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Volume 69 of Annual Reports on NMR Spectroscopy consists of contributions
from the usual medley of areas of science where NMR studies are of great
significance. The volume commences with a contribution from K. V. Romanenko
on “'*’Xe NMR Studies of Xenon Adsorption’; this is followed by a chapter from
B. Ancian on ‘NMR Studies for Mapping Structure and Dynamics of Nucleosides
in Water’; J. van Duynhoven, A. Voda, M. Witek and H. Van As report on “Time-
Domain NMR Applied to Food Products’; finally, Yefeng Yao and Qun Chen
describe ‘From Helical Jump to Chain Diffusion: Solid-State NMR Study of Chain
Dynamics in Semi-Crystalline Polymers’.

Itis a great pleasure for me to thank all these reporters for their very interesting
and timely contributions.

G. A. Webb

Royal Society of Chemistry
Burlington House
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”Xe NMR Studies of
Xenon Adsorption

K. V. Romanenko

Contents 1. Introduction 2
2. Basic Approaches of *Xe NMR Spectroscopy 3
2.1. Chemical shift of adsorbed xenon 3
2.2. Variation of the '?’Xe chemical shift due to porosity
and temperature 5
2.3. Xenon exchange spectroscopy 8
2.4. NMR of adsorbed species as a probe for metal clusters
in porous materials 9
3. Microporous Carbon Materials 10
3.1. Commercially available amorphous carbon materials I
3.2. Pitch-based activated carbon modified by air
oxidation/pyrolysis cycles 14
4. Mesoporous Carbon Materials 18
4.1. Testing the nanoparticles surface: Diamond and onion-like
carbon aggregates 18
4.2. Filamentous carbon: Surface, porosity and
paramagnetic impurities 20
4.3. Multi-wall carbon nanotubes 26
5. Conclusions 34
References 35
Abstract Original ideas based on NMR spectroscopy of the probe molecules have

become indispensable for characterisation of porous materials and catalysts.
The most important technique has been the ?Xe NMR of adsorbed xenon.
This method including MAS NMR and modern MRI facilities provide unique
information on a wide range of objects from atomic to macroscopic scale.
Many challenging and fascinating Xe NMR studies, published in a few
decades, referred to nanoscale properties of porous media. Basic approaches
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of Xe NMR of adsorbed Xe developed in the model studies of idealistic,
structurally and chemically pure materials should be subject to criticism
when a more complex class of objects is considered. This chapter summarises
these approaches and compares them with the recent results obtained for
micro- and mesoporous carbon materials.

Key Words:  Xe, NMR, Adsorption, Porosity, Micropores, Mesopores, Silica,
Zeolites, Porous carbon, Activated carbon, Onion-like carbon, Diamond
nanoparticle, Nanotube, Exchange spectroscopy, Pd, PACl,, Knight shift.

1. INTRODUCTION

Nuclear magnetic resonance (NMR) has evolved in many directions related to
specific problems of modern science. At present, NMR is among the most infor-
mative means for characterisation of diverse industrially important materials.

The chemical industry is essentially dependent on the knowledge of the
structural properties of complex porous materials that are either produced or
used during production. The suitability of porous materials for various applica-
tions is related to a few important properties: porosity, surface area, pore structure
and chemical composition of the surface. These properties are of vital importance
for catalysis wherein porous materials are regularly used as supports of the active
component. Porosity control, characterisation of surface morphology, determina-
tion of the nature of the surface sites and localisation and dispersion of supported
catalyst species are the most challenging issues in catalysis research.

NMR of adsorbed xenon is a relatively new technique that provides indepen-
dent information on the structure of adsorbents and supported catalysts.
A number of papers concerning '*’Xe NMR applications have appeared over
the past two decades. The uses and limitations of this technique have been
discussed in several critical reviews.'™ The '*’Xe NMR technique as a tool for
the characterisation of porous solids was for the first time proposed by Ito and
Fraissard.” The central idea was to find a chemically inert molecule that is highly
sensitive to its environment and physical interactions with other chemical species.
Xenon seems to be an ideal choice since it is an inert gas with a large electronic
environment and NMR-sensitive isotopes (**’Xe and '*'Xe). The isotope '**Xe has
a natural abundance 26.4, a spin quantum number 1/2 and an absolute sensitivity
5.60 x 10~ . The '*’Xe NMR chemical shift is the most informative characteristic
ranging over 7500 ppm (over 1500 ppm for physically adsorbed xenon). Signifi-
cant sensitivity improvement arises from the possibility of Xe nuclear polarisation
by the optical method.® Dramatic signal-to-noise ratio, however, is not always as
important as quantitative information. The relaxation behaviour of the polarised
spin system is different from that of a system in the thermal equilibrium. The
relative intensities of the observed '*Xe NMR lines may not reflect the true
occupancies of the corresponding adsorption sites. For quantitative Xe NMR
studies of porous media, thermal equilibrium may seem preferable.
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Despite its extensive use for characterisation of various microporous materials,
particularly zeolites, "*’Xe NMR has been rarely used to probe the properties of
carbon materials and carbon-based catalysts. Due in part to the variety of struc-
tural/surface properties, paramagnetism and different impurities, porous car-
bons are among the most complex materials. There have been many
publications about carbon and its use as an adsorbent, catalyst support or catalyst
in its own right.

The general purpose of this review chapter is to survey the potential of '*Xe
NMR spectroscopy of adsorbed xenon for the characterisation of micro- and
mesoporous materials that are attractive for catalysis applications. Particular
attention has been devoted to '*’Xe NMR studies of porous carbon materials—
microporous activated carbons and mesoporous aggregates of various carbon
nanoparticles.

Quantitative analysis of '*Xe NMR data is of great practical significance.
Relationships between parameters of pore structure and '*’Xe NMR parameters
were the particular objectives of many studies. Section 2 describes the general
approaches of the method developed for zeolites as well as mesoporous and
amorphous silica. Section 3 describes the use of *’Xe NMR for the characterisa-
tion of microporous amorphous carbon materials. The associated difficulties are
pointed out. Particular attention is paid to the analysis of chemical shift versus
local xenon density, d(p). Section 4 concentrates on the examination of the surface
properties and pore structure of aggregates formed by ordered carbon nanostruc-
tures (diamond nanoparticles, onion-like structures and various carbon
filaments).

2. BASIC APPROACHES OF '?XE NMR SPECTROSCOPY

2.1. Chemical shift of adsorbed xenon

The perturbation of the electronic shell changes the local magnetic field at the Xe
nucleus and affects the NMR frequency. As discussed by Ramsey,” the chemical
shift is composed of a diamagnetic contribution ¢4, which depends only on the
fundamental state of the electronic system and a paramagnetic contribution o,
which depends on the excited states and the symmetry of valence orbitals:

e? Pe 4 Ly

where p, is the electronic density, AE is the average energy of the excited state, L;
and Ly are the angular moment operators and 7y is the distance between the nuclei
and the electron. The screening constant of the isolated xenon atom is due to o4
only.

For most xenon interactions with other species or in xenon compounds, the
electron distribution is not spherically symmetric and o, varies over the wide
range. The nature of the atom to which the xenon is bonded influences the Xe
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chemical shift. Except in a few cases, the 129%e chemical shift is positive, that is,
the spectra manifest downfield with respect to the resonance of the isolated Xe
atom.

Generally, the relaxation times of adsorbed xenon should provide useful
information about local xenon environment and dynamics. However, this is
expected for extremely pure solids only. Real catalysts, particularly, carbon-
based catalysts, always contain a relatively high concentration of paramagnetic
impurities, dramatically reducing the relaxation times.

In the case of zeolites, Fraissard and co-workers have shown that the chemical
shift of adsorbed xenon measured at room temperature is essentially the sum of
several terms®”:

0 = Oref + 05 + Oxe + 0sas + OE + Om (2)

Oref is the reference (gaseous xenon at zero pressure). The term Jg arises from
interactions between xenon and the surface of the zeolite pores, given that the
surface of the adsorbent is free of electrical charges. In that case, it depends on
the xenon-surface interaction, on the dimensions of the cages or channels and
on the ease of xenon diffusion at long range. The term dx. describes the perturba-
tion posed by xenon collisions in the confined space, dsas accounts for strong
adsorption sites, Jg is due to electric field created by cations and dy; describes the
magnetic properties of the solid.

Similar to xenon in bulk gas phase,' the isotropic chemical shift of Xe
adsorbed in zeolites versus local Xe density p is given by'*

(T, p) = 33(T) + Oxe-xe(T)+p + Ixe-xe—xe(T)-p* + -+~ 3)

The virial coefficients Js, dxe_xe aNd Oxe_Xe_xe are temperature—dependent.12 For
the pure materials, s is regarded as a surface characteristic dependent on Xe
diffusion rate. The term dxc_xe* p arises from binary collisions of xenon atoms in a
confined space and depends on the pore size and shape. The term Jdxe xe-xe* p2 is
significant only at very high xenon density (> 10mmol cm ).

For a system of isolated pores, Js is the average value of the chemical shift of Xe
in rapid exchange between pore volume and surface:

_ Na(sa + N\/éV
N A A @

where J, and Jy are the chemical shifts of adsorbed and gaseous xenon, respec-
tively; N, and Ny are the corresponding occupancies of adsorbed and gaseous
(volume) states.

A quantitative ‘rapid exchange model’ proposed by Cheung et al.'* describes
the chemical shift of Xe adsorbed on zeolites as a function of density and
temperature.

N adsB N —N, adsg

o(T,p) = N 0a + N

where 0 is the fraction of the N,4s adsorption sites occupied on average and N is
the total number of xenon atoms present in the available volume V. The term

Og (5a)
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Jg is defined as Ixexe' P> An expression for 0 was derived from a condition of
adsorption equilibrium:

ka(l — 9)pg = kdg
where pg= (N —N,q4s0)/V; k, and kq are the adsorption and desorption constants,

respectively and p, is the gas-phase xenon density. If we denote 1,=N,4s/V and
b=k,/ka, Equation (5a) can be rewritten as

_ bnaéa + (1 + bpg)5Xe—Xepg

oTp) = 1+ bn, + bp, (5b)
In the case of weak adsorption, bpg < 1 and Equation (5b) reduces to
5Xe—Xe - béS
oT,p)=0s+ | ———~ 5¢
(T,p) =ds ((1+bna)2> (5¢)

where 0s=>bn,/(14+bn,). In the case of a strong adsorption, bpg > 1, one obtains

2
5(Ta P) = M - 2rlaéXeer + 5Xe7Xe'p (Sd)

The initial decrease of the chemical shift with increasing density in the case of
strong adsorption sites is described by the 1/p dependence (confirmed
experimentally).

The rapid exchange model is not valid in the presence of strong chemical shift
anisotropy (CSA). The CSA effects on the spectra usually appear for Xe in small
micropores and decrease with the atomic motion rate. When the pore size is large
enough, only isotropic shift is observed because of the effective averaging of the
chemical shift tensor. The anisotropy effects and corresponding line-shape change
upon Xe occupancy of micropores (6.7 x4.4 A) in crystalline aluminium phos-
phate ALPO-11 are reported in Refs. 14,15. The calculations of average '*’Xe
chemical shielding tensor in nanochannels were proposed in Refs. 16,17.

2.2. Variation of the *’Xe chemical shift due to porosity
and temperature

The most important feature of the **Xe chemical shift is its dependence on pore
dimensions. Successful prediction of the pore size from NMR data would be of
great value in the characterisation of novel porous materials, as adsorption mea-
surements are not always effective. In the initial studies,'® ds was correlated with
the mean free path of xenon I imposed by the micropore structure of zeolites and
molecular sieves. In the case of zeolites, the empirical equation is given by

0.2054
X —— (6)
0.2054 + 1
Later, a similar relationship was proposed for porous silica-based materials—

silica gels, porous glasses and porous organosilicates.' It is valid over the range
0.5-40 nm with a relatively large error.

5g = 243
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In a model proposed by Liu et al.,*” a virial expansion of the chemical shift is

exploited,9 with adsorbed xenon treated as two-dimensional gas. Derouane et al.
considered the effects of surface curvature of the zeolite pores on the value of
55.21?% Other models are based on Lennard-Jones potential curve calculations.”>?*

The use of existing chemical shift correlations for accurate measurements of
pore diameters appeared questionable.” Ripmeester et al. have shown that pre-
diction of the pore dimensions based on Jg values is not sufficiently reliable.
Numerical calculations showed that dg reflects the true void space of relatively
narrow pores alone, that is, when their size is close to the van der Waals diameter
of Xe atom. For large cages, the chemical shift was found to be a complicated
function of void space, sorption energy and temperature. Thus, no unique corre-
lation of s with the pore size (D) should be expected.

A model describing the '*’Xe chemical shift as a function of temperature was
proposed for zeolites™** and mesoporous silica materials.***” In the latter case,
the chemical shift was proposed in a simple form derived from Equation (4),
if oy < d,:

5 _ Naéa + NV5V _ 5&1 (7)
7 "N.+Ny 1+ (D/nKkT)

where Ny=PV/T is the amount of Xe atoms in the pore volume; P is the
equilibrium xenon pressure; N,=KPS is the amount of surface Xe atoms; D is
the effective pore size defined as D =nV/S, where 1 is a proportionality coefficient,
depending on the geometry; and K is the Henry constant.

Cheung?® showed that at 144 K pure amorphous materials (silica and alumina)
may show an initial decrease in '*’Xe chemical shift with xenon loading due to
pore sizes distribution.

The other model proposed by Cheung?* describes the chemical shift of a single
xenon atom confined in slit, cylindrical and spherical micropores:

Ce

o(T) = 1+ Fexp(—¢/T) ®)
where F= (L' — Dxo)/(2lm’ —1); Dxe is the xenon diameter (4.4 A); m'=1,2 and 3 for
slit, cylindrical and spherical pore geometries, respectively; L' (A) is the free pore
size for a considered pore geometry; and ¢ (K) and !/ (A) are the potential well
depth and width, respectively. The constant C (ppm K~ ') depends on ionisation
potentials of xenon and the surface atom.”” However, for Cheung’s model where
the square-well potential is used, C should be considered as a phenomenological
parameter.

According to Cheung’s calculations, the chemical shift can be an increasing or
decreasing function of temperature depending on the pore size. If the pore size is
close to the xenon atom radius, the chemical shift increases with increasing
temperature. However, it decreases for sufficiently large pores, that is,
L'+2R, >2.6(Rxe+R,), where Ry, and R, are the van der Waals radii of Xe and
surface atoms, respectively.

The second virial coefficient dx._x. in Equation (2) can also be considered as an
important characteristic of the material studied. It describes the interaction of
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xenon atoms in pores and, therefore, depends on the pore size and shape which
influence the xenon collision frequency.

The higher order chemical shift terms in the virial expansion obtained for the
gas-phase xenon under standard conditions (298 K and 1 atm pressure)'® are
much more pronounced than those of '°F or 'H, due to xenon’s much higher
polarisability. The value of 0.55 ppm amagat™ ' was obtained for dx._x.. Theoreti-
cal calculations of the chemical shift carried out by Adrian® evidenced that
during the lifetime of a binary xenon collision, short-range electron exchange
forces were responsible for the large density-dependent paramagnetic resonance
shift.

First attempts to analyse the experimental dx._x. values with respect to the
porosity looked promising. In the work of Julbe et al,* the slope dxe_xe Was
correlated with the pore size of a sol-gel-derived amorphous microporous silica.
The authors concluded that dx. x. decreases with increasing pore size. These
conclusions are questionable, since the discussed dx.-xe values were calculated
from the chemical shift as a function of xenon pressure. By definition, dxe-xe is a
slope of ¢ versus local Xe density p. The local Xe density p does not vary linearly
with Xe pressure in the full pressure range. This is particularly true for micropo-
rous samples. Nevertheless, on the basis of numerical calculations, the authors
emphasised that the term dx._x. should be a better probe of the micropore size
than 55.

An original approach to calculate the size of narrow one-dimensional channels
was proposed by Chen et al.** Tt is based on the confined one-dimensional
collision model. In this model, the channel diameter D¢ (nm) is related to dxe_xe
(ppm amagat ™ ') as

Dc =1.681 x 8 ., (9a)

Or using dxe_xe in ppm cm® mmol ! (1 amagat=0.045 mmol cm™ 3):
Dc = 0.356 x 02 . (9b)

It is remarkable that dxe xe is the increasing function of the pore size. This
dependence is related to the single-file diffusion (SFD) phenomenon.*
For molecules in a channel with a diameter less than twice the molecular size,
the diffusion character is different from that of diffusion in much wider pores.
As Oxe-xe is proportional to the xenon collision frequency (v), in a one-dimensional
channel it increases with increasing collision cross-section area (o):
5)(9,)(9 ~V~g D%

Equation (9a) was tested on the experimental data published earlier for various
microporous zeolites. The pore diameters were calculated using experimental
Oxe-xe Values and compared with the channel characteristics measured by X-ray
diffraction (XRD). In most cases, this equation provides a better estimate of the
pore size than what is provided by Equation (6), given that the pore size calculated
from XRD is very precise. For Y zeolite, Equation (9a) gives the pore size with a
relatively large error (~0.3 nm), which is not surprising since the distribution of
Xe—Xe collisions in the zeolite supercages is assumed to be isotropic.
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2.3. Xenon exchange spectroscopy

The xenon diffusion in the porous media can be studied with '*’Xe NMR
exchange spectroscopy.’®?” This technique was extensively applied to study the
structural heterogeneities and the dynamical features that are inherent in porous
materials such as various microporous solids, liquid crystal systems and amor-
phous polymers.

The relevant timescale 7 for '*’Xe NMR measurements is defined by the
reciprocal frequency separation of resonance lines w; and w, arising from differ-
ent adsorption sites:

T = (w1 — ZU2)71

Resolved peaks from two different Xe environments in the same sample are
observed when the exchange time is lower than ; faster exchange gives rise to a
single NMR line.

The 2D exchange experiment is based on a stimulated echo pulse scheme
(Figure 1). Initially, transverse magnetisation is prepared by a n/2 radio frequency
(rf) pulse. During the evolution period t;, magnetisation vectors acquire a frequency-
dependent phase. After the second n/2-pulse (z-storage), the magnetisation is longi-
tudinal. The exchange process takes place during the mixing period t,,. This delay is
fixed within a 2D experiment. A third /2-pulse rotates the longitudinal magnetisa-
tion into the x—y plane for detection during the period ¢,. The experiment has to be
repeated for a number of equally spaced values of the evolution time #; leading to a
data matrix s(t1,t,). The desired 2D-exchange spectrum S(w,, w,) is obtained by 2D
Fourier transformation of s(t1, t,). Off-diagonal peaks in the 2D spectrum appear as a
result of exchange within the mixing period ty,.

