Solid state NMR method development and studies of biological and biametic

nanocomposites

by
Yan-Yan Hu
A dissertation submitted to the graduate faculty
in partial fulfilment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

Major: Analytical Chemistry

Program of Study Committee:
Klaus Schmidt-Rohr, Major Professor
Mei Hong
Surya K. Mallapragada
Robert S. Houk
Yan Zhao

lowa State University
Ames, lowa
2011

Copyright © Yan-Yan Hu, 2011. All rights reserved



Table of Contents

Acknowledgements \Y
Abstract Vil
Chapter 1 Introduction 1
Overview 1
The structure of biological and biomimetic nanocomposites 1
Solid state NMR method development and improvement 8
Thesis organization 9
Copyright permissions 10
Appendix 10
References 27
Chapter 2 Strongly bound citrate stabilizes the apatite nanocrystals in bone 36

Chapter 3

Abstract 36
Introduction 36
Results and discussion 37
Conclusions and outlook 41
Methods 42
Acknowledgements 44
References 44
Figures 48
Supporting information 53

Biomimetic self-assembling nanocomposites of block copolymer

and hydroxyapatite with nanocrystal size controlled by citrate 60
Abstract 60
Introduction 60
Materials and methods 63

Results and discussion 66



Chapter 4

Chapter 5

Chapter 6

Conclusions
Acknowledgements
References

Tables and figures

Supporting information

75
76
76
79
90

Self-assembled calcium phosphate nanocomposites using block

copolypeptide templates
Abstract

Introduction

Results and discussion
Materials and methods
Conclusions
Acknowledgements
References

Tables and figures

Supporting information

Broadband “infinite-speed” magic-angle spinning NMR
Spectroscopy
Abstract
Main text
Acknowledgements
Figures

References

Technical aspects of fast magic-angle turning NMR fdedil
spin-1/2 nuclei with broad spectra
Abstract

Introduction

92
92
93

95

104

108
109
109
114
125

126
126
126

130
130

132

134
134
134



Chapter 7

Chapter 8

Materials and methods 135
Theoretical background and experimental setup 136
Results and discussion 144
Conclusions 146
Acknowledgements 147
References 147
Figures 148
Supporting information 156

Effects of L-spin longitudinal quadrupolar relaxation in S{L}

heteronuclear recoupling and S-spin magic-angle spinning NMR 158

Abstract 158
Introduction 159
Theoretical background and simulations 160
Experimental results and discussion 172
Conclusions 176
Materials and methods 176
Acknowledgements 177
Appendices 177
References 182
Tables and figures 185
General conclusions 204
General discussion 204

Recommendations for future research 206



Acknowledgements

First and foremost, | would like to express my deep and sincere gratitudeRb.By
adviser, Professor Klaus Schmidt-Rohr. It has been truly a privilege and honor $o be hi
graduate student. | appreciate all his contributions of time, effort, ideas, supptvation,
and encouragement to make my Ph.D. experience joyful and productive. He has consciously
and unconsciously taught me the attitude, logic, and methodology to conduct good science;
the kindness to be always polite, extremely helpful and care for other people’sarektise
clear vision to see what is really important in life. He is there with metici@ate my
professional future and help me to prepare for it with full support and encourageemnt ev
step forward. | am also thankful for the excellent example he has provideslardedicated,
successful, and well-respected scientist.

| am also indebted to Professor Mei Hong, Professor Surya Mallapragada, and
Professor Mufit Akinc for their stimulating discussions and guidance towaydsasis
research. | would like to thank Professor Robert S. Houk for those memorable analytica
classes filled with his unique humor and his constructive comments and suggestions on my
work. Many thanks to Professor Yan Zhao for his kind help to attend my final defense.

| am very grateful to Professor Patricia Thiel for being a greaiton to me: showing
me the wonderful side of professorship, being always encouraging and supportive, and
teaching me how to network, how to get an easy start of my career, and how to collaborate
with people. She has been there with me to make the most important decisions of my life.
Most of all, she has been an incredible role model for me as a great scientdyful wife
and mother, and a collegial colleague.

The current and past members of Schmidt-Rohr and Hong group have contributed
immensely to my professional and personal development. Dr. Aditya Rawal hadlypatient
trained me with the implementation of basic solid state NMR experiments Ivingt
started, Dr. Xiaowen Fang, Dr. Rajee Mani, Dr. Ming Tang, Dr. Timothy DgHerty
Wenbin Luo, Dr. Sarah Cady, and Dr. Shenhui Li had lent me a hand with technical
difficulties 1 encountered in my research. Special thanks to Mr. Yongchao SuYhbs

Zhang, and Dr. Xuegian Kong for their countless help over years. | ceraiolyed the



Vi

inspiring and encouraging conversations with Dr. Evgenii M. Levin and the pleasant
company of Mr. Fanghao Hu, Mrs. Marilu Dick-Perez, and Mr. Robert Johnson.

The warm support and love from all my friends helped me survive long cruel winters
in Ames and have a wonderful time along the way. My first roommate Xia \Afahgy
friend Wenjun Xie initially taught me how to survive in a foreign country and helped me
furnish my first apartment. Dancing surely brought me tons of fun along the side of m
friends, Becky, Yingjun, and Ben. Training for Marathon with Suzanne Sander evety we
became my most relaxing time and most rewarding activity provided witmSeiza
invaluable friendship. | surely will miss those delicious dinners preparedsy &d Adu
accompanied with the laughter brought by Albert and Andrey. | will never forgse
delightful moments with my good friends Feng Liu, Yuan Zhang, Lin Liu, and the alitgpit
of Yan Sun and Wei Qiang during my visit to Michigan and of Beibei to Shanghai.

Special thanks to Sean Nedd for accompanying me through all those good and
difficult times, for helping me grow into a strong, independent, and optimistiorpes his
consistent support and rescue from all the troubled situations | got myself into, arl for
tolerance and understanding.

| am forever grateful to my grandparents and my parents whosegfdraad values
paved the way for a privileged education and who gently offered counsel and unconditional
support and love at each turn of my life. My life could never been this joyful without my
loving and caring brother.

This thesis is dedicated to my father and mother. The determination, optspistic
and sense of joy with which they respond to life’s challenges have imprinted amonhed
me to overcome every hurdle on my journey. Life has blessed me with the oppodunity t
meet Uncle Shiao-wei, Auntie Fun-Dee and their family. This thesis islataimge to an

exceptional couple who unconditionally helped me, supported me, and loved me over years.



vii

Abstract

This thesis describes application and development of advanced solid-state nuclear
magnetic resonance techniques for complex materials, in particular engamganic
nanocomposites and thermoelectric tellurides. The apatite-collagendetertsential for
understanding the biomineralization process in bone and engineering the énfierfac
controlled bio-mimetic synthesis and optimized mechanical properties, ¢l lwithin the
nanocomposite of bone. We used multinuclear solid-state NMR to study the compasltion a
structure of the interface. Citrate has been identified as the main organaulacieongly
bound to the apatite surface with a density of 1/(2*nocoyering 1/6 of the total surface area
in bovine bone. Citrate provides more carboxylate groups, one of the key functional groups
found to affect apatite nucleation and growth, than all the non-collagenous préteins a
together in bone; thus we propose that citrate stabilizes apatite crystaisratsmall
thickness of ~ 3 nm (4 unit cells) to increase bone fracture tolerance. The igpbtwe
been confirmedn vitro by adding citrate in the bio-mimetic synthesis of polymer-
hydroxyapatite nanocomposites. The results have shown that the size of hyditexyapat
nanocrystals decreases as increasing citrate concentration. \Witl cancentrations
comparable to that in body fluids, similar-sized nanocrystals as in bone have dsharedr
Besides the dimensions of the apatite crystals, the composition of bone alsoitsfigo-
functional and macroscopic mechanical properties; therefore, our team alsdeskits
effort to enhance the inorganic portion in our bio-mimetic synthesis frormaliigil5 wt%
to current 50 wt% compared to 65 wt% in bovine bone, by using Lysine-Leucine
hydroxyapatite nucleating diblock co-polypeptide, which forms a gel at very low
concentration.

In this thesis, various advanced solid state NMR techniques have been employed to
characterize nanocomposites. Meanwhile, we have developed new methods to achieve
broadband high resolution NMR and improve the accuracy of inter-nuclear distance
measurements involving quadrupolar spins. Broadband high resolution NMR of spin-1/2
nuclei has been accomplished by the adaptation of the magic angle turniny ii\&bd to

fast magic angle spinning, termed fast MAT, by solving technical problechsas off-
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resonance effects. Fast MAT separates chemical shift anisotropy angissohemical

shifts over a spectral range of ~4B, without significant distortions. Fast MAT°Te NMR

has been applied to study technologically important telluride materials wittrasppreading

up to 190 kHz. The signal-to-noise ratio of the spectra is significantly improvedry usi
echo-matched Gaussian filtering in offline data processing. The agafrde measured
distances between spin-1/2 and quadrupolar nuclei with methods such as SPIDER and
REAPDOR has been improved by compensating for the fast longitudinal quadrupolar
relaxation on the sub-millisecond with a modifiepgp8Ise sequence. Also, thegleffect on

the spin coherence and its spinning speed dependency has been explored and documented

with analytical and numerical simulations as well as experimental nezasats.



Chapter 1

Introduction

1.1 Overview
Solid state nuclear magnetic resonance (NMR) is an advanced techniquiewsat a

researchers to see the otherwise invisible world with traditional chazatiten methods. |
first realized and appreciated the power of solid state NMR by applyaiiglale NMR
methods and data analysis to chemically and materially interestimgnsystbiological and
biomimetic nanocomposites, aiming to push forward our understanding of the compositional
and structural design of natural materials such as bone and apply this informatiehet
biomimetic synthesis for prosthetic applications. Later on, with a littleiteon and
tremendous help and guidance from my adviser, | have been able to make tiny steps in
developing and improving solid state NMR methods: one of the methods is to fattiitate
accurate measurement of distances between nuclei, especially when quadugeiare
involved, by accounting for the fast fielaxation due to large quadrupolar couplings; the
other one is to promote broadband high resolution NMR by fast magic-angle turiig (M

experiments.

1.2 The structure of biological and biomimetic nanocomposites
Nanocomposites and their promises

The research field of nanocomposites encompasses the study of multiphasdsmater
of which at least the length of one dimension is < 100 nm. The promising aspects of
nanocomposites reside in their unique functionalities that cannot be achievedionizhdi
materials. The tremendous challenges to realize the promises of nanocesnpogide the
precise control over the size distribution and dispersion of the nanosize constituents;
understanding the role of interface structure and composition on the bulk chemical and
mechanical properties; and the ability of engineering the interface forwptim
performances. To overcome these challenges, we resort to our mentor Motheradther
exquisite creations of natural composites for answers and clues. One suohn sdaine - a

hierarchical nanocomposite of collagen and apatite.



The composition and structure of bone

The composition, structure, and mechanical properties of bone have been studied
extensively' 2 3*° for the purpose of understanding, of mimicking to produce similarly
multi-function materials, and of creating desirable structures and pespbeyond nature.

Bone, as the main load-bearing and protective organ in the mammalian body, is
constituted of three major components: mineral (carbonated apatite, 45 vol %);c®rgani
(mainly type | collagen with non-collagenous proteins, 45 vol %), and water (10 voh&o). T
mechanical properties, namely modulus of elasticity, yield stress amu sind fracture
mechanism, of bone are largely dependent on the relative amount, the structures, and the
spatial arrangements of these three constitfefitse naturally optimized synergistic

combination of these three components renders bone light-weight yet strong dnd toug

Composition and structure of apatite in bone

The stiffness of bone is mainly provided by the inorganic carbonated apatite. The
study of apatite in bone was initiated in 1926 by deJong with X-ray diffraCtany
decades of research has resulted in abundance of information about the structure and
composition of apatite in various bones. However, some results are contentious due to the
complications derived from the structural and compositional dependencies on @ggstal a
locations, treatments, and characterization methods, as well as mistateypseof
experimental dath Generally agreed conclusions will be presented and still elusive
problems will be discussed in the following.

The chemical composition of biological apatite is significantly diffeferh ideal
hydroxyapatite (HAp), Ga(PO4)}(OH),, in that apatite contains a varying amount of PO
and carbonate ions and only a small percentage of the total stoichiometric number of
hydroxyl ions found in ideal HAP®. Other ion substitutions were also identified, such as
Mg or Na for Ca ions and F for OH ions. Cationic and anionic vacancies occur within the
crystal lattice and a general formula was proposed as{RO:)sx(HPOs or CQy)x(OH)z., *°
and confirmed by Rietveld analysis of X-ray diffraction patt€rns

Those inorganic ions are not only present within the apatite lattice but also in the

hydrated layer on the surface of apatite, a large portion of which afea®® HPG*. The



hydrated apatite surface layer is referred to as a non-apatitioemant™> '3, but little is
known about its composition and structure. Debatable arguments have been made to identify
the surface layer as dicalcium phosphate dihydrate (DCPD) by solid'st&#&R, and
octacalcium phostate (OCP) by FTIR and amorphous calcium phosphate (ACP) in dry
samples*. Nevertheless, these results are either not reproducible or not supported by other

characterization methods.
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Figure 1.1. Schematic of apatite nanocrystals in bone mineral. The coreit®f enyatals is a
non-stoichiometric carbonated apatite lattice. The surface is amorphousdaatetly
containing loosely bound ions. The ions in the hydrated layer can exchange with tihese in t
surrounding body fluids including charged proteins (Pr), which affects the sadtteity of
apatite. Figure adapted from Retyal. *

Much effort has been dedicated to discovering the possible precursor phase prior t
the formation of poorly crystallized apatite crystals® Identifications of OCP or “OCP-
like” and ACP were made but were disputed on two bases: the initially formed retatscry
are very unstable and can be readily transformed to OCP or ACP upon interadtion wit
water; and the inability of separating the non-apatitic environment antegmattursors.
Recently published work using synchrotron X-ray diffraction and small-aegiean

scattering technique to track tirevivo mineralization process of fin bony rays of zebrafish



has claimed that OCP nano-spheres (actually identified as ACRyiewed initially, and
then they transform to plate-like mature apatite crysfals

Structural studies of bone apatite have been carried out using wide- and gieall-an
X-ray diffraction (XRD)*® 23 high resolution transmission electron microscopy (TEM)
atomic force microscopy (AFMY, and solid state NME ?’. The carbonated apatite mineral
has a hexagonal symmetry, so normally it is expected that all sixdecdsveloped equally
to form needle- or rod-like structures. However, the mature apatitalsrgse found indeed
as very thin plate-like elongated nanocrystals, with a thickness of ~ 3 nm (Fithik 2)
thickness, comparable to the length of 4 unit cells, is thought to resist bone fracture by
preventing crack propagatiéh This preferentially inhibited growth of the apatite crystal
surfaces cannot be merely from spatial constraint imposed by biologyiz€he apatite
crystals in bone varies with species, location and age within a range emgjties and
thicknesses, thus the growth of apatite has to be somehow regulated. Thisoreguiadry
distinct from solution-mediated Ca phosphate precipitation and geologic dpatitgion.
The question now becomes what initiates the nucleation of apatite crystalateggheir
growth, and stabilizes apatite over other calcium phosphates. The answeqteegtisn will

help us to meet the challenges of controlled synthesis of nanocomposites and surface

engineering for optimal performance.

Figure 1.2. Diagram of the bone nanocomposites containing plate-like apattescof ~ 3

nm thick (orange) and collagen fibers (green). Adapted from Rdwal



Also, certain diseases are associated with the abnormal size or iciygiaiflapatite
crystals in bone, for instance, reduced crystal size in Paget's dféeasediabete®’, but
increased in osteopetrotic patiefits The answer to what controls bone biomineralization
will help to develop therapies for the cure of relevant diseases and falboogpesites
similarly structured as bone for advanced tissue engineering. Bioaojaeic molecules
involved in this process are expected to have the following characteristiegeiard
control the formation of apatite crystals, exist in a sufficient quantity tffbetive, and be
in close contact with the inorganic apatite phase.

Bio-organic components in bone

The organic components in bone play important roles in the biochemical, structural,
and mechanical properties of bone. Type | collagen accounts for > 90% of the totalsorganic
in bone. The rest are non-collagenous proteins, such as osteocalcin, osteonectin, msteopont
sialoproteins, proteoglycans, and other phosphoproteins; they only make small contributions
to the volume of bone but are important in biomineralization.

Type | collagen is composed of three triple helical peptide chains of approyimate
1000 amino acids, each with the repeating unit X-Y-Gly, where X is usually prokh¥ &
hydroxyproline®’. Collagen molecules self-assemble into bundles of collagen fibrils. The
fibrils are then grouped to form collagen fibers, which act as the majotulsalicomponent
of bone matrixIn vitro research using collagen separated from bone and purified to remove
other attached organics shows no evidence of collagen initiating or regulatgrg\ik of
hydroxyapatite crystal§ however, it serves as a scaffold to retain noncollagenaceous
proteins either promoting or inhibiting apatite growth as discussed in the following

Osteocalcin is the most abundant non-collagenous protein in bone, accounts for ~ 15
% of the total non-collagenous proteffisOsteocalcin is considered bone-specific protein,
since it is only found in bone and dentin. Osteocalcin has a high affinity to Ca-ridle apat
and its Gla-domain may bind to the (100) face of apatite crystal, and hderinéeen
proposed to control the length of apatite crystals

Matrix Gla-protein (MGP) is another major Gla-containing protein besides

osteocalcin, and MGP is phosphorylated, thus it is also an apatite-binding proteirnaddGP



very low solubility in physiologic solutions and tends to self-associate byplydbic
interactions. MGP is founih vivo to be an inhibitor of mineralizatiofi.
Other proteins such as osteoporitione-sialoproteir’, and osteonectiif all have
a high affinity for C&" due to their functional groups such as phosphate or carbosiylate;
vitro, they were found to promote hydroxyapatite formation at low concentrations but inhibit
its growth at high concentrations. Nevertheless, these proteins are ptéssstizan 3 wt%
of total organics and the number of carboxylate or phosphate functional groupsad. limit
Moreover, these proteins are only distributed within the “hole” or “pore” zones of the
collagen matrix rather than between the collagen and apatite (Fitj; 1183 distribution
limits their interactions with apatite surface.
f'/ﬁ\:
/ C 3 OO

Polypeptide
chain of
folecule Amino Acids

Hole Zone

Figure 1.3. The structure of collagen fiber and fibrils with putative locabbperes and
“hole” zones shown. Figure adapted from Morggal. *°

The interfacial structure in bone and “active” bio-molecules

The organic-inorganic interface connects the structurally and cheyrdesdimilar
phases and the interfacial modifications prove to largely affect the bulk pespeirti
nanocomposites. Besides, the “active” biomolecules that control the biomireraliaia
bone tissue are believed to exist at the interface.

Despite the importance of the interface, very little is known largely betlagise
interface is buried within the nanocomposites and very difficult to accesgadthdnal
diffraction or microscopic techniques. The chemical extraction of possibleeact

molecules is destructive, since it requires total dissolution of the minera. gtras process



makes it very difficult to trace the location and orientation of these moleadetheir
conformation can also be potentially altered.

Advanced solid state NMR is a nondestructive technique that can be used to
preferentially select the interfacial carbon moieties from bulk collagémea without
chemical or physical separation and purification, to determine the stractinformation
of the “active” biomolecules, and to study their distribution density and dynamic fesper

The knowledge of the interfacial composition and structure obtained by solid state

NMR complemented by other techniques has been applied to bio-inspired hanocomposite
syntheses for three purposes: i) to validate theinoldro of the identified “active” molecule
in bone mineralization; ii) to tailor the interface structure in order to achiemgrate size
control for nanocomposite production; and iii) to create bone-like nanostructhrbeitier
biocompatibility for tissue engineering and prosthetic applications.

Solid state NMR of bio-mimetic nanocomposites

Based on the knowledge gleaned from nature, bone-like structure has beehigreate
vitro. The sol-gel metho® is chosen to achieve optimal molecular contact between the
organic and inorganic phases and closely mimic the process of bone mineralizatian. Due t
their availability and tunability, synthetic polymers are preferredlts, ggoteins, and
natural polymers to take on the role of collagen in bone nfdtrbhe progress of bio-
mimetic synthesis of polymer-calcium phosphate nanocomposites is markedeoy thre
milestones. First, the apatite has been stabilized over other calcium phosptapts and
temperature close to physiological conditions, and by using apatite-nongleeganics? *3
“4_Second, the formation of nanocomposites has been achieved with a compositionasimilar t
bone®. Third, the size of apatite nanocrystals within nanocomposites has been finely tuned
to match that in bone. During this process, solid state NMR has played a key role in
identifying the phosphate phases, confirming nanocomposite formation, deterrhasiget

of the hydroxyapatite crystals and thus guiding the synthesis to reaclealig.



1.3 Solid state NMR method development and improvement
Fast magic angle turning

In this thesis, all the experiments were performed under magic angtengp{(MAS)
to remove chemical shift anisotropy (CSA) and achieve high resolution NMR. Hqwieve
the CSA parameteicsa >> o, (spinning speed), pronounced spinning sidebands are
observed. Strong radio frequency pulsd&s{ocsa) could be employed to suppress these or
separate CSA and isotropic chemical shifts in different dimensions.

Among techniques separating anisotropic and isotropic chemical shifts, Gainés mag
angle turning (MATY® *’ experiment was identified here as the best broadband technique
due to the use of only short pulses and particularly suitable for high-Z spin-1/R2suaties
125Te, 199pt, and?®’Pb, which have CSAs of hundreds of kHz when in non-cubic
environments. However, with a peak width on the order of hundreds of kHz, tiseoh the
order of sub milliseconds, thus fast MAS is required to maximize the sensitivey. T
adaptation of MAT to fast MAS is demonstrated on various technologically inmporta
tellurides in Chapter 5 and the technical aspects are detailed in Chapter 6.

“REDOR?” for quadrupolar nuclear spin and Tq relaxation compensation.

REDOR (Rotational-echo double resonantejs used as the major solid state NMR
technique to select the signals of biomolecules at the apatite-collageacatanid for
distance measurements. Instead of REDOR, the recoupling of dipolar couplingimrerac
involving quadrupolar nuclei under MAS is achieved by applying REAPBROREDOR®,
SPIDER™, or RAPDOR®. More often than not, qudrupolar nuclei have short quadrupolar
T relaxation times (i) of sub-milliseconds due to large quadrupolar couplings of several

MHz. Since the recoupling time in REDOR-like experiments can reach miléiseconds,

then the double quantum coherence teyhpeé”lQ is significantly relaxed in the first half of
the recoupling period and cannot be reconverted back to the observgbla #t& second
half of the recoupling period; this causes the reduction or complete loss of tkacef§
intensity. Thus the measured &(B, Nt) yields underestimated dipolar coupling constant

and overestimated inter-nuclear distance. This deviation can be correctedipprating



the T relaxation into simulations for curve fitting or minimizingglrelaxation during &

by moidifying the pulse sequence as discussed in Chapter 7.

1.4 Thesis organization

This thesis describes solid state NMR studies of natural and bio-mimetic
nanocomposites as well as improvement and development of NMR methods. Chapter 1
comprises a brief statement of the objectives of this thesis study, algatreduction on
the composition and structure of the natural nanocomposite, bone, and difficulties in
characterizing the “buried” interface, a description of the bio-minsgtithesis based on the
study of bone and the role of solid state NMR in this process, a discussion of the ndain soli
state NMR methods employed, and relevant method development and improvement.

Chapter 2 presents the solid state NMR study of the collagen-apatitadatis
bone: we have identified the main organic component as immobile citrate strongly dbound t
the apatite surface, analyzed the distance between citrate carbonsamd rahpatite, and
determined the density of citrate on the surface of apatite. We proposertiaticthiibits the
thickening of apatite crystals and stabilizes them at a thickness of ~ 3 red. @athe study
of citrate in bone, in Chapter 3, citrate has been incorporated into the bioersgmhesis
of polymer-hydroxyapatite nanocomposites in order to regulate the size of ygpatdixe
crystals. The results have shown that the size of hydroxyapatite crystalasdscwith
increasing citrate concentration, whichvitro confirms the hypothesis proposed in Chapter
2. Also, at citrate concentrations comparable to those in body fluids, hydrogapatit
nanocrystals of similar size as apatite in bone have been produced. Chapter 4sdbscribe
bio-mimetic study to achieve a similar organic-inorganic composition lsrie. Lysine-
leucine diblock copolypeptide, which can form a gel at very low concentration, was used to
template the formation of hydroxyapatite and the highest inorganic content of S5ast%
been obtained, compared with 65 wt% apatite in bone.

Chapter 5 reports the adaptation of magic-angle turning (MAT) to fast MAiiete
fast MAT, and demonstrates fast MAT on technologically important telluridestethaical
aspects, such as simulation and conpensation of off-resonance effects, extetmat

Gaussian filtering, and sharing between channels after shearing,aleddet Chapter 6.
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Chapter 7 gives a quantitative analysis on the effect of shgdffquadrupolar nuclei on
REAPDOR and SPIDER measurements and presents a new pulse sequence i itaimi
T1g relaxation effect on the reference signal S

1.5 Copy permissions

Chapters 2, 4, 5, 7 are reprints of published papers. Copyright permissions have been
obtained from the following publishing groups:

Chapter 2: National Academy of Sciences

Chapter 4: The Royal Society of Chemistry

Chapter 5: American Chemical Society

Chapter 7: Elsevier, Inc.

Appendix: Solid state NMR methods for nanocomposite characterization

Magic Angle Spinning (MAS)Without tumbling motions as in liquid, solid state NMR
spectra are broadened due to various interactions, including chemical saftcpy,
dipolar coupling, and quadrupolar coupling, which disguise the characteristic isotropi
chemical shifts. In order to achieve high resolution NMR, magic-angle spi(ikg) >* is
often employed to remove chemical shift anisotropy and partially dipolar cougline
experiments in this thesis were performed under MAS.

The chemical shift in the magnetic field 8n be expressed as

isatropic
J— i44444ﬂ“’7ﬂ444448
o, =018, +§§CS[3cos2 0—1-n_sin” cos@e)], (LA1)

. isotropic chemical shift tensor

O -
Y. gyromagnetic ratio

dcs a@nisotropy parameter
Nes @aSymmetry parameter

0 and¢: polar coordinates of the magnetic field tenspimrBthe principle axis system (PAS)

which yields powder spectra as shown below.
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Figure 1.Al. Schematics of a powder pattern, magic angle spinning (MASisatropic
chemical shift. The powder pattern shown is with isotropic chemical shifiqueitat O
ppm and the asymmetry parametenof 0. oy, ®y, andw, are in units ob (the anisotropy
parameter). With sufficiently fast MAS, the CSA is removed and the isotabyimical shift

is revealed.

Anisotropic broadening can be eliminated by either reorientations of molecular
segments via molecular motions or macroscopic rotation like MAS. MAS igedaui

around an axis at the “magic-angte® 54.72 (3co$(54.74) -1 = 0) relative to the magnetic
field Bo. When the rotor performs fast uniaxial rotatio_;rgm( =0) in MAS, the averaged
chemical shift frequency is,

6444444994 444448
o= % (3cog S, —1-nsin’ S, cosZaP)5%[3c0§ 0. -1]. (1.A2)

op andBe: polar angles of the rotation axis in PAS.

0,: the angle between the rotation axis and thédhd.

If the MAS frequencyn, >> J, any anisotropic interactions will be spun oug (eegular
MAS for alkyl carbons); ito, ~ 8, incomplete suppression of chemical shift anigntreill
result in spinning sidebands; total sideband sigsiwe (TOSSY? or phase-adjusted
sideband suppression (PAS%are effective for moderate spectral range (eaulee MAS
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for aromatic or carboxylate carbons)if << g, strong radio frequency pulsed( ~ d) can

be employed for the separation of CSA and isotropamical shifts.

Rotational-echo double resonance (REDOR) and multi-spin simulatidhe dipolar
coupling in solid state NMR is strongly distanc@eledent. For a pair of nuclei with spins |
and S, the dipolar coupling frequency is

o, = %% (3cog 0 -1), (1.A3)

71, Ys: gyromagnetic ratio of spin l and S
n: Planck constant

U, permeability of free space

6: angle between the dipolar vector andiBld

which allows for direct determination of internuatalistance. However, in high resolution
solid state NMR with MAS, the heteronuclear dipafderaction is averaged to zero at the
end of each rotor period. In order to recouple l@dipoouplings, Schaefer and co-workers
have introduced Rotational-Echo Double ResonanE®®ER)>** and Transferred-Echo
Double Resonance (TEDORtechniques which apply radio frequency pulsepetisic
points of the rotor periods to avoid the completeraging of dipolar coupling by MAS and
allow dipolar dephasing to accumulate. With appeiprdata analysis, the magnitude of
dipolar coupling can be extracted and inter-atodistances can be determined for systems
with isolated spin-pairs, which is the case in slely- isotopically labeled biomolecules.
Very often, a spin interacts with multiple heterolear spins, thus multispin analysis is
necessary to account for the measured REDOR decay.

In the REDOR pulse sequences-aulse is placed at every half and complete rotor
period to achieve the maximum dephasing. Althougbrinciple, the radio frequency pulses
can be applied on either channel, for spin-1/2e&iupkeferably the number of pulses on the
observe channel is minimized to reduce the effefcpailse-error accumulation and B
inhomogeneity on the intensity of observed signals.
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Figure 1.A2. REDOR pulse sequence with a train-ptilses applied to the unobservable
channel | and a-pulse in the middle of the recoupling period oa tibservable channel S
for chemical shift refocusing. The reference sigidt acquired with an additionatpulse

in the middle of the recoupling period on the |{zhel.

The dephased REDOR signal S is measured witpulse sequence shown in Figure
1.A2. The reference signa$ & also acquired by adding an extraulse in the middle of the
recoupling period on the I-channel to cancel timl@ir coupling effect on the magnitude of
the observed signal and measure the decays caydedddaxation, non-ideal pulses, and B
inhomegeneity and fluctuation.

The dipolar coupling frequenay, becomes time-dependent under MAS and in the
interaction frame of the REDOR pulse sequencethiefirst half of the rotor period,
oy (7, 1) :%%{(sinz BCOS@y +2m.t) —/28iN2BCOSH + m 1)}, (LAGA)
With w-pulse in the middle of the rotor period,

t /2

j o(y, B,t)dt = j oy, p.1)dt (1.A4B)

t /2

After one rotor period with REDOR,
t, /2
0o D=2 [y, p)dtIt, = 11T L 192 2psin,
0 4m® 2 & (1.A5)

The evolution phase under REDOR,

142

AD(Nt,) = o, (, St ) x Nt, = V') ——S|n2,BS|na>< Nt, .
Aar? (1.A6)
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The scaling factor resulted from recoupling theothp coupling by REDOR under MAS is

V204

v

The observed dipolar dephasing
equalsS/ S)(Nt,) = (CosAD(Nt, )) = Hcos[ACD(a,,B, Nt, )]sin fdSda
(1.A7)

2 ) b)*

[0
Spinni . .
By pinning Axis B, \‘D Spinning Axis

Figure 1.A3. Definitions of the angles used in¢h&ulation of dipolar dephasing in

REDOR. a) An isolated heteronuclear dipolar coupliactor under rotation around the rotor
axis Pm = 54.7 with By). The azimuthal angleis measured between the reference vector k
within the plane of Band the rotor axis arfélis the angle between the dipolar vector and the
rotor axis. b) For a single spin interacting withltiple heteronuclear spins, a third angie
needed to describe all the orientations, artkfines the rotation about a common chosen

internuclear vector.

For the spin systems of interest in our reseamhinstance, every citrate carbon
interacts and is dephased by multitfe spins in apatite, multi-spin analysis is mordiséa
and accurate. For a collection of I-spins dipotaupled to an observed S-spin, three angles
are required to describe all possible orientatmfrthe intermolecular vectors in a spinning
powder sample, as defined in Figure 1.A3. Thislmasimplified by rotating the Hield
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around the rotor axis with a fixed angle of 54 The polar coordinates forpBre (54.7, 0)

and for nth I-S intermolecular vectd( o).

nrsi 192 005 sing

4 2 7z (1.A8)
SIS = <Hn cosACDn> = ”J'Hn COSAD, (3, 7., )] sin SdBdydr
For the initial decap® << 1,

[ 1 cosad, ~[] @-AdD2/2)~]] expCAd:/2)=expt(-), AD2/2)=expE), wit?/2)

@ (B Vi 1) =

(1.A9)

(1.A10)

The dephasing can be evaluated by simulationssifhelation requires knowledge
of the relative geometry of the subject. The REDd&Ray of multi-spin systems can be
analyzed using available packages such as SIMPSOGNSPINEVOLUTION®®,
Alternatively, since the initial part of the dipokvolution in REDOR proves to be nearly
geometry-independent (eq. 1.A10), the data can be analyzed based smietijstances.
Also, Gullion and Pennington have propo$edEDOR method, which reduces the multi-
spin problem to a spin-pair on a probabilistic baSiHowever, this approach results in an
attenuation of the overall effects.

Other interactions interfering with dipolar couglimeasurement in REDOR have
also been discussed. Weak homonuclear couplingem@ved with fast MAS, while for
strong ones as itH- or **F-rich spin systems, they commute with relativebak
heteronuclear couplings. J-couplings are not adfibbly MAS and exist in uniformly labeled
samples, but in organic solids they are much wettesr dipolar couplings and can be
removed by selective-REDOR Weak homonuclear J-couplings can sometimesféneer
with the REDOR measurement of long-distance wepéldr couplings. However, the
coherence term of homonuclear J-couplings havéotie of I;;1;;, So selective inversion of
one of the I-spins in the middle of the recouplpggiod renders the sign of the J-evolution
phase during the second half of the recouplingopethe same as the first half but with an

oppiste sign. Thus, the homonulcear J-couplingfiscused at the end of the complete
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recoupling period, while the weak heteronucleamptiog with the form of JS, is not affected

by the selective pulse.

