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Abstract

The complete set of NMR parameters for !’O enriched phenylphosphinic acid CsHsHP,O(*OH) is calculated from first principles by
using the Gauge Including Projected Augmented Wave (GIPAW) approach [C.J. Pickard, F. Mauri, All-electron magnetic response with
pseudopotentials: NMR chemical shifts, Phys. Rev. B 63 (2001) 245101/1-245101/13]. The analysis goes beyond the successful assign-
ment of the spectra for all nuclei (‘H, '*C, 170, *'P), as: (i) the "H CSA (chemical shift anisotropy) tensors (magnitude and orientation)
have been interpreted in terms of H bonding and internuclear distances. (ii) CSA/dipolar local field correlation experiments have allowed
the orientation of the direct P-H bond direction in the *'P CSA tensor to be determined. Experimental and calculated data were com-
pared. (iii) The overestimation of the calculated *'P CSA has been explained by local molecular reorientation and confirmed by low tem-

perature static 'H — 3P CP experiments.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The PAW (Projector Augmented Wave) and GIPAW
(Gauge Including Projected Augmented Wave) methods
have attracted recently much attention in the field of solid
state NMR [1]. Accurate predictions of isotropic chemical
shifts and quadrupolar constants have been achieved for
model organic/bioorganic [2] and inorganic [3] compounds.
These compounds include molecular crystals, as well as 3D
architectures. The success of both methods relies on the
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fact that large infinite solids are described within periodic
boundary conditions, using plane wave basis sets and Den-
sity Functional Theory (DFT). It follows that the only sig-
nificant source of error is the use of approximated
exchange-correlation DFT functionals.

As a matter of fact, the proposed first principles calcula-
tions lead to numerous NMR parameters, allowing deep
insight in the description of crystal structures. It is there-
fore possible to go beyond the crude assignment of isotropic
lines in a given spectrum. Among these parameters, calcu-
lated CSA parameters have been reported. To the best of
our knowledge, only isotropic GIPAW calculated 'H shifts
have been proposed in the literature for a limited number
of derivatives [2b,2¢,4,5]. Surprisingly, GIPAW calculated
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"H CS4 have been rarely reported [6], though precise data
based on single crystal experiments have been published
already [7]. At this stage, we must mention that recent work
by Haeberlen and coworkers reported 'H calculated data
in the frame of a spherical cluster approach, with no peri-
odic boundary conditions [8]. Proton ab initio calculations
were initiated by McMichael Rolfing [9] in the frame of
ROH molecules and carboxylic acid dimers.

The absolute orientation of the principal axes of all ten-
sors is also calculated within the GIPAW approach, open-
ing a new field of research. Experiments on single crystals
[8a,10] and static powders allow in principle the determina-
tion of the orientation of tensors. As an example, the orien-
tations of CSA and quadrupolar tensors have been
previously reported in the case of 1D 'O, **Mn, Mo
and '*La static spectra [2b,11,12] and compared to first
principles calculations. In this particular case, the disconti-
nuities of the spectra were characteristic for both the mag-
nitude and relative orientation of the corresponding
tensors. Several solid state NMR correlation experiments
have been proposed in the literature [13] allowing the rela-
tive orientations of various tensors (CSA, dipolar, quadru-
polar) to de determined. The aim of this article is to show
that correlation experiments can be effectively combined
with GIPAW calculations. It has to be noticed that van
Beek et al. [13c] have recently used GIPAW tensorial data
for simulation purposes.

It is well established that local molecular motion may
average (at least partially) the NMR interactions. It follows
that the observed experimental parameters can be strongly
modulated in terms of anisotropy and orientation of the
principal axes. This crucial notion is rarely addressed in
the literature though the PAW and GIPAW calculations
are performed actually at 0 K (a notable exception is a
recent contribution by Rossano et al. [14]); thus, care must
be taken when comparing experimental and calculated
data. On the other hand, discrepancies between experimen-
tal and calculated data may suggest the presence of local
molecular motion.