Evolution of the longitudinal magnetisation M, is described by the equation:

d
dt
where AM, () =M,(t) — My, My is the vector of equilibrium magnetisation along
magnetic field z-axis and L is the dynamic matrix presented by the sum of chemical
exchange and relaxation matrices L = K — R. Chemical exchange and relaxation
processes are described by the kinetic matrix K and relaxation matrix R, respec-
tively. The longitudinal relaxation involves two different processes: the nucleus
may relax independently of other nuclei with relaxation rate 1/T; due to external
relaxation; a direct dipolar interaction of nuclei causes dipolar relaxation.
For a one-spin system with two non-equivalent sites A and B, the first-order
chemical exchange is assumed:

AM.(t) = LAM.(t) (10)

AkifB

kBA

m/2 m/2 m/2
Acquisition

t fm t

Figure 1 2D exchange spectroscopy pulse scheme.
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1
—kng —=——  —k
AB TlA BA

1

_k Ckaa — —
AB BA ~

where kag and kgu are the rate constants, and T15 and Tjp are the longitudinal
relaxation times. Thus, the dynamic matrix L has eigenvalues 4.:

;Lj::—O—ZIZD
where
1 1 1 1 1 1
=—1|k k —F+—; O6==|kpa —k e
g 2<AB+ BA+T1A+T1B)’ 2<BA AB+T1A T1B>’

D = (8 + kagksa)"/?

A ratio of integral intensities of the cross-peaks I,p and diagonal peaks Ixx as a
function of mixing period can be derived:

Ia _ kag[l — exp(—2Dtp)]
Ina (D —4d)+ (D +d)exp(—2Dtp)

Using this equation the exchange dynamics parameters can be evaluated from
the experimental values of Ixg/Iaa Versus mixing period ty,. If kap=kpa =k and
Tia=T1g=T,, Equation (11) turns into a simple form, which can be used for the
estimation of exchange rate constants:

IAiA - 1 —ktn
Ing ~ ktm

EXSY (Exchange Spectroscopy) was effectively used to study inter-crystalline
xenon diffusion in a mixture of NaX and NaY zeolites.”® From the experimentally
measured exchange rate constants, the authors were able to estimate effective
diffusion coefficients of 1.3x 10 8 and 1 x 10" m? s~ ! for NaX and NaY, respec-
tively. The variable temperature measurements of exchange rate constants
allowed the effective activation energies of exchange processes to be estimated
at 3-4 k] mol ™~ '. These results are consistent with PFG (pulse field gradient) NMR
results.”” For example, for NaX the diffusion coefficient value was 7 x 10~ m*s ™!
and the activation energy was 6 k] mol™'. A considerably larger value of activa-
tion energy was obtained for NaA zeolite, 65 k] mol~'.*’ This was explained by a
smaller size of the window connecting two adjacent cavities.*’

(11)

(12)

2.4. NMR of adsorbed species as a probe for metal clusters
in porous materials

Supported metals constitute an important class of heterogeneous catalysts.
Adsorption isotherm analysis,** IR of chemisorbed molecules,* electron micros-
copy,***> Mossbauer spectroscopy*® and EXAFS* are traditionally used to exam-
ine the state of supported metals.
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Because of the technical difficulties associated with NMR detection of metals,
the metallic properties were tested indirectly by NMR of the detectable
chemisorbed phases (H, *C) or physically adsorbed probes (**’Xe). 'H is the
most NMR-sensitive nucleus and hydrogen is one of the most used gases in
catalytic systems. Fraissard and co-workers*** proposed the use of hydrogen as
a universal probe of supported metal. Subsequent technical progress has enabled
Slichter™ and Van der Klink et al.”" to run original experiments with chemisorbed
molecules on supported platinum. Many authors have applied these methods to
platinum and other metals.”*°

The distribution of fine particles (a few atoms) is hardly detectable by electron
microscopy, but it can be studied by '*’Xe NMR of xenon co-adsorbed with
hydrogen or other species.”” The '*’Xe NMR technique is particularly interesting
for determining the number of supported metal particles and the quantitative
distribution of phases chemisorbed on them. The ability to explore NMR of
adsorbed molecules is based on the Knight shift phenomenon in metals.”® >

Knight shift measures the magnetic hyperfine field at the nucleus produced by
the polarised conducting electrons™”:

K= 0 (0) Pz,

where (|i/(0)|*)y is the average density of the conduction electron wave functions
with the Fermi energy at the nucleus and ¢, is the Pauli susceptibility of the
conduction electrons. The Knight shift K of metal nuclei in the metal host is
measured with respect to the NMR frequency of the same metal nuclei in a salt.
The shift can be positive or negative depending on the polarisation of the conduc-
tion band by d-electrons. An NMR-active nucleus of a molecule adsorbed on a
metal would show a Knight shift with respect to this nucleus in a non-magnetic
environment. A survey of 'H, *C, D and '*’Xe NMR applications based on
Knight shift phenomenon is given by Khanra.*’

3. MICROPOROUS CARBON MATERIALS

Three forms of carbon are traditionally used as supports for precious-metal
catalyst to provide optimum properties and performance in the chemical
industry. These are activated carbon, carbon black and graphite or graphitised
materials. Characterising amorphous microporous carbons is a classical problem
in adsorption research. The particular difficulty with determining the micropore
size is related to the very complex theoretical approaches to describe adsorption.
Another challenge is the stringent requirements that adsorption equipment
should meet.

12Xe NMR is sensitive to the nature of organic molecules and their density
inside zeolite channels.®® Incomplete carbon oxidation resulting in carbonaceous
deposits (coking) in zeolite pores has been discussed in Refs. 64,65. **Xe NMR
studies of activated carbons and coals,®®”° carbon black materials,”'”? hard car-
bon,”® carbon replicas of Y zeolite’* and various carbon filaments including
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carbon nanotubes”””? have been reported. '**Xe NMR of polyacenic semiconduc-
tor materials,®” and optically polarised *’Xe NMR tests of graphitised carbon
surface® are worth mentioning as well. Most of these studies implied the strate-
gies developed for ordered porous solids, particularly zeolites. A few studies were
aimed at finding the relationships between '*’Xe NMR data and surface proper-
ties of carbon materials.

Microporous amorphous carbons, like many zeolites, are characterised by a
linear relationship between '*’Xe chemical shift and local xenon density. Ryoo
and co-workers® showed that the chemical shift extrapolated to zero density is
dependent on the nature of the carbonaceous surface for several types of amor-
phous carbon. No correlations were found between pore size distribution in
amorphous carbons and the '*’Xe chemical shift.

In contrast to pure silicates, the interpretation of '*’Xe NMR data obtained on
porous carbon is complicated for several reasons: structural disorder—distribu-
tion of the crystallite size or presence of amorphous domain; heterogeneity of
surface properties—presence of various surface groups and surface structures
(basal and edge); conductivity; and, in some cases, strong paramagnetic sites.
The paramagnetic properties of carbon materials originate from natural structural
defects and paramagnetic impurities of inorganic nature.

3.1. Commercially available amorphous carbon materials

The following example demonstrates some difficulties in the analysis of '**Xe
NMR data obtained for amorphous carbons (AR). The commercially available
amorphous carbon materials discussed in Ref. 82 are: AR produced from coconut
shells (Sutcliffe Speakman Carbon, Ashton-in-Makerfield, UK); Nor produced
from peat (Norit, Amersfoort, The Netherlands) and Sib produced by hydrocar-
bon pyrolysis followed by gas activation®®** (trademark: Sibunit, Russia). The
textural parameters obtained by the analysis of N, adsorption data are given in
Table 1. The presence of micropores in these samples is confirmed by the strong
dependence of the chemical shift on Xe density p. The linear fit parameters dg and
Oxe-xe are given in the Table 1. In addition, the values of ds and Jdx. x. adopted
from Ref. 69 are also included. These values were obtained for samples denoted as
SA (Strem Chem.), DA (Aldrich-Dargo G-60) and CA1l (Shin Ki Chem.).
In contrast to most of these samples, two lines are resolved in the *’Xe NMR
spectra of Xe adsorbed on Nor (Figure 2).

It is hard to claim the presence of reliable correlations between '*’Xe NMR data
and textural parameters. The chemical shift approximated to zero density, Js, is
expected to correlate with the pore dimensions of amorphous carbons as it is for
zeolites. The mean pore sizes of all these samples, except Sib, are very close. This
could explain the similarity of the ds values. However, the dg value obtained for
Sib seems to be too high for the mean pore size of 5.7 nm.

The '*Xe NMR line-shapes observed for Nor (Figure 2A) and WA1 were very
similar. Two '*’Xe NMR lines of WA1 were attributed to macroscopic inhomoge-
neity of the environment experienced by xenon on NMR timescale. Coalescence of
the two separate lines occurred after careful grinding and mixing of the sample.
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TABLE1 Textural and '*Xe NMR parameters of commercial amorphous carbons

6Xe—Xe
SBeT (ppm cm?®

Sample D (nm) Wi(em’g™)) (m?g™) Js (ppm) mmol ™)
Sib* 5.7 0.53 415 47 154
Nor* 1.6 0.13 1119 46 (line 1) 2.1

57 (line 2) 3.1
AR" 1.5 0.12 1456 43 1.5
SA® 1.74 0.427 1140 46 6.3
DA’ 1.62 0.242 742 50 55
CA1’ 1.48 0.256 527 49 8.1

D, the mean pore size; Wi, the total specific pore volume; Sggr, BET specific surface area; ds, the zero density chemical shift
approximation; dx._xe, the slope of the chemical shift versus density.

“ Data from Ref. 82.

b Data from Ref. 69.
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Figure 2 '*Xe NMR spectra of xenon adsorbed on commercial activated carbons Nor (A) and
AR (B) at a pressure of 100 kPa. Figure adapted from Ref. 82.

This explanation was reasonable; however, the dynamics of xenon exchange
should be analysed for more reliable conclusions on the nature of different
adsorption domains.

According to estimations done by N, adsorption analysis, the average pore
size of Nor is 1.6 nm (Table 1). This could cause sufficiently high Xe mobility at
room temperature to average Xe interactions over length scales on the order of
micrometers. When Xe exchange between two sites is ‘rapid” (as defined by their
chemical shift difference), the observed chemical shift is a time-weighted average
of the shifts in the absence of exchange. Thus, in order to ascertain whether peak
shifting has occurred, it is necessary to know how rapid the exchange process is.
This is conveniently done using two-dimensional exchange spectroscopy.
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The off-diagonal peaks in the two-dimensional spectrum cannot be observed
unless exchange takes place on the timescale of the mixing period used. The 2D
129Xe EXSY spectra of Nor acquired at room temperature are shown in Figure 3.
Weak intensities of the cross-peaks observed for t,,=10 ms indicated a near-
absence of xenon exchange on this timescale (Figure 3A). The rate of exchange
between the two sites was lower than approximately (10 ms)~'=100 Hz. The
intensive cross-peaks were observed for a mixing period of #,=400ms
(Figure 3B). Since the peak separation is 4830 Hz> (400 ms) '=2.5Hz, the
peaks have not undergone appreciable shift due to xenon exchange.

The chemical shift s depends essentially on the chemical state of the carbon
surface and possible surface defects. Indeed, Ryoo and co-workers® demon-
strated that Jg varied depending on the surface state of a carbon sample. Acidic
functional groups were introduced to the carbon surface by the treatment of
samples with nitric acid. The oxidative treatment of the activated carbons resulted
in the increase of chemical shift by 20 ppm without substantial change in the slope
Oxe-xe- The term dxe_x. should depend on pore connectivity and size. The use of
Oxe-xe for the characterisation of zeolites was reported by Chen et al® It is
remarkable that the slope dx._xe Varies at least by an order of magnitude from
one sample to another (Table 1). From these data, it seems that dx._xe is much
more sensitive to the pore structure of amorphous carbons than Js.

The lines ‘1’ and ‘2’ in the '*’Xe NMR spectrum of Xe adsorbed on Nor are
characterised by different ds and dx._xe values (Table 1). Therefore, the presence of
two domains different both in pore structure and chemical state of the surface
could be predicted. The exchange between these domains is very slow: ~2.5 Hz.

The correspondence between '*Xe chemical shifts and mean pore sizes
obtained by traditional methods such as N, adsorption analysis has not been
reported in the literature. This can be rationalised by the discrepancy of the pore
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Figure 3 2D “°Xe exchange spectra of Xe adsorbed on Nor acquired using mixing periods of
10 and 400 ms; xenon pressure ~100 kPa. Figures adapted from Ref. 82.



14

K. V. Romanenko

structures and surface compositions as a result of different origins and activation
procedures. In addition, N, adsorption analysis relies on various simplifications,
which often give unreliable estimation of mean pore diameters.

3.2. Pitch-based activated carbon modified by air
oxidation/pyrolysis cycles

Structural disorder of microporous carbon materials, their bad reproducibility
and various impurities make the interpretation of '*Xe NMR data ambiguous.
A series of activated carbons (AC) obtained by successive air oxidation/pyrolysis
cyclic treatments of a unique precursor were tested with '*?Xe NMR.®® The virial
coefficient dxexe arising from binary xenon collisions appeared to be a better
probe of the microporosity than the chemical shift extrapolated to zero pressure.
The first clear correlation between dx. xe. and the mean micropore size was
proposed for a particular set of activated carbons. The preliminary studies of
commercially available amorphous carbon materials and those obtained by air
oxidation/pyrolysis cycles showed that the use of the '*Xe chemical shift
approximated to zero density is very limited. It is more sensitive to the chemical
state of the surface and to the ease of Xe diffusion than to the pore size.

The N, adsorption analysis used for characterisation of the AC series is
described in detail in Ref. 85. The AC series presents narrow pore size distribu-
tions (PSD) and is of particular interest for carbon molecular sieve (CMS) applica-
tions. The samples conserve the same basic carbonaceous structure and surface
chemistry. The mean pore size increase per cycle was 0.16 nm on average
(Figure 4A). The regular increase of specific total volume, microporous volumes,
BET (Brunauer, Emmett, Teller theory) specific surface and external surface was
observed as well, except at the last cycle when the thin micropore walls collapsed.
The specific total and microporous volumes are displayed in Figure 4B.
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Figure4 Evolution of (A) the average pore size (¢) and (B) specific total (M) and microporous (A)
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pore volumes obtained by N, adsorption analysis versus the activation cycle number.
Figures adapted from Ref. 68.
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The '**Xe NMR spectra of xenon adsorbed on AC series exhibited a single line
over a wide range of xenon densities (p). The line-width narrowed with increased
cycle number. The line-width and line-shape asymmetry increased with Xe pres-
sure for the first four treatment cycles. The line-shape asymmetry features related
to the CSA and the pore structure heterogeneity are not easily separated by line-
shape analysis. The former contribution is expected for the narrowest micropores
only.*** When the pore size is large enough only, the isotropic shift is observed
as a result of the effective averaging of the chemical shift tensor. The '**Xe NMR
spectrum of sample AC(10) was remarkably widened compared to those of the
other samples. This clearly indicates some dramatic pore structure changes in the
last treatment cycle.

The density dependences of the chemical shift were linear over a wide density
range corresponding to Xe pressures from 0 to 100 kPa. The density p was
calculated as the amount of adsorbed xenon divided by the total pore volume
Wt of the sample considered. The calculated parameters ds and Oxe_x. were
compared with the corresponding mean pore sizes determined by N, adsorption,
Figures 5 and 6, respectively. Surprisingly, no regular dependence of g on the
mean pore size was observed: dg varied within 10 ppm over the pore size range
0.6-2.3 nm. Although in the case of zeolites and various molecular sieves the vari-
ation of Js is not perfect either,” it is generally monotonic with the pore size.
On the contrary, the slope Jxexe varied very regularly with the pore size
(Figure 6). A linear relationship between dx._xe and D was used to describe
these experimental data:

5Xeer =n+ kD (13)
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Figure 5 'Xe NMR chemical shifts approximated to zero xenon density versus mean pore size.

The treatment cycle numbers are given on the upper axis. Figure adapted from Ref. 68.
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Figure 6 Experimental dy._x. Values versus mean pore size obtained for the series of activated

carbons (M), the treatment cycle numbers are given on the upper axis. The linear fit of the
experimental data dxe_xe =5.147D is shown as a solid line (—). Figure adapted from Ref. 68.

where dx._xe and D are used in units of ppm cm® mmol ! and nm, respectively;
K is 74+0.2 ppm cm® mmol ™' nm™ ' and # is 5.1+0.3 ppm cm® mmol~'. The term
Oxe-xe 15 proportional to the xenon collision frequency and, therefore, to the
molecular collision cross-sectional area ¢. The latter is a geometrical factor that
can be calculated according to the known pore structure. Therefore, the character
of Oxe-xe(D) should reflect the pore geometry. The positive slope led the authors to
a logical conclusion that the Xe collision frequency increases with the mean pore
size.

The pore structure of activated carbons is very complex and irregular.”’ Tt is,
therefore, hard to compare the obtained dx._xe with that measured for highly
ordered materials like zeolites. For cylindrical pores, the term Jx.-xe can be
derived from Equation (9a):

$mmol ) (14)

This equation is valid only in the range Dx. <D <2Dx,~9 A, where Dy, is the
xenon diameter. Therefore, the maximum Jxe xe(D) for cylindrical channels is
Oxe-xe(2Dxe) ~6.1 ppm cm® mmol ! (Equation (14)). The dxe_x. value established
for bulk xenon”? is 0.548 ppm amagat™ ' =12.2 ppm cm”® mmol "

It is doubtful that the dx.-xe — D correspondence discussed in Ref. 68 could be
rationalised in terms of the simple Xe collision model. Xenon diffusion in acti-
vated carbons should be considered as a motion in a complex three-dimensional
pore framework taking into account interaction with walls. The structural hetero-
geneity of the carbon pore walls should be taken into account as well.

Ixe_xe = 7.89D? (ppmecm
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The temperature dependence of the chemical shift, 5(T), is sensitive to the
shape of the potential experienced by the xenon atom. Examination of the acti-
vated carbons pore geometry could be useful by means of '**Xe NMR if one could
find a suitable approach. For instance, the slit-like pore geometry, often consid-
ered for activated carbons, could be examined with the model proposed by
Cheung.** However, the adequacy of this model would be questionable since
the carbon pore structure is heterogeneous.

Variable temperature (VT) chemical shift measurements were performed for
the AC series at a xenon density of 0.5 mmol cm™ > (3 atoms per 10 nm?). Low Xe
density is commonly used in VT experiments in order to minimise the contribu-
tion of binary Xe collisions to the chemical shift. The local Xe density is kept
constant by minimisation of the sample free volume.

