAlis171.NET; compiled 27 January 2009). Analytical numeric absorption
correction using a multifaceted crystal model based on expressions derived by Clark & Reid (1995).

poles, following Espinosa et al. (1996), and the initial ¢ value
was 5.19 bohr ~.

No extinction correction was included, as in both cases
the calculated values of the extinction parameter were
negative. Attempts to refine other models (e.g. with
hexadecapoles included for various combinations of
atoms and with «' factors at 1.0 for C and O atoms) led
to less encouraging results, which was especially
noticeable when the Bader charges were analyzed. It was
eventually found that «' for the terminal O atoms
must be reduced if the Bader charges at least approx-
imately consistent with the theoretical values were to be
obtained.

A Hirshfeld (Hirshfeld, 1976) rigid-bond test was
performed in each case showing satisfactory results; the
highest values occurring for the C—P bond and being 1.2 x
1073 A2 for (I) and 1.1 x 10~ A2 for (II). The crystal data and
refinement details for both crystals are presented in
Table 1."

! Supplementary data for this paper are available from the IUCr electronic
archives (Reference: SO5049). Services for accessing these data are described
at the back of the journal.

(iii) a cluster of eight methylphos-
phonate anions and four Li cations.
In cases (ii) and (iii) the clusters were
chosen so that one methyl phospho-
nate anion was provided a full
neighbourhood of metal cations,
which in turn were supplied with their full coordination
environments. For the natural bond orbitals (NBO) analysis
(Glendening et al., 2001) small clusters composed of the
hydrogen methylphosphonate anion together with three Ca or
four Li cations were used. Firstly, the positions of the H atoms
were optimized, whereas the positions of non-H atoms were
kept fixed as input from the X-ray conventional refinement.
Also the H—C—P and H—O—P bond angles and the H—C—
P—O and H—O—P—C torsion angles were kept frozen to
prevent undesired migrations of the H atoms. When the
optimization converged, the charges were computed, and the
NBO and topological analyses were performed. The func-
tional PW91 (Perdew et al, 1992), and the basis — TZ2P,
composed of double z functions for core electrons, triple z for
valence ones and two polarization functions, with unfrozen
cores, were used throughout. The NBO analysis of the
methylphosphonate anion, together with the calculation of
resonance Lewis structures, was performed with NBO5.0
(Glendening et al., 2001). The topological analysis of the
theoretically calculated electron density was performed with
Xaim (Ortiz & Bo, 1998). The kinetic energy density, G, at the
critical point, r., was calculated using the formula (Abramov,
1997)
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Table 2 .
Selected geometrical parameters (A, °) for (I) and (II).

@ an

P—0O1 1.5783 (2) 1.5789 (2)
P—02 1.5123 (2) 1.5070 (2)
P—03 1.5163 (2) 1.5213 (2)
P—C 1.7896 (2) 1.7866 (2)
01—P—02 106.83 (2) 109.80 (2)
01—P—03 111.96 (2) 108.44 (2)
02—P—03 114.39 (1) 113.62 (1)
01—P—C 102.30 (2) 105.29 (2)
02—P—C 110.17 (2) 110.83 (2)
03—P—C 110.48 (1) 108.50 (2)
Hydrogen bond and M —O distances for (I)

D—H(@) H--AA) D--AA) D—H--A(C)
O1—H1---03' 101 1.63 26290 (3) 171
Ca—O distances (A)
Ca—02" 23841 (2) Ca—02 2.4043 (2)
Ca—O03 2.3740 (2) Ca—0(1) 3.0110 (3)

Symmetry code(s): (i) x, =y, z +% (i) 1 —x,1 —y, 1 —z; (iii) x, y + 1, z.

Hydrogen bond and M—O distances for (II)

D-HA) H--AQA) D--AQA) D—H-A(C)
O1—H1---03' 101 1.67 26433 (3) 162
Li—O distances (A)
Li—02 1.9087 (5) Li—03'" 1.9717 (6)
Li—02" 1.9278 (5) Li—03" 2.0406 (5)

Symmetry codes: (i) x,y — 1, z; (i) —x+ 1,y + 1,3 — z; Qi) x, =y +1,z — &
(iv) —x+1,y—-13—-z

G(r,) = 3/1037°)" p(x,)"” + 1/6Vp(x,), @)

and the local virial theorem (Bader, 1994) was applied to
obtain the potential energy density, V

V(r,) = 1/4V?p(r,) — 2G(r,). ®)

3. Results and discussion
3.1. Crystal structures

Both crystals are built up from hydrogen methylphos-
phonate anions and the metal cations. The anions in (I) and
(IT) have essentially the same geometry (Table 2), although
some subtle differences may be found when certain geome-
trical parameters are examined.

