Inorganic Chemistry

pubs.acs.org/IC

Linking 3'P Magnetic Shielding Tensors to Crystal Structures:
Experimental and Theoretical Studies on Metal(ll)
Aminotris(methylenephosphonates)

Johannes Weber,” Gisbert Grossmann,” Konstantinos D. Demadis,** Nikos Daskalakis,® Erica Brendler,™

Martin Mangstl,T and Jorn Schmedt auf der Giinne®'

"Department of Chemistry, Ludwig-Maximilians-Universitit, D-81377 Munich, Germany

T‘Department of Chemistry, Technische Universitit Dresden, D-01062 Dresden, Germany

SCrystal Engineering, Growth and Design Laboratory, Department of Chemistry, University of Crete, P.O. Box 2208, Voutes

Campus, Heraklion GR-71003, Crete, Greece

‘Fakultit fiir Chemie und Physik, TU Bergakademie Freiberg, Leipziger Strasse 29, D-09599 Freiberg, Germany

© Supporting Information

ABSTRACT: The *'P chemical shift tensor of the phosphonate group
[RC-PO,(OH)]" is investigated with respect to its principal axis values
and its orientation in a local coordinate system (LCS) defined from the P
atom and the directly coordinated atoms. For this purpose, six crystalline
metal aminotris(methylenephosphonates), MAMP-xH,O with M = Zn,
Mg, Ca, Sr, Ba, and (2Na) and x = 3, 3, 4.5, 0, 0, and 1.5, respectively,
were synthesized and identified by diffraction methods. The crystal
structure of water-free BaAAMP is described here for the first time. The
principal components of the *'P shift tensor were determined from
powders by magic-angle-spinning NMR. Peak assignments and
orientations of the chemical shift tensors were established by quantum-
chemical calculations from first principles using the extended embedded
ion method. Structure optimizations of the H-atom positions were
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necessary to obtain the chemical shift tensors reliably. We show that the *'P tensor orientation can be predicted within certain

error limits from a well-chosen LCS, which reflects the pseudosymmetry of the phosphonate environment.

B INTRODUCTION

Phosphonates occur in numerous functional materials, like
porous materials,"? ion exchangers,3’4 limescale inhibitors,s’é
catalysts,” and medical applications, e.g., treatment of
osteoporosis and bone cancer.® While most drugs are based
on geminal bisphosphonates (R-CH(PO;H),), biological
activity has also been reported for monophosphonates (R-
CH,PO;H).” Glyphosate (HO,CCH,NH,CH,PO,H) is the
most used systemic herbicide (active ingredient in Roundup)
worldwide with consumptions of about 600000 tons/year.'®
Moreover, monophosphonates occur naturally, e.g, as
phosphonolipids'" in cell membranes of certain microorgan-
isms, marine animals, and plants or as (2-aminoethyl)-
phosphonate (H;NCH,CH,PO;H) in the human body."

To understand interactions, functionality, and degradation of
phosphonates in biological systems on a molecular level,
analytical methods with resolution on an atomic scale are
required. Solid-state magic-angle-spinning (MAS) *'P NMR
spectra can provide valuable information for structure
elucidation. Especially, the principal axis values &,), 0,, and
033 and the chemical shift tensor orientation, i.e., collection of
the three orthogonal principal axes {e;", &,”5, and e;"}, of
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the chemical shift tensor 8 © can be useful quantities because
they are related to the local configuration, conformation, and
coordination of the phosphonate unit. While principal axis
values have been frequently used to derive structural
information,'® studies on shift tensor orientations on
phosphonates are relatively rare.'* This is astonishing because
shift tensor orientations of analogous thiophosphonates' and
phosphates'® have gained considerable interest, especially with
respect to structure elucidation, dynamics, and functionality of
phospholipids."”

All structural information derived from experimental shift
tensor orientations is based on the assumption that one can
relate the tensor principal axis system (PAS) to a suitable local

31
reference coordinate system (LCS). Before 6 © tensor
orientations can be used for structural statements on

noncrystalline systems, the characteristic &'® orientation for a
phosphonate unit needs to be established in a molecular frame
and estimates for the variability of the tensor orientation have
to be determined. This is best done for crystalline model
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Table 1. Investigated MAMP Compounds

abbreviation unit formula reference, CCDC code
ZnAMP-3H,0 Zn[HN(CH,PO;H),]-3H,0 24, FIYGAW
MgAMP-3H,0 Mg[HN(CH,PO,H),]-3H,0 25, IDAJED
CaAMP-4.5H,0 Ca[HN(CH,PO;H),]-4.5H,0 26, BEKIBD02“
SrAMP Sr[HN(CH,PO,H),] 25, IDAJIH
BaAMP Ba[HN(CH,PO;H),] this paper, entry no. 658991
(2Na)AMP-1.5H,0 Na,[HN(CH,PO,H),]-1.5H,0 27, BEGPIM

“In the CCDC, the sum formula is erroneously described as CaAMP-3.5H,0.

compounds where both the molecular structure and the 5P
tensor orientation can be determined by experimental or
theoretical methods. Experimentally, tensor orientations are
amenable by single-crystal NMR studies,"*>''® which are
cumbersome, however. Alternatively, full shielding tensor
information can be calculated quantum chemically for solid
matter with different approaches, which are typically classified
in calculations under periodic boundary conditions or cluster
calculations. The use of cluster calculations for the determi-
nation of P shift tensors in phosphonates was already
recognized in earlier works.'"**! In the present work, we use
a recently proposed cluster method for calculations of crystals,
the extended embedded ion method (EEIM).*

In this paper, we want to establish the *'P shielding tensor
orientation of phosphonates in a LCS, whose origin is centered
at the P atom and whose basis vectors are derived in a
systematic way from the nearest-neighboring atoms. To this
end, we study both in experiment (by solid-state cross-
polarization (CP) MAS *'P{'"H} NMR of powdered crystals)
and in theory a set of metal phosphonates, MAMP-xH,O with
M = Zn, Mg, Ca, Sr, Ba, and (2Na) and AMP =
aminotris(methylenephosphonic acid)*', all of which are
zwitterionic in solution® and in the solid state** and possess
monoprotonated phosphonate groups only. Despite the
similarity in their covalent backbones, the compounds show a
rich diversity in the (noncovalent) coordination of the
phosphonate groups to the metal ions. Abbreviations, formulas,
and references to the crystal structure of these compounds are
given in Table 1. Experimental shift tensor principal axis values
are used to validate the theoretical calculations. As a side effect,
an assignment of the experimental NMR signals to crystallo-
graphic P sites is obtained, which is difficult to achieve
otherwise for nuclei in a chemically similar environment.

B EXPERIMENTAL SECTION

Materials. All water-soluble metal salts were commercial samples
and were used without further purification. Aminotris-
(methylenephosphonic acid) (AMP; 50% w/w solution in water as
acid) was from ThermPhos, Switzerland. Stock solutions of HCI and
NaOH were used for pH adjustments.

