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S1 Theoretical foundation of the cluster approach

The local character of NMR properties has frequently been the basis of approximations
used in early calculations of NMR parameters2–6. As far as we know no thorough
investigation has been conducted in order to justify the cluster approach or to give
guidelines for the QC setup, however.

The magnetic shielding tensor is
↔

σN defined by

Bind(rN) = −
↔

σN · Bext (S1)

whereBind(rN) is the induced magnetic field at the positionrN of the nucleus andBext is
the external magnetic field in which the sample is immersed. The spatial contributions
toBind(rN) in SI based atomic units are given by the integrand in Biot-Savart’s law7,8

Bind(rN) =
1
c2

∫

V

j(r′) × (rN − r′)
|rN − r′|3

d3r′ , (S2)

wherej(r′) is the current density (for closed shell systems and ordinary magnetic field
strengthsj(r′) is sufficiently described by the first-order current densityinduced by
Bext) and(rN − r′) = r is the difference vector between the position of the nucleusand
a small volume element at positionr′. As the integrand scales formally withr−2, the
contributions from farther distant volume elements toBind(rN) decrease quadratically
and according to eq. (S1) the same is true for

↔

σN.† The role ofj(r′) which depends
on the specific molecular structure, has been neglected in this consideration. In most
cases a compensating effect can be expected from differentj(r′) contributions at farther
distances, which leads to a total decay of spatial contributions to

↔

σN much faster than
r−2. This can be explained as follows: for a staticBext one obtains∇j = 0, i.e. the
current density is represented by loops of closed isolines.Because the atomic structure
is essentially maintained in a crystal, most loops enclose individual nuclei, only. In
each loop that does not encloserN, i.e. the nucleus of interest, the current density
j(rl1) in a small segmentl1 has a counterpart of antiparallel current densityj(rl2) in a
second segmentl2 of that loop, which leads to a partial compensation of the shielding
contributions atrN resulting fromj(rl1) andj(rl2). Figure S1 shows the compensation
effect for a ringlike loop shape. Any other loop shape will display a compensation
effect, too.

The expectation is supported by several calculations on thedistance-dependence of
↔

σN in a pair of interacting atoms9–12. For two neutral atoms a decay of approximately
r−6 has been found for the isotropic magnetic shieldingσN in the long range limit (r is
now the interatomic distance). In an atom-ion pair a decay of∼r−4 was found forσN.
A decay ofr−3 has been found for the shielding anisotropy∼σN

aniso
for a pair of neutral

atoms. Hence, the contributions to
↔

σN from far distant interactions can be neglected at
some point without significant loss in accuracy and the cluster approach is justified.

† Considering contributions toBind(rN) from spherical shellsS = [r′, r′ + dr′] aroundN, no decay with
increasingr′ is obtained.
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Figure S1: Compensation effect of magnetic shielding contributions. Assume an in-
duced current densityj(r′) (green arrows) on a ring at large distancer from
the nuclear positionrN. Contributions toBind(rN) from different small vol-
ume elements of the ring current are visualized by black arrows (located at
the respective ring segments). The contributions fromrl1 andrl2 compen-
sate each other partly. The same holds for any other pair of opposite ring
segments.

An advantage of the cluster approach is its flexibility. In a limited region the cluster
can usually be described by more a complete basis and by a moreaccurate quantum
chemical model as compared to the description in periodic calculations. Typically, a
triple-ζ basis plus a double set of polarization functions and a modellike hybride DFT
that takes account of electron correlation and exact exchange should be considered as
minimum requirement for reliable results. Farther distantcontributions can be treated
at increasing levels of approximation. We note that the local character of NMR prop-
erties is also used for approximations in periodic approaches13,14, albeit its usage in
the cluster modelling is more radical.

The electrostatic approximation

Although the electrostatic approximation is frequently used it has seldomly been de-
fined precisely. This is done in the following in order to point out the different types
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of systematic deviations that emerge. Using the notation inatomic units the total non-
relativistic electronic Hamiltonian of an extended systemis given as

Ĥ=− 1
2

n
∑

i=1
∆i−

n
∑

i=1

N
∑

K=1

ZK

riK
+

n
∑

i=1

n
∑

j>i

1
ri j
+

N
∑

K=1

N
∑

L>K

ZKZL

RKL

= T̂e + V̂Ne + V̂ee + V̂NN

(S3)

where indicesi, j run over all electrons and indicesK,L run over all nuclei. Solving the
Schroedinger equation for̂H will give the full wave functionΨ(xi, xK) of the system.
When the total system is partitioned in a quantum cluster (QC) and an outer part (OP),
the Hamiltonian can be reformulated in twelve different terms

Ĥ= T̂QC
e + V̂QC

Ne
+ V̂QC

ee + V̂QC
NN

+ T̂OP
e + V̂OP

Ne
+ V̂OP

ee + V̂OP
NN

−
∑

i∈QC

∑

K∈OP

ZK

riK
+
∑

i∈QC

∑

j∈OP

1
ri j
+
∑

K∈QC

∑

L∈OP

ZKZL

RKL
−
∑

i∈OP

∑

K∈QC

ZK

riK

(S4)

with T̂QC
e = − 1

2

∑

i∈QC ∆i, V̂QC
Ne
= −

∑

i∈QC

∑

K∈QC
ZK

riK
, V̂QC

ee =
∑

i∈QC

∑

j∈QC>i
1
ri j

,

V̂QC
NN
=
∑

K∈QC

∑

L∈QC>K
ZKZL

RKL
, T̂OP

e = − 1
2

∑

i∈OP ∆i, V̂OP
Ne
= −

∑

i∈OP

∑

K∈OP
ZK

riK
,

V̂OP
ee =

∑

i∈OP

∑

j∈OP>i
1
ri j

, and V̂OP
NN
=
∑

K∈OP

∑

L∈OP>K
ZKZL

RKL
. The first four terms of

(S4) represent the Hamiltonian of the QC region and may be denoted asĤQC

ĤQC = T̂QC
e + V̂QC

Ne
+ V̂QC

ee + V̂QC
NN

(S5)

Solving the Schroedinger equation forĤQC leads to the “undistorted” wave function
ΨQC(xi∈QC, xK∈QC) of the non-embedded QC. Likewise, terms five to eight may be col-
lected in a Hamiltonian named̂HOP as they exclusively describe the outer part. Solving
the Schroedinger equation for̂HOP leads to the OP wave functionΨOP(xi∈OP, xK∈OP).
The remaining terms in (S4) describe interactions between the QC and the OP.