First the orientation of the hydroxyl H atom in (I) is
different from that in (II), as the bond angles H—O—P [121°
in (I) and 103° in (II)] and the torsion angles H—O—P—C
[138 and —106° in (I) and (II)] show.

Second the bond lengths of O2—P and O3—P in (I) are
very similar, whereas in (II) they differ slightly. In both
structures, however, the bonds formed by the hydroxyl oxygen

O1 with P are longer than those formed by the other O atoms.
Apart from that slight differences of the respective O—P—C
and O—P—O angles may be observed, cf. Table 2.

All bond lengths are consistent with those found in the
literature (Walawalkar et al., 1997; Cao et al., 1990; Zhang &
Clearfield, 1992). Both compounds display a layered crystal
structure found in many metal-organic phosphonate networks
(Thompson, 1994; Alberti, 1996), where the organic parts of
the anions face each other, thus forming separate layers, often
of hydrophobic nature. This is also the case for (I) and (II). In
both structures the anions lie above and below the surface
formed by Ca or Li cations, with the methyl groups pointing
outwards. The polymeric layers are perpendicular to a* in both
structures (see Fig. S1 in supplementary material).

In (I) the anion bonds to three calcium cations (Fig. 1),
whereas each calcium cation (which is located on a twofold
axis) coordinates to six O atoms (O2 and O3 and their
symmetry generated offsprings, see Table 2) which form the
first coordination sphere; apart from that two hydroxyl O1
atoms are ca 3 A away. The calcium cations are connected via
two p-bridging O2 atoms along the ¢ axis, thus forming infinite
zigzag chains composed of four-membered Ca,0O, rings with
the Ca cations shared. The chains in turn are connected
through O3—P—02 bridges along the b direction. The Ol1
hydroxyl O atom is involved in a hydrogen bond with O3. In
(IT) the anion forms bonds to four Li cations (Fig. 2); the latter
are four-coordinate. The coordination figure is spanned by two
O2 and two O3 atoms, assuming the shape of a distorted
tetrahedron. Both O2 and O3 are involved in u, bridges with
two adjacent Li cations, thus giving rise to a complex system of
four-, six- and eight-membered rings and consequently to the
formation of a two-dimensional metal-organic framework.
The remaining O1 atoms are donors in hydrogen bonds
formed with O3 atoms. The hydrogen and metal-oxygen
bonds for both structures are presented in Table 2.

Figure 1

Coordination of the hydrogen methylphosphonate anion and calcium
cation in (I). The symmetry operators are taken from Table 2 plus: (iv)
x,1—yi+z; (v) l—x14y2—z (i) 1—xy3—z (vi)
x, =14y, z
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Table 3

Experimental and theoretical Bader (Qg) and Hirshfeld (Qy) charges for both compounds.

The theoretical charges labelled as Q refer to clusters (ii) and (iii) (see §3.5), those marked as Q' represent

the quantities calculated for isolated CH;PO3;H™ in vacuo.

Multipole refinement DFT calculations

The experimental Bader and
Hirshfeld charges are comparable
with the theoretical values, although
the match is not always perfect. The
metal charges are in quite good