Syntheses of MAMP-xH,0. The compounds with M = Zn, Mg,
Ca, Sr, and (2Na) and x = 3, 3, 4.5, 0, and 1.5, respectively, were
prepared according to published procedures.>>*” In general, the
preparation is based on a reaction of water-soluble metal salts and
AMP (in acid form) in a 1:1 molar ratio under ambient conditions and
at pH < 1.5. The compounds were structurally characterized, and their
compositions were ZnAMP-3H,0,** MgAMP-3H20,25 CaAM-
P-4.5H,0,*° StAMP,** and (2Na)AMP-1.5H,0.”” The product of
the reaction between Ba®* and AMP*™ yielded a powder X-ray
diffraction (XRD) pattern that did not coincide with the experimental
powder pattern of BaAMP-H,O reported before.”® Therefore, we
reinvestigated this reaction and solved the crystal structure of the
product, which proved to be a new, anhydrous compound BaAMP.

Synthesis of BaAMP. A quantity of AMP (8.8 mL of a 50% w/w
solution, 20 mmol) was added to 31.2 mL of deionized water. This
solution had a pH of 0.67. Then, to this solution was added in small
portions and under vigorous stirring 4.888 g of BaCl,-2H,0 (20
mmol). During this time, the solution pH dropped to 0.34. The clear
colorless solution was handled in different ways: (i) It was placed
under reflux conditions for 7 days, after which small colorless crystals
formed at the bottom of the flask. The solution was then removed
from the heating mantle and allowed to cool. The microcrystalline
material was isolated by filtration, washed with deionized water, and
air-dried. Yield: ~70%. (ii) The solution was left several days at room
temperature. (iii) The solution was placed in a fridge at S °C. Highly
crystalline material started to form after ~6 h. It was isolated by
filtration, washed with deionized water, and air-dried. When the filtrate
was again placed in the fridge, additional material was crystallized.
Yield: ~95%. The compositions of the three crystalline products
prepared by methods i—iii were identical. Elemental analysis. Calcd
(found) for BaC;H,,P;0, (BaAMP): C, 8.29 (8.14); H, 2.30 (2.43);
N, 3.22 (3.39).

Instrumentation. The thermogravimetric analysis (TGA) appara-
tus was a 1100-Mettler TGA/SDTA 851-LF, with the carrier gas being
either air or N, at a flow rate of 100 mL/min. Samples were heated
from 298 to 1073 K, at a heating rate of 7 K/min in an aluminum
crucible (volume 30 uL). The TGA curve of BaAMP is shown in
Figure S1 in the Supporting Information (SI). No weight loss was
observed for temperatures up to %673 K, which is a strong indication
that the compound does not contain volatile H,O molecules, a fact
that is confirmed by its crystal structure discussed below. Above 673 K,
a gradual weight loss occurred, which represents ligand decomposition,
up to ~973 K, where the final decomposition product (Ba,P,0;) is
formed and identified by powder XRD.

Powder XRD patterns were collected on a PANanalytical X'Pert Pro
automated diffractometer or on a Huber G670. In Figure S2 in the SI,
the experimental and simulated powder patterns are shown. The
investigated single crystal and the bulk material of BaAMP have the
same structure.

Single-Crystal X-ray Data Collection for BaAMP. XRD data
were collected on a Bruker AXS SMART 1K CCD area detector with
graphite-monochromated Mo Ka radiation at room temperature using
the program SMART-NT*® and processed by SAINT-NT.*® Empirical
absorption correction was applied by the program SADABS.*® The
structure was solved by direct methods and refined by full-matrix least-
squares cycles on F2. All non-H atoms were refined anisotropically.
Methylene group H atoms were located from difference maps, while
acid protons were geometrically positioned and left riding on their
parent atoms during structure refinement. Crystallographic data for
BaAMP are given in Table 2.

Solid-State *'P NMR Measurements. Solid-state MAS >'P NMR
spectra of powdered samples were recorded on a Bruker AVANCE
400 WB spectrometer (162.02 MHz for *'P) with a commercial MAS
probe for 4 mm rotors. CP *P{'H} NMR experiments were
performed with a 50% ramp and high-power "H decoupling during
data acquisition. The length of the 90° pulse was 2.8 us, the contact
time 5 ms, and the repetition delay 20 s. Calibration was done using
AMP as the external standard with 6, = 12.5 ppm relative to 85%
H;PO,. Spectra were recorded at MAS frequencies of 4 or S kHz in
order to extract principal axis values 6,;, J,,, and ;3 of chemical shift
tensors by analysis of the sideband intensities and at 10 kHz for direct
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Table 2. Crystallographic Data for BaAMP

empirical formula C;H,;(NOyP;Ba
fw 434.37
cryst color colorless
cryst size (mm®) 0.04 X 0.15 X 0.18
cryst system triclinic
space group PT (No. 2)
a (A) 7.638(1)
b (A) 8.483(1)
¢ (A) 9.142(1)
a (deg) 101.766(3)
B (deg) 95.984(3)
7 (deg) 107.083(2)
vV (A3) 545.7(2)
V4 2
temp (K) 293(2)
2 (A) 0.71073
p (g/cm®) 2.643
u (em™) 4.117
R(E,)* 0.0298
wR(F,)" 0.0682
“R = YIIF, IFI/YIFl. *wR = {Y[wR(F,} — F2)?*/

YIw(FH) T

measurement of the isotropic chemical shift &;,. The & values (i = 1—
3) were calculated using the program WINMAS,*" which is based on
the method of Herzfeld and Berger.*” As seen in Figures S5—S10 in
the SI, the simulated MAS NMR spectra based on the results of
sideband intensity analysis agree well with the experimental ones. The
data are regorted following the convention 6,; > 6,, > 033 and 0}, <
3
0y < 03

B COMPUTATIONAL DETAILS

Partial Structure Optimizations. The H-atom positions of
experimental MAMP-xH,O crystal structures M = Mg, Ca, Sr, Ba,
and Zn)**~*” were optimized by quantum-chemical calculations under
periodic boundary conditions, because XRD structures are inaccurate
in this respect. The remaining fractional atomic coordinates and cell
parameters as well as the unit cell symmetry were kept constant during
optimization, with one exception as discussed in the next paragraph.
For a better comparison of the MAMP structures, we relabeled the
atomic sites. The P sites were labeled according to the torsion angles
7(Pi—~C—N—H) € [—180°, +180°] in the following order: l7(P2—C—
N-H)!| > I7(P1-C—N—H)I| > Iz(P3—C—N—H)I. The O sites within
each phosphonate group were numbered in ascending order with
increasing bond lengths d(P—Oi). Figure 1 shows the uniform labeling
of the investigated MAMP units in detail using the example of STAMP.
The labels used in earlier literature and in this paper are juxtaposed in
Tables S1—S5 in the SI.