In the embedded cluster approximation with point charges representing the OP
ĤQC remains unchanged.̂HOP may be dropped as the electrons and nuclei in the outer
part are replaced by effective atomic chargesqk. This adds only a constant energy to
the system. The total Hamiltonian for the embedded QC then takes the form

ĤeQC = ĤQC −
∑

i∈QC

∑

k∈OP

qk

rik
+

∑

K∈QC

∑

k∈OP

ZKqk

rKk
(S6)

The second and third term in (S6) replace the exact QC-OP interaction terms nine to
twelve in (S4). Solving the Schroedinger equation forĤeQC will result in an approx-
imate wave functionΨeQC(xi∈QC, xK∈QC, qk(rk)) which is similar toΨQC(xi∈QC, xK∈QC),
but distorted because of the presence of the embedding charges. In favorable cases the
distortion ofΨeQC leads to a higher similarity with the exact WFΨ(xi, xK) in the QC
region. The point charge approximation is a drastic simplification of the system as(i)
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the exchange symmetry between electrons in the QC and the OP is neglected,(ii) the
charge distribution in the OP which creates an electrostatic potential in the QC region
is approximated by a point charge array,(iii) the electronic wave function is restricted
to the QC region.
In principle each quantum chemical observable or property depends on the full WF
Ψ(xi, xk). A property is termed as “local” if it can be derived without significant
loss in accuracy from an approximate WFΨeQC(xi∈QC, xk∈QC, qk(rk)) and correspond-
ing subspace operators. Now, we consider the nuclear magnetic shielding

↔

σN as a local
property. In analogy to Ramsay’s sum-over-states expression for the exact WF15 we
obtain

σNeQC,uv = σN,dia
eQC,uv

+ σ
N,para

eQC,uv
(S7)

=
1
2c2
〈

ΨeQC,0

∣

∣

∣

∑

i

(riOriN)δuv − riO,vriN,u

r3
iN

∣

∣

∣ΨeQC,0

〉

+
1
2c2

∑

n,0

〈

ΨeQC,n

∣

∣

∣

∑

i liN,v
∣

∣

∣ΨeQC,0

〉〈

ΨeQC,0

∣

∣

∣

∑

i liN,u

r3
iN

∣

∣

∣ΨeQC,n

〉

EeQC,0 − EeQC,n
+ c.c. (S8)

with liO,v = −iriO × ∇i and liN,u = −iriN × ∇i

N represents an arbitrary nucleus located in the QC atrN andu, v ∈ {1, 2, 3} are tensor
component indices.riO andriN are the distances of electroni from the origin of the
external vector potential and from nucleusN, respectively.EeQC, 0 andEeQC,n are the
energies of the ground stateΨeQC,0 and then-th excited stateΨeQC,n, respectively, and
“c.c.” indicates the complex conjugate of the previous sum. If theouter part is repre-
sented by point charges, it has nodirecteffect on

↔

σN, because the (static) point charges
do not induce a magnetic field at any point in space. However, the OP interacts with
the QC via the second and the third term in (S6), and exerts anindirect effect on the
magnetic shielding due to a distortion of the WF. The corresponding shielding that is
obtained fromΨeQC is denoted as

↔

σN
eQC

.
Thedirecteffect of the OP on the QC can be estimated by calculating the induced mag-
netic field atrN using the WFΨOP. This is possible by nucleus-independent chemical
shift (NICS) calculations16 and therefor we label this shielding contribution

↔

σN
NICS

.
The error of the QC approximation with point charges is denoted by∆

↔

σN
eQC

, the er-
ror of the QC approximation with point charges approximation plus NICS correction
from the OP by∆

↔

σN
eQC+NICS

. The quantities are defined as the difference between the
respective approximations and the exactly calculated valueσN

∆
↔

σNeQC =
↔

σNeQC −
↔

σN (S9)

∆
↔

σNeQC+NICS = [
↔

σNeQC +
↔

σNNICS] −
↔

σN (S10)

In several test calculations (hydrogen fluoride dimer in various alignments and in-
termolecular distances, benzene, the tricyclophosphate anion and rare gas atoms) we
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found |
↔

σN
NICS
| ≪ |

↔

σN
eQC
| for usual distances, so that∆

↔

σN
eQC
≈ ∆

↔

σN
eQC+NICS

. For non-
delocalized systems

↔

σN
NICS

usually falls off rapidly and can be omitted in many cases.
We will not show all data from these calculations† but rather focus on atomic shielding
contributions which give hints to the usage of pseudo potentials (PPs) in embedded
cluster calculations. Figure S2 shows NICS valuesσRg

NICS
(r) for rare gas atoms (Rg)

up to Rn in a range of nuclear distancesr ∈ [0, 6]Å. Calculations were performed
at mPW1PW/cc-pV5Z level, unless noted otherwise.σRg

NICS
(r = 0) is identical to the

nuclear magnetic shieldingσRg. To a good approximation an exponential decay of
σ
Rg

NICS
(r) is found at distancesr > rvdW (rvdW ≡ van der Waalsdistance).