HeteronucleAr recoupling with dephasing from strong homonuclaateractions of

protons (HARDSHIP).Different from REDOR, HARDSHIP® recouples the heteronulcear
interaction between X-nuclei and shogfrotons only; this difference is essential in
determining the thickness of nanoparticles in olgarorganic nanocomposites such as bone

and bone-mimicking nanocomposites.

X -X no 'H no 'H
v=325kHz x 35 x x|x a1 YV n =
T
i [ I1 [ 1T 11
X{] g I § 1
I fr Hltr l anrv'

Figure 1.A4. HARDSHIP pulse sequence suitable lfmw $AS. At fast MAS, the REDOR
recoupling andH transverse dephasing periods can be extendedltipl® rotor periods.
For*H chemical shifts of a large dispersion;-pulse can be implemented in the middle of

every'H T, dephasing period. Figure adapted from Schmidt-Roah®°

In HARDSHIP, the'H-X heteronuclear interaction is recoupled under9Aith a
REDOR sequence. Without@pulse in the middle as in REDOR, $he heteronuclear
interactions between the X nuclei and longpfotons are refocused at the beginning of
detection, while the multi-quantum coherence ofXheuclei and the short-lprotons
vanishes before the second recoupling period of ®E@ue to fast Irelaxation; thus they
REDOR dephasing of the X-nuclei by shogtpFotons is not refocused. Therefore, unlike
REDOR, the measured HARDSHIP dephasing of the Xemigsolely by short-Jprotons
rather than all protons. This grants HARDSHIP thecgal capability of characterizing the
thickness of nanoparticles such as phoshphatesahdnates in bone and silicates in
polymers, because without dephasing by the pratbteng-T, within the nanopatrticles. The
dephasing rate by the polymer “shogt-protons has a strong dependence on the thickness
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of the inorganic particle. The numerical simulattorfit the HARDSHIP decay curve is
analogous to multispin REDOR simulati6hs

Centerband-only detection of exchange (CODEX)ODEX ®° °! ®2js a high resolution
method to detect slow motion inducing moleculariegdation and spin exchange on the
time scale of 0.1/s — 5,000/s. The motional amgétithe number of exchanging
magnetically inequivalent sites, as well as theaye molecular distances involved in the
spin exchange process, can be quantified with #oalyand numerical simulations in
conjunction with experimental measurements. The stmtion process sometimes is tangled
with spin diffusion; nevertheless, the spin diffusican be minimized with fast MAS and

motion can be reduced with low temperature measemésn

'Hce| DD _“_L oo |, ] op
3 X -x

y X
y
et fte]|tr ), — tr [t ]t (]t Ay v ik JATOSS}
13C|CP > 11211212 tm=Ltr 21121122 A=L tr’r[Etr}l
— N N b
o 5

Figure 1.A5. CODEX pulse sequence. Filled rectamghen/2 pulses and non-filled are
pulses. ThetandA periods are exchanged for measurements of S gfrdf€rence signal
for compensation of jTrelaxation)y-integral and TOSS are employed for obtaining

absorptive and sideband-free spectra. Figure adldmte deAzevedet al.®*

In CODEX, the chemical shift anisotropy is recoupls a train oft-pulses with
each pulse placed at every half rotor period jash&EDOR. After a mixing perioght
another train ofti-pulses are applied. If there’s no motional redagan or spin exchange
occurs, a stimulated echo is generated and detdotbdrwise, the dephasing of the original
magnetization is observed. Ther€laxation effect is compensated by switchingtihendA
periods. TOSS can be implemented wiintegral for efficient sideband removal.

The dephasing factor D{t5Nt;) is calculated as
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S(t, ,oNt,)

SO.N) ~ Re(exPU®+P2) = Re(exp((®,]+[@,]))

D(t,,, ONt, ) =

— R€<exp6trj‘ (N (t) - Nwl(t)dt> = Re[exp(®* (N, . B, 75))):
0 (1.A11)

wherew; andw, are the anisotropic evolution frequencies befoik after the mixing time.

The dephasing only depends on the total dephaisiggNit, not the spinning speed.

A_ Ll o (Ehont O (b, (b
T AR (4 I (NI A w2
where Z(tEJ =(S(a,, ﬂn,yn)—%gz(an, B..7.) 15, with S, defined in ref®. For uniaxial

interactions® = 0), a master curve of R{toNt,) =f(1.5Nt,;sinBr) can be derived.
Otherwise, the shape of the curve also dependshen orientation angles and no master
curve exists. For uniaxial interactions with arentation angle distribution Bg, t.), the

dephasing factor Dt oNt;) can be expressed as

9@°
D(ty, Nt ) =1= [ R(Brit)&(@ONE; Br)dBx, (LA13)

whereg(6Nt;Br) is the normalized pure exchange intensity.

The final dephased intensity is
D, =D(t, >> 7., 0Nt >>1)=1— (1 ﬁ) . (1.A14)

where M is the number of accessible chemicallywajant magnetically inequivalent sites
and f, is the fraction of mobile components.

CODEX not only can be used to determine the eatation angles and their
distributions, number of exchanging magneticallguivalent sites M, and the fraction of
mobile moieties, but is also a method to resolve distances amarigaules based on spin
exchange theory, as used in this thesis to anéhgzeitrate density on the apatite surface in
bone.

During spin exchange among n spins, the time ewolwdf the magnetization can be

characterized by
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d '\("jt(t) —_fiM(0), (1.A15)

with IT as the spin exchange matrix composed of off-diabelements
11, = 05z, F,,(0), (1.A16)

wherewmn, is the homonuclear dipolar coupling frequency ualed as

o = 5—272“%1 (3cog ., —1). (1.A17)

omn depends on both the distance between two nuadlkirenangle® of the dipolar coupling
vector relative to the magnetic field. The angleecomes time-dependent under MAS,
which is a function of anglp between the dipolar vector and the rotor axisthedotation
angley. Thep-averaged value of <(3cin-1)>> is 0.2.

Fmnn(0) is the overlap integral:
Frn© = [ f(0-0,)f,(0-0,)do, (1.A18)

where f is the normalized single-quantum line shaijpleout proton decoupling. The overlap
integral represents the possibility of single-quamtransition occurring at the same
frequency for both spin m and n; its magnitudeflienced by isotropic chemical shifts,
CSA, X-'H heteronuclear dipolar couplings, aitt*H homonuclear dipolar couplings. The
value of Fk(0) can be calibrated with model compounds or witbwn dipolar distances
within the investigated systetn

Since the sum of each columnlif,, has to be zero, the diagonal element is the sum
of the off-diagonal elements of the same colummainegative sign.
The normalized CODEX intensity S/ the fraction of the magnetization still resglion
the original spin after spin exchange, which cacdleulated from the magnetization
evolution expression,
M (t) = exp(Tt)M (0). (1.A19)
For M(O) = dmn, describing the initial magnetization only on tith spin, the CODEX

intensity
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SIS = Z(exp(ﬁt)en)n =tr (exp((It) (1.A20)

Wideline separation (WISE)The narrow (~ 10 ppniH spectral range combined with peaks
of broad linewidth due to strortgi homonuclear dipolar couplings in solid state NMR
results in severely overlapped peaks. Thus, infaomauch as molecular dynamics is
difficult to extract from unresolved peaks. Wideliseparation (WISE) NMR integratis$

1D NMR, cross polarization (CPYC NMR, and MAS to separate widelifid spectra by
encoding théH information into thé*C detected spectra with a larger spectral r8ige
Fourier transformation allows separatijpeaks according to their correlation to different
carbons, thus knowledge on the dynamics of indaidomponents can be obtained from the

resolved'H spectra with distinct linewidth.

a) b)
- DD .
IJC tz 13C

Figure 1.A6. Pulse sequence of WISE NMR. a) Basision, b) WISE NMR wittH spin
diffusion. Figure adapted from Schmidt-R&hal.®®

WISE with*H spin diffusion probes the proximity of differesegments manifested
by the'H lineshape change with increasing the mixing timé he spin diffusion
equilibrium is reflected in the equal lineshapeslbtomponents in théH dimension of the
2D WISE spectra. The mixing time needed to reachlibgum can be used to confirm the
nanocomposite formation and estimate the domasmiavided with the information of the

'H densities in heterogeneous systems as descrireterencé®.
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For the purpose of separatitg spectra via WISE, spin diffusion during CP is
undesirable, which is usually removed by Lee-GolgligP with the effective magnetic field
making the magic angle with the z direction.

A *H-'3C correlation experiment can also be implemented # homonuclear
decoupling using techniques such as frequency-Badtt.ee-Goldberg (FSLG) and MREV-
8, during t evolution to obtain high resolutidil spectra in thex; dimension for

identification of isotropi¢H chemical shifts.

Spectral editingSpectral editing techniques aim to sepatiesignals of quaternary
carbon, CH, ChH and CH and are proven to be very important in organictenat
characterization. The selection of quaternary aaxdam be achieved via gated dipolar
decoupling or recoupling, which eliminates sigrfedsn rigid CH,. CHs usually rotate very
fast with a relatively shorfC Ty, thus it can be singled out by a short recyclaylel
However, the selection of CH and gsignals is not trivial.

CH selection.The CH signals are mainly tangled with those o @H>C spectra. The
difference between CH and Gk the number of protons they are coupled to; @Ght bas
one proton and the multiple-quantum (MQ) coheraamamutes with CH dipolar coupling
Hamiltonian, [lySwy, 1:S;] = 0 so the MQ evolution is unchanged under CHbldip
coupling, while the carbon in GHs exposed to the field of two protons, ang, jSwy, 1,85/
# 0, so the MQ coherence evolves under CH dipolaploog. Therefore, Chisignals can be
removed by exciting MQ coherence and letting itleeander the CH dipolar coupling. The

following pulse sequence is used for CH selection
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Figure. 1.A7. Block diagram (a) and pulse sequdéoc€H suppression. Figure adapted
from Schmidt-Rohet al. ®’

The residual Cklcoherence and quaternary carbons can be furtmaved by T
filter and inverse gated decoupling. This experimemisually performed at 4 or 5.8 kHz
with an efficiency of 14%.
CH; selection.CH, selection is accomplished by manipulating the sgims using the
following pulse sequence. Only the three spin t&hl, from CH; is retained and converted
to observables,S™C chemical shift evolution is refocused by 1@0lses, and Cikignals
are removed by qffilter. Three spin coherence from long-range dapaloupling to CH to

another'H is compensated by settifg> 9¢°.

a) 0°/90°

1 [ poom==y
el MREV i Decoupling | Decoupling !
' [ H 1
X : 1800 1 B ': 180° 902 900 180° E‘+;_ :
13¢ fho I : [r 2 v
v e S A
N L
1 H Sylz 1 !
SXIZJZ

Figure 1.A8. Pulse sequence for Cd¢lection. a) Essential pulse block for Cdelection.

Short CP is used for reducing quaternary and §ighal intensity. b) The full pulse sequence
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with *3C chemical shift refocusing by multiptepulses and the Gsignal intensity is

further reduced by implementing a Z-filter. Figadapted from Maet al. ®

Dipolar chemical shift (DIPSHIFT) correlation.Dipolar chemical shift (DIPSHIFT) is a
separate-local field experimefit It measures the heteronuclear dipolar couplirensth
related to a particular isotropic chemical shifieTreduction of the measured dipolar
coupling with respect to the rigid limit reveal&tpresence of local motions on the

microsecond scale.

MREV-8
a) 1H
cP ‘ DD
13C/15N by H : t
cP :' : "
(VAR
0 nty 2nTr
MREV-8
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CP DD
13C/15N ] it ; t,
CF’ | : N -
AT AN AN
V Tt
= Tognat—™
0 nty 20T

Figure 1.A9. Pulse sequence of DIPSHIFT. a) origieasion of DIPSHIFT. b) “Double”-
DIPSHIFT for enhancement of H-X dipolar couplingaserement.

In the original DIPSHIFT pulse sequence, after tBB,magnetization of the X nuclei
evolves with'H-X heteronuclear dipolar coupling under MAS &htthomonuclear
decoupling (by techniques such as Mansfield-Rhiter&hn-Vaughan-8 pulses (MREV-8),
Frequency Switched Lee-Goldberg (FSLG), or WaughditHaeberlen (WAHUHA)). The

'H-X heteronuclear interaction is decoupled aftertttevolution period. The isotropic
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chemical shift evolution of the X nuclei is refoedsat the beginning of detectiop=®) by a
n-pulse positioned at ptFourier transformation of the 2D DIPSHIFT spestrgives'H-X
dipolar coupling pattern in the; dimension and chemical shift of X nuclei in ihg
dimension. Information including internuclear dista, relative tensor orientations (at slow
MAS), and the amplitude of motions (order parameatan be extracted. Since the intensity
of the detected signal is modulated'blyX dipolar evolution, the measurement'sf:X
dipolar coupling constant can be achieved by amajyzme-domain signal decay with
increasing tdipolar evolution time or the dipolar coupling feah inw; of the 2D spectra
after Fourier transformation.

Weak heteronuclear dipolar coupling measurememeanhanced by applying
multiple n-pulses to accumulate the dipolar coupling evoiupbaseb = f (n(t1), which is

particularly useful for determination of small digocoupling constant under fast MAS

Chemical shift anisotropy (CSA) measureme@hemical shift anisotropy is often
undesirable in high resolution NMR and spun outdsy MAS; nevertheless, it contains rich
information on the local environment, the orierdgatiand the dynamics of the molecules.
Actually, a difference in CSA can add another disien to distinguish chemical species of
the same isotropic chemical shift, as used in GBéx £xperiments?

CSA is refocused at the end of every rotor perioden MAS; to recouple the CSA
interaction, ar-pulse can be placed before the end of a full rpésiod. Maximum CSA
evolution within one,tcan be achieved when thepulse is positioned at2. Elegant
modifications of this simple scheme have been megas described below to simplify data
analysis, obtain absorptive spectra, and enhaec€8A interaction measurement by
accumulating the CSA evolution phase over multipter periods employing multiple-

pulses’™®.
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Figure 1.A10. Pulse sequences for CSA dephasingunegaent. a) Three-pulse sequence
with an-pulse in the middle of the CSA dephasing perie@d2enerating a Hahn-echo to
refocus the isotropic shift evolution. Twd?2 pulses retain only the cosine component of the
anisotropic phase evolution.yAintegral is implemented to produce absorptivercigaectra.
TOSS is used to remove spinning sidebands. b) puNge sequence to enhance CSA
dephasing measurement, good for very long and sgleptiasing time. ¢) Equivalent as in b),

suitable for intermediate dephasing time. Figurapéed from Mact al.”*

With the three-pulse sequence, the total CSA ewariyithase during 2¢a can be

calculated as

D s = o)t —( | 0Ot~ [o)d) =20(e) - 0(2es).  (1A21)
The dephasing factor is
S/ S) = <Cos@tot (ZtCSA))> ) (1-A22)

where g is measured with-ta = 0 and the bracket represents powder averaging.

Similarly, with the five-pulse sequence,
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tesa 2t —tesa

o (2, o) =— | (D)l +(tj w(t)dt - tTa)(t)dt) - (Tw(t)dt - Ta)(t)dt) + (Ta)(t)dt ~ [od)

=—20(teg) + 20 (tesn)

(1.A23)
and
SIS, =(cos(D,, (21, ,tes))) - (1.A24)
The CSA dephasing is largely determinedbya and has only a weak dependence on the
asymmetry parametey.

The CSA parameters can be determined either frenarialysis of the time-domain
signal decay due to CSA evolution, or powder patterspinning sideband analysis in the
frequency domaiff.

To preserve CSA while still retaining the benefitsigh resolution NMR, various
methods, such as separation of undistorted povatterps by effortless recoupling
(SUPER)"3, phase-adjusted spinning sidebands (PA%%)nd magic angle turning (MAT)
% have been developed. Among these techniques, M&Tbeen recognized as the best
broadband method due to its use of only sht#t pulses; MAT has been adapted to fast
spinning speed to enhance signal sensitivity amtoaistrated on various tellurides with
broad spectral range as described in Chapter 5tethaical aspects including off-resonance
effects, sharing between channels after shearimgelh®is echo-matched Gaussian filtering

are detailed in Chapter 6.

Multi-echo refocused (or Carr-Purcell-Meiboom-Gill) detectioRefocused detection (or
CPMG)"“is used to enhance signal sensitivity by applymudtiple Hahn-echo sequences to
sustain the NMR signal and allow the decay withtiime constant of Jinstead of much

shorter B*. This method is particularly useful for nucleitwiT, >> T,, such as isolatetiP,
2%Si, and">C spins. The factor of signal enhancemegflig/ T, * . Chemical shift resolution

is compromised as a consequence of using refodetedtion.
The receiver is blanked during the pulses anddhewing dead time. The noise

from radio frequency pulses is filtered out by satitag the receiver with a larger than



27

regular receiver gain (RG), such as 16k (16x10243 8ruker NMR spectrometer. Thie
decoupling power level is reduced for a long adtjaistime of ~100 ms to the extent

possible in the specific spin system.

a) b)

75 70 65 60 55 50 45 40 35 30 25ppm

| |
| S

Figure 1.A11. Refocused multi-echo detection. d¥®s8equence for refocused detection (or
CPMG). b) Demonstration of refocused detection 6iCaspectrum of bovine bone. Thick
red line:**C spectrum acquired with normal detection; thirckléne: with refocused

detection.

The distance between two spikelets in spectra mddaivith refocused detection is
1/2t (t is usually chosen asntThe peak of interest is set on resonance ortigxae
spikelet away from on resonance. If two or morekped interest, the distance between two
neighboring spikelets is chosen as a common diatidre difference in peak positions in

the normal detected spectra.
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Chapter 2
Strongly bound citrate stabilizes the apatite nanocrystals in bone
A paper published in the Proceedings of the Natidosademy of Science
2010, 107, 22425-22429
Y.-Y. Hu, A. Rawal, K. Schmidt-Rohr
Ames Laboratory and Department of Chemistry, lowaeSUniversity, Ames, 1A 50011,
USA

Abstract

Nanocrystals of apatitic calcium phosphate impahe torganic-inorganic
nanocomposite in bone with favorable mechanicap@ntes. So far, the factors preventing
crystal growth beyond the favorable thickness of3cam have not been identified. Here we
show that the apatite surfaces are studded witinglly bound citrate molecules, whose
signals have been identified unambiguously by mutiear magnetic resonance (NMR)
analysis. NMR reveals that bound citrate accofonts.5 wt% of the organic matter in bone
and covers apatite at a density of about 1 molegate(2 nmj, with its three carboxylate
groups at distances of 0.3 to 0.45 nm from theitpaturface. Bound citrate is highly
conserved, being found in fish, avian, and mammadane, which indicates its critical role

in interfering with crystal thickening and stabilig the apatite nanocrystals in bone.

Introduction

The load-bearing material in bone is a fascinabrganic-inorganic nanocomposite
whose stiffness is provided by thin nanocrystalsarbonated apatite, a calcium phosphate,
imbedded in an organic matrix consisting mostlycollagen, a fibrous protein (1-5). The
small (ca. 3-nm) thickness of the apatite nanoatyss favorable for mechanical properties,
likely preventing crack propagation (6). While thige and shape of the nanocrystals have
been studied extensively (4, 5), the mechanismiligialy them at a thickness corresponding
to only about 4 unit cells has not been elucidatedetter understanding of the factors
controlling the nanocrystals in bone is desiralide prevention and treatment of bone

diseases such as osteoporosis, which causes mitidinactures each year (7), and for more
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efficient synthesis of biomimetic nanocomposites9B In-vitro experiments have shown
that carboxylate-rich proteins such as osteocalaimd osteopontin (7) can affect
hydroxyapatite crystal formation and growth (10).Ihese observations might suggest that
such proteins limit nanocrystal thickening (12)wewer, these proteins are not sufficiently
abundantin vivo to bind to all the nanocrystal surfaces at highugim area concentration;
possibly, they control the length of the nanocrgs(a).

Here we show instead that the surfaces of thetamaystals in bone are studded with
strongly bound citrate molecules, at a density af ¥(2 nmj, using advanced solid-state
NMR as a unique tool for probing buried interfac&itrate is quite abundant in bone (ca. 1
wit%, or 5 wt% of the organic components) (13, BBfore 1975, citrate in bone was studied
by simple wet-chemical methods and thought to mEgulbone demineralization (14).
However, citrate is no longer even mentioned intnedshe prominent literature on the bone
nanocomposite published during the last thirty ge@dr5, 15-18). We now highlight the
importance of citrate in bone by demonstrating thest not a dissolved calcium-solubilizing
agent but a strongly bound, integral part of theacamposite. Structurally, citrate stands out
among biomolecules in that it contains an oxygended quaternary (nonprotonated) alkyl
carbon, which we have identified by NMR spectraitieg. We show that citrate signals
dominate the NMR spectra of carbons near the exterfvith apatite and estimate distances
from the apatite surface. Further, we determire dhea concentration of apatite-bound
citrate and confirm it by quantitative analysisspin exchange betweéfC-labeled citrate
adsorbed to purified bone apatite. Thus, a qutaprehensive picture emerges of citrate

binding strongly to apatite and inhibiting an irecse in apatite nanocrystal thickness.

Results and Discussion

Fig. 2.1A-C shows the*C NMR spectra of fish, avian, and bovine bone. &into
previously published (17-19), the spectra are daieith by signals of collagen, the fibrous
protein rich in glycine (33%), proline, hydroxypireg, and alanine (each 11%) that forms the
matrix of the bone nanocomposite. The spectrufi®hear’P in bovine bone, obtained by
13c{3'P} rotational echo double resonance (REDOR) NMR, (20, 21), i.e. with'*C

observation and'P recoupling pulses, is shown in Fig.2.1Strong signals are observed at
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182, 169, 76, and 49 ppm; those at 182 and 76 ppwell as the inorganic carbonate signal
at 169 ppm, had been detected before (17, 18)theustrong signal intensity near 49 ppm
had not been recognized. We assign the peaka?&8and 49 ppm to citrate (see structure
at top of Fig. 2.1) bound to the apatite surfaceesthe strong citrate peaks of bone partially
exchanged with uniformly°C-labeled citrate (Fig. 2E) and the signal positions of calcium
citrate (Fig. 2.F) provide an excellent match. Citrate contain®@ygen-bonded quaternary
(nonprotonated) alkyl carbon, which is quite rameag biomolecules; the slow H-C dipolar
dephasing of the 76-ppm signal in both citrate lamige (Fig. 2.6 and 2.H) is a telltale sign

of this nonprotonated carbon and thus of citrafbe weak C-H dipolar coupling cannot be
attributed to mobility effects, since thd wideline spectrum (22) associated with the 76-ppm
carbon shows no motional narrowing (Fig. 2.2). ¥Wéeee with ref. (17) that the 76- and
182-ppm signals are not from collagen, but the sgbsnt assignment to sugar residues (18,
19) is not tenable for the majority of this signaince the C-OH carbons in sugars are
protonated, not quaternary. The dominant contibubf the nonprotonated carbon of citrate
at 76 ppm and the weak signal of anomeric (O-C-#&bans near 100 ppm, which is a band
characteristic of sugar rings (23), indicates ttig polysaccharide concentration is only
about 1/4 of that of citrate. The intensity of tli&-ppm quaternary citrate carbon peak
(0.75% of the total spectrum) corresponds to a 4skfbal fraction of all six citrate carbons
and ca. 5.5 wt% of citrate in the organic compora@nbone, consistent with wet-chemical
analyses in the literature (13, 14).

In order to provide a more detailed picture of tloeind citrate, we have determined
the distances of various citrate carbons from thetite surface by analysis of the 76- and
182-ppm signals in bone and in bone exchanged witformly **C-labeled citrate, using
13c{*'P} REDOR NMR (filled symbols in Fig. 2/8B). A smaller distance gives rise to
stronger*C-*'P dipolar couplings and a faster REDOR signal de@hg almost complete
long-time dephasing i"C{*'P} REDOR NMR (Fig. 2.3) proves that most water-insoluble
citrate is close t6'P, i.e. bound to apatite rather than precipitateds@dium or calcium
citrate. Multispin analysis of these REDOR datlds a distance of about 0.35 nm between
the top>'P layer and citrate carboxylates (for details sap8rting Information). For citrate

with 1*C-labeled terminal COQyroups, peaks at 178 and 180 ppm can be decordoldthe
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dephasing of the two peaks is somewhat differeze,5g. 2.3, corresponding to 0.33 and
0.45 (+ 0.05) nm from the toPP layer, respectively. Strongly asymmetric bindiignly
one terminal carboxylate to the apatite surfacailar as in simulations of citric acid on
hydroxyapatite (24), would result in distances & 8nd 0.7 nm; most citrate molecules do
not "stand up” like this on bone apatite. Figui shows the REDOR dephasing of other
carbons in citrate. On average, the carboxylatborer are slightly closer to the interface
than methylene and quaternary C, consistent withosglate binding to calcium of apatite.
All citrate carbons are found at about 0.4 nm frili@ top phosphorus layer, which means
that the long axes of the citrate molecules atedtislightly relatively to the apatite surface.
The **C{*'P}REDOR data also exclude that phosphocitrate, whias been proposed as a
major form of citrate in bone (14), is significangresent; the corresponding simulated curve
(dashed) for a two-bondC-3'P distance shows a much faster decay than is adiberv
experimentally.

The citrate area concentration on bone apatite bmarcalculated from the 3-nm
thickness of the crystallites, the composite dgrsiit2.2 g/cni, 50 vol% apatite, and 1 wt%
citrate (see Supporting Information). The resultirjue of about 1 molecule per (2 rfm)
agrees with that found for citrate on purified baméneral (deproteinized bovine bone,
NuOss™) from the citrate concentration determined‘#§ NMR (0.8 mg citrate per 190 mg
of bone mineral) and the specific surface areaafg. Given that a citrate molecule has a
geometrical area of ca. 0.65 h(@5), citrate covers about 1/6 of the availablatiap surface
area in bone.

In order to investigate the distribution of cigah more detail, we have probed the
local citrate density in terms dfC-*C dipolar couplings of*C-labeled terminal COO
groups in citrate bound to the purified Nu@5%one mineral, using®C centerband-only
detection of exchange (CODEX) NMR with dipol&iC spin exchange (26). In short,
CODEX NMR yields the fraction of*C spins that, during a waiting periog, thave not
changed their frequency due to dipolar spin exchawith other*C nuclear magnets (26). If
the doubly"*C-labeled citrate molecules were isolated fromrtheighbors, the CODEX data
would level off at a long-time value of 1/2 (re26(). The experimental data in Fig. 2.4 drop

below 1/2, proving contacts between different ténaolecules on a 1.5-nm scale. The fast
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initial decay is due to th&C spins separated by 0.5 nm within each moleculglevthe
slope at longer times reflects mostly the distahgcethe nearest-neighbor molecule.
Simulations (described in the Supporting Informaigive good fits for area densities near
the value of 1/(2 nni) calculated above, with moderate positional orderof citrate
molecules. This result shows that the moleculegicmost apatite surfaces with the average
area density.

Proof of citrate immobilization can be obtainfeom the NMR data. The CODEX
signal decay would be much more pronounced tharreed in Fig. 2.4 if large-amplitude
motions of the carboxylate groups occurred on e iime scale (26). Large-amplitude
motions on the 1@s (or faster) timescale are excluded by the abseiemtional narrowing
in 'H-*C wide-line separation NMR, see Fig. 2.2, confirgnstrong binding of citrate to
bone apatite. Thus, citrate cannot be part of faseilayer of hydrated mobile ions proposed
by Rey et al. (3).

Based on these structural data, we propose theelnuidcitrate bound to apatite
presented in Fig. 2.5, with a realistic citrate signand orientation. The GHyroups of
citrate facing the exterior may give the surfadecally less hydrophilic character, making it
more compatible with the nonpolar proline and alanresidues of the collagen matrix.
Apatite is represented as ideal hydroxyapatitey () (OH), (hexagonal unit cell with a
= b = 0.944 nm, ¢ = 0.688 nm). Calcium ions in tplanes of highest morphological
importance (27) are shown on the top left and rightthe (L01 0); plane, C4' is spaced by
c/2 = 0.34 nm, which matches the 0.32 nm spacirgd®n the centers of the three COO
groups of citrate. In th€l01 0), plane, spacings of ¢ = 0.688 nm match the disthetgeen
the terminal carboxylates of citrate. The struetsihown is an idealization of the calcium-
and hydroxide-deficient carbonated bone apati®atttual surface is probably reconstructed
(28) and significantly disordered. Adsorption dfate purely at defects, such as steps on
certain crystal faces, seems unlikely given itatre¢ly high area density, and would result in
stronger clustering of citrate, at the defectsnthlaserved in CODEX NMR.

Citrate in bone is fundamentally different from loamate, fluoride, sodium,
magnesium, hydroxide (29), calcium, or phosphates,ian that it is too large to be

incorporated into the apatite crystal lattice. rEfi@re, bound citrate must remain an
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interfacial component that affects properties ad ttone nanocomposite more profoundly
than do simple substitutions of carbonate for phasp or of sodium for calcium. Thus, we
propose that citrate bound to the nanocrystal sar&abilizes the apatite nanocrystals by
preventing their further growth. The crystalliteckness of 3 nm corresponds to only 4 unit
cells, which results in a high surface energy thauld make further crystal thickening
favorable. Strongly bound citrate interferes witlt thickening by inhibiting formation of
additional phosphate layers. Indeed, it has beemvishn vitro that hydroxyapatite forms
thinner nanocrystals in the presence of citrate3301n vivo, addition of citrate to calcium
phosphate biocement for bone implants improvesdomatibility (32, 33), and various
citrate nutritional supplements appear to preveatdnset of osteoporosis (34), presumably
by stabilizing the apatite crystals.

Citrate also stabilizes hydroxyapatite relative dilhver calcium phosphates (35),
possibly due to the good match between the spadfitige terminal COOgroups in citrate
and the lattice parameterin apatite. Furthermore, citrate bound to collagemliike neat
collagen (7), initiates apatite crystallization witro (36). Thus, citrate might play an
important role not only in stabilizing existing a&pa& nanocrystals, but also in crystal
nucleation during biomineralization in bone. Theportance of citrate in bone, which
accounts for ~80% of all citrate in the body (1id);onfirmed by its presence in a wide range
of vertebrate classes, from fish to mammals, see EiA-C. Citrate provides a larger
number of carboxylates for calcium binding in bdhan do the proteins osteocalcin (37),

osteopontin, and osteonectin (7) taken together.

Conclusions and Outlook

By means of advanced solid-state NMR spectroscopydsstance measurements, we
have demonstrated that citrate is strongly bountthécapatite nanocrystals in bone. Citrate
accounts for 5.5 wt% of the organic fraction of tfemocomposite in bone, and thus provides
more COO groups for binding to calcium of apatite than m@tin-collagenous proteins in
bone combined. The strong binding of citrate wawgd by its close distance to apatite and
absence of large-amplitude motions. After remowiagve citrate in bone by hot dilute acid

treatment and replacing it witiC-labeled citrate, the distances of all carbonsitiate from
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the apatite surface were measured. Two of the tbaeboxylate carbons are slightly closer
to the surface than are methylene and quaternamh@se similar distances of ~0.4 nm show
that the long axis of most citrate molecules igdlonly slightly relative to the surface. The
spacing of COOgroups in citrate matches that of calcium ions)g@lthec-axis in apatite.
The area density of citrate on bone apatite is ratol/(2 nmj, sufficient to make the
nanocrystal surface less hydrophilic. On the bakibese data, a model of citrate bound to
apatite was presented. Bound apatite clearlyferes with nanocrystal thickening and is
found similarly in a wide range of vertebrate ogjewxhich indicates its important role in
stabilizing the size of the nanocrystals at thelstheckness most favorable for mechanical
properties and for fast resorption during bone réaliag.

The discovery of apatite-bound citrate in the boaeaocomposite leads to various
intriguing research questions. What is the soofcetrate in bone? At what stage of bone
development does citrate appear? How is the abgedaircitrate on the nanocrystal surface
controlled? Is the citrate concentration abnormaliseased bone? Further, the measured
NMR distance data will be valuable as benchmarksato-initio simulations of surface
binding of functional molecules.

Methods

Compact (cortical) bone was obtained from the ndtises of femur bone from a
four-year-old cow and three-month-old chicken alehmed of all muscular and connective
tissue, and of the marrow. The poorly mineralized porous surface layer of the femur was
cut away with a sharp razor. Fish bone was obtaired the ribs of tilapia, a fresh-water
fish, which was cooled to below@ shortly after the animal had been sacrificed. Bbtee
was cryo-milled in &8PEX 6750 Freezer Mill cryogenic grinder, washed in a 3:1 mixture of
methanol and chloroform to remove any lipids, pthaader vacuum at 0.01 Torr and 233 K
to remove all traces of solvent, equilibrated abemt humidity, and packed into 7-mm and
4-mm zirconia NMR rotors with Kel-F® caps.

3C-labeled citrate exchanged bovine bone was prdpaith 1,53°C,, 2,4°C,, or
13¢ citric acid, all obtained from Isotec. We maden®! citrate solutions by dissolving 5

mg of each*C-labeled citric acid in 13 mL deionized water, awjusted the pH to 7.4 by
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using NaOH. In order to extract native citrate, réaged bovine bone powder was boiled at
80°C for 24 hours in dilute acid made from distillechter adjusted to pH = 4 using
hydrochloric acid. The bone powder was removethftbe dilute acid and washed until the
supernatant was pH neutral, then incubated in thd/Pcitrate solution at 36°6& for 7 days
under gentle shaking, in order to allow tié-labeled citrate to diffuse into the bone. Next,
the citrate-exchanged bovine bone was washed s$ewees with deionized water to remove
loosely attached citrate. The residual water veasoved via lyophilization.