The problem of partial occupancies of the three sites “H42a”,
“042”, and “H42b” (according to the labeling of the original CIF file)
in CaAMP-4.5H,0 was solved by assuming a P2, (No. 4) symmetric
superstructure in which the half-occupied sites from the initial P2,/n
(No. 14) structure were split into sites with a regular occupation of 1
and “defect sites” with an occupation of 0. In addition to optimization
of all of the H-atom positions, the O-atom positions on the occupied
“042” sites were optimized as well because a deviation of more than
0.06 A is observed between published XRD data at 173 K*® and at
room temperature.’> Hence, the supercell may be termed as
(CaAMP),-9H,0 because it contains two crystallographically different
AMP units that, however, have identical molecular backbones. Further
details on the P2, structure of (CaAMP),-9H,0 are given in Figures
§13—S15 and Tables S3 and S8 in the SL

For SrTAMP, we performed two further calculations: (i) optimization
of the fractional coordinates of all atomic sites (not just H) with
constant cell parameters and symmetry and (ii) full relaxation of the

H1

Figure 1. Uniform labeling of STAMP as the prototype for MAMP
structures with M = Zn, Mg, Ca, Sr, and Ba. The two shortest terminal
P—O,) bonds in each CPOj; unit are highlighted in red.

fractional coordinates and cell parameters with fixed cell symmetry.
The structures resulting from the different optimizations were used in
the NMR calculations described in the next section.

All optimizations were performed with the VASP program™ at the
generalized gradient approximation (GGA) density functional theory
(DFT) level using the PW91 functional.*® The projector-augmented-
wave (PAW) method was employed™ with an energy cutoff of 500 eV
for the plane-wave basis expansion. Optimized pseudopotentials for
PW91/PAW (included in the VASP package) and default values for
the expansion of angular momentum projection operators in the
augmentation region were used. Automatic selection of k points was
performed by the Monkhorst—Pack scheme.>” The final calculations
employed a 4 X 4 X 4 mesh. In single-point calculations with
increasing mesh sizes (up to 8 X 8 X 8), this turned out to be sufficient
for energies converged to 107> eV (=0.1 kJ/mol). The tetrahedron
method with Blgchl’s corrections®® was used for Brillouin-zone
integration.

Tight convergence criteria (Precision=HIGH) were used
during the calculations. Structures were considered as converged
when the change in the free energy between two subsequent structural
relaxation steps was below 107° eV, the residual forces were converged
to 5 X 107 eV/A, and a subsequent run at the updated structure with
updated plane-wave basis expansion did not change the energy by
more than 107* eV. An energy-based convergence criterion was used
in the self-consistent-field (SCF) procedure. The electronic wave
function was considered as converged if the energy change in
subsequent SCF cycles was below 1077 eV.

NMR Calculations. Absolute magnetic shielding tensors & were
calculated with the EEIM, an embedded cluster approach in which the
quantum cluster (QC; i, the quantum chemically treated region) is
placed in an exact, self-consistent electrostatic crystal potential, which
is obtained from first principles, i.e., without empirical parameters. For
details on the EEIM, we refer to ref 20. A typical QC contained eight
formula units, [MAMP-xH,0];, where a central AMP>~ unit is
surrounded by seven AMP*™ units, H,O molecules, and an appropriate
amount of counterions M** in order to take hydrogen bridge bonding
and coordinative bonding of the central unit into account as well as to
satisfy the charge-neutrality criterion (¢ = 0).

The atoms surrounding the central AMP unit in the construction of
[MAMP-xH,0]; emerged rather naturally from a spherical shell
expansion of 3.7 A around the three central P sites, fragment
completion, and filling of nearby M* sites (and H,O where required)
so that the relative frequencies of all atomic sites in the QC coincide
with the relative frequencies in the unit cell. For comparison, we also
performed calculations on smaller QCs, [MAMP-xH,O], (for the case
of [SrAMP],, see Figure 1) and [AMP]*", where intermolecular
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Table 3. Local Structure Information and Site Labeling of the Phosphonate Units in M>*[HN(CH,PO,H),]*"

M2+
CaZé
P2,/n
CaAMP-4.5H,0
6 (1W)
P1/P2/P3
1.4943/1.5035/1.4931
1.5102/1.5040/1.5035
1.5684/1.5703/1.5802
1.8330/1.8347/1.8382
116.1/114.5/118.3

§2S

P2,/n

StAMP

7
P1/P2/P3
1.4919/1.5000/1.4884
1.5050/1.5091/1.4925
1.5732/1.5651/1.5782
1.8296/1.8270/1.8268
114.8/112.8/120.6

Ba (this paper)
PT
BaAMP
9
P1/P2/P3
1.4845/1.4949/1.4869
1.5123/1.5065/1.5123
1.5747/1.5666/1.5699
1.8273/1.8150/1.8321
117.2/117.5/113.7

72 Mg
space group P2,/c P2,/c
asymmetric unit ZnAMP-3H,0 MgAMP-3H,0
coord no.* of M** 6 (3W) 6 (3W)
pi P1/P2/P3 P1/P2/P3
d(Pi—0,)/A° 1.4999/1.4971/1.5039  1.5002/1.4978/1.5018
d(Pi-0,)/A 1.5202/1.5043/1.5096  1.5160/1.4983/1.5024
d(Pi—0,)/A 1.5636/1.5699/1.5668 1.5636/1.5.697/1.5656
d(Pi—C)/A 1.8309/1.8256/1.8250 1.8292/1.8240/1.8253
B(O~Pi-0,)/deg 115.0/115.6/115.0 115.2/115.9/115.5
Iz(Pi—C—N—H)|/deg 55.2/172.0/46.9 54.8/168.5/43.9
connectivity of the PO;H
group to the M*" ions

O, 0/1/1 0/1/1

loF 0/1/0 0/1/0

0, 0/0/0 0/0/0

63.9/172.3/41.7 58.3/171.6/46.6 43.7/169.1/32.9
1/1/1 1/2/1 1/2/1
1/0/1 1/1/1 1/1/2
0/0/0 0/0/0 0/1/0

“In parentheses, the number of coordinated H,O molecules. YFor a better comparison of different MAMP crystal structures, the nonuniform labeling
of atoms in previously published works was changed to a consistent labeling. Labels Pi (i = 1—3) for P atoms are chosen according to the following
order of the torsion angles: lt(P2—C—N—H)I > lz(P1-C—N—H)! > Iz(P3—C—N—H)I. The labels used in XRD and in this paper are juxtaposed in
Tables S1—SS in the SI “O,, Oy, and Oy, indicate the first, second, and third nearest neighbors to the respective P atom.

hydrogen bonds and most coordinative bonds are absent. The last QC
is not charge-neutral and displays the default choice for the cheaper
embedded ion method.* Further details on the cluster construction
and the embedding charge field are given in the SI, Chapter 6.