Os Ou Os Ou o Ol agreement, especially in the case of
o Ca. In (I) the charges of P and O
Ca 174 036 1.65 0.33 (0.30-0.32)t atoms agree well, while in (II) the
P 3.52 0.26 3.43 (3.41-3.47) 0.48 (0.35-0.44) 341 0.28 experimentally derived Bader charges
o1 -1.38 —0.19 —143 (=136 to —1.45)  —021 (=020 to —0.28) —137 —027  exceed those obtained from the DFT
02 —147 —0.22 —1.51 (=147 to —1.52) —0.28 (—0.28 to —0.46) —1.52 —0.52 leulati The O3 all
03 —-1.57 —027 151 (147 to —1.54) —027 (—028 to —0.52) —154 —o051  calculations. The . atom especially
C —0.85 -0.17 —0.50 (—0.49 to —0.52) —0.18 (—0.18 to —0.20) —0.47 —0.19 shows more negative charge, —1.71 e,
H1 0.64 0.19 0.65 (0.54-0.65) 0.11 (0.08-0.16) 056 014  which is ~0.19e lower than the
H2 0.11 0.11 0.01 (—0.06-0.03) 0.03 (—0.02-0.03) —0.03 001 d value. Also. the ch ¢
H3 0.08 0.05 0.05 (—0.07-0.05) 0.03 (0.00-0.04) —003 002  cXpected value. Also, the ¢ arges o
H4 0.10 0.06 —0.05 (—0.09 to —0.06) 0.01 (—0.02-0.00) —0.01 0.03 O1 are lower (0.11 and 0.08 e in the
CH;PO;H™  —0.62 —0.18 —0.86 —028 case of the Bader and Hirshfeld
(1) charges). The absolute values of the
Li 0.91 0.23 0.91 (0.90-0.91) 0.16 (0.15-0.16) experimental Bader charges of the C
P 3.63 0.42 341 E3.38—3.46) : 0.49 20.3470.42) ) 345 029 aiom are higher in both structures. In
o1 —1.50 —0.30 —139 (=135 to —1.41)  —022 (=020 to —0.29) —1.35 —0.27
02 -1.52 —025 —1.56 (—1.47-1.57) —0.32 (—0.34-0.46) —152 —o052  the DFT case the Charg?s of C atoms
03 —1.71 —0.29 —1.52 (—1.47 to —1.53) —028 (—0.28 to —0.51) —1.52 —0.51 are ca —0.5 e, whereas in the experi-
C —0.93 —0.19 ~0.50 (=048 to ~0.50)  —0.17 (~0.17 t0 ~020)  —~0.54 018  menta] case they adopt values close to
H1 0.67 0.19 0.61 (0.55-0.61) 0.10 (0.09-0.15) 0.56 0.3 0.9 e. These hishl . |
H2 —0.10 0.08 —0.03 (—0.07 to —0.02)  0.02 (—0.01-0.02) —003 001 —u.7 ¢ lhese hughly n.egat“’.e values
H3 0.19 0.07 0.07 (—0.04-0.10) 0.05 (0.01-0.06) 0.00 0.03 may be a side effect of including fixed
gl‘fl PO (1”1)2 823 *88‘3‘ (=0.07 to —0.02) g-g% (=0.01-0.02) =002 002 apjsotropic displacement parameters

3 3 -4 — V. —u. —V..

F The first value represents the atom belonging to the central molecule provided with all O-metal and hydrogen bonds; the
values in parentheses show the range obtained for respective atoms in the peripheral molecules.

3.2. Residual maps

The residual maps from the multipole refinements for (I)
and (II) (Fig. S2 in the supplementary material) generally
show satisfactory levels of unaccounted charge density. In (I)
the highest peak (0.39 ¢ A7) is located 1.86 A away from O3.
The highest peak near Ca (0.55 A away) has 0.31 e A3
whereas the deepest hole near Ca (0.521& away) reaches
—0.23 ¢ A3, The highest peak in the neighbourhood of P
(0.83 A away) is located on the P—O1 bond and has
026 ¢ A% the deepest hole (0.46 A away from P) has
—0.24¢ A7 In (II) the highest peak (0.35 ¢ A7) is 0.80 A
from H1, and the deepest hole (—0.22 ¢ A_3) is 0.91 A away
from P.

3.3. Atomic charges

The atomic charges computed from the experimental elec-
tron-density distribution and from the theoretical calculations
are presented in Table 3. There are three types of charges that
may be obtained from the experimentally determined charge
distribution — monopole populations (Om,), Bader charges
(Qp; Bader, 1994) and Hirshfeld charges (Qy; Hirshfeld,
1977). Of these the monopole populations do not have (in this
paper) their theoretically computed counterparts; their values,
together with contraction parameters, are given in the
supplementary materials, Table S1.

for H atoms. The experimental Bader
and Hirshfeld charges resemble those
reported for aminophosphonic acid
[where the respective Bader/Hirsh-
feld charges were: P = 3.41/0.19, O(H)
= —1.31/-0.21, O(terminal) = —1.41 and —1.52/—0.45 and
—0.48, C = —0.29/—0.08], although in (I) their absolute values
are slightly lower and in (II) higher. These differences may in a

Figure 2

Coordination of the hydrogen methylphosphonate anion and lithium

cation in (IT). The symmetry operators are taken from Table 2 plus: (v)
1 1

X, =y, —;+z
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V2o (e A7%)

Table 4
Selected topological parameters for (I) and (II).