The chemical shift changed by 2 and 9 ppm over the temperature range
150-304 K for samples AC(1) and AC(9), respectively (Figure 7). The observed
chemical shift variations with temperature are qualitatively consistent with the
Cheung’s model.** The range of the chemical shift variation with temperature
increases with the heterogeneity of the xenon potential inside the pores. Indeed,
the chemical shift is almost independent of temperature for AC(1) representing
the smallest micropores of 0.67 nm. This can be ascribed to high potential homo-
geneity inside the micropores, when no preferential localisation of xenon occurs at
decreasing temperature. A similar observation was reported for the zeolite ZSM5.
The chemical shift varied within 6 ppm over the temperature range 173-373 K.
The similarity of the results could be rationalised by the close pore sizes of AC(1)
and ZSMb.

The temperature dependence of the chemical shift established for AC series is
different from zeolites if wider pores are considered. Though the temperature
influence exhibited for AC(9) is more pronounced than that for AC(1), it is
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Figure 7 Experimental ?’Xe NMR chemical shifts versus reciprocal temperature: AC(1) (C1) and
AC(9) (M). The curves represent the least-squares fits of Equation (8) to the experimental data.
Figure adapted from Ref. 68.
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substantially weaker than those observed for micr017:>0rous zeolites of a proximate
pore size and mesoporous or amorphous silica.”***>* For instance, a chemical
shift variation of 50 ppm over the temperature range 173-373 K is reported for
Y zeolite (diameter of supercages: D =1.3 nm). This is remarkably greater than the
range of 9 ppm observed for AC(9) (D=1.92 nm).

Based on the Cheung’s model, the authors excluded from consideration the
slit-like pore geometry for the samples from AC series. The pore structures of the
samples AC(1) and AC(9) were better described by cylindrical and spherical
geometries, respectively. Indeed, the modelling performed by Py et al.”* showed
that the pore morphology of carbons obtained by air oxidation/pyrolysis cycles is
not slit-like. The edge/edge and edge/face nanomorphologies of porosity avail-
able between disc-like basic structural units were proposed.

4. MESOPOROUS CARBON MATERIALS

4.1. Testing the nanoparticles surface: Diamond and onion-like
carbon aggregates

Mesoporous carbons is an important class of materials with the pore size scaling
from 2 to 50 nm. The '*Xe NMR chemical shift of adsorbed xenon is known to be
very sensitive to the presence of functional surface groups and strong adsorbtion
sites.

Well-characterised, structurally similar nanodiamond (UDD) and onion-like
carbon (OLC) samples present a good model system for '*’Xe NMR studies.”
High concentration of different oxygen- and hydrogen-containing functional
groups on the surface of diamond nanoparticles makes the essential difference
between UDD and OLC. The OLC nanoparticles, as well as UDD, form aggre-
gates. The pore structures responsible for the adsorption properties are very
similar since the OLC sample is obtained by high temperature annealing of
UDD in vacuum. The transmission electron microscopy (TEM) images of UDD
and OLC are shown in Figure 8A and B, respectively. The surface of OLC is
graphitised and similar to the surface of fullerenes, but not as perfect. In contrast
to UDD, the OLC particles are free from functional groups and represent chemi-
cally pure carbon. To expose the graphite edge faces, the initial sample OLC was
oxidised in a flow of O, and N,. The oxidised sample is denoted OLC-ox. The
parameters of the texture obtained with the N, adsorption analysis are given in
Table 2. The PSD are shown in Figure 9. This data evidence that UDD and OLC
aggregates has very similar PSD ranging from 3 to 20 nm. It is worth mentioning
that the bulk structure of primary nanoparticles is not responsible for the adsorp-
tion properties of their aggregates. Therefore, the '*’Xe NMR technique is not
sensitive to the bulk structure of nanoparticles of UDD and OLC samples since
xenon adsorption occurs only in the aggregate pores, that is, between the particles.

The different surface compositions of OLC and UDD resulted in the sharp
contrast of '*’Xe NMR data. The '**Xe NMR spectrum of optically polarised xenon
adsorbed on UDD powder is shown in Figure 10A. The '*’Xe polarisation method
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Figure 8 TEM images of aggregated nanoparticles UDD (A) and OLC (B). Figures adapted from
Ref. 91.

TABLE 2 Textural properties of diamond and onion-like nanoparticles
obtained by N, adsorption analysis

Sample Sger (M2 g™ ") D (nm) Wt (cm® g™ ")
UDD 288 154 1.12
OLC 326 10.4 0.83
OLC-ox 440 9.7 1.04

Sger, the BET specific surface area; D, the average pore diameter; Wi, the total specific pore
volume; UDD, ultradispersed diamond; OLC, onion-like carbon.
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Figure 9 Pore size distributions obtained by N, adsorption analysis for UDD (M), OLC (%) and
OLC-ox (A). Figure adapted from Ref. 91.
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Figure 10 '”’Xe NMR spectra of Xe adsorbed on UDD (A) optical polarisation, OLC (B) and
OLC-ox (C) at a pressure of 30 kPa. Figure adapted from Ref. 91.

was used to compensate for the low amount of the available UDD sample.
An intense line near 0 ppm corresponds to polarised gaseous Xe. Two broad
lines (~2000-3000 Hz) at 95 and 75 ppm correspond to adsorbed Xe. The chemical
shift decrease of 10 ppm (higher field) was indicated with Xe pressure varied over
the range from 1 to 70 kPa. The '*Xe NMR spectra of Xe adsorbed on OLC and
OLC-ox contain single, relatively narrow lines (Figure 10B and C), that shift
downfield with Xe density. The narrow resonance lines are indicative of the fast
exchange of xenon between the adsorption domains of OLC/OLC-ox. The chemi-
cal shifts approximated to zero density, ds, were 35.7+0.5 ppm (OLC) and
39.4£0.5 ppm (OLC-o0x). The oxidation treatment of OLC led to an increased ds
for OLC-ox. This is consistent with the increase of adsorption enthalpy. Enthalpies
of xenon adsorption estimated from the adsorption isotherms were 16.3 and
24 k] mol ™! for OLC and OLC-ox, respectively.

Despite the texture similarity of UDD and OLC, their '**Xe NMR linewidths,
chemical shifts and d(p) dependences are remarkably different. These results led
the authors to several conclusions. The chemical shift of adsorbed xenon (ds)
cannot be unambiguously used to probe the pore size of mesoporous carbon
materials with wide pore size distribution and heterogeneous surface composi-
tion. On the other hand, Js is very sensitive to the chemical state of the surface of
mesoporous carbon materials that commonly present wide pore size distribution.

4.2. Filamentous carbon: Surface, porosity and
paramagnetic impurities

The texture of most porous carbon adsorbents is heterogeneous, particularly
because of the presence of several types of carbon surface, that is, different
graphitic facets (basal and edge). The adsorption properties of these facets are
considerably different. The chemical shift Js is expected to be an average charac-
teristic of the surface structure.
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The chemical shift 6s was shown to depend on the relative contribution of edge
and basal facets to the total surface area.” A series of catalytic filamentous carbons
(CFC) obtained by methane decomposition on iron subgroup metal catalysts™
was chosen for model '**Xe NMR studies. The angle () between the constituent
crystallite plane and the filament axis strongly depends on the catalyst composi-
tion. The filaments are built up by the crystallite planes, arranged as cones or tubes
put one into one another (Figure 11). The '*’Xe NMR study revealed the depen-
dence of '**Xe chemical shift on the structure of carbon surface, particularly on the
orientation of graphite crystallites. The CFC samples with angles () between
graphitic planes and a filament axis of 0°, 20°, 45°, 90° were denoted as CFC-0,
CFC-20, CFC-45 and CFC-90, respectively. The chemical shift follows a general
trend to increase with the adsorption potential of the surface. However, attention
should be paid to paramagnetic impurities. As a result of the fibre formation,
deactivated catalyst particles are embedded in carbon granules. Considerable
paramagnetic contribution to the '**Xe chemical shift was reported for carbon
filaments with metal content as high as 2 wt%. Quantities of paramagnetic sites,
Nspin, obtained by ESR are listed in Table 3.

Graphite edges do not form any slit pores with diameter ~0.343 nm, as would
be expected for graphite single crystal facets. The linkage of nearest or next-
nearest surface edges is thermodynamically favourable. The Gibbs free energy
of the edge face is roughly 40 times larger than that of the basal one, 6.3 and
0.16 ] m™?, respectively.”” The so-called closed-layer structures are commonly
observed with high-resolution TEM (HRTEM).

CFC are produced as a skein of chaotically interlaced filaments. The porous
texture of CFC is presented mainly by mesopores. Bimodal PSD are composed of
dense (~3-5nm) and loose (10-30 nm) aggregates (Figure 12). The average pore
size, total specific volumes (Wt) and micropore (Wo) volumes are listed in Table 3.
The large contribution of loose aggregate pores to the total porosity is generally a
characteristic for samples produced at lower carbon yield. The large free space is
progressively filled by the filaments during the reaction, leading to the decrease of
the average pore size and the dense pore texture.

The analysis of Xe adsorption isotherms (Figure 13), confirmed that the inter-
action of xenon with carbon surface depends on the surface structure. The param-
eter of the Langmuir’s model of monolayer adsorption, ymaxb, describing the
adsorption strength of the adsorbent, tends to increase with the angle between
the crystallite planes and the filament axis, a.

=— M\

Figure 11 Various structures of catalytic filamentous carbons, CFC. The angles between
constituent crystallite plane and filament axis o are 0 =0° (A), 2 =45° (B) and «=90° (C).

A



TABLE 3 NMR, adsorption and EPR characteristics of filamentous carbons, CFC

Sample D Wt Wo SBeT K, Ymaxb s

(angle o) (nm) (em’g™) (em’g™) (m*g ™) (m~*kPa™) (ppm) vi/2 (Hz) Nspin (87') G (8/8c)

CEC-0 17.5 0.663 0.011 151 1.14 x 10% 24.6 3500 048x10%*° 145
35.9 1000

CFC-20 20.1 0.585 0.001 116.4 0.78 x 10*° 77.6 5000 2.4%10% 45

CFC-45 9.9 0.255 0.007 102.4 2.4 %10 53 2400 1.1x10* 100

CFC-90 6.1 0.466 0.007 307.5 3.1x10'° 67.9 860 034x10%° 220

o, the angle between the crystallite plains and the filament axis; D, the average pore diameter; Wi, the total specific pore volume; W, the specific micropore volume; Sggr, the BET
specific surface area; K, Henry constant; y,,, the monolayer capacity; b, the adsorption equilibrium constant; ds, the chemical shift approximated to zero loading; vy, full width at half
maximum; Nspin, the number of paramagnetic sites; G, catalyst efficiency or carbon capacity, weight of produced carbon per gram of catalyst.
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Figure 12 Pore size distributions obtained by N, adsorption analysis. Figure reproduced from
Ref. 76.
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Figure 13 Isotherms of Xe adsorption (amount per square metre): (o) CFC-0, (¥) CFC-20,
(m) CFC-45, (®) CFC-90, lines correspond to the least-square data fit according to the Henry’s
and Langmuir’s laws.

23



24 K. V. Romanenko

The '**Xe NMR spectra of Xe adsorbed on CFC-0, CFC-20, CFC-45 and CFC-90
at a pressure of 100 kPa are shown in Figure 14. Table 3 contains the line-widths
and Js values extracted from experimental d(p) dependences.

The CFC samples have small microporous volume and the average pore sizes
are in the range 6-20 nm. In the mesopore range (pore diameter >2 nm), both the
surface type and the porosity influence the chemical shift. However, any correla-
tion of the chemical shift with the mean pore size would be doubtful, since the
samples present wide bimodal PSD. The surface structure as well as the chemical
composition of the surface should affect the '**Xe chemical shift of adsorbed xenon.

The correspondence between the surface structure, adsorption potential of the
surface and the chemical shift was indicated for CFC-0, CFC-45 and CFC-90
(Table 3, Figure 15). The authors rationalised this result in terms of the adsorption

98 kPa H CFC-90

111 kPa CFC-45
111 kPa CFC-20
98 kPa CFC-0
T T AT AT T T T
200 100 0 -100
4 (ppm)

Figure 14 '?’Xe NMR spectra of xenon adsorbed on CFC-0, CFC-20, CFC-45, CFC-90.
Figure adapted from Ref. 76.
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Figure 15 The chemical shift approximations to zero loading, Js, versus angle o.
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properties of basal and edge faces. The adsorption potential of the edge faces is
larger than that of the basal face.”® If o is between 0° and 90°, the filament surface
structure can be considered as a combination of basal, edge and closed-layer edge
faces.””'%° Therefore, under the fast exchange condition, the chemical shift ds is a
measure of the average surface structure of carbon filaments. This assumption is
confirmed by the chemical shift obtained for CFC-45, 6s=>53 ppm, which is close
to the average of the values obtained for «=0° and 90°, respecively (Table 3). The
sample CFC-20 fell out of the observed trend. Most likely it was because of
the high concentration of paramagnetic impurities. Strongest paramagnetic con-
tribution is confirmed by EPR, Nspins, full-width at half-maximum of the NMR
line, v1 /7 and carbon capacity of a catalyst, G (Table 3).

Similar results were reported by Simonov et al.'”" The chemical shifts obtained
for graphitised carbon black, step-like roughened surface and filamentous car-
bons with exposed edge faces were 14, 50 and 100 ppm, respectively. Although
these values were measured at a fixed Xe density ~ 100 umol g~ ', that is, without
extrapolation of chemical shift to zero density, they support the relationship
between the chemical shift and the surface structure.

The dxe_xe* p term depends not only on the density of adsorbed xenon but also
on the probability of Xe-Xe collisions and therefore on the distribution of Xe
atoms in the pores and their diffusion. The coefficient dx._x. was shown to
increase with the mean pore size in the case of micropores.”® In the case of
mesopores, the opposite dynamics was reported’®” (Figure 16). A simple
model describing these data has been proposed.'**

The number of Xe atoms in the pore volume, N,, is negligible compared to the
number of atoms on the surface, Ns. Thus, the collision frequency at the surface,
vg, is much greater than that in the pore volume. Consideration of the chemical
shift as a function of the surface Xe density, y, would seem logical:

f
3(y) = ds + 0oy (15)
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Figure 16 5§‘;’er versus average pore diameter: (+) CFC-0, (X)) CFC-20, (O0) CFC-45, (m) CFC-90,
(0) OLC, (@) OLC-ox. Dashed curve is for convenience only. Figure adapted from Ref. 102.
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This expression is very similar to Equation (3). The term 5;‘3&8 -y describes the

binary xenon collision at the carbon surface. If Xe atoms spend times fs and ¢y on
the surface and in the pore volume, respectively, the time-averaged collision
frequency is given by Equation (16):

Vo = =
STl + by 1+ ty/ts

where ty is the average time between two adjacent collisions with the surface, that
is, ty is proportional to the mean free path imposed by the structure, I. [ is
proportional to the pore diameter D. Finally, one obtains an expression for

o, . with two phenomenological parameters ¢ and ¥:

vgtg Vg (16)

. ¥
5)S(léer = 1+ gvD (17)

4.3. Multi-wall carbon nanotubes

4.3.1. Identification of adsorption domains

The adsorption on carbon nanotubes is commonly addressed in the literature as a
problem of identification of the adsorption domains: inter-crystalline or aggregate
pores corresponding to the external surface and one-dimensional channels. The
important role of aggregate pores in adsorption, capillarity, or other physico-
chemical properties was accentuated in Ref. 103. This type of pore appears to
have a large adsorption capacity responsible for 78.5% of the total adsorbed
amount. Understanding the aggregation mechanisms and inter-crystalline pore
structure is necessary for development of efficient gas-storage materials. Different
sorbates were used for volumetric measurements in order to identify the adsorp-
tion sites of single-wall carbon nanotube bundles—interstitial channels, grooves
and remaining outer parts.'”* Carbon nanotubes may seem to be an ideal geomet-
rical model of cylindrical pores.105 However, analysis of the inner cavity filling
from the usual adsorption measurements is quite complicated.'” Porosity of as-
made nanotubes can hardly be ascertained using N, adsorption.'”” Adsorption
data seem to be more informative with regard to the surface characteristics than to
the porosity. Several studies report the native nanotubes as being closed.'””'*® The
carbon nanotube channels become accessible to guest molecules only after chemi-
cal or mechanical treatments: uniform burning-out of the tips by mild oxida-
tion,'” ball milling,'" or thermal activation."'! The purification procedures also
may result in the removal of the nanotubes tips.'"?

A few attempts have been made to characterise multi-wall carbon nanotubes
(MWCNT) with "**Xe NMR.”””® The reported 129X e NMR results were somewhat
similar to those obtained for mesoporous silica.'**** This similarity is based on
the validity of the fast exchange approximation for Xe interacting with the
MWCNT surface. Xenon was shown to be a reliable probe of accessible nanotubes
channels and aggregate texture of MWCNT. Adsorption of Xe in aggregate (or
inter-crystalline) pores and inside MWCNT was distinguished by '**Xe NMR
chemical shift and exchange dynamics analysis.
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Two MWCNT samples (referred to as CNT and CNT(O)) were obtained in the
catalytic decomposition of C,H; over an iron—cobalt catalyst at 700 oC 113
A thorough analysis of the TEM images of the sample CNT(O) (not shown)
revealed nanotubes with open tips. The sample CNT presented only closed
nanotubes. As result of the ball-milling procedure, the average nanotubes length
reduced from 5 to 0.5 um.

The following results were adapted from Ref. 77. Figures 17A and 18A display
the '*Xe NMR spectra of Xe adsorbed on as-made carbon nanotubes CNT and
CNT(O). The '*Xe NMR spectra of ball-milled nanotubes, CNT-BM and CNT(O)-
BM are displayed in Figures 17B and 18B. After ball milling, the spectra changed
dramatically for both samples.

Two principal adsorption domains were considered: (1) the aggregate porosity
corresponding to the external nanotube surface and (2) the interior of the nano-
tubes (nanotube channels) accessible for adsorption after chemical or mechanical
treatments. The NMR lines (xo 1,2, ¥1,2 and z; ) were assigned to these adsorption
domains based on the general trend of the chemical shift to decrease with the pore
size. This correspondence was supported by exchange dynamics studies, variable
temperature chemical shift measurements, N, adsorption analysis and electron
rnicrosc01:>y.77

The relatively low chemical shift values (~10 ppm) correspond to Xe in fast
exchange between the surface of loosely packed nanotube (large aggregate meso-
pores) and the gas phase. Dense nanotubes packing could be distinguished from
loose packing by the additional low-field shift of 10-20 ppm. Since some fraction
of the as-made nanotubes CNT(O) had open tips, additional resonance lines
manifested at 40-50 ppm. These results are summarised in Table 4.

