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S1 Theoretical foundation of the cluster approach

The local character of NMR properties has frequently beem#sis of approximations
used in early calculations of NMR paramefefs As far as we know no thorough
investigation has been conducted in order to justify theteluapproach or to give
guidelines for the QC setup, however.

The magnetic shielding tensordd defined by

Bind(rN) = _SN * Bext (Sl)

whereB,,;(ry) is the induced magnetic field at the positignof the nucleus anB..; is
the external magnetic field in which the sample is immersée. Spatial contributions
to B;,(ry) in Sl based atomic units are given by the integrand in Biota@svaw’®

Bty =5 [ 1D (2)

[ty — 1P

wherej(r’) is the current density (for closed shell systems and orgimagnetic field
strengthsj(r’) is sufficiently described by the first-order current dengitiyuced by
B..;) and(ry — ') = r is the difference vector between the position of the nuctes
a small volume element at positiah As the integrand scales formally with?, the
contributions from farther distant volume element®Big,(ry) decrease quadratically
and according to eq. (S1) the same is trueddr The role ofj(r’) which depends
on the specific molecular structure, has been neglectedscdinsideration. In most
cases a compensating effect can be expected from diffgggntontributions at farther
distances, which leads to a total decay of spatial contdhattoc™ much faster than
r~2. This can be explained as follows: for a staBig; one obtainsVj = 0, i.e. the
current density is represented by loops of closed isoliBesause the atomic structure
is essentially maintained in a crystal, most loops enclodevidual nuclei, only. In
each loop that does not enclosg i.e. the nucleus of interest, the current density
j(rn) in a small segmenil has a counterpart of antiparallel current dengty) in a
second segmeli2 of that loop, which leads to a partial compensation of theldimg
contributions aty resulting fromj(r;;) andj(rp). Figure S1 shows the compensation
effect for a ringlike loop shape. Any other loop shape wiglay a compensation
effect, too.

The expectation is supported by several calculations odiitence-dependence of
o in a pair of interacting aton{s!2 For two neutral atoms a decay of approximately
r~° has been found for the isotropic magnetic shieldifign the long range limit« is
now the interatomic distance). In an atom-ion pair a decay:of was found forg™.
A decay ofr=3 has been found for the shielding anisotropygfmo for a pair of neutral
atoms. Hence, the contributionsdd from far distant interactions can be neglected at
some point without significant loss in accuracy and the eluspproach is justified.

* Considering contributions tB,,;(ry) from spherical shell§ = [, 1’ + dr’] aroundN, no decay with
increasing’ is obtained.
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Figure S1: Compensation effect of magnetic shielding contributionssuine an in-
duced current densityr’) (green arrows) on a ring at large distamdeom
the nuclear positiomy. Contributions td;,;(ry) from different small vol-
ume elements of the ring current are visualized by blacknasitocated at
the respective ring segments). The contributions fegrandr, compen-
sate each other partly. The same holds for any other pairmdie ring
segments.

An advantage of the cluster approach is its flexibility. Imaited region the cluster
can usually be described by more a complete basis and by aanowveate quantum
chemical model as compared to the description in periodmuions. Typically, a
triple-C basis plus a double set of polarization functions and a mddasehybride DFT
that takes account of electron correlation and exact exgghahould be considered as
minimum requirement for reliable results. Farther distaontributions can be treated
at increasing levels of approximation. We note that thellobaracter of NMR prop-
erties is also used for approximations in periodic appregéh’, albeit its usage in
the cluster modelling is more radical.

The electrostatic approximation

Although the electrostatic approximation is frequentlgdig has seldomly been de-
fined precisely. This is done in the following in order to paauit the different types
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of systematic deviations that emerge. Using the notati@iomic units the total non-
relativistic electronic Hamiltonian of an extended sysismiven as

=

H=-1Y A,— oK =+ =t
= - A = P (S3)

e + VNe + Vee + VNN

1
2 ¢
i

>

where indices, j run over all electrons and indic&SL run over all nuclei. Solving the
Schroedinger equation f@t will give the full wave functionW(x;, xx) of the system.
When the total system is partitioned in a quantum cluster (@) outer part (OP),
the Hamiltonian can be reformulated in twelve differentrtsr

v AQC (7QC (7QC [7QC
R SR C I €
+ T, , + Vi 1 + Ve L, + Vi ; (S4)
-y L E+y yi+y yiAhoy y oL
ieQCKeOP " ieQC jeOP 'Y KeQC LeOP ieOP KeQC '

il QC 1 (7QC  _ Zx  yQC _ 1
with To™ = =3 Yieoc Aiy Vi, = = Lieac Likeoc 70 Ve = Lieac Ljeacsi 7,
7QC  _ ZxZ,  FOoP  _ 1 (7OP  _ 4
VNN = ZKEQC ZLEQC>K ;KLL1 Te - T2 LieOP Ai, VNe - _ZieOP ZKEOP ﬁ’
~OP _ 1 “rOP _ ZxZ 1
VP = Yieor Zjeopwﬁ, and Vi, = Ykeor Lirecorsk 1.+ The first four terms of

(S4) represent the Hamiltonian of the QC region and may betédrasHQc
HQC = TEQC + V;\Q]ec + Vgc + ani (85)

Solving the Schroedinger equation TH@C leads to the “undistorted” wave function
Woc(xieqe, Xkeoc) Of the non-embedded QC. Likewise, terms five to eight may be col
lected in a Hamiltonian naméd,p as they exclusively describe the outer part. Solving
the Schroedinger equation féf,p leads to the OP wave functioHop(Xicop, Xkeop)-
The remaining terms in (S4) describe interactions betweeQC and the OP.