The PAW and GIPAW methods lead also to interesting
data, which open new perspectives in solid state NMR: (a)
the absolute value of Cg could be of great help in the frame
of NQR spectroscopy, by specifying the resonance frequen-
cies. Moreover, the sign of Cq, is also provided by the PAW
approach. (b) the antisymmetric components of the tensors
are calculated as well; very little attention has been paid so
far to these components [7a] but recent work by Wi and
Frydman [15] demonstrated their potential in solid state
NMR.

In this paper, the PAW and GIPAW methods are applied
to the fine description of the NMR parameters of 'O
enriched phenylphosphinic acid, CcHsHP*O(*OH). This
derivative is characterized by a direct P-H bond. Organo-
phosphorus derivatives, such as phenylphosphonic or
phenylphosphinic acids, are interesting for the synthesis of
hybrid materials [16] and titano- or aluminophospho-
nate(inate) clusters[17,18]. Solid state NMR is an invaluable

tool of investigation for such organophosphorus derived
materials, giving a deep insight into chemical bonding. As
an example, it has been shown recently [19] that '’O param-
eters were extremely sensitive to the bonding mode of phos-
phonate molecules in hybrid solids. Here, we find a very good
agreement between the experimental and calculated data for
all nuclei ("H, 13C, 170, 3'P) of phenylphosphinic acid, con-
firming results dealing with a phosphonic derivative,
C¢HsPO(OH), [5]. In the case of this phosphonic derivative,
the calculated "H data were not discussed. In the present
work, the analysis of the calculated data includes the follow-
ing points: (i) "H data (including the CSA and the orientation
of the corresponding tensors) have been interpreted in terms
of H bonding and internuclear distances. The proposed dis-
cussion includes 'H data related to phenylphosphinic and
phenylphosphonic  acids, various hydrated calcium
phosphates exhibiting P-OH groups (CaHPO,42H-O,
Ca(H,P0O,)>,H,0) and hydroxyapatite (HAp), Cas(PO4)3(OH)
[6]. (i) The dipolar tensor corresponding to the direct P-H
bond was oriented in the *'P CSA tensor using a dipolar
mediated correlation experiment (Inversion Recovery Cross
Polarization or IRCP) [20]. Extensive use of the SIMPSON
simulation platform [21] allowed the interpretation of the
data. (iii) The overestimation of the calculated *'P CSA
was explained by local molecular reorientation. Low temper-
ature experiments confirmed this assumption.

The outline of the article is the following: Section 2 pre-
sents the Experimental details (synthesis of the '’O
enriched phenylphosphinic acid and solid state NMR
experiments at low and room temperature). Section 3 deals
with the Computational details, including the first princi-
ples calculations and the SIMPSON simulation approach.
Section 4 presents both calculated and experimental results.

2. Experimental details

2.1. Synthesis of 7O enriched phenylphosphinic acid,
CsH;HP*O(*OH)

Dichlorophenyl phosphine (PhPCl,, 97%, Aldrich) was
distilled under reduced pressure before use. PhPCI,
(2.52 g, 14.1 mmol) was slowly added to enriched water
(20 at. %, 0.77 g, 42.2 mmol) in dry THF (6 mL) at 0 °C.
The reaction mixture was stirred for 30 min at this
temperature, then warmed at room temperature and argon
was bubbled overnight into the solution to remove
dissolved hydrogen chloride. After evaporation, the white
solid was recrystallized from acetonitrile solutions to give
white crystals (1.50 g, 74%). Phenylphosphinic acid (non
70 enriched) was purchased from Aldrich and studied
without further purification.

2.2. Multinuclear solid state NMR
'"H NMR MAS spectra were obtained at 750.16 MHz

(17.6 T) using a 2.5 mm Bruker probe (MAS frequency:
33 kHz) (Bruker AVANCE 750 spectrometer, number of
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scans: 4, 30° pulse with w("H)/2r = 50.0 kHz for full relax-
ation). Spectra were referenced to TMS.