If PPs are used in NMR calculations at neighboring atoms witha distancer from the
the nucleus of interest, theσRg

NICS
(r) values may be viewed as (rough) correction incre-

ments for the direct core electron contributions of the pseudized atoms. Table S1 gives
a list of critical distancesrc at whichσRg

NICS
falls below 0.1 or 0.01 ppm. Up to the sev-

enth period all inner shell contributions of atoms are negligible (σRg
NICS

< 0.01 ppm),
if the pseudo atoms are located at distancesr > 3.7Å from the nucleus of interest.
For atoms of the second period the critical distance reducesto r = 2.0Å. At typical
bond distances the inner shell contribution of a neighboring pseudo atom cannot be
neglected. This has practical implications for calculations with PPs. Without inner
shell corrections, PPs should not be used on atoms in immediate neighborhood to the
nucleus of interest. Usage of PPs in the second coordinationsphere introduce a small
error and usage of PPs in the third or higher coordination spheres around the nucleus
of interest is usually unproblematic.
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Figure S2: Nucleus independent chemical shift of rare gas atoms at various distances
r from the nucleus.

† The data will be presented in a forthcoming article.
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Table S1: Critical distancesrc of rare gas atoms at whichσRg
NICS

falls below a threshold
of c ppm.

critical distance atom
[threshold condition] He Ne Ar Kr Xe Rn

r0.1 ppm/Å 1.52 1.76 2.45 2.55 2.79a 2.97a

r0.01ppm/Å 2.00 2.45 2.76 3.15 3.59a 3.69a

rvdW(Rg)/Å 1.40 1.54 1.88 2.02 2.16 -
a calculated with the cc-PV5Z-PP set (relativistic small core PP + BF)

In summary we find that the electrostatic approximation is acceptable for long dis-
tant interactions (above5Å for non-bonded atoms17) while it breaks down at shorter
distances where quantum effects like chemical bonding and Pauli repulsion between
electrons take place and where direct contributions from the OP region cannot be ne-
glected any more.

S2 Crystal structures and quantum clusters used in this
work

S2.1 Crystal structure of Mg2P4O12

The crystal structure of magnesium cyclotetraphosphate, Mg2P4O12, has been described
by Nord and Lindberg18. The tetraphosphate rings[P4O12]4− in half-chair confor-
mation attain inversion symmetry (Ci=1̄) and contain two times the two independent
crystallographic P sites (P1,P2) and the six independent O sites (O1–O6). Each P-
and O-site occurs eight times in the unit cell. Two independent Mg sites are present
(Mg1,Mg2), each occurring four times in the unit cell. The unit cell is shown in Fig. S3.
Structure data and labelling of atoms was taken from the ICSD data base19.

Various clusters were constructed with the sum formula[P4O12]4−, [Mg2P4O12]01,
[Mg2P4O12]03, [Mg2P4O12]05, [Mg2P4O12]07, [Mg2P4O12]013. The last two are shown in
Fig. S4. Important parameters of the cluster setup are givenin Tab. S2. The result of
calculation 8b is given in Tab. 1.
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Figure S3: Crystal structure of the Mg2P4O12 viewed along theb axis.

Table S2: Setup of cluster calculations for Mg2P4O12.

Calc. Cluster definition
No QC typea setupb

1 [P4O12]4−

(Fig. 7a)
NE mPW1PW/6-311G(3df,3pd)level

2 [P4O12]4−

(Fig. 7a)
EIM mPW1PW/6-311G(3df,3pd) level;Na=Nb=Nc=6, ⌊N1 + N2⌋=

500,Nrcp=1500
3 [Mg2P4O12]01

(Fig. 7b)
NE mPW1PW/6-311G(3df,3pd) level

4 [Mg2P4O12]01
(Fig. 7b)

EEIM mPW1PW/6-311G(3df,3dp) level;Na=Nb=Nc=6, ⌊N1 + N2⌋=
500,Nrcp=1000

5 [Mg2P4O12]03
(Fig. 7c)

NE mPW1PW level, 6-311G(3df,3dp) basis for atoms with0 ≤ rp <

2.5Å, 6-31G(d,p) basis atrp ≥ 2.5Å
6 [Mg2P4O12]03

(Fig. 7c)
EEIM mPW1PW level, 6-311G(3df,3dp) basis for atoms with0 ≤ rp <

2.5Å, 6-31G(d,p) basis atrp ≥ 2.5Å; Na=Nb=Nc=6,⌊N1+N2⌋=
600,Nrcp=1200

7a [Mg2P4O12]05
(Fig. 7d)

NE mPW1PW level, 6-311G(3df,3dp) basis for atoms with0 ≤ rp <

2.5Å, 6-31G(d,p) basis atrp ≥ 2.5Å
7b [Mg2P4O12]05

(Fig. 7d)
NE mPW1PW level, 6-311G(3df,3dp) basis for atoms with0 ≤ rp <

2.5Å, 6-31G(d,p) basis at2.5 ≤ rp < 5.0Å, CEP-4G basis at
rP ≥ 5.0Å supplemented with ad function (exponent:0.55a0) at
P atoms in the range5.0 ≤ rp < 6.9Å

8a [Mg2P4O12]05
(Fig. 7d)

EEIM mPW1PW level, 6-311G(3df,3pd) basis for atoms with0 ≤ rp <

2.5Å, 6-31G(d,p) basis atrp ≥ 2.5Å; Na=Nb=Nc=6, ⌊N1 +

N2⌋=1000,Nrcp=2000
8b [Mg2P4O12]05

(Fig. 7d)
EEIM as calc. 8a, except 6-31G(d,p) basis at2.5 ≤ rp < 5.0Å, CEP-

4G basis atrP ≥ 5.0Å supplemented with ad function (expo-
nent:0.55a0) at P atoms in the range5.0 ≤ rp < 6.9Å

8c [Mg2P4O12]05
(Fig. 7)