The °C-labeled citrate adsorbed onto the surface of NlUOsone mineral
(deproteinized bovine bone, ACE Surgical Supply, ®vockton, MA) with particle size of
0.5-1.0 mm and specific surface area of 6gmvas prepared as follows. We prepared 13
mL of 2 mM citrate solution by dissolving 5 mg @t1,5°C, acid in 13 mL deionized
water, and adjusted the pH to 7.4 using NaOH. erAdidding the bone mineral matrix into
the citrate solution, the mixture was incubated3@5’C with continuous gentle shaking
overnight. The supernatant was decanted and the imineral was washed several times to
remove loosely attached citrate. Residual waterreta®ved by freeze-drying.

The NMR experiments were performed using a Bruk8KE00 spectrometer at 100
MHz for *C, and 162 MHz fof'P, in Bruker 7-mm double resonance (for spectrogeoyul
CODEX) and 4-mm triple resonance (for REDOR) magigle spinning probes at spinning
frequencies between 4 and 6 kHz. Th& plise lengths were ca. 4.&. Most of the**C
spectra in Fig. 2.1 were recorded under magic asgiening of 5.3 kHz with total
suppression of sidebands (TOSS) (38). The crossipation contact time was 1 ms and the
recycle delay 2.5 s. To select signals of carboitls weak C-H dipolar couplings, spectra
were also acquired with additional 48 of gated decoupling before signal detectith’*C
wideline separation spectra were measured on bdone at 4.3 kHz magic-angle spinning
(MAS), with 0.2 ms standard Hartmann-Hahn crossqimation and 60;tincrements of 10
us, using multi-echo detection (39) with spectral ratoh (40) for sensitivity enhancement
and reduction of the measuring time by a factahafut 10.

3c{*'P} REDOR (20) NMR data were obtained using a 4-mmukBr triple
resonance probehead at 6 kHz MAS with recouplimgsi of Nt = 3 ms, 4.66 ms, 6 ms, and
7.66 ms. A four-step phase cycle along with contpa8®-18(°-9¢° *!P recoupling pulses
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was used to minimize pulse length errors and aehieeximal dephasing (41). THel
composite-pulse decoupling power wa&s/(2r) = 66 kHz. Figure D shows the sum of the
3c{*'P} REDOR difference spectraS = S - S, where §is the reference signal without
pulses applied t8'P. The total measuring time for the REDOR speditfaone was 19 days.
In uniformly **C labeled citrate’*C-**C J-couplings result in fast loss of the referesigaal
S when the standard REDOR sequence is used. Therdfie dephasing of,@n uniformly
3C-labeled citrate was measured by applying a seéesbft Gaussian pulse ¢B4/(2n) = 1
kHz, which removes the J-coupling effects (42)h@ C, resonance. CODEXC NMR data
were obtained for 1,5°C, citrate adsorbed onto the surface of NU¥dsone mineral at 4-
kHz MAS with mixing times up to 20 s, and multi-ectetection was used for sensitivity

enhancement.
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Fig. 2.1.1%C NMR spectra of bone, of organic residues at therfiace with apatite, and of
13C-labeled citrate in bone. (A) Fish bone; (B) avimme; (C) bovine bone. (D) Spectra of
13C near*’P in bovine bone. Thin liné?C{*'P} REDOR difference AS) spectrum (total
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measuring time: 19 days). Thick line: Same databiln the spectrum S scaled up by 1.1 to
match the 43-ppm peak of Gly i &nd thus remove signal of abundant interior celhag
residues. (E) Thin line: Spectrum of bovine bonéhwiniformly **C-labeled bound citrate,
introduced after (partial) removal of native cigdiy treatment with hot dilute acid. Thick
line: Same data after subtraction of the collalgackground, isolating the signals of bound
citrate. (F) Spectrum of calcium citrate, with mmal line broadening (thin line) and
broadened (thick line) to match that in (D) and. (E3) Same as (f) after 40Qs dipolar
dephasing, which selects signals of carbons witrakw€-H dipolar couplings, i.e.
nonprotonated C and mobile @H(H) Spectrum of bovine bone after 4G dipolar

dephasing. Citrate signals are highlighted byaredws.

A /\/\
Bone, 7’ N\ Na citrate-2H20,
76 ppm /v V\ 76 ppm

\'\/\\//\/\/\'\,\/’\\f\

-50 1H -25 0 25 kHz
Fig. 2.2 The 76-ppmC NMR signal in bone is from an immobile (nonpraited) C-OH
group. (A) Wideline'H spectra associated with 76-ppf signals in bone (solid red line)
and sodium citrate dihydrate (dashed orange line) *H-*C wideline-separation (WISE)
NMR. Both show no significant motional narrowir{§) CorrespondingH spectra of NCH

(protein backbone, dashed line) and:;@oups. Only the latter, which undergo rotational

jumps, exhibit motional narrowing.
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Fig. 2.3. Determination of distances of citrate carbormmfroone apatite, measured by
3c{*'P} REDOR NMR. The measured dephasing ,SkS plotted along with simulated
curves for distances# of 0.3, 0.35, 0.4, 0.45, and 0.5 nm*®€ from the first®'P layer at
the interface (see inset schematic and Fig. 2.58) Filled black circles: carboxylate
resonance at 181 ppm in native bovine bone; opetesi sum of terminad®COO groups in
13C-labeled citrate absorbed into bovine bone. Tlemgointing right and left: Dephasing of
178- and 180-ppr’COO citrate signals, respectively. (B) Data for thetgrnary C-OH of
citrate in bone (filled black squares), as wellgasiternary C-OH (& open squares), GH
(open blue triangles) and the central CQ@pen purple circles) if*C-labeled citrates
absorbed into bovine bone. Error margins were geted from the signal-to-noise ratios in
the REDOR spectra. The dashed curve is fCa®'P spin pair (two-bond distance of 0.24
nm) as in phosphocitrate.
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Fig. 2.4. Distances between apatite-bound citrate molscpi®bed by CODEX*C NMR
with *C spin exchange during the timg tData points (red circles) for citrate with tenaii
3CO0 groups on purified bone mineral are comparetth Wi curves for seven different
citrate distributions (Fig. 2.S2). Data points f@5 times less citrate, with little
intermolecular spin exchange, are shown for refsxeas open triangles. Inset: One of the
best-fit distributions ofC spins (black dots), with some citrate moleculsntified by

ellipses.
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(1010)4

Fig. 2.5. Schematic of apatite-bound citrate (with oxygercafboxylates in red) interacting

with C&* on two surfaces of high morphological importanceanfidealized bone apatite
nanocrystal, at a realistic citrate surface derdfitya. 1/(2 nnf) Calcium ions are blue filled

circles on top and front surfaces, P is green (@ohibn the top surfaces), Oldns are pink

dots, while phosphate oxygen is omitted for clarityrhe hexagonal crystal structure

projected along the c-axis (with greater depthtofres indicated by lighter shading) shown in

front reveals various layers of phosphate and walgons.
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Strongly bound citrate stabilizes the apatite nanaystals in bone
Y.-Y. Hu, A. Rawal, K. Schmidt-Rohr

Multi-spin Analysis of NMR Distance Measurements

13c{*'P}REDOR analysis of citrate distances from apatite *C-*'P dipolar coupling
measurements bYC{*'P}REDOR NMR can provide insights into the distanoésarious
citrate carbons from the apatite surface. FiguBA 2ndB shows"*C{*’P}REDOR data for
all five spectrally resolved carbon sites in ciérdtound to apatite in bone. While many
systems studied by REDOR can be approximated mstef two or few interacting spins, a
3C spin near an apatite surface experiences theadifields of many**P nuclear magnets.
The initial decay depends on the second momeitedf€-*'P couplings

Mz =%, (DC-P,nZ =2n Cn(OC,BaY) 1/rC-P,n6

where g.pnis the distance between the carbon and th&m spin, and a.B,y) is a purely

orientation-dependent prefactor. At sufficientiyde distances of tHéC from the apatite
surface (gp > 1 nm), the second moment depends only on thghthetr above the top
phosphate layer, independent of the lateral (xogitipn of the®*C. However, when the
height z.p is not much larger than the average P-P distah€e46 nm in apatite, the x-y
position of the™C spin needs to be taken into account. Figure/23ibws a contour plot of

the distance-only heteronuclear second moment
Moy =2, 1/rC-Pn6

as a function of'*C position at a fixed height ofcz = 0.35 nm above g1010),

hydroxyapatite surface. It shows pronounced maxabmave®'P (of slightly different height
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for two types of phosphate at different depths fittva apatite surface) and wide flat regions
around the Ca ions. Negatively charged citratexjgected to be repelled by the negatively
charged phosphate and rather bound to calciumrefdre, the regions of high Mnear®'P
can mostly be disregarded. In addition, the regiohhigh M, account for only a small
fraction of the total area, see the histogram ¢f iM Fig. 3.SB. Calcium ions are located
0.05 nm below the top phosphate layer, §6.Z Zc.p + 0.05 nm.

Figure ST shows simulated REDOR curves and data from FigB 2or the 15
positions B1 — B5, C1 — C5, and D1 — D5 markeBigq 3.S]A and z.p values between 0.3
and 0.5 nm. The height of tH&C nucleus above calcium is larger by 0.05 nm. d#i= of
Fig. 3.3 show that the central and one terminal Qfd@up are closest to the surface, while
the other terminal carboxylate is at a 0.1-nm greheight but still close to apatite. In the
simulations of the REDOR curves, the second momatht REDOR angular dependencies
of all the®'P-3C couplings was calculated for >3000 crystallitewiations, via orientational
averaging of the rotor axis relative to the crygtalnormal, and rotation of the Hield
around the rotor axis (with the fixed magic angiéween them), as outlined in ref. (1). The
total dephasing curve is a superposition, for wegiootor-axis and gfield orientations, of
Gaussians exp(-MNt)%2), with the second moment,Mvaluated based on the internuclear
distances and the REDOR angular dependences afdivedual C-P couplings at the given
rotor axis and Borientation. The simulation program was validaisthg a spin-pair model
geometry.

Calculation of the citrate density on bone mineral. The area density of citrate on apatite
in bone and bound to bone mineral can be calcufabed the known structural parameters of
the materials. The 3-nm thick nanocrystals in bone, alternatinthvd-nm thick collagen

layers, have a surface-to-sample-volume ratio of
S/NVoone= 2 A/[(3+3) nm A] = 0.33 / nm = 0.33 10m

and the nanocomposite has an average density of

Pave = Mbond Vbone = (pA Va +pB Vg)/ Vbone= PA ValVone+ PB VB/Vbone
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=(1.15+3.2) x0.5=2.2 g/ém2.2 x 16 g/n?’

calculated from 50:50 volume fractions and dersité collagen (1.15 g/cthand apatite
(3.2 g/cnmi). From these quantities, the specific surface apea fnass) of bone can be

calculated as

S/mgt = (S/Vtot)/ (mtot/Vtot) = (S/Vtot)/ Pave
=0.33x 18/ m/ (2.2 x 16 g/m®) = 150 nf/g = 150 x 16 nnf/(g bone)

Also, according to wet chemistry and our spectrpgcanalysis, 1 g of bone contains 1.2
Wt% = 12 mg citrate, which corresponds to 0.0128p/g/mol = 6.3 x 1®mol of citrate per
g of bone, or g /M = 6.3 x 10 x 6 x 13° = 3.8 x 16° citrate molecules/(g bone). The

area density is thus
(Neitr /Mio)/(S/Mey) = 3.8 x 16/ (150 x 16% nn) = 0.25 / nrAi = 1/(2 nm§

The density of*C-labeled citrate on the NuG¥sbone mineral, with a measured specific
surface area of
S/me = 60 nflg

can be calculated from the 0.8 mg of citrate, deiteed by NMR calibrated on neat citrate,
per 0.19 g of bone mineral in the same sample. tdta¢ bone-mineral surface area in that

sample is
S = (S/My) Mot = 60 nf/g * 0.19 g = 11.4 = 11.4 x 16° nn?

The 0.8 mg of citrate correspond to 0.0008 g /1/88d= 4.2 * 10° mol and thus &, = 4.2 x
10° x 6 x 16° = 2.54 x 16° citrate molecules. The area density of citratéone mineral is
thus

N / S =2.54 x 18/ 11.4 x 16° nnf = 0.22 / nrA = 1/(2 nm§
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in good agreement with the value for bone obtaadzul/e.

CODEX '®C NMR simulations. The CODEX NMR data of citrate with’C-labeled
terminal COOgroups shown in Fig. 3.4 were fitted by simulatihg spin exchange between
600*°C spins in half as many citrate molecules, distetwn a flat rectangular surface of 10
nm width and ca. 100 nm length. The spin exchamgbaracterized by an exchange matrix

I1, with off-diagonal elements

Mun= 0.57 [2n 7.5 kHz 10 ni¥ron’]? ((P,(coss))?) F(0)

reflecting the coupling betweéfiC spinsn andm. The value of F(0) 9.023 pus is calibrated
by matching the initial decay due to the 0.5-nnramtolecular spin-pair coupling, and is
close to literature values fofCOO groups between 0.025 and 0.044 ms (2). Theodidg

elementl], is the negative of the sum of th& column of off-diagonal elements.

The pointed brackets Gi(Pz(cosH))2> indicate the time averaging, due to magic-angle
spinning, of the orientation dependence of the ldipmteraction, which depends on the
instantaneous anglebetween the GC™ internuclear vector and the externalfild. This

average depends on the anfléetween the internuclear vector and the rotor. aRather

than using only th@-averaged value (0.2) Gé(Pz(cose))2>, we calculatec((Pz(cose))2> as a
function of co$ numerically and took the variation of<(P2(cose))2> into account by
selecting a random value of gobetween —1 and +1 for each internuclear vegigrand
using the corresponding value €(1P2(cos€)f> in the calculated value di,y, according to

the equation above. This provides the same vanaif the squared coupling frequencies as
full powder averaging and reproduces the obsenaedexponential decays (2) better than
simulations with a fixed value G((PZ(COSH))2>.

The normalized CODEX signakSpex(t), which is the fraction of the magnetization

remaining on the spin on which it started out, aged over all spins, is calculated from the
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standard solution for th&l-component vectoM of the z-magnetization values of tie

exchanging spins

M(t) = exp(It) M(0)
as

Scopex(t) = D, (exp(It) &) = tr(exp(t)),

n=1

In the intermediate step, is the unit vector with element®,\n = dnm (i.e. 1 forn =m and 0
otherwise), representing an initial stit€0) = e, with magnetization only on spim For a
sufficiently long dephasing and refocusing time, lthe detected CODEX signal from that
spin is proportional to the magnetization(y = (exp(1t) e,), remaining on that same spin n.
The sum oven provides the summation of the contributions frdmNa™>C spins; the trace
operation (sum of diagonal elements) on the rigitehside of the equation achieves this in a
particularly convenient way.

The simulated CODEX curves depend on the densidyparsitional ordering of the
citrate molecules. ThEC distributions corresponding to the seven fit esrin Fig. 3.4 are
displayed in Fig. 3.S2. Partial positional ordgris achieved by increasing the excluded
area around the center of each molecule. Miniffrahlom”) ordering is generated by an
excluded-area diameter ofyd = 0.8 nm that corresponds to the diameter of eateit
molecule. For an area density of d7dnoderate ordering was obtained with.c= 0.6 d.,
and partial ordering withegy = 0.75 .. A higher than average (> 1/(2 rfngitrate density
is possible for the citrate-covered apatite sudadeother surfaces have little or no citrate
bound. For instance, the average density of I{¥ nan be obtained by combining 50% of
surfaces at 1/(1.4 nfmjwhich yield signal) and 50% of surfaces withony &itrate (which

do not contribute to the measured signal).
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Fig. 2.S1 Analysis of parameters iHC{*'P} REDOR simulations for citrate carbons in bone. (A)
Contour plot of the distance-only second moment Me. essentially the sum of the squares of the
¥%c-3'p dipolar couplings, calculated as a function6f position at a fixed heightcz = 0.3 nm

above the top phosphate layer in apatite. Apart from pronouncedhenakiove the P atoms, wide
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areas with similar dipolar couplings are seen, in particulaosnding the calcium atoms (light blue
circles). Likely positions of the five carbons in citrate,cguhby the projected C-C distance of 0.125
nm in an all-trans chain, are indicated along the c-axis as5C1€orresponding positions laterally
displaced by 0.1 nm are marked B1-B5 and D1-D5. (B) Correspondstggiam" of distance-only
second moments M The large M values corresponding to positions above P are seen to be rare.
The narrower histogram for a 0.45-nm height above the top phosphagusslayso shown. (C) Data
points of exchanged®C-labeled citrate in bone (symbols as in Fi§) &nd simulated REDOR
dephasing curves for the fifteen points marked B1 — D5 intagahdicated Zp heights of-*C above

the top phosphorus layer. C1-C5: full lines; B1-B5: dotted lines; D1-D5eddmes.
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Fig. 2.S2.Distributions of termina’COO groups of citrate (eacfiC is marked as a small black
square, and some molecules are indicated by elliptical outfimet)e seven fit curves in Fig. 4. (A)
Best fit, for an area density of 1/(1.9 frand positional ordering in one dimension. (B) Best fit, for
an area density of 1/(1.7 nfmand slight positional ordering. (C) Distribution corresponding to a
curve above the experimental data, for 1/(2%any significant positional ordering. (D) Distribution
corresponding to a curve below the experimental data, for 1/{2and partial positional ordering.
(E) Distribution corresponding to a good fit, for 1/(2 Angnd minimal positional ordering
(“random”). (F) Distribution corresponding to a curve slightlyolethe experimental data, for 1/(1.4
nmy and partial positional ordering. (G) Distribution corresppgdio a curve below the

experimental data, for 1/(1.4 nhgnd minimal positional ordering.
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Chapter 3
Biomimetic Self-assembling Nanocomposites of Block Copolymer and Hydroxyayitet
with Nanocrystal Size Controlled by Citrate
A paper submitted to Journal of the American Chairfiociety
Y.-Y. Hu, X. Liu, X. Ma, A. Rawal, T. Prozorov, MAkinc, S. K. Mallapragada,
K. Schmidt-Rohr
Ames Laboratory, Ames, 1A 50011
Abstract
Citrate binds strongly to the surface of calciunogthate (apatite) nanocrystals in

bone and is thought to prevent crystal thickeninghis work, citrate added as a regulatory
element enabled molecular control of the size aaloilgy of hydroxyapatite (HAp)
nanocrystals in synthetic nanocomposites, fabricatiéh self-assembling block copolymer
templates. The decrease of the HAp crystal sizkinvihe polymer matrix with increasing
citrate concentration was documented by solid statéear magnetic resonance (NMR)
techniques and wide-angle X-ray diffraction (XR@jile the shapes of HAp nanocrystals
were determined by transmission electron micros¢®gy). Advanced NMR techniques
revealed surface modification of the nanocrystat aoncomitant with the size effects,
enhanced mineral interaction with the surroundirgoic matrix. The surface-to-volume
ratios determined by NMR spectroscopy and longeate{'H} dipolar dephasing show that
0, 2, 10, and 40 mM citrate changes the thicknesisdg®e HAp crystals from 3.5 nm to 2.7,
2.6, and 2.2 nm, respectively. With citrate coniin comparable to that in body fluids,
HAp nanocrystals of similar sizes and morphologigén avian and bovine bones have been

produced.

Introduction

Bone, the primary supporting and protective orglii® mammalian body, is a
nanocomposite of nano-sized carbonated apatitéatsyand the fibrous protein collagen (ca.
40 vol% each), with smaller contributions from atheoteins and wat&r. The integration
of the stiff apatite nanocrystals within the tougtilagen fibers renders bone lightweight yet
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strong and tough. Human bone undergoes constaatdgnmemodeling to repair fatigue
damage, such as micro- cracks induced by $treissvever, when the damage is beyond the
self-restoring ability of bone and severely compises the quality of life especially in the
elderly, therapeutic approaches to regenerate theralized tissues are desired. Ideal
materials employed in tissue repair therapies shexihibit structural features similar to
those in bone, be biocompatible, biodegradable béwattive.

Various strategies of tissue engineering have blegrloped in recent year€ell- or
protein- based methods simulate the mineralizgiiogess in borfé?, but the limited
availability of materials, immunogenic responseaseptial disease transmission, or
interference with the therapeutic process curthisr applicatior. Non-proteinaceous
biopolymers, including cellulose, chitosan, ancagel have been also employed, but these
have fewer apatite-nucleating functional groupshsagcarboxylate or phosphate moieties,
and their properties are not readily tunable. Tioeeg the use of synthetic polymers has been
an attractive option to provide a scaffold for #eaiormation and introduce apatite
nucleating reagents. Polymers or polypeptides agidic groups are favorable in inducing
the precipitation of apatite and have been invagtig extensively.

A balance between mechanical properties and biogcshould be considered in
biomaterials science; composites of synthetic pelyand calcium phosphate provide a
favorable combination. Among various synthesis s@®intended to mimic botfea
bottom-up sol-gel method using inorganic ionic preors and self-assembling polymers is
advantageous since it can control the structutieeatnolecular level while inducing some
hierarchical ordering as seen in bbh&Vith this method, our group has successfully
demonstrated the synthesis of organic and inorgaetieassembling nanocomposites using
Pluronic (polyethylene oxide-polypropylene oxidéltsck copolymer) and its derivatives,
polymers coupled to apatite-nucleating peptided,Kand 3o diblock copolypeptides as
templates that precipitate apatite nanocrystalsiwihe organic matrix . Progress has
been made to more closely mimic the structure akbfor instance, hydroxyapatite has been
stabilized, and the inorganic content has beereasgad from 15 wt% to over 50 wt%,
compared to 65 wt% in bone. Similar research has pearsued by other groups. For

instance, Pramanik and Kar synthesized thermoplapttite-poly(ether etherketone)



62

nanocompositéd Song et al. used crosslinked polymethacrylamidepolymethacryalate
hydrogels to template the formation of HAp nanoipkes'®, and poly(lactic acid),
poly(glycolic acid), and polgtcaprolactone)/HAp composites also have been amtstt for
their biodegradabili§. However, although organic-inorganic nanocompediteve been
fabricated, the regulation of the apatite crysie sand morphology has not been discussed.
Nevertheless, the crystal dimensions, particuldmycrystal thickness is critical to the
mechanical properties of bone, in that a thickméss3 nm prevents the propagation of
crack$®. Also, recent research implied that desirableazsteductivity could be achieved
with synthetic HAp resembling bone minerals in cosifion, size and morpholotfy

Many studies of bone biomineralization have focuseddentifying proteins
promoting or inhibiting the apatite crystal fornmatj such as a series of Glx-prot&inét has
been hypothesized that proteins such as osteodsdoma mechanism for mineral surface
recognition which allows for biological control tife mineral crystal growti However, a
most recent close examination of the interface betwcollagen and apatite crystals in bone
by advanced solid state NMR technicfiféss revealed that citrate, a small molecule s th
dominant organic molecule there, tightly boundpatée and covering the surface with a
density of 1 citrate molecule per 4 hifoa. 1/6 of the available area). About 80 wt%hef t
total citrate in the body is accumulated in bona:kOxylate groups are key for regulating the
formation of apatite *and citrate in bone provides more carboxylate gsdhan all the
proteins other than collagen taken togethevitro studies have shown that citrate at higher
concentrations results in smaller HAp nanocry$tdls Moreover, citrate stabilizes HAp
over other phosphat®sand synthetic materials pretreated with citrate dietter
biocompatibility in tissue repdit*°. Despite these studies, the effect of citrate utherocal
molecular composition and surface structure iswelt understood. This is in part due to the
challenge of selectively characterizing minerafaces, especially those buried in organic
matrices. The surface- and structure- directingatféf small molecules is general to a wide
variety of functionally important materials suchzamlite§', mesoporous materidfsand sol-
gel based electronic materi#isin addition to biomaterials.

Inspired by the study of citrate-apatite in bond arwvitro, we have added citrate as a
third component in our synthesis of self-assemBledonic polymer and HAp
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nanocomposites. This research allows more preoiseat over the crystal size and
morphology of synthetic HAp within a polymer matixorder to more closely mimic the
structure and morphology of nanocrystals in bdBg.adjusting the concentration of citrate,
we have achieved molecular control over the siza@HAp nanocrystals within the
Pluronic polymer matrix. These synthetic nanocontpssiave been characterized by
transmission electron microscopy (TEM), X-ray difftion (XRD), small angle neutron
scattering (SANS) and advanced solid-state nuchegmnetic resonance (SSNMR)
techniques®'P NMR has been used for molecular characterizatithe calcium phosphate
species formed, probe molecular proximities onmts@ometer scale, and accurately quantify
the surface and core phosphate contents of thecnatals *H->'P heteronuclear correlation
(HetCor) spectra witfH spin diffusion provides a powerful method to mtonthe formation
of organic-inorganic nanocomposites and qualittiveveal the enhanced surface area of
HAp with increasing citrate concentratidfi-**P HARDSHIP NMR* has been used to
guantitatively determine the crystal size and campéth that in bone, which is often
considered the ideal bio-composite. The resultainbt from NMR and XRD show how the
apatite nanocrystal size decreases with increasirade concentration. The citrate
concentration was set comparable to that in badgdIto determine whether apatite
nanocrystals similarly sized as in natural bonelmgenerated. TEM has been applied to
reveal the morphologies of apatite nanocrystalk watrying citrate concentrations, while
small angle neutron scattering (SANS) can deterriaeffect of citrate and HAp
nanocrystal formation on the long-range order andomology of the Pluronic polymer
matrix assembly. It is expected that the biocorbpday of biosynthetic materials can be
enhanced by the incorporation of citrate within tla@ocomposites to produce similarly
structured HAp nanocrystals as in bone apatite.

Materials and Methods
Chemicals.

The Pluronic F127 block copolymer, poly(ethylenédeX-b-poly(propylene oxide)-
b-poly(ethylene oxide) (PEO-PPO-PEO), was purch&sed Sigma Aldrich (St. Louis,

MO). Its average molecular weight is about 12,6D@.kAn aqueous solution of the polymer
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can self-assemble into micelles at low temperaanceconcentratidni, and transform to a
viscous gel upon increase in temperature (typicdyve 25°C) or concentration. All the
other chemicals in this study were purchased fragm8& Aldrich or Fisher Scientific, and
used without further purification.

Nanocomposite Synthesis.

The calcium phosphate nanocomposites were prepaned self-assembling
polymers as templates as follows: 0.01 mol of Cafpl®@as dissolved in 10 mL of 30 wt%
Pluronic F127 solution at 4°C, followed by additioin0.2 mL of ammonium citrate at
various concentrations and mixed for 2 hours at 2°QL of 3 M (NH,);HPO, was then
added. The sample was brought to room temperaturaldowed to form a gel with gentle
stirring. NH;OH was then added to adjust the pH to 7.5-8; @ftdnours, the pH was
checked and re-adjusted to 7.5-8; the pH was fudihecked and re-adjusted until it
remained stable. Four hydrogel samples with citcateentrations of 0, 2, 10, and 40 mM
were prepared. The samples were freeze-dried ardderized.

In addition, samples were washed to remove fregnpel and ammonium nitrate, as
needed for characterization. The sample powderswsgended in pure water, centrifuged,
and the supernatant was removed. This procedureepasated three times in order to

minimize the amount of residual free polymer andremium nitrate.

Characterization

XRD. The structure of the freeze-dried and washed samyds investigated by XRD
(X’Pert PRO, PANalytical Inc., Westborough, MA,)daanalyzed by X’'pert Data collector.
The diffractometer was operated at 45 kV and 40 @Ko radiation with a wavelength of
0.15418 nm was employed. The scan rate was 0.02itWs step size of 0.017° over the
range of 10%< 20 < 60°.

TEM. Imaging of the samples was performed witholinstg with the Tecnai GF20
Scanning Transmission Electron Microscope (STENBI (Eompany, Hillsboro OR)
equipped with High Angle Annular Dark Field (HAADBhd Energy Dispersive X-ray
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Spectroscopy (EDS) detectors at an operating witd@00 KV. Twenty microliters of
hydroxyapatite suspension were dispersed in 2 ndistiled HO. A drop of the diluted
suspension was placed on a holey carbon-supparpgzec grid. Multiple areas of each
sample were examined to determine the averag®tthe particles in the nanocomposites,
both in bright field TEM mode and in STEM mode.

SANS. Small-angle neutron scattering (SANS) was useddblight the structure of the
Pluronic block copolymer in the nanocomposite gelsiL deuterium oxide (ED) was

added to about 0.5 mL gel sample. The polymer phasédigher neutron scattering contrast
than the inorganic phase in a deuterated solviene she scattering length 4 is negative
while the scattering lengths of all other isotope®Ived are positive and of similar
magnitude.

The experiments were performed using the 30 m sanglle scattering instrument on
beamline NG7 at the National Center for Neutrondaesh, National Institute of Standards
and Technology (NIST), Gaithersburg, MD. A cold tmen source with an average
wavelength of 6 A was used. The samples were s@algaartz cylindrical cells with a -mm
path length. The scattered neutrons were detbégteadwo-dimensional detector with three
different sample-to-detector distances of 13, 4, hm. The scattering vector, g, was varied
between 0.004 & < q < 0.56 A, where q = (#/A) sin@/2), in whichi is the neutron
wavelength and is the scattering angle. The I(q) data were placedn absolute scale in
units of cm®. Data reduction and plots were accomplished byguSIANS reduction and
analysis macros provided by NIST

(http://www.ncnr.nist.gov/programs/sans/data/recl.atml).

NMR. All the NMR experiments were carried out on a BruRespin DSX-400
spectrometer (Bruker-Biospin, Rheinstetten, Gerjahy#00 MHz for'H and 162 MHz for
31p. A Bruker 4-mm double resonance magic-angle §pinfMAS) probehead was used
with spinning frequencies of 4.3 kHz f->P HetCor and'P spin diffusion experiments
and 6.5 kHz for other experiments. Thé paise length was gs for'*H and 4.5us for>'P.
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A 200 s recycle delay was used in direct-polarimattP NMR experiments without
or with two rotor periods of gatéeh->P heteronuclear recoupling. The two-pulse phase-
modulation (TPPM}H-*!P heteronuclear decoupling strength was 60 kHaddtP
detection. Hartman-Hahn cross-polarization (HHGP) ms was employed for experiments
requiring polarization transfer frof to **P.*H-3!P HetCor experiments were carried out
with MREV-8 for *H-"H homonuclear decoupling afld chemical shifts were scaled by 0.47
accordingly during data processing. 16thtrements of 6@s were employed and multi-
echo detectiofi was implemented to enhance signal sensitivity Pnspin diffusion
experiments, a short CP contact time of 0.1 msemgsloyed to generaféP magnetization
selectively in phosphates close to protons witlsegbent 0.1-ms and % spin diffusion
times. A spin diffusion time of 100 s was used saaple without citrate and containing two
phosphate phases. The duration of the z-periodneasmented in 8 steps of&2 = 29.1us in
order to cancel dispersive contributions to thasipig sidebands, which would results in
baseline distortionsH-**P HARDSHIP experimentswere performed with direct
polarization and recoupling times of 0.3, 0.6, @4, 3.0, 4.6, 6.1, 7.7, and 9.2 ms.
Differential T, relaxation of surface and core phosphate signals was corrected for as
outlined in ref.[34]. The NIST hydroxyapatite witH peak at 0.18 ppm aritP peak at 2.8
ppm was used to calibratil and**P chemical shifts, respectively.

Avian and bovine bones used in HARDSHIP experimemaise extracted from the
mid- sections of femur bones from a mature henaa#d/ear-old cow. The surface was
cleaned with a scalpel to remove muscle tissudlamwashed with a solution of methanol
and chloroform to remove lipids. The bone was gdotana powder and lyophilized to

remove any traces of solvent and bulk water.

Results and Discussion

The properties of synthetic nanocomposites araglyalependent on the mineral
size, composition, and the surface structure akasets interaction with the surrounding
organic matrix. Mineralization of an organic matimcreases the mechanical strength
provided that the mineral is distributed uniformalyd has molecular-level interactions with

the templating organic matrix. XRD, TEM, SANS, eMMIR are a powerful set of



67

complementary techniques that yield informationulibe size of the mineral nanocrystals
as well as the effect of mineralization on thedtrte of the templating organic polymer. 1D
and 2D NMR techniques uniquely enable selectiveemdér characterization of the
nanocrystal surface and core, as well as the nlir@ganic interactions, from which insights
about the influence of citrate molecules and foromadf the nanocomposites can be

obtained.

XRD. XRD patterns of the four synthesized samples &féeze drying and after washing
are shown in Figures 3.1 and 3.2, respectively. Wdmenpared to the pure NIST
hydroxyapatite (HAp) pattern, the patterns showilanities and differences. The peaks in
the diffraction pattern, in particular the intersends at approximately2= 32° and B =

26°, confirm that the predominantly mineralized ghé& HAp. While the patterns of the
synthesized materials differ from those of NIST HAghowing much broader peaks, they
are very similar to those of human bone and défifiine broad peak at approximately 2
32° is a composite band contributed from thrednefrhost intense peaks of HAp [(211),
(112), and (300) planes]. These broad peaks are indicative of the formaifdAAp

crystals in the low nanometer size range. Additiaif&raction peaks seen in Figure 3.1 at
20 = 21° and B = 24° were assigned to crystalline polyethyleneléXiwhich was

confirmed by the much reduced intensity of these peaks after removal of the polymer by
washing (see Figure 3.2). Most importantly, iteeis from Figure 3.2 that as the
concentration of citrate in the synthesis was iaseel, the diffraction peaks broadened,
which indicates that the size of the HAp nanocigstadecreased. This is consistent with the

NMR results, as discussed in more detail below.

TEM. HAADEF-STEM is sensitive to scattered electrons generatedopgption to the
atomic number4) of the atoms in the specimen. It can be usedlitaining compositional
and morphological information of a sample (Z-cositienaging), where contrast varies
roughly as a function of’Z®" 3|t is, therefore, possible to image higispecies inside a
densely populated lower-Z environment of a nanoasite specimen. Example of such

analysis of the unwashed hydroxyapatite samplelas/n in Figure 3.3. Dark-field (DF)
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images are obtained with HAADH-STEM at the magmifion of 110,000. Here the bright
spots correspond to the calcium-rich thicker asddbe nanocomposite. According to Figure
3.3, the sample prepared with the highest condsmtraf citrate has the shortest and thinnest
particles.