In the embedded cluster approximation with point chargesesenting the OP
HQC remains unchangedio, may be dropped as the electrons and nuclei in the outer
part are replaced by effective atomic chargesThis adds only a constant energy to
the system. The total Hamiltonian for the embedded QC therstthe form

Aoc=foc-Y, Y L4y Y 20 (s6)

i€eQC keOP KeQC keOP

The second and third term in (S6) replace the exact QC-ORactten terms nine to
twelve in (S4). Solving the Schroedinger equation}fb@(; will result in an approx-
imate wave funCtiOhych(Xich, XKeQC, qk(rk)) which is similar tO\PQc(XiEQc, XKch),
but distorted because of the presence of the embeddingeshdrgfavorable cases the
distortion of W, leads to a higher similarity with the exact WKx;, xx) in the QC
region. The point charge approximation is a drastic singaltfon of the system &§
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the exchange symmetry between electrons in the QC and the @#gjiected(ii) the
charge distribution in the OP which creates an electraspatiential in the QC region
is approximated by a point charge arréi) the electronic wave function is restricted
to the QC region.

In principle each quantum chemical observable or propegfedds on the full WF
W(x;, xx). A property is termed as “local” if it can be derived withougrsficant
loss in accuracy from an approximate Woc(Xicoc, Xkeoc, Gi(tx)) and correspond-
ing subspace operators. Now, we consider the nuclear miaghétldings" as a local
property. In analogy to Ramsay’s sum-over-states expmegsiothe exact WE we
obtain

N _ N,dia N,para
GeQC,uv - O—eQC,uv + GL’QC,MU (87)
1 (TioTiN)Ouo — TiouTiNu
= 2—62<‘1’ch,0|2 3 |\PeQC,O>
i iN
Zili U
1 <\I’ch,n Yiling ‘I’ch,o><‘I’ch,o| S |‘I’ch,n>
+ o Z = +cc. (S8)
2c gy EeQC,O - EeQC,n
with liO,v = —irjoxV; and lz'N,u = —irpy X V;

N represents an arbitrary nucleus located in the Q& andu, v € {1, 2, 3} are tensor
component indicesr;o andr;y are the distances of electrérfirom the origin of the
external vector potential and from nucleNsrespectivelyE.oc, 0 andE.qc, n are the
energies of the ground stafé.o, and then-th excited statéV.o,, respectively, and
“c.c.” indicates the complex conjugate of the previous sum. Ifdbter part is repre-
sented by point charges, it hasdicect effect ong”, because the (static) point charges
do not induce a magnetic field at any point in space. Howekier(P interacts with
the QC via the second and the third term in (S6), and exerisdirect effect on the
magnetic shielding due to a distortion of the WF. The corradpa shielding that is
obtained fromW,c is denoted a§§(’gc.

Thedirecteffect of the OP on the QC can be estimated by calculatinghtheced mag-
netic field atry using the WRY op. This is possible by nucleus-independent chemical
shift (NICS) calculation¥ and therefor we label this shielding contributi@ﬁjlcs.

The error of the QC approximation with point charges is deddIyAc?é\(’gC, the er-
ror of the QC approximation with point charges approximafxus NICS correction

from the OP byAS%GMCS. The quantities are defined as the difference between the

respective approximations and the exactly calculatecevaliu

oN  _ °oN _=oN
AOoc = Oupc—0 (S9)

oN _ [oN , oN oN
Aduocinics = [0uge +ONies] =0 (510)

In several test calculations (hydrogen fluoride dimer inows alignments and in-
termolecular distances, benzene, the tricyclophosphmate @nd rare gas atoms) we

6
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oN oN : ON  _ AON )
found |o, | < |‘7ch| for usual distances, so thAb-eQC ~ Aerc+NICS. For non

delocalized system%%cs usually falls off rapidly and can be omitted in many cases.
We will not show all data from these calculatiérsit rather focus on atomic shielding
contributions which give hints to the usage of pseudo p@kn(PPs) in embedded
cluster calculations. Figure S2 shows NICS valugﬁs(r) for rare gas atomsR({g)

up to Rn in a range of nuclear distances [0,6] A. Calculations were performed
at mPW1PW/cc-pV5Z level, unless noted otherwisgé;cs(r = 0) is identical to the
nuclear magnetic shielding®¢. To a good approximation an exponential decay of
agfcs(r) is found at distancess> 7w (r.aw = van der Waalglistance).

If PPs are used in NMR calculations at neighboring atoms witlistance from the
the nucleus of interest, t fcs(r) values may be viewed as (rough) correction incre-
ments for the direct core electron contributions of the pgsad atoms. Table S1 gives

a list of critical distances, at whicha$ __ falls below 0.1 or 0.01 ppm. Up to the sev-

NICS

enth period all inner shell contributions of atoms are rgle (aifcs < 0.01 ppm),

if the pseudo atoms are located at distances 3.7 A from the nucleus of interest.
For atoms of the second period the critical distance redtces= 2.0 A. At typical
bond distances the inner shell contribution of a neighlgpgseudo atom cannot be
neglected. This has practical implications for calculagiovith PPs. Without inner
shell corrections, PPs should not be used on atoms in imteeakgghborhood to the
nucleus of interest. Usage of PPs in the second coordingpibere introduce a small
error and usage of PPs in the third or higher coordinatiorigsharound the nucleus

of interest is usually unproblematic.