EEIM as calc. 8a, except 6-311++G(3df,3pd) basis is used foratoms
with 0 ≤ rp < 2.5Å

9 [Mg2P4O12]07
(Fig. S4a)

NE mPW1PW level, 6-311G(3df,3pd) basis for 0≤ rP <2.5Å, 6-
31G(d,p) at 2.5≤ rP <5.0Å, CEP-4G basis atrP ≥5.0 supple-
mented withd function on P in the range 5.0≤ rP <6.9Å

(continued on next page)
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Tab. S2: (continued)
Calc. Cluster definition
No QC typea setupb

10 [Mg2P4O12]07
(Fig. S4a)

EEIM mPW1PW level, 6-311G(3df,3pd) basis for atoms with 0≤
rP <2.5Å, 6-31G(d,p) basis at 2.5≤ rP <5.0Å, CEP-4G ba-
sis atrP ≥5.0 supplemented withd function on P in the range
5.0≤ rP <6.9Å; Na=Nb=Nc=5, ⌊N1 +N2⌋=700,Nrcp=2000

11 [Mg2P4O12]013
(Fig. S4b)

NE mPW1PW level, 6-311G(3df,3pd) basis for atoms with 0≤
rP <2.5Å, 6-31G(d,p) basis at 2.5≤ rP <5.0Å, CEP-4G basis
at rP ≥5.0Å supplemented withd function on P in the range
5.0≤ rP <6.9Å

12 [Mg2P4O12]013
(Fig. S4b)

EEIM mPW1PW level, 6-311G(3df,3pd) basis for atoms with 0≤
rP <2.5Å, 6-31G(d,p) basis at 2.5≤ rP <5.0Å, CEP-4G basis
at rP ≥5.0Å supplemented withd function on P in the range
5.0≤ rP <6.9Å; Na=Nb=Nc=6, ⌊N1 +N2⌋= 700,Nrcp=2000

a NE=non-embedded calculation, EIM=traditional embedded ion method, EEIM=extended
embedded ion method.
b rP is the shortest distance of an atom to one of the four central Patoms.
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Figure S4: Further Mg2P4O12 clusters. (a):[Mg2P4O12]07, (b): [Mg2P4O12]013. P sites
with off-centerd labels indicate reference points for the local expansion.
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S2.2 Crystal structure of α-Mg3(PO4)2
The crystal structure ofα-magnesium phosphate,α-Mg3(PO4)2, has been described by
Nord and Kierkegaard1. Structure data and site labelling was adopted from19. The unit
cell is shown in Fig. S5. It contains the seven sites Mg1, Mg2,P1, O1, O2, O3, O4
with the frequencies 4, 2, 4, 4, 4, 4, 4, respectively. The crystal is composed of[PO4]3−

anions (Q0-phosphate) surrounded by seven Mg2+ cations in the next coordination
sphere. The P-O bond lengths within an orthophosphate ion increase in the row d(P1-
O2)=1.5076Å, d(P1-O4)=1.5273Å, d(P1-O3)=1.5344Å, d(P1-O4)=1.5349Å. Details
of the cluster setup are given in Tab. S3. The result of calculation 18 is given in Tab. 1.
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Figure S5: Crystal structure ofα-Mg3(PO4)2 as reported in1, 2x2x2 unit cells viewed
alongc axis.
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Table S3: Setup of cluster calculations onα-Mg3(PO4)2.

Calc. Cluster definition
No QC typea setupb

13 [PO4]3−

(Fig. 9a)
NE mPW1PW/6-311G(3df,3pd) level

14 [PO4]3−

(Fig. 9a)
EIM mPW1PW/6-311G(3df,3pd) level;Na=Nb=Nc=6, ⌊N1 + N2⌋=

500,Nrcp=2000
15 [Mg3(PO4)2]01

(Fig. 9b)
NE mPW1PW/6-311G(3df,3pd) level

16 [Mg3(PO4)2]01
(Fig. 9b)

EEIM mPW1PW/6-311G(3df,3dp) level;Na=Nb=Nc=7, ⌊N1 + N2⌋=
700,Nrcp=2000

17 [Mg3(PO4)2]05
(Fig. 9c)

NE mPW1PW level, 6-311G(3df,3pd) basis at0.0 ≤ rP < 2.5Å,
6-31G(d,p) basis at2.5 ≤ rP < 5.0Å, CEP-4G PP + basis at
rP ≥ 5.0Å augmented with ad function (exponent=0.55a0) at P
atoms; calculation not converged

18 [Mg3(PO4)2]05
(Fig. 9c)

EEIM mPW1PW level, 6-311G(3df,3pd) basis at0.0 ≤ rP < 2.5Å,
6-31G(d,p) basis at2.5 ≤ rP < 5.0Å, CEP-4G PP + basis at
rP ≥ 5.0Å augmented with a singled function (exponent= 0.55
a0) at P atoms;Na=Nb=Nc=7, ⌊N1 +N2⌋= 700,Nrcp=2000

19 [Mg3(PO4)2]08
(Fig. 9d)

NE mPW1PW level, 6-311G(3df,3dp) basis at0 ≤ rP,O1,O2,O3,O4 <
2.1Å, 6-31G(d,p) at2.1 ≤ rP,O1,O2,O3,O4 < 3.1Å, CEP-4G PP +
basis elsewhere augmented with a singled function (exponent=
0.55 a0) on P-atoms in the range3.1 ≤ rP,O1,O2,O3,O4 < 6.9Å;
calculation not converged

20 [Mg3(PO4)2]08
(Fig. 9d)

EEIM mPW1PW level, 6-311G(3df,3pd) basis for0 ≤ rP,O1,O2,O3,O4 <
2.1Å, 6-31G(d,p) at2.1 ≤ rP,O1,O2,O3,O4 < 3.1Å, CEP-4G PP +
basis elsewhere augmented with a singled function (exponent=
0.55 a0) on P-atoms in the range3.1 ≤ rP,O1,O2,O3,O4 < 6.9Å;
Na=Nb=Nc=7, ⌊N1 +N2⌋= 700,Nrcp=2000

a NE=non-embedded calculation, EIM=traditional embedded ion method, EEIM=extended
embedded ion method.
b rP is the shortest distance of an atom to the central P atom,rP,O1,O2,O3,O4 is the shortest
distance to one of the atoms of the central[PO4]3− group.