Figure 3.4 shows Bright-Field (BF) Transmissiondilen Micrographs obtained at a
magnification of 88,000. Analysis both in the BFMEnode and HAADF-STEM mode
reveals elongated particles of approximately 5 hitkhess and a mean particle length of 50
nm. These data are in good agreement with thetsefsoin the other techniques.

SANS. Figure 3.5 shows SANS data in a plot of log I(g)leg (q) for Pluronic polymer-
hydroxyapatite nanocomposite gels with differeiate concentrations. Due to the small
neutron scattering contrast betweei®and calcium phosphate, whose isotopes all have
positive lengths of similar magnitudes, the inoigaomponent is essentially invisible here.
This enables selective observation of the struatfitbe polymer micelles. For all four
samples, a pronounced peak is observed at esietit@bame g., of 3 A, which
corresponds to a characteristic length scale af®@m. This peak was observed previously
for the neat hydrated Pluronic material and shawet due to the self-organization of the
triblock copolymer into micell€§. The fact that the observed scattering patteverg

similar for the different samples indicates tha tlanocrystals as well as the citrate
molecules are incorporated into the organic matrix manner that does not disrupt the self-

assembled structure of the pluronic polymer miselle

NMR characterization of the synthetic compositesDirect-polarization (DP1D solid state
3P NMR spectra yield quantitative site populatiofithe different phosphate species
precipitated in the mineral phase. Figure 3.6, shthe®'P DP NMR spectra of composites
synthesized with Pluronic polymer, calcium phosphand citrate of different concentrations
(bold line). Analysis of spectra reveals two ovppismg spectral components that are
recognizable in all four samples, which corresptintivo different phosphate species. The
first is represented by a relatively sharp peakmatng at ~2.8 ppm, characteristic of
hydroxyapatite (HAp) orthophosphate. 2B-3'P HetCor NMR further prove it to be HAp
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by its connection to the OFH resonance in experiments described below. Thensec
phosphate species exhibits a broad peak centesadd? ppm and with a full width at half
maximum (FWHM) of 5 ppm, indicating a disorderedgphate environment. The NMR
signal of the phosphate species near protisdan be selectively enhanced ¥ip{*H}

cross polarization (CP). The CP spectra (Figur&)3o6the samples show lineshapes
different from those in the DBP spectra due to this selective enhancement. &g S1

the signal of the disordered phosphate componesgiéstively enhanced over that of the
HAp phosphate species. This indicates that thedised phosphate component has a closer
proximity to*H than the HAp component.

On the other hand, based on the difference in thsiance from the surface and
polymer protons (which exhibit strong spin-spirenatctions and therefore a short spin-spin
relaxation time J), the two phosphate components can be separatét+ B HARDSHIP
NMR experiments, in whicf'P signal of the disordered phosphate is dephasegr@assed)
by protons with short Imuch faster than that of HAp This differential dephasing enables
a deconvolution of the overlapping DP spectra efttflio phosphate components into two

separate components as shown in Figure 3.6 (thnes)i

Proximity of phosphate componentsThe molecular proximities between differéte
components in the nanocomposite can be probé&Puspin diffusion. In the spin diffusion
process, thé'P magnetization is stored along the z axis, wtsdhén distributed to nearby
nuclei via dipolar couplings. This method allowstagvaluate proximities among the
different phosphate species on the 3-nm scalet, Bies magnetization is selectively placed
on the®'P nuclei of the broad component by short (0.1 msj<polarization from protons
(Figure 3.7, thick line), then via ti&-*'P spin diffusion process, the magnetization spreads
to the nearby'P nuclei. As the spin diffusion progresses, ther gradual change in the
lineshape of thé&'P spectra. Beginning with a broad line shape, peetsum increasingly
narrows and eventually, after 1 second of spiruditfin, the whole spectrum (Figure 3.7, thin
line) matches the DP spectrum (Figure 3.7, dottez),lindicating that spin diffusion
equilibrium is reached. The fact that spin diffusmcurs from the disordered phosphate to

the HAp phosphates indicates that these two comsa@e not macroscopically phase
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separated. Indeed, the observed fast 1-s time st#ie>'P spin diffusion between these two
kinds of phosphates reveals that they are in @o@emity on the 2-nm length scale.
Therefore, the disordered component resonatingpan® which is close to surface®l
(HPO,1PO,*-H,0) as well as the HAp phosphate species, mustesutiace layer of the
HAp nanocrystals. On the other hand the relativetiered, sharp component at 2.8 ppm is

the core PQ" of HAp nanocrystal, which is similar to the stuuret in native bone.

Quantification of surface HPO,?/PO,>-H,0 and core PQ¥. Quantification of surface and
core phosphates of the synthetic HAp in each saem@éles monitoring the influence of
citrate on the molecular structure of the prectmitamineral phase. This is done by
integrating the two components in the deconvollPdspectra in Figure 3.6. The results in
Table 3.1 show that as the citrate concentratiamcieased from 0 to 40 mM, the amount of
surface HPGF/PO,*-H,0 species nearly doubles from 27% to 52%, whilective PQ*
content concomitantly decreases from 73% to 48%gwindicates that the specific surface
area increases. In other words, the addition odteitresults in smaller HAp crystals, with
higher concentration of surface specific phospbpeies. In particular, at a citrate
concentration of 2 mM, similar to the average téreoncentration in body fluids, 59% core
PO,> and 41% surface HROPO,*-H,0 are produced, which is very similar to that sieen
chicken bone, where 65% is core £@nd 35% surface HR&YPO,*-H,O. The tuning of
nanocrystal size and surface fraction is expeddthve important consequences for their

solubility behavior and the mineral-organic inteiac.

Stabilization of HAp by citrate. Repeated syntheses of all samples mentioned atbenee
analyzed in order to evaluate the reproducibilitihe results. Syntheses with ammonium
citrate as an ingredient always yielded HAp, whilthout citrate, other phosphate phases
were found to form sometimes, which indicates thiaate uniquely stabilizes HAp crystals
over other calcium phosphates and does so effécaverery small crystal thicknesses. This
is consistent with the effect that citrate hasedtdbilizing phases such as brushite and
converting them into HAP. To give an example of a non-HAp phosphate resyftiom one
of our syntheses with 0 mM citrate, Figure 3.8 shthe®'P CP/MAS spectrum with 0.1 ms
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contact time (thick line). It consists of two phbage components; one is HAp with core
PO,> resonating at 2.8 ppm and a broadband of surf&@HPQ,>-H,0. The other
resonates at 1.3 ppm with strong spinning sidehambigh is the signature of a local PO
environment with strong deviations from tetrahedsahmetry*H->*P HetCor results show
that this 1.3 ppni'P correlates withH resonating around 10 ppm (POH) angDHwith

strong hydrogen bonding at 7 ppm (Figure 3.S2)hBtR and'H spectra are typical of
HPO,* surrounded by bound.B. *!P spin diffusion in Figure 3.8 (thin line) show
proximity only of surface HPE/PO,*-H,0 and core P§ of HAp. Even after 100 s spin
diffusion, the CP spectrum (thin line) does notehahe DP spectrum (dashed line); note in
particular the lack of sideband equilibration andmmatch of the right shoulder and the
center band. This indicates that in this samplmesof the HPGF with *'P resonating at 1.3
ppm is a separate phase from HAp and these tw@phtss are separated on the nanoscale.

In the presence of citrate, such non-HAp phases wet observed.

'H spectra of phosphate environmentsThe'H-3'P HetCor spectra withtH homonuclear
decoupling and minimaH spin diffusion time of 0.05 ms (Figure 3.9, tapw) reveal the
immediate proton environment around specitig, which helps confirm the identity of
phosphates. Thid spectra extracted at 2.8 ppmt® of the sample containing 0 mM
citrate (Figure 3.9a, left column, top row) exhimiedominantly the OHproton peak at 0.2
ppm; this confirms the assignment of the 2.8 ppakpe the*'P spectra to HAp. The
relatively weak'H peak at ~ 7 ppm is from bound water at the sertfdHAp. The'H
spectrum (Figure 3.9a, right column, top row) taket ppm of’P to minimize the
interference from HAp represents th¢environment for the broad phosphate component. It
shows reduced intensity of the Optak and increased intensity of the bound waggrasi
(more distinctively seen in Fig 9b, top row). Feniimore, additional intensity at ~ 11 ppm
and ~ 4 ppm belonging to surface HP@nd organic OChispecies is seen, respectively. In
particular, the signal for the OGHpecies from the hydrophilic PEO segment of thed?iic
polymer confirms that the disordered phosphatkasstirface component of the HAp
nanocrystal. The broad OGHignal indicates that the PEO segment is immaddlidue to
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favorable interactions with the mineral surfacegptially mediated by hydrogen bonding.

This indicates formation of an intimately mixed naomposite system.

Nanocomposite formation.The formation of the nanocomposite is more cleprbbed by
monitoring the'H spin diffusion from polymer protons to the mirigshase in 20H- 3'P
HetCor experimenté With increasindH spin diffusion time, the presence of the polymer
OCH, (4 ppm) and CEl(1.5 ppm) peaks in théd->'P HetCor experiments (Figure 3.9 and
3.S3, tp= 5, 50, and 500 ms) proves that in all four sasghe mineral is in nanometer-
scale contact with the organic matrix. The additibgitrate enables formation of crystals
that are so small that even within a sHettspin diffusion time of only 0.05 ms, contact
between the inorganic phosphate and Pluronic palysnadicated by the appearance of the
rigid OCH, proton peak at 4 ppm. This is most apparent infei@.9(b) for the
nanocomposite synthesized with the highest citrateentration (40 mM). At longer spin
diffusion times, one can see thé peak at 1.3 ppm, from GHbf the hydrophobic PPO
segments of the Pluronic polymer appear. At theesgpim diffusion times, the
magnetization spreads to the relatively mobile @OI&H, and NH' (from the starting
material (NH),HPQ,) adsorbed on the surface of HAp and their sigapjsear at 4 ppm and
7.3 ppm, respectively. Meanwhile, the relative msigy of the OHand HPQ? signals at 0.2
ppm and 11 ppm, respectively, decreases. Equittbotithe magnetization between HAp
and Pluronic polymer evidenced by similar relareak intensities occurs in ai cross
sections within 500 m& spin diffusion in all sampledH spectra taken at 1 ppHP exhibit
faster spin diffusion to polymer protons than thtzdesn at 2.8 ppm, which again confirms

that the disordered phosphate component is atrf@i@-inorganic interface.

Nanocrystal size.The size of the nanocrystals is crucial to theraV@erformance and
properties of nanocomposite materials. In the priesgntheses, it is also a measure of
citrate's specific molecular interactions with thmeral phase, whereby it promotes, and
more importantly, stabilizes the HAp phase at a fiewometer thickness. The rate'ldfspin
diffusion from the organic protons to the mineradtrix, observed in a series ¥i->'P

HetCor spectra reveals that spin diffusion betwiberorganic and inorganic protons is faster
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as the citrate concentration is increased from OtmKD mM. This indicates that on average,
the mineral has a larger surface area in contdbttive organic phase in the 40 mM citrate
sample as compared to the lower citrate conceotgitalternatively, a steady decrease in the
average crystal size as more citrate is added.tfidnsl is seen most clearly in a comparison
of spectra from all samples after 5 mstdfspin diffusion (Figure 3.10). With the intensitie
of the OH peaks scaled to equal height, the spin diffusa@ can be gauged by the intensity
of the polymerH peaks, in particular the OGKDCH at 4 ppm. The sample with 40 mM
citrate shows the most intense OfBICH peak and thus the fastddtspin diffusion and
therefore the smallest HAp crystals, followed by #samples with 10, 2, and then 0 mM
citrate. The faster spin diffusion may also implyare extensive interaction between the
mineral and the polymer matrix, which is importemthe stability of the final
nanocomposite.

The 2D HetCor experiments with spin-diffusion paeia direct comparative but
gualitative measurement of the nanocrystal sizeeMpantitative measurements of the
surface-to-volume ratio of the mineralized HAp nenystals in these samples were carried
out using'H-3'P HARDSHIP experiments. In these experiments>#Renagnetization is
dephased (destroyed) in a selective manner mogihplymer and surface protons (Figure
3.11). The faster the measured dephasing, therltrgeurface-to-volume ratio and the
smaller the crystals. The measurement shows thegasing the citrate concentration
decreases the synthetic HAp crystal size withinpiblgmer matrix. The dephasing behavior
of the sample with 2 mM citrate is similar to tleétavian bone. This is compatible with the
average citrate concentration of ~ 2-3 mM in bddidfand tissues in chick&h The
HARDSHIP dephasing of bovine bone is only sligtitigter than that of synthetic HAp made
with 0 mM citrate, consistent with a citrate conitation of ~ 0.078 mM in bovine blodd

The crystal size, particularly the thickness famglated structures, of HAp can be
estimated from the results B-**P HetCor experiments wittH spin diffusion, the surface
and core fractions derived from deconvoluted DR gpethe width of the (310) peak in X-
ray diffraction, and'P{*H} HARDSHIP signal decay. In principle, tHel spin diffusion
time required to reach equilibrium thi-*'P HetCor experiments can be used to estimate the

thickness of the inorganic domain, but this requkieowledge of spin diffusion coefficients
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and'H densities in the organic and inorganic layerszé¥eless, even without these
parameters available, the thickness of apatiteas/san still be approximately evaluated
based on the similar synthetic systems in our presspublished results. All the samples
discussed in this paper exhibit faster spin difinghan the Pluronic30-8 samplenade with
Pluronic polymer and calcium phosphate salt wittaiate under similar experimental
conditions, which was characterized by variousnegles, including wide-angle X-ray
diffraction, solid state NMR, small angle neutron@§ scattering (SANS/SAXS), and TEM,
and in which the thickness of the HAp crystals .8 nm. Therefore, the thickness of the

HAp crystals in all the samples in this paper & rm.
With a surface phosphate layer @fgl 0.4-nm thickness, the typical aspect ratio of

crystals in bovine bort&*?and the surface-to-volume ratio of apatite crgstéie crystallite
thickness d of the four synthetic samples presentédus paper can be extrapolated based on
Fraction of surface HP®and PQ* = d; x (Surface/Volume)

=dx2x(LxW+Lxd+Wxd)/(LxWxd) (3.1)

For long thin crystals, Eq.1 simplifies to S/V -€28ince the length (L) and width (W) of the
crystals are not infinite, a more accurate estimatas to consider changes in length and
width of HAp crystals. Assuming a fixed aspectaaif d:W:L = 1:3:6, S/V = 3/d according
to Eq. 3.1 and the crystal thicknesses of the gyrattHAp range between 2.3 and 4.4 nm, as
listed in Table 3.1.

For comparison, the HAp crystal diameters have ladsm estimated by applying the Debye-
Scherrer equation

d = K\/(B1/2 cO9D) (3.2)
to the X-ray diffraction peak (310) of the waslsaanples synthesized with different citrate
concentrations, where K is chosen as 0.9,0.154 nm is the x-ray wavelength,Bs the
full width at half maximum (FWHM) of the diffractiopeak, an@ = 20 is the diffraction
angle of the (310) peak. The crystal thicknessksilzded from X-ray diffraction, see Table
3.1, are somewhat smaller than those estimatedtfiephosphate compositions. This can
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be attributed to the disordered surface layers§>nt thickness combined) that may not
contribute to the coherent scattering.

Analysis of**P{*H} HARDSHIP NMR data by curve fittiftf as shown in Figure
3.11 gives crystal thicknesses, again for d:W:L3:@.and with Z 0.3 nm of surface layers
beyond the surface phosphorus layers. *Fhgansverse relaxation time in the simulations
was T = 0. 6 ms, and thiH density of the polymer phase, 1/(0.29 Arithe values listed in
Table 3.1 are only slightly smaller than those fittv surface-top-volume ratio.

Mechanism of citrate controlling the apatite crystal size

The three carboxyl groups of citrate have, plues of 3.1, 4.8, and 6.4, therefore, at
pH =7.5-8, they are completely ionized and can Isimongly to C&" on the HAp surface. In
studies of citrate in natural bdfi@r in vitro research on citrate interacting with
HAp?®2"2%43 citrate always exists on the surface of apatigstals without being
incorporated within the crystal lattice, due to thiatively larger size of citrate molecules
compared with lattice ions, such as phosphate or thls indicates that once citrate
molecule occupies certain surface area of growmpadii®, the further crystal growth on top
of that area will be terminated unless the citratdecule departs. In addition, surface bound
citrate molecules generate a negatively chargddeiare®, which repels negatively
charged phosphate ions, thus inhibiting furthestalygrowth. The negatively charged apatite
surface also forbids the aggregation of the princaygtallites into bigger particles via

electrostatic repulsich

Conclusions

The molecular species, their relative concertnati and the proximity of different
inorganic and organic components in synthesize@-moimicking nanocomposites have
been assessed by a full complement of microscdgfcaction, and spectroscopic
techniques. These methodologies show that theiaddit citrate in the bottom-up synthesis
of self-assembled Pluronic polymer and HAp nanoamstips enables molecular control over
the growth of the apatite crystal size in a marthat closely mimics native bone. The
combination of XRD andH-**P NMR techniques show that citrate is able to &zbHAp
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crystals of extremely small thickness (2 nm, ~ B cells), over other calcium phosphate
species. The mineralization of the organic matagurs without disturbing the
supramolecular structure of the polymer gel, asidwnted by the nearly unchanged SANS
patterns with and without citrate. The crystal at&lAp can be fine tuned on the nanometer
scale by varying the citrate concentration. By gsimilar concentrations of citrate as in
body fluid, we have successfully reproduced apatii@ocrystals of similar sizes and
morphologies as in natural bone. The increasetiateiconcentrations to 40 mM makes the
HPO,*/PQ,-H,0 surface species the dominant fraction (at 40 ritidte) of the mineral
phase, as determined by careful analysis of queingt’P NMR spectra. The presence of
citrate and the structural similarity of the syrib&lAp nanocrystals with bone apatite may

contribute to better biocompatibility of these nepimposites.
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Table 3.1.Composition of phosphates formed in Pluronic payeind HAp nanocomposites

with different citrate concentrations quantifiecsbd on the deconvolution of the DP spectra.

The estimated HAp crystal thicknesses based oratfeeof surface phosphates (HBGind

PO,>-H,0) and the total phosphates are also listed angbared with the thicknesses

calculated by applying the Debye-Scherrer formalthe (310) peak in the wide-angle X-ray

diffraction patterns of the washed samples.

Citrate Core | Surface Estimated Estimated | By, (radian)| Estimated
Concentration PO;> | HPO® crystal crystal of (310) crystal

and thickness thickness | peaks from| diameter

PO from surface | HARDSHIP | XRD of from X-ray

H.O fraction NMR washed diffraction

(£ 0.5 nm) (= 20 %) samples

0mM 73 % 27 % 4.4 nm 3.5nm 0.03(745 4.0 nm
2mM 59 % 41 % 2.9 nm 2.7 nm 0.06(1+£71 2.4 nm
10 mM 57 % 43 % 2.8 nm 2.6 nm 0.06(37 2.3 nm
40 mM 48 % 52 % 2.3 nm 2.2 nm 0.1(0£2 1.5 nm
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Figure 3.1. XRD patterns of Pluronic polymer-hydragaite nanocomposite samples with
different citrate concentrations after freeze dgyihhe diffraction pattern of NIST HAp is

shown for reference. Data were collected by X. Liu.
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Figure 3.2. XRD patterns of Pluronic polymer-hydrapatite nanocomposites after washing.

The diffraction pattern of NIST HAp is shown forfeeence. Data were collected by X. Liu.
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Figure 3.3. HAADF-STEM images of hydroxyapatite oanystals fabricated within a
Pluronic polymer matrix using different citrate centrations: (a) 0 mM; (b) 2 mM; (c) 10
mM; (d) 40 mM. All scale bars are 50 nm. Data waskected by T. Prozorov.
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Figure 3.4. Bright field TEM images of hydroxyapathanocrystals fabricated within a
Pluronic polymer matrix using different citrate centrations: (a) 0 mM; (b) 2 mM; (c) 10
mM; (d) 40 mM. The magnification is 880000, andledzars are 20 nm. Data were obtained

by Yusuf Yusufgolu. Data were collected by T. Praxo
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Figure 3.5. SANS curves of Pluronic-hydroxyapatié@ocomposites fabricated using

different citrate concentrations. Data were codédadby X. Liu.
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Figure 3.6. Direct polarization (DBY NMR spectra of composites synthesized with
Pluronic polymer, calcium phosphate, and with amiomorcitrate of different concentration.
a) 0 mM citrate, b) 2 mM citrate, c) 10 mM citrat®,40 mM citrate. The spectra have been
deconvoluted into a broad component (surfacg'#&D,>-H,0) and a relative sharp peak
from bulk crystalline hydroxyapatite (HAp) basedtbrir different HARDSHIP dephasing

behaviors by polymer and surface protons. Magideasgginning frequency; = 6.5 kHz.
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tgd=1s

tgd = 0.1 ms
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50 40 30 20 10 0 -10 -20 -30 -40 ppm

Figure 3.73'P NMR spectra of the Pluronic polymer- HAp compesiith 40 mM citrate.
Cross polarization (CP}P NMR spectra with short contact time of 0.1 ms #Rdspin
diffusion time of 0.1 ms (thick line) and 1 s (thine) are compared. The direct-polarization
spectrum (dashed line, nearly indistinguishablenftbe 1-s spectrum) is used as a reference

to gauge the completion of spin diffusion. Spinnémdebands are labeled as “ssiy’= 4.3
kHz.
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Figure 3.83'P NMR spectra of a Pluronic polymer and calciumsphate composite with 0
mM citrate. Cross polarization (CPP NMR spectra with short contact time of 0.1 ms and
31p spin diffusion times of 0.1 ms (thick line) ar@Dis (thin line) are compared. The direct-
polarization spectrum (dashed line) is used a$emenece to gauge the completion of spin

diffusion. Spinning sidebands are labeled as “sg4.3 kHz.
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Figure 3.9 H spectra from cross sections taken at 2.8 ppnilahgpm®'P of 2D'H-3'P
HetCor NMR spectra of composites synthesized witinddic polymer, calcium phosphate,

and a) 0 mM, and b) 40 mM ammonium citrate. Hespin diffusion timess are 0.05, 5,
50, and 500 ms.
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Figure 3.10'H spectra from cross sections of 4B-*'P HetCor NMR spectra with 5 ms of
'H spin diffusion of Pluronic polymer, calcium phbspe, and 0, 2, 10, or 40 mM
ammonium citrate compositéH spectra were taken at a) 2.8 ppi®, b) 1.0 ppni‘P. The
height of the OHpeak at 0.2 ppm has been normalized for conveaiehcomparison.
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Figure 3.113P{*H} HARDSHIP dephasing in composites of Pluronicymoeér, calcium
phosphate, and ammonium citrate of 0, 2, 10, anah¥Gconcentrations. NIST HAp is used
as a reference of the decay only due to protorfsmihe crystal lattice. Bovine bone and
chicken bone are used to compare the crystal siggnthetic HAp and apatite in bones.
Solid lines are simulated dephasing curves to plites thicknesses of crystals. The

simulation procedure is detailed in reference [34].
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Biomimetic Self-assembling Nanocomposites of Block Copolymer and Hydroxyapiati

with Nanocrystal Size Controlled by Citrate
Y.-Y. Hu, X. Liu, X. Ma, A. Rawal, T. Prozorov, MAkinc, S. K. Mallapragada, K. Schmidt-
Rohr*

40 mM citrate
10 mM citrate
2 mM citrate
0 mM citrate

3.51.%3'P cross-polarization (CP) NMR spectra of compositeghesized with Pluronic

polymer, calcium phosphate, and ammonium citrat® @f 10, and 40 mM concentration.

OH

b) 1.3 ppm 31p
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T
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3.52.’H spectra from cross sections taken at a) 2.8 ppohp) 1.0 ppni'P from a'H-3'P
HetCor spectrum of the composite synthesized withM citrate, which contains two
phosphate phases: HAp and HPO
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HetCor spectra of composites synthesized with Riarpolymer, calcium phosphate, and a)
2 mM, b) 10 mM ammonium citrate. Thid spin diffusion times are 0.05, 5, 50, and 500 ms.



92

Chapter 4
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Abstract

Polylysine and polyleucine based block copolypegsifk 7dl30) that form gels at
very low concentrations in agueous media are useaenaplates for forming self-assembled
calcium phosphate nanocomposifBise synthesis method allows for simultaneous foionat
of the self-assembled block copolypeptide gel arttieinorganic phase, providing
inorganic contents of over 50 wt% in the nanocontppapproaching the inorganic content
in bone. The self-assembled nanocomposites araatkarzed by thermogravimetric
analysis, X-ray diffraction (XRD), Fourier transifornnfrared (FTIR) spectroscopy, solid
state NMR, thermogravimetric analysis, transmissi@ctron microscopy (TEM) and small
angle X-ray scattering (SAXS). The nanocompodaeased in the presence of the block
copolypeptide templates exhibit very different naawicle morphologies than those formed
in the absence of the organic phase. Multinuclebal state NMR methods are used to prove
nanocomposite formation and characterize the secgratructure and mobility of the block
copolypeptide template. The data from XRD, FTH#® NMR consistently show that the
inorganic phase present in the nanocomposite Imoated hydroxyapatite of nano-scale
dimensions, with an elongated plate-like morpholabserved by TEM and SAXS, very

similar to the mineral phase of natural bone. Oljdias approach allows a bioinspired
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bottom-up approach to self-assembled hydroxyapasitecomposites using block

copolypeptide templates, which could have applicetiin tissue repair.

Introduction
In biological systems, calcium phosphate ceramiedle most important inorganic
components of hard tissues, and synthetic suletitiive been used in medicine and
dentistry for more than 20 yedrdmong the six principal calcium salts of orthopblosric
acid, hydroxyapatite (HAp: G&APQ,)s(OH),) is the best known because of its compositional
and biological similarities to the mineral phasdnofman bone. For instance, apatite in the
form of carbonated hydroxide-deficient hydroxyate(CQHAp) including a variety of
other minor dopants is present in natural bonenait stiffness and hardnésdt accounts
for approximately 65 wt% of total bone mass wite temaining being mainly collagen and
water®* In bone formation, biomineralization produces aa@mposite with layers of
collagen molecules alternating with thin and eldagananocrystals of carbonated apatite,
a process involving more than 200 different pratéifhese proteins act as inhibitors and
nucleators for the growth of apatite nanocrystaghored to the collagénThe
combination of inorganic and organic componentwidies increased toughness compared to
HAp alone?® As a result, biomaterials such as bone as walkatine in teeth, in which the
organic matrix acts as a guide and imparts toughteethe otherwise brittle inorganic phase,
have attracted the interest of researchers intothrestigation and development of novel
organic—inorganic biocomposite materials suitabtepfosthetic medical applicatioh$.
Biocomposites of HAp in conjunction with variousdlyetic polymers-'®and natural
polymers such as collagé’ chitosarf,***cellulosé*?**and gelatih*"**have been
investigated extensively. We have shown successfublating of calcium phosphates by
self-assembling thermo-reversible cationic anddtliar block-copolymer gels with 15 wt%
inorganic content) This method enabled the formation of self-assethbocomposites
from solution by changing the temperature. Subsattyeself-assembling thermo-reversibly
gelling anionic and zwitterionic pentablock copobms conjugated to hydroxyapatite
nucleating peptides were used as templates forpaaon of calcium phosphate
nanostructure¥.The inorganic fraction of the nanocomposites wassased to about 30—40

wt% .3 The inorganic content in these nanocompositesstilisignificantly lower than that
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seen in nature (65 wt%). The high polymer concéiotra (-25 wt%) needed for gel
formation in these block copolymer systems is améadtion to increasing the weight

fraction of the inorganic phase using these syitldck copolymer templates. Besides our
group, other researchers using simitasitu synthesis methods also obtained polymer—HAp
composites, but with relatively low inorganic camtteFor instance, Spanos and co-workers
synthesized a novel composite containing 9 wt% Aptdnd 91 wt% of polymer (sulfonated
polysulfone), while Wang and co-workers recentlyrfeated nanostructured HAp in the
matrix of alginate with a maximum 30 wt% HAp exMibg microstructures similar to

natural boné The Liou group produced a poly(acrylic acid)-HAsnecomposite of 30—32
wt% phosphaté&

In contrast, the Deming group has synthesized dyfarhnovel block copolypeptides
that form gels at very low concentration®(5 wt%) and can serve as templates for
biomineralizatior?*=*" This paper investigates the use of these blocklgppptides as
templates for forming self-assembled calcium phagphanocomposites to increase the
inorganic content of the nanocomposite. We dematesthe formation of HAp/block
copolypeptide (K30 polymer nanocomposites with a maximum inorganiatent of
approximately 53 wt%. This approach is similar &bune where protein templates commonly
control the nucleation and growth of the inorgamnocrystalline phase in biomaterials such
as bone.

Wet-chemical methods lend themselves to the foonaif calcium phosphate
ceramics with good crystallinity, physiologicallsitay, and morphological characteristics
resembling those of hard tissiigé number of papers have described different wettbal
methods including chelate or urea decompositio;* precipitation’®**“*®and hydrolysis of
calcium phosphate precurséts? In the present study, we used precipitation oméoself-
assembling block copolypeptide templates to oljfalgmer—inorganic hydrogel composites.
Compared to other methods, this is a relativelypentechnique utilizing mild experimental
conditions that preclude polymer degradation. Eseliting nanocomposites have been
characterized by X-ray diffractiolP NMR, Fourier-transform infrared spectroscopy, and
high-resolution transmission electron microscopRTHEM) to identify the phosphate

phase(s) formed; byH and*'P spin-diffusion NMR to prove nanocomposite forroafiby
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TEM and small-angle X-ray scattering to determime thape of the crystallites; and'fy
NMR to determine the secondary structure and mgtlufithe polypeptide matrix. We
believe that this work may contribute towards ustierding the fundamental mechanism of
biomineralization that is essential for the devetept of novel bioinspired materials for hard

tissue repair and regeneration.

Results and discussion

The polylysine segment length was determined uUSIRG/LS, andH NMR was
used to determine the copolymer composition. Coathithese data showed that a block
copolypeptide of kL3, with low polydispersity was obtained. The consuopbf the
monomer and the formation of amide bonds from tiggeptide backbones (1650 ¢m
1540 cm') was confirmed using FTIR measuremettsNMR in deuterated TFA (d-TFA)
indicated a 97%—98% removal of benzyloxycarbonglgs from lysine residues.
The XRD patterns of the pure polymer (a), as-pregpp&tAp-polymer hydrogel (b), vacuum
dried HAp/polymer composite (c), washed sampleefafacuum drying) (d), calcined
sample (after TGA) (e), and pure HAp (Standard Refee Materidl 2910) (f) are shown in
Fig. 4.1. XRD patterns of pure polymer and pure H8fandard Reference Matefi@910)
are included in the XRD Fig. 4.1 to compare withttbf the nanocomposite sample. For pure
polymer (Fig. 4.1a), two broad humps were obseateabout # = 12° and 22° indicative of
the amorphous nature of the polymer. The 12° pagktbe attributed to rod—rod packing of
helical polyleucine chains. All diffraction peakias-prepared composite hydrogel (Fig 1b)
were matched to those of pure HAp (Fig 1f) andi@@D standard card (JCPDS 9-432).
The results are also in accordance with the calghbosphate pH—concentration diagfam
and experimentally shown by Yusufoglu and AKirthat the most stable calcium phosphate
phase is HAp at pH >6. Furthermore, the broadeaitjoverlap of the peaks (broad peak at
2 =31° is a summed contributions of the (211), (11R) €800) planes of HAp) is a sign of
small size or/and poor crystallinity of HAp crystah the hydrogel sample. However, the
crystallographic structure of HAp observed in teepaepared HAp—polymer hydrogel is
very similar to natural bone mineral and human idei¢*>°It is also worth noting that the
as-prepared nanocomposite hydrogel shows a highg,l,, than that of pure HAp,

indicating the preferential elongation of the caystalong the c-axis. Moreover, in addition
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to the characteristic HAp peaks, the XRD pattersamfuum dried sample displayed some
additional diffraction peaks belonging to ammoninitnate (JCPDS 1-0809 and 76-2276)
marked by solid circles in Fig. 4.1c. Further, sharp peak at®= 29.45° matches well with
the most intense peak of ammonium sodium nitr&Z® IS 28-0490). After washing the
vacuum dried sample with deionized water, all ditron peaks belonging to ammonium
(sodium) nitrate disappeared (Fig. 4.1d) and lefy ®lAp peaks. In addition, it is also worth

noting that HAp is the only phase present after T&xperiments as shown in Fig. 4.1e.

FTIR spectroscopic characterization of the nanocomposites

The FTIR spectra of the pure polymer (a), vacuuddnanocomposite (b), washed
sample (after vacuum drying) (c) and pure HAp (8gad Reference MaterfaR910) (d) are
shown in Fig. 4.2. The FTIR spectrum of pure HAfg(R.2d) illustrates all the
characteristic bands of stoichiometric HEP? As expected, the spectrum of pure HAp
exhibits phosphate peaks at 965 t(a single intense band), 470 ¢rbetween 1050-1095
cmt and 565, 602, 635 crh(three sites) fox, v, vs andv, respectively.