A locally dense basis expansion was used, where Gaussian atomic
basis functions (AOs) were assigned by means of a spherical shell
expansion around a set of reference points {F,ef 1, frefss - Trer} (see ref
20 for details). In the present calculations, this set contained all atomic
positions of the central AMP unit (k = 26). In the innermost shell
(shell range r, = [0, 1.0] A), a 6-311G(3df3dp) basis set** was
provided to the atoms. The 6-31G(d,p) basis set*" was used in the
second shell (typical shell range r, = [1.0, 2.5] A) if present. CEP-4G
bases and corresponding pseudopotentials** were employed for atoms
in the outermost shell (typical shell range r; > 2.5 A) if present. For
the heavier atoms Sr and Ba, the CEP-4G sets also substituted for the
all-electron sets in the shell range r,. The basis set for P atoms in the
range r; was supplemented by a d function (Gaussian exponent =
0.55a72).

The Gaussian 03 program package™ was used for electronic
structure calculations within EEIM using the hybrid density functional
mPWI1PW* throughout with tight convergence criteria for the SCF
and GIAO calculations. Quadrature in the DFT calculations was
performed on a pruned grid of 99 radial shells and 590 angular points
per shell on each atom. Atomic charges were obtained by NBO
population analysis** and absolute nuclear magnetic shielding tensors
8 by the GIAO method.*®

The calculated absolute shielding tensors are usually nonsymmetric
tensors. Because of the fact that experimentally obtainable chemical
shift tensors contain only symmetric elements, the calculated shielding
tensors were symmetrized. Subsequent diagonalization led to the
principal axis values 6; and orientation of the PAS, given relative to (i)
the molecular coordinate system that was used for the calculation.
Furthermore, the PAS orientation was calculated relative to (ii) the
orthogonalized crystal axis system (CRY) and (iii) a LCS defined by
the position of the nucleus under investigation and its nearest
neighbors. The relative orientations can be described in various ways,
e.g,, by Euler angles or by direction cosines.

For a comparison between the calculated principal axis values 6;;
of the absolute nuclear magnetic shielding tensors and the
experimental principal axis values J;;., of the chemical shift tensors,
a conversion equation is needed. In a first step, calculated shift values
Ojicalc Were obtained from the corresponding absolute shielding values
Gjicalc Dy the conversion equation

11469

5311) - A
31 ii, 1 .
P ii,calc ; 1 3

Oiicsle = ———
ii,calc B (1)

with A = 303.29 ppm and B = —1.1174, that was derived in ref 20 for
the mPWI1PW/6-311G(3df3dp) model.*”*® Comparison of the
calculated shifts obtained for the three P sites with the experimental
NMR data allowed assignment of the experimentally observed NMR
signals to crystallographic sites. Subsequently, a refined conversion
equation with parameters A = 307.315 ppm and B = —1.04781 specific
to the investigated aminotris(methylenephosphonates) was derived,
which further improved the correlation between the calculated and
experimental data.

B RESULTS AND DISCUSSION

Crystal Structures of MAMP-xH,O Salts. Crystal
structures of MAMP with M = Zn, Mg, Ca, Sr, and (2Na)
and x = 3, 3, 4.5, 0, and 1.5, respectively, were described in
detail in previous papers.24_27 In the following, we shortly want
to discuss the changes obtained by the quantum-chemical
structure optimizations and point out the similarities and
differences between the various structures with a focus on the
AMP?*" units that form different hydrogen-bonding networks.
The refined H-atom positions from the structure optimizations
in this work (see Tables S6—S12 in the SI) lead to longer
covalent bond lengths and shorter hydrogen bridge bonds, in
general, and thus a strengthened network. ZnAMP-3H,0 and
MgAMP-3H,0 are members of the isostructural family
MAMP-3H,0 that also includes the metal ions Co, Mn, Nj,
and Cd,* in which the molecular structure of the AMP?*~ unit
is very similar. The same basic molecular conformation of
AMP?” is found in CaAMP-4.5H,0, StAMP and BaAMP as
well, despite the different coordination modes of the
phosphonate groups in these compounds. Table 3 lists several
structural data for the five above-mentioned MAMPs, which
can be assumed to have a dominant effect on the 3P chemical
shift tensors of atoms Pi. Regarding the three distinct torsion
angles I7(Pi—C—N—H)!| in an AMP*™ moiety (i = 1-3), two
phosphonate groups possess a gauche confirmation and one a
trans conformation relative to the H(N) proton, as shown for
StAMP in Figure 1 and for BaAMP in Figure 2. This is a
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conspicuous characteristic feature of all five MAMP molecular

bond lengths and angles are given in Table 4 and the fractional

structures. coordinates for BAAMP in Table S5 in the SIL
Table 4. Selected Bond Lengths and Angles for BaAMP“
Bond Lengths (A)
Bal—04#1 2.6954 Bal—-07 2.8851
Bal—02#1 2.7183 Bal—08 2.9464
Bal—-08#2 2.7231 Bal—-06 2.9933
og' Bal—0O5#3 2.7905 Bal—-04 3.0401
Bal-01 2.8727
Cl1-N1 1.5152 C3—N1 1.5123
og' C2—-N1 1.5131
Angles (deg)
C1-P1-01 105.6 0O1-P1-03 109.9
C1-P1-02 109.5 02-P1-03 111.9
C1-P1-03 101.5 04-P2—-06 105.8
C2—P2-04 111.0 05-P2-06 1114
C2—-P2-05 103.2 07-P3-09 112.3
Figure 2. Coordination in BaAMP. The Ba atom is surrounded by C2—-P2-06 107.7 08-P3—-09 109.5
nine O atoms. The AMP unit is coordinated by six Ba atoms via its O C3-P3-07 105.0 C1-N1-C2 112.8
atoms. Site positions are indicated by 50% thermal ellipsoids, except C3—-P3-08 112.8 C1-N1-C3 111.4
for H atoms, which were not refined anisotropically. C3—P3-09 103.1 C2—-N1-C3 1134
Torsion Angles (deg)
P1-C1-N1-C2 156.6 P2—C2-N1-Cl 73.0
It turns out, however, that these torsion angles lz(Pi—C—N— P1-C1-N1-C3 —74.6 P2-C2-N1-C3 —54.7
H)I are not helpful for the assignment of the Pi crystal positions P3-C3-N1-Cl 153.0 P3-C3-N1-C2 -78.5

to the *'P NMR signals (see the next section). The molecular
structure of the AMP?™ unit in (2Na)AMP-1.5H,0 differs from
the above-mentioned structures primarily by cis conformation
of one phosphonate group beside two gauche groups.