Experimental Theoretical

pA) Api(eAT) Vp.(eA”) & p(eAT)
)
P—O1 1.316 (9) 0.176 14.68 (4) 010 1.334 (1.282)
P—02 1.569 (11)  0.301 20.60 (4)  0.05 1.547 (1.557)
P—03 1.520 (11) 0265 19.92 (4)  0.05 1.526 (1.542)
O1—H1 229 (6) 0.70 —43.7 (4) 0.04 2.00 (2.07)
P—C 1.202 (9) 0.279 —3.67(3) 009 1217 (1.192)
C—H2 184 (5) 0.61 —20.5 (2) 0.03 1.84 (1.83)
C—H3  1.80(5) 0.53 —183 (2) 0.00 1.85 (1.83)
C—H4 181 (6) 0.60 —188 (3) 0.02 1.82(1.82)
02—Ca 0180 (3) —0.018 4.030 (1) 007 0.226
02—Ca' 0208 (1) 0.004 4194 (1) 005 0228
03—Ca' 0219 (2) 0.014 4252 (1) 0.03 0230
H1—-03" 044 (4) 0.016 0.04 (8)  0.14 039
(IT)
P—O1 1.321 (7) 0.177 1501 (3)  0.05 1.346 (1.306)
P—02 1.566 (8) 0.282 2453 (3)  0.06 1.561 (1.568)
P—03 1.539 (8) 0.289 21.99 (3)  0.03 1517 (1.531)
O1—H1 215 (5) 0.59 —40.9 (4) 0.09 2.08 (2.39)
P—C 1.201 (8) 0.266 —232(3) 005 1219 (1.188)
C—H2 1.83(7) 0.59 —17.1 (3) 0.01 1.81 (1.80)
C—H3 178(7) 0.55 —17.8 (3) 0.02 1.85(1.81)
C—H4  1.84(6) 0.59 —182 (3) 0.02 1.82 (1.80)
02—Li  0.187 (6) 0.017 5589 (4)  0.05 0212
02—Li""  0.162 (5) 0.002 5273 (4) 0.06 0203
03—Li" 0.114 (6) —0.009 3595 (4) 007 0.151
03—Li* 0172 (7) 0.029 4434 (5) 003 0.177
H1-03" 029(3) —0.10 375(8) 024 035

16.31 (17.26)

0.08 (0.09)

3.4. Topological parameters, bond
degrees and local energy densities

Examination of the topological
properties (Table 4) discloses satis-
factory similarity of the experimen-

24.51 (24.65)  0.03 (0.04) tally obtained p. (electron density at
_ézé-gg 52_2?;321)8) 8-(1; E(Z)%)z) the bond critical point, BCP) and
_875 (—7.69) 0.00 (0:03) V?p. (Laplacian of the former), and
—23.77 (—=23.24)  0.04 (0.05) those obtained from DFT calculations
_gi-gi (_ig-f’&) 8-8; (8-83) for clusters (ii) and (iii), see §2.3.
ey (=224 0.03 ©02) The p, values for P—O bonds in (I)
4.04 0.02 retrieved from experiment are in
3.411; 8-8‘1‘ good agreement with analogous
’ ’ values for (II). As has been observed
previously (Slouf et al., 2002; Janicki
1593 (16.68) ~ 0.14(0.12) & Starynowicz, 2010), the density at
%;:gg gg(l)(l); 8:8411 Eg:gg the critical point of the P—O(H)
—46.20 (=53.47) 0.01 (0.02) bonds is lower compared with P-
—838(—6.54)  0.00(0.02)  QO(unprotonated) bonds. The DFT
—2220 (—21.49) 0.03 (0.02)
—23.55 (—22.00) 003 (0.02) values are located close to the
—22.24 (—21.42) 0.02 (0.01) respective experimental values. The
515 0.01 experimental V?p show satisfactory
4.88 0.01 . .
35 0.05 agreement with the theoretical ones,
4.26 0.04 but are slightly lower for (I). Rather
271 0.02

high (positive) values of the Lapla-

Symmetry codes: (i) —x+1,—y+1,—z+1; (i) x,y —1,z; (iii) —x+1,y—%, —z+3% (iv) =x+1L,y+3,—z+3% (V)
1 The values retrieved from the cluster calculations are given first and values for isolated

X, —y+iz+E i),y —1,2z

anions are given in parentheses. I Deformation density at the critical point.

way reflect the difference between the polarizing power of
Ca”" and Li*, although in view of the theoretical calculations
these differences may seem overestimated. It may also be
noticed that the theoretical charges of a few atoms from the
anion in vacuo (Qy and Qf) are different from those calcu-
lated for the cluster. This concerns mainly the Hirshfeld
charges of the terminal O and P atoms; for other atoms the
changes are minor. Somewhat surprisingly, the growth of the
positive Hirshfeld charge of P together with the increase of the
negative ones for O2 and O3 is not reflected in the values of
the Bader charges. This, together with small Hirshfeld charges
of the metal cations, may indicate that the Oy parameter is
very sensitive to coordination, contrary to the rather insensi-
tive Bader charge. As noticed earlier for aminomethylpho-
sphonic acid, the hydroxyl O atoms (labeled O1) show lower
Bader charges than the non-hydroxyl ones. The anomalously
negative Bader charge of O3 in (II) is probably an artifact.
Also, the experimental Hirshfeld charge of O1 is lower than
the theoretical one; this is probably because of the imperfect
separation of anisotropic vibrations from the quadrupolar
deformation in the case of the H1 atom. Both the experi-
mental and theoretical Bader and Hirshfeld charges of C are
more negative than in the NH;CH,PO;H molecule.