The FTIR spectrum of pure polymer is shown in Big@a. The possible assignments
of all absorption peaks in Fig. 4.2 are provided able 1. Furthermore, the FTIR spectrum
of vacuum dried HAp/polypeptide nanocomposite casden in Fig. 4.2b. The absorption
bands at 566—-601 cm962 cm' and 1040—-1100 crhare associated with the phosphate
groups of HAp. Moreover, the peaks at 1380'and 832 crt are assigned to nitrate
groups, which is consistent with the results olgdifrom XRD. It is well established that for
nitrate groups, the first absorption (at 13807¢1s intense and broad, and the second (at 840
cm™®) has medium intensity and is narréVAs illustrated in Fig. 4.2c, the peaks associated
with nitrate groups disappeared in the FTIR spectofithe washed sample. This implies
that washing of the vacuum dried HAp/polymer conigagmoved nitrate species,
consistent with the XRD results. As seen in theRESpectrum of the washed sample, in
addition to the characteristic HAp absorption barnigs weak features arising from the
vibrational modes of the carbonate were also oleskat 873, 1415 crhand 1462 cm,>**’
suggesting that the HAp contains carbonate iondlé/tte CQ* ions can replace OHA-
type substitution) or PO (B-type substitution) in the HAp structure, the £@eaks shown
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in Fig. 4.2c are assigned only to the B-type stltstn (CQ?" ions replaces PO).>° The
CO,* substitution at the PO site in HAp crystals is commonly observed for @guegion in
aqueous systenidas has been also observed in the present worthefapatite in human
bone also contains GDions at about 4-8 wt% depending upon age, itepsin the HAp
structure is beneficidf’ It has been reported that at low concentration,”G@ns
substantially improve the mechanical strength aitiégs® and the presence of GOions in
the HAp structure also influences the decomposisorterability, solubility and biological
reactivity of the apatit&.Since no carbonate source was present in théngtanaterials,
carbonate incorporation into the HAp might be duéhe atmospheric carbon dioxide as has
been observed during mineral precipitation in caabte-free solution$:*° Further, broad
absorption bands centered around 3450 and 1640acendue to incorporated water
molecules?** which might also be present in Fig. 4.2a and 2b@Mwith the polymer related
peaks in the same spectral region.

The TGA results of as-prepared HAp/polypeptide bget, vacuum dried
HAp/polypeptide nanocomposite, washed sample arel lgAp (Standard Reference
Material® 2910) are illustrated in Fig. 4.3. As damseen from the trace of as-prepared
HAp/polypeptide hydrogel, there is a sharp weigktrdase between 70 and 175 °C, which is
assigned to the loss of free and bound water. Aiieuum drying, most of the water is
removed (Fig. 4.3b). The weight loss in the 200-AG0ange is due to thermal
decomposition of polymer and perhaps ammoniumtei{@s shown in Fig. 4.3c, weight loss
between 200 and 450 °C is decreased for washedeaifitgr removing ammonium nitrate).
There is no change in sample weight above 500rfificating that the polymer and nitrate
species have decomposed completely by 500 °Cwielisestablished that HAp is thermally
stable below 1000 “€and there is almost no weight change for pure Héqween 50-570
°C, as shown in Fig. 4.3a. As a result, the HApteonfor the CaP/polymer nanocomposite
is determined to be approximately 53 wt% basecdherdtied sample at 175 °C. This is
consistent with the theoretical weight ratio of HBlpck copolypeptide in the composite

calculated from the amount of hydroxyapatite forrhaded on egn (4.1).
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NMR identification and quantification of phosphates

Fig. 4. 4 shows direct-polarization (DP) and crpefarization (CP*P NMR spectra
of the synthesized composite. The DP spectrum sbho@siominant band, whose chemical
shift (2.8 ppm) agrees with that of hydroxyapagtitthough the linewidth is larger than for
ideal HAp. The CP spectrum, which gives highernsity to the phosphates close to protons,
presents a different lineshape from DP, indicativggexistence of more than one phosphate
species. The broader base and significant intemgitgase of the right shoulder of the CP
spectrum suggests the presence of F{Par of PQ*™ hydrogen bonded to40, in addition
to apatitic PGQ*".

These assignments can be confirmed by recoffhQP spectra with 0 ms and 0.28
ms of recoupledH—*'P dipolar dephasing, see Fig. 4.S1a (in the ESigreva more distinct
lineshape results from the different dephasing bienaf PQ?* and HPG". Provided similar
mobility, the signal of phosphates that are protedar hydrogen bonded will dephase faster
than that of nonprotonated ones. The dephasingswbtained from the gated decoupling
experiments are shown in Fig. 4.S1b. The differencephasing rate shows that there are
two different phosphate components. One is noppited, with very slow dephasing, and
the other is monoprotonated or hydrogen-bondedoimimn.

Based on the differential dephasing of the phospbiginals, the DP/MAS spectrum
can be deconvoluted into two different componeatshown in Fig. 4.4a (dashed lines). The
sharp component is ROof hydroxyapatite, accounting for 68% of all phioafes, the broad
one is HPG or hydrogen-bonded RQ accounting for 32%.

NMR validation of nanocomposite formation

The one-dimensional spectra show that there araytpes of phosphates present in
the sample, but do not reveal whether they aregfaranocomposites. This information can
be obtained by two-dimension&l—*'P heteronuclear correlation NMR experiments With
spin diffusion. Cross peaks betweehfrom the organic phase aft® from the inorganic
phase are characteristic of nanocompositég.or nanocomposites, the polymer proton
peaks will show up within tens to hundreds of médtonds. In Fig. 4.5, the spin diffusion

from polymer protons to protons in the inorganiagdis indeed observed within 50 ms and
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equilibrium is reached within 500 ms. In samplethvarger domains or for short spin
diffusion times, the phosphates orige€ the protons close by.g. in the inorganic phase.

The series ofH-*'P correlation spectra in Fig. 4.5a were acquirdgtdl Wwbmonuclear
decoupling in théH dimension. Fig. 4.5b displayd cross sections from the 2D spectra at
2.8 ppnm?'P, which demonstrate the spin diffusion processth@nime scale of 0.05 ms,
phosphates onlysee¢’ OH, HPQ?* and HO protons. After 50 ms, the peak of a different
H,O species shows up, and within 500 ms, the CH ahdo@bton signals come up along
with a significant HO peak. The NI peak of the polymer should also appear, but is
overlapped by the dominant® peak* The completion ofH spin diffusion within 500 ms
is signified by the disappearance of Qithd HPQ~ proton peaks. This proves the formation
of a nanocomposite. Fig. 4.5¢ reveals anctHeznvironment associated with HECor
PO,-H,O. The appearance of the polymer proton peaksm&ims indicates fast spin
diffusion, which is the evidence of nanocompositerfation. Therefore, both types of
phosphates, hydroxyapatite P@nd HP@", are part of a nanocomposite.

Fig. 4.6a shows a one-pulé¢ spectrum with background suppressio8everal
resolved peaks can be assigned according to themical shifts. O and NH" peaks are
centered at 7 ppm with a broad envelope; 7 ppimeigyipical chemical shift of bound,®,
while bulk water resonates at 5 ppm. After 18 hairnsitensive vacuum drying of the
samples at 105 °C in order to remove the mobijf@ ebmponent, the 7 ppm peak shifted by
0.2 ppm and lost about 1/3 of its intensity, whickans that the majority of.8 in this
composite is bound water. The broad peak of styolpglind water was observed at 0.05 ms
in Fig. 4.6b, indicating that the strongly bound@vahas intimate contact with the inorganic
phase. The sharp peak of the weakly boug@d bkcame dominant after 50 ms spin diffusion,
which means that the weakly bound water is alssecto the inorganic phase. After
extensive drying, the previously resolved CH and @blypeptide peaks became invisible in
the one-pulséH spectrum, see Fig. 4.6a (dashed line), whichestgghat the removal of
mobile HO reduces the mobility of the peptide. A band of,Nkhich happens to also
resonate around 7 ppm, is present in‘thepectrum as a shoulder to the right of the irdens
water peak’H T, measurements have shown that,Niés a longer ;lthan the components

of the nanocomposite, proving that it forms a safgaphase (NHNO;).
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The'H-*'P heteronuclear correlation experiments were atsfopned withoutH
homonuclear decoupling. Fig. 4.6 (b,c) displayssreections from the 2D spectra (not
shown) taken at 2.5 ppm and 0.5 ppm in*tRedimension. Without spin diffusion, the OH
proton peak at 0.2 ppm in Fig. 4.6b confirms thaekp@ssignment of hydroxyapatite in ffie
spectra of Fig. 4. 4. The strongly boungDHpeak is not well resolved due'td—H
homonuclear coupling, while the weakly bourgDHpresents a sharp peak on the broad base
of the strongly bound ¥D. The HPG peak seen in Fig. 4.6c is not visible, likely atke to
strong'H—"H homonuclear coupling, which is common for inteid& HPQ?" species.

The 2D heteronuclear correlation experiments ptbaeboth HPG™ and
hydroxyapatite are part of the nanocompositesgdbutot establish whether they are in the
same phase. This can be achieved instead by aimessionalf'P spin diffusion
experiment. If these two kinds of phosphates adiffarent phases, n&P spin diffusion
between them will occur on the 10 s time scale.V@éwsely, fast spin diffusion from HRO
to hydroxyapatite proves that they are part ofsthime particle. After selection of HBG'P
magnetization by short cross polarization, narrgwohthe line due té'P spin diffusion to
PQ? is actually observed within 1 s (Fig. 4.7), comiing that HPG~ and hydroxyapatite
are in the same phase and separated by less thran. Most likely, HPG is at the

interface of the inorganic phase with the polymer.

NMR characterization of the polypeptide phase in the nanocomposite

*C NMR experiments have been carried out to studyctnformation and mobility
of polypeptide in the synthesized nanocomposite."Thspectrum is shown in Fig. 4.8a
(thin line). Peak assignments and literature vatiemlid-state*C NMR chemical shifts for
a-helix andp-sheet conformations are marked above the spextraft 66, 67. The chemical
shifts indicate that the hydrophobic leucine domaim-helical and that most lysine
segments adoptfasheet conformation, while the rest is in a randmih- This is consistent
with the results of Deming and co-workers who hdemonstrated that in hydrogels, 90% of
the leucine domains of polypeptide ., and Kl ., formeda-helices? This shows that
the a-helical structure of the polyleucine donfdiis retained even after the synthesis of the

nanocomposite and vacuum drying. The peak intessind the positions of the @nd G
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signals are not consistent with the alternativeiagdion that the lysine segments are
helical.

A corresponding CPC NMR spectrum after 40 us of gated decoupling reasrded
in order to selectively detect mobile componentthefpolypeptide. High mobility will
significantly reduce the C—H dipolar coupling, féisig in residual*C signals after gated
decoupling. The resulting spectrum (thick lineJig. 4.8a indicates that the backbone of the
polypeptide is rigid, since all the,Gignals for both leucine and lysine are completely
dephased. The side chain carbonsGs and G show significant residual intensity, which
means that the side chains of the polypeptide @ite qobile.

Motions on the MHz scale generally induce fastelaxation, which enables another method
to detect the mobile components. After direct pp&ion (DP) with a short recycle delay of
1 s, only signals of carbons with shors Bre detected, see Fig. 4.8(b). Signals of allilmob
carbons that are seen after gated decoupling4Eg, thick line) are also present in Fig.
4.8(b), confirming the conclusions about mobilBgsides, the absence of the carbonyl
(C=0) and G signals in Fig. 4.8b confirms the rigidity of thelypeptide backbone.

However, the 70:30 signal intensity ratio of thgidibackbone carbons of lysine
components to those of leucine in the CP spectriuifingo 4.8a does not match with the
85:15 stoichiometry of KL, Which suggests some mobile lysine residues imegelarly
vacuum dried sample are not detected in our CRrspée order to make thesmvisible”
components detectable, the intensively dried samptestudied. ThEC spectra after CP
and CP with gated decoupling are shown in Fig. @ltanges in the CP spectrum upon
intensive drying are indeed observed. First, Cgdals of random-coil lysine that do not
show up in Fig. 4.8a, due to high mobility and fesg low CP efficiency, appear at 176
ppm after drying in Fig. 4.9. Second, thgggak of random-coil lysine that appears as a
shoulder next to the &ignal ofa-helix leucine in Fig. 4.8a now shows up intenselfzig.

4.9 (thin line) and overlaps with the, @eak from leucine. Above all, the ratio of lysioe
leucine backbone carbons obtained from the CP igpeés approaching the theoretical ratio
due to the contribution of the previousinvisible” random-coil lysine. Moreover, the CP
spectrum (thin line) in Fig. 4.9 is less resolviedrt in Fig. 4.8a because of more peaks
showing up and less dynamic conformational avetadgtarthermore, the reduced mobility
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is confirmed by the gated decoupling spectrum shiowg. 4.9 (thick line). The Cpeak of
random-coil lysine vanishes, indicating that thekimne of random-coil lysine has become
rigid after intensive drying. The decreased intignsi the residual signals in CP with gated
decoupling in Fig. 4.8 compared to Fig. 4.9 confitimat the side chains are less mobile as

well.

TEM of the nanocomposites

The TEM micrographs of the HAp crystals formedhie block copolypeptide gel and
those obtained by direct synthesis from an aqusolugion are shown in Fig. 4.10. The HAp
particles in the nanocomposite exhibit thin elordatlate-like morphology with a mean
length of about 50-110 nm, width of 10—20 nm, aredadbout 3 nm thick (Fig. 4.10a). The
elongated plate-like morphology of the HAp nanotalgscan also be seen from the STEM
high angle annular dark field (HAADF) image in Hg10b. Appearance of needle-like
morphology (Fig. 4. 10a and b) is due to the oneedgwing angle of the curled plate-like
crystallites. Further, the morphology of HAp obsshin the present study is quite similar to
the apatite crystals found in human woven bonenainéralized dentif®®" In general, bone
mineral consists of plate-like crystals with averajmensions ~50—-100 nm or more in
length,~25-50 nm in width, ~2—6 nm in thickn&s$™and their small size is a crucial factor
related to the solubility.The SAED pattern of the as-prepared hydrogel samgipkn as an
inset in Fig. 4.10a demonstrates well-defined briragl patterns proving polycrystalline and
nano-size nature of HAp phase. The observed diftnacings can be indexed to HAp and
these observations are in good agreement with R2 2Znd FTIR results. Moreover, Fig.
4.10c shows the bright-field TEM image of the wakkample (after vacuum drying) with
the corresponding SAED pattern and it can be s@an the micrograph that the morphology
of the HAp nanoparticles is very similar to thasetlved in the as-prepared hydrogel
nanocomposite. In addition, it is also worth notihgt the apatite crystals in the
nanocomposites appear elongated plate-like, whdentaterial prepared in the absence of
polymer exhibit crystals with irregular shapes (AdL.0d). Furthermore, the SAED pattern of
HAp patrticles prepared in the absence of polymewstmany spots that do not form well
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defined rings (except from the (112) plane), intli@alarger HAp crystals compared to the
as-prepared nanocomposite sample.

Bright-field (BF) and dark-field (DF) transmissietectron micrographs of the
HAp/polypeptide nanocomposite taken from same arealisplayed in Fig. 4.11a and 11b,
respectively. The lower inset in Fig. 4.11a shawesdorresponding SAED pattern with (300)
and (002) diffraction rings of HAp. The DF-TEM ima Fig. 4.11b was obtained by
isolating the HAp (002) diffraction in the nanocoosfie. The mineral phase (HAp) appears
as highlights in Fig. 4.11b, showing the HAp nastals distribution in the amorphous
polymer matrix. Moreover, the atomic calcium to phleorus ratio of the inorganic phase
was found to be 1.71 + 0.07 by STEM-EDS measuresn&itich is in accordance with the
stoichiometric value of pure HAp (&P Q,)s(OH),). The slight increase in Ca/P ratio of
HAp over 1.67, the stoichiometric ratio, could heedo the carbonate substitution of the
phosphate, consistent with FTIR results.

High-resolution TEM (HRTEM) analysis of the nanoqmsites also confirmed the
existence of HAp in the nanocomposite. The latficgye measurements from the HRTEM
micrographs in Fig. 4.11c and 11d revealespacings of 3.44, 2.81, and 2.72 A,
corresponding to the (002), (211) and (300) HAertions, respectively. The upper inset in
Fig. 4.11c demonstrates the filtered inverse-FFagenwith (002) HAp planes from the
indicated area of the HRTEM image. In addition,. Big1d shows the (002) and (211) HAp
planes with an interplanar angle of ~ 66°, and(@®2) and (300) HAp planes with an
interplanar angle of 90°, which are consistent whih calculated values of HAp (JCPDS 9-
432, a hexagonal unit cell (space groug/Bwith unit cell dimensions a=b = 9.418 A and
c = 6.884 A). The HRTEM image of elongated plake-inanocrystals in longitudinal
sections (Fig. 4.11c) revealed a lattice spacin@#4 A (corresponding to the interplanar
spacing of (002) planes for hexagonal HAp), indigathat the growth of the plate-like
nanocrystals occurs in the (001) direction. Thense (002) reflection in XRD (Fig. 4.1) also
indicates that the c-axis is the preferred growtéation, which is similar to bone where
nano-size apatite plate-like crystals associatéd thie collagen fibrils show strong preferred

orientation in their c-axi§>*®°
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SAXS characterization

The nanocomposites were characterized with smgleax-ray scattering. The
nanocomposites exhibited power law scattering (#i@2) similar to that observed in
bone’>” The characteristic length scale of the particlas found to be around 3 nm. In the
SAXS data we observe signatures for the averageosithe inorganic nanocrystals in the
high Q region and power law scattering in the lowe@ion consistefit” with the elongated
particle morphologies observed in TEM. Further, ified Guinier analysis for the cross
sectional dimensions shows the thickness of thicpes to be around 3 nm, consistent with

the TEM measurements.

Materials and methods
All materials used were obtained from either Sighidrich or Fisher Scientific and

were of laboratory grade and purity.

Polypeptide synthesis

The polypeptide Il s was synthesized by the previously developed proest?
Briefly, first Ng-CBZ-L-lysine and_-leucine monomers were convertecdst@aminoacid-N-
carboxyanhydrides (NCAs) to facilitate ring-openpaymerization. The NCA preparation
was carried out with phosgene at 40 °C in dry bgteofuran. The monomers were then
reacted with (PMg,Co initiator in THF and the polypeptide copolymatinn was carried
out under inert conditions at room temperaturelfopur with sequential addition of the
NCA monomers. The polymers were then dissolvedfindroacetic acid and deprotected
by adding 33% HBr in acetic acid to solutions opalypeptide in trifluoroacetic acid at 0 °C
for 1 hour. The deprotected polymers were therotliesl in deionized water, dialyzed, and
freeze dried. Polymer molecular weight and othe@nalcal characteristics were determined
by nuclear magnetic resonance (NMR), Fourier-tr@msfinfrared (FTIR) spectroscopy and
gel permeation chromatography (GPC). FTIR was tseerify the consumption of the
monomer and the formation of amide bonds in thggegtide backbones. Tandem gel
permeation chromatography/light scattering (GPCAu&$ performed at 60 °C using an SSI
Accuflow Series 11l pump equipped with Wyatt DAWNOE light scattering and Optilab
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rEX refractive index detectors. Separations weteeaed using 19 10, and 10 A
Phenomenex Phenogel 5 um columns with 0.1 M LiBDNF as eluent and sample
concentrations of 5 mg/mL. The deprotection offiblymers was then verified usifig
NMR.

Block copolypeptide—hydroxyapatite nanocomposite synthesis

To prepare calcium phosphate (CaP)-polypeptide s@nposite hydrogel samples,
the following procedure was used: 0.11 glks, was mixed with 1.5 mL 4.0 M
Ca(NQ),-4H,0 solution. To dissolve the polypeptide and form llydrogel, the calcium
containing polymer solution was kept at room terapee for two days. Then, 0.9 mL 4.0 M
(NH,).HPQ, solution was added and aged at room temperatusnfadditional four days to
form a CaP-hydrogel nanocomposite containing apprately 4.0 wt% polymer. In addition
to the polypeptide and the inorganic phase, thegatains mainly water along with some
ammonium nitrate. The pH of the hydrogel sample adjssted to ~ 8 from an initial pH of
around 3 by adding NaOH solution. The formatiofddip in CaP/polymer hydrogel is
believed to take place through the following sirfigtl chemical reaction:
10Ca(NQ), + 6(NH,),HPQ, + 2H,0 — Cayo(PQy)s(OH), + 12NHNO3 + 8HNG;

(4.1)
Characterization

Calcium phosphate nanocomposite samples were a&ubbyzusing techniques of X-
ray diffraction (XRD), FTIR spectroscopy, thermograetric analysis (TGA), NMR, small
angle X-ray scattering (SAXS), transmission elattmacroscopy (TEM), high resolution
transmission electron microscopy (HRTEM), scannragsmission electron microscopy
(STEM). Moreover, the atomic Ca/P ratio was alsmitooed by energy dispersive X-ray
spectroscopy (EDS).

The structure and crystallinity of the as-preparadocomposite samples were
investigated by a powder X-ray diffractometer (XtHRRO, PANalytical Inc., Westborough,
MA, USA) using monochromatic CuKradiation { = 0.15418 nm) and operating at 45 kV
and 40 mA. The scanning rate was 0.008°/s witkeja size of 0.017° over a range of ¥0°
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20 < 60°. Scintag DMSNT search/match software and @2} 2007 database were used for
the phase analysis.

Chemical analysis of the samples was carried oat Byuker FTIR spectrometer
(Bruker IFS-66v, Bruker Optics Inc., Billerica, MAISA) over the range between 400-4000
cm* with a resolution of 4 chhand averaging 32 scans. NMR studies (see belaw)ree
vaccum dried samples; therefore the XRD patternsmotum dried samples both before and
after washing were obtained, to confirm the rema@fammonium nitrate during washing.

For the FTIR analysis of all the different sampitesntioned above, the samples were
pressed into KBr pellets containing approximatelyt% sample. The inorganic phase
(HAp) content of the nanocomposites was estimaiédaPerkin Elmer thermogravimetric
analyzer (Perkin EImer, TGA 7, Downers Grove IL,A)SApproximately 50 mg of the gel
sample, the vaccum dried nanocomposite and theaslasdmple after vaccum drying, were
heated to 50 °C under air flow conditions, helth& temperature for 1 min, then ramped to
120 °C at a rate of 5.0 °C/min, and at a rate o® 2C/min to 550 °C. XRD patterns and
FTIR spectra of the calcined samples, after beigest to thermogravimetric analysis, were

also obtained.

Solid state NMR.Solid state NMR experiments were performed usiBguker DSX400
spectrometer (Bruker-Biospin, Rheinstetten, Germanhy00 MHz forH, 162 MHz for*'P
and 100 MHz fof*C with a Bruker 4 mm magic-angle spinning doubkorence probehead
at ambient temperature. All samples were analyz#dtbwt washing, but were vacuum dried
before NMR experiments because solid state NMRiregjuelatively dry samples to avoid
power absorption by ionic conduction. The 90° pudsgths were 4 ps foH, 4.7 us fof'P
and 4 ps fot*C. All the*'P and'H NMR experiments were carried out at a spinniregsiof
6.5 kHz, while®C NMR experiments were at 4 kHZ? direct polarization experiments,
including those with gated recoupling, were perfedmvith recycle delays of 100'61—*'P
correlation experiments withotli homonuclear decoupling, using the wideline sdjara
(WISE) NMR pulse sequence with hypercomplex datpiesition, were carried out with 256
20 ps tincrements and 2 s recycle delays.'BB*'P heteronuclear correlation (HetCor)
NMR experiments were carried out with 100 44 jisdrements of FSLG homonuclear



107

decoupling and 2 s recycle delays. Lee-Goldburgspmlarization (LGCP) was used for
polarization transfer frortH to *'P in both*WISE” ™ and HetCor experiments with contact
times of 0.7 ms and 0.5 ms, respectively.*HDspin diffusion experiments after 0.1 ms of
cross polarization were accomplished with spinugitbn times of 0.1, 0.5, 1, 5, 10, 50, 100,
500 ms, and 1 $°C cross polarization and cross polarization wittedalecoupling of 40 us
were used to detect the mobile components in thgeptide phase. The$€ NMR
experiments were carried out with recycle delay® sfand 45056 scartsl one-pulse NMR
spectrum was obtained with 3.8 1590° pulse and background suppression. Two-pulse
phase-modulation (TPPM) was used for heteronudipaiar decoupling in all these
experiments. The proton peak at 0.18 ppm*@Pgheak at 2.8 ppm of NIST hydroxyapatite
were used as secondary references to calibratelthed®*'P chemical shifts, respectively.
The C=0 carbon peak at 176.49 ppm of 28%dabeled:-glycine was used fdfC chemical

shift calibration.

Electron microscopy.STEM, HRTEM, Selected-Area Electron Diffraction (8B), and

EDS studies were performed with a FEI-TecnaF20 (FEI Inc., Hillsboro, OR, USA)
scanning transmission electron microscope equippgdEDS (EDAX Inc., Mahwah, NJ,
USA) using a CCD camera and Digital Micrograph ®afe (Gatan, Pleasanton, CA, USA).
For the TEM analysis, a small amount of HAp/copelygle hydrogel sample was placed
onto a Formvar-coated copper grid and a negatimegast stain consisting of 1.0%
ammonium molybdate at pH ~ 8 was applied. Aftelypp the stain, the excess solution

was wicked away and the sample was allowed to dry.

Small angle X-ray scattering (SAXS)The structural order and length scale of the potyme
gel structure were estimated by SAXS. Scatteringsueements were performed at the 12-
ID beam line at the Advanced Photon Source at Argdsational Laboratory. Gel
nanocomposite samples were sandwiched between iKeayes, and placed 2 m from the
detector to investigate the nanocomposite stru@ndetemplating properties of the
polypeptide. A 15 x 15 cm detector was used to oreahe scattered intensity and the

transmitted intensity was measured using a photledidhe beam energy used for the
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analysis is 12 keVi( = 1.035 A) and the data were collected at 1 s gx@o and the

collected 2D data were corrected, azimuthally ayeda

Conclusions

HAp/copolypeptide nanocomposites were obtaiviad simple co-precipitation
method at room temperature with the block copolyigep serving as the organic template,
similar to natural bone that is a complex inorgghiép) —organic (collagen) nhanocomposite
material. This method allows for simultaneous faioraof the self-assembled block
copolypeptide gel and of the inorganic phase, theemabling formation of a self-assembled
nanocomposite. Block copolypeptide templates thiahfgels at very low weight fractions
(0.5-4 wt%) compared to previously investigatedlisgtic block copolymers, allow for
inorganic content in the nanocomposites of ovew®®, more closely approaching the
inorganic content seen in natural bone. Previossanefr " has shown that the increase of
HAp content will result in an increase in the d@@astodulus but a decrease in the tensile
strength and ductility. A good compromise of theshanical properties can be obtained in
the composite of HAp weight fraction of 60—70%6, the composition of native bone. As
mentioned earlier, most of the synthetic biomineedion efforts have yielded only about 30
wt% inorganic fraction. Therefore, the present wisrknique in that we have been able to
increase the inorganic weight fraction to over 5@86re closely approaching the inorganic
content in bone. Solid state NMR studies provecettistence of a nanocomposite, with the
inorganic phase composed mainly of hydroxyapatiteatso HPG~. The morphology of the
inorganic nanoparticles is very different from tbatained by precipitation in the absence of
the block copolypeptides. The data obtained fronDXRTIR, S/TEM, SAED, HRTEM,
EDS, solid state NMR and small angle scatterindistuiare consistent and lead us to the
conclusion that the inorganic phase present im#gmocomposite is carbonated HAp of nano-
scale dimensions, with elongated plate-like morpgglvery similar to the mineral phase of
bone. Overall, this approach allows us to syntleesétf-assembled calcium phosphate
nanocomposites using organic templates, which doal@ a potential applications in soft
tissue repair.
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Tables and Figures

Table 4.1The possible assignments of FTIP peaks presengurd-4.2 (ref. 23, 56, 60, 61,
77-80).

Group Frequency (cm™) Assignment

3570
3450 (broad)/ 1640
3350

Hydroxyl stretching
Water absorption bands
N-H stretching of amine groups

3280 N-H stretching of amide 1

2970/2850 C-H stretching

2050 NH;" bending mode

1630 Amide [ mainly CO group
stretching mode

1537 Amude II mainly N-H bend and C
N stretch

1470/730 C-H bending and methylene
rocking

1390 Methyl C-H bend

1380/832 Nitrate groups

1350 Methyne C-H vibrations

1300 CH, deformation and wagging

1250 Amide III mainly C-N stretch and
N-H m-plane deformation

1160 C-N stretch of amine groups

1080/700 C-C vibrations

873/1415/1462 Carbonate vafvsufvsy (for B

566-601/962/1040-1100

COsHAp)
Phosphate bands of HAp
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N f) Pure HAp

e) After TGA

d) Washed

¢) Vacuum Dried

Intensity (arb. units)

b) As-prepared Gel

/\—”\‘ a) Pure Polymer

0 20 30 40 50 60
20 (deg)

Figure 4.1. X-ray diffraction patterns of a) pure polymer, ks-prepared calcium
phosphate/hydrogel nanocomposite, ¢) vacuum dresgbcomposite, d) washed sample
(after vacuum drying), e) calcined sample after T&4eriments and f) pure HAp (Standard
Reference Materi&12910). Data were collected by Y. Yusufgolu.
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d) Pure HAp
Y

¢) Washed

b) Vacuum Dried

Transmittance (arb.unit)

a) Pure Polymer

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm'l)
Figure 4.2. FTIR spectra of the a) pure polymendguum dried HAp/polypeptide hydrogel

nanocomposite, ¢) washed sample (after vacuum gyyiand d) pure HAp (Standard
Reference Materi&l2910).Data were collected by Y. Yusufgolu.
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Figure 4.3. TGA thermographs of a) as-prepared HAp/polypeptigdrogel, b) vacuum

dried HAp/polypeptide nanocomposite, ¢) washed kAppeptide nanocomposite and d)

pure HAp (Standard Reference Material® 2910). Dagee collected by M. Kanapathipillai.
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Figure 4.4 3P NMR spectra of the synthesized composite. (a}i$ioe: DP/MAS spectrum
of all phosphates. Deconvolution baseddr*'P dipolar dephasing is also shown; thin
dashed line: P, 68%; thick dashed line: protonated or H-bondeasphate, 32%. (b)
CP/MAS with 1-ms cross polarization time.

12:' fL iﬁ
ppm 0.0 005\1@5\“"
3p8 4 0 -4

b) 2.8 ppm 31P c) 0.5ppm31P
(b) 2.8 pp H20 (¢) 0.5pp

CH&CHz tm=
500 ms /\

H20
HPO4 HPO4
0.05 ms

IH 5 0 pPmM g 0 .10

CH&CH2

Figure 4.5 (a) 2D H-31P HETCOR NMR spectra of the synthesized composité, spin
diffusion mixing times of 0.05 ms, 50 ms, and 508 ) and (c): Cross sections of the 2D

spectra at 2.8 ppm and 0.5 ppiR, respectively.
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Figure 4.6 *H spectra of the synthesized composite. (a) OnsepHl spectrum of regular
vacuum dried sample (solid line) and intensivelgdiisample (dashed line). (b, c) Cross
sections from 2D “WISE” spectra at 2.5 ppm andfpb *'P, respectively, for a series of

spin-diffusion times.

31Pp spin diffusion

Figure 4.7. 3P NMR of the nanocomposite, witfP spin diffusion for 0.1 ms (thick line)
and 1 s (thin line) after short (0.1-ms) cross po#dion that selectively polarizes the

protonated phosphates. MAS frequency: 6.5 kHz.
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CgH
Cc=0 ; CoH pH2 CyH, Cg ¢H3
Leu (L): a-helix | : I | |
H CB Hy CgHy
Lys (K): B-sheet | : I [
ys (K): B E oy | Oty
Lys (K): coil | (I Cp I—iz
CoH(K)
CpHa(L)

Cs Hy(K) &
C,H, C5.cHs(L)
H, Y 5,eH3(

Figure 4.8.Solid-state*C NMR spectra of 30 in the nanocomposite. a) CP (thin line)
and CP with 4Qus gated decoupling (thick line). b) direct polatiaa (DP) with 1 s recycle
delay. Literature values of the solid-st&l@ chemical shifts are listed above the spectra for

different peptide secondary structures.
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Leu (L): o-helix | : | |
B s : CBIHz |C|8Hz
Lys (K): B-sheet | : | H
Lys (K): coil : CB| Ho
CoH(K)
Cs Hy(K) &

CpHa(L) CyH, Cg eH3(L)

CP

[ T
13¢ 180 160 60 40 20 ppm

Figure 4.9, Solid-staté*C NMR spectra of the nanocomposite after intendiying. CP
(thin line) and CP with 4Qs gated decoupling (thick line).
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Figure 4.10. TEM images and corresponding SAED patterns of Ig8lypeptide
nanocomposite: a) bright field, b) STEM/HAADF, c)ashed HAp/polypeptide
nanocomposite (after vacuum drying), d) HAp nansiztg obtained by direct synthesis from

an aqueous solution in the absence of polymer. Wata collected by Y. Yusufgolu.
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Figure 4.11. a) BF-TEM and b) corresponding DF-TEM images of gfgolypeptide
nanocomposite, c-d) HRTEM images of HAp/polypeptid@aocomposite. The lower inset in
Fig. 4.11a shows the corresponding SEAD patternttadpper inset in Fig. 4.11c shows the
filtered inverse-FFT image of the indicated areateDwere collected by Y. Yusufgolu.
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Figure 4.12: SAXS of polypeptide nanocomposite. SAXS data viitted using a combined
eqguation consisting of an exponential and a poaerfbr the high Q region and power-law
fitting was used for the low Q region. Data werdemed by M. Kanapathipillai
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Supporting Information for
Self-assembled calcium phosphate nanocomposites using block copoptuke templates
Yanyan Hu, Yusuf Yusufoglu, Mathumai Kanapathipjlahu-Ya Yang, YaQiao Wu,
Papannan Thiyagarajan, Timothy Deming, Mufit AkiKéaus Schmidt-Rohr,
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Figure 4.S1 Determination of phosphate protonation staté'ByNMR. (a) DP/MAS with
recoupledH-3'P dipolar dephasing for zero (thin line) and twtion periods (thick line).
(b) Plot of normalized'P NMR intensity as a function of dipolar dephading.
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Chapter 5
Broadband “Infinite-Speed” Magic-Angle Spinning NMR Spectroscopy
A paper published in Journal of the American Cha8ociety
2009, 131, 8390-8391
Yan-Yan H@, E. M. Levir?, Klaus Schmidt-Rofr
®Ames Laboratory and Department of Chemistry, lowaeSUniversity, Ames, IA 50011,
USA
®Ames Laboratory and Department of Physics and Astryy, lowa State University, Ames,
IA 50011, USA

Abstract

High-resolution magic-angle spinning NMR of highsgin-1/2 nuclei such &§°Te,
20pp 11950 13cd, and'**Pt is often hampered by large (>1,000 ppm) chenrsibiit
anisotropies, which result in strong spinning satets that can obscure the centerbands of
interest. In various tellurides with applicatiassthermoelectrics and as phase-change
materials for data storage, even 22-kHz magic-asigiening cannot resolve the center- and
sidebands broadened by chemical-shift dispersibichwprecludes peak identification or
guantification. For sideband suppression ovengmessary wide spectral range (up to 200
kHz), radio-frequency pulse sequences with fewrtghases are required. We have
identified Gan’s two-dimensional magic-angle-tum{(iMAT) experiment with five 90
pulses as a promising broadband technique formhtaspectra without sidebands. We have
adapted it to broad spectra and fast magic-anghaisyy by accounting for long pulses
(comparable to the dwell time i) &and short rotation periods. Spectral distortiaressmall
and residual sidebands negligible even for spedgttasignals covering a range of kB,
due to a favorable disposition of the narrow rargegaining the signals of interest in the
spectral plane. The method is demonstrated oowstechnologically interesting tellurides

with spectra spanning up to 170 kHz, at 22 kHz MAS.