A
CNT
B Ball
milling
CNT-BM
LIS B B S S s S B B B B S s e s B
150 100 50 0 -50 -100

6 (ppm)

Figure 17 ”’Xe NMR spectra of Xe adsorbed on CNT (A) and CNT-BM (B) at 100 kPa.
Figure adapted from Ref. 77.
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Figure18 '2’Xe NMR spectra of Xe adsorbed on CNT(O) (A), CNT(O)-BM (B), blend of CNT(O) and
CNT(O)-BM (C, D) at 100 kPa; the signal-to-noise ratios are different due to the differences in
accumulation number and adsorption. Figure adapted from Ref. 77.

TABLE 4 The "?*Xe NMR chemical shifts assignment to the carbon nanotube adsorption sites

CNT CNT (0) Assignment
As-made 11 ppm (x7) 10 ppm (x») Inter (loose aggregates)
35 ppm (1) 30 ppm (x0) Inter (dense aggregates)
43 ppm (y2) Intra (long tubes)
Ball-milled 35 ppm (z1) 50 ppm (z5) Exchange inter-intra-edge

The chemical shift changed by 10 ppm over the wide range of Xe density
(0-0.2 mmol g_l). These observations were indicative of fast exchange between
the pore volume and the carbon surface.

The exchange between nanotube channels and aggregate pores of CNT(O) was
slow and two lines, x, and y,, were distinguished (Figure 18A). The exchange rate
between these domain sites was estimated with EXSY. The 2D '**Xe EXSY spec-
trum obtained at a mixing time of 10 ms is shown in Figure 19.

The effects of ball milling on nanotube pore structure and Xe exchange
dynamics were examined. The nanotube channels became accessible to Xe as
indicated by xenon volumetric adsorption studies and chemical shift increase.
A single line (z; or z) observed in the spectra (Figures 17B and 18B) was indicative
of fast exchange between nanotube channels and aggregate pores. The average
nanotube length after ball milling was 0.5 um. The Xe residence times inside ball-
milled nanotubes estimated with Einstein’s diffusion equation was 10~ ” s, a negli-
gible quantity on the timescale of NMR experiment. The low-field contribution
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Figure 19 2D '’Xe exchange spectrum of CNT(O) using a 10-ms mixing period. Figure adapted
from Ref. 77.

Figure 20 HRTEM images of CNT(O)-BM: (A) nanotube sections, (B) agregates of ball-milled
nanotubes. Figures adapted from Ref. 77.

to the chemical shift of the exchange line comes from the nanotube sections
formed by the milling procedure. Short nanotubes with side sections caused by
ball milling are visible on the HRTEM images of ball-milled samples (Figure 20).
Densifying of the overall MWCNT texture after ball milling was expected to cause
additional low-field shift. The aggregates of ball-milled nanotubes are shown in
Figure 20B.

The rates of Xe exchange between adsorption domains of as-made and ball-
milled nanotubes were examined. For that purpose, the samples CNT(O) and
CNT(O)-BM were mixed in a weight proportion of 1:0.2. This ratio was adjusted
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experimentally in order to make the intensities of the lines a; and c; similar. The
129%e NMR spectrum of Xe adsorbed on the mixture of CNT(O) and CNT(O)-BM
is displayed in Figure 18C. Its line-shape could not be reproduced by linear
superposition of the individual spectra displayed in Figure 18A and B. This
confirmed the fast Xe exchange between the channels of ball-milled nanotubes
and the aggregate pore volumes.

43.2. Variable temperature measurements

The variable temperature '**Xe NMR measurements confirmed the validity of the
fast exchange approximation. The temperature decrease forces the occupancies of
different adsorption domains to change. If the amount of Xe atoms is constant, the
relative occupancy of a stronger adsorption site increases at the expense of a
weaker one. The difference of adsorption potentials could be estimated from
129Xe NMR spectra acquired at different temperatures.

Variable temperature *’Xe NMR spectra of Xe adsorbed on as-made CNT(O)
are shown in Figure 21. Cooling causes the relative intensities of the NMR lines to
change, reflecting the population of adsorption domains. All the lines moved
downfield. At temperatures below 150 K, these lines merge into a single, relatively
narrow line at 128 ppm. This chemical shift could be due to both Xe interaction
with the carbon surface and Xe-Xe collisions. The former contribution dominated
since the Xe density was low, p~15 ymol g~ '.

150 K

180 K

210K

240 K

304 K

I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
N
(1
|
|
|
|
|
|
|
|
|
|
|

200 150 100 50 0 -50
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Figure 21 Variable temperature ?’Xe NMR spectra of Xe adsorbed on CNT(O). The Xe loading is
0.15 mmol g . Figure adapted from Ref. 77.
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The chemical shift variation with temperature seems to be helpful for the pore
geometry characterisation, Equation (7). The authors considered the geometry of
non-intersecting cylindrical pores to describe the variable temperature Xe NMR
data. The local Xe density was sufficiently low to neglect the Xe—Xe interaction.
In the case of cylindrical pores, =4, the chemical shift is given by

da

o) = 1 [(Dp/aK exp eIF)]

Here the Henry constant K is expressed as Kjexp(—e¢f), where K; is the
temperature-independent constant; f =T ! and ¢=H,q4./k, where H,4 is the
enthalpy of Xe adsorption. Experimental data obtained for the ball-milled
MWCNT sample (CNT(O)-BM) and the fitting curve are shown in Figure 22.
The pore diameter, D, was fixed at 4nm. The best fit parameters were
0,=107.4 ppm, H,4s=11.9 k] mol™ 1 Ky=0.23x10"Pa~'m 2 The Henry con-
stant K corresponding to these H,q and K, was 0.29x10"”Pa 'm™? at
T=296 K. This could be compared to a K value obtained from Xe adsorption
isotherms, 5x 10" Pa~' m~ 2. The difference in the K-values is acceptable in
view of all the simplifications made. The model (Equation (18)) corresponds to
the channel-like pores of nanotubes only. The difference in binding energies of
inner and outer nanotube surfaces''*!'® has a strong effect on the relative amount
of adsorbed xenon at low temperatures.

(18)

4.33. Evidence for localisation of Pd-containing particles supported on
MWCNT

Carbon-supported metal catalysts are advantageous from economical and ecolog-

ical standpoints. Metal recovery, refining and recycling procedures are very

convenient and economical, since the carbon support can be burnt off, leading

to highly concentrated ashes.

120 l l | |

100

80

6 (ppm)

60

40 | | | |
0.003 0.004 0.005 0.006 0.007 0.008

1000/T (K-1)

Figure 22 Experimental ?*Xe NMR chemical shifts versus reciprocal temperature measured

for the sample CNT(O)-BM (M). The solid curve represents the least-squares fit of Equation (18)
to the experimental data. Figure adapted from Ref. 77.
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This technology does not produce large amounts of solid waste that need to be
land-filled. Porous carbon materials are stable in both acidic and basic media,
which is not true for alumina or silica supports. The catalysts most frequently
used in fine chemicals production are metals. About 30% of the catalysts in this
sector are supported palladium catalysts, and most of them are used for hydro-
genation reactions, for example, the synthesis of amines from nitro compounds or
the saturation of carbon—carbon and carbon-heteroatom multiple bonds.

As-made and ball-milled carbon nanotubes were used as model supports of
the PdCl, particles.''® The rate of Xe exchange between channels and aggregate
pores of ball-milled nanotubes was strongly influenced by Pd-containing particles
localised inside nanotubes.

The PdCl, particles were supported on MWCNT by the incipient wetness
preparation method, Table 5.

According to studies of Simonov et al.,"” both metallic (Pd°) and oxidised
(PACl,-Pd*") Pd states are formed. Adsorption of H,PdCl, from the aqueous
solution takes place on the carbon surface by two mechanisms. Reduction results
in formation of metallic Pd° particles with a wide size distribution of 6-100 nm.
The PdCl, clusters are deposited in the form of surface m-complexes with
>C=C< fragments of the carbon matrix. The quantitative ratio of the adsorbed
Pd** and Pd" species, dispersion and morphology of the metallic particles depend
on various factors like size of carbon particles, state of the carbon surface, condi-
tions of drying, etc. Simonov et al. showed that the first process is localised near
the external surface of the porous carbon particles (Sibunit). The second process
takes place on the whole surface of these particles.

Formation of Pd-containing particles on the surface of CNT and CNT-BM was
confirmed by TEM images. In agreement with the results of Simonov et al.,"'”'!®
the PACl, particles were present mainly in a highly dispersed state (<3 nm). Rare
presence of coarse Pd metal particles 10-80 nm in size was indicated. Initiation of
PdCl, clusters occurred at the numerous micro-defects present on the outer
surface and on the side sections of the nanotubes. The presence of fine PdCl,
clusters inside or at the sections of ball-milled nanotubes could be suggested from
the TEM images (Figure 23). Because of the appropriate size, these particles could
partially or completely block the nanotube channels. HRTEM images, however,
were ambiguous since they do not allow distinguishing between the particles
inside and outside the nanotubes.

Figure 24A and B display the '*’Xe NMR spectra of xenon adsorbed on
CNT and on the sample A; (CNT-supported PdCl,). Despite the presence of
Pd-containing particles on the surface of A;, the '*Xe NMR spectra are very

TABLE 5 The samples of MWCNT-supported PdCl,

Sample A] A2 A3 A4

Support CNT CNT-BM CNT-BM CNT-BM
[PACL,] (mmol g~ ) 1.025 0.1 0.425 1
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Figure 23 TEM images of the sample A; (0.425 mmol g~ ' PdCl,/CNT-BM). Figure adapted
from Ref. 77.

X4

T | T T T | T T T | T T T | T T
160 120 80 0 -40 -80
6 (ppm)

Figure 24 The ”Xe NMR spectra of Xe adsorbed on CNT (A) and A, (B) at a pressure of
Xe 100 kPa. Figure adapted from Ref. 77.

similar to those obtained for the bare support CNT. There was no Xe access inside
channels of CNT and A;. The NMR lines were attributed to Xe in fast exchange
between the external surface of nanotubes and the volume of aggregate pores.
These observations indicated relatively weak interaction of Xe with Pd-containing
particles. The blocking of wide aggregate mesopores of A; by the Pd-containing
particles (mainly fine PdCl, clusters) did not occur.

Figure 25 displays the '*Xe NMR spectra of Xe adsorbed on CNT-BM and
MWCNT-supported PdCl, samples A,, Az and Ay4. The single line (z;) (CNT-BM)
split into two well-distinguishable lines w; and w,. The sensitivity of '*’Xe NMR to
the presence of nanotube sections and accessible nanotube channels was demon-
strated. Nanotube sections contained a considerable amount of >C=C< frag-
ments necessary for the growth of PdCl, clusters. Hydrogen adsorption on



34 K. V. Romanenko

Z

L e T L N S B B B B S B p

150 100 50 0 -50
& (ppm)

Figure 25 The Xe NMR spectra of Xe adsorbed on CNT-BM (A), A, (B), A; (C) and A, (D) at a
Xe pressure of 90 kPa. Figure adapted from Ref. 77.

metal clusters is known to reduce the spin density of the conduction electrons.”
Using this idea, the authors confirmed that the chemical shifts of the lines w; and
w, were free of the Knight contribution. The lines w; and w, therefore were
atributed to nanotubes channels partially blocked by PdCl, and aggregate pores,
respectively. The Xe exchange rate decreased sufficiently to make these adsorp-
tion domains distinguishable by NMR. The effect of supported PdCl, on Xe
exchange is opposite to the effect of ball-milling discussed above. The variation
of the '*Xe NMR line-shape with concentration of adsorbed PdCl, was strongly
pronounced. The line w; shifted to low field as a result of free space reduction
inside the nanotubes channels.

5. CONCLUSIONS

Demands for robust analytic techniques that enable characterisation of complex
porous media expand continuously. Catalysis and petroleum engineering are the
areas where expectations from magnetic resonance-based methods are particu-
larly high. Porous carbon materials are very attractive to adsorption, catalysis
and other relevant areas due to their great variety of textures and surface pro-
perties. Characterisation of amorphous microporous carbons has been much
discussed in the literature. Traditional adsorption techniques used for determina-
tion of parameters of micropore structure are based on very complex theoretical
approaches and stringent technical requirements. A relatively new class of carbon
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nanomaterials has given rise to an enormous amount of scientific literature within
a few years. Despite its extensive use for the characterisation of various porous
materials, particularly zeolites, Xe NMR has been rarely used to probe the carbo-
naceous solids. The uses and limitations of Xe NMR for characterisation of porous
carbon materials and carbon-based catalysts have been elucidated. Although Xe
NMR exhibits definite advantages over conventional adsorption and difraction
techniques, it can hardly be referred to as an all-sufficient method. Its use as a
supplementary tool, however, will be highly appreciated.
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especially homonuclear and heteronuclear Overhauser spectroscopy. New
aspects as given by well-designed diffusion experiments are investigated.
Dynamics and microdynamics, e.g. lifetimes of the hydrates, structure of
the first hydration shell and chemical exchange of the amide protons, are
fully discussed on the example of uridine in water.

Key Words:  Nucleosides, Overhauser effect, Water interaction, HOESY,
Intermolecular dipole—dipole interactions, Diffusion, DOSY, Dynamics,
Microdynamics, Uridine.

1. INTRODUCTION

Water is generally considered to be an integral part of nucleic acids and proteins
and plays an important role in biochemical and biophysical processes such as
transcription and translation, recognition and replication, processing, transport,
stability and editing.'"™* The complex network of hydrogen-bond interactions
between biomolecular structures and water determines to a large extent their
sizes and structures as well as their chemical and physical properties.”® The
question of protein and/or DNA and RNA hydration, viz. the interaction of
protein and/or DNA molecules with water and the involvement of water mole-
cules in their reactions, has been a focus of NMR attention in the last few years.””
By the even essence of the physical phenomenon of hydration, the concept of
“rigid shell” of water around a protein or a nucleic acid remains an elusive one
because there is always a fluctuating cloud of water molecules which are thermo-
dynamically affected more or less strongly by the solute.® Nevertheless, transport
measurements, spectroscopic techniques, molecular dynamics (MD) and Brow-
nian dynamics (BD) have allowed gaining a clearer understanding of the aqueous
environment, first near the macromolecular surface, and second, far from the
surface. They all lead to a better clarification of the hydration shell, giving at
least two time scales for the water: one, relatively long on the nanosecond scale for
the water which is in close contact with the mosaic-like surface, and the other
short, on the picosecond range for the bulk water.”**

Most studies of protein—water interactions are concerned with the collection of
water molecules at the surface of the protein, which influences their rotational and
translational dynamics.”>™"” On the other hand, water can also be an integral part
of the protein three-dimensional (3D) structure,” '*'*?? and these internal water
molecules can exchange with bulk water, typically on a the microsecond time
scale but sometimes for much longer.”'*'”"* The surface of a protein is highly
heterogeneous in which invaginations formed by the hydrophilic and hydropho-
bic side chains of the amino acids give a unique “roughness” that may favour
water molecular interactions.” Moreover, an analysis of the fluctuations in the
positions of the protein atoms shows that the addition of water molecules makes
the protein more flexible and this increased flexibility appears to be due to an
increased length and weakened strength of protein—protein hydrogen bonds,
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thereby helping cavity formation.’””> Water—protein surface interactions that
persist for times of the order of nanoseconds are revealed by 1H, ’H and O
magnetic relaxation dispersion (MRD) techniques.”’ These experiments show that
rotational and translational diffusion of waters in direct contact with the protein
surface are typically slowed by a factor of 2-5 relative to their behaviour in bulk
water. These conclusions are generally supported by neutron scattering experi-
ments and MD calculations.” >

In DNA and RNA, X-ray crystallographic and NMR spectroscopic measure-
ments have shown the presence of an ordered spine of hydration, at the nanosecond
scale, in the narrow minor groove.7'9’26_31 Furthermore, structural fluctuations in
DNA at this time scale result in less structured local hydration patterns around the
base, giving a heterogeneous environment, including also polar, non-polar and
stacking interactions between adjacent bases and sugars.”* ! The sites of hydration
have been extensively studied in the 1970s by the Pullmans’ group by using molec-
ular orbital self-consistent field (MO-SCF) quantum calculations.®” These calcula-
tions are today currently run by using MD and Monte Carlo (MC) approaches™ >’
and naturally at the level of the density functional theory (DFT).?® All these interac-
tions are naturally implied in the much slower time scale of base opening—at about
the millisecond range—where the biochemical processes begin.*” Hydration pro-
cesses are also directly involved in antisense therapy in order to understand how
antisense modifications affect the structure and stability of nucleic acid fragments
and single strand mRNA requiring the estimation of modification-induced
hydration changes, both at the global and the local levels.*’

Concerning the hydration structure of a nucleoside, the situation is completely
different. Such a simple molecule has neither an internal cavity nor a groove which
can host the water, in contrast to the precedent macromolecules. Here, water is
necessarily maintained at the external molecular surface and the hydration should
be investigated at the atomic level. Besides the two almost perpendicular base and
furanose type-sugar cycles, the surface roughness is mainly given by the amide
group, the alcohol function, the hydroxymethyl group and perhaps the lone elec-
tronic pairs on the heteroatoms. Knowing that water plays simultaneously the role
of a hydrogen-bond donor or an acceptor,”*' hydrophilic interaction can be
expected between all these functional groups and water. These hydrogen bonds,
which are mainly electrostatic with only a small covalent part,**™** are weak (3-
6 kcal mol~ ') and only weakly directional as compared to purely covalent ones.
Their lengths are very sensitive both to the electronegativity of the heteroatoms X
and Y they share and to their geometrical characteristics, ranging from 1.7 to 2.6 A
for an angle X—H-+ *Y ranging from 180° to 120°, respectively.5 In addition, hydro-
phobic interactions*>** between apolar groups and water, generally of less than
2 kcal mol ™! (van der Waals repulsion, dispersion forces, surface tension), should
also be accounted for. Nevertheless, hydrophobicity is clearly different for small
apolar groups in water from those between large assemblies like macromolecules,
as shown by Lum, Chandler and Weeks** in a general theory of solvation at small
and large length scales. This is another distinction between the hydration of nucleo-
sides which are smaller than the nanometer scale, and proteins, DNA and RNA
which are beyond this crossover limit.**°
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Because of the nucleoside hydration, the magnetic properties of the nuclear
environment (mainly 'H, 3C, “N, ®N and VO nuclei) change, leading to an
observable change in the structural NMR parameters such as chemical shifts
and scalar coupling constants.””'® At the same time, hydration also acts as a
local “’structure making’” and “’structure breaking’” mechanism with characteristic
life times that modulate the transport characteristics (rotation and translation) of
the solute in the solvent.”” The resulting dynamical properties are thus also altered
and can be adequately probed by nuclear relaxation, Overhauser effect and
diffusion experiments.”® ™,

As an example, we present in Figure 1 the two-dimensional (2D) °C, 'H
correlation spectrum of uridine (hereafter abbreviated as U) in water obtained in
the carbon-13 direct detection mode with proton broadband decoupling. As can
be seen, the partial overlap between H5 of the uracil moiety and H1’ of the ribose
can create a problem for a-selective analysis of water interaction (see below).
Attempts to solve this ambiguity in nucleosides constitute a large part of the
literature and are discussed in the following sections.