He —+-
Ne --»x--
Ar —x-—
Kr --=-
Xe —=— 3

Rn - o-

0.1 ¢

0.01 ¢

nuclear independent o(r) / ppm

0.001 |

0.0001

Figure S2: Nucleus independent chemical shift of rare gas atoms atwsdistances
r from the nucleus.

t The data will be presented in a forthcoming article.
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Table S1: Critical distances, of rare gas atoms at whi §CS falls below a threshold

of c ppm.

critical distance atom

[threshold conditioh He Ne Ar Kr Xe Rn
701 ppm/ A 152 176 245 255 279 297
70.01 ppm/ A 200 245 276 3.15 339 3.69
roaw(Rg)/ A 140 154 1.88 2.02 2.16 -

“ calculated with the cc-PV5Z-PP set (relativistic smallecBP + BF)

In summary we find that the electrostatic approximation ceptable for long dis-
tant interactions (abov@A for non-bonded atonté) while it breaks down at shorter
distances where quantum effects like chemical bonding audi Repulsion between
electrons take place and where direct contributions fraenQR region cannot be ne-
glected any more.

S2 Crystal structuresand quantum clustersused in this
wor k

S2.1 Crystal structure of Mg,P,01,

The crystal structure of magnesium cyclotetraphosphagePMD,, has been described
by Nord and Lindberdf. The tetraphosphate ring®,0;,]*" in half-chair confor-
mation attain inversion symmetry’(=1) and contain two times the two independent
crystallographic P sites (P1,P2) and the six independerite® €1-06). Each P-
and O-site occurs eight times in the unit cell. Two independég sites are present
(Mg1,Mg2), each occurring four times in the unit cell. Thétaell is shown in Fig. S3.
Structure data and labelling of atoms was taken from the ICSB basé’.

Various clusters were constructed with the sum formi&@g;,]*", [M92P4012](1],
[Mg2P,012]3, [M@2P1012 12, [MO2P,012]9, [M@,P101,]0,. The last two are shown in
Fig. S4. Important parameters of the cluster setup are givéab. S2. The result of
calculation 8b is given in Tab. 1.
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Figure S3: Crystal structure of the M@, O;, viewed along thé axis.

Table S2: Setup of cluster calculations for Mg, O;5.

Calc. Cluster definition

No QC type' setup

1 [PO,]* NE mPW1PW/6-311G(3df,3pd)level
(Fig. 7a)

2 [POp]* EIM mPW1PW/6-311G(3df,3pd) levelV,=N;,=N,=6, [N; + N,|=
(Fig. 7a) 500, N,¢,=1500

3 [M@POp] NE mPWI1PW/6-311G(3df,3pd) level
(Fig. 7b)

4 [MgP;0;] EEIM mPWI1PW/6-311G(3df,3dp) leveN,=N,=N.=6, |N; + N> |=
(Fig. 7b) 500, N,¢,=1000

5 [Mgz P4012]g NE mPWI1PW level, 6-311G(3df,3dp) basis for atoms Witk r, <
(Fig. 7c) 2.5A, 6-31G(d,p) basis af, > 2.5 A

6 [Mg:P,0,]) EEIM mPWIPW level, 6-311G(3df,3dp) basis for atoms Witk 7, <
(Fig. 7c) 2.5A,6-31G(d,p) basis aj > 2.5 A; N,=N;=N.=6,| N1 +Na ]=

600,N,,=1200
7a  [MgPOp]] NE mPWI1PW level, 6-311G(3df,3dp) basis for atoms with r, <

(Fig. 7d) 254, 6-31G(d,p) basis a}, > 2.5 A
7b [MgzP4012]g NE mPWI1PW level, 6-311G(3df,3dp) basis for atoms With r, <
(Fig. 7d) 2.5A, 6-31G(d,p) basis @5 < r, < 5.0A, CEP-4G basis at

rp > 5.0A supplemented with d function (exponent:0.5) at
P atoms in the range0 < 7, < 6.9A
8a [MgZP4012]g EEIM mPW1PW level, 6-311G(3df,3pd) basis for atoms Witk r, <
(Fig. 7d) 25A, 6-31G(d,p) basis at, > 2.5A; N,=N,=N.=6, |[N; +
N, J=1000,N,,=2000
8b [Mg2P4012]g EEIM as calc. 8a, except 6-31G(d,p) basigat< r, < 5.0A, CEP-
(Fig. 7d) 4G basis atp > 5.0A supplemented with d function (expo-
nent:0.551) at P atoms in the range0 < 7, < 6.9A
8c [Mg2P4012]g EEIM as calc. 8a, except 6-311++G(3df,3pd) basis is useatfmns

(Fig.7) with0 <7, <2.5A
9  [MgPOp]) NE mPWIPW level, 6-311G(3df,3pd) basis for 0 <2.54, 6-
(Fig. S4a) 31G(d,p) at 2.5 rp <5.0A, CEP-4G basis atp >5.0 supple-

mented withd function on P in the range 50rp <6.9A
(continued on next page)
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Tab. S2: (continued)

