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Context: biological hydroxyapatites (HAp)

— Ca,o(PO,)s(OH), + substitutions (C*and A-)

F-, Cl-, CO4%, SiO 4~

Nat*, K*, Mg?*, Zn?*,

» 43Ca: low yand N.A. ~ 0.14%

» low wt% for all C*and A-

FTIR ("too local")
PXRD

("average")




Dynamic Nuclear Polarization (DNP) MAS

solvant + AMUPOL
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DNP juice

huge gain in nuclearpolarization!!

® but: questions ...
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depending on the sample...
B enhanced spin locking during CP
B better homonuclear decoupling



The HAp structure (hexagonal)
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Synthetic carbonated nanosized HAp

» synthetic HAp, ~ 1wt % in C, labeled in 13C

» 1D, 2D, double- and triple resonance CP, SQ-DQ experiments
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Towards structural models Bsites  Asites
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Natural abundance 43Ca DNP spectroscopy

vo(43Ca) = 26,94 MHz, 100 K, DNP juice: glycerol-dg/D,0/H,0 (60/30/10; viviv) + AMUPol,

sample: ~ 20 mg

{1H-}43Ca CP MAS DNP
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43Ca: pushing the limits of sensitivity & resolution at 1.5 GHz, 35.2 T
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C. Wang, J. Paulino, I. Hung, Z. Gan

o series-connected hybrid magnet

o from 0to 35.2 T in 30 minutes
o 20 kA

o very efficient lock

o from 7:00 AM to 3:30 PM

o no "overnight®“ experiment

o 3.2 mm X MAS probe, 18 kHz

Contents lists available at ScienceDirect x
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43Ca MAS and MQ-MAS experiments (Coll.: D. Laurencin, Montpellier)

Ca pyrophosphates and oxalate (NA)
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General context

» consider the mathematical problem of coupled LDE with non-constant coefficients
a(t’), b(t’)...

AUt t) = %U(t’,t), U(t,t) = Id,

N (finite)
——————

a(t’) b(t)

A(l"): c(t’) ... | N
bounded (over [t, t’])

<I Dyson time-ordering operator (1952)

Floquet (1883) (if A periodic)

U(t',t) = T exp (/ | A(T)dfi‘) Magnus (1954) 1

ordered exponentia| (OE) perturbatlve treatment

convergence (?) 13



The Path-Sum approach (P.-L. Giscard, 2015)

» Descending Ladder Principle (DLP)

(a) hi1(t)  hia(t)  hya(E) (d) GK3 11! [1.=hyy =hyp * Gy,\(1),22 * hyy —hys * Gk \(1)33 *hyy
H(t) = [ hz1(t)  haa(t)  ha3 (D) A_“—““ L T,
hs1(t)  hsz(t) hss(t) .

dynamical weighted graph (¢)
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U(t’,t) as the ordered exponential of H(t)

(c)

3 vertices
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each entry is given analytically

1vertex <= 2vertices ¢—=

2 'I K3\{12},33

infinite series of walks transformed into a single,

finite, branched continued fraction




Comments on the Path-Sum solution

3 vertices )

1 vertex <<= 2vertices <=

> as it captures the entire physics and

mathematics of the problem as opposed to
methods that are approximate, perturbative etc

» non perturbative, super exponentially CV

» always closed form in

— haz * Gg\1y22 *Ros * Grp\ay33 *har™™!

Gro1y22 = [Le =haz =has * Gyp\(12)33 *hap 71

Gia\(12)33 = 1&_h e . H
ko\azyss = e~ 0] > analytic, closed form at fixed accuracy

» Numerically at all orders: >> Zassenhaus
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Accelarated Neumann series

in the case of ultra-strong regime, i.e. ,then:
_ 0 cos(wt)
K (1) = —2ip
cos(wt) 0 ® = 4,20,1000,
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Coherent Destruction of 5°¢

Tunneling (CDT) d 0.4

$ .

the first term of the wt

Neumann series Is P.L. Giscard, C. Bonhomme, Phys. Rev. Res. 2020

P.L. Giscard, J. Integral Equations Appl. 2020 16



Conclusions and perspectives

(I

» anew approach DNP juice

» analytical expression for U(t)

» unconditional convergence

» non perturbative formulation

(1)

» scalable to large spin systems »

particle —
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Bloch equations: RF artefacts in MRI

099995_1
' here: Ugg)(t) is sufficient to

describe the oscillations
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Interpretation of K, (t) >> K,(t)

ok — —20 a1,y —1 0
K, (t't) 1=w—05(t—t)(0 1)

(K;*K, Dt t)= - 4icos(wt)(_01 é)c‘i(t’ — 1)

wo
\ )

. K .
ratio « K—l » in the x—product sense
2

P.L. Giscard, J. Integral Equations Appl. 2020
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Scale invariance of Path-Sum

Take a partition of a spin system in a set of (smaller, independent)
sub-systems

sub-system n°2

sub-system n°1

PS or Magnus or Floquet or Fer or any
state-space reduction technique ...