2. OVERVIEW, TRENDS AND OPINIONS

NMR in water is now a continuously developing field in all aspects of physics,
chemistry and, last but not least, biology. With the constant guzzhng water NMR
response, the adapted methodology for water suppression®>®® and /or elimination

— |

—_— e — . 1

ppm 60 40 20 0 20 40

Figure 1 2D C, 'H correlation spectrum of uridine U in water (~1mol |™') obtained in the
carbon-13 direct detection mode with WALTZ-16 proton broadband decoupling at room temper-
ature. Note the partial overlap between the H5 and H1’ resonances. Only the direct correlations
between the carbons and their attached protons are shown (from Reference 64).
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of radiation damping® "' is currently well documented and is clearly not of

concern in this review. On the other hand, study of water interaction with nucleo-
tides, oligonucleotides and polynucleotides as well as natural and modified DNA
and RNA, which is also a burgeoning area growing at the same speed as the high-
field technology, is also not covered by this chapter. This aspect will be only
discussed as an aid for understanding the special water interaction with a given
nucleoside, if any. An effort has been made to include citations of all papers from
the last 30 years (prior to January 2009) and to only recall earlier key works, in the
author’s opinion, in order to obtain the best representation and not totality.
Indeed, this broad and important subject has produced such a large volume of
literature that even modern search tools will miss many important and relevant
papers. For example, in the book edited by Townsend”” in 1994, more than 2000
nucleosides are reported! How many more since this date? The author apologises
in advance to any researchers whose work has been overlooked.

The goal has been to provide a digestible and didactic summary of modern
NMR techniques that provide information about the specificity, strength and
duration of interactions of nucleosides—and only nucleosides—with water, as this
solvent is of prime importance in living organisms and finally in life. The review
will contain some comments on trends and some personal opinions of the author
which will be labelled as such, but the reader should be aware. There are several
high-level specialised reviews that cover part of this field, but it seems completely
unrealistic and illusory to extensively quote all of them as they concern biology,
chemistry, physics, computing science and analytical instrumentation! The reader
is directed to consult them, according to his proper preoccupations, choices and
interest. As an example, we will quote an excellent Web site, maintained by
Martin Chaplin (http://www.Isbu.ac.uk/water/sitemap.html) which carefully
describes hydration of proteins, nucleic acids, sugars and polysaccharides and
many other macromolecules and which provides up-to-date literature references
to all aspects of the chemistry of water. It also gives an outstanding clarification of
“’chaotropes” and “’kosmotropes’” which increase and decrease, respectively, the
solubility of hydrophobic aggregates in water.

Finally, the author emphasises that all the advances in the understanding of
these intimate interactions between water and life constituents which are only at
their very start are clearly dependent of all the progress in cutting-edge technol-
ogy which pushes ahead the limits of molecular sensitivity, atomic resolution and
observation time scale. This is particularly acute for NMR, which is certainly one
of the most powerful techniques, but with the concomitant problems of limited
sensitivity and a dramatically reduced time scale of observation. Much progress
has to be made in the future in these directions.

3. NOMENCLATURE AND SYMBOLS

For atom numbering and torsion angle definition in nucleosides, we follow the
IUPAC/IUB guidelines.*"”® Accordingly, the chemical structure and atom num-
bering of the most common nucleosides, viz., the four purine nucleosides,
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abbreviated hereafter Pus, adenosine A, guanosine G, Inosine I, xanthosine X and
the four pyrimidine nucleosides, abbreviated hereafter Pys, cytidine C, thymidine
T, orotidine O and uridine U, are given, respectively, in Figures 2 and 3. Notation

NH, (0]
6
|5 XN /N | “XNH
4 7'2 < _—
N3 HO o N N NH,
OH OH OH OH
Adenosine A Guanosine G
(0] (0]
</N | NH </N | NH
N ) N 7’L
HO o N HO o [ij [0)
H
OH OH OH OH
Isonine | Xanthosine X
NH, NH,
am </Nj©“
= =
N HO N
HO o N o N
HO
OH OH
Deoxy-adenosine dA Arabino-adenosine Ara-A
HO o
HO
N N N
OH p—
N NH
NIV

N
Alpha-adenosine a-A

Figure 2 Chemical structure of the most common purine nucleosides (Pus).
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NH, 0}
| XN | NH
HO N/ko HO N (0]
O O
OH OH OH OH OH OH
Cytosine C Thymine T Uridine U
(0]
NH,
HN
| Y
OH |
(0] N
HO o ) HO HON- S0
o}
OH OH OH
Orotidine O Arabino-cytidine Ara-C
HO

NH,
Alpha-cytidine a-C

Figure 3 Chemical structure of the most common pyrimidine nucleosides (Pys).

of the furanoside-type sugar (f-p ribose r in RNA and f-p-2’ deoxyribose d in
DNA) is also pictured on A in Figure 2 and on C in Figure 4.
The nucleoside flexibility is fully characterised by three internal modes of motion:

— The glycosidic linkage torsion angle y, O4'—C1'-N1-C2 (y, Pys) and
04'—C1'—=N9—-C4 (y, Pus), is pictured in Figure 4A, Section 5.1.1.1, for U.
According to this definition, the syn conformation is in the range y = 0 + 90°,
whereas the anti conformation is in the range y = 180 £ 90° (Figure 4B).

— The pseudo-rotation of the furanose ring or sugar puckering mode is illustrated
in Figure 5A, with the two most common states of the ribose cycle, the C2’ endo
(referred to as “E, 2T or S-type) and the C3' endo (referred to as °E, 3T or N-type)
represented in Figure 5B. Endocyclic torsion angles of the sugar are denoted
Vo to vy, P is the pseudo-rotation phase angle and 7, is the maximum torsion
angle which describes the maximum out-of-plane pucker, according to the
usual convention.*'”® They are exemplified on U in Figure 4A.
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High anti

90°

Figure 4 (A) The torsion angle y in uridine U and the definition of the torsion angles vo, 1, v5, v3
and v, in the ribose ring. (B) Conformational model for the glycosidic torsion angle y in nucleosides
for Pys (O,) and for Pus (Ns) showing the anti and syn ranges and denoting the four symmetric
quadrants (dashed lines).

— The three main rotamers in staggered conformations gg, gt and tg as obtained
by rotation about the exocyclic C4'~C5 bond in the ribose moiety are drawn in
Figure 6, as Newman projections about this bond.

Other more detailed nomenclature and symbols about inter-atomic bond dis-
tances, hydrogen bonding and base stacking, bond angles and torsion angles can
be found in original publications,”*”® in classical texbooks*"”” and in previous
NMR reviews in this field.®*®* So far, in this review, and in order to avoid possible
misunderstandings, all the (ribo)nucleosides are quoted by a one letter symbol (A,
C G ILOTU,X,..) whereas for the deoxy(ribo)nucleosides the first lower-case
letter d indicates the f-p-2' deoxyribose-type sugar and where the second capital
letter (A, C, G, 1,0, T, U, X,...) refers to the nucleobase. For example, dT means the
deoxythymidine, which is unfortunately and often yet named as thymidine,
whereas T is the “true”” thymidine which is also named ribothymidine to avoid
confusion with deoxythymidine dT because this latter was discovered before the
“true”’ thymidine T. and was erroneously named ““thymidine”’. As stated above,
there is a large number of common nucleosides and we describe below only the
most frequently reported, namely:

(a) C-Nucleosides such as pseudo-uridine (¥ uridine, symbolised as YU hereaf-
ter) which occurs ubiquitously as a minor component in various tRNAs.*> %
and a large number of C-analogues which have been the cornerstone of
antiviral and anticancer chemotherapy over the past three decades.”***%%

(b) Azanucleosides which are also powerful chemotherapeutic agents with, for
example, anti-human immunodeficiency virus (HIV) ac:tivi’cy.gg’91

(c) Thionucleosides which are often found in the wobble position of transfer RNA
anticodon and occur exclusively in the N anti form.”>?

(d) Halogeno-nucleosides which have anti-herpes virus activity and are also used
in anticancer chemotherapy.”**



A North

E2 3T2 3E
B
1 ’ ’ ’ ’
To oT, HO_5 3 N HO_5 2 N
’ 4 ’
West E, op East 4A, Gv1 <~ 4 1
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Figure 5 (A) The pseudo-rotational wheel of the ribose sugar in nucleosides. The dashed angle represents the phase angle of 36°. Envelope E and
twist T alternate every 18°. After rotation by 180°, the mirror image of the starting position is found as schematised for the North position and the
South position in the hatched part. (B) Schematic representation of the ribose equilibrium between the two states N and S: C3/, endo (°E, N) = C2,
endo (2E, S). P = 0° and P = 180° are the phases along the pseudo-rotation cycle.
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Figure 6 Newman projections showing the three main staggered conformations about the
C4'-C5’ exocyclic bond.

(e) 2/,3-Dideoxynucleosides such as 3'-azido-2',3'-dideoxyribosylthymine (AZT)
with also anti-HIV activity and cytopathic effect on human T-lymphotropic
virus type.”*

(f) Bicyclic heterocyclic nucleosides which possess a base ring fused to various
membered heterocyclic systems and are known for their reported in vitro and
in vivo inhibition of various tumour cell lines.”~'%!

(g) 5'-O-Amino-2'-deoxy-nucleosides which are building blocks for antisense
oligonucleotides and have recently gained much attention for their usefulness
in antisense therapy.'%*

(h) a-Nucleosides which are conformational enantiomers of the common nucleo-
sides with the anomeric carbon C1’ in an inverted configuration and are found
in vitamin B-12 and in arabino-nucleosides which differ from their ribo
analogues in the altered configuration at C2’ and exhibit broad antiviral
activitylgggainst DNA-containing viruses as well as against RNA tumour
viruses.

From these preliminary considerations, it emerges that most nucleosides are
generally in the anti conformation around the glycosidic linkage with the ribose in
the N state, C3' endo form and the gg arrangement around the C4'-C5’ exocyclic
bond.”'® Nevertheless, it should be stressed that the presence of electronegative
substituents either on the ribose moiety’**'*"'% or/and on the aromatic
ring”*%1%7118 45 well as the presence of bulky groups on either one or the other
cycle’®''*M3 can dramatically change the anti/syn geometry and/or the N/S
puckering with also important modifications in the proportions of the gg, gt and
tg rotamers. In some well-defined cases, hydrogen bonding between the C5
hydroxyl group and a particular acceptor group on the ribose or on the base can
increase the proportion of the syn conformation.”®!%!13116197126 1 other well-
defined cases, changes in the solvent or pH can also change the conformation and
the furanose pucker. '*'*"'*’ Finally, it has also been shown that the S (C2’ endo)
form appears to be greater in deoxynucleoside as compared to ribonucleoside.
This variability in flexibility, structure shaping and biological functions has been
tentatively estimated, mainly, by Pullman and co-workers'**'* in the 1970s by
using (old) semi-empirical MO-SCF calculations and also by others''*® with
often some recourse to molecular mechanics (MM). Today, this theoretical field
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has opened the way to the state of the art for the sugar puckering and the
conformation simulated by MD and/or Car-Parrinello molecular dynamics
(CPMD) and/or BD,*/137:138 empirical potential functions (PF),8122139-148 post-
Hartree-Fock (HF) methods at the Moller—Plesset second-order perturbation level
(MP2)'**7'%% and naturally the DFT."”'""*® These aspects, which are also very
dependent on the solvent, will be discussed in more detail below with respect to
their structural and dynamics implications.

As a final point, it is well known that the nucleic bases are prone to tautomer-
ism equilibrium between an amide form and an imide form. Nevertheless, with a
usual pK, of ~9-10, the equilibrium constant for aqueous conditions (pH ~6-8)
favours the amide form very strongly so that the imide form, much less than 1%,
can be safely neglected in this neutral water.”

4. ABOUT STACKING OF NUCLEOSIDES IN WATER

Before going into the details of water interaction at the atomic level of nucleosides,
the problem of vertical stacking—a term introduced by Ts’0"”” and now currently
in use—requires some comments. Such an important point has been largely
investigated in the literature during the last 40 years, so that it is not possible to
discuss here about the many published interpretations, sometimes completely
contradictory.'® " The interested reader is referred to the many good relevant
reviews on this aspect.'®'®” Nevertheless, since this stacking, if any, may com-
pete with hydration for nucleosides in water, a brief survey and the personal point
of view and experience of the author are given below.

According to Ts'o and many others, ™% the bases, the nucleosides, the
nucleotides and the polynucleotides all associate extensively in an aqueous solu-
tion by an enthalpy-driven but entropy-unfavourable process where the bases pile
up in parallel planes.'”>"® NMR evidence of these non-specific interactions is
given by an upfield chemical shift of the base protons with an increase in concen-
tration.” There is no doubt that the nucleic bases are so strongly hydrophobic
that they repel the water molecules and tend to stack with one aromatic cycle
under another at the van der Waals distance of about 3.5 A. The origins and details
of this arrangement, which is diffusion controlled, still remain a subject of debate,
but it appears that intra-strand base-base stacking and inter-strand base—base
stacking involve distinct, elaborate patterns.'®*"'”? In a single-stranded nucleotide
as well as in nucleic bases and nucleosides, a head-to-tail structure seems to better
conform to electrochemical diffusion measurements and to electrical energy mini-
misation.'*>'”* This stacking mainly depends on London dispersion forces, so that
the purines with large electronic polarisabilities and often large permanent dipole
moments are more likely to stack than pyrimidines.'” This effect, which largely
depends upon the presence of carbonyl and/or amino groups, is pronounced in
halogenated and methylated bases. Moreover, it is now clear that stacking is
always much weaker than hydrogen bonding, and it has also recently been
shown by quantum mechanical (QM) and DFT calculations that n—n sandwich
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and 7 induction do not 6g>lay any role in the base stacking,'®>'”

some previous claims.’

In an extensive analysis of the whole link between stacking, hydration,
volumetric properties and adiabatic compressibilities in water, Chalikian and
Breslauer® have shed very interesting light on this effect. Base stacking results in
a volume decrease and a positive increase in adiabatic compressibility, reflecting
thus ““smaller hydration”. In contrast, a volume increase that is accompanied by
an increase in the water-accessible surface area of polar groups enhance hydration
and results in a more negative compressibility and a ““greater hydration”. Within
this framework, pyrimidine and purine bases are only poorly hydrated, cytosine
exhibites the strongest hydration, but pyrimidine with a small dipole moment
(u = 2.3 D) shows a less hydrated structure than purine (1 = 4.3 D). On the other
hand, nucleosides have large partial molar volumes without any sensitive differ-
ence between ribonucleosides and their 2’-deoxyribo counterparts, with large
negative adiabatic compressibilities, mainly for the ribose. Indeed, it has been
shown by many researchers, including Ts’o himself,'*” that there is no stacking for
nucleosides in an organic solvent'?*'3%16%1747188 anq that this effect is also
completely negligible in water, not to say non-existent,'’*'® at concentration
less than 1 mol 1™ . Indeed, the pioneering work of Ts’o was undertaken with an
ancient spectrometer with a poor magnetic field stability and a poor spectral
resolution at a very low frequency, compared to modern instruments. Using
changes in linewidths and chemical shifts less than 5 Hz with temperature and/
or concentration at 40 MHz for proton resonances seem nowadays very adventur-
ous to set up a stacking theory. It is our own experience that for ribo and C, T and
U, the absence of any cross-correlation peaks between relevant nuclei in two
distinct planes (protons for an inter-ring NOESY experiment, proton and carbon
in an inter-ring HOESY experiment) is another proof of the lack of any sufficient
long-lived stacked structure in water.'"®*™'?! Others have also arrived at the same
conclusions by relaxation data and intermolecular 2D NOE investigations.'**'**
Due to many conflicting data,'””'#*1%1 the situation is more puzzling for G,
which is the most insoluble nucleoside in water, because it self-associates with its
edges having self-complementary hydrogen-bond donors and acceptors.'*'*
This structure is also predicted as ideal for stacking with its polarisable aromatic
surface with a strong molecular dipole.'”>™ For clearing the way, self-diffusion
measurments,””” 2% 2% which are still missing, are naturally welcomed since this
extremely attractive technique should be very informative about the lifetime and
the chemical structure of the postulated molecular aggregates.”* '

thus invalidating

5. STRUCTURE IN WATER

Ever since the beginning of NMR, it has been shown by Ramsey”' that the
screening constant of a given nucleus mainly consists of two parts: a diamagnetic
Lamb contribution associated with the free circulation of s electrons around the
nucleus, and a paramagnetic term resulting from the non-spherical electronic
distribution due to low-lying energy np states. Roughly speaking, chemical shifts
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are directly related to the electron density around the relevant nucleus, which is
essentially due to the diamagnetic contribution for the proton and to the para-
magnetic contribution for the heteroatoms (carbon-13, nitrogen-14 and nitrogen-
15 and oxygen-17). For nuclei belonging to aromatic compounds such as the
nucleic base ring, the approximate Karplus-Pople®'® Equation (1) relating the
chemical shift Ad and the electronic density Ag, both reported from a reference
molecule, is frequently used to get a qualitative idea of the electronic delocalisa-
tion from the NMR chemical shifts.

AS = —kAq (1)

In Equation (1), k is a constant depending on the observed nucleus (e.g. ca. 10,
160, 850 and 540 ppm/electron for, respectively, proton,*'” carbon-13,* nitrogen-
15! and oxygen-17*** but with more uncertainty for the two latter nuclei).
Hydration of the nucleoside may affect this atomic electron density by several
effects”?**? such as hydrogen bonding, electrostatic field, magnetic anisotropy
interaction, dispersion forces and, naturally for the labile protons, chemical
exchange with the water.