Calc. Cluster definition

No QC type' setup

10 [MgzP4Ou]3 EEIM mPW1PW level, 6-311G(3df,3pd) basis fgr atoms with 0
(Fig. S4a) rp <2.5A, 6-31G(d,p) basis at 26 rp <5.0A, CEP-4G ba-

sis atrp >5.0 supplemented witl function on P in the range
5.0< rp <6.9A; N,=N;=N,=5, [N7 + N»|=700,N,,,=2000
11 [MgZP4012]$3 NE mPW1PW level, 6-311G(3df,3pd) basis for atoms with 0

(Fig. S4b) rp <2.5A, 6-31G(d,p) basis at 255rp <5.0A, CEP-4G basis
atrp >5.0A supplemented witld function on P in the range
5.0< rp <6.9A

12 [MgzPALOu](lJ3 EEIM mPW1PW level, 6-311G(3df,3pd) basis J‘or atoms with O

(Fig. S4b) rp <2.5A, 6-31G(d,p) basis at 26rp <5.0A, CEP-4G basis

atrp >5.0A supplemented witld function on P in the range
5.0< rp <6.9A; N,=N,=N.=6, [N + N |= 700,N,,=2000
7 NE=non-embedded calculation, EIM=traditional embedaedmethod, EEIM=extended
embedded ion method.
b 5 is the shortest distance of an atom to one of the four centatbdis.

10
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P sites

0
13°

Figure $4: Further MgP,O;, clusters. (a):[M92P4012]3, (b): [MgoP,O45]

with off-centerd labels indicate reference points for theal expansion.

11
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S2.2 Crystal structure of a-Mgz(POy,)»

The crystal structure af-magnesium phosphaie;Mg;(P0Oy),, has been described by
Nord and Kierkegaard Structure data and site labelling was adopted fforfihe unit
cell is shown in Fig. S5. It contains the seven sites Mgl, MgR, 01, O2, O3, O4
with the frequencies 4, 2, 4, 4, 4, 4, 4, respectively. Thetalyis composed ¢PO, >~
anions (Q,-phosphate) surrounded by seven?¥gations in the next coordination
sphere. The P-O bond lengths within an orthophosphate mease in the row d(P1-
02)=1.5076\, d(P1-04)=1.527&, d(P1-03)=1.5344, d(P1-04)=1.5344. Details
of the cluster setup are given in Tab. S3. The result of catmr 18 is given in Tab. 1.

Figure S5: Crystal structure of--Mgs(PQy), as reported if, 2x2x2 unit cells viewed
alongc axis.

12
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Table S3: Setup of cluster calculations anMg;(PQy),.

Calc. Cluster definition
No QC type' setup
13 [PO NE mPW1PW/6-311G(3df,3pd) level
(Fig.9a)
14 [POQJ* EIM mPW1PW/6-311G(3df,3pd) levelN,=N;,=N.=6, [N1 + N, |=
(Fig.9a) 500,N,,,=2000
15 [Mg3(PO4)2]‘1) NE mPW1PW/6-311G(3df,3pd) level
(Fig. 9b)
16 [Mgg(PO4)2]‘l) EEIM mPW1PW/6-311G(3df,3dp) leveN,=N,=N.=7, |[N; + N, |=
(Fig. 9b) 700,N,,=2000
17 [Mg3(PO4)2]g NE mPWI1PW level, 6-311G(3df,3pd) basisted < rp < 2.5A,
(Fig. 9c) 6-31G(d,p) basis @.5 < rp < 5.0A, CEP-4G PP + basis at

rp > 5.0A augmented with d function (exponent=0.5%) at P
atoms; calculation not converged
18 [Mg3(PO4)2]g EEIM mPW1PW level, 6-311G(3df,3pd) abasis@a@ < rp < 254,
(Fig. 9c) 6-31G(d,p) basis &.5 < rp < 5.0A, CEP-4G PP + basis at
rp > 5.0A augmented with a singlé function (exponent= 0.55
ap) at P atomsN,=N,=N.=7,| N1 + N |= 700,N,,,=2000
19 [Mg3(PO4)2]g NE mPWlPW level, 6-311G(3df,3dp) basisOaE° p01,02,03,04 <
(Fig. 9d) 2.1A, 6-31G(d,p) aR.1 < rpo1,02,03,04 < 3.1A, CEP-4G PP +
basis elsewhere augmented with a sinfjfanction (exponent=
0.554,) on P-atoms in the rangel < rpo102030s < 6.9A;
calculation not converged
20 [Mg3(PO4)2]g EEIM mPWlPW level, 6-3116(3df,3pd) basis ﬁ)lSo p01,02,03,04 <
(Flg gd) 2.1A, 6-316(d,p) aR.1 < p01,02,03,04 < 3.1A, CEP-4G PP +
basis elsewhere augmented with a sinfjfanction (exponent=
0.55a) on P-atoms in the ranggl < rpo1020308 < 6.9A;
N;=N,=N.=7,|N; + N,]= 700,N,,=2000
7 NE=non-embedded calculation, EIM=traditional embedaedmethod, EEIM=extended
embedded ion method.
b 1p is the shortest distance of an atom to the central P arpm,on,03,04 is the shortest
distance to one of the atoms of the cenfR(D,]>~ group.

S2.3 Crystal structure of a-Mg,P,0

Crystal structures af-Mg,P,O; have been reported by Cakfand tukaszewicZ.
The space group symmetry was determine@2g/c (no 14) in both works, but sig-
nificant differences appear in some bond parameters, whaiskasignificant effect on
calculated NMR results. In addition, the two works differtive choice of the unit
cell and in the labelling of crystallographic sites. For gamson of the two crystal
structures we juxtaposed bond parameters of equivalestisitTab. S4.