'"H - 3C CP MAS experiments were performed at
75.43 MHz (7.0 T) (Bruker AVANCE 300 spectrometer)
using a 4mm Bruker probe at S5kHz. (w('H)/
21 = 46.3 kHz during the contact time (2 ms), number of
scans: 832, relaxation delay: 20s, '"H TPPM composite
decoupling [22], 15°, decoupling power of 50 kHz). Spectra
were referenced to TMS.

'"H - 3'P CP and IRCP [20] experiments were per-
formed at 121.44 MHz (7.0 T) using a 4 mm Bruker probe.
Both static and MAS (5 kHz) modes were used (in static
mode: w('H)/2n = w(*'P)/2n = 58.1 kHz during the con-
tact time (3 ms), number of scans: 704, relaxation delay:
20's). Spectra were referenced to HsPO,, 85%. For the
IRCP sequence (see Fig. 6¢), a sudden inversion of phase
on the *'P channel is applied after the initial CP contact
(3 ms). In order to record undistorted *'P static lineshapes,
a final © pulse was added (in order to form an echo). Static
'"H - *'P CP experiments (including an echo) were also
performed at low temperature (7= —40 °C) by using the
air driven Bruker BCU-Extreme apparatus and a triple res-
onance DVT Bruker probe. The pressure dew point of the
drier (Bruker) was —100 °C. The temperature has been
carefully calibrated by using solid lead nitrate (the *°’Pb
chemical shift is a sensitive temperature sensor) [23].

70 MAS and static NMR spectra were recorded at
54.22 (9.4T) and 101.69 MHz (17.6 T) (Bruker AVANCE
400 and 750 spectrometers) using Bruker 4 mm probes.
Static spectra were acquired using a spin-echo (0-7-20)
pulse sequence with 6 =90° (on the solid) to overcome
problems of probe ringing and baseline distortions while
at 17.6 T, the 'O MAS (12.5 kHz) spectrum was recorded
using a single-pulse excitation with a short (<r/16) pulse,
since only a very short pre-acquisition delay was needed
("H TPPM composite decoupling, 20°, decoupling power
of 50 kHz, relaxation delay: 5 s, number of scans: 25,000—
200,000). Chemical shifts were referenced to tap water
(6 =0 ppm).

3. Computational details
3.1. The GIPAW approach

The calculations were performed within the Kohn—
Sham DFT using the PARATEC code [24]. Full details
related to the implementation of the PAW and GIPAW
methods are given in Ref. [5]. The crystalline structure is
described as an infinite periodic system using periodic
boundary conditions. The NMR calculations are per-
formed as follows: partial geometry optimizations were
performed for the structure, starting with the experimental
structure [25] and allowing the positions of the hydrogen
and carbon atoms to relax using DFT calculation. It has
been shown previously [5] in the case of phenylphosphonic
acid that net improvement in the calculations of both 'H
and '3C resonances was obtained by relaxing proton and

carbon positions (in the case of single crystal XRD data).
We have shown here that all '*C resonances were systemat-
ically deshielded by considering the sole relaxation of
protons (in the case of the phenylphosphinic acid).
The new coordinates obtained after relaxation are summa-
rized in Supporting Information. Representation of one
phenylphosphinic acid molecule showing the labelling
scheme of the atoms and H-bonding scheme are presented
in Fig. 1. The schematic representation of one phenylphos-
phonic acid molecule is also presented in Fig. 1 for further
discussion. The shielding tensor was computed using the
GIPAW approach [1,26] which permitted the reproduction
of the results of a fully converged all-electron calculation
while the EFG tensors were computed using a PAW
approach [27,28]. The isotropic chemical shift ;. is defined
as 0o = —(0 — 6™f), where ¢ is the isotropic shielding
(one-third of the trace of the NMR shielding tensor)
and ¢™ is the isotropic shielding of the same nucleus in a
reference system as previously described in Ref. [5].
The values given in Ref. [5] and used in this work are the
following:  ¢™'("H) =31.0 ppm, ¢™('*C) = 170.9 ppm,