cians suggest considerable ionicity of
the bonds — greater in the case of
those involving unprotonated O
atoms. This can be explained by a
greater concentration of negative
charge on these atoms, as discussed
earlier. On the whole the results
correspond well with the previous
studies on HPPM or aminomethylphosphonic acid. Slouf et al.
(2002) report BCP densities that are very similar to ours, but
generally slightly lower — 1.28 ¢ A~ for the P—O(H) bond
and 1.49-1.50 e A~ for the P—O bonds, whereas their VZp
values are 20-40% higher. The values of p. and the Laplacian
obtained by Janicki & Starynowicz are almost identical to ours
(save p. for one unprotonated atom), which largely results
from similar approaches in the refinement procedure adopted
in the quoted study and in the present paper. On the other
hand, comparing the values given by Aubert ef al. (2003) and
Espinosa et al. (1996) for the phosphate groups [1.55-
1.68e¢ A= for P—O bonds and 1.46 ¢ A~ for P—O(H)
bonds] it can be observed that phosphate P—O bonds have
somewhat larger values of p..

The P—C bond shows satisfactory agreement of theoretical
and experimental results in terms of p., but not of the
Laplacian. The former quantity is slightly larger than in
aminophosphonic acid [1.167 (7) e 1353] or in HPPM
(1.09 ¢ A™), whilst the Laplacians are ca 5-6¢ A~ larger
than the DFT values, but on the other hand they are closer to
those reported by Slouf et al. (2002).

The parameters of the unique O—H---O’ bonds locate
these interactions in the strong hydrogen bond (HB) area. The
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approximate hydrogen-bond energies, calculated using the
formula given by Espinosa et al. (1998)

B =5 V() @

for the experimental and DFT approaches, are 80.1 and
74.8 kJ mol~" for (I), and 57.8 and 65.6 kJ mol ™" for (II). This
is additionally supported by the relatively high Hessian matrix
eigenvalues A, A, and A; (Table S2 in the supplementary
materials) which indicate a tightening of p in the hydrogen-
bond BCP area, characteristic for strong interactions (Espi-
nosa, Souhassou et al., 1999; Espinosa, Lecomte & Molins,
1999).

The parameters of the Ca—O and Li—O bonds resemble
those of weak hydrogen bonds. The charge density at the Ca—
O BCP is slightly higher than that reported for the Sr—O
bond in cubic SrTiO; [0.10 (2) e A~ reported by Zhurova &
Tsirelson (2002) or 0.18 (1) e A3 reported by Jauch &
Reehuis (2005)]. Also the Laplacians for the present Ca—O
bonds are higher [4.030 (1)-4.252 (1) e A‘S] than for the Sr—
O bonds [2.40 (3) and 2.27 (2) e A™]. The p, values of the
Li—O bonds are up to 0.07 e A”? larger than the density
reported for the Li—O bond in Li[N(CHj3)4],[Co(NO,)¢]
(Bianchi et al., 1996), also the Laplacians are slightly higher for
the present compounds. This is probably in a great part
brought about by the longer Li—O distance [2.0299 (2) A] in
the crystal of the cobalt complex. The values of p. for the Li—
O bonds are two to three times greater on average than those
for K-O bonds in KMnO, (0.077 e A_3) or in KCIO,
(0.065 e A_3; Marabello et al., 2004); the same holds for the
values of the Laplacians: for Li—O they are 3.595 (4)-

Figure 3

Static deformation density through the P—O3—Li" plane. The contours
are drawn every 0.05e A~ (positive: solid, negative: dotted; zero:
dashed-dotted); cp: critical point; the symmetry operator is taken from
Table 4.

5589 (4)e A~ while for K—O they are 0.98 (2)-
1.74 (3) e A™5.