Table S4: Comparison of selected bonding parameters inatidg,P,O, crystal as
reported in the X-ray diffraction works of Cal¥®and t.ukaszwic?'.

13
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bonding parametér Calvd LukaszewicZ
atomic distances ik
P1-04 (P1-07) 1.473(18) 1.482(23)
P1-03 (P1-05) 1.506(14) 1.559(18)
P1-0O7 (P1-03) 1.535(99) 1.548(10)
P1-01 (P1-01) 1.613(44) 1.630(15)
P2-06 (P2—-04) 1.521(8) 1.553(23)
P2-05 (P2-06) 1.526(19) 1.489(19)
P2-02 (P2-02) 1.535(93) 1.525(12)
pP2-01 (P2-01) 1.568(20) 1.604(14)
Mgl(a)-03 (Mg2(a)—O5) 2.059(68) 2.004(17)
Mg1(b)-0O3 (Mg2(b)-0O5) 2.137(71) 2.111(14)
Mg1-07 (Mg2—-03) 2.072(46) 2.068(27)
Mg1-02 (Mg2-02) 2.085(53) 2.090(23)
Mg1-05 (Mg2—-06) 2.135(74) 2.154(15)
Mg1-06 (Mg2—-04) 2.143(67) 2.115(20)
Mg2-04 (Mg1-07) 1.984(59) 1.950(29)
Mg2—-05 (Mg1-06) 2.025(79) 2.019(30)
Mg2-07 (Mg1-03) 2.036(60) 2.014(35)
Mg2-02 (Mg1-02) 2.054(36) 2.057(47)
Mg2-06 (Mg1-04) 2.120(67) 2.114(42)
bond angles in deg
P1-01-P2 (P1-01-P2) 143.98(29) 140.18(76)
01-P1-03 (O1-P1-05) 104.89(22) 102.61(69)
01-P1-04 (0O1-P1-07) 109.52(29) 110.87(85)
01-P1-07 (O1-P1-03) 102.72(22) 101.24(62)
01-P2-02 (01-P2-02) 107.65(22) 106.65(65)
01-P2-05 (01-P2-06) 102.23(22) 100.10(74)
01-P2-06 (01-P2-04) 110.25(27) 110.97(86)
P1-03-Mgl(a) (P1-0O5-Mg2(a)) 128.68(28) 127.89(91)
P1-03-Mg1l(b) (P1-0O5-Mg2(b)) 127.69(28) 126.04(76)
P1-04-Mg2 (P1-O7-Mg1l) 155.26(39) 156.22(119)
P1-O7-Mgl (P1-O3-Mg2) 131.53(24) 129.87(76)
P1-O7-Mg2 (P1-O3-Mg1l) 129.09(24) 129.82(100)
P2-02-Mg1l (P2-02-Mg2) 132.43(24) 132.51(79)
P2-02-Mg2 (P2-02-Mg1) 128.23(23) 128.09(115)
P2-05-Mg1l (P2-06-Mg2) 124.39(27) 128.67(79)
P2-05-Mg2 (P2-06-Mg1) 129.44(25) 125.32(100)
P2-06-Mg1l (P2-04-Mg2) 144.79(20) 145.33(111)
P2-06-Mg2 (P2-0O4-Mg1l) 113.62(25) 111.80(88)
dihedral angles in deg
04-P1-01-P2 (O7-P1-01-P2) 10.19(68) 12.50(208)
05-P2-01-P1 (O6-P2-01-P1) 169.57(55) 168.28(166)
01-P1-03-Mgl(a) (O1-P1-0O5-Mg2(a)) -24.27(42) -26.66(131)

(continued on next page)
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Tab. $4: (continued)

bonding parametér Calvd LukaszewicZ
01-P1-03-Mgl(b) (O1-P1-0O5-Mg2(b)) 170.58(32) 170.45(101)
01-P1-04-Mg2 (O1-P1-0O7-Mg1l) 16.15(99) 16.95(414)
01-P1-07-Mg1l (O1-P1-03-Mg2) 92.22(39) 96.61(153)
01-P1-07-Mg2 (O1-P1-03-Mg1) -78.19(39) -77.69(210)
01-P2-02-Mg1l (O1-P2-02-Mg2) -107.93(38) 110.16(141)
01-P2-02-Mg2 (01-P2-02-Mg1) -55.51(41) -53.68(197)
01-P2-05-Mg1l (O1-P2-06-Mg2) -173.19(33) -173.85(110)
01-P2-05-Mg2 (01-P2-06—-Mg1) -20.36(39) -23.02(181)
01-P2-06-Mg1l (O1-P2-04-Mg2) 7.77(59) 9.2(22)

01-P2-06-Mg2 (O1-P2-04-Mg1l) 162.69(26) 162.16(139)
? site labels according to ICSD entry 15326 (Calvo). Labels in parenthesis
according to ICSD 30434 (Lukaszewicz).
b taken from ICSD databa&® entry 15326
¢ taken from ICSD databas® entry 30434