Crystal Structure of Ba[HN(CH,PO;H);] (BaAMP). The basic
conformation of the AMP?™ unit in this anhydrous polymorph
is identical with those of the other MAMPs. The structure of
BaAMP is a 2D-layered structure. The inorganic layer is
composed of Ba®" centers that are bridged by phosphonate O
atoms to create a layer in the ab plane. One of the
methylenephosphonate arms is extended to reach the
neighboring inorganic layer, binding to two Ba atoms. This is
shown in Figure S3 in the SL

The coordination in BaAMP is shown in Figure 2. Each Ba
center is nine-coordinated. The terminal O4 and O8 are
connected with two Ba atoms and the other four terminal O
atoms with only one Ba. It is worth noting that the protonated
06 also has contact with one Ba. Overall, phosphonate P2 has
four O—Ba contacts to three Ba atoms, P3 has three O—Ba
contacts to two Ba atoms and P1 two O—Ba contacts to two Ba
atoms. The high coordination number of Ba leads to the
formation of several rings including covalent bonds and to ionic
connections with other BaAMP units. Two phosphonate
fragments, O4—P2—06 and O7—P3—08, bind Ba in chelating
fashions, forming two nonplanar four-membered rings. Another
Ba atom is chelated by the fragment O4—P2—C2—N1-C3—
P3—08, thus forming an eight-membered ring.

Two fragments, O1-P1-02 and O02'-P1’—0O1’, form a
centrosymmetric eight-membered ring with two Ba atoms.
Planar four-membered rings are formed by two Ba with O4 and
04’ and also with O8 and O8’ (see Figure S4 in the SI). The
Ba—O6(H) atomic distance is close to 3 A, in the same range as
the distances Ba—O4 and Ba—O08. This is at the “longer” limit
of the Ba—O(P) bond distances commonly observed in barium
phosphonates,® which are usually in the range 2.7—3.0 A. The

“Symmetry transformations used to generate equivalent atoms: #1, —x
+1L, =y, —z+L;#2, —x+1,—y+1,—z+ 1;#3, —x, -y, —z + 1.

CP MAS 3'P NMR Spectra of MAMP-xH,0 Salts. The CP
MAS *'P{'"H} NMR sideband spectra of powdered samples of
MAMP-xH,0, where M = Zn, Mg, Ca, Sr, and Ba and x = 3, 3,
4.5, 0, and 0, respectively, are shown in Figure 3. Because the
asymmetric unit in the crystal structures contains one molecule,
we expect three sideband systems in the MAS *'P NMR spectra
for all MAMP compounds. The similarity of the spectra for the
isostructural ZnAMP-3H,0 and MgAMP-3H,0 was expected.
In contrast, the spectrum of CaAMP-4.5H,0 seems to possess
only two isotropic chemical shifts at 11.7 and 4.4 ppm.
However, the intensity ratio of the two signals is approximately
1:2, so that the NMR signal at 4.4 ppm must stem from two
crystallographically nonequivalent P sites, which have nearly
identical isotropic chemical shifts. This fact was noticed by
Bishop et al.*¥and explained by two bridging and one terminal
phosphonate groups in CaAMP-4.5H,0.

According to the nomenclature introduced by Massiot et
al.'® regarding the description of connectivities, the bridging
phosphonate groups P1 and P3 have the connectivity (110) to
Ca ions (see Table 3), while the terminal phosphonate group
P2 has (100). Similar bridging of two phosphonate groups
alone is not sufficient to explain the similarity in the chemical
shifts, however. For example, although StAMP has two similar
bridging phosphonate groups (P1 and P3), their §;, chemical
shifts differ significantly.

Experimental *'P chemical shifts &, and shift tensor
principal axis values J; obtained from the CP/MAS spectra of
all investigated MAMPs are summarized in Table 5. Note that
the orientation of the shielding tensor PAS relative to a
reference coordinate system remains open by MAS inves-
tigation of powders and that the assignment of the *'P signals
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Figure 3. CP MAS *'P NMR spectra of MAMP-xH,0, where M = Zn,
Mg, Ca, Sr, and Ba. Spectrometer frequency = 162.02 MHz, vypg = 4
kHz, and tcp = S ms. The isotropic chemical shifts J;,, of different
sideband systems are labeled as P,, Py, and Pc.

iso

to the chemically very similar P sites in the crystal structure also
stays open.

Empirical correlations between P &, or §; values and
structural parameters have been descrlbed in the hterature for
phosphates®' and phosphonates." ® We made attempts to find
empirical correlations for the assignment of &, or J; data of P,
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Py, and P to structural parameters connected with the sites P1,
P2, and P3. Our best attempt shows a satisfactory correlation
(see Figure 4) between 55 and the mean atomic distance of Pi
to the terminal O atoms, d(Pi—0,) = [d(Pi—0,) + d(Pi—=0,)]/
2, with a coefficient of determination r* = 0.722 and a standard
deviation (SD) of the predicted value ;3 of ~6 ppm. The
origin of this correlation is discussed below together with the
tensor orientations.

For StAMP, the assignments P, <> P2, Py <> P1, and P¢ <
P3 and, for MgAMP-3H,0, P, <> P1, Py < P3, and P < P2
should be correct, but for the other MAMPs, the high SD does
not allow a reliable assignment. This assignment problem of
experimentally observed *'P NMR signals to crystallographic
sites was solved by our quantum-chemical calculations.

Calculations of 3'P Chemical Shift Tensors for
MAMP-xH,0 Clusters. Calculations of 3P chemical shift
tensors 6 for MAMP-xH,O with M = Zn, Mg, Ca, Sr, and Ba
were performed with the EEIM method at XRD structures with
H-atom positions optimized by VASP (see Tables S6—S12 in
the SI), as explained in the Computational Details section. The

reliability of this approach is verified for 8 © of (2-aminoethyl)-
phosphonic acid in Chapter 9 of the SI, where calculated data
agree well with experimental data from van Calsteren et al.'**
showing deviations <2.8 ppm in the tensor eigenvalues and
<2.7° in the eigenvector orientations only. At each MAMP
structure, three different embedded QCs were chosen for
checking the convergence of the embedding scheme, namely,
the AMP*™ ion as well as the uncharged [MAMP-¥H,0]; and
[MAMP-xH,O]; clusters.

In the following, we focus the discussion on the most reliable
results obtained with [MAMP-xH,0]; QCs, although most
signal assignments can already be made on the basis
calculations using AMP*~ as the QC. The calculated isotropic
shifts J;, and shift tensor principal axis values J; are listed in
Table S together with experimental data.

The root-mean-square deviations rmsd(52%,621) = 0.89 ppm
and rmsd(58%,65) = 3.4 ppm reflect an excellent agreement
between both data sets, which is a necessary condition for an
unambiguous assignment of the nearby NMR signals to
crystallographic sites. A necessary requirement for the close
agreement is, that the *'P absolute nuclear magnetic shielding
values 6; (see Table S1S in the SI) are converted to chemical
shifts §; by eq 1 using MAMP-specific parameters A = 307.315
ppm and B = —1.04781, which are obtained from the linear fit
in Figure S. The same signal assignment is also obtained when
shifts 62 and 55 are calculated with the original A and B
parameters from ref 20; however, these calculated shifts show a
systematic deviation from the experimental ones.