In order to check if the densities at the critical points of
these bonds result only from mere overlapping of the
peripheral atomic electron densities or whether some polar-
ization and/or covalent effects are active, we have calculated,
following the ideas set out by Aubert et al. (2003), the defor-
mation charge density at the critical points A p.. The values of
Ap, are given in Table 4. Their inspection reveals that in the
case of the Ca—O bonds they oscillate near 0. On the other
hand there is a small positive excess for all, except the longest
one, Li—O bonds - its contribution to the total density at the
BCPs ranges up to 17% (compared with 6% of the maximum
share in the case of Ca—O bonds). In this way the difference
between the soft calcium cation and the hard, strongly polar-
izing Li* may be observed. The influx of electron density in the
critical point is the result of polarization of a lone pair of
adjacent O atoms, as illustrated in Fig. 3. The experimental
deformation densities calculated along the M —O lines shown
in Fig. 4 confirm that the charge accumulates to a greater
degree between Li and O atoms than between Ca and O ones.
This holds true for all the Li—O bonds except the longest one
— the O3—Li" bond. It is noteworthy that O3 in (II) is addi-
tionally an acceptor of a strong hydrogen bond, which directs
the main part of the deformation density towards it. This
leaves the coordinating lithium cation somewhat aside and
consequently a deficit of electron density in this region can be
observed.

It may also be observed that Ap, values for the P—C and
P—O1 bonds are comparable to those reported for analogous
bonds in aminomethylphosphonic acid [Janicki & Star-
ynowicz, 2010; 0.282 (8) and 0.193 (7) e A~ in the latter
compound]. The P—O2 and P—O3 bonds, ie. bonds with
unprotonated O atoms, show a smaller excess density than the
corresponding ones in the quoted compound [0.378 (10) and
0333(8)e A™%] — 007¢ A™> less on average for both
compounds.

The kinetic and potential energy densities at the BCPs,
calculated from the electron-density distribution obtained
from the multipole refinements and from the DFT calcula-

0.4 — 02-Ca --02-Cal

0.3 1 ---03Ca' —O2-Li
. 02 -1 —_ OZ"LiI" . 'O3-Liiv
2c 0.1 1
& 0
S 01 1

-0.2 1

0.3 1 :

_0_4 T T T . .I

0 05 1 1.5 2 25
O-M distance (A)

Figure 4

Diagram of compiled A p values along the O—Ca (red curves) and O—Li
(blue curves) bonds. The symmetry operators are those from Table 4.
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Table 5 It may be interesting to note that

Energy densities at the BCPs (in atomic units). upon comparing the topological and
Experimental DFT BD parameters of the P—O(unpro-
G(ro) V(ro) E(ro)t BDi G(ro) Vi(re) E(ro)t BDi tonated) bonds to Mn—O ones

o reported by Marabello et al. (2004)

P—O1 029 —043  —0061 071 033 —049  —016  —os1  for KMnO, it can be seen that both

P—-02 0.40 —0.58 —0.18 —-0.78 0.45 —0.64 —0.19 —0.83 the classes have a somewhat similar

P—03 038 —0.55 —0.17 —0.78 0.44 —0.65 —021 ~093  pature, as both are in the TCS region,

O1—HI 0.17 —0.79 —0.62 —1.84 0.07 —0.62 —0.54 —1.84 .

P—C 0.14 031 —0.18 —098 009 —0.26 —0.18 _09s s shown by the reported experi-

C—H2 0.19 —0.59 —0.40 —1.47 0.05 —0.35 —0.30 —-1.09 mental BD and Laplacian values for

CCHs o1 037 0% 14 o8 o o _jog Mn-O  bonds o —071  to

— 3 —U. —U. — 1. .| —U.. —Uu. —1. —1

02—Ca 0035  —0.028 0.007 027 0036  —0.032 0.004 o2 075 ha{trfe € and 27 (1)f

02—Ca' 0.038 —0.033 0.005 0.16 0.037 —0.033 0.005 0.15 28 (1) e A™°, whereas the experi-

HI_O® oL  _oo6l —00% 04 00 00  —og1g oz  ental values for P—O bonds are in

N ’ ’ ' ' ’ ’ ’ ’ the range —0.71 to —0.789 hartree e!

(Ir) and 20.04 (4)-24.53 3) e A~ for (I)

P—O1 0.29 —0.43 —0.14 —-0.70 033 —0.49 —0.16 —082  and ().

P—0O2 0.42 —0.59 —0.17 —0.74 043 —0.62 —0.19 —0.86 L

P—03 0.40 057 —0.17 071 046 —065  —0.19  —083 Ellipticities of the P—O and P—C

O1—H1 0.14 —0.71 —0.57 —1.78 0.08 —0.64 —0.56 —-1.81 bonds are generally close to 0, which

P—C 0.15 —032 —0.17 —0.95 0.09 —0.27 —0.18 ~099  means that there are no significant 7

C—H2 021 —0.59 —0.39 —1.42 0.05 —0.33 —-0.28 -1.05 . .

C—H3 0.19 —0.56 037 —1.41 0.05 —0.34 —0.29 —106  Interactions.