Main text
Determination of the spectrum of isotropic specshlfts (chemical, Knight, or

paramagnetic shifts) is a central goal of high-hgsan NMR. For spin-1/2 isotopes, magic-
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angle spinning (MAS) can often achieve this goat,ib some cases spinning sidebands, due
to large chemical-shift anisotropies, may obschee isotropic-shift information. This is a
particularly serious problem for high-Z nuclei, buas'*Te, ?°Pb, *%Sn, ***cd, and'*Pt,
which have large chemical-shift anisotropies whagytare located in low-symmetry (less
than cubic) environments. In some cases, evenlatvedy high-speed MAS the sidebands
are still merged; Figure 5.1 shows that this pnoblexists in 22-kHz MAS**Te NMR
spectra of various tellurides, several of which éainteresting applications as
thermoelectrics® or as phase-change materials for reversible dat@ge on CDs and
DVDs®. While the sidebands in the spectrum ofPg Figure 5.1a, are narrow enough to be
merely a nuisance, those of ;.3b; and GeTe, see Figures 5.1b and c, respectivety, ar
merged due to a broad distribution of isotropidtshivhose spectrum cannot be determined
under these conditions. In the high-performancentbelectric AgsPhsSh sTex,? Figure
5.1d, the relative intensity of the smaller bandlefbonded to Sb at -1500 ppm cannot be
reliably determined because of overlap from (unkest) sidebands of the main peak. It
appears that similar effects, manifested as no nimeowing in 8-kHz MAS'*Te NMR,
were also observed for some transition-metal telas’

Faster magic-angle spinning can increase the spatisidebands and decrease their
intensities. Nevertheless, an often superior aapras complete removal of spinning side-
bands by suitable sequences of short radio-frequpntses” producing a large nutation
frequencyyB;, since in most NMR probeheads the maximyB clearly exceeds the
maximum MAS frequencyw, achievable. For instance, in our probehead wiBin2m
rotors,wr < 21 35 kHz, whileyB; > 21 110 kHz.

Various pulse sequences with four or more °180Ises have been introduced for
sideband suppressidt, but due to the length and unfavorable off-resosgmoperties of
180 pulses, they cannot achieve the broadband exsitatiquired for spectra as in Figure
5.1 spanning 100 kHz or more. In particular, taiappression of sidebands (TO38pes
not work well in many of these cases, giving venyall intensities for sites with large
sidebands. The projection of suitably sheared pladteenated spinning sideband (PASS)
NMR spectrd, obtained with five 18Dpulses, can provide quantitative spectra with only

minor sidebands and with good sensitivity, but diolymoderate ranges in isotropic chemi-
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cal shifts (< 0.7yB1).” Instead, we have identified Gan’s magic-angle ihgn(MAT)
experimerit® with five 9¢° pulses as a superior alternative; here, the piojeafter suitable
shearing vyields the “infinite-speed” spectrum fregé spinning sidebands. The MAT
experiment provides a larger bandwidth than TOSBASS since it requires only four ~00
pulses in addition to the regular excitation pusse Figure 5.2a. The bandwidth of a 900
pulse is large, > 5B1, if the length of the magnetization in the trnsrse plane is
considered, but one needs to account for the ndemdar off-resonance phase shift
oltp/2° Thus, evolution occurs effectively for about hifké pulse duration,tas indicated
in Figure 5.2. As a result, a nominal evolutionéitn.«/{2 = O corresponds to an effective
evolution time ¥2 = t,, see Figure 5.2b. The first slice without evalntitl/2 = 0, is
obtained by omitting the “evolution pulses” altduet, see Figure 5.2c.

While MAT has mostly been applied at low spinnimgguencies of ~ 0.1 kHz to
measure site-resolved chemical-shift anisotropiefer our purpose fast spinning with fre-
quencies > 20 kHz is required to maximize sensjtiviising the MAT+ approachfor
solving the 2D phase problem. After shearing byaan(d/2) alongy,, by arctan(-2/3) along
2, and scaling oy’ by 2/3, the signal is concentrated in narrow ieeitridges (centerband
and spinning sidebands), see Figure 5.3a. Summativertical slices at these ridges (rather
than over a wide range of noise or potential art#pgives the desired spectrum without
sidebands. Cyclic decrementation gf &s indicated in Figure 5.2a keeps @nd {g short,
avoiding T, relaxation and loss of synchronization. Sincetithne signal of a broad spectrum
decays fast, we have added a rotation-synchrorizduh spin echo before detection, which
moves the signal out of the pulse dead time withatérfering with rotary refocusing.
Compared to a regular 1D spectrum, sensitivity iIATMis reduced by a factor of ~1/4,
because during4 and tg only one magnetization component is retained.

Figure 5.3a shows a fast MAT 28 Te NMR spectrum of AgsbisShr sTexo
obtained with the pulse sequences of Figure 5.hedred to provide isotropic shifts along
;" (vertical) and just center- and sidebands alegig(horizontal). The centerband slice and
the sum of first-order sideband slices are showfignre 5.3b and 5.3c, respectively. Peaks
in the sideband slices are broader, most likelytdube greater sideband contribution from

sites with larger chemical-shift anisotropies, whitsually arise from a more disordered
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environment. The sum of all three slices is showiigure 5.3d (thick line) and compared
with the regular 22-kHz MAS spectrum (thin linehél'shoulders labeled by arrows in the
regular 1D spectrum are unresolved spinning sidé&harhese are seen to significantly
increase the apparent signal of Te bonded to SIndrdl500 ppm. As a result, the apparent
Te{Sb} fraction in the regular MAS spectrum is 308hile the actual number from MAT is
(22 + 3) %. This has important implications foustlering or segregation of Sb in this ther-
moelectric material™? For instance, if all Sb was randomly placed onRbesublattice
independent of Ag, 31% of all Te would have an 8igimbor and resonate near —1500 ppm;
this is clearly not the case, indicating dopansiting” that may improve thermoelectric
properties:** The assignment of the “additional” signal in #&2kHz MAS spectrum to
sidebands is confirmed in Figure 5.3e, where tmributions from the Nth sideband
obtained from MAT are shown (dotted lines) in tHe@tural” positionswis, + Ne,. In

Figure 5.3e, the sum of these sidebands and therband (dashed line) is also compared
with the regular MAS spectrum (continuous lineheTgood agreement shows that the
additional pulses in MAT do not produce significapectral distortions. The noise could be
reduced further by time-domain filtering centeredtioe echo maximum.

ShTe;, also a good thermoelectric matefiglovides an example of a system with a
wide spectrum, spanningt270 kHz, due to a large chemical-shift anisotrogfiecting its
noncubic, rhombohedral structlfre The 2D fast MAT***Te NMR spectrum of Shes is
shown in Figure 5.4a, and Figure 5.4b comparesitti@ite speed” MAS spectrum (thick
line) obtained from the sum of the fast-MAT sigstites with the regular 22-kHz MAS
spectrum (thin line). The sideband suppressioathyrenarrows the signal and exposes an
asymmetry or shoulder to the left of the main peahkich could be due to the central Te
layer in the layered Te-Sb-Te-Sb-Te crystal stm&fuThe comparison of the sum of MAT
center- and sidebands in their “correct” positiaith the regular MAS spectrum, see Figure
5.4c, confirms that fast MAT works well for larg&s8s spanning ~1.%B;.

The fast MAT spectra shown here and recorded oneinommpounds indicate that
off-resonance spectral distortions are tolerabteafepectral range of 1y8; = 200 kHz =
1,600 ppm of***Te at 9.4-T field. This range in ppm can be exéehdy (i) higheryB,

values, which can be achieved in smaller radiotfeeqy coil$®, or (ii) by measurements at
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lower B fields, where the spread of frequencies is redifsder Hz/ppm). Both of these
changes would be accompanied by signal reductesessitivity limitations will impose the
eventual estimated constraint of the spectral ranget,000 ppm of**Te or ~6,000 ppm of
207

Pb.
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sideband pattern along" (horizontal) Spinning frequency: 21.74 kHz;°gfllse length: 2
us; recycle delay: 150 ms. (b) Centerband slice.s(an of sideband slices, scaled up
fourfold. (d) Comparison of the “infinite-speed”esgirum from fast MAT (thick line, sum of
center- and sideband slices) with the regular 2kHZ MAS spectrum (thin line). Arrows
mark unresolved spinning sidebands in the regydactsum. (e) Dotted lines (low-intensity
bands): First-order sideband slices from MAT airtheatural” positions. Continuous line:
regular 21.74-kHz MAS; dashed line: sum of MAT eicExperiment time: 48 h.
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Figure 5.4. ***Te NMR spectra of Sbe;. (a) 2D fast MAT spectrum after shearing to
provide the isotropic shift spectrum along’ and the sideband pattern alowg’. Spinning
frequency: 21.74 kHz; recycle delay: 50 ms; expentitime: 36 h. (b) Thick line: Isotropic
chemical-shift spectrum from the sum of the sigsiales in a). Thin line: regular 22-kHz
MAS spectrum for reference. (c) Comparison of rag@R-kHz MAS spectrum (continuous

line) with the sum of MAT center- and sidebandesitn their “natural” positions (dashed).
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Chapter 6
Technical Aspects of Fast Magic-Angle Turning NMR for Dilute Spin-12 Nuclei with
Broad Spectra
A paper submitted to Solid State Nuclear Magnegsdance
Y.-Y. Hu, K. Schmidt-Rohr
Ames Laboratory and Department of Chemistry, lowaeSUniversity, Ames, lowa 50011,
USA
Abstract
For obtaining sideband-free spectra of high-Z dgihnuclei with large (>1,000 ppm)

chemical-shift anisotropies and broad isotropidtshspersion, we recently identified Gan's
modified five-pulse magic-angle turning (MAT) exjeent as the best available broadband
pulse sequence, and adapted it to fast magic-apgiaing. Here, we discuss technical
aspects such as pulse timings that compensatéf-fiasonance effects and are suitable for
large CSAs over a range of yB;(1500 ppm); methods to minimize the duration of z-
periods by cyclic decrementation; shearing withdigitization artifacts, by sharing between
channels (points); and maximizing the sensitivifyelsho-matched full-Gaussian filtering.
The method is demonstrated on a model sample adramino acids and its large
bandwidth is heighted by comparison with a multijplpulse technique. Applications to
various tellurides are shown; these include Gebgl& and Ag s3bisShy 2T ey, with
spectra spanning up to 190 kHz, at 22 kHz MAS. \AWAehalso determined the chemical shift
anisotropies from the intensities of the spinnimgisands resolved by isotropic-shift
separation.

Introduction

Magic-angle spinning NMR spectra of high-Z nucleils as-*Te, ?°’Pb,*%Sn, and
13¢d in non-cubic environments are often crowded wfiimning sidebands overlapped with
the peaks at the isotropic shifts over a broadtsgleaange; this overlap interferes with the
determination of isotropic chemical and Knight s&hiind evaluation of chemical shift

anisotropies. Most methods designed for suppressitelpands [1, 2] employ long pulses
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and cannot achieve broadband excitation, leaviagrey distorted spectra for spin systems
of large spectral range. Recently, we adapted Q4AS* experiment [3] to fast magic angle
spinning with frequencies > 20 kHz, hereafter neféito as fast MAT [4], to maximize the
sensitivity by solving pulse timing issues dueitoté pulses and short rotation periods. Fast
MAT is presently the best broadband method to sepasotropic chemical shift and
chemical shift anisotropy. It has been successapiylied to various tellurides with spectral
ranges up to ~ 1./, without significant spectral distortions [4].

In this paper, we detail technical aspects of & MAT experiment, including
analysis and quantitative numerical simulationthefnearly linear off-resonance phase shift
= smitp/2, which can be considered as precession durmfritte pulses and can therefore
be included as an effective evolution time; andicydecrementation of the z-periods
designed to keep them short in order to avaidelaxation or possible spin diffusion without
the loss of required synchronization. For data @ssing, we have employed echo-matched
full Gaussian time-domain filtering to improve thignal-to-noise ratio, taking advantage of
moving echoes (whean £ t;) due to the refocusing of the isotropic chemitsits. We have
also applied the sharing-between-channels appi&deliter shearing to avoid spectral
artifacts associated with digital rounding whenagirey parameters are not integers.

In addition, spectra acquired using PASS [2,6,d| fast MAT under similar
conditions on a model sample are used to compase ttivo methods in terms of sensitivity,
spectral distortions, and experimental implemeatati-or spin systems with moderate
spectral range, PASS is preferable due to its hsdtesitivity, and simpler experimental set-
up and data processing. However, when broad-raxg@gon is desirable, fast MAT
demonstrates its reliability in producing sidebdred spectra without significant spectral

distortions.

2. Materials and Methods
Samples. A mixture of seven amino acids with differéf€ labeling sites, includifgC;-
Leu, **C;-Gly,**C,-Leu, 1*C,-Gly, °Cs-Ala, *Cy-Ala,**C1-N,-(tert-butoxycarbonyl)-L-

arginine, were used as a model sample. All ofébeled amino acids were purchased from



136

CIL Inc. GeTe was used as received from GFS chdsiiSamples AgsFPsSh ,Teo and

ShyTe; have been described in reference [8].

NMR parameters. All of the ***Te NMR experiments were performed using a Bruker
DSX400 spectrometer at 126 MHz ¥offe. A 2.5-mm MAS probe head was used at a
spinning speed of 21.74 kHz (synchronized witimcrements) with?°Te 90 pulse length of
2.4 ps. All the fast MAT**Te spectra were obtained with the first five pulsg us and the
last pulse of 3.;us in order to achieve broad excitation. EXORCY Cltiage cycling [9] was
used for pulse length error compensation for teepalse. Recycle delays of 150 ms for
AgosPhisSh 2Texo, 50 ms for Spre;, and 50 ms for GeTe were applied. In thé/38T
datasets, the number g@fihcrements was 400 for AgPhbisSh; 2Texo, 280 for SkTes, and
320 for GeTe, while in the’SMAT datasets, the number afibcrements was reduced to 80
for Ago.sPhisShy sTex, 40 for SbTes, and 40 for GeTe. TH& Te chemical shift relative to
Me,Te in CDC} was calibrated using Te@t +750 ppm as a secondary reference.

For all**C NMR experiments on the model compounds, a 4-mabléaesonance
MAS probe head was used at a spinning speed Gflddz. Weak'*C 22us 90r.f. pulses
were purposely applied to test off-resonance talaf fast MAT and PASS. A reference

spectrum using 5-pulse PASS was obtained with gtdofus 90 r.f. pulses.

3. Theoretical background and experimental setup

Gan’s MAT experiment. Gan’s modified MAT experiment, MAT[3], includes two
pulse sequences. One of them is identical to tiggnat MAT [10] with t,a = t,z = t/3-1,/2,
generating the MATdata set,
S' (t,t,) =< 'S, expli (@, — N, 12t} - expli(@g e, )t} R>, (6.12)
where tis the rotor period, Ss the intensity of the®horder spinning sideband, and R
accounts for relaxation effects. The other pulspisace differs from the original one by an
additional delay of;f2 before the last read-out98ulse, producing the “time-reversed”
MAT " data set,
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S (t.t,) =< 3 S, exp{-i (@1~ N0, 12t} -eXpl(@, 10, )t} R>. (6.1b)

The sum and difference of these two datasets cceatee and sine amplitude modulated 2D
datasets, respectively, which can be Fourier tcans#d to yield purely absorptive 2D
spectra. After spectral shearing, 2D spectra withirdinite-speed” isotropic-shift projection
alongw; and anisotropic powder pattern or sidebands algraye produced.

Gan'’s original MAT experiments were performed atsbkpinning speeds for narrow
spectral ranges (< 20 kHz), while for our purpasenning speeds greater than 20 kHz are
necessary to maximize the sensitivity and covespeztral ranges larger than 100 kHz
needed due to wide chemical shift dispersion. Boaad spectra produce large phase shifts
that can be explained as resulting from the evatudiuring pulses of finite duration. These
lead to artifacts which can be corrected for aswlesd below. Also, the rotor period t
becomes short at fast spinning and thevblution time has to exceed opéotattain
reasonable resolution, rather thar t. at spinning speeds on the order of hundreds &f.her
Therefore, modifications of the durations of thperiods (ta and tg) are necessary to
maintain pulse synchronization as well as avaigelaxation and potential spin diffusion.
Moreover, regular data processing procedures caefimed by employing echo-matched
full Gaussian filtering to maximize the sensitivagd sharing between channels [5] after
spectral shearing to eliminate spectral artifagssiiting from digital rounding with

traditional shearing procedures.

Simulation of pulse excitation effects in fast MATIn fast MAT experiments [4], four ~
90° pulses are used in addition to the regular exeitatnd Hahn-echo pulse. Here, we
analyze the effect of the pulses on magnetizatibresonance and show that the resulting
phase shift, which is nearly linear with off-resnoa frequency\w, can be considered as
precession during the pulses and thus compensated f

The bandwidth of a single 9&-pulse applied to z-magnetization ig2 if the full
width at half maximum of the profile of the y-magimation as a function o is

considered [11]. However, the profile of the tdtahsverse magnetization ¥8o is
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significantly wider, > $B1 [12]. The difference arises from a nearly linedrresonance
phase shift Awty/2 [12] of the transverse magnetization.

The MAT sequence contains two pairs of ~p0lses, with the first flipping z-
magnetization to the transverse plane and the daestoring one magnetization component
to z. It is instructive to start by considering guagr of ideald-pulses. The transverse

magnetization generated by the first x-pulse pisEeas

My = Mo cosAmty; (6.2a)
My = Mg SinA(x)t]__ (62b)

By the second pulse of suitable phase, either caengacan be stored along the z-direction:
M;.cos= Mo COAmt; (6.2¢)

The ratio of these two components can be writtaerims of the evolution phase
d = Aoty; (6.3a)
tan®) = Mzsin/ Mz cos (6.3b)
This relation will allow us to determine the effi@etduration of precession during pulses of
finite length (Fig. 6.1a).
We have analyzed the excitation effect by numdyicaimulating the spin evolution
during a back-to-back pulse pair (without any defayminal { ,om= 0) as a function of off-

resonance frequenayn. The effective magnetic field in the rotating fraims calculated
as@ = §1 + A—Bo whereAw = -y|A—BO |. The second pulse is phase cycled along +y artd +x

obtain the cosine and sine componentssiihd M, of the magnetization, respectively. The
+ alternation of the pulse phase, combined withcthreesponding alternation of the receiver
phase, removes signal from residual transverse etiagtion and distortions that arise for

flip angles# 9C°. For each pulse, the precession of the magnetizatound the effective

magnetic field by an angle= wes t, with werr = -y|$| is calculated using the rotation
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matrix R, , (7) = I?{(O,—ﬂ,—a) I?Q(a,ﬂ,—;() [11], where , B) are the polar coordinates of the
effective field ¢. = O for an x-, andx = 9¢ for a y-pulse, an@ = 9C for both) andR is the
standard active rotation matrix for the three Ealegles defining the rotation. The

magnetization vector after the rotationNk,,, = Rso()%) M,uoe - The initial magnetization

is along the z-axism = (0, 0, 1J. After pulse phase cycling as described abovezthe

magnetization components; M, and M c.sare calculated as a function&b, in a range of +
4yB;. The length of the effective transverse magnetinaduring the pulses (Mnsy is

obtained as

M yaree = VM Zzsin + M %205 (6.4a)
while the effective evolution phage during the pulses can be defined analogous t&E.(
above:

tan(®o) = Mzsin/ Mz.cos (6.4b)

Fig. 6.1b shows that pulses with smaller flip asglve broader excitation profile
than long pulses, as expected. Therefore, NMR ndstleaming at achieving broadband
excitation shall employ short r.f. pulses; howeubgere is usually a trade-off in terms of
reduced sensitivity. Fig. 6.1c displays a plotdef¢p, i.e. the effective evolution phase
normalized by the nominal pulse flip angie= mity, vS.Aw/w:. The phase shifig/dp is seen
to grow linearly withAw/w;, with a slope s= 1 for small flip angles and s = 1.26 for°90

pulses. Therefore, after a pair of consecutivepses, the effective evolution phase is

do = S(A(D/(D]_)d)p =Awo S t,. (65)
For a finite nominal evolution time {on{2,
(1) = A(,Ot]_,efflz = (1)0 + ACO tl,non{z =ACO (tl,non{z + S L), (6.6)

which means that the {,/2 = O slice of MAT corresponds to an effective letion time
t1ef2 = s b. This results in a large distortion of the spettfior nominal {, ,or{2 = 0. It can
be partially removed by linear phase correctior,tbat requires time-consuming
determination of the large correction phase andgeaesidual baseline artifacts. To avoid
this problem, we choose the incrementyff &s { 4w = S b, SO that the phase of Eq.(6.6) for
nominal § non{2 = 0 equals effective &2 = t qw=s § (“second 1-slice”). The signal for
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effective t /2 = 0 is then approximated by separately recorthegsignal without the two
pairs of storage and read-out pulses. Processitig## = 0 signal enables determination of
the optimum pre-detection delay and phase cormeg@wameters im,. Later, the te2=0
slice is incorporated into both thé &d S 2D spectra as the first slicedn. If the intensity
of this “first slice” is somewhat too high comparedhe rest because of pulse flip angles
deviating from 98, characteristic ridges are seen in the 2D specpanallel to thap; axis.
These simple, distinctive artifacts can be elimadaby reducing the amplitude of the first
slice by (l-cosap/2)2. In our experiments using four Ypulses, nearly ideal weighting

factors of 0.9 to 1 gave good results.

Cyclic decrementation of z-periodsThe time between the start of the two evolutionqakr
must be nt+ 27/3 in MAT. Given that the first part of this tinethe evolution period/2,

the delay ta between the end of the first and beginning ofrévet evolution period must be
t.a = Nt + 21/3 - /2. The rotation period is short at fast spinning anghias to remain non-
negative. Rather than starting with a fixed longwhich could result in spin exchange, T
relaxation or desynchronization of the rotation #relpulse sequence, we use a cyclic delay
list to minimize the length of the z-periods whileeserving the necessary synchronization.

For this purpose, the inter-pulse delay)ts split into two partg,, :%Jr Nt, +t,,, (Fig.

6.2). One delay is fixed and equal 8 iminus the time needed for the intervening pulses
plus a couple of rotation periods for relaxatiorirahsverse magnetization. The other delay,
tvan IS varied and taken from a list with n#itqy entries, where ky is the { dwell time and

t is chosen as an integer multiple pft The value of 4, starts out with a value offor t; =

0 and is decremented in stepsiQfit After t,4r has reached § in the cyclic list, it jumps

back to tfor t; = nt. For example, withyfyw = 2 us and t= 46us, the list is {46us, 44us, 42
us, ..., 6us, 4us, dis}. Since the delays are short, active synchroiuizaif the pulse timing

with the rotor phase is not necessary.
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Echoes and optimized filtering.For our purposes, dead-time free detection usidglan
echo in fast MAT is indispensable, given that ihgetconstants ;F of the FIDs are ~ 3is, if
the line widths are ~100 kHz.

In MAT* experiments with powder averaging, Eq. (6.1) candarranged and written

as
S'(tut,) :< i S expllog(t, +1,)} -expling, (-t /2+1t,} - R>7 (6.7a)
S (t.t,) :< i S expilog (-t +t,)}-expina, (t, /2+1,)} - R>- (6.7b)

In Gan’s MAT experiments with a spinning speed of ~ 100 Hz,lwletachoes are
observed abt= /2 in the S dataset due to refocusing of the CSA. Rotatioohbes occur
at longer 4. In fast MAT experiments, the sideband intensidiesreduced by the fast
spinning and therefore no significant echoes frddACefocusing are detected, for instance,
in the fast MAT experiments on the mixed amino acid

However, given a broad distribution of isotropi@nfical shiftswis, (i.€., chemical
shift dispersion), the signal forms pronounced eshat § = t; in the S dataset due to
refocusing of isotropic chemical shifts in fast MATIhe echo dominates the observable
signal, producing the sharp ridges shown in Figsa@d 6.5(a). Outside of the echo region,
t1- 4 To* < t, < 1+ 4 T,*, noise dominates the observed time-domain sigrtarefore, the
S/N ratio of the spectrum can be improved by movireggmaximum of a Gaussian
smoothing function along with the echo maximuminafsill-echo detection schemes [13].
The S/N ratio has been improved by this matcheerifiig for all the telluride samples
studied as shown in Figs. 6.5, 6.6, and 6.7.

In contrast, the Sdataset contains only an anti-echo term, <exg(t;+t,))>. As a
result, for { > 2 T,*, the intensity is negligible (< 2%) and does netd to be recorded,

which provides a significant reduction in measuttingge.

Spectral shearing in 2D fast MAT.The 2D spectra obtained directly from fast MAT
contain tilted straight ridges (Figs. 6.3a and pshace according to eq. (6.7), both
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dimensions contain a mixture of isotropic chemgtafts and CSA [10]. Therefore, shearing
iIs necessary to achieve a spectrum with peaksatrhe isotropic shifts in the; dimension
and sidebands in the, dimension for convenient data analysis.

The shearing procedure is demonstrated on thé/fast2D spectra of the model
sample of mixed amino acids (Fig. 6.3) and ofT®b (Fig. 6.4). The chemical shift alorng
is scaled by a factor of 2/3 before shearing. A&nse Fig. 6.3, after shearing along by a
factor of 1/2, the sidebands are removed fronwhdimension, leaving the projection along
; to consist of a spectrum with isotropic shittg’f (Fig. 6.3b). Subsequent shearing along
2 by -2/3 yields a spectrum with projections of ispic chemical shifts along the’
dimension and sidebands along ti¥&dimension (Fig. 6.3c).

The actual shearing tilt factors used on our concrabspectrometer are functions of
shearing factors and numbers of data points imthendw, dimensions. For spin systems
with well separated isotropic chemical shifts arellwspaced sidebands, the correct tilt
factors can be obtained by reasonable trials ghadg related sidebands horizontally along
2 and isotropic peaks vertically along. In many cases with tellurides, the isotropic geak
are continuously distributed and the sidebandsrenmged (Fig. 6.4), so tilt factors need to be
calculated as outlined in the supporting informratio ensure correct shearing. After shearing
(Fig. 6.4c), thé®Te signals in the fast MAT 2D spectrum of, B& are concentrated in
vertical ridges. The cross sections alengrovide sideband patterns, and the analysis of
their intensities can provide information on thewical shift anisotropy associated with the

selected isotropic shift im,’.

Sharing between channels after spectral shearinghe common shearing method on our
commercial spectrometer is via shifting columnsoovs of the 2D matrix by m points,
where m = tiltfactor*(N/2-n), in which the variabi¢is the total number of columns or rows
and n is the column or row number. In most cases, mt an integer and default digital
rounding will cause inaccurate shearing and diseaaus profiles (“steps”) in both
dimensions of the sheared spectra. This problenbeaircumvented by application of a

sharing-between-channels approach [5]: in off-tlata processing, when the number m falls
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between two integer values, the intensity of thérixalement that needs to be shifted is
distributed between two entries n+floor(m) and aef(m)+1 in a row or column, with
weighting factors of (floor(m)+1-m) and (m-floor(nyespectively, where floor(m) is the

nearest integer smaller than m.

Sideband artifacts.Due to pulse imperfections, in particular finitdgailength, the fast

MAT 2D spectra can exhibit sideband artifacts, tyost +m, from the expected sidebands,

in both spectral dimensions. Fortunately, thesstrder” sideband artifacts do not produce
signal in the slices containing the real cented sideband peaks, due to the slope of -1/3 of
the sideband line (see dotted lines in Fig. 6.30)y third-order sideband artifacts coincide
with signal slices, and these higher-order sidebamd negligibly small even for long r.f.

pulses.

Quality test. Additional shearing alongi, ®;" = m1'+ ®7’, can place the sidebands along
;" at their “natural” positionsvisp + Maniso@S iN the MAS spectrum (Fig. 6.4d). This enables
us to experimentally deconvolute the 1D MAS spentmito centerband and sideband
contributions. Further, the sum of all signal sishould be identical to the regular 1D MAS
spectrum. Thus, comparison between the regular Bl#&strum and the sum spectrum from

triply sheared fast MAT is useful for assessingdktent of spectral distortions.

Doubling of 2D fast MAT spectra inw;. Since the isotropic shifts of interest in our reéska
span a wide range, shearing in thedimension can result in aliasing of off-resonance
spectral regions. Although the spectra can be stnaected to correct for aliasing, a simpler
way is to replicate the spectra in thedimension by inserting pairs of slices with zero

intensity into thesttime data so that they alternate with pairs ofsnead data slices [14].

The data processing using echo-matched full-Gaussidtiplication and sharing
between channels after shearing was performed tiseniylatlab (Math Works, Natick,

Massachusetts) software.
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4. Results and Discussion

Fast MAT on tellurides. The application of fast MAT to various telluridesndonstrates its
ability of separating centerbands at the isotrepift positions from spinning sidebands over
a broad spectral range (Figs. 6.4 and 6.5a). Ecltetrad full Gaussian filtering provides an
improved signal-to-noise ratio.

Thin lines in Fig. 6.5b show the projections of temterband and sidebands of the
2D fast MAT spectra of GeTe, with normal Gaussiaritiplication and spectral shearing,
and additional three-point filtering to further te@ noise, while the thick lines represent the
corresponding spectra with echo-matched full-GaunsBitering and sharing between
channels after shearing. The S/N ratio of thedastsignificantly better even without
additional three-point noise filtering, providingtker defined spectral lineshapes of
centerband and sidebands. Comparison betweenghkard/AS spectrum and the isotropic
spectrum from fast MAT of GeTe in Fig. 6.5c revaalst the broad line width is largely due
to a continuous distribution of isotropic chemioaKnight shifts over a wide range. An
analysis of the chemical shift anisotropy basetherratios of centerband and sideband
integrals was carried out using matNMR (version589[15]. The sideband manifold
calculation was performed employing a gammaCOMPW&Eed algorithm combined with
powder averaging. Coarse optimization was facdddty the SIMPLEX algorithm followed
by a gradient minimization to finalize the analydike results show that chemical sites of
isotropic chemical shifts between 270-450 ppm haskghtly smallenccsa of 240130 ppm
than the rest with Accsa of 280+20 ppm. With\ccsa < 20 (350 ppm for?°Te), the
magnitude of the first-sideband integral (< 0.1alimost independent of the asymmetry
parameter, which can therefore not be determined relaibB}.[The agreement of the sum
of centerband and sidebands at their “natural’tfms in the triply sheared fast MAT with
the regular MAS spectrum proves that fast MAT doetsproduce significant spectral
artifacts over a spectral rangeB; (Fig. 6.5d).

Similarly, for Agy sPhisSh 2Tex, the MAT spectral quality is improved in terms of
S/N ratio by use of the echo-matched full-Gaussiardow function, especially for small
sidebands (Fig. 6.6a). The purely isotropic spectfkig. 6.6b) reconstructed from
centerband and sidebands with improved S/N raigp @=6a) permits more accurate
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guantification of the percentage of Te bonded tor&&onating around -1500 ppm, which is
22% of the total Te. The comparison of the “infagipeed” isotropic spectrum from fast

MAT with the regular MAS spectrum in Fig. 6.6b skdight on the interference of

sidebands with the true intensity of each isotrgq@ak. Sideband analysis reveals that Te
bonded to six Pb in the bulk lattice ha&asa of 350 £20 ppm, while Te bonded to Sb has a
somewhat largefccsa of 439 £15 ppm. Similarly as in GeTe, thecsa of

AgosPhisSh 2Tey is comparable te, andn cannot be determined. The good agreement of
the sum of fast MAT centerband and sidebands iin thatural” positions with regular MAS
(Fig. 6.6c) demonstrates that fast MAT resultsarobservable artifacts here.