We investigated the effect of four different input structures
on the calculated 3'P shift tensors in the case of StAMP, whose
experimental NMR spectrum shows the biggest differences
between the isotropic chemical shifts of P, and Py and also Py
and Pc. Calculations at the experimental XRD structure
without refinement of the H-atom positions result in
significantly increased rmsd(57P,650€) and rmsd(55P,65)
compared to the XRD structure with quantum chemically
optimized H-atom positions (see Table S14 in the SI). Also, an
optimization of all fractional coordinates or a full optimization
including the unit cell vectors does not improve rmsd(5g%,55™).
We conclude that the crystal structure from XRD with
optimized H-atom positions is probably the most accurate
one of the four and that the increased calculation times for
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Table S. Experimental and Calculated 3'P Chemical Shift Tensor Eigenvalues of Metal Aminotris(methylenephosphonates)
(Calculated Values Obtained from EEIM Using [MAMP-xH,0]; Clusters)

principal values of chemical shift tensors (ppm)

P site labels Oiso [ [ 033
MAMP-xH,0 NMR  crystal position® exp calc exp calc exp calc exp calc
ZnAMP-3H,0 P, P1 14.3(1) 14.4 88(2) 86.1 9(1) 7.9 —54(2) -50.9
Py P3 10.6(1) 11.1 87(3) 83.7 17(2) 16.7 -72(3) —67.1
P P2 6.7(1) 44 85(5) 81.9 9(4) 5.4 —74(S) —74.3
MgAMP-3H,0 P, P1 14.3(1) 15.1 87(1) 87.1 10(1) 7.7 —54(1) —49.5
Py P3 9.5(1) 8.1 86(4) 84.5 17(6) 132 —75(4) -73.4
Pc P2 5.7(1) 4.1 86(3) 83.8 11(2) 6.7 —80(3) —-78.3
(CaAMP),-9H,0" P, P2, P5 11.7(1)¢ 12.4 89(4) 86.8 14(5) 16.0 —68(4) —65.6
Py P3, P6 44(1)° 42 90(4) 93.7 6(4) 14 —83(4) —82.5
Pc P1, P4 44(1)° 4.1 90(4) 85.6 6(4) 8.1 —83(4) —814
StAMP P, P2 16.6(1) 17.2 88(2) 89.9 22(2) 21.4 —60(2) —59.7
Py P1 11.0(1) 11.6 83(2) 85.1 20(2) 20.5 —70(2) —70.8
Pc P3 0.8(1) 2.8 93(4) 100.9 5(6) 2.1 —95(4) —94.7
BaAMP P, P1 10.8(1) 10.5 94(2) 97.6 17(1) 18.1 -79(2) —84.1
Py P2 9.6(1) 9.4 85(3) 89.1 11(2) 12.7 —67(3) —-73.5
Pc P3 8.1(1) 8.6 81(5) 90.1 16(5) 10.0 -73(5) —74.3
(2Na)AMP-1.5H,07 P, 14.0(1) [13.8] 95(3) [96] 12(2) [15] —68(3) [—70]
Py 12.9(1) [12.7] 97(4) [96] 9(2) [10] —67(4) [—68]
Pc 11.7(1) [11.6] 99(4) [98] 2(2) [4] —69(4) [—68]

“For a better comparison of different MAMP crystal structures, the nonuniform labeling of atoms in previously published works was changed to a
consistent labeling. Labels Pi (i = 1—3) for P atoms are chosen according to the following order of the torsion angles: I7(P2—C—N—H)I > lz(P1—
C—N-H)I > I7(P3—C—N—H)I. The labels used in XRD and in this paper are juxtaposed in Tables S1—SS in the SL ®The peculiarity of the
[(CaAMP),-9H,0], cluster calculation is described in the text. “In ref 13d, the same experimental isotropic chemical shifts of 11.7 and 4.4 ppm were
found. “Values in square brackets are from ref 13e, in which (2Na)AMP-1.5H,0 was prepared by another method. The nearly identical chemical
shift values indicate that the crystal structures of samples prepared according to refs 13e and 27 are the same.

-50
55 PIMg @ @P1zn

b3 3exp./PPM

1.49 150 1.55
d(Pi—0)/A

Figure 4. Correlation between the mean bond length d(Pi—0,) and
the principal values 855 of the experimental *'P chemical shift tensors
in MAMP-xH,O. The line results by a least-squares fit to the equation
833 = A + B[d(Pi—0,)] with A = —3006.9 ppm, B = 1954.4 ppm/A,
and 7 = 0.722.

extended PW91/PAW optimizations are at least unnecessary, if
not counterproductive. This conclusion is in line with several
previous works, which showed that periodic local-density
approximation or GGA DFT optimizations on molecular
crystals certainly improve the H-atom positions of experimental
XRD structures but are inferior to high-quality XRD structures
in other respects, especially the cell parameters.>”

It is surprising that the calculations of simple clusters
[MAMP-xH,0], (except for [BaAMP];) and even of the ion
AMP?*" already give the correct assignment, although rmsd-
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Figure 5. Correlation plot of 54 calculated principal axis values of *'P
magnetic shielding tensors in MAMP-xH,0O, with M = Zn Mg, Ca, Sr,
and Ba, versus experimental principal axis values of the corresponding
chemical shift tensors. The dashed red line shows the least-squares fit
with A = 307.31S ppm, B = 1.04781, and 7* = 0.998, leading to
rmsd(85%,67) = 3.4 ppm.

(65%,65) is significantly higher. This suggests that the main
contributions to the *'P shift tensors in MAMP-xH,0 are given
by the induced currents within the AMP*~ unit.
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The construction of embedded clusters for CaAMP-4.5H,0
is complicated by the presence of partially occupied atomic sites
of one H,O molecule in the reported crystal structure. The
question arises about which manner this H,O is present in the
crystal. Either a static or dynamic disorder or an ordered
superstructure in different crystal domains might be present.

Thus, we defined a superstructure (CaAMP),-9H,0, where
the formerly half-occupied sites are changed to an alternating
pattern of fully occupied and empty sites. Decreasing in this
way the symmetry of the crystal structure from P2,/n to P2,>>
(see Figures S13—S1S in the SI), the asymmetric unit contains
two different AMP molecules and the calculation gives six
phosphorus tensors: P1, P2, and P3 for one AMP unit and P4,
PS5, and P6 for the other. The calculated isotropic chemical
shifts are 4.36, 12.98, and 3.91 ppm for the first AMP unit and
3.84, 11.82, and 4.54 ppm for the second. If such an ordered
superstructure would really exist, we would expect the
experimentally observed signal P, at 11.7 ppm to be split
into two distinct lines with a distance of more than 1 ppm (see
Figure S11 in the SI). A static disorder is equally unlikely
because we would expect a significantly broader signal for P,
than the observed one, whose line width of 180 Hz is
comparable to the signal widths of the other H,O-containing
MAMPs. Hence, a dynamic disorder, i.e,, a fast exchange of the
H,O molecule between the “occupied” and “empty” sites of the
ordered superstructure, must be present. Fast exchange is
possible because each “occupied” site has a vicinal “empty” site
at a distance of 1.53 A for the O atom and of 0.49 A for the H
atoms only (see Figure S14 in the SI). If the dynamics are fast
on the time scales of XRD and NMR, this explains the split sites
with large thermal ellipsoids (50% probability ellipsoids of
partially occupied “O1S” sites in ref 13d are overlapping) in the
first case, as well as the single line for P, caused by motional
averaging in the NMR spectrum. Attempts to freeze the
dynamics were unsuccessful. Fast motion is maintained at
temperatures down to 170 K, where low-temperature CP MAS
3P NMR spectra show only a slight signal broadening and a
small signal shift (see Figure S16 in the SI) and the XRD
pattern shows no indication for a superstructure. XRD
measurements at temperatures down to 10 K required
evacuation of the irradiation chamber, upon which the structure
of CaAMP-4.5H,0 decomposed under loss of crystal water into
a partly amorphous solid with a largely altered XRD pattern.
The H,O loss is (at least partly) reversible because the old
reflections reoccurred when the sample was exposed to humid
air for S days (see Figure S17 in the SI).