In this work the probably more reliable structure of Calvo, IC&htry 15326°, is
used as well as the site labelling given there. The crystat¢stre is shown in Fig. S6.
Two independent P-sites (P1,P2), seven O-sites (O1-Othardg-sites (Mg1,Mg2)
are present, all of which are on general crystallographsitipms (Wyckoff index8e).
Each pyrophospha{®,0,]*" unit contains all P- and O-sites exactly for one time. O1
is the bridging atom between P1 and P2 with a shorter bond tod?2he terminal
oxygens O4 is special in the sense that it has the shortestiBt@hce (1.478), the
shortest O-Mg distance (1.984 and that it is only coordinated by a single Mg atom
(Mg2). The remaining oxygens are coordinated by two Mg sitdshese oxygens O3
is coordinated to two Mgl sites, whereas all others are ¢oated to one Mgl and
one Mg2. Note, that the,P;-unit extended by the coordinated Mg atoms is a chiral
fragment and that both enantiomers of that fragment areeptes the crystal. The
coordination number for the Mgl cation is six, but only five kg2. The setup for
various cluster calculations is shown in Fig. S5. The resiutialculation 24 is shown
in Tab. 1.
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Figure S6: Unit cell of a-Mg,P,O; viewed along axis.

Table S5: Setup of cluster calculations arMg,P,0;.

Calc. Cluster definition
No QC type' setup
21 [P,O/]* NE structure from% mPW1PW/6-311G(3df,3pd)level
(Fig. 10a)
22 [POy]* EIM structure  front, mPW1PW/6-311G(3df,3pd) level,
(Fig. 10a) N=Np=N,=5, [N; + N, ]= 600,N,,=1500
23 [Mg,P,07]) NE  structure from% mPW1PW level, 6-311G(3df,3pd) basislag
(Fig. 10b) rp < 2.5A, 6-31G(d,p) a5 < rp < 5A, CEP-4G atp > 5A
augmented with d-functions (exp=0.55 on P in the rangé <
rp < 81&
24 [Mg,P,07])  EEIM structurejron%o; mPW1PW level, 6-311G(3df,3pd) basisiat
(Fig. 10b) rp < 2.5A, 6-31G(d,p) a5 < rp < 5A, CEP-4G atp > 5A

augmented with d-functions (exp=0.55) on P in the rabge
rp < 8A, N,=N,=N.=6, |[N; + N, |= 700N,,,=2000
25 [Mg,P,07]) EEIM as calc. 24, but structure taken frém
7 NE=non-embedded calculation, EIM=traditional embeddaedmethod, EEIM=extended
embedded ion method.
b 15 is the shortest distance of an atom to one of the two centradiRsa

S2.4 Crystal structure of MgP,0O14

The crystal structure of magnesium ultraphosphate has tegmnted by Stachedt
al.?2. The unit cell is shown in Fig. S7. Details of the quantum &lusetup are listed
in Tab. S6. The results of calculations 27 and 29 are giverain T.
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Figure S7: Unit cell of MgP,0,; viewed along the axis.

Table S6: Setup of cluster calculations on MgP;.

Calc. Cluster definition
No QC type' setup
26 [MgP4011]2 NE mPWI1PW level, 6-311G(3df,3pd) basistak rp1p < 2.5A,
(Fig. 11a) 6-31G(d,p) basis &.5 < rpy p» < 5A, CEP-4G basis atp; py >

5A augmented withi-function on P in the rangg < rp1pp <
8A; calculation not converged
27 [MgP4On]g EEIM mPWI1PW level, 6-311G(3df,3pd2 basista rp1 py < 2.5A,
(Fig. 11a) 6-31G(d,p) basis &.5 < rpy p» < 5A, CEP-4G basis afp py >
5A augmented withi-function on P in the rang® < rp;pp <
8A: N,=N,.=6,N,=3,|N; + N, |=600,N,,,=2200
28 [MgP;O1]¢ NE  6-311G(3df,3pd) basis for atoms with< rp3ps < 3.1A, 6-
(Fig. 11b) 31G(d,p) at3.1 < rpsps < 4.1A, CEP-4G augmented with d-
functions on P atoms aps py > 4.1A
29 [MgP4On]g EEIM 6-311G(3df,3pd) basis for atgms with < rp3ps < 3.1A, 6-
(Fig. 11b) 31G(d,p) at3.1 < rp3ps < 4.1A, CEP-4G augmented with d-
functions on P atoms aps ps > 4.1A; N,=N.=7, N,=4, |N; +
N, |=600,N,.,=2400
7 NE=non-embedded calculation, EEIM=extended embeddenh&thod.
b rpa,pp IS the shortest distance of an atom to one of the two centrediRsa
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S3 Calculation details for the 3P ¢ < O calibration
curve

In the following subsections details to the calculated axmeemental data are listed
that is used for establishing the conversion equation fioerabsolute shielding scale
to the experimental chemical shift scale. Both, theoretical experimental data, pos-
sess a limited accuracy, only: Theoretical data suffemfuarious approximations
that are made to make the calculations feasible. We men#oa the neglect of vi-
brational motions#(.-structures), inaccurate treatment of electron coraadir inter-
molecular effects, which all can have a significant effectivenNMR parameters.
Experimental data on the other side suffer from experimieartars, such as devia-
tions of up to 2 ppm in early field-sweep spectrometersn modern spectrometers
such apparatus-related errors can be routinely diminisiedolv 0.1 ppm. Here, the
main source of “error” results in many cases from an inexastdption of the exper-
imental conditions. E.g. the solvent dependency (eithechange of magnetic sus-
ceptibility or by intermolecular effects on the sample amel teference compound) or
the temperature (introducing molecular vibrations) ar# kreown sources that lead to
variation of NMR parameters. Nevertheless, this additioxfarmation is often omit-
ted for brevity in tabulated NMR parametéts®. Solvent effects of more than 4 ppm
have been observed féfP chemical shift§?2in usual liquids. A special case is the
P, molecule for which a shift variation of 92 ppm depending oa émvironment has
been reportets.