C¢H;HPO(OH)

phenylphosphinic acid

Fig. 1. Representation of CdHsHPO(OH) and CsHsPO(OH), molecules,
showing the labelling scheme of the atoms. The *'P and 'H CSA principal
axes obtained from the calculations are represented by d;;, d,, and di3.
Red dashed lines, H-bonding directions. ¥, angle between d33 (°*'P) and
the P-H direction. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this paper.)
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¢™{*'P) = 300.7 ppm and ¢"(!’0) = 261.5 ppm. All calcu-
lated and experimental NMR data are reported in Tables 1
and 2.

3.2. SIMPSON simulations

The simulations of spectra presented in the work were per-
formed by using the DM2004 program [29] and the SIMP-
SON platform [21]. Both programs are available on the
web. In the frame of SIMPSON, the MAS simulations were
performed by using the g-compute method. y-angles and crys-
tal-file were adapted to obtain the convergence of the simu-
lations. In the case of 170, the quadrupolar interaction was
considered up to the second-order. The I, and I, input were
used in order to obtain the central transition (CT) and the
satellite transitions (ST), respectively. For all nuclei, isotro-
pic chemical shift and CSA were used as input parameters.
For 'O, Euler angles relating the CSA (d;1, 92, d33) and
the quadrupolar (Cq, 1) tensors were specified by:

shift o p Y
quadrupole 0 0 0

Definitions of 01, 622, 033, Cq, g and Euler angles are
given in Table 1. The three Euler angles describe the rela-
tive orientation of the CSA tensor with respect to the
EFG tensor system [2b]. The IRCP simulations were per-
formed by considering I,y + I, as start-operator and I,
as detect-operator (nucleus 1: 'H ; nucleus 2: *'P). The
RF during the inversion-time (#;) and the phases on both

channels (Y,—Y) were used as input parameters. The
ZCW28656 crystal-file and the direct method were used
for static conditions. The orientation of the P-H bond
was specified in the *'P CSA tensor by:

dipole 0
shift 0

4. Results and discussion

At very high field (17.6 T) and very high MAS fre-
quency, a considerable gain of resolution is attained in
'"H solid state NMR [30]. The 'H spectrum of
C¢HsHPO(OH) (Fig. 2a) exhibits two main lines centered
at = 13.6 ppm and J =~ 7 ppm, corresponding to P-OH
and (P-H, C¢Hs) resonances, respectively. The obtained
resolution is obviously not sufficient to allow any deconvo-
lution of the complex resonance located at 6 ~ 7 ppm. The
calculated spectrum using the calculated parameters (Table 1)
is in good agreement with the experimental one. These
parameters correspond to the relaxed structure involving
both C and H atoms (see above). The role of the relaxation
of the structure is crucial when dealing with 'H isotropic
chemical shifts [2b,5], strengthening the role of H-bonding
in the calculations of chemical shifts. For example,
the GIPAW method leads to 6(P-OH) = 5.5 ppm before
relaxation of the structure and to J6(P-OH) = 13.9 ppm
after relaxation. The experimental value of J(P-OH)