C—H4 0.20 —0.60 —0.39 —1.44 0.05 —0.34 —-0.28 -1.05

02—Li_ 0.046 —0.034 0.012 043 0.046 —0.038 0.008 0.26

02—Li" 0.042 —0.030 0.012 052 0.043 —0.036 0.007 0.23

03—Li" 0.028 —0.019 0.009 055 0.030 —0.024 0.006 027 3¢ Theoretical calculations

03—Li" 0.037 —0.028 0.009 035 0.037 —0.030 0.007 0.27 e

H1—-03" 0.041 —0.044 —0.002 —0.06 0.039 —0.050 —0.011 —021 In order to rationalize the results

T E(re) = G(re) + V(r.). % BD = E(r.)/p.; the symmetry codes are taken from Table 4.

tions, are presented in Table 5. The overall agreement is good,
with the exception of bonds involving H atoms and P—C
bonds, which is perhaps due to the general difficulty in
studying the displacement parameters of H atoms.

As shown by Espinosa et al. (2002) analysis of VZp.
combined with the bond-degree parameter, defined as
BD = E(r.)/p., where E(r.) = G(r.) + V(r.), allows a classi-
fication of bonds into pure closed-shell (CS; VZp, > 0, BD > 0),
shared-shell (S; V?p, < 0, BD < 0) and transit closed-shell
(TCS; V?p. > 0, BD < 0) categories. In this paper we preserve
the original terms given by these authors, although in our case
the TCS type represents polarized covalent (shared-shell)
interactions. In the S and TCS areas the BD parameters
indicate the degree of covalency of the bond. Inspection of
respective values for (I) and (II) reveals that all the C—H, P—
C and O—H bonds belong to the S type of interactions — they
are purely covalent with V?p, and E(r.) negative, whereas the
P—O bonds are in the TCS region as indicated by positive
values of the Laplacian and negative values of E(r.). This is
consistent with the partially ionic character of P—O bonds as
discussed elsewhere in this work. The parameters of metal-
oxygen bonds for (I) and (IT) locate these as CS interactions
and it may be perhaps worth noting that bond degrees of the
Ca—O bonds, both experimental and theoretical, are slightly
lower than those for the Li—O bonds, i.e. they are shifted a
little towards the covalency region. On the other hand, the
hydrogen bonds seem to be in the TCS region.

we have performed a series of DFT

and then NBO calculations to obtain

a deeper insight into the electronic

structure of the anion and the metal-
anion interactions. In particular it was interesting to check
how the neighbourhood of the metal cations may modify the
electron distribution in the hydrogen methylphosphonate. For
this purpose we have performed the calculations separately
for the CH3POs;H™ anions with their geometries taken both
from (I) (the anion with this geometry will be labelled as MPT)
and (II) (MPII), and for the fragments containing the anion
and bonded metal cations, i.e. (CH;POsH)Cas’* (hereinafter
MPCa;) and (CH;PO;H)Li,>* (MPLi).

It has been known that phosphorus compounds are hyper-
valent (Magnusson, 1990; Gilheany, 1994; Denehy et al., 2007)
and considerable hyperconjugation effects give rise to the fact
that the overall electron arrangement is a combination of a
number of component Lewis structures. A detailed analysis of
the electron structure of the similar compound amino-
methylphosphonic acid has been reported previously (Janicki
& Starynowicz, 2010); the most important features will be
discussed here.

In the NBO approach the orbitals obtained from SCF
calculations may be transformed into a set of two centred
bonding or antibonding orbitals and lone pairs. Such a trans-
formation performed for (I) and (II) reveals that, as in the
case of aminomethylphosphonic acid, all bonds within the
MPI and MPII molecules are single. Scrutiny of the compo-
sitions and occupations of the natural bond orbitals within the
CPOs; stem in all the four systems (MPI, MPII, MPCas, MPLiy;
Table S3) leads to the following observations:
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(i) comparison of MPI with MPCa; and MPII with MPLi,
reveals that sharing of the O orbitals in ¢(P—O) bonds
increases if the O atom adjoins two metal cations [O2 in (I),
02 and O3 in (II)];

(ii) one of the lone pairs in each O atom is an sp™ hybrid
with x ranging from 0.47 to 1.59, the remaining ones are of
pure p type — similar hybridizations were calculated for O-
atom lone pairs in aminomethylphosphonic acid;

(iii) in all four systems the occupancy of the sp* hybrids is
practically identical;

(iv) upon addition of the metal cations the occupancy of p
lone pairs increases due to polarization, although in the case of
O3 in MPCaj; this growth is small;

(v) out of the four 6" (P—O or P—C) orbitals a decrease in
occupancy is distinct in the case of o (P—O1) and o (P—C) in
both MPCa; and MPLi,.