In some works, the definition of the chemical shift is not digapecified which is
problematic as the definition changed over the years from

H, — Href 6 Vief — Vs 6 :
= ————.10° = ——— - 10° in most works before 1972, e34. (S11)
Href Vref
over
Vg — Vref 5 . . 3
o= ” -10° (IUPAC Recommendation in 1972%) (S12)
ref
to
Vs = Vie . .
o= ” ! (IUPAC Recommendation in 2001,2088?) (S13)
ref

This has lead to considerable confusion in transferringrotthta into newer compi-
lations. In the following tables we use convention (S13).dda noted otherwise all
cited values from earlier literature are converted sileditle to their year of appearance
to the most recent convention (S13).

A linear equation is assumed for the conversion betweerrédtieally calculated
shieldings and chemical shifts

O'iso theor = A+B- 6iso,exp (814)
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The parametergl and B in this equation are determined by a least squares fit of a
test data set containing 20 different phosphorus compou@;,, PR, PCE, OPF,
OPC4, PR, PCE, PR,C=C-H, PFQC4H,4, PCIO;C,H,, OPCLF, OPCIR, PCIO;CsHeg,
PCIO;CyHy, PO,CyH;, PHs, Py, P,Og, P,O,, P,Og. This choice is convenient for
several reasons. First, we cover the entire chemical shifje of ordinary'P com-
pounds. Second, all substances are characterized by annegptal structure and by
NMR data. Third, most molecules are rather small and symaoaitd it is unlikely
that intramolecular dynamics has a strong effect on the NsiRimpeters. Therefore, it
is easy to calculate NMR parameters for them at the expetahsinuctures. Detailed
information is given in Tab. S7. In addition, we performed RMalculations at opti-
mized structures, see Tab. S8. Systematic calculationstsro&'P compounds have
been performed in the past alredey® but not with our chosen quantum chemical
model (MPW1PWY,
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Compound Site 6., Shift Structure absolute magnetic shielding in ppm at mPW 18 with various basis sets
ppm  Ref. Ref. 6-31G(d,ppD 6-31G(d,p)5D 6-311G(3df,3pd) 6-311++G(3df,3pd) 6-311++G(d,p)

P,Oq P1 -46.8 % 39 433.19 434.95 357.92 357.92 371.53
P,Oq P2 -455 % 39 434.39 436.15 359.28 359.28 372.92
P4Og P1 123.840 al 252.34 254.59 173.6 173.47 183.48
P4Os P2 -42.2 40 4l 432.46 434.07 355.06 354.51 367.18
P,O; P1 -61.0 42# 43b 445.85 447.33 368.88 368.29 381.42
P,O, P2 123.542# 43b 248.33 250.74 166.57 166.61 176.11
P.O; P3 123.542¢ 43b 248.96 251.29 167.5 167.52 176.92
P,O; P4 123.542# 43b 251.43 253.81 169.56 169.59 179.47
P4O¢ P1 109.5 4 45 275.48 277.92 195.22 195.73 206.08
P4O¢ P2 109.5 4 45 262.21 264.73 180.89 181.43 190.42
P4O¢ P3 109.5 44¢ 45 271.17 273.68 190.22 190.75 200.72
P4O¢ P1 1125726464 47 273.68 276.14 192.29 192.79 203.21
PR P1 97.0 242648 49 255.36 256.67 175.91 179.52 179.79
PCk P1 220 242648 49 107.95 107.11 55.28 57.58 59.38
OPRK P1 -35.5 24264850 49 412.43 415.58 337.18 335.67 342.53
OPC§ P1 22 242648 49 335.82 335.67 286.17 283.48 294.30
PR P1 -80.3 2651 49 429.05 431.30 374.15 372.81 375.60
PRCCH P1 -67.8% 53 423.84 425.93 367.49 366.52 373.63
PCIQ;C,H,; P1 22.8 2627 54 347.43 348.34 273.55 271.81 281.27
OPCLF P1 0.0 242 55 365.26 366.48 301.42 298.77 309.38
OPCIR, P1 -14.8 2426 55 389.48 391.81 318.27 316.06 325.39
PH; P1 -238 % 49 602.36 602.55 575.8 575.35 580.73
Py P1 -488 242656 49 856.85 857.77 857.57 857.93 861.48

? taken from solid state spectrum at T=258 K in Fig.7 of thatkwor

b structure taken from printed version of that work. Struetgiven in the ICSD data base (entry 49545) is erroneous inodfdmate.
¢ solid state data;averaged value of two sites reported tnitbik.

4 liquid state data.
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Table S8: Experimental and calculated NMR shielding parameter8pfreference compounds at mPW1PW level with various
basis sets. Molecular structures were optimized at the sa@tieod/basis set combination.