Table 1
'H, ¥C, 70 and *'P GIPAW isotropic and anisotropic parameters for C¢HsHPO(OH)
5iso o EXP (311 522 533 CQ EXP nQ EXP o /f Y
H1 PH 7.3 9.1 8.8 4.1
H2 OH 13.9 13.6 25.9 254 -9.5
H12 Ph 5.8 9.1 6.2 22
H13 Ph 5.3 8.4 5.3 2.1
H14 Ph 7.1 9.3 7.7 43
H15 Ph 6.1 8.6 73 25
H16 Ph 5.2 1.9 4.6 9.1
Cl11 C-P 130.5 218.8 160.9 11.9
C12 o0-Ph 132.7 241.8 160.0 -3.6
Cl13 m-Ph 129.6 239.3 156.4 —6.9
Cl4 p-Ph 135.6 135.1 246.8 165.0 -5.1
Cl15 m-Ph 131.7 241.7 157.9 —4.6
Cl6 o0-Ph 132.4 241.1 164.3 -8.1
01 P=0 91.8 90.9° 146.1 119.9 9.4 —4.67¢ 4.5° 0.41 0.44° —95 105 70
02 OH 85.6 85.7° 47.7 68.5 140.6 —6.28¢ 6.1° 0.71 0.70° 55 75 —120
P 20.1 19.7 —84.2° 18.3° 126.2°

The experimental data correspond to EXP. ¢ in ppm, Cg, in MHz and Euler angles in °. CSA, d,y, 022, 933 With: [d33 — diso| = [011 — Jisol = [022 — diso| and
Oiso = 1/3 (011+0201033). EFG, Vyx, Vyy, Vzz With [Vzz| > [Vyx = | Vyyl and Cq =eQVzz/h, nq = (Vyy — Vxx)/Vzz. The Euler angles (,f,7)
describe the relative orientation of the CSA tensor with respect to the EFG tensor [2b]. Experimental 6('H, 1*C, 3'P) + 0.1 ppm. & (’0) & 0.5 ppm. Co

(""0) £ 0.1 MHz, 5 ('’0) +0.1.

0, ortho-; m, meta-; p, para-.
% The spectral resolution was not sufficient to extract all isotropic chemical shifts (see text).
® From fast MAS experiment at very high field (B, = 17.6 T).
° The 3'P CSA principal components have to be compared to the experimental values: —76.2, 26.6 and 108.9 ppm.
9 The sign of Cq is accessible by the calculation.
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Table 2

Calculated 'H CSA parameters for the phenylphosphinic and phenylphosphonic acids (CeHsHPO(OH), C¢HsPO(OH),) and hydroxyapatite HAp

(Cas (PO4);0H) (see Ref. [6])

Siso. (ppm) 811 (ppm) 82 (ppm) 833 (ppm) dOH.--O(A)

C,HsHPO(OH)

HI* (PH) 73 9.1 8.8 4.1 2.705

H2* (POH) 139 259 254 -9.5 1.457
C,HsPO(OH),

HI* (POH) 13.0 25.9 24.7 —11.6 1.536

H2* (POH) 11.7 243 21.9 —-11.0 1.628

Cas (PO,);0H" -1.5 2.0 1.9 -8.3 ¢

# The labelling scheme for the various protons is given in Fig. 1.
® The calculations correspond to the monoclinic form of HAp [37].
¢ Isolated OH groups.

R — e
174 15 16 17 18 19 2 21 22
OH:--0Q distance (A)

Fig. 2. (a) "H MAS NMR spectrum (EXP) of C¢HsHPO(OH). GIPAW:
simulation corresponding to the 'H chemical shifts presented in Table 1.
(b) Calculated 'H isotropic chemical shifts vs the shortest OH---O
distances in the corresponding structures for CgHsHPO(OH),
C¢HsPO(OH), and various hydrated calcium phosphates (namely
CaHPO42H,0, Ca(H,PO,4),’H,0). The solid line is intended as a
guideline for the eyes.

(=13.6 ppm) is therefore a good test for the accuracy of the
calculations.