In the same manner, indirect nuclear spin—spin coupling constants, which are
mediated via the bonding electrons, largely depend on the electron density at the
relevant nuclei by the Fermi contact tem®* and may also probe intermolecular
interactions. Indeed, these solvent effects are generally very low for a molecule
with a rigid and unique conformation and their quantitative estimation by the
usual theories such as reaction field, cluster model or rotating point dipole is
always highly speculative. When considering compounds that can accommodate
many conformations, it should be borne in mind that the solvent-induced changes
in relative conformer populations can give rise to large effects on the measured
coupling constants. In this way, the Karplus relation,”* obtained by an approxi-
mate valence bond theory for a six-electron fragment, gives a useful information
about the dihedral N—X—X"—N' angle  from the coupling constant *Jyny and
constitutes the most important, successful application of the early theoretical
methods to the conformational analysis, Equation (2).

3T\~ = Acos®y + Bcosy + C (2)

Extensive use of this relation has been made, often by an adequate re-para-
meterisation of the constants A, B and C and, for example, Riiterjans and
co-workers”® have reviewed 25 Karplus-type equations corresponding to the
six y-angle-related couplings in proteins. In this way, the empirical generalisation
of Altona and coworkers.?*® which superpose in Equation (2) a linear dependency
on the electronegativity of the substituents attached to the H-C—C—H fragment
under study is supported by some electronic justifications and seems to give
better results for the analysis of pseudo-rotation of the sugar ring in a large
population of nucleosides.

The author is not an expert in this field of theoretical calculations of chemical
shifts and coupling constants, so it is hoped that the reader can pick up some
papers previously quoted in the text and refer to the early reviews by Kowa-
1ewsk1227, Webb et al.??®, de Dios??° and Fukui®*’as well as to the two more recent
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papers by Jaszusniki and co-workers®™'

calculations.**

It appears that the Jardetzkys*® were the first in the 1960s to report the
chemical shifts of nucleosides in D,O at acidic and basic pHs. After some contro-
versial assignment of the H2 and the H8 of purine,”** it has been clearly
established that, in A, H8 is shifted downfield by about 0.2-0.3 ppm as compared
to H2. With the low magnetic field in use at that time (40 MHz) and poor
homogeneity, neither the ribose protons were resolved nor the diastereotopic
exocyclic methylene protons were separated. However, by comparing the H2,
H3' and H4' proton shifts in U, C, A, I and X, it was shown that the pyrimidine
resonances were less well resolved and always at a higher field than those of the
purine ones.”®* Another important point is that there did not seem to have any
noticeable stacking of the nucleosides in water. From these observations and a
crude analysis of spin-spin coupling constants, Jardetzky> concludes in the next
paper that the D-ribose takes a specific conformation in the Pys, another one in the
Pus and yet another one in nucleotides. Ts'o et al.*****® observed a differential
effect on the proton chemical shifts of both Pys and Pus in D,O which they
attributed to a greater solvent—solute interaction of the water molecules with the
H6 or H8 protons than with the H5 or H2 proton in Pys and Pus, respectively. This
assertion seems to be supported from a comparison with chemical shifts observed
in anhydrous dimethylsulfoxide (DMSO) by the same group. Finally, the authors
also confirm that in water all the nucleosides have the anti conformation with
respect to the sugar-base torsion angle.

Determining the syn and anti conformations of the glycosidic bond of nucleo-
sides as well as the N or S puckering of the ribose ring in water is fundamental in
nucleoside chemistry because the structural geometry is often a critical factor in
biological activity (e.g. antiviral) of these compounds. Multinuclear NMR is
undoubtedly one the best ways for tackling the problem of nucleoside conforma-
tion in water. To this end, we report in Tables 1 and 2 the proton chemical shifts of
the most common ribonucleosides and deoxyribonucleosides, respectively.
Table 3 gives proton chemical shifts of some particular nucleosides (both ribo
and deoxyribo) which might be of interest in biological and pharmaceutical fields.
These include (i) arabinonucleosides (Figures 2 and 3)—quoted hereafter with the
prefix ara—which are epimers of f-nucleosides on the carbon C2/, (ii) «-nucleo-
sides which are epimers of fi-nucleosides on the carbon C1’ (Figures 2 and 3), (iii)
some rigid cyclic nucleosides with specific bonding between the base and a ribose
hydroxyl group—quoted with the prefix c—and (iv) other aza, thio or C-nucleo-
sides. All these compounds may be of interest for their antiviral activity and/or
useful for determining the preferential geometry of the most common S-nucleo-
sides. Tables 4 and 5 are concerned with the carbon-13 chemical shifts of the most
common ribo and deoxyribonucleosides, respectively. The nitrogen-15 chemical
shifts of these common nucleosides are reported in Table 6. Finally, all the most
useful coupling constants (Jyry and Jcp) are given in Tables 7 and 8 for ribo and
deoxyribo nucleosides, respectively. As far as possible, all data have been selected
from the literature for nucleosides dissolved in water at room temperature. But
due to the low solubility of some of them in this solvent, we have also reported

using the modern concepts of DFT



TABLE1 Proton chemical shifts of some selected ribonucleosides in water and in ppm from internal TSPA

H2 H5 Hé6 H8 HY H2' H3' H4/ H5' H5"
A" 8.20 8.30 6.06 4.80 4.44 431 3.93 3.87
A¥d) 5.92 4.62 417
8-BrA° 8.23 6.14 5.07 452 433 3.91 3.91
8-NHMeA® 8.04 2.97% 5.98 4.80 4.44 4.30 3.92 3.92
8-NMe,A® 8.10 3.02% 5.95 5.17 4.47 4.29 3.90 3.90
iPAY(d) 8.17 1.34* 1.56* 8.34 6.14 5.35 4.98 4.24 ~3.56 ~3.56
6-NMe,iPA® 7.76 Me endo: 1.36* 8.28 5.84 5.24 5.11 4.50 3.95 3.77

Me exo: 1.64*
NMe,: ~3.52*

e 6.11 7.93 5.91 4.34 423 4.16 3.96 3.85
5-MeC? 2.06* 7.69 ~6.02 ~4.33 ~4.33 ~4.33 ~4.07 ~3.97
6-MeC# ~5.93 ~2.A47* ~5.77 ~4.92 ~4.38 ~4.10 ~3.98 ~3.88
G'(d) ~8.55 5.67 4.40 411 3.88 3.64 3.52
isoG'(d) 8.38 5.81 5.46 452 412 3.94 3.94
8-BrG/(d) 4.95
8-NH,G/(d) 453
8-OHG/(d) 5.56 4.83 4.07 3.77 3.57 3.43
8-SHG/(d) 6.25 4.95 422 3.79 3.66 3.50
8-OMeG/(d) 4.70
8-SMeG/(d) 4.83
8-OCH,®G/(d) 4.70
8-SOMeG/(d) 4.96
8-ThioG/(d) 4.92
8-Ox0G/(d) 4.81
8-tBuG'(d) 1.39* 5.95 5.06 417 3.87 3.68 3.54
6-ThioGX(d) 4.38
G° 8.00 5.91 4.73 441 4.24 3.87 3.87
8-BrG* 6.00 5.09 4.53 4.25 3.89 3.89
8-NH,G° 5.86 4.86 4.43 421 3.89 3.89
8-NHMeG® 2.92% 5.85 4.79 441 422 3.89 3.89

(continued)
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TABLE 1 (continued)

H2 H5 Hé H8 HY' H2' H3 H4' H5' H5”
8-NMe,G¢ 2.89% 5.84 5.13 4.50 4.21 3.89 3.89
If(d) 8.07 8.33 5.90 4.51 4.16 3.88 3.68 3.58
iPIl(d) 8.08 8.30 6.10 5.26 4.94 4.22 ~3.56 ~3.56
o" 5.77 5.56 4.75 4.34 3.95 3.87 3.76
T"(est) 1.90* 7.70 ~5.91 ~4.24 ~4.24 ~4.24 ~3.94 ~3.84
u° 5.90 7.89 5.92 4.36 424 414 3.92 3.82
Ur(d) 5.67 7.88 5.92 4.37 4.24 4.15 3.93 3.82
5-BrU"(est) 8.36 ~5.90 ~4.38 ~4.25 ~4.38 ~4.00 ~4.00
5-FU"(est) ~8.25 ~6.02 ~4.38 ~4.26 ~4.38 ~4.00 ~4.00
5-ClU(est) 8.24 5.89 ~4.17 ~4.05 ~4.17 ~3.77 ~3.77
5-IU%(est) 8.44 ~5.81 ~4.09 ~4.02 ~4.09 ~3.74 ~3.74
5-OHU" 7.45 5.94
5-OmeU” 7.87 5.91
5-NH,U" 7.32 5.95
5-NMe,U" 7.52 5.96
5-CNU" 8.71 5.87
5-NO,U" 9.66 5.92
iPU’(d) 5.66 7.85 5.88 5.00 4.72 4.08 3.58 3.58
5-CNiPU*(d) Me endo:1.32* 8.67 5.76 4.90 4.71 417 3.59 3.59
Me exo: 1.50*
3-MeU* 3.33* 5.96 7.88 5.94 4.34 422 414 3.93 3.82
6-MeU"(est) 5.76 ~2.41* 5.67 ~4.82 ~4.40 ~4.01 ~3.90 ~3.80
X%(est) ~8.53 ~6.36 ~4.81 ~4.81 ~4.81 ~4.47 ~4.47
X 7.93 5.89 3.93 3.93
Tph* Me-N1: 3.53* 8.33 6.21 4.54 4.31 4.21 3.96 3.82
Me-N3: 3.34*
WY(d) 8.3 Me-N4: 4.0* H7:7.5 6.1 4.4 4.1 4.0 3.7 3.6
Me-Cé6: 2.2*

Notes: (d) means that shifts are reported in DMSO-d as solvent and from internal TMS.

(est) means that shifts are estimated by the present author after bulk susceptibility correction from data reported with external referencing from TMS.

References: “104,110,115,239,240; $110: “240; “115; °241; 110; $242,243; "115,184,197,244; '245; 1184; *246; 247; "248; "242,243; °105,249,250; P105; 1111,118; "118; 251; “117; “242,243; ©252; “253;
*253,254; ¥255.
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TABLE 2 Proton chemical shifts of some common deoxyribonucleosides in water and in ppm from internal TSPA

H2
H2 H5 Hé H8 HY H2” H3' H4' H5’ H5"

dA“(d) 8.38 8.51 6.57 2.76 444 4.08 3.80 3.90
2.36

dA? 8.04 8.21 6.36 2.75 4.63 4.18 3.84 3.78
2.54

(S,9)-isodd A° ~8.02 ~8.19 o 4.18 o 2.75 4.26 3.87 3.67

[ 4.23 £ 2.02

dci(d) 6.64 8.69 6.47 2.55 4.68 4.26 4.11 3.94

dc’ 6.06 7.84 6.28 2.31 4.45 4.07 3.85 3.77
245

5-MedC'(d) 7.60

6-AzadC'(d) 7.50

dG/ 7.98 6.30 2.79 4.62 413 3.81 3.76
2.52

dG3(d) 8.08 6.16 2.66 4.26 3.79 3.54 3.48
2.30

8-OHAG"(d) 5.56 297 4.32 3.74 3.43 3.56
1.91

«-dG/(d) 8.00 6.09 2.67 433 4.06 343 3.40
2.21

dr(d) 8.10 8.32 6.30 2.60 426 3.87 3.56 3.56
2.32

drt* 1.90% 7.67 6.28 2.38 448 4.03 3.85 3.78
2.40

(continued)



TABLE 2 (continued)

H2/
H2 H5 H6 H8 HY H2” H3' H4' H5’ H5”

3-MedT 3.31* 1.93* 7.67 6.33 2.37 4.47 4.04 3.86 3.78
2.41

o-dT™ 1.91* 7.66 6.24 2.75 4.47 4.22 3.79 3.71
2.20

3'-Azido 1.74* 7.49 6.06 2.36 421 3.87 3.71 3.64

dT" (AZT) 2.36

4'-Azido 1.97* 7.59 6.48 2.64 4.72 4.00 3.94

dT° (AZT) 2.61

dur 5.89 7.86 6.29 2.40 4.46 4.05 3.84 3.76
2.30

3-MedU’ 3.29* 5.96 7.85 6.30 2.33 4.46 4.06 3.85 3.76
2.44

5-FdU* 6.27 2.33 4.46 4.01 3.83 3.76
241

6-MedU" 2.39* 5.71 6.19 2.27 4.54 3.93 3.86 3.76
2.96

6-Meo-dU* 2.37% 5.72 6.10 2.19 4.45 4.42 3.73 3.65
2.74

dX

Notes: (d) means that shifts are reported in DMSO-d;, from internal TMS. H2' is the proton over the ribose ring whereas H2” is the proton under the ribose ring on the same side of the base

in f§ nucleosides. )
References: “244,256; b257,258; ©259; 1244; ©243,257; 260; $244,256,261; "256; 1261; /258,261; ¥103,117,257; 1257; "103,117; "98; °90; P105,257; 1103; "103,117,257; *117; 262.
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TABLE 3 Proton chemical shifts of some other particular nucleosides (cyclic, aza, dihydro, thio, ara and ) in water and in ppm from internal TSPA

H2 H5 Hé6 H8 HY H2' H3’/ H4' H5' H5"
8-AzaA" 8.23 6.43 5.10 4.72 4.38 3.94 3.83
p-araA® 8.37 6.45 4.58 4.38 4.10 3.99 3.91
5-AzaC‘(d) 8.58
6-AzaC(d) 7.53
p-araC”? 6.05 7.82 6.21 442 4.14 4.03 3.93 3.85
p-aracC’ 6.53 8.06 6.59 5.51 4.65 4.39 3.55 3.55
cAf 8.18 6.19 4.78 4.56 4.79 4.72 4.32
o-C* 5.98 7.68 6.08 441 4.26 4.18 3.86 3.66
o-cC? 6.53 8.06 6.47 5.53 4.36 3.83 3.88 3.69
FoA$(d) 8.16 8.16 4.97 451 412 3.95 3.66 3.52
FoA$ 8.20 8.20 5.24 4.62 4.38 4.25 3.93 3.82
FoB" 5.25 4.60 4.38 4.26 3.95 3.84
FoB"(d)
8-AzaG* 6.19 5.01 4.62 4.31 391 3.80
8-AzidoG"“(d) 5.72 ~5.51 ~4.78 3.82 ~3.62 ~3.38
cI’(d) 5.94 4.46 4.27
8-Azal” 6.37 5.07 4.68 4.34 3.91 3.80
(continued)



TABLE 3 (continued)

H2 H5 Hé H8 HY' H2' H3' H4' H5’ H5”

dihydroU’ 5a: 2.75 6a: 3.59 5.86 4.30 416 403 3.80 3.73
5b: 2.75 6b: 3.53

6-AzaU/ 7.42 6.15 4.60 439 411 3.84 3.71
2-ThioU* 6.03 8.00 6.49 6.27 4.06 4.06 3.89 3.74
4-ThioU' 6.58 7.77 5.88 437 424 4.16 3.96 3.83
p-araU™ 5.88 7.88 6.20 443 415 4.01 3.94 3.86
p-aracU” 6.22 7.86 6.48 551 461 434 3,51 351
B-wU° 7.68 4.69 429 416 4.02 3.86 3.74
3-Mep-¥U” Me-N3: 3.23* 7.61 4.67 423 4.10 3.97 3.82 3.68
2P 7.58 5.01 437 434 4.01 3.90 3.72
a-U" 5.81 7.73 6.09 442 426 423 3.84 3.65
5-CN Me endo: 1.27* 8.35 6.87 481 481 445 3.60 3.60
iPa-U°(d) Me exo: 1.34*
Ut 6.21 7.92 6.54 5.48 467 440 3.58 3.57
a-cU" 6.18 7.85 6.36 5.43 430 3.81 3.88 3.69
p-aracO" 7.80 7.06 5.39 4.70 431 3.52 3.52
B-CAR" 6.12 4.73 438 3.97 3.87 3.74
6-Thio Me-N1: 3.68* 8.50 6.94 425 ~4.15 ~4.05 ~3.95 3.85
Tph? (d) Me-N2: 3.50*

Note: (d) means that shifts are reported in DMSO-d; as solvent and from internal TMS.
References: “239; b127; 262; d127,117; “114; [110; 8263; h263; 249;7257; k93; 1257; "117,264; "114; °249,265; F266; 1265; "114; $251; '267; “249,265,248; V254.
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TABLE 4 Proton—proton and carbon-13—proton coupling constants of some selected Ribonucleosides in water and in Hz

HY H2' H3’ H4' H4' H5’ Q2 cé cs cr cr
H2' H3/ H4' H5’ H5" H5" HY HY C4-HV HY Hé6 H8
A” 6.0 5.0 3.4 3.0 3.4 3.6 39
2-FA? 3.2 4.1
8-BrA° 7.1 5.1 ~2.3 ~5.3 ~4.7 —12.1 ~5.0 37
8-NHMeA* 7.6
8-NMe, A" 7.6
iPA° 2.8 6.2 24 47 47
6-NMe, iPA 4.7 5.9 1.2 1.5 2.0 ~12.6 49 3.0
araA? 55 55 6.3 2.8 4.6
cA" ~0 6.3 ~0 2.0 1.5 —135
8-AzaA! 42 5.1 49 2.7 47 —12.7
a 3.6 5.0 5.8 2.8 42 —12.7 1.9 33
5-FC? 1.7 3.4
5-MeCF 3.3
6-MeC* 3.7 ~6.0
araC' 49 39 49 3.0 5.7
aracC™ 6.0 0.7 1.8 3.4 3.4 —-12.0
G" 5.5 5.1 3.9 3.2 33 25 45
8-BrG° 6.1 5.1 1.5 3.3 3.4 —125 4.8 4.6
8-NH,G” 7.0 3.0 55
8-NHMeG* 7.0
8-NMe,G* 6.7
8-OMeG! 4.1 45
8-SMeG’ 4.5 4.4
8-Ox0G1 4.1 5.3
(continued)
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TABLE 4 (continued)

HY H2' H3' H4' H4' H5’ Cc2 cé c8 cr cr
H2' H3' H4' H5’ H5" H5" HY HY C4-HT HY Hé H8
8-50,MeG* 45 44
8-OCH,®G? 3.9 42
8-tBuG’ 6.1 5.8 3.2 42 5.0 ~12.3
iPG® 29 6.3 2.3 ~5.1 47 ~11.8
8-AzaG' 47 5.1 46 34 5.0 —-12.7
6-ThioG* 25 42
8-ThioG* 5.4 4.0
I 5.8 5.0 3.6 3.2 3.9 —12.1
Pl 29 6.2 2.6
8-Azal’ 45 5.1 49 3.2 5.0 -12.7
o 3.6 6.3 7.0 3.0 6.1 ~122
p-aracO’ 5.9 1.9 39 6.1 6.1 —12.0
T 5.0 5.3 5.3 3.0 43
2-ThioT* 2.7 7.6 2.7 3.3
w 43 5.3 5.6 3.0 4.3 -13.0 2.3 3.6 0.4*
5-NH,U? 4.7
5-NMe,U? 3.7
5-OHU? 45
5-OMeU? 3.6
5-BrU” 3.3 45 3.0 3.0 ~-12.6
5-FU” 4.0 21 3.6
5-ClU* 3.7
5-TU* 4.0
5-CNU*? 2.8
5-NO,U*? 1.7
3-MeU° 41 5.4 5.9 2.9 45
6-MeU? 3.3 6.2 6.6 6.0
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dihydroU” 6.3 6.0 3.6 3.6 4.8 —-12.6

6-AzaU” 32 55 55 3.6 5.5 ~12.6 1.0
2-ThioU” 25 4.0 6.0 1.6 3.0 ~135
4-ThioU" 3.9 5.4 5.6 3.0 43 -12.7 0.4
B-¥U" 5.0 5.0 5.2 32 46 ~12.7

a-YU" 33 42 7.9 24 5.7 ~127

iPU™(d) 26

5-CNiPU’ 3.2 6.1 3.0 ~4.0 ~4.0

5-CNiPa-U’ 3.9 6.3 ~0 ~3.0 ~3.0

cU” 5.8 0.9 1.9 4.1 42

araU’ 5.0 4.6 5.6 3.1 55 —12.6

aracU” 5.9 0.7 1.7 4.0 4.0 ~12.0

X* 5.7 49 3.8 3.0 33 —124
B-CAR® 3.9 6.4 6.6 3.2 6.2 ~12.8

Tph® 35 5.6 5.6 24 44 -12.7

References: “104,110,115,138,239,240,268; b138; “110,240,252; “240; ©252;241; $127; "110; '239;7112,117,127,134,138; 112,247, 1117,127,134; ""114; "110,240,268; °115,184,240; P184,240; 7184; "115; °252;
"110,268,269; “248; “114; “117,138; *92; ¥105,111,138,242,248,249,257; “118; *111,242; #111,138; #111; °117; “242; ©249; *242,257,270; *93; 257; *249; "247; "251; #267; “117,264; "271; “248,249; “254.