Compound  Site 6y Shift

Structure absolute magnetic shielding in ppm at mPWI1& with various basis sets

ppm  Ref. Ref. ~ 6-31G(d,ppD 6-31G(d,p)5D 6-311G(3df,3pd)  6-311++G(3df,3pd)

P,Oy  P1+P2 -46.153%84 opt 427.34 429.02 359.05 358.41
P,Og P1 1238 4 opt 232.70 235.08 164.73 164.38
P,Og P2 -422 %0 opt 424.53 426.06 355.44 354.61
P,O; P1 -60.5 4° opt 445.29 446.75 375.63 375.21
P,O; P2 13254 opt 234.24 236.46 161.36 161.32
P;O¢ P1 1125 2646 opt 267.80 270.19 190.40 190.83
PR P1  97.0 242648 opt 246.45 247.07 175.23 178.03
PCh P1 220 242648 opt 78.84 77.98 47.03 48.26
OPR P1  -355 24264850  gpt 405.05 404.77 336.97 335.3
OPCk P1 22 242648 opt 322.5 322.31 285.64 282.36
PFs P1 -80.3 2651 opt 419.13 421.04 372.40 370.64
PRCCH P1  -67.8 %2 opt 416.4 416.12 367.12 365.79
PFQCsH, P1 -40.23% opt 393.81 395.64 342.79 341.81
PCIO;C,H, P1  22.8 2627 opt 345.79 346.75 282.85 280.51
OPChLF P1 0.0 2% opt 345.35 346.23 294.83 291.6
OPCIR P1 -14.8 4% opt 374.20 376.04 312.80 310.18
PCIOsC3Hy P1  -2.8 2627 opt 365.54 366.3 303.89 301.98
PCIO;C¢Hy P1 18.4 2627 opt 346.49 347.11 283.80 281.98
PO,CsH;, P1  -7.97 28 opt 396.77 397.64 326.92 325.14
PH; P1 -238 * opt 601.80 602.04 578.11 577.88
Py P1  -488 242656 opt 870.88 871.93 879.54 878.56

* averaged value for P1 and P2 in that work.
b averaged values for two ring confomers that are assumeditorhpid exchange.
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All calculations have been performed with thea@sIAN 03 prograni®. The
calculated isotropic magnetic shieldings{..,) and the experimentally observed
isotropic shifts §;.xy) are plotted together with the corresponding fitting curves
Fig. S8. The result of the fit depends on the employed basanskbn the molecular
structure used for the calculation. We varied between 6(81p 6-311G(3df,3pd),
and 6-311++G(3df,3pd) basis sets. By default the 6-31G{hpis set uses six carte-
sian functions to represent the angular part ofdhegbitals (6D). We also used this
basis in combination with five spherical harmonic functi¢eB). Except from ex-
perimentally determined structures, we used also quaniiemically optimized ones,
employing the same basis set that is used in the subsequeuatian of NMR param-
eters. This results in different sets of fitted parametershvare collected in Tab. S9.
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Figure S8: Correlation between experimental chemical shifts and taled magnetic
shieldings. top: experimental structures were usdzhttom quantum

chemically optimzed structures were used.
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Table S9: Linear Fit of equation,.,, = A + B - 0., to the experimental data.

optimized parameters standard deviatiggpm
basis set A [/ ppm B (number of data points)
experimental molecular structures used
6-31G(d,p) 6D 370.1#3.46 -1.00720.0239 16.59 (N=23)
6-31G(d,p) 5D 371.8¥3.60 -1.00580.0248 17.25 (N=23)
6-311++G(d,p) 311.642.45 -1.11180.0169 11.75 (N=23)
6-311G(3df,3pd) 303.22.00 -1.11740.0137 9.56 (N=23)
6-311++G(3df,3pd) 302.92.06 -1.114#0.0142 9.88 (N=23)
guantum chemically optimized molecular structures
6-31G(d,p) 6D 359.184.56 -1.06130.0322 20.70 (N=21)
6-31G(d,p) 5D 360.164.68 -1.0609-0.0330 21.24 (N=21)
6-311G(3df,3pd) 301.842.43 -1.15890.0172 11.03 (N=21)
6-311++G(3df,3pd) 300.882.50 -1.15640.0177 11.37 (N=21)

PCE turns out to be problematic in the fit procedure. Either theeexnental data
are wrong, or the molecule is difficult to treat with our chog¢eon-relativistic) quan-
tum chemical model. Relativistic effects are known to havigiaiicant impact on the
NMR parameters in phosphorus halifesHence, we removed PCirom the fitting
data set.

Expectedly, the correlation between experimental shifits @alculated shieldings
at 6-31G(d,p) level is the worst in the series of calculaiofhe calculations with 6-
311G(3df,3pd) and 6-311++(3df,3pd) basis sets show stgmifiy improved results.
The close similarity between the latter two indicates th#tise basis functions are
not necessary for the calculations of the neutral speciege®er, sufficiently accu-
rate structures can be obtained from optimizations witls¢Heases, as demonstrated
by the similarity between NMR parameters at optimized amkeerental structures.
The usage of a 6-311G(3df,3pd) basis with the mPW1PW funatiseems to be a
useful compromise between the demand for an accurate aksecanomical aspects
of the calculations. By default, we use the correlation p&tansA, B obtained from
calculations at the experimental structures.

When calculating'P chemical shift anisotropy parameters from theoretiazaly
culated magnetic shielding parameters, we solve eq. (214) &nd calculate each
chemical shielding tensor eigenvalue according to

Oii theor — A

: (S15)

6ii,theor =
At this we use the basis set specific correlation paramdtersdB. From these;; qor
values we calculate the CSA parameters according to the iHapbdehring-Spiess
conventiorf°.
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A Full referencesto abbreviated citations

The references 33, 34, 41 and 42 of the main article were aiblbed due to their
length. The corresponding full citations are given as estt®3in the following
reference list.
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