The most dramatic difference made by using fast M&$eparate sidebands from the
centerbands over a broad range is illustrateddrcéise of Siie;. The large CSA, which
reflects its non-cubic, rhombohedral structure [t@hders the lineshape of the isotropic
spectrum unrecognizable even with 22 kHz MAS. Témterband and sideband patterns in
Figure 6.7 from fast MAT after processing with eghatched filtering and sharing between
channels after shearing show significantly redunade. The sideband pattern suggests that
at least three inequivalent Te sites exist: therpaik in the middle with &ccsa of
1226+30 ppm and an asymmetry paramgter0.45+0.1 and the shoulder on both sides with
aAocsa of 1306230 ppm and an asymmetry paramgter0.56+0.1 (Fig. 6.7b). Fast MAT
works quite well for the spectral range spanningrovl.8yB; as shown in the comparison of
the regular MAS spectrum with the sum of all celpds and sidebands in their “natural”

positions of fast MAT, see Fig. 6.7c.

Comparison of PASS and fast MAT Phase adjusted spinning sidebands (PASS) is alusefu
method for generating spectra of sidebands of ardand after shearing, spectra with
resonances only at the isotropic chemical shiftslmareconstructed. Dixon’s 4)(pulse

PASS [6] was designed for lower spinning speeddlgevat fast spinning, a multiple rotor

cycle 5-f) pulse PASS version [2,7] was implemented to avaidgoverlap and keep the
total time constant. We compare fast MAT with PABfBler the same experimental
conditions. In terms of minimizing pulse excitatieffiects, 4-pulse PASS is preferable to 5-

pulse PASS. Due to relatively fast spinning andiltesy short tin our experiments, the
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slight variation (< 0.3} in total duration of 4-pulse PASS produces ordgligible artifacts,
smaller than an additional 18pulse.

For moderate spectral ranges, PASS is usuallyqafgeover fast MAT. It has a
higher sensitivity and can be implemented with alsmumber of increments and simple
data processing. The very recent development of ABS by Hung and Gan [18] using
linear t increments allows for even easier implementatidRASS. On the other hand, the
fast MAT experiment has a significantly wider eatibn range and produces fewer sideband
artifacts. Fig. 6.8 shows the comparison of speaftsseven mixed amino acids obtained by
employing different versions of PASS and fast MATdar similar conditions, except the one
using 5-pulse PASS with strong pulse excitatiatb@8 kHz), which is used as a reference
of the undistorted spectrum. With weak pulsegBaf= 2r111.4 kHz over a spectral range of
ca. 1.8yB;, fast MAT only yields minor spectral distortionhile for 5-pulse PASS, the
distortion is overwhelming, leaving little or naémsity of all peaks. Even with relatively
stronger pulses aB; = 2t 21.9 kHz, the artifacts in the 4-pulse PASS spectare
intolerable. Thus, PASS can sometimes serve ag@aratory method, and if PASS appears
to produce sideband artifacts or distortions ofrefonance signals, then fast MAT can be

used to generate reliable and high-quality spectra.

5. Conclusions

We have discussed technical details of fast MAT ifgluding: i) the excitation
effect of the pulses on magnetization off-resondrabeen analyzed numerically, and the
results show a phase shift nearly linear with efenance frequenayw with a factor close
to unity for a pair of < 60pulses and 1.26 for 9@ulses; this phase shift can be considered
as resulting from precession during the pulsestlansi compensated for by generating a slice
with t1 ¢ = O for 2D MAT; ii) the duration of z-periods halzeen minimized by cyclic
decrementation, resolving issues from short ratgberiods; iii) the sensitivity was
optimized by matching the Gaussian filtering fuactivith the maximum of the moving
echoes generated from the refocusing of isotrdpgergcal shifts; iv) artifacts caused by
digital rounding after shearing have been remowethe sharing-between-channels

approach. Th&*”Te chemical shift anisotropy parameters of variellsrium sites in
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tellurides have been determined by analysis ofitieband patterns at various isotropic
shifts. The comparison between fast MAT and PAS®als that fast MAT is more favorable

for broadband excitation, with tolerable spectiatattions for large spectra range spanning
up to ~1.8B;.
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Fig. 6.1. Simulation of pulse excitation profilesdeeffects. (a) Pairs @fpulses compared
with pairs of back to back pulses of finite lendth). “Magnitude” excitation profiles of a

pair of back-to-back pulses of 3® 90 flip angles. (c) Numerical simulation resultsgofdp
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with the nominal pulse flip angle = w1tp) vs. Aw/o, for a pair of back-to-back pulses 0’30
to 90 flip angles.

fixed
tr '[p
tzZA= 3~ Refocus )
tzA tr-tp Htr—tp - //\ .
e MU
var —
roeg Echo-matched
fr-faw 8 Gaussian filteri
ty - 2t) qw 2o aussian filtering
Bt

Fig. 6.2. Broadband fast MAT pulse sequence foaiobtg pure isotropic-shift spectra and
sideband separation. The unequal timings of therim@s shown are for the;“time-
reversed” MAT dataset, while the MATdata set is obtained witfst= t,4, both decremented
with increasingf2, illustrated byt values taken from the delay list as shown. Flipesg
can be 68-9¢° for the first five pulses and 1208 for the last pulse. Echo-matched

Gaussian filtering is applied to the time domagnai to optimize the sensitivity.
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Fig. 6.3. Fast MAT spectra of a mixture of severiranacids with different®C labeling
(*°Cy-Leu, B°Ci-Gly,**Co-Leu, °C,-Gly, *Cs-Ala, *Cy-Ala,*Cy-N,-(tert-butoxycarbonyl)-L-
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arginine) acquired with weak long pulseB4{/2n = 11.4 kHz). (a) 2D fast MAT spectrum
before shearing. The chemical shift was scaled fagtar of 2/3 in theo; dimension. Each
peak is replicated and shifted byin m; by inserting zero-slices alternating with measured
data in 1. (b) After shearing alon@;. (c) After shearing alon@,. Sideband artifacts, due to
long (22us) pluse length, are marked by slanted lines. d$@dectrum of pure isotropic

chemical shifts from the sum of centerband andosidds generated from projections of the
sheared fast MAT 2D spectrum in (c).
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Fig. 6.4. Shearing of a fast MAT spectrum ofBd. (a) Original 2D fast MAT spectrum
before shearing. The chemical shift was scaled fagtar of 2/3 in theo; dimension. (b)
After shearing along; by arctan(-1/2) = - 26%6(c) After further shearing along, by
arctan(-2/3) = -33 Pure isotropic chemical shift aloag’ and sidebands along,’ are

obtained. (d) After further shearing along by arctan(1)= 4%to achievan;” = o'+ wy’ =



Miso + WanisofOr the purpose of a “quality test” and deconviolntof the regular MAS

spectrum into subspectra of sideband order n.

Sideband -1 x 2 .

Centerband +
sidebands

shyq

] '
- 1000 500 M40 - 500 ppm

21.7 kHz MAS
\ Fast MAT

1000 500 0 - 500 ppm ppm

Fig. 6.5."%°Te NMR spectra of GeTe. (a) 2D fast MAT spectrur@la? kHz MAS with
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echo-matched full Gaussian multiplication and sttabetween channels after shearing. (b)

Projections of sidebands and centerband from th&e2OMAT spectra with (thick lines) and

without (thin lines) echo-matched full Gaussian tiplication and sharing-between-channels

after shearing. (c) Regular 21.7 kHz MAS spectrthin(line) and isotropic spectrum of

GeTe from fast MAT (sum of sidebands and centerpddgl Quality test: comparison of
regular 21.7 kHz MAS spectrum (thick line) with them (thin line) of MAT center- and

sideband slices in their “natural” positions; th#dr are also shown individually (bands of

low intensity).
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(a)
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Sideband +1 x 3
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Centerband +
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(b) 217 kHzMAS
Fast MAT

1000 -1500 {-2000  ppm

(c)

1000 -1500 -2000  ppm

Fig. 6.6."%°Te NMR spectra of AgsPbisSh; Tev. (a) Projections of sidebands and
centerband from the 2D fast MAT spectra with (tHiokes) and without (thin lines) echo-
matched full Gaussian multiplication and sharintpeen channels after shearing. (b)
Comparison of regular 21.7 kHz MAS spectrum (time) and isotropic spectrum from fast
MAT (sum of sidebands and centerband). (c) Quédisy. comparison of regular 21.7 kHz
MAS spectrum (thick line) with the sum (thin lifegrely distinguishable) of MAT center-
and sideband slices in their “natural” positiome tatter are also shown individually (bands

of low intensity).
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(a) (b) 22 kHz MAS

Sideband -2

Fast MAT

Sideband -1
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Sideband +1

Sideband +2

(Centerband +
sidebands)*0.5

Fig. 6.7."*°Te NMR spectra of Shes. (a) Projections of sidebands and centerband frem
2D fast MAT spectra with (thick lines) and withdthin lines) echo-matched full Gaussian
multiplication and sharing between channels afteasing. (b) Comparison of regular 21.7
kHz MAS spectrum (thin line) and isotropic spectrirom fast MAT (sum of sidebands and
centerband). (c) Quality test: comparison of regBla7 kHz MAS spectrum (thick line)
with the sum (thin line) of MAT center- and sidelasiices in their “natural” positions,

which are also shown individually.



(a) Five pulse PASS (2ty)
vBi _
2n
| 56.8 kHz
(reference)
Fast MAT
(b) | MJ 11.4 kHz
(¢) Five pulse PASS (2ty)
A —_ 11.4kHz

Four pulse PASS (tr)

(d) 21.9 kHz

250 200 150 100 50 O ppm

155

Fig. 6.8. Comparison of PASS and fast MAT demonesti@n a mixture of seven amino

acids.
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Supporting Information for
Technical Aspects of Fast Magic-Angle Turning NMR for Dilute Spin-12 Nuclei with
Broad Spectra
Y.-Y. Hu, K. Schmidt-Rohr

Data acquisition and processing on a Bruker DSX spectrometer
Data acquisition of fast MAT spectra

0] The t ¢ = 0 slice of a 2DMAT spectrum is obtained by perfimg a 1D
experiment using the pulse sequence in Fig. 6.2vithbut the two pairs of read-
out and storage pulses.

(i) Make a place holder for the=t O slice in the 2D pulse program, and later
incorporate the 1D tefr = O slice as the real £ 0 slice into both the’Sand S
datasets (see data processing below).

(i)  During the acquisition of 2D datasets, insert eestif zeroes in every other t
slice in the time domain to replicate the 2D speotrthem; dimension after

Fourier transform

Data processing of fast MAT spectra (with Xwin-NMR version 3.5)

- Constructing the 2D absorptive spectra

0] Incorporate the 1Dt = 0 spectrum into ‘Sand Susing command “wser 1
<expno>" with the parameter Fcor in the edp wind®wvas 0.5*0.25 = 0.125 (0.5
is for the regular first point scaling and 0.25 esnfrom the difference of phase
cycles in the pulse programs for 1D and 2D dataiiatepns), where <expno> is
the experimental number of the 1D spectrum in tite @le.

(i)  Fourier transform Sand Sover § and §

(i)  For generating the cosine-datasgtof ;)

Se(o1,m2) = (S (o1,m2) + S(m1,m2))/2 (2 positive diagonal ridges forming an X),
usingadd2d with o andy both set to 1.
(iv)  For generating the sine-datase{i®,m,) = (S(®1,0) - S’ (w1,®))/2




157

(a) Usewrpa to copy S(m1, ®2) and Sw1, ®») to higher file numbers.

(b) In theedp window, add 99to the constant phase correction in both
dimensions

of both copied spectra.

(c) Performxfb on both datasets.

(d) Usewrpa to copy one of the datasets to a third file tatiadd them using
add2d with o = 1 andy = -1.

iS¢(w1,m7) has a positive and a negative diagonal ridgé §9@se shift ino;)

(V) Produce §o;,®7) + iS(w1,07) by usingadd2d with botha andy set to 1.

(vi)  Scale the chemical shift iy by a factor of 2/3.

- Spectral shearing

0] Shear the 2D spectra firstan dimension by setting “@&” = - 0.5/ (2*(STSI of
1)/ (STSI ofwy)), and executetiltl .

(i) Shear the 2D spectra in the dimension by setting = (-2/3)/((STSI of
)/ (2*(STSI of m1)), and executetilt .
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Chapter 7
Effects of L-spin Longitudinal Quadrupolar Relaxation in S{L} Heteronuclear
Recoupling and S-spin Magic-Angle Spinning NMR
A paper published in Journal of Magnetic Resonance
2009, 197, 193-207
Y.-Y. Hu, K. Schmidt-Rohr
Ames Laboratory and Department of Chemistry, lowaeSUniversity, Ames IA 50011

Abstract

In experiments on S-L heteronuclear spin systertis @violution of the S-spin
magnetization under the influence of a quadrupalateus (L-spin), effects of longitudinal
quadrupolar (o) relaxation of the L-spin coherence on the subligseitond time scale have
been documented and explored, and methods for nzinigntheir effect have been
demonstrated. The longitudinal relaxation resultseteronuclear dephasing even in the
reference signal®f S{L} REDOR, REAPDOR, RIDER, or SPIDER experintgndue to
Tigrelaxation of the transiently generatgdl Scoherence, reducing or even eliminating the
observable dephasings. Pulse sequences for measuring an improvecerefersignal &
with minimal heteronuclear recoupling but the samamber of pulses as fop 8nd S have
been demonstrated. From the observed intensfy= So— S and the SPIDER signalS/S,
T1g can be estimated. Accelerated decays analogdbe ttipolar $curves will occur in T
measurements for J-coupled S-L spin pairs. Evéhdrabsence of recoupling pulses, fast
T1g relaxation of the unobserved nucleus shortengémsverse relaxation timed vas of
the observed nucleus, in particular at low spinrirequencies, due to unavoidable
heteronuclear dipolar evolution during a rotati@enipd. The observed spinning-frequency
dependence ofzE, mas matches the theoretical prediction and may be tesedtimate o.
The effects are demonstrated on sevE@{**N} spin systems, including an arginine

derivative, the natural N-acetylated polysacchaciiéin, and a model peptide, (POfg)
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Introduction

Recoupling of heteronuclear dipolar interactions p@ven extremely useful for
structure determination[1,2]. While initially ddgped to probe the distance between two
different isotopes with spin 1/2, it has also bertended to quadrupolar nuclei. The
REAPDOR[3,4] and SPIDER[5] methods use pulse semprgewith most 180recoupling
pulses applied to the observed spin-1/2 nucleaskge 7. 1, but differ in the pulses applied
in the center of the recoupling sequence to inmesaturate the spin state of the quadrupolar
nucleus. Recently, closely related methods fordimeensional correlation dfN and™C
bands based on heteronuclear recoupling have titaotad significant attention[6,7].

In this paper, we discuss and demonstrate theteféédast T relaxation of the
guadrupolar nucleus on the S{L} heteronuclear depita Due to the large coupling-
strength prefactors of the longitudinal relaxatiate, the Tq relaxation times of quadrupolar
nuclei can be short, less than 0.1 ms. In solXIMR, the very short 1 results in “self-
decoupling” of the L-spin from the S-spin[8,9,10h the solid state, it has usually been
assumed implicitly that 15 exceeds the recoupling time,Ndut we show several
experimental examples, namely a molecular cryatabfginine derivative), a 30-residue
collagen-mimetic peptide, and the biopolymer chivhere this does not hold. We
demonstrate a pulse sequence that has the samemnanubtype of pulses as the standard S
pulse sequence for recoupling involving heteronuweith very broad spectra, but minimizes
heteronuclear recoupling and thus the-fielaxing two-spin coherence. The differerSy
between the resulting & signal and the standarg Signal is dominated by peaks that fail
to show the expected dephasing in SPIDER, as & méseduced Sintensity. In**N-C
correlation spectra, sucfN sites with To-relaxation on the 0.2-ms time scale would not
produce any signal. We derive the differentialagns for simultaneous heteronuclear
coupling and relaxation, with analytical solutidos L = 1/2 and numerical calculations for
L=1/2, 1, and 3/2, that produce the expectededser of the apparens df the observed S-
spin under MAS (s, mag i S measurements forndg~ 1 ms, as well as the increase g§ T
mas and loss of heteronuclear evolution for very sfieg i.e. self-decoupling of the

guadrupolar nucleus.
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Due to transient coupling effects during MASgTelaxation of the quadrupolar
heteronucleus also results in homogeneous linederoag of the observed signal without
any recoupling. The expected and observed incieakg, wasWith spinning frequency,
matches well with the simulations, which provideseatimate of*N T.. Finally, we also
explore the origin of the enhanck¥dl T, relaxation in the crystalline arginine derivatine
terms of**C T, relaxation “hot spots” and potential motional waving of chemical-shift
powder patterns measured by the SUPER technique.

Note that the heteronuclear relaxation effect enquidnere is unrelated to the
inhomogeneous line broadening due to nonseculalrgpalar coupling acting on the
heteronuclear dipolar coupling, which occurs indbsence of any motion for afC-1*N
spin pairs and is most pronounced at loyfield strengths[11]. In contrast, the relaxation
effect of interest here requires fluctuations ia étectric field-gradient tensor at the
quadrupolar nucleus due to dynamic processes.

Theoretical Background and Simulations

To analyze heteronuclear evolution in the presefdeg relaxation, we first
consider the general situation, and then simukeespecific cases of an S spin coupled to an
L=1/2,L=1, or L=23/2spin.
Relaxation of L-spin Pseudo-Populations.Using product operators for the S-spin and
matrix representations for the L-spin terms, theegeal reduced density matrix can be written
as

p() = Sc diag(R,L, Px,(t-1)s -+ Br(t-2)s Px,L)
+ $diag(@., Py, 1), -5 Bi--), PyL) (7.1)

with time-dependent pseudo-populations in the diagb-spin matrices consisting of
(2L+1) columns and rows. Normally, the diagonahetats of the density matrix correspond
to populations of the corresponding energy levelewever, in the present case, some of the

diagonal elements are negative; therefore, we tefdrem as pseudo-populations.



161

The exchange between the (pseudo-)populationsodoaditudinal relaxation is
controlled by a relaxation exchange matrix(&so denoted as & K in the literature)
[12,13].

dpc/dt =Zm=" Wi m P (7.2)

The Wmatrices for the first three L values are [12,13]

-r r
W= ( i J (L =2/ (7.3a)
r1 r2 r1 I’2
W= r, -2r, r (L=1) (7.3b)
r r L P
ol n r, 0
r =2r—r r r
w=| ! voe ! 2 (L=13/2) (7.3c)
r, rn =21 -, n
0 r, rn n-r,

In the Wrmatrix for L = 3/2, it has been taken into accoilnatt the triple-quantum (and
higher) matrix elements of electric quadrupolar axajnetic dipolar relaxation vanish[14],
r; = 0. The matrix elements relate to the singlel double-quantum relaxation time
constants Io>° and To ° of spin L and the spectral densities of the dymaras follows:

= 1/(2Ty) = 1—3;75@ ZrL;?[%J(wL — w9+ wg) + e, + )] (7.4a)
2
n=1@TS = é(e"%?j 39(w,) (7.4b)

= U@ = %(“;—Qj 39 (2w,) (7.4c)
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It has been shown thatand g usually do not differ greatly [15,16]. For instapisotropic
motion gives 1 = 2 K in the slow-motion and = 0.5 p in the fast-motion regime [16]. In
most of our simulations, we assumerr,, but we will also explore the effects of the two
rates not being equal. We have also neglectedrtbetation-dependence of the relaxation
rates and times. Fonrd> t, this effect is minor since much of the variatismveraged out
by MAS.

Further, f and g or Tig>2 and To”° should be related to the easily observable
longitudinal relaxation timesi[ of z-magnetization and;d of the spin-alignment state for L
=1[16]:

UTy =n+20n (75&)
1/T1Q =3n (75b)

When we assumg ¥ 1, all these equations simplify tqT= Tig = Tig>° = Tig 2. On this
basis, we can refer to the quadrupolards Tiq (Which highlights the quadrupolar nature of

the relaxation) without conflicting with the traidihal definition.

Heteronuclear evolution in the presence of 1 relaxation. We insert the generp(t) of

Eq.(7.1) into the von Neumann equation with relexat

dp/dt = -i/h [HsL,p] + Rp (7.6)
with the heteronuclear Hamiltonian

HsL= hos. S L, (7.7)

Under MAS and recouplingys, is the effective (average) frequency obtained diiiée

rotation periods Nt The action of the Redfield supermatriboR the L-spin matrices is
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given by the effect of the regular matrix W on thepin population vectors, Eq.(7.2). As
shown in Appendix A, inserting(t) of Eq. (7.1) into Eq. (7.6) gives coupled di#fatial

equations for the coefficients:

dg/’m/dt = COSL m p(’m + Zm’ Wm m’ py’m’ (7.83.)
dp(’m/dt = '(DSL m n/’m + Zm’ Wm m’ px’m’ (7.8b)

The initial condition fop(0) = S magnetization is,gy(0) = 1 and pm(0) = 0. The

observable magnetization is obtained from the smiwccording to

<S> = tr(SdLp) ~ Zm Pemlt) (7.9)

For L = 1/2, two of the four equations are reduricgan with R.1/2 = p+12= pcand g.-12 =
- Py,+12 = - P, We obtain (see Appendix B)

dpy/dt = ws /2 — R (1/T25+1/T1|_) (7.10&)
dpx/dt =B (- 0)5|_)/2 - p(/Tzs (710b)

with transverse Z relaxation of the S-spin added in, as in the Bleghations. The only
difference from the standard Bloch equations i tie two-spin coherencglS relaxes with
the sum of the transverse relaxation rate,airil the longitudinal relaxation rate of L
Similar “asymmetric relaxation” is also found irtaonal resonance[17], spin
exchange[18,19] and in cross polarization, withghme transition from oscillatory to
exponential solutions.

Analytical solutions of Eq. (7.10) for the initiedndition g(0) = 1, g(0) = 0 are
given in Appendix B and plotted in Fig. 7. 2(a) toseries of 1. values withos = 2 1 kHz.
For Ty > Tos > Vs, the solution is the expected slightly damped ©@gg@ t) oscillation,
but for Ty < Vwg, it changes to a biexponential monotonous decay.veéry short T, a

slow exponential decay is observed,
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S(t) = exp(eos.” ToL t/4) (7.11)

as shown in Appendix C. With the decay constaiids.(11) and (C1b) inversely
proportional to T, the decay becomes negligible for extremely sharti.e. self-
decoupling is reproduced.

For L > 1/2, the analytical solutions are more cboaped[8], and we have chosen
instead to evaluate Eq. (7.8) numerically as oedliat the end of Appendix A. Sample
results are plotted in Fig. 7. 3(a) for L = 1, &hid. 7. S1(a) for L = 3/2.

The consistency of the numerical simulations whih @analytical simulations for L =
1/2 confirms their accuracy. These simulationglwssingle frequency, which is relevant for
dipolar coupling in single crystals and, more intpotly, for a strong J-coupling to the

quadrupolar nucleus (see discussion below). Fg Tag, we should recover the normal

evolution
L L 1 .
P =S D> Incos(Mosit) +§L; D, = Lnsin(most) (7.12)
m=0 or 1/2 m=0 or 1/2m

where_}, is a diagonal matrix with vanishing elements exéepones on the diagonal m-
position and —m-position. For m = 0, the seconohter Eq.(7.12) vanishes. Eq. (7.12) gives
the expected signals

S(t) = 1/3 + 2/3 cosfst) (L=1, Tio>> 2/ ws|) (7.13a)
S(t) = 1/2 cosps,t/2) + 1/2 cos(ds,t/2) (L=3/2, Tio>> 2r/ws|) (7.13b)

seen in Figs. 3(a) and S1(a) for long.T Simulated curves with powder averaging are
shown in Fig. 7. 2 (d), 3(d), and S1(d), &= 2r 1.5 kHz. For L = 1/2 and 1 at longd

they reproduce the shape of the familiar REDOR euiivor L = 1, the long-time plateau is at
an intensity of 1/3 (see Eq. (7.13a)) due to the dhcomponent with frequency 0. At
intermediate Tqg values, the plateau slopes to 1/9 because ofatedexof the ” term of the

m = 0 component in,&L-L,%) [12,13].
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Refocusing of recoupling.In recoupling of heteronuclear interactions of asp# to an L-
spin with a spectrum too broad for a train of irsi@n pulses, the recoupling pulses need to
be applied to the S-spin; the reference sigpa Sbtained by refocusing the recoupling
effect, see Fig. 7. 1. In the center of thgGse sequence, at t =/ a 180 pulse is
“missing”, inverting the effective frequency. Thusthe second half of the sequence, Egs.
(8a,b) apply withws, replaced by -es.. The intensity of the observable signal\g;, T1g)
for L = 1/2 and different 7 values, calculated in Appendix B, is shown in Fig2(b) and
coincides with the numerical results. Numericaludations for L = 1 and L = 3/2 are plotted
in Fig. 7. 3(b) and S1(b), respectively. Correspogghowder averaged,8urves are shown
in Fig. 7. 2(e), 3(e), and S1(e), wid = 2r 1.5 kHz.

Interestingly, noticeable oscillations with a fregay of 1/2 mws, are observed in
the § curves at long to intermediatgglvalues, in particular in Figs. 2(b) and 3(b). It
appears that the magnetization atthtsome extent reflects the magnetization @eNthe

time of the inversion of the effective frequency.

T1q effect onAS. AS is obtained by subtracting S from &presenting the dephasing due to
heteronuclear recoupling. The simulatesi curves for various§ values are presented in
Fig. 7. 2(c), 3(c), and S1(c) for a single frequene. and in Fig. 7. 2(f), 3(f), and S1(f) for
powder averaging with = 2t 1.5 kHz. Thes@S curves for L = 1/2, 1, and 3/2 show similar
patterns: In powder averaged simulations, for [dpg> 1005, the intensity o”AS quickly
rises to the maximum and then slightly oscillatesiad the plateau value, which is the ideal
case for experiments like SPIDER, REDOR, and REARDEDr Tio~ 1006, the maximum

is reduced by about 20% compared to the ideal \atdethe intensity decays fast after
reaching the maximum. Ford < 106, the maximum intensity is reduced by more than
70%. For T < < 16, in the self-decoupling limit, naS signal can be obtained. In single-
frequency simulations, see Fig. 7. 2(c), 3(c), &a¢c), the amplitude of the oscillations is
damped quickly asihdecreases, until no intensity is observed whgyidextremely short.
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T1o dependence of REDOR decay time constants i &nd S Decay time constantss I
were extracted from the simulated single-frequeREYDOR S and §curves for spin L =1
shown in Fig. 7. 3(a),(b), and plotted as a fuctd T1q in Fig. 7. 4, for coupling strengths
of ws. =21 1 kHz and 2 0.5 kHz. For our purposegIwas defined simply as the time of
the initial decrease of the intensity 6= 0.37. For small It << lkos,, Ts. increases as:%
decreases, approaching more and more completdessifipling. In this range, the Sand S
curves coincide: The only difference between S&1d REDOR is the inversion pulse in
the middle of the recoupling period in S but no§nwhich inverts the S-L coherence. If
that coherence decays completely before the inuei®i saturation pulse, then there will be
no difference between S angl STs, values are seen to be inversely proportionahgpand
to the square of the coupling strength. These ptaves can be derived by analytical
calculations for L =1/2, see Appendix C.

At T1g = llost, S has a minimum for both coupling strengths, anddéherease in
Ts for S starts to level off. Forig> 1/ws|, the Ts. values for the S signal approach
plateaus independent ofd This is the standard regime with negligible ef$eof Tio on the
REDOR decay. The heights of the plateaus are seleproportional to the coupling
strengths, as expected since a larger couplinggitrevill produce a faster initial decay (as
part of the cosine oscillation) and thus a shatesray constantg[.

Further, the plot shows thagIfor § increases as:§ > 1/ws. increases and values
for different coupling strengths merge on a ling ¥ 2T,o. Again, this power law has been
derived for spin-1/2 in Appendix C. Qualitativebne can say that for longegql a larger
part of the S-L coherence can be refocused, indbperof coupling strength, before it has
relaxed, so &decays more slowly asdincreases.

Different double- and single-quantum relaxation times.So far, we have assumed that the
double-quantum and single-quantum relaxation r@te€qual. In order to explore their
independent effects, Fig. 7. 5a displays a contatrof logTs ° as a function of log(i°9

and Iog('EQDQ) for the S decay in REDOR for L = 1. Figure 7.5¢hpws the corresponding
plot of logTs of the $ intensity. The plots show that (i) ideal REDORhbng Ts.° is

recovered only if both {5°?and o< are long (upper right corner); (i) self-decouplin
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(both Ts.° and T, are long) will occur if at least one relaxatiomé is short, and 5> is
more effective at producing self-decoupling; iipoth Ts.° and T, are short, one of them
must be between 1/@s,) and 3fs. and the other longer than 14(2,).

As mentioned above, &% and T are typically not very different. The dashed
lines in Fig. 7. 5 delineate the expected rangg g1°~ T1o 2 values. The curves of logi’
and logT. as a function of log(it) shown in Fig. 7. 4 are found along the diagofials°®
= T1q°9) of the contour plots of Fig. 7.5, with a platéad’s,” at large To 2= Tio 2 values
and a minimum in 4. near the center of the plot. The behavior withimdashed lines is

gualitatively similar as along the correspondinggdinal.

Heteronuclear evolution in the SPIDER experiment.In the SPIDER pulse sequence
shown in Fig. 7. 1(b), the SPIDER S signal is at#diafter applying irradiation on the L-
spin, which destroys the, terms in conjunction with the strong quadrupolauging. The
dephasing of*C signal by adjacent quadrupolar nuclei is accoshglil during the following
recoupling period. The/2 pulse before the period BN irradiation stores one component
of the**C magnetization along z so that it relaxes morelglovhile the secona/2 pulse
returns it to the transverse plane. In SPIDERI®re is no irradiation on the quadrupolar
nucleus and the recoupling BE-*N is refocused by the end of the second half relougip
period. The differencAS = $ — S plotted as a function of Nieveals the coupling strength
between'*C and the quadrupolar nuclelsl. In fact, this is not true whenJis short. Our
powder-averaged simulations wid = 2r 1.5 kHz shown in Fig. 7. 6 indicate that only for
T10> 100 ms, it shows the expected difference betigemd S. The effects ofid
relaxation in SPIDER become significant alreadipager Tio times than in REDOR. Most
importantly, the heteronuclear evolution in SPIDERffectively only half as fast as in
REDOR [5]. In addition, thegSsignal decays faster in SPIDER than in REDOR duB &
relaxation during the 0.8-ms period for L-spin digion (which, of course, is applied only
when S is measured, see Fig. 7. 1. As a resuliteshl;o strongly reduces th®S =S - S
intensity, especially when;§ < 1 ms, where $= S; this is apparently the case for the 159
ppm and 56 ppni’C sites in Boc-Arg(2)OH, showingAS = $ - S~ 0 in Fig. 7. 11(b)

below.
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The effects of 7o on the theoretical maximunsS intensity that can be obtained by
REDOR experiments for L = 1/2, 1 and 3/2, and biD&ER experiments for L = 1 are
indicated in Fig. 7. 7. For very shor{gfAS remains vanishingly small due to self-
decoupling; for intermediate;d, AS increases significantly agdincreases. For longid >
1006, AS asymptotically approaches its maximum value, Wwiscl for L = 1/2 and L = 3/2,
and 2/3 for L= 1.

Design of pulse sequences fop$ The T relaxation effect during theyulse sequence,
see Fig. 7. 8(a), is significant due to the cordumirecoupling of the SL interactions during

each of the two halves of the pulse sequence.phhse
t
Os(t) = [ osu(t) dt (7.14)
0

keeps growing to Nbg (t/2) at Nt/2. The two-spin coherence, which is proportidoal
sindg (t), grows accordingly. The larger the S-L cohererihe larger will be the effect of
T1g relaxation of the L-component of that coherenégeneration of S-L coherence could
be avoided, 1 relaxation would have no effect.

This undesirable signal reduction can be minimirea pulse sequence without
significant long-time recoupling. The simplestissequence would be a/t-- t-pulse --
Nt/2 Hahn-spin-echo sequence. Note that even Hex&-L coherence is generated
transiently, with the maximum phageg(t/2) in the middle of each rotation period. More
importantly, the signal from this sequence will betdirectly comparable with S og Since
those signals are obtained after many mepailses. Due to the effects of imperf&dt
decoupling during the pulses, pulse flip-angle ereesonance offset, etc., the decaydgS
much faster than;Felaxation.

Therefore, we designed pulse sequences with the samber of 180pulses as that
for S and $but minimal S-L recoupling. The most successkalmeple is shown in Fig. 7.
8(b). It features two rotation-synchronized Habhaes, at the beginning and end. Around

the center, 180pulses are applied evegBtfor four rotation periods, so that at the center
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@5 (Nt,/2) = 0. Due to the fast alternation of the signhaf effective frequency imposed by
the relatively closely-spaced 186ulses, the phasks, remains small throughout the whole
recoupling period. Evolutions of the phaBg under REAPDOR or SPIDER S anglffilse
sequences as well as the newly designgde&juence, calculated using the SIMPSON
program [20], are shown in Fig. 7. 8(c). While REEDOR 3, ®s, reaches a large value of
8D (t,/2) at Nt/2, D is seen to be always comparable or smaller tHahdig (t,/2) during
the S0 pulse sequence; for reference, free evolutionsgavemaximum of 1.@g (t,/2).
Independent EXORCYCLESs [21] of the first and la8€"Ipulses (in the Hahn-echo part of
the sequence) were employed. The same phase sequehphase cycle were applied in the
S pulse sequence, which actually appeared to inertb&s$g intensity compared to an
incomplete xy phase sequence on all fourteel p83es. We also designed and tested
many other pulse sequences with some smaller ppsgngs than shown in Fig. 7. 8(b), but
they did not work as well as the one presented, regarticular being more narrow-band.
The signal obtained with minimum recoupling is tethyo. The 3 and $ spectra
match well near resonance (within £1 kHz). In oxperiments, the match of thge&nd 3
spectra was found to remain good (within +4%) ddava 12 kHz downfield from
resonance, while it degraded markedly for offsetd kHz upfield from resonance. The
reason for this asymmetry, which was similar fdfedlent xy-8 sequences (e.g. Xy X y; X =y
X —=y; and —x =y —x —y), remains unclear. Thes®quence produced reduced C-H dephasing,
resulting in ~10% higher signals of CH groups. slilwas compensated empirically byu$
of dipolar dephasing before detection, for all seempneasured.
Table 1 provides an overview of the intensitie$Sp%, and Qo for various To

regimes. The entries are based on the curveg® Fi3, 7.6 and 7.7 (for Sg,8ndAS) and

on the experimental observations f@s.SIn the regime with negligible relaxation,g>

1006, we have & = S, otherwise, & > S. Finally, for Tig<< 1/, self-decoupling is

reached, where there is hardly any heteronucleduten before the spin state of the

quadrupolar nucleus relaxes and therefor&@o N correlation can be detectedS,

represents the improvement of signal intensity nigdesing the new pulse sequence.