Reducing the six calculated shift values of the superstructure
to three mean values of corresponding pairs (P1, P4; P2, PS;
and P3, P6), we simulate a fast exchange and reconstruct the
high symmetry of CaAMP-4.5H,0 obtained by X-ray structure.
The chemical shift data calculated in this way are in good
agreement with experimental data not only with respect to the
isotropic shifts (calculated values of Py and P differ by 0.1
ppm, only, which explains why the signals could not be resolved
experimentally) but also with respect to the intensity pattern of
the rotational sidebands for signal group Py, which is a
superposition of the two (averaged) sideband systems (P1, P4)
and (P3, P6), whose corresponding principal axis values &, and
0,, differ by 7—8 ppm in opposite directions. As shown in
Figure S12 in the SI, the superposition of the calculated signals
results in excellent agreement with the experimental intensity
pattern for Pg,c, whereas the individually simulated spectra of

(P1, P4) and (P3, P6) alone could not explain the near mirror
symmetry of the experimental sideband pattern.

Tensor Orientation of Monoprotonated Phospho-
nates. For convenience, we look at the *'P absolute magnetic
shielding tensors 6 rather than the chemical shift tensors 6 in this
section; & is directly related to the electronic environment of a
nucleus, while 3 is a quantity that is defined relative to a
reference compound. The directions of & principal axes are the
same as those of 5. They were obtained along with the principal
axis values o,; by quantum-chemical calculations as direction
cosines relative to the used coordinate system. Each of the three
crystallographically different P atoms in the AMP unit possesses
its own principal axis orientation. As an example, Figure 6

Figure 6. Ovaloid representation of the *'P nuclear magnetic shielding
tensors for STAMP calculated by the EEIM method. At each P atom,
thick arrows in red, green, and blue denote the principal axis vectors
e,"S, e, and e,"™S, respectively. Thin arrows indicate the basis
vectors of the LCS; see the text for details. The relative distances from
a P atom to the vertices of the ovaloid are proportional to the relative
sizes of the principal axis values ¢;. The P—O,, bonds, which play a
prominent role for magnitude and orientation of the shielding tensor,
are highlighted in red.

shows the symmetric shleldmg tensors of the AMP unit in
StAMP in the so-called “ovaloid representation”.>** In this
figure, the directions of the principal axes are drawn as unit
vectors (e}, €525, e5*S), where it is implicitly clear that each
individual vector could point in its opposite direction just as
well.*® For a better comparison (see below), we always choose
a right-handed PAS and select e}*® and e}*° to have an acute
angle with the P—C bond and O=P=O0 angle bisector,
respectively.

It is obvious that the PAS orientations for the three P atoms,
although very different in a general coordinate system, are
similarly oriented with respect to their local environment: (i)
the basis vector e}"* lies roughly in the direction of the cross
product of the two vectors from P to the terminal atoms O, and
Oy, (i) e5* bisects approximately the angle between the two
terminal P—O,,; bonds, and (iii) e} points nearly in the
direction of the cross product of the two directions defined in i
and ii or, similarly, in the direction of the normal vector of the
plane spanned by C—P—O(H). This direction may be regarded
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as a mirror plane of the local C, pseudosymmetry of each
phosphonate group —CPO,0(H).

For a comparison of the tensor orientations of different
phosphonate groups in the same and in other MAMDPs, it is
suitable to choose an LCS that reflects the C, pseudosymmetry
of the phosphonate group. LCSs were used previously as
reference axis systems, in which the tensor PAS could be
described by means of direction cosines, e.g, in refs 14a and
16a. The proposed definition of an LCS by Van Calsteren et
al.'* for phosphonates is ambiguous, however. A non-
ambiguous LCS can be defined as follows:

(i) The position vectors of the P atom, its C-atom neighbor,
and its nearest and second-nearest O atoms are labeled as P, C,
O, and Oy, respectively. We may define three auxiliary vectors
ec, e, and ey as

cC-P 0, -P 0, -P
ec=—-; e=——; e = ——
IC — PI 0, — Pl 0, — Pl
(2)
which help to establish the basis vectors of the LCS.
(ii) The basis vectors of the LCS are then defined by
X e,
echs =+ € X &
le, X e,/ (3)
Lcs _ e tey
e, = ——
le, + e, 4)
eIgcs _ elLCS % elics )

The sign in eq 3 is chosen in such a way that the angle between
¢S and e is acute (<90°).

The definition is convenient because it relates the LCS
essentially with a pseudo-C,,-symmetric O,—P—O, fragment
(the two shortest P—O bonds are of approximately equal
length), which is expected to contribute the most significant
part to the *'P magnetic shielding because there are more
electrons at a closer distance to P in that fragment than in any
other pair of nearest neighbors plus the P atom itself.
Consequently, we expect small *'P shielding along the direction
e}“S, which is perpendicular to the plane spanned by O,—P—
Oy, larger shielding along e>“, and the largest shielding
approximately along 5, which has the smallest angles with
the short P—O bonds.”” This is affirmed by the rather small
angular deviations, @; = acos(e!>-e/“*) with i = 1—3, between
e’ and el“S, 55 and €55, and e}*S and €S, which are
shown in Table 6. Although not a complete specification of the
PAS orientation, these angles give a good impression of the
PAS deviation relative to the LCS. Full PAS orientations
relative to the LCS or CRY in terms of direction cosines or
Euler angles are omitted for brevity here but are given in the
Supporting Information (Tables $16—S25).

The angular deviations between the directions of e} and
el for the calculated compounds amount to 12—19° (or
expressed as a range around the mean value a;; = 15.7° +
3.9°), of €545 and 1S to 12—24° (mean value a,, = 16.6° +
7.7°), and of €} and e} to 1—18° (mean value a;; = 6.7° +
11.4°). The small angular deviation between e3"* and e}“* can
be explained by the fact that both axes are virtually
perpendicular to the ¢, mirror plane of the pseudosymmetry
C,. BAAMP is special in this respect: its as; values of 12.3° (P1)
and 18.1° (P3) are significantly larger than those obtained for P
atoms of the other compounds. This correlates with

significantly larger bond length differences Id(PO,) — d(PO,)!