TABLE 5 Proton—proton and carbon-13-proton coupling constants of some selected deoxyribonucleosides in water and in Hz

H1 HY H2' H2" H2' H3' H4' H4' H5’ C2 cé C4 c9 cr cr
H2' H2" H3' H3’ H2" H4' H5’ H5" H5" HY HY HY HY Hé H8
dA” 7.1 6.0 58 3.0 ~139 32 30 40 —126
8-BrdA®
8-NHMedA®
8-NMe,dA®
2'-FdA“* 25 F171 45 F183 F50 73 22 35 —13.0
(S,S)-isoddA? 4.7 6.0* 69 6.7* —112* c40 24 40 —102
t6.7
dce 6.9 6.3 66 39 ~140 40 37 50 —125
5-MedC'
6-MedC?$
2/-FdC"* 1.2 F170 50 F225 F59 72 23 35 —121
dG" 7.4 6.5 63 3.6 ~139 34 35 48 —125
8-BrdG'
8-NH,dG'
8-NHMedG'
8-NMe,G'
a-dG/ 7.7 2.8 71 3.0 —142 29 44 48 —117
dv
dof
dT! 6.9 6.9 60 5.0 —14 39 37 50 —123 20
3-MedT"™ 6.5 6.7 69 38 43 35 5.1
2-ThiodT" 6.5 45 33 47
a-dT° 7.2 3.3 65 3.0 ~148 28 39 55 —124
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3'-Azido 6.4 6.7 72 52 —-139 5.5 35 46 -126 23 39

dT” (AZT)

4'-Azido 3.8 8.2 81 83 —14.2 -12.6
dT? (AZT)

du’ 6.4 6.5 65 4.0 —-141 40 34 51 —126
5-FdU° 6.6 6.2 67 39 —-142 38 35 49 —125
5-Fo-dU° 7.1 24 59 23 —-149 22 37 54 —125
5-CN,

iPdU*(d)

3-MedU* 6.6 6.6 68 41 39 36 52
6-MedU! 5.2 8.6 82 5.7 —-139 58 34 67 —120
6-MeadU" 7.5 7.5 74 74 ~—14 70 23 46 -—125
dTph

dx

Notes: For (S,S)-isoddA, 6.0* in column 3 is JH2'H1”, 6.7* in column 5 is JH2'H3", ¢ 4.0 and t 6.7 in column 7 are, resp., JH3'H4' and JH3"H4'.
References: “104,107,110,115,239,257; b240; “115; '1259; “117,127,257; f'l'l7,242; 8242, h240,260,261; 240;7261; k248,' ]103,1]7,257,272; m257; "92; °103; F98; 190; "105,249,257; *251; 117,257; “117.



TABLE 6 Carbon-13 chemical shifts of some selected ribonucleosides in water in ppm and from internal TMS

2 C4 c5 cé & cr c? cy c4' cy
A’ 153.3 149.2 119.9 156.4 141.4 89.2 747 715 86.6 62.9
2-FA" 159.6 150.8 118.2 158.1 141.5 89.0 745 713 86.4 62.3
A"(d) 153.3 150.1 1204 157.1 141.0 89.0 745 717 86.9 62.7
8-BrAf(d) 153.4 150.9 120.6 156.1 128.1 914 721 719 87.7 63.1
8-CIA“(d) 153.6 150.7 119.0 156.2 137.9 90.4 74.7 71.8 87.7 63.1
8-MeA“(d) 152.3 150.6 119.1 156.4 150.0 86.7 72.0 714 86.5 63.4
8-OHA(d) 151.6 147.6 104.6 148.2 152.5 86.8 72.0 714 86.5 63.4
8-OMeA“(d) 151.5 149.8 113.8 155.0 155.4 87.8 721 719 87.0 63.3
8-SMeA“(d) 152.2 151.7 120.6 155.4 150.7 89.9 72.3 72.0 87.6 63.2
2-C1A%(d) 154.4 151.5 119.5 157.8 141.4 89.1 75.0 71.6 86.9 62.7
6-NMe, iPA/ 151.2 148.9 121.7 155.3 138.1 94.3 82.8 81.8 86.1 63.6
ce 158.7 167.3 97.3 142.8 91.4 75.1 704 84.9 61.9
C(d) 156.7 166.5 95.4 142.6 89.9 749 70.3 85.1 61.6
5-AzaC%(d) 154.4 166.6 157.3 90.4 74.8 69.9 85.1 61.1
5-FC” 156.6 159.3 138.4 126.6 91.1 75.1 70.0 84.7 61.4
6-MeC"(d) 158.5 167.4 97.6 156.3 22.2%* 93.8 734 72.5 87.2 64.6
6-OHC’(d) 155.9 165.0 119.9 152.3 88.5 76.1 71.8 85.7 64.0
2-ThioC*(d) 181.1 161.3 99.2 142.8 94.6 76.2 69.5 85.3 61.0
p-araC’ 158.6 167 .4 96.5 144.0 87.2 76.8 76.8 84.5 62.1
FoA/(d) °*=C9 151.5 138.7 122.6 151.2 143.8° 78.4 752 724 86.1 62.6
FoA* °=C9 148.7 137.7 132.1 154.4 140.6” 78.2 75.0 718 84.9 62.1
FoB'(d) °=C9 143.3 136.7 128.0 153.6 147.7° 777 749 721 85.7 62.5
G"(d) 154.7 152.3 117.8 157.8 136.6 87.5 74.8 714 86.3 62.5
8-BrG*(d) 154.4 153.0 113.6 156.4 1221 90.8 715 71.5 86.9 63.1
8-MeG“(d) 153.9 152.7 116.3 157.2 145.9 88.7 72.3 714 86.5 63.8
8-OHG"(d) 153.6 148.5 99.7 155.1 153.0 86.7 719 71.0 86.1 63.4

8-SMeG“(d) 154.0 153.7 118.2 156.7 147.2 89.3 71.7 71.7 86.8 63.2
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isoG"
6-ThioG“(d)
I°(d)
8-Brl“(d)
8-Mel“(d)
8-Smel“(d)
6-Thiol*(d)
cI’(d)

Ti

UW

U(d)

5-FU”
5-OHU*(d)
5-BrU“(d)
5-NH,U*(d)
3-MeU’

Me endo* iPU" C quat*
Me exo*

6-AzaU*(d)
2-ThioU?®
4-ThioU*(d)
2,4-di
ThioU*(d)
5-CN
iPU'(d)
5-CN
iPo-U'(d)

152.1
154.5
148.7
147.2
145.9
157.8
146.3
152.9
153.1
153.8
152.2
151.0
150.8
151.1
150.8
153.3
152.0

149.2
176.8
149.3
174.0

150.5

150.1

142.6
149.1
146.4
150.2
149.8
149.6
144.9
148.7
167.7
168.1
164.5
160.2
161.9
160.2
162.1
166.7
165.3

157.4
163.9
191.3
187.2

160.0

160.0

110.7
129.6
1249
126.4
124.4
122.2
136.5
1154
112.7
104.0
102.8
141.6
121.2
96.9

117.0
102.7
103.2

137.3
107.3
113.9
138.5

92.5

87.4

148.7
176.3
157.1
156.2
157.1
158.7
176.9
155.7
138.7
143.5
142.0
126.4
133.6
141.5
124.2
140.9
143.5

142.5
137.1
135.7
148.9

148.0

139.0
139.7
139.7
127.0
149.3
139.1
142.1
154.4
12.8%

29.0*
26.5%
114.8*
28.4*

60.9N

621N

89.5
88.1
88.0
91.5
89.4
88.5
88.7
89.7
90.2
91.4
88.9
90.2
88.8
89.8
88.8
91.7
92.8

90.4
94.2
89.8
94.5

88.1

87.1

73.7
71.1
74.6
72.3
73.0
75.0
753
78.1
74.8
75.8
74.6
74.7
74.3
752
74.2
75.1
85.2

73.3
754
75.1
75.1

87.7

83.6

70.5
71.6
70.8
71.5
715
714
71.0
72.0
70.7
715
70.9
70.1
71.5
70.5
71.7
70.6
82.0

71.2
69.3
70.6
69.8

84.5

81.4

85.9
86.6
86.1
87.3
87.1
86.5
86.6
89.0
85.4
86.6
85.7
85.2
86.0
85.9
86.0
85.3
87.8

85.5
84.6
86.2
85.8

80.2

79.0

60.6
62.6
62.0
62.9
62.8
62.4
62.1
75.6
62.0
62.8
62.0
61.4
62.5
61.5
62.9
62.0
61.9

62.8
60.7
61.9
60.8

60.9

62.1

(continued)
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TABLE 6 (continued)

C2 C4 c5 cé c8 cr c? c3 c4 cy

3-isoU’(d) 152.3 164.5 156.1 142.6 88.6 72.2 714 85.7 63.6
p-yYu” 165.7 110.9 141.9
3-Mep-¥U” 153.2 164.8 110.1 139.3 27.2% 83.2 73.5 70.8 79.8 61.5
p-araU’ 152.7 167.5 102.4 144.3 86.5 76.8 76.2 84.3 61.8
B-CAR’(d) 150.5 149.5 150.5 89.6 72.6 71.3 85.8 63.5
Theoph® 153.6 150.3 107.8 156.7 142.1 91.3 75.9 70.0 85.4 61.7
Me-N1: 31.0*
Me-N3: 29.2*
6-Thio 149.3 145.3 116.9 175.6 143.0 89.6 75.3 67.9 83.9 59.6
Theoph® (d)
Me-N1 33.9*
Me-N3 30.1*
X4(d) 159.1 154.5 117.4 164.7 137.7 90.0 75.0 71.7 87.4 62.3
6-ThioX‘(d) 158.6 149.6 127.4 183.2 137.7 90.1 75.2 71.8 87.3 62.3
W¥(d) 135.4 140.0 C7: 137.3 C9: 88.7 74.8 69.7 85.6 60.6
4-Me-33.9 C3a: 105.7 151.4
6-Me:14.0 140.0 C9a:

115.7

Notes: (d) means that shifts are reported in DMSO-d from internal TMS. )

References: “138; $107,110,273; 107,110; “107; 273; 241; $117,138; "112,242; "117; /250,274,275; ¥250; 274,275; "107,110; "245; °107,269,273; P110; 7105,138,276; "personal data; *93; 51;
“277; 9266; “254; 278.

5-CN, iP-U (Reference 251); Me endo: 25.1; Me exo: 26.9; C quat: 112.7.

5-CN, iPo-U (Reference 251); Me endo: 23.7; Me exo: 25.1; C quat: 112.3.

6-NMe?2, iPA (Reference 241); Me endo: 25.3; Me exo: 27.7; C quat: 113.9; NMe2: ~38.7.
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TABLE 7 Carbon-13 chemical shifts of some selected deoxyribonucleosides in water in ppm from internal TSPA

C2 C4 c5 cé Cc8 cr c2 c3 c4' cy

dA“(d) 1495 152.8 119.9 156.7 140.4 84.8 40.0 714 88.4 62.2
(S,9)-isodd A" 1545 150.8 1215 157.4 1422 745 57.3 36.2 823 65.0
dC*(d) 157.2 167.1 96.0 1426 86.8 40.8 71.9 88.8 62.8
dG¢(d) 151.3 154.2 1179 157.7 136.0 82.8 39.8 71.0 86.1 62.4
8-BrdG%(d) 85.0 36.4 70.9 87.8

8-CldG%(d) 83.9 36.6 70.9 87.8

8-1dG“(d) 87.3 36.7 71.2 88.0

dr‘(d) 1463 1487 1239 157.1 139.0 84.0 40.1 71.1 88.4 62.0
dT* 1525 1673 1117 1383 12.5* 86.0 39.4 71.3 87.4 62.1
3-MedT 152.8 166.7 110.7 136.2 292+ 87.0 39.6 71.2 87.5 62.1
4-ThiodT3(d) 1489 191.7 119.0 1344 13.4* 86.0 40.1 713 88.0 62.3
4'-AzidodT" 152.3 167.3 1124 1385 12.3* 85.5 36.6 71.3 99.9 63.2
2-dT’ 152.0 166.9 1109 1384 12.1% 87.2 39.9 71.1 88.9 61.9
du/ 1524 167.0 103.1 142.8 86.4 39.6 714 87.1 62.3
5-BrdU” (d) 150.8 160.2 96.7 1414 86.1 40.7 71.0 88.6 62.0
3-MedU’ 152.8 166.3 1023 1405 29.0* 87.3 39.9 713 87.2 62.2
6-MedU' 152.2 166.3 103.1 157.2 20.7* 86.5 37.8 71.6 87.0 62.6
6-Me odU’ 1523 166.2 103.0 156.8 20.3 86.7 36.6 70.9 85.9 61.4
3-isodU%(d) 152.2 1422 1014 164.4 81.7 37.1 72.1 87.0 62.6

dX

Note: (d) means that shifts are reported in DMSO-d;, from internal TMS.
References: “273; ¥259; ©273,279; “107; ©117,257; 7257; £273; "90; 117;105,117,257.
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TABLE 8 Nitrogen-15 chemical shifts of selected nucleosides in water and in ppm from NH,

N1 N3 N7 N9 NH,(2)  NHy(4)  NH,(6)
A7 (d) 2362 2231 2411 1702 82.0
A’(d) 2241 2372 2420 1709 82.3
A*(d) 2153 2026 2195  150.3 62.5
8-BrA“(d) 2186 2019 65.4
iPA*(d) 217.6 2041 2226 1517 63.3
8-Br,iPA*(d) 2184 2033 64.6
dA” (d) 236.7 2237 2415 1737 82.1
C"*(d) 1529  209.6 94.0
C’ 153.3 93.6
5-AzaC?(d) 1679 1914 2166 97.4
GPo*(d) 1481 166.6 2478 1708 741
G 1488 167.6 2485 1716 749
1-MeG¥(d) 1434 1648 2473 1683 802
7-MeG"*(d) ~1921 167.0 159.0 170.7  80.6
T
dr’ 1453  156.9
dr° 1445 156.3
U7 (d) 1425 157.6
(0 146.6 1589
1727 (d) 1752 2123 2494 1753
I’ 176.0 2153 2499  176.0
2-NH,I*(d) 156.7 1652 2467 1693 728
X" 1551 2151 2503  167.4

Notes: (d) means that shifts are reported in DMSO-d, as solvent.

some data in fully deuterated DMSO-d as an essential condition for giving clear
insights into the general trends. These data are quoted by (d) in the first column of
all the relevant chemical shifts. As coupling constants seem to appear less sensi-
tive to solvent effects than chemical shifts, the data shown in Tables 7 and
8 concern all the usual NMR solvents (D,O, DMSO-dg, CDCl;, dioxane-dg, etc.).
With the exception of the rigid cyclic nucleosides and to a lesser extent of the
isopropylidene-substituted sugar ones, abbreviated iP, all nucleosides exhibit a
great flexibility, pictured by the three interrelated and strongly dependent §lyco—
sidic torsion, sugar pucker and rotation about the exocyclic C4'~C5' bond.""* Such
type of correlation between these structural parameters became clear since the
1970s when Prestegard and Chan”®’ described correlations between the H6 chem-
ical shift and the “Jiyp» coupling constant of Pys in water. A mutual relation
between ring puckering and the nucleoside conformation about the exocyclic
C4'~C5' bond has also been suggested by Wilson and Rahman.'*® Confronted
with many contentious views on these aspects, researchers have then tried to put
forth more or less empirical rules based mainly on chemical shifts and coupling
constants of the sugar protons. The most remarkable contribution in this way is
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Certaml]y the concept of pseudo-rotation of the sugar as proposed by Sundaralin-
gam.”*""? Its foundations and the general ideas have been briefly described above
and despite its large application, it seems sometimes very cumbersome with some
ambiguities. Nevertheless, it is now well recognised as very useful by the scientific
community. More details about it can be found in the original papers”®'" or in

Saenger’s book.*!

5.1. Proton and carbon-13 data

Shieldings, homonuclear as well as heteronuclear coupling constants and relaxa-
tion times of these two nuclei are certainly the most useful—and the most used—
parameters to obtain reliable structural information of nucleosides in water. All
these aspects are discussed below, as well as the most important trends from a
great number of publications since the 1960s. For clarity, we deliberately discuss
separately the three dependent conformational aspects (glycosidic torsion, sugar
puckering and rotation about the exocyclic bond) in an attempt to give the clearest
insights of the most marked features for the reader.