PS or Magnus or Floquet or
Fer or any  state-space

reduction technique ... sub-system n°3

PS or Magnus or Floquet or Fer or any
state-space reduction technique ...

the exact evolution of the entire spin system as functions of the
evolutions of the isolated sub-systems is given by Path-Sum

(though non contiguous blocks in H(t) matrix!) 21



Larger systems: x— Lanczos algorithm (Giscard, Pozza, 2019, 2020)

full
(t") b)) .. 1 @ )%
A(t) = Ccl(t) b1
,BZ.Qal
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(a0t 1. P
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a very simple continued fraction to handle! 22



Path-Sum

O simple path 2 (self avoiding walk): 2/ whose 9 are all distinct

O simple cycle € (self avoiding polygon): 7 whose endpoints are identical and intermediate
9 are all distinct and different from the endpoints

agq ai

1 1
7 0 C o
ai; 31 a, as;
é _) azi ais az ais
o azz [ o asz o
2 ™~ 3 s 2 ~__~ 3 a3

az, az3 az; azs

« Fundamental Theorem of Arithmetic » on ¢ (P.-L. Giscard, 2012)

» 2 factor uniquely into prime elements, i.e. simple paths and simple cycles
» if Zis finite the number of primes is finite

» resummation of all zZinvolves a finite number of operations: sum on simple
paths and continuous fraction of simple cycles with vertex removal 23




Modeling of hydrated amorphous calcium pyrophosphates (a-CPP)

» osteoarthritis, pseudogout
(K. Leyngardigal, C. Bonhomme et al., Cryst. Growth & Design, 2017)

» » potential role of amorphous precursor ? (biomineralization)

presence of water, no melt-and-quench approach
MC — AIMD — "hydration" — relaxation — GIPAW (*3Ca)

a-CPP models
(Ca,P,0,.nH,0, n =2 to 6)

35.2T
b=
C“‘Qg 3/’°urs
o [[]
0c: g —
9'; 200 100 0 100 -200

8(43Ca) /ppm

Chem. Commun. 2018
Coll.: J. Rimsza, J. Du (UNT, USA) 24



An infinite number of "friendly" kernels

> if:

with: x(t',t) = a(t")b4(t) ; y(t',t) = a,(t")b,(t); z(t', t) =

then: [1, — K]*~1 is directly available !

25



Power series of A¢ Xy
&
A) =1 :(A),, :
ex.: exp[A] =X ¢_o— A/f A ( 7o )

F(Aé)wa: ZZ):O Cy ngaw-éawhk ce X Ap.h, X Ap, o

power series of A, all weighted walks ‘2¢ from 7, 107, of length é

P Sun_

FADue= ). F(@00) X Qoo f @) By X (@)

PG \ A4

edge weight gffective ¥ weight

sum on the finite set of

simple paths 2 of length £ sum over the finite set of simple cycles €

(continued fraction of finite breadth)



Intrinsically distributed materials

FTIR ("too local")

& 8% potassium CHAP

Carbonated
Hydroxyapatite

Materials, Synthesis and Applications

Michael Fleet
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Context: biological hydroxyapatites (HAp)

— Ca,y(PO,)s(OH), + substitutions (C*and A")

r N (. | o ‘4_‘
Na+, K+, Mg2+, Zn2+, F y CI y CO3 y S|O4
Sre+ .. .
- \/—) [Bsite
|

e
Ca2+ ) .

»43Ca: low y and N.A. ~ 0.14%

» low wt% for all C*and A- 28



Ordered exponential (OE) (P.-L. Giscard, 2015)

OE[Ag](t’,t) = [(swlOE[A(t, t)[sep

ALD = [ ol ADIse)

2. ALL weighted walks ® < o on Ay

but using
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An example: 2 x 2 matrix Fe i e

OE[A](t,f) = o

0E21(t'»t) f GKZZZ(t T)dT

sum on simple =11 *—1
*

— A11 — Q12 * Gg\(13,22 * az1]

cycles

°
Ry e @ Gip\1},22 = [1e — @z |0
:? !:\

,f”’ \\‘ t, é
< QE12(t t) —”j Gro\(2)11 * Q12 * Gk, 22 (¢ 7)dr @)
~\~~ Prag t
4 : » END of the continued fraction !
o
_ » END ! » finite sum on £
sum on simple P
paths ° » finite sum on simple @ 30