However, directly obtaining the fullS,; in one spectrum by combining the neyy Bulse

sequence with SPIDER dephasing in S is experimgmnaty challenging for demanding
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samples like natural organic matter, because tifacs from a few percent of mismatch

between & and $ will be comparable to the desired sign8&l,:.

T1o-enhanced w-dependent s, mas relaxation. Even during free MAS without
recoupling pulses, the effect ofJrelaxation on the heterogeneous evolution may be
detectable. During the course of each rotatiorogdy, SL, coherence is generated at the
expense of Sand relaxes towards zero. By the end of theiostgteriod, the two-spin
coherence is reconverted into magnetization, ast$e if the two-spin coherence has been
depleted by relaxation. This speeds up the effedi relaxation of the observed S-spin.
The evolution at the beginning of each rotationqukrs the same (in the quasistatic regime)
but is terminated the earlier, the shorter thetimtgoeriod, since the initial state must be
recovered at the end of the rotation period. Tioeeethe longer the rotation period, the
greater the two-spin coherence will become, see7-ig (a) (b). As aresult, the effective T
relaxation time of the S-spin £ uas) will decrease markedly with increasingund
decreasing spinning frequency.

The dependence of,d mason the spinning-frequenay;, relaxation time o, and
coupling constanis, can be predicted using numerical simulation. Timetdependent

frequency during free MAS can be written as:

osL(t) = C; cos § + oxt) + C; cos (2 +2m,t)

+ @sinf toit) + S sin(2y +2wmit) (7.15)
For a spin-pair dipolar coupling; § $,= 0, [22] and

C1=— 64 4/2/2 sin(2B) (7.164)
C, = 85/2 sSirfp. (7.16b)

We usewg, (t) instead of the constamk, in Eqg. (7.8) and evaluate the evolution

numerically as outlined in Appendix A, Eq. (7.A4owder averaging is performed by
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adding curves fop = (,---, 9¢ with sin8 weighting. The effect of on the simulations is

minimal, since all values qf+o;t are scanned in the course of each rotation period

Parameter dependencies of &, vas. At a fixed spinning frequency (8 kHz), thesTuas—
relaxation time decreases with decreasingand increases whend< 20us (see
simulations for L = 1 in Fig. 7. 9(c)), due to tloss of heteronuclear coherence. Figure 7.
10(d) illustrates that jE mas increases with spinning frequency for constat TThis effect
is more pronounced whendis relatively long. However, whendis smaller than 8s,
Tosmasis almost independent of spinning frequency, iasireg by only 0.1% from 3 kHz to
12 kHz: The two-spin coherencgl.Srelaxes so fast that it does not accumulate sogmifly
during one rotation period, even at low spinningesh and therefore, it shows little
dependence on the spinning speed. The effectod T,s mas for different spinning speeds
is shown in Fig. 7. 9(e). Generally, in the shoi¢-flegime, bs vas decreases asid
increases, due to the increased coupling generatigg two-spin coherence terlLs
combined with fast relaxation of;Lin the long-Tq regime of spin L, s masincreases with
T1q, due to the slow-down of the decay of the two-sjmherence term,5;. At a higher
spinning speed, thexd mas minimum value is larger and appears at a smallgthian that
for slower spinning.

The ws, dependence of,§ uwasrelaxation was also explored in simulations for a
fixed spinning speed of26 kHz, see Fig. 7. 9. Figure 7.11 (a) shows thedEpendence of
Tos, mas for coupling strengths between Q.1 kHz and 2 10 kHz. The curves of log,d
mas VS. log Tig have approximately the same shape, with minimedfixt T.o = 1/(2t 6 kHz)
= 27 us forms, < @y, see Figure 7.10 (a,b). This is due to the eimiuteing mainly
modulated byo, whenws. << wr. As a result, the largest effects afTelaxation are
observed for smaller§ values in free MAS (witlw, modulation) than in recoupling
experiments (withos. modulation), since in practice usuadby, < ;. Foros. = 2t 10 kHz
> oy, a slight horizontal shift of the minimum is ob&sd: Whenws, >> oy, the evolution of
the two-spin coherence is modulatedddy and the Js mas minimum position will bews, -

dependent. The depth of the minimum depends diramgthe coupling strengths, =
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ws /2. Linear fitting shows an inverse-square dependefdes was onvsy, Tomin = 10427
kHz (1~vs0)?, see Fig. 7. 10 (b).

Experimental Results and Discussion

“Missing signals” in *C{**N} SPIDER NMR. CP/TOSS and SPIDER spectra of Boc-Arg-
OH and Boc-Arg(Z}OH are shown in Fig. 7. 11(a) and (b), respedjivéh theAS SPIDER
spectrum of Boc-Arg-OH, all the expected signal€dfonded to N are observed. By
contrast, the chemically similar Boc-ArgtAPH does not produce the expectetl peaks for
the C=0 and C-H carbons bonded to the “backboneANwo-fold signal reduction was

also observed in the SPIDESS spectrum of chitin, an N-acetylated polysaccleattcit

forms the exoskeleton of arthropods, see Fig.af.r&f. (7). In the following, we prove that
these signal losses are due to relaxation oftiepin state during the;Bulse sequence,

and demonstrate the predicted unusualvas behavior for these same carbon sites.

Measurement ofAS, from Spo and § spectra. Sy spectra of Boc-Arg-OH and Boc-
Arg(Z),-OH with minimal recoupling are displayed in Fig.12, measured with the new
pulse sequence shown in Fig. 7. 8(b). They arepeoed with $spectra obtained using the
matching pulse sequence of Fig. 7. 8(a). ThemiffeeAS; = S - S reveals signals loss
due to Tq relaxation during the refocused recoupling. Titensity ofAS; matches theS
intensity loss in the SPIDER experiments, in paticfor the bands of Boc-Arg(Z0OH at
159 ppm and 56 ppm, which are due to the carbonddubto the “backbone” nitrogen. This
provides an experimental confirmation of our hygsik that the reduced Btensity in the
SPIDER spectra is due to transient recoupling'ttNawith short To

The observedSy/SyoandAS/S values enable us to estimatg,Tbased on the curves
of Fig. 7. 6. The smallS signal at 159 ppm and 56 ppm indicates thgtl0.3 ms,
according to Fig. 7. 6(c). The experimentally alied significant decay ofeShows that the
self-decoupling regime has not been reacheg>10.3 ms, according to Fig. 7. 6(b).

The S0, S, andAS, spectra of chitin, an N-acetylated polysaccharael, of the
oligopeptide, (POG), are shown in Fig. 7. 13. For chitin, the congateAS, intensity for
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the signals of the two carbons bonded to N prolvasthe weak SPIDERS signal found in
ref. [5] is caused by the reduced intensity @f $he observed dephasing;/S~ 0.25 and
AS/ Sy~ 0.25, indicates that 0.3 ms $gi< 1 ms. For (POGy, intense signals of all
carbons connected to N show up in &8 spectrum, indicative of shortd between 0.2 and
1 ms for proline and hydroxyproline N in the peptid

For carbon sites close to quadrupolar spins witficeently long T > 10 ms,
recoupling techniques such as SPIDER, REAPDOR &HFIBROR give the expected results;
13C sites close t&'N nuclei in Boc-Arg-OH are examples. Neverthelesgn for these
carbons, the non-zers, intensity also indicates a slight intensity redutiof S.
Adaptations of the newpdpulse sequence for SPIDER, REAPDOR, or RIDER expaits
would facilitate applications of these methodsytstems with short 1 relaxation times.
The challenge consists in matching &1d S pulse sequences well enough to make the

artifact difference signals much smaller than thafsine nitrogen-bonded carbons.

Tig-enhanced bs, uas relaxation. The effect of the fast§ relaxation of the “backbone” N
of Boc-Arg(Z)»-OH on the s masrelaxation time of the neighboring carbons is ¢atked in
Fig. 7. 14, which shows the dependence gfiyhs on o, for the nonprotonated carbons. The
curves show that the,d masVvalues of the carbons bonded to N increase asigpgiispeed
increases, most prominently for the 159-ppm carldmch also showed the larges$,
signal. At faster MAS, the rise of the curves braes less obvious due to imperfédt
decoupling resulting from interference by MAS. Theasured data points are compared
with simulated curves, and the fits give good eatéms of thé*N Tiq relaxation times. The
“N bonded to the “backbone” carbon with a chemibift f 159 ppm has a shortd
relaxation time of ca. 0.2 ms, while the otfi#\ sites have T, values of ~ 2 ms. In the fit
of the signal of the carbon resonating at 161 pgpmas assumed that the thréi to which

it is bonded have the sameglf ~ 2 ms, giving an apparentd™’ = 0.67 ms based on
VTP~ 3 x 1/(2 ms).

Dynamics driving Tig-relaxation. The short Tq of the nitrogen in the N-acetyl side groups

of chitin is not too surprising, given that torsafluctuations can rock the side group. In
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collagen and related peptides, motions of prolingsrhave been known to shortet.J23]
The mechanism of relaxation in Boc-Arg§Z)H is less obvious. In order to probe the
MHz-rate motions that drive;§ of **N, we have measured the longitudinalr@laxation
times of all resolved carbon sites in Boc-Arg-OHl &oc-Arg(Z)-OH, see Fig. 7. 15. The
values show that the;d values of sites near the —COOH group in the “bankb of these
two compounds are quite different, suggesting sonaeges around COOH in Boc-Arg{Z)
OH.

It is instructive to compare the measutdd and estimatetfN T, relaxation times for
neighboring sites. An approximate relationship loarobtained based on the following
assumptions, which enable quantitative calculatj@dk (i) Dipolar interaction betweeriC
and'H is the main spin-lattice relaxation mechanismfax. (i) Quadrupolar coupling
provides the dominant relaxation mechanisnt i (iii) The reorientational correlation
timesr, are identical for botf*C and™N. (iv) The molecule undergoes isotropic motioms. |

the fast motion limit, the relaxation rate’d€ due to C-H dipolar coupling can be given as:
1UTic= (413)13¢7%1an 1 S(S+1)E4° 1c (7.17)
and the quadrupolar relaxation rate"t{ is
1/T1o= (3/8)(€qQr )* e (7.18)
With re.q= 1.09 A and ®Q/h = 3 MHz, we find
T1c=6200 To (7.19)
From the experimentally measuregt Value of 11 s for Cin N-t-Boc-Arg(Z»-OH, Eq.
(7.19) yields an estimatetN T1q Of 1.8 ms, within an order of magnitude from th2-ths
T1g value estimated frome&nd bs uwas data.

In order to check for fast large-amplitude motiahg, CSA powder patterns of the
C=0 carbons were measured by SUPER [25] experinrebisth Boc-Arg-OH and Boc-
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Arg(Z2).-OH. The powder patterns for the CO sites in Figl6 do not exhibit evidence of
large amplitude motions. The chemical shift amgukes determined from these spectra are
summarized in Table 2. Comparison with literat0&A data of carboxyl groups[26]
suggests that the —COO group in Boc-Arg{@H is protonated, while that in Boc-Arg-OH
is deprotonated. We suspect that the NH protdharfbackbone” undergoes some motion,
since we only observed two protonated N in*fiNespectrum (not shown), while there are
three protonated sites in the structure of Boc-AygOH. It is interesting to note that
investigations of solid state proton exchangewargety of organic compounds have also
suggested that fast quadrupolar relaxatiot{®fis induced by fluctuations in its electric field

gradient that accompany proton exchange. [27]

T effects in J-coupled systemsThis paper has focused on effects qf felaxation of the
heteronucleus under dipolar recoupling and unaer FIAS. As briefly indicated above, the
effect analogous to that with dipolar recouplingurs during “free MAS” under the

influence of a heteronuclear J-coupling [8]. listbase, the simulations for S dephasing with
a single coupling frequenays, (see Figs. 3(a) and S1(a)) are applicable. prexgeriment
corresponds exactly to a Hahn-echo measurement offiere the sign of the heteronuclear
J-coupling is effectively inverted by a 186ulse at: = Nt/2. Thus, the singles, S decay
curves as shown in Figs. 3(b) and S1(b), includimme slight oscillations, are expected to
be observed inJmeasurements of an S-nucleus J-coupled to a qualdru_-nucleus with
short Tio.

In practice, J-couplings in the 1-kHz range amacmn for atoms with many
electrons, i.e. for nucleides of higher mass. €&hes/e weak heteronuclear dipolar couplings
due to the relatively large internuclear distarmessilting from large atomic radii, but
relatively large J-couplings. #°Te (S=1/2) NMR of Sfle;, we have indeed observed
shortened Tte, mas= 0.4 ms compared to Te in PbTe or GeTe, togethiravshort To sp,
was = 0.5 ms for the central transition GfSb (L=5/2).

Unpaired electrons. The dipolar coupling of nuclear spins with unpdielectrons of short

longitudinal relaxation time or fast longitudinglis exchange is another case where multi-
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spin coherence is generated by a coupling, deeaysitie to relaxation or spin exchange of
the (electron) L-spin, and shortens thevhs of the observed nucleus S. The quantitative
analysis of this effect, where the couplings camioeh larger than considered herex>
while we implicitly assumeds, < wy) and must be described by more complex

interactions[28] is beyond the scope of this agticl

Conclusions

The effects of fast longitudinal relaxation of aadtwpolar nucleus coupled to the
observed spin-1/2 nucleus have been studied thealhgtand experimentally. Theoretical
analysis and simulations have shown that sheyt@n cause significant reduction or even
disappearance &fS signals in experiments like REDOR and SPIDERortter to
demonstrate and minimize the effect, a new pulgaesge with minimal recoupling has
been designed and shown to produce an improvecenefe signal &. A significant
difference signahSy = S — S proves coupling to a heteronucleus witfy ¥ 0.3 ms.
Applications to a molecular crystal, to an N-acatgtl polysaccharide, and to a collagen-
mimetic oligopeptide show that the effect is qutenmon. Furthermore, studies afoT
enhancedp,-dependent Is uwasrelaxation under free MAS without recoupling hahewn
both theoretically and experimentally that shai & — 200us) of the coupled
heteronucleus can cause a strong decrease infghesap bs, vas Of the observed nucleus;
fast spinning helps greatly to lengthess Tuas Simulations of the spinning-speed
dependence provide good estimates@f Finally, possible reasons for the shorg Values

of ¥*N in the studied compounds have been explored.

Materials and Methods

Samples. Arginine derivatives, N(tert-butoxycarbonyl)-L-arginine (Boc-Arg-OH) amd,-
Boc-Ns, N,-di-Z-L-arginine (Boc-Arg(Z)-OH) were obtained from Sigma-Aldrich. Boc-

Arg(Z),-OH was 98% pure, and Boc-Arg-OH contained 5-10Butanol. Chitin (poly (N-
acetyl-1, 48-D-glucopyranosamine) was purchased from Fluk&® G, was purchased

from Peptide Institute, Japan. All samples werawgéhout further treatment.
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NMR parameters. The NMR experiments were performed using a Briikkex400
spectrometer at 400 MHz fr, 100 MHz for**C, and 29 MHz fol*N. A Bruker 4-mm
triple-resonance probe head was used for the SPEXpRriments at a 5-kHz spinning
frequency, with ca. 56 kH4+ decoupling power, which is increased to 63 kHerdy*>C «
pulses. Thé’N radio-frequency field strength wasB1~2r 30 kHz, and thé’C 180 pulse

length was 8.11s. The recoupled dipolar evolution consisted gherotation periods (1.6
ms), and thé*N irradiation time of four rotation periods. Th&Bz MAS experiments
using the pulse sequences shown in Fig. 7. 8 @j@rfor measuring the regular and an
improved reference signah 8nd o, respectively, andS, were performed with a 4-mm
probe head in double resonance mode. All expetsneare performed with a cross
polarization (CP) contact time of 1 ms and a rezydlay of 2 s. In measurements gh8d
Soo, the™*C irradiation frequency “on-resonance” was set peatonated carbon resonances
during the**C 180 pulse train and near those of non-protonated caresonances during
detection. The gated decoupling time before deteat measuring & was 6us.

SUPER experiments were used to obtah CSA powder patterns in the arginine
derivatives. These experiments were carried oatspinning speed of 5 kHz. THE field
strength of the 36Qulses was 62.5 kHz and the number, @fi¢crements was 96, with an
acquisition time of 5 ms.

T1 and T relaxation time measurements were made after &rass polarization
time, using a z-filter and Hahn echo, respectival{pSS was used before and TPEH/

decoupling during detection.
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calculation
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Heteronuclear evolution with longitudinal L-spirlaxeation is governed by the von
Neumann equation with relaxatiorp/dt = -i/h [Hs.,p] + R p, Eq. (7.6), where the Redfield
supermatrix Racts only on the L-spin part of the density maitits effect is given by the

relaxation exchange matrix W according to Eq. (Ar&erting the density matrix for L=1,

p(t) = S diag(,1.Px.0,.Px-1) + S diag(R,1,py.0.Py.-1), into Eq. (7.6) gives

dp/dt = § {ws. diag(,1,0,-px.1) + diag(W(py,1.py,0,0y,1))} +
S {- wsL diag(R,1,0,-p-1) + diag(W (px,1,Px.0:Px.-1))} (7.A1)

This can be set equal to the standard expressighddime derivative of(t),

dp/dt = S diag(dp./dt, dpo/dt, dp.-/dt)
+ S, diag(dp 1/dt, dp,y/dt, dp,.,/dt) (7.A2)

Generalizing to arbitrary L-spin, Eqgs. (7.A1) adfdA2) can be used to generate 2(2L+1)

coupled differential equations for the p-coeffidgen

dp,/dt = st M Pem + Zm' Win e Py
(7. A3)

dpn/dt = -ost M pm + Zm Winm' P,
which are equivalent to eq.(59) in ref. [29]. e thbsence of relaxation (¥0), the
solutions are the well-known sinusoidal oscillaipbut with relaxation the solutions are
much more complicated.

For L = 1/2, the four coupled Egs. (7.A3) can beew analytically, as shown in
Appendix B. For L > 1/2, it is more convenientetaluateAp = dp/dtAt numerically time-

step by time-step, using

ry= W(pyL Py, (1), - Bi(-1), Py, L)
Mx = W (P, Px, (1), -5 Bo-(L-1), Px,-L)
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Apy,m = {®sL M Pem + fy,m} At

APxm = {- @sL M pym + fy,m} At

Py, m(t+AL) = py.m(t) + Apym

Pem(tHAL) = Pom(®) + Apym (7.A4)

A time step ofAt = 0.1us was shown to produce the same results as skt and was
used in all the numerical simulations. Alternatyeine can use Abragam’s exponential-

matrix solutions [29].

Appendix B. Analytical REDOR Signal for L = 1/2.
For L =1/2, Eq. (7.A3) gives four coupled equasion

dpy+12dt = ost /2 p+12- 1 (B +172- Py-112) (7.B1a)
dpy-12dt = st (-1/2) B-12 + 1 (By,+172 Py,-172) (7.B1b)
dp+uddt = -osL /2 Br12- 1 (Pe+1i2- Pr-1r2) (7.B1c)
dpe-12dt = -ws. (-1/2 g,-172) + 1 (B+1/2- Px-172) (7.B1d)

with r = 1/(2Ty). Given that p.1/2(0) = p+1/20) and p-1/2(0) = - B.+1/A0), we can set,pi.
= Po+12 = P and 12 = - p+12 = -p,.  This makes Eqgs. (B1b) and (B1d) redundant, teavi

dp/dt = p ws1/2 - p, 2r (7.B2a)
dp/dt = p, (- wsy2 (7.B2b)

Here, it is straightforward to incorporate transeekhs relaxation of the S spin:

dpy/dt = s /2 - e% (1/T25+1/T1|_) (7.83a)
dp/dt = R,(- 0s)/2 - pdTas (7.B3b)
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The factor of 1/2 in front obs is usually avoided in calculations limited to sfi2- by
writing a factor of 2 in front of the right-handisi of the Hamiltonian in Eq. (7.7), but this is
not advisable in calculations for general L tha&t also of interest here. The solutions for the

initial condition g = 1, g = O differ qualitatively whether

W=1/0d T2 -1 (7.B4)

is real or imaginary:

For long T > l/iws, W is real, and we obtain oscillatory solutions

—( +——)t
p,(t, T, )=e M T (cosﬂ+lsin Wt ), (7.B5a)

1L 1L

1 1

( )t
p,(t, T, )=—e "™ Tes (sin
w

)Ts_cos_ (7.B5b)

L

For short T, < l/ws, W is imaginary, and we obtain

P (t, Ty )= e_ZTLE (cosh— |W1 slnh|W1 ), (7.B5c)

2T, |V"1 2T,
o

p,(t,Ty) = |V"1 leL TZS (smh

L Og (7.B5d)

Note that in recoupling experiments, t is usuadnated as Nt Curves calculated based on
Egs. (7.B5a) and (7.B5c) are shown in Fig. 7.2(a).

The reference signab$ obtained by applying one more or one less sigarpulse
at the center of the recoupling period. This ishegjant to an inversion of the effective
heteronuclear coupling frequeney, in Eq.(7.B2)at Nt/2. The solutions in Appendix B can
be used to calculate the initial condition for feeond part of the heteronuclear evolution,
ie.
P,°(0) = p(Nt/2) and P (0) = g(Nt/2) with p and g as given in Eq. (7.B5).

For long T > liws,, Wis real, and



1 1

(e 2 2

p° °(t, T, )=e ™ s’ ( —1 cos—Wt + 1sm wt ——wSL;rlL)
w> 2T, w 2T, w

For short T, < 1/ws, Wis imaginary, and

st 2
pO(t,Ty) = e(ZT“ TZS ( cos |WI slnh|W1 o T

i )

For all T, values,

1 1
+

0 1, G 72er
P (tTo) =(A-Tz)e = = (1-e ™)

Curves calculated from Egs. (7.B6a) and (7.B6bsamvn in Fig. 7. 2(b).

Appendix C. Tig—-Dependence of the REDOR decay constantl
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(7.B6a)

(7.B6b)

(7.B6C)

From numerical REDOR simulation for spin L=1 withgTFelaxation of the L-spin,

we have determined the dependence of the timeamrnikj in REDOR S and &

experiments on 1b, see Fig. 7. 4. Some aspects of these/3. Tig curves were difficult to

explain quantitatively based on a qualitative asialy In the following, we derive these

features based on the analytical analysis for 2=Hor all cases, we assume thas 3>

Ty, so that the effect of{T is not masked by fast.ddecay. Analytical simulations ofsI’

vs. Ty for spin L = 1/2 are plotted in Fig. 7. S2 (se@@urting Material); they closely

resemble the numerical results for L = 1 shownign F.4.

For short T << 1/wsi, W| ~ 1, and Eq. (7.B5c) for the dephased signal Sean

approximated as

{5)
p(tT)~e ™
so the decay constant is

2T, 2T, 4

Tq ==L »
- ST A

which gives Eq.(7.11).

(7.Cla)

(7.C1b)

For long T, >> 1/ ws, we haven ~ Ty ws. and Eq. (7.B5a) can be simplified to
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t
P(LT,) = & ™ (cos™2Y) (7.C2a)

where the decay is due to the @ast/2) oscillation and therefore independent @f; T
this corresponds to the long-time plateaus in thev$. T,. curves for REDOR S in Fig. 7.
S2.

The REDOR reference signal & Eq. (7.B6b) can be simplified for shor, K<
1l/ws., wherey| ~ 1:

1, |V"1t |w|t TS _Afuh,
POt T, ) =e ™ (cosh2T +sinh2T y=e e’ =g ™ xp(t,T,)(7.C3a)

1L 1L
In other words, & S, which explains the overlap of the curves for S and Big.
7.S2. for short g values.

For Iong T >> lhos, W ~ Ty s, and

t

B B t
p°(tT,)=e " (0+0-(-1))=e ™ (7.C3b)

which gives E. ~ 2Ty, independent obs,, as observed in Fig. 7.S2.

Appendix D. Supplementary data
Supplementary data associated with this article can be foutiek anline version, at
doi:10.1016/j.jmr.2008.12.021.
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Tables and Figures

Table 7.1. Table of normalized SPIDER S, &0, AS = 9 - S,AS = S0- S, andAS,: =
Soo- S intensities for long (& > 10056), intermediate (1@/< Tig < 1006), short (16 <T1o<
10.), very short (To~ 16), and extremely short (§ << 1) quadrupolar relaxation times,
for L =1 and Nt= 206. Note that the definition of the S-L dipolar coupling conséant

includes the factor®2

10 Slgnal $o So S AS ASQ AS[ot

Long
(T]_Q > 1006)

1 1 0.33 0.67 0 0.67

Intermediate

~0.9 ~0.8 ~04 ~0.4 ~0.1 ~0.5
(10/6 <T1g<1006)
Short

~0.8 ~0.5 ~0.5 ~0 ~0.3 ~0.3
(1/6 <T10< 10B)
Very short

~0.8 ~0.7 ~0.7 0 ~0.1 ~0.1
(Tig~ 16)
Extremely short

~1 ~1 ~1 0 0 0

(T1g << 1)
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Table 7.2. Summary of-*C chemical shift principal values obtained from SUPER spectra of
Boc-Arg-OH (compound 1) and Boc-ArgZPH (compound), and isotropic chemical

shifts from MAS. Principal values have error margins-& ppm.

Compound | Carbon site  Chemical shift components (ppm) Ac Giso

1 COO 242 174 124 118 180
2 COOH 257 153 113 144 174
1 NC=0 245 130 112 133 162
2 NC=0 232 125 125 107 159
2 NHCOO 234 115 115 119 154
2 NCOO 242 127 123 119 164
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Fig. 7.1.Pulse sequences for (a) S{L} REAPDOR and (b) S{L} SPIDkE L > 1/2.
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unfilled rectangles. The irradiation on the L-spin in SPIDBRsests of closely spaced +H2-
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Fig. 7.7.T1o dependence &S intensities extracted from REDOR and SPIDER simulations
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Fig. 7.15.Measured ¢ relaxation times in (a) Boc-Arg-OH and (b) Boc-ArgfOH.
Significantly shortened {E values in Boc-Arg(Z4)}OH are highlighted in bold.
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Chpater 8
General Conclusions
General discussion

In this thesis, the application of solid-state NMR to charactédmzerganic-inorganic
interfacial structure in bone and biomimetic polymer-calciuwsphate hanocomposites was
discussed. Also, relevant solid-state NMR method improvemadt dgevelopment to
facilitate the accurate inter-atomic distance measurements dmelve broadband high-
resolution NMR were documented.

The unique capability of solid-state NMR to select only slgnals of organic
species at the “buried” organic-inorganic interface enabies characterization of the
collagen-apatite interface in bone. This study identified citratethas major organic
component at the interface, potentially the “active” biomolectdéevant to bone
biomineralization. Citrate accounts for 5.5 wt% of total orgaraod covers the apatite
surface at a density of 1 citrate molecule per 4 inovine bone. With a geometrical area
of 0.65 nm, citrate occupies 1/6 of the available citrate surface. Fhetsre and geometry
study of citrate revealed that citrate is about 0.4 nm avweay the apatite surface with its
backbone slightly tilted relative to the apatite surface. The tapatite-binding carboxylate
groups face the apatite surface, while the non-polas @idups are close to the more
hydrophobic collagen matrix; this configuration “binds” the milly very different two
phases: collagen and apatite, and optimizes the mechanipaltms of bone. The study also
explained why apatite, rather than other calcium phosphatess as the main inorganic
constituent in bone: the distances among the carboxylateggobwgitrate match the spacing
among Caons in the apatite crystal lattice. This study echoed the ingfitiie plate-like
apatite crystal structure with a 3-nm thickness by proposingitnate interferes with crystal
thickening via strongly binding the apatite surface.

The proposal of citrate preventing apatite crystal thickenmbtlhus allowing for a
plate-like structure was proven by conducting biomimetic syrghasPluronic polymer-
calcium phosphate nanocomposites with various amount of cadited. The solid-state
NMR study of these nanocomposites, complemented by XEIM, Bnd SAXS, has shown
that the thickness of hydroxyapatite crystals within the nanocsites decreases with
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increasing citrate concentration. Citrate significantly modifiesiritexface structure of the

nanocomposites, indicated by increased disordered pliesphdth increasing citrate

concentration, which provides a strategy for interface eegmg to accomplish optimal

performance of nanocomposites. Moreover, with citrate extnation comparable to that in
body fluids, hydroxyapatite crystals of similar size as thasbone have been produced,
which indicates that citrate is a major regulator of the apatit¢atrsize in bone.

As discussed in Chapter 1, the mechanical properties ¢ lamd bone-mimic
nanocomposites not only depend on the interface structdrtha size of apatite crystals, but
also their organic and inorganic compositions. Bone is coatpof 65 wt% (45 vol%) of
mineral and the rest is collagen, non-collagenous proteinsvated. Bone-mimic polymer-
calcium phosphate nanocomposites synthesized by sol-gebdaneften fall short on the
mineral portion. The mineral content has been raised by usymme-Leucine diblock
copolypeptide, which can form a gel at very low concentnaio5-4 wt%), to template the
formation of polymer-hydroxyapatite nanocomposites. TheATsult showed that
composites have been obtained with hydroxyapatite of abbveit%. Solid-state NMR
identified the mineral phase as hydroxyapatite and confirtteel formation of
nanocomposites.

In this thesis, magic-angle spinning (MAS) was used in catipn with all
the solid-state NMR methods employed to attain high resolutiorR NNowever, MAS
cannot spin out CSA that is comparable or larger than theisgispeed. Regular sideband
suppression methods such as TOSS or PASS are not suitapenfeystems involving high-
Z spin-1/2 nuclei in a non-cubic environment with a large C8@ spectral range, due to
limited excitation range of long pulses. Thus, we have addpttds magic-angle turning
(MAT) experiment to fast MAS, termed fast MAT, to maximizee tsensitivity and
accomplish broadband excitation by solving pulse timing isskest MAT was
demonstrated on a model compound and applied to charactecianologically important
tellurides, which has showed that fast MAT can generate itiefspeed” spectra over a
spectral range up to ~1y8; without significant distortions. The comparison between fast
MAT and PASS confirmed that fast MAT is preferable when diaad excitation is
required. Echo-matched Gaussian filtering has been usedflime data processing to
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improve the signal-to-noise ratio and sharing between clsaafter shearing to minimize
spectral artifacts due to digital rounding.

REDOR NMR has been employed to select the signals afecibut of those from the
collagen matrix and quantitatively determine the distance oteit@bons from the apatite
surface. The corresponding methods for spin systenwdving quadrupolar nuclei, such as
SPIDER and REAPDOR, suffer from the fast relaxation ofiquaolar spins on the order of
sub-millisecond; this leads to inaccurate or impossible determinatiomter-atomic
distance. The phenomenon was studied by analytical andriual simulations of REDOR-
like spin evolution of spin-1/2 coupled to spin-1/2, 1, or 3k study has showed that fast
T1g relaxation causes reduction or vanishing of the two-spiereolce before the second
recoupling period, which leads to intensity loss of the rafsresignal § in turn an
overestimation of the inter-nuclear distance. This problem deasonstrated on several
model compounds. FastJrelaxation also causes the shortening gfdiie to involving
transient dipolar coupling evolution, which is spinning spegeidgent. The minimization of
T1q effect in SPIDER and REAPDOR was achieved with a newpulise sequence with

minimal recoupling.

Recommendations for future research

The role of citrate in bone and biomimetic synthesis cantieek examined. First,
the amount of citrate varies among different mammalian spetiféerent bones of the same
species, and the same bone of different mineral age.cbmusarative studies can be carried
out to relate the citrate concentration with the apatite crystairsieeo, the variation of
citrate concentration with mineral age, and possibly abnormatecitoncentration in
diseased bones. Clinical therapies using citrate control mdgustoped to correct
anomalies of natural tissue mineralization. The basis for halection of citrate
concentration in different bones, possibly for various irequents of mechanical properties,
can be probed. Second, citrate in bone may not onlytaffe@patite crystal structure, but
also the mineral content in the tissue, therefore, the correlatticitrate concentration with
the degree of mineralization can be explored. Third, thediadborigin of citrate in bone
and the control of citrate concentration in body fluids camestigated. For bone-mimic
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syntheses, the crystal size control and surface modificagicitrate can be combined with
polymers that can form a gel at low concentration and stetha hierarchical structure as
the collagen matrix in bone, so the structure and compositioone can be more closely
imitated. To extend the concept that small molecules such &s cédther than high-
molecular-weight proteins are indeed the main player in threibeyalization of bone, small
molecules with the key functional groups of essential proteinde used to substitute
certain proteins for specific functions.

Fast MAT can be further refined by combining the advantdgimple
implementation and data processing of PASS with the broadbamdef fast MAT, as
described in Gan’s most recent published and ongoing Wakkapplication of fast MAT
can also be expanded to other high-Z spins suéHRis,***Sn, and**Pt.

The effect of fast 1o relaxation can be included in REDOR simulation programs fo
more accurate determination of inter-atomic distance. Thgpensated Soulse sequence

remains as a good probe for qualitatively evaluating thenpatd, relaxation effect.