S2.3 Crystal structure of α-Mg2P2O7

Crystal structures ofα-Mg2P2O7 have been reported by Calvo20 and Łukaszewicz21.
The space group symmetry was determined toB21/c (no 14) in both works, but sig-
nificant differences appear in some bond parameters, which has a significant effect on
calculated NMR results. In addition, the two works differ inthe choice of the unit
cell and in the labelling of crystallographic sites. For comparison of the two crystal
structures we juxtaposed bond parameters of equivalent sites in Tab. S4.

Table S4: Comparison of selected bonding parameters in theα-Mg2P2O7 crystal as
reported in the X-ray diffraction works of Calvo20 and Łukaszwicz21.
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bonding parametera Calvob Łukaszewiczc

atomic distances inÅ
P1–O4 (P1–O7) 1.473(18) 1.482(23)
P1–O3 (P1–O5) 1.506(14) 1.559(18)
P1–O7 (P1–O3) 1.535(99) 1.548(10)
P1–O1 (P1–O1) 1.613(44) 1.630(15)
P2–O6 (P2–O4) 1.521(8) 1.553(23)
P2–O5 (P2–O6) 1.526(19) 1.489(19)
P2–O2 (P2–O2) 1.535(93) 1.525(12)
P2–O1 (P2–O1) 1.568(20) 1.604(14)

Mg1(a)–O3 (Mg2(a)–O5) 2.059(68) 2.004(17)
Mg1(b)–O3 (Mg2(b)–O5) 2.137(71) 2.111(14)

Mg1–O7 (Mg2–O3) 2.072(46) 2.068(27)
Mg1–O2 (Mg2–O2) 2.085(53) 2.090(23)
Mg1–O5 (Mg2–O6) 2.135(74) 2.154(15)
Mg1–O6 (Mg2–O4) 2.143(67) 2.115(20)
Mg2–O4 (Mg1–O7) 1.984(59) 1.950(29)
Mg2–O5 (Mg1–O6) 2.025(79) 2.019(30)
Mg2–O7 (Mg1–O3) 2.036(60) 2.014(35)
Mg2–O2 (Mg1–O2) 2.054(36) 2.057(47)
Mg2–O6 (Mg1–O4) 2.120(67) 2.114(42)

bond angles in deg
P1–O1–P2 (P1–O1–P2) 143.98(29) 140.18(76)
O1–P1–O3 (O1–P1–O5) 104.89(22) 102.61(69)
O1–P1–O4 (O1–P1–O7) 109.52(29) 110.87(85)
O1–P1–O7 (O1–P1–O3) 102.72(22) 101.24(62)
O1–P2–O2 (O1–P2–O2) 107.65(22) 106.65(65)
O1–P2–O5 (O1–P2–O6) 102.23(22) 100.10(74)
O1–P2–O6 (O1–P2–O4) 110.25(27) 110.97(86)

P1–O3–Mg1(a) (P1–O5–Mg2(a)) 128.68(28) 127.89(91)
P1–O3–Mg1(b) (P1–O5–Mg2(b)) 127.69(28) 126.04(76)

P1–O4–Mg2 (P1–O7–Mg1) 155.26(39) 156.22(119)
P1–O7–Mg1 (P1–O3–Mg2) 131.53(24) 129.87(76)
P1–O7–Mg2 (P1–O3–Mg1) 129.09(24) 129.82(100)
P2–O2–Mg1 (P2–O2–Mg2) 132.43(24) 132.51(79)
P2–O2–Mg2 (P2–O2–Mg1) 128.23(23) 128.09(115)
P2–O5–Mg1 (P2–O6–Mg2) 124.39(27) 128.67(79)
P2–O5–Mg2 (P2–O6–Mg1) 129.44(25) 125.32(100)
P2–O6–Mg1 (P2–O4–Mg2) 144.79(20) 145.33(111)
P2–O6–Mg2 (P2–O4–Mg1) 113.62(25) 111.80(88)

dihedral angles in deg
O4–P1–O1–P2 (O7–P1–O1–P2) 10.19(68) 12.50(208)
O5–P2–O1–P1 (O6–P2–O1–P1) 169.57(55) 168.28(166)

O1–P1–O3–Mg1(a) (O1–P1–O5–Mg2(a)) -24.27(42) -26.66(131)
(continued on next page)
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Tab. S4: (continued)
bonding parametera Calvob Łukaszewiczc

O1–P1–O3–Mg1(b) (O1–P1–O5–Mg2(b)) 170.58(32) 170.45(101)
O1–P1–O4–Mg2 (O1–P1–O7–Mg1) 16.15(99) 16.95(414)
O1–P1–O7–Mg1 (O1–P1–O3–Mg2) 92.22(39) 96.61(153)
O1–P1–O7–Mg2 (O1–P1–O3–Mg1) -78.19(39) -77.69(210)
O1–P2–O2–Mg1 (O1–P2–O2–Mg2) -107.93(38) 110.16(141)
O1–P2–O2–Mg2 (O1–P2–O2–Mg1) -55.51(41) -53.68(197)
O1–P2–O5–Mg1 (O1–P2–O6–Mg2) -173.19(33) -173.85(110)
O1–P2–O5–Mg2 (O1–P2–O6–Mg1) -20.36(39) -23.02(181)
O1–P2–O6–Mg1 (O1–P2–O4–Mg2) 7.77(59) 9.2(22)
O1–P2–O6–Mg2 (O1–P2–O4–Mg1) 162.69(26) 162.16(139)

a site labels according to ICSD entry 15326 (Calvo). Labels in parenthesis
according to ICSD 30434 (Łukaszewicz).
b taken from ICSD database19, entry 15326
c taken from ICSD database19, entry 30434