Very interestingly, a safe correlation can be established
between the calculated 'H isotropic chemical shifts and

the shortest OH---O distance in the corresponding struc-
tures. Fig. 2b presents a compilation of calculated data
related to OH groups (including P-OH and H,O mole-
cules) in phenylphosphonic and phenylphosphininic acids,
and various hydrated calcium phosphates [6]. A strong
deshielding of the 'H isotropic resonance is obviously
related to the shortening of the OH- - -O distance. On this
basis, the 'H resonances for both acids are clearly distin-
guished. This trend is observed for P-OH groups and
H,O molecules, though two different resonance regions
have to be considered (6(H,O)<7ppm and
o(P-OH) > 8 ppm). Empirical correlations leading to
analogous conclusions were already published by Berglund
and Vaughan [31] and Jeffrey and Yeon [32].

Much more information can be extracted concerning the
"H CSA tensors. Table 2 shows the principal components
of the "H CSA tensors for OH groups in both acids. The
corresponding data for HAp (Cas(PO4);OH) are also pre-
sented for comparison: HAp is characterized by “isolated”
OH groups in the structure. All tensors corresponding to
the acids can be considered as axial, as already observed
for several protons involved in H bond networks [7]. Nev-
ertheless, Wu et al. [33] have pointed that 'H CSA tensors
can deviate from axial symmetry in the case of crystalline
hydrates (including perchlorate and sulfate derivatives).
The calculated anisotropy (defined by |33 — 950 |) 1S strong
(~23 ppm). In the case of HAp, the anisotropy is clearly
reduced as isolated OH groups are involved. Moreover,
the calculated ds33 axis direction is nearly collinear to the
OH- - -O direction for both acids, as anticipated for such
OH groups (see Fig. 1). As a matter of fact, the '"H CSA
tensor for H1 in the phenylphosphinic acid (P-H bond) is
also axial and the unique axis d33 is also nearly collinear
to the P-H1- - -O2 direction. Experimental data concerning
direct P-H bonds have not been published so far in the lit-
erature. Finally, we note that the calculated "H CSA for the
aromatic protons are in agreement with those proposed
recently in the case of benzene [8b].

The '"H — *C CP MAS spectrum of the phenylphosphi-
nic acid is presented in Fig. 3. Calculated data (Table 1)
show that the Cl4(p-PH) resonance is expected to be
deshielded (0 = 135.6 ppm). The experimental spectrum
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TH — 13C CP MAS
7T

(ppm) 140 130 120 110

Fig. 3. '"H - '3C CP MAS NMR spectrum (EXP) of CcHsHPO(OH).
GIPAW: '3C isotropic chemical shifts presented in Table 1.

exhibits also a deshielded line at 6 = 135.1 ppm which can
be safely assigned to Cl4(p-PH). Recently [34], we have
proved unambiguously this particular assignment by using
'"H - 3P — '3C double CP MAS experiments.

Due to second-order quadrupolar broadening [35], it is
well known that MAS reorientation of samples can not
fully average the broadening of lines corresponding to
quadrupolar nuclei (such as 70O, I'=5/2). The calculated
70 parameters (including the (o, §,7) Euler angles between
CSA and EFG tensors) are presented in Table 1 for P =0
(O1) and P-OH (02). At 17.6 T, both central transitions
(CT) corresponding to Ol and O2 can be almost distin-
guished and present characteristic features which allow
the precise determination of (Cq, #g) for each site
(Fig. 4a). By using the calculated parameters, the full '’O
MAS spectrum at 17.6 T can be simulated (Fig. 4b). A very
good agreement is observed for all CT and satellite transi-
tions features. Under static conditions, CSA parameters
and Euler angles between the CSA and quadrupolar ten-
sors can be extracted [2b,11], especially at 17.6 T. The static
spectrum at By = 17.6 T is well simulated by using the cal-
culated parameters, including the (o, f5,y) Euler angles
(Fig. 5a). Fig. 5b shows various calculated lineshapes for
O1 and O2. The solid line corresponds to the PAW/
GIPAW parameters. The use of other sets of Euler angles
(x=p =179=0°) for Ol and O2 leads to a completely differ-
ent lineshape, which can not account for the experimental
spectrum. The same conclusion applies when considering
no CSA for O1 and O2. Therefore, the relative orientation
of the CSA and EFG tensors is of crucial importance,
when dealing with the static lineshapes. Spectra obtained
at 94T confirm the accuracy of the calculations
(Fig. 5c). We note that the trends observed for Cq [i.e.
Co(P-OH) >Cq(P=0)] are in agreement with previously