As was indicated by Denehy et al. (2007) hyperconjugation
results in non-zero occupancy of some antibonding orbitals at
the cost of reduction of occupancy of bonding orbitals or lone
pairs interacting with the former ones. Smaller occupancies of
antibonding orbitals in MPCa; and MPLi, in comparison with
MPI and MPII mean that the hyperconjugation is partially
quenched in the presence of metal cations in the vicinity of the
O atoms. This fact may be demonstrated by calculating shares
of possible resonance Lewis structures in the overall wave-
functions of the studied systems. The electronic structures of
MPI and MPII may be described as combinations of seven
resonance structures. These structures may be merged into
four if equivalence of O2 and O3 is assumed. These forms
have comparable shares in the case of uncoordinated
methylphosphonate anions; see Fig. 5 for the constitution of
these forms together with their resonance weights. The share
of the basic one, CH;—P"—OH(—0O"), [form (I) in Fig. 5] is
14.1% in MPI and 22.1% in MPII. In MPCa; and MPLi, the
share of this form grows to 62.8 and 65.8%. The other forms
represent structures with broken P—O or P—C bonds, such as
H;C—P"(OH")(—O0")(=0) (II), H;CP"—OH(—-0")-

OH

/

+ _ +
CH7—P—0 CH;7—P =—=0

\ 14/22/63/69 26/22/-/- \

M © w ©
OH /OH

CH,—P=—=0

"OH

CH; *P=—=0
\ - 13/13/-/-

(11D (V)

19/17/5/- 2.

Figure 5

The basic Lewis forms together with their resonance weights (%) in the
following order: MPI/MPII/MPCas/MPLi,. For the sake of simplicity O2
and O3 are not distinguished. The shares below 5% are omitted.

(=0) (III) or H;C—P*—OH(=0)(0*") (IV). They practi-
cally disappear upon coordination of the metal cations.
Detailed calculations show that in more practical terms this
means growth of p. of the P—C and P—OH bonds (increases
of 0.03 and 0.04-0.05 ¢ A~?), accompanied by 0.01-0.02 ¢ A3
drops at the critical points of P—O2 and P—O3 bonds.
However, it must be noted that the model calculations
presented here do not include hydrogen bonds which may
further modify the results. Nevertheless, the above predictions
seem to be in good accordance with the experimental results —
in comparison with the data presented for
aminomethylphosphonic acid, where the hyperconjugation
plays a greater role, the experimental p. values for the P—C
bond in (I) and (II) are 0.05 e A3 larger, and for the P—O
ones — 0.04-0.10 ¢ A~ smaller. The values of p. for the P—
O(H) bonds in the present compounds are approximately
0.02¢ A~ smaller than in aminomethylphosphonic acid,
contrary to the effect expected from considering the hyper-
conjugation alone. This may be brought about by two reasons:
various hydrogen bonding in the compounds compared and/or
somewhat imperfect modelling of the charge density around
the hydroxyl H atoms, as mentioned earlier.

4. Conclusions

The topology of experimental and theoretical electron-density
distributions for two new crystal structures, calcium bis(hy-
drogen methylphosphonate) (I) and lithium hydrogen
methylphosphonate (II), has been analyzed. The two
approaches are in satisfactory agreement.

Examination of the bond properties reveals the covalent
nature of C—H, P—C and O—H bonds, whereas the P—O
bonds show partially closed-shell interactions, which is
consistent with their partially ionic character. As in other
phosphonates, there is a difference between the protonated
and unprotonated O atoms; the latter accumulate more
negative charge. Also the electron densities at the BCP of the
P—O(H) bonds are smaller than at the P—O bonds.

A closer inspection reveals only small changes in the elec-
tronic structure of the anions upon coordination to the cations.
Owing to the neighbourhood of metal cations hyperconjuga-
tion effects are quenched, which is manifested by a small
growth of the P—C BCP density accompanied by a small
decrease in the density at the P—O2 and P—O3 BCPs,
compared with analogous values in aminomethylphosphonic
acid. Marginal polarization effects may be observed in the case
of the Li compound, where they are visible in the deformation
densities of the Li—O bonds. Both the Laplacian and bond
degree values confirm that the Li—O bonds are more ionic
than the Ca—O ones.

The authors wish to thank Professor T. Lis for the data
collection and valuable discussion. The ADF calculations have
been carried out at the Wroctaw Centre for Networking and
Supercomputing (http://www.wcss.wroc.pl), grant No. 58.
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