In this work the probably more reliable structure of Calvo, ICSD entry 1532619, is
used as well as the site labelling given there. The crystal structure is shown in Fig. S6.
Two independent P-sites (P1,P2), seven O-sites (O1–O7) andtwo Mg-sites (Mg1,Mg2)
are present, all of which are on general crystallographic positions (Wyckoff index8e).
Each pyrophosphate[P2O7]4− unit contains all P- and O-sites exactly for one time. O1
is the bridging atom between P1 and P2 with a shorter bond to P2. Of the terminal
oxygens O4 is special in the sense that it has the shortest P-Odistance (1.473Å), the
shortest O-Mg distance (1.984Å) and that it is only coordinated by a single Mg atom
(Mg2). The remaining oxygens are coordinated by two Mg sites. Of these oxygens O3
is coordinated to two Mg1 sites, whereas all others are coordinated to one Mg1 and
one Mg2. Note, that the P2O7-unit extended by the coordinated Mg atoms is a chiral
fragment and that both enantiomers of that fragment are present in the crystal. The
coordination number for the Mg1 cation is six, but only five for Mg2. The setup for
various cluster calculations is shown in Fig. S5. The resultof calculation 24 is shown
in Tab. 1.
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Figure S6: Unit cell of α-Mg2P2O7 viewed alongb axis.

Table S5: Setup of cluster calculations onα-Mg2P2O7.

Calc. Cluster definition
No QC typea setupb

21 [P2O7]4−

(Fig. 10a)
NE structure from20; mPW1PW/6-311G(3df,3pd)level

22 [P2O7]4−

(Fig. 10a)
EIM structure from20; mPW1PW/6-311G(3df,3pd) level,

Na=Nb=Nc=5, ⌊N1 +N2⌋= 600,Nrcp=1500
23 [Mg2P2O7]09

(Fig. 10b)
NE structure from20; mPW1PW level, 6-311G(3df,3pd) basis at0 ≤

rP < 2.5Å, 6-31G(d,p) at2.5 ≤ rP < 5Å, CEP-4G atrP ≥ 5Å
augmented with d-functions (exp=0.55a0) on P in the range5 ≤
rP < 8Å

24 [Mg2P2O7]09
(Fig. 10b)

EEIM structure from20; mPW1PW level, 6-311G(3df,3pd) basis at0 ≤
rP < 2.5Å, 6-31G(d,p) at2.5 ≤ rP < 5Å, CEP-4G atrP ≥ 5Å
augmented with d-functions (exp=0.55) on P in the range5 ≤
rP < 8Å, Na=Nb=Nc=6, ⌊N1 +N2⌋= 700Nrcp=2000

25 [Mg2P2O7]09 EEIM as calc. 24, but structure taken from21

a NE=non-embedded calculation, EIM=traditional embedded ion method, EEIM=extended
embedded ion method.
b rP is the shortest distance of an atom to one of the two central P atoms.

S2.4 Crystal structure of MgP4O11

The crystal structure of magnesium ultraphosphate has beenreported by Stachelet
al.22. The unit cell is shown in Fig. S7. Details of the quantum cluster setup are listed
in Tab. S6. The results of calculations 27 and 29 are given in Tab. 1.
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Figure S7: Unit cell of MgP4O11 viewed along thea axis.

Table S6: Setup of cluster calculations on MgP4O11.

Calc. Cluster definition
No QC typea setupb

26 [MgP4O11]06
(Fig. 11a)

NE mPW1PW level, 6-311G(3df,3pd) basis at0 ≤ rP1,P2 < 2.5Å,
6-31G(d,p) basis at2.5 ≤ rP1,P2 < 5Å, CEP-4G basis atrP1,P2 ≥
5Å augmented withd-function on P in the range5 ≤ rP1,P2 <
8Å; calculation not converged

27 [MgP4O11]06
(Fig. 11a)

EEIM mPW1PW level, 6-311G(3df,3pd) basis at0 ≤ rP1,P2 < 2.5Å,
6-31G(d,p) basis at2.5 ≤ rP1,P2 < 5Å, CEP-4G basis atrP1,P2 ≥
5Å augmented withd-function on P in the range5 ≤ rP1,P2 <
8Å; Na=Nc=6,Nb=3, ⌊N1 +N2⌋=600,Nrcp=2200

28 [MgP4O11]05
(Fig. 11b)

NE 6-311G(3df,3pd) basis for atoms with0 ≤ rP3,P4 < 3.1Å, 6-
31G(d,p) at3.1 ≤ rP3,P4 < 4.1Å, CEP-4G augmented with d-
functions on P atoms atrP3,P4 ≥ 4.1Å

29 [MgP4O11]05
(Fig. 11b)

EEIM 6-311G(3df,3pd) basis for atoms with0 ≤ rP3,P4 < 3.1Å, 6-
31G(d,p) at3.1 ≤ rP3,P4 < 4.1Å, CEP-4G augmented with d-
functions on P atoms atrP3,P4 ≥ 4.1Å; Na=Nc=7,Nb=4, ⌊N1 +

N2⌋=600,Nrcp=2400
a NE=non-embedded calculation, EEIM=extended embedded ionmethod.
b rPα,Pβ is the shortest distance of an atom to one of the two central P atoms.
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S3 Calculation details for the 31P σ ↔ δ calibration
curve