a

70 MAS
176T

EXP
b
PAW/GIPAW
N
400 200 0 -200 -400
ppm

Fig. 4. (a) YO MAS NMR spectrum (EXP) of C¢HsHP*O(*OH)
(LB: 50 Hz) (b) PAW/GIPAW: SIMPSON simulation corresponding to
the 'O parameters presented in Table 1. Expansion of the central
transitions is also presented (LB used in SIMPSON: 100).

published data concerning the phenylphosphonic acid [5].
However, chemical shift anisotropy values are much higher
in the case of the phenylphosphinic acid. This proves that
70 CSA data are very sensitive to molecular structure
and must be carefully studied under high field and static
conditions, with help of first principles calculations.

We must mention that Bryce et al. [36] have obtained
very precise data for '’O EFG, CSA and 'Jirg s1p tensors
for PhsPO. In particular, the 'Jirgap value (~150 Hz)
was extracted from splitting observed in fast 7O MAS
experiments. The present data do not exhibit such splitting.
Moreover, static '’O spectra must contain a contribution
from J and dipolar coupling involving 'O and *'P nuclei.
At very high field (By=17.6 T), we assume that CSA acts
as the dominant interaction.

The '"H — 3'P MAS and static spectra are presented in
Fig. 6a and b. Using the *'P GIPAW parameters, one
obtains good trends for both simulations. One notes how-
ever, that the calculated CSA is slightly overestimated, as
shown by the static lineshape and the relative intensities
of the spinning sidebands in the MAS spectrum. As the



C. Gervais et al. | Journal of Magnetic Resonance 187 (2007) 131-140 137

170 static
176 T
a

EXP

CT (01)

PAW/GIPAW

CT (02)

300 200 100 O
ppm

170 static
94T

EXP

CT (01)

PAW/GIPAW

-100 -200 300 200 100 o

. no CSA

. no angles

i

01+ 02

P e

4100 -200
ppm

400 200

0 -200 -400 -600
ppm

Fig. 5. (a) 7O static NMR spectrum (EXP) of C¢HsHP*O(*OH) at 17.6 T (LB: 100 Hz). PAW/GIPAW: SIMPSON simulation corresponding to the '’O
parameters presented in Table 1 (CSA, quadrupolar parameters and Euler angles for Ol and O2). (b) SIMPSON calculations corresponding to O1 and O2
CT’s (central transitions) taking into account: the complete set of quadrupolar, CSA parameters and Euler angles shown in Table 1 (O1+02);
quadrupolar, CSA parameters and coaxial PAS (no angles); quadrupolar parameters without CSA (no CSA) (LB used in SIMPSON: 1000). (c) 7O static
NMR spectrum (EXP) of CcHsHP*O(*OH) at 9.4 T (LB: 300). PAW/GIPAW: SIMPSON simulation corresponding to the '’O parameters presented in

Table 1.

3'p_'H direct bond is characterized by a strong dipolar
coupling constant (16,100 Hz), the static lineshape will be
modulated solely by this particular coupling by using the
IRCP local field experiment (for short #, Fig. 6c). The
P-H distance has been precisely measured by '"H — *'P fast
MAS experiments [18]. For # = 20 ps, the most deshielded
part of the spectrum is already inverted (Fig. 6d). SIMP-
SON calculations show that the orientation of the P-H
bond (dipolar axis) is parallel to the most deshielded com-
ponent of the CSA tensor (solid line in Fig. 6d). The
dashed line corresponds to a SIMPSON simulation using
the GIPAW parameters for the CSA tensor and P-H bond
direction. Though the lineshape is comparable to the exper-
imental spectrum, the most deshielded part of the line is
not inverted.