Table 6. Angular Deviations «; = acos(el*S-e[S) for 3'P
Shielding Tensors Calculated by the EEIM Method for
MAMP-xH,0 Compounds

QC site a,/deg  a,/deg as;/deg
[ZnAMP-3H,0], Pl 162 17.8 8.6
P2 14.8 14.7 52
P3 17.6 172 46
[MgAMP-3H,0]; Pl 16.7 17.5 7.2
P2 15.5 16.0 6.5
P3 17.8 17.3 4.2
[(CaAMP),-9H,0], P1 19.0 204 8.1
P2 11.8 11.9 6.1
P3 11.9 11.9 2.9
P4 19.2 20.7 8.4
PS 15.4 15.0 5.6
P6 11.8 11.6 2.2
tensor averaging in LCS basis:  (P1, P4) 19.1 20.6 8.3
[Pi + P(i + 3)]/2
(P2, P5) 136 134 5.8
(P3,P6) 118 117 2.4
[StAMP], P1 17.7 17.0 6.0
P2 11.8 12.5 5.0
P3 14.7 14.8 1.1
[BaAMP], P1 18.1 202 122
P2 15.6 17.6 9.1
P3 16.4 24.2 18.1

in BaAMP (see Table 3), which show values up to 0.028 A and
thus reflect larger deviations from the idealized C, symmetry of
—CPO,0(H). Excluding BaAMP, the mean value and range
would be 33 = 5.4° + 4.4°. The rather narrow ranges around
the arithmetic mean in all a; and the fact that the direction of
the angular deviations is systematic (see Table 7) indicate that
phosphonate groups possess a characteristic *'P shielding
tensor orientation relative to the LCS or ultimately the atomic
coordinates of the —CPO,O(H) unit. This knowledge may be
used to derive structural information from experimentally
determined shielding tensors, which is especially desirable for
disordered or complex systems whose structure is not amenable
via XRD techniques.

Table 7 shows the generic shielding tensor orientation of
(aminomethylene)phosphonates obtained by averaging over n
= 18 MAMP shielding tensor orientations Q(n) = {e}*5(n),
e525(n), and e5*5(n)} expressed in LCSs in Tables S16—S20 in
the SI.

The averaging is performed as follows: Three auxiliary
vectors r; (i = 1—3) are defined by

I = Z e:’AS in LCS(n)/l{Z e,PAS in LCS(n)}l (6)

The three r; are normalized but not strictly orthogonal to each
other. Subsequently, averaged orthonormal eigenvectors eX*AS
denoted in the LCS are obtained by Gram-Schmidt
orthogonalization of {ry, r,, r;}, where r, is used as the starting
vector.

Figure 7 shows the averaged absolute *'P magnetic shielding
tensor of all investigated —CPO,O(H) units in the ovaloid
representation. The averaged tensor orientation from Table 7
was used together with principal axis values ), = 214.6 ppm,
0y, = 296.0 ppm, and 6,3 = 383.6 ppm, obtained from averaging
over the individual P sites listed in Table S15 in the SI. The

shape of the ovaloid is characteristic for the phosphonate
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Table 7. Average *'P Magnetic Shielding Tensor Orientation of Phosphonates, Derived from the Tensor Orientations in

MAMP-xH,0 Calculated in This Work”

eigenvector ef® e e
e?v,PAS 0.971364 —0.236551 0.022272
EIPAS 0.237039 0.971237 —0.022614
QIVPAS —0.016282 0.027246 0.999496

“Normalized principal axis vectors e*"*4

euler angles PAS — LCS

euler angles LCS — PAS angular deviation a;

apy, 314.56 ap 120.86 ay, 13.74
Prer 1.82 Pip 1.82 ay, 13.78
7rL 59.14 7ip 225.44 a3 1.82

are given in terms of direction cosines to the basis vectors of the LCS, defined in the text. Euler angles are

given for Euler rotation according to Rose convention > from the PAS to the LCS and vice versa. The last column gives the angular deviation a; =

acos(e™PAS.eLCS) between ePAS

and e[S, All angles are expressed in degrees.

PA LCS
e me:

Figure 7. Ovaloid representation of the averaged absolute *'P nuclear
magnetic shielding tensor in monoprotonated (aminomethyl)-
phosphonates (gray surface). Additionally, an overlay of stick models
of the contributing molecular fragments H-N—C—PO,—O(H) is
shown where H atoms on C atoms were omitted for clarity. The basis
vectors of the PAS and LCS have been stretched by a factor of 2.

compound class, and the small variations of shielding tensors of
individual compounds are hardly visible in such representations.

B CONCLUSIONS

In this contribution, we derived the average orientation of the
*'P NMR shielding tensor of monoprotonated phosphonates
(—CPO,OH) from five crystalline compounds with 18 different
shielding tensors. In a suitably chosen LCS defined by the P—O
and P—C bonds, all 3'P shielding tensors show a major
resemblance and reflect the local C; pseudosymmetry of the
phosphonate group (—CPO,0—) as well as the deviation from
C,, pseudosymmetry dictated by the O,—P—O, fragment (see
Figure 7). The P NMR tensor principal axes are close to the
LCS axes, where a larger fraction of the deviation is systematic
and could be incorporated into a refined empirical correlation
between the local structure and orientation. In view of the
reported statistical deviations, we anticipate a usage of the
tensor orientations of phosphonate groups in phosphonolipids
in a way similar to that shown in refs 17 for phosphate groups
in phospholipids whose orientation in membranes could be
investigated by *'P NMR.

Furthermore, quantum-chemical EEIM calculations permit-
ted an assignment of experimentally observed signals in MAS
3p NMR powder spectra of MAMP-xH,0 (M = Zn, Mg, Ca,
Sr, and Ba and x = 3, 3, 4.5, 0, and 0) to the crystallographic P
sites (see Table S). Accurate crystal structures are a necessary
prerequisite for the reliable calculation of NMR parameters.
Analysis of the rmsd's between experimental and calculated data
of rmsd(55%,65") = 3.4 ppm for the principal axis values and
rmsd(52%,65%) = 0.89 ppm for the isotropic chemical shifts

indicates that it is necessary and sufficient to refine the H-atom
positions of XRD structures by partial, quantum-chemical
structure optimizations under periodic boundary conditions
(VASP program, PW91/PAW level) to obtain reliable
predictions of the shielding parameters.

Dynamical disorder was found for the crystal structure of
CaAMP-4.5H,0. *P NMR parameters calculated for an
ordered, static superstructure, (CaAMP),-9H,0, ruled out the
possibility of a static disorder. Experimentally observed *'P
NMR signal line shapes could be reproduced by averaging of
inequivalent (though very similar) shielding tensors of the
superstructure. This procedure should be applicable to calculate
NMR parameters of disordered structures with fast dynamics in
general.
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