In the following subsections details to the calculated and experimental data are listed
that is used for establishing the conversion equation from the absolute shielding scale
to the experimental chemical shift scale. Both, theoreticaland experimental data, pos-
sess a limited accuracy, only: Theoretical data suffers from various approximations
that are made to make the calculations feasible. We mention here the neglect of vi-
brational motions (re-structures), inaccurate treatment of electron correlation or inter-
molecular effects, which all can have a significant effect onthe NMR parameters23.
Experimental data on the other side suffer from experimental errors, such as devia-
tions of up to 2 ppm in early field-sweep spectrometers24. In modern spectrometers
such apparatus-related errors can be routinely diminishedbelow 0.1 ppm. Here, the
main source of “error” results in many cases from an inexact description of the exper-
imental conditions. E.g. the solvent dependency (either bychange of magnetic sus-
ceptibility or by intermolecular effects on the sample and the reference compound) or
the temperature (introducing molecular vibrations) are well known sources that lead to
variation of NMR parameters. Nevertheless, this additional information is often omit-
ted for brevity in tabulated NMR parameters24–26. Solvent effects of more than 4 ppm
have been observed for31P chemical shifts27,28 in usual liquids. A special case is the
P4 molecule for which a shift variation of 92 ppm depending on the environment has
been reported26.

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

δ =
Hs −Hre f

Hre f
· 106 =

νre f − νs

νre f
· 106 in most works before 1972, e.g.24 (S11)

over

δ =
νs − νre f

νre f
· 106 (IUPAC Recommendation in 197229,30) (S12)

to

δ =
νs − νre f

νre f
(IUPAC Recommendation in 2001,200831,32) (S13)

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

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

σiso,theor = A + B · δiso,exp (S14)
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The parametersA andB in this equation are determined by a least squares fit of a
test data set containing 20 different phosphorus compounds: P4O10, PF3, PCl3, OPF3,
OPCl3, PF5, PCl5, PF4C≡C-H, PFO6C4H4, PClO3C2H4, OPCl2F, OPClF2, PClO3C3H6,
PClO3C6H4, PO4C4H7, PH3, P4, P4O6, P4O7, P4O8. This choice is convenient for
several reasons. First, we cover the entire chemical shift range of ordinary31P com-
pounds. Second, all substances are characterized by an experimental structure and by
NMR data. Third, most molecules are rather small and symmetric and it is unlikely
that intramolecular dynamics has a strong effect on the NMR parameters. Therefore, it
is easy to calculate NMR parameters for them at the experimental structures. Detailed
information is given in Tab. S7. In addition, we performed NMR calculations at opti-
mized structures, see Tab. S8. Systematic calculations on sets of31P compounds have
been performed in the past already33–36, but not with our chosen quantum chemical
model (mPW1PW)37.
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Table S7: Experimental and calculated NMR shielding parameters of31P reference compounds at experimental molecular struc-
tures.

Compound Site δexp Shift Structure absolute magnetic shielding in ppm at mPW1PWlevel with various basis sets
ppm Ref. Ref. 6-31G(d,p)6D 6-31G(d,p)5D 6-311G(3df,3pd) 6-311++G(3df,3pd) 6-311++G(d,p)

P4O10 P1 -46.8 38 39 433.19 434.95 357.92 357.92 371.53
P4O10 P2 -45.5 38 39 434.39 436.15 359.28 359.28 372.92
P4O8 P1 123.8 40 41 252.34 254.59 173.6 173.47 183.48
P4O8 P2 -42.2 40 41 432.46 434.07 355.06 354.51 367.18
P4O7 P1 -61.0 42,a 43,b 445.85 447.33 368.88 368.29 381.42
P4O7 P2 123.5 42,a 43,b 248.33 250.74 166.57 166.61 176.11
P4O7 P3 123.5 42,a 43,b 248.96 251.29 167.5 167.52 176.92
P4O7 P4 123.5 42,a 43,b 251.43 253.81 169.56 169.59 179.47
P4O6 P1 109.5 44,c 45 275.48 277.92 195.22 195.73 206.08
P4O6 P2 109.5 44,c 45 262.21 264.73 180.89 181.43 190.42
P4O6 P3 109.5 44,c 45 271.17 273.68 190.22 190.75 200.72
P4O6 P1 112.5 26,46,d 47 273.68 276.14 192.29 192.79 203.21
PF3 P1 97.0 24,26,48 49 255.36 256.67 175.91 179.52 179.79
PCl3 P1 220 24,26,48 49 107.95 107.11 55.28 57.58 59.38
OPF3 P1 -35.5 24,26,48,50 49 412.43 415.58 337.18 335.67 342.53
OPCl3 P1 2.2 24,26,48 49 335.82 335.67 286.17 283.48 294.30
PF5 P1 -80.3 26,51 49 429.05 431.30 374.15 372.81 375.60

PF4CCH P1 -67.8 52 53 423.84 425.93 367.49 366.52 373.63
PClO3C2H4 P1 22.8 26,27 54 347.43 348.34 273.55 271.81 281.27

OPCl2F P1 0.0 24,26 55 365.26 366.48 301.42 298.77 309.38
OPClF2 P1 -14.8 24,26 55 389.48 391.81 318.27 316.06 325.39

PH3 P1 -238 24 49 602.36 602.55 575.8 575.35 580.73
P4 P1 -488 24,26,56 49 856.85 857.77 857.57 857.93 861.48

a taken from solid state spectrum at T=258 K in Fig.7 of that work.
b structure taken from printed version of that work. Structure given in the ICSD data base (entry 49545) is erroneous in O1 coordinate.
c solid state data;averaged value of two sites reported in that work.
d liquid state data.
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Table S8: Experimental and calculated NMR shielding parameters of31P reference compounds at mPW1PW level with various
basis sets. Molecular structures were optimized at the samemethod/basis set combination.
Compound Site δexp Shift Structure absolute magnetic shielding in ppm at mPW1PWlevel with various basis sets