Starting from the molecular scheme (Fig. 1), one
observes that the P-H direction is roughly perpendicular

to the calculated J,; principal axis. The deviation from
the calculated ds5 principal axis is ¥ ~ 23°. In the *'P
CSA Principal Axes System, the chemical shift correspond-
ing to the P-H direction can be then calculated as a func-
tion of 0y, d33 and Y. It leads to = 109.7 ppm.
Surprisingly, this value is similar to the most deshielded
component of the experimental spectrum (i.e.
+108.9 ppm). A local movement of the *'P CSA tensor
around the P-H bond direction could then account for
the slight reduction of CSA (as shown by the static *'P
spectrum) and explain why the P-H direction is parallel
to the most deshielded CSA component (as shown by the
IRCP experiment). Low temperature CP experiment tends
to confirm such an assumption. The evolution of the *'P
CSA lineshape vs T is presented in Fig. 6b. By lowering
the temperature, the following trends are observed: the
deshielding of the d33 component, the slight shielding of
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Fig. 6.(a) 'H—-*P CP MAS NMR spectrum (EXP) of

C¢HsHP*O(*OH). GIPAW: simulation using the *'P parameters presented
in Table 1. M: satellites due to 'Ji7g u1p. Vertical arrow, isotropic chemical
shift. (b) 'H — *'P CP static NMR spectra of C¢HsHPO(OH). Spectra,
room temperature and 7 = —40°C experiments; GIPAW, simulation
using the 'P parameters presented in Table 1. Horizontal arrows,
deshielding of ¢33 and shielding of d,, vs T. (c) IRCP sequence [20]. (d)
Standard 'H — 3'P CP static NMR spectrum (f; = 0 ps) and IRCP static
spectrum (4 = 20 ps) of CcdHsHPO(OH) (EXP) (By = 7.0 T). SIMPSON
(solid line), simulation of the static IRCP spectrum (# = 20 ps) using the
experimental CSA parameters for >'P (see Table 1). GIPAW (dashed line),
SIMPSON simulation of the static IRCP spectrum (#; = 20 us) using the
GIPAW CSA parameters for >'P (Table 1).

the d,, component and the overall increase of the 31p CSA.
The observed low temperature evolution of the CSA prin-
cipal values is therefore consistent with the GIPAW calcu-
lated tensor.

5. Conclusions

By using the PAW/GIPAW approach, full calculation
of NMR parameters has been performed in the case of
crystalline phenylphosphinic acid CcHsHPO(OH). Excel-
lent agreement between calculated and experimental data
has been observed for (‘H, '*C, 170, 31P) CSA parameters,
as well as for '’O quadrupolar parameters obtained from

70 enriched C¢HsHP*O(*OH). The analysis of the relative
orientation of the CSA and EFG 7O tensors allowed a pre-
cise interpretation of the 'O MAS and static spectra at var-
ious fields. The role of H-bonding in 'H solid state NMR was
emphasized. In particular, the calculated isotropic chemical
shifts of the phenylphosphinic and phenylphosphonic acids
were compared to the one calculated for various hydrated
calcium phosphates. The deshielding of the chemical shift
is clearly related to the shortening of the OH- - -O distances
in the structures. The calculated tensors are generally axial
with the unique axes nearly parallel to the OH---O bond
directions. The orientation of the P-H bond direction in
the *'P CSA PAS was determined by the IRCP sequence.
Local reorientation of the CSA tensor is suggested by com-
parison with the DFT predictions and confirmed by low tem-
perature "H — *'P CP experiments. A huge amount of work
remains to be done for the measurement of 'H CSA tensors
both in terms of magnitude and absolute orientation of the
principal axes. First principles calculations should be of
great help for the full understanding of such data.
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