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

P4O10 P1+P2 -46.1538,a opt 427.34 429.02 359.05 358.41
P4O8 P1 123.8 40 opt 232.70 235.08 164.73 164.38
P4O8 P2 -42.2 40 opt 424.53 426.06 355.44 354.61
P4O7 P1 -60.5 40 opt 445.29 446.75 375.63 375.21
P4O7 P2 132.5 40 opt 234.24 236.46 161.36 161.32
P4O6 P1 112.5 26,46 opt 267.80 270.19 190.40 190.83
PF3 P1 97.0 24,26,48 opt 246.45 247.07 175.23 178.03
PCl3 P1 220 24,26,48 opt 78.84 77.98 47.03 48.26
OPF3 P1 -35.5 24,26,48,50 opt 405.05 404.77 336.97 335.3
OPCl3 P1 2.2 24,26,48 opt 322.5 322.31 285.64 282.36
PF5 P1 -80.3 26,51 opt 419.13 421.04 372.40 370.64

PF4CCH P1 -67.8 52 opt 416.4 416.12 367.12 365.79
PFO6C4H4 P1 -40.23 57 opt 393.81 395.64 342.79 341.81
PClO3C2H4 P1 22.8 26,27 opt 345.79 346.75 282.85 280.51

OPCl2F P1 0.0 24,26 opt 345.35 346.23 294.83 291.6
OPClF2 P1 -14.8 24,26 opt 374.20 376.04 312.80 310.18

PClO3C3H6 P1 -2.8 26,27 opt 365.54b 366.3b 303.89b 301.98b

PClO3C6H4 P1 18.4 26,27 opt 346.49 347.11 283.80 281.98
PO4C4H7 P1 -7.97 28 opt 396.77 397.64 326.92 325.14

PH3 P1 -238 24 opt 601.80 602.04 578.11 577.88
P4 P1 -488 24,26,56 opt 870.88 871.93 879.54 878.56

a averaged value for P1 and P2 in that work.
b averaged values for two ring confomers that are assumed to bein rapid exchange.
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All calculations have been performed with the GAUSSIAN 03 program58. The
calculated isotropic magnetic shieldings (σiso,theor) and the experimentally observed
isotropic shifts (δiso,exp) are plotted together with the corresponding fitting curvesin
Fig. S8. The result of the fit depends on the employed basis setand on the molecular
structure used for the calculation. We varied between 6-31G(d,p), 6-311G(3df,3pd),
and 6-311++G(3df,3pd) basis sets. By default the 6-31G(d,p)basis set uses six carte-
sian functions to represent the angular part of thed orbitals (6D). We also used this
basis in combination with five spherical harmonic functions(5D). Except from ex-
perimentally determined structures, we used also quantum chemically optimized ones,
employing the same basis set that is used in the subsequent calculation of NMR param-
eters. This results in different sets of fitted parameters which are collected in Tab. S9.
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Figure S8: Correlation between experimental chemical shifts and calculated magnetic
shieldings. top: experimental structures were used,bottom: quantum
chemically optimzed structures were used.
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Table S9: Linear Fit of equationσtheor = A + B · δexp to the experimental data.
optimized parameters standard deviation/ ppm

basis set A / ppm B (number of data points)
experimental molecular structures used

6-31G(d,p) 6D 370.17±3.46 -1.0072±0.0239 16.59 (N=23)
6-31G(d,p) 5D 371.87±3.60 -1.0058±0.0248 17.25 (N=23)
6-311++G(d,p) 311.64±2.45 -1.1110±0.0169 11.75 (N=23)

6-311G(3df,3pd) 303.29±2.00 -1.1174±0.0137 9.56 (N=23)
6-311++G(3df,3pd) 302.99±2.06 -1.1147±0.0142 9.88 (N=23)

quantum chemically optimized molecular structures
6-31G(d,p) 6D 359.13±4.56 -1.0613±0.0322 20.70 (N=21)
6-31G(d,p) 5D 360.16±4.68 -1.0609±0.0330 21.24 (N=21)

6-311G(3df,3pd) 301.84±2.43 -1.1589±0.0172 11.03 (N=21)
6-311++G(3df,3pd) 300.86±2.50 -1.1564±0.0177 11.37 (N=21)

PCl5 turns out to be problematic in the fit procedure. Either the experimental data
are wrong, or the molecule is difficult to treat with our chosen (non-relativistic) quan-
tum chemical model. Relativistic effects are known to have a significant impact on the
NMR parameters in phosphorus halides59. Hence, we removed PCl5 from the fitting
data set.

Expectedly, the correlation between experimental shifts and calculated shieldings
at 6-31G(d,p) level is the worst in the series of calculations. The calculations with 6-
311G(3df,3pd) and 6-311++(3df,3pd) basis sets show significantly improved results.
The close similarity between the latter two indicates that diffuse basis functions are
not necessary for the calculations of the neutral species. Moreover, sufficiently accu-
rate structures can be obtained from optimizations with these bases, as demonstrated
by the similarity between NMR parameters at optimized and experimental structures.
The usage of a 6-311G(3df,3pd) basis with the mPW1PW functional seems to be a
useful compromise between the demand for an accurate basis and economical aspects
of the calculations. By default, we use the correlation parametersA, B obtained from
calculations at the experimental structures.

When calculating31P chemical shift anisotropy parameters from theoreticallycal-
culated magnetic shielding parameters, we solve eq. (S14) for δ and calculate each
chemical shielding tensor eigenvalue according to

δii,theor =
σii,theor − A

B
(S15)

At this we use the basis set specific correlation parametersA andB. From theseδii,theor
values we calculate the CSA parameters according to the Haeberlen-Mehring-Spiess
convention60.
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S4 Full references to abbreviated citations

The references 33, 34, 41 and 42 of the main article were abbreviated due to their
length. The corresponding full citations are given as entries58,61–63 in the following
reference list.
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