5.1.1. Glycosidic torsion

5.1.1.1. Nuclear Overhauser effect There are many spectroscopic and theoretical
methods for approaching the torsion glycosidic torsion angle y and its potential
modifications with the solvent. From the NMR point of view, the most appealing
method appears to be the nuclear Overhauser effect (NOE).®” Because the frac-
tional enhancement of the resonance of spin d when the resonances of spins s are
saturated is related to the inverse sixth power of their distance r° if they mainly
relax by an intra-molecular dipole-dipole mechanism, valuable information
between their relative proximity may be gained. Qualitative application of this

effect has been largely used in the past for the determination of molecular geome-
. - 5 5 -
try of nucleosides, ?-111/122/125158,176,185,241,255,256,259,261,266,268,269,271,280-293 1y cley-

tides'®?*2% and polynucleotides. 5329305

By way of example, consider U. In the anti, C3' endo, N conformation, the
protons H6, H1' are about 3.8 A apart, whereas in the syn, C2’ endo S, they are only
distant from 2.4 A, so that we should expect some NOE in the syn and not in the
anti. Experiments by selective irradiation on the H1" and H2' protons of U in D,O
give, respectively, NOE enhancements f¢(1') and f5(2') of ~ 0% and 23%, respec-
tively, for the H6 proton,**?%% thus ascertaining preferentially the anti form in
which the H2', H6 protons are about 2.5 A away.

OH OH
B-pseudouridine f-¥U
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On the contrary, the  pseudo-uridine, f-¥'U, which seems to be essential in the
anticodon of certain tRNAs for the genetic expression of the operon, should be in
the atypical syn conformation according to Hurd and Reid** on the basis of the
anomalous upfield shifts of the NH and the H6 resonances. By comparing the two
independent NOE results of Guéron et al.*** with the previous works of Smith and
coll.,?®* the situation seems a bit confusing: the first authors advocate a syn form,
whereas the latter ones do not exclude a rapid syn—anti conformational equilibrium
in water! Moreover, the latter authors rule out the possibility of a hydrogen bond
between the amide oxygen O4 and the hydroxyl OH5' which is predicted by CNDO
calculations as a stabilisation of the syn form.”*"~% As a counter-example, we can
quote the work by Chow et al.**® on 3-methyluridine (3-MeU) and 3-methylpseu-
douridine (3-Me'PU) in water: Here, 1D NOE difference spectroscopy tends
towards an anti conformation for the first compound and a syn form for the second
one, another very striking result! Indeed, such contradiction between many experi-
ments and many authors is easily explained when it is considered that a large
flexibility in the glycosidic bond rotation together with even small errors like 2-3%
in the NOEs can result in an error of much as a factor of 2 for the estimation of the
distance between the interacting spins.’” In addition, for the special case of U,
a partial overlap exists between the protons H5 and H1" and hydration of the amide
group can seriously impede this intra-molecular rotation so that obtaining a reliable
NOE between these two protons is highly challenging, even with the best attainable
resolution in a NOESY experiment (see below)."”*! This means that other ways
should be explored to overcome these difficulties and that the NOE approach is not
per se an alternative method, but should be considered only as a further proof,
knowing that, in the point of view of this reviewer, 2D NOESY correlations
should be preferred to the tedious and erratic 1D difference NOE experiments.
Nevertheless, Hart and Davis®® have measured a nearly constant NOE f(2') = 0.2~
0.3 in a conformationally homogeneous series of 5-halogeno U in D,O as in
DMDSO-dg, thus showing a solvent-independent anti conformation for these
compounds.

Two independent studies of the conformational analysis in solution of the four
common Pus A, G, I and X in DMSO-d, on one hand”’ and in D,O and NDj; on the
other,?”! are extremely instructive of the limits of the 1D NOE in structural
chemistry. Both groups arrive at the same conclusion that for all these Pus there
is a rapid equilibrium syn = anti in close correlation with an even more rapid
equilibrium S, C2' endo = N, C3' endo states for the ribose moiety. Moreover,
results obtained in aqueous solutions are very similar to those found in deutero-
ammonia, thereby proving that there are no conformational changes from one
solvent to the other. Note that this appears like an a posteriori justification for using
ND; as the solvent having similar hydrogen bonding capacity as water, according
to the German group.”’ In contrast, comparative conformational analysis of
guanosine 5-monophosphate (5-GMP) and G in DMSO-ds containing small
traces of water is very illustrative of the potentialities of the method."”” Whereas
5-GMP is usually shown to adopt the syn form, some noticeable cross peaks
between H8 and H2/, OH5', H5 and H5", respectively, give evidence of a prefer-
ential anti form."”” Some interactions between NH, and H1’ and H2/, respectively,
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seem also to favour of dimer, while at the same time some intermolecular inter-
actions can been observed between water and H8, (N)H1 and the two NH,
protons.'”” Another enlightening example is given by the study in water of
ribavirin Rb, an antiviral nucleoside with a triazole ring as the base instead of a
pyrimidine ring.176

HO

HO OH

Ribavirin Rb

Irradiation of the H1’ ribose proton gives only one important nuclear Over-
hauser enhancement equal to 22% on the H6 proton of the triazole as compared to
the slight increase of 6% on the trans H2' proton on the ribose. This results allows
unambiguously assigning a syn glycosidic torsion for this compound in water, as
opposed to the anti form observed for its inactive isomer.'”®

Finally, the most reliable NOE-based techniques for elucidation of nucleoside
conformation are either based on a calibration graph from rigid molecules,'”
generally cyclic nucleosides, or on a population analysis accommodating multiple
conformations and thus avoiding some biases inherent to the crude method.*'’ In
the example of 2/,3'-isopropylideneinosine (iPI), this last method puts forth three
significantly populated conformers, mainly a syn form, then a high-energy stag-
gered conformation and a minor anti form, the populations and distributions of
which are more or less dependent on the rotational correlations used. These two
points were not expected in the crude steady-state NOE analysis.**

N /o
/C\
CH; CHj

2', 3'-isopropylideneinosine iPI

As an indirect proof of the anti conformation of U in water, we will comment on
our own work in water. Specific hydration occurs at the O2 and N3 of the amide
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groups of U. Because of steric hindrance by the ribose, this interaction of water can
only be possible in an anti conformation where the carbonyl group C2=02 is
directed toward the exterior and then freely accessible. We have checked this
conformation by running a phase-sensitive NOESY, which has shown two strong
negative cross-peaks between the H6 proton of the uracil moiety and the H2 and
H3' protons of the sugar (respectively, at distances 2.92 and 2.88 A in the anti form,
while these are 4.24 and 5.77 A apart in the syn conformation). In this anti form, the
ribose proton H1' and the pyrimidine carbon C2 are about 2.65 A apart, so that a
heteronuclear Overhauser effect (HOE) between them is expected, but seems to be
completely negligible in the syn in which this separation becomes about 3.40 A
(smaller by a factor of about 6-7). The difficulty of the experiment lies in a partial
overlap of the proton resonances H1' of the ribose and H5 of the base, which
precludes a clear selective irradiation of the H1’ proton (Figure 1).

To overcome this difficulty, we have developed a TOCSY-HOESY experiment
which includes three distinct steps.'™ First, a selective E-BURP 2 excites the H2’
proton of the ribose which is completely isolated and well separated from all the
other protons (see Figure 1). Second, a TOCSY mixing transfers the H2' magnetisa-
tion to all the H1’, H3' and H4' ribose protons engaged in the same J-coupling
system. Third, the classical 1D HOESY follows with a 90° hard pulse on the protons
followed by a mixing time t,, = 2.5s between the two carbon-13 and proton
longitudinal magnetisations. Neat HOE carbon-13 longitudinal magnetisations
are finally read under broadband proton decoupling by a hard 90° read pulse on
the carbon. The sequence and the neat 13C, {'H} spectrum are given in Figure 7.

E-BURP2 TOCSY HOESY
+ A o
AN MLEV-17 WALTZ-16
1H P [
j ' HOE mixing .
; ! time -
13¢ 1 1 FF_
2
W’*WWM
a3
6
» |
13C HOE  wemibhstw Lo o e - . TR YRR

Figure 7 The selective TOCSY—HOESY sequence (top) and the HOE spectrum obtained for U
after selective excitation of the proton H2' on the ribose by a E-BURP2 pulse (bottom). The
insert (middle) represents an expansion of the response of the uracil carbons C2 and Cé. The
carbon C2 positive peak arises from a direct HOE transfer from the ribose proton H1' whereas
the negative carbon C6 results from a NOE relay between H3' and Hé (adapted from
Reference 190).
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5.1.1.2. Chemical shifts on the ribose and deoxyribose By looking at Tables 1-5, the
reader should be surprised not to observe any significant changes on the chemical
shifts of the base whatever the conformation syn or anti of the nucleoside. Indeed, H5
and H6 of Pys, like H8 of Pus, seem to be ambiguous monitors of the conformation
about the glycosidic linkage®” and the best sensors of this rotation are the nuclei on
the furanose,'”’***** a situation which should be a little disappointing at first sight!
This strange evidence has emerged after a large number of different authors studied
alarge family of nucleosides in a rigidly fixed syn or anti conformation.'**!!#1413% ¢
includes appropriate cyclo' 011926727 and anhydronucleosides,'*''*
clesoides,"'”?*** Pys or Pus substituted at carbon C6 or C8, respectively
and many others.'” In some cases, an appropriate intra-molecular hydrogen
between a ribose hydroxyl group and an aromatic nitrogen atom ensures an addi-
tional stability to the unique form."*''° Tt has then been shown that the protons H2’,
H3' and H4' of the syn compounds are all shifted downfield by 0.60-0.30 ppm and
that the proton H1’ is, on the contrary, shifted upfield by about 0.1-0.2 ppm as
compared to their analogues in the anti forms.**>*”>!! The exocyclic protons H5'
and H5" are mostly not affected. But the story does not end here: going on, when it
has also been observed that the corresponding carbons C2/, C3' and C4' are all
shifted upfield in an extent ranging from 1 to 3 ppm in these syn conformers,'”
another somewhat curious trend! Naturally, the C1’ carbon generally appears
shifted downfield and the C5' is essentially invariant. Such an apparent contradic-
tion is well resolved if we accept the existence of an electrostatic field effect along the
C-H bond which pushes away the bond electrons from the hydrogen atom, thereby
deshielding the hydro$en nucleus and, correspondingly, shielding the attached
carbon-13 nucleus.’'*>"* This effect should be due to the lone electron pair of the
nitrogen N3 of the bases, including probably the N1 of the Pus, which are just above
the ribose in this syn conformation. In addition, in some pyrimidines like O or the /-
cyanuric acid riboside, f-CAR, the magnetic anisotropy influence of the C2=0
carbonyl group should also be accounted for.*****
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As this electric field is rapidly decreasing with the inverse square power of the
interaction distance, its effect is more pronounced at the H2” proton than at the
H3' and H4' protons, respectively. The opposite trend observed for H1' and C1’ as
compared to the other furanose nuclei is no more puzzling since in the syn form
the nitrogen N3 lone pair is closer to the carbon C1’ than to the H1’ proton and
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thus now pushes away the bond electrons from the carbon to the proton! A more
detailed comparison of the data for O or f-CAR reveals other interesting trends
consistent with the existence of the former as a syn rotamer in which the 2-keto is
located above the sugar.****** In the syn conformation, only H1’ and H2' are in the
vicinity of the negatively charged 6-substituent and are strongly affected by its
presence. Relative to the corresponding shifts in f-CAR, a shielding of 0.547 ppm
is observed for H1’, whereas a deshielding of 0.154 ppm is observed for H2'.**
The relative magnitudes of the carboxylate contribution to the overall HI' and H2’
magnetic shielding constants are reasonable in view of the larger distance of the
latter hydrogen from the 6-position in the syn conformation. The fact that the
contributions are of opposite signs may be surprising at first sight, but is readily
rationalised by resorting to the electric field associated with the 6-substituent. The
most favoured orientation of the carboxyl moiety which minimises steric interac-
tions with the H1' hydrogen appears to be that in which the plane of the carboxyl
is essentially perpendicular to the uracil moiety. Assuming this relative orienta-
tion of the base and the carboxyl in an overall syn conformation for the molecule,
electric field calculations according to Buchingham®'? predict a diamagnetic con-
tribution for H1’ and a somewhat attenuated paramagnetic contribution to H2'.
Moreover, the opposite result is predicted if an anti model is chosen.**® Another
direct experimental proof has recently be given by an analysis at low temperature
(in CDCl3) of an acetylated derivative of theophylline Tph where the syn H1'
proton appears about 1.3 ppm at higher field as compared to the anti H1' on the
same spectrum.”* This through-space interaction is thus expected to be weaker in
a polar solvent like water than in other less polar or apolar media.
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Incidentally, we must observe that this field effect may also play an important
role in saline solution. For example, it is certainly responsible of the upfield shifts
reported by Prestegard and Chan®® for U protons in D,O upon addition of a
number of various salts, the shifts increasing with an increasing concentration in
salt. The downfield effect produced upon addition of tetrabutylammonium chlo-
ride to the same solution results probably from other subtle causes and always
remains without a realistic explanation to date.
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By introducing many bulky substituents (van der Waals'radi of about 3.5-5.
A)—like a t-butyl group—at the C8 position of G, Shugar and co-workers''® have
also observed important downfield shifts in water for the H2" and H3' protons
(respectively, 0.65 and 0.07 ppm) which are consistent with an exclusive syn
conformation. In addition, the t-butyl substituent also induces a large downfield
shift (= 0.30 ppm) on the H1' proton, which is probably due to a very specific van
der Waals dispersion interaction. The authors also question the conformation of
the 8-BrG, not exclusively in the syn form in water according to their results and in
some disagreement with previous claims. In a next paper in which they examine
the syn = anti dynamics of the Pus in water, Stolarski et al.''® confirm upfield
shifts by about 2-3 ppm for the C2’ shielding and by about 0.5-1 ppm for the C3'
and C4’ shieldings, respectively, and for the same compounds as above. As
expected, C1’ is deshielded to an extent dependent primarily of the nature of the
C8 substituent (1.2 ppm for the i-Pr group, 2.5 ppm for the Br substiuent and
3.0 ppm for the t-Bu group). The same trends are also observed for 8-substituted
Gs and inosines'"” as well as for 8-halogeno-substituted dGs: the more bulky the
substituent, the more shielded the C2’ carbon and the more deshielded its H2’
attached proton.*”’

Follmann and Gremmels'®* have analysed the proton NMR spectra of 30
adenine nucleosides substituted at the C5' position in water with respect to
structure-dependent variations of the purine proton chemical shifts. It is observed
that the resonance signal of H8 shows a marked dependence upon the nature of
substituents linked to C5' of adenine ribofuranoside derivatives and upon the
presence of a group iP group, while H2 is relatively unaffected. Therefore, the
chemical shift difference, A(H8-H2), may serve as an indicator of intra-molecular
ribose-base interactions. This varies with the chemical nature of the C5' substitu-
ent and it seems to increase from a positively charged substituent like an ammo-
nium group to a hydrogen atom and is the greatest with a carboxylate group
(0.4 ppm), but decreases with increasing chain length of these substituents. These
results suggest the existence of electrostatic and dipolar repulsion or, in the
majority of cases, attractive forces between the C5 and HS8 regions of adenine
nucleosides. This also implies a strong preference of most adenosine derivatives
for the anti conformation range and an unusual gg conformation around the
C4'—C5' bond.

The behaviour of the 8-amino Gs and 8-methylamino As in water and with
temperature described by Jordan and Niv** appears more complex. Firstly, the
very low upfield and downfield shifts experienced, respectively, for the H8 proton
of unsubstituted G and A with increased temperature cannot be attributed to
some kind of solvent effect due to its smallness, being in the range of the mea-
surement accuracy! On the contrary, we are inclined to think that this observation
is contradictory to the early reports by Ts’o and Jardetzky in the 1960s*>>** of a
possible hydrogen bond of this proton with water at neutral pH. Nevertheless, the
comparison of the behaviour of identical substituted G and substituted A with
temperature in water is very interesting and illustrative of the trends. Secondly, in
all these Pus, upfield shifts of varying magnitudes are found with increasing
temperature, while destacking is expected to lead to deshielded shifts of H1'
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resonances. From our personal view, this should be another proof of the minor
importance of nucleoside stacking in water. Thirdly, according to the authors,**
the difference in H1' and H2' chemical shifts, A(H1'-H2') seems to be a good index
for the anti/syn ratio, a lower value (approx. 0.7 pip) suggesting a larger sin
population and a larger one (>1.0 ppm) with predominantly anti conformers.
On one hand, in all the temperature range studied in water (27-90 °C), G and A
follow the same trend, both remaining in the trans conformation without any
sensitive temperature effect on the N/S ratio. There is also no observable effect
of a temperature increase on 8-N(CHj), G and 8-N(CHj3), A and also on 8-BrG, all
remaining in the syn form, whatever the temperature. On the other hand, 8-
NHCH; A, 8-NHCH3 G and 8-NH, G seem to have distinct relative conformers
populations, but always insensitive to a temperature change. For the first
conformer, a slight excess in the anti forms appears probable, while for the two
others a similar proportion of syn and anti conformers seems more realistic.
Finally, all these observations are at variance with any hydrogen bonding of
water with the A and/or G substrates, but support the existence of a highly
restricted rotation around the exocyclic C-N bond in the amino-substituted Pus
and Pys.**'?'532! Plochocka et al.**' have also observed coalescence of the two
magnetically non-equivalent N(CHj), in N(6)-dimethy-1',2",3" iPA at 250 K in
CDC(l;, a nucleoside exclusively maintained in the syn conformation by an intra-
molecular hydrogen bond between the N3 and the exocyclic hydroxyl OHY'.
Indeed, this hydrogen bond is very weak since it is easily broken in polar solvents
like water as indicated by a sudden change in the Cotton effect (CE) going from an
undetectable absorption in cyclohexane to a strong positive circular dichroism
(CD) in water. The same kind of ““anomalous’” anti conformations has also been
reported** for 8-butylamino A as well as for its epimer 8-butylamino ara-A in dry
DMSO-des where the 8-alkyamino and the 5-hydroxy groups are hydrogen
bonded. According to these authors, this should explain the low-field resonance
of the 5" hydroxyl proton (in the range 6.6-7.0 ppm) as compared to the “normal”
range of 5.2-5.9 ppm for the syn form. Reese and Safhill®** suggest that the
chemical shift of 5'-hydroxyl proton might provide evidence regarding nucleoside
conformations, a point much disputed by many other authors and a really useless
probe in water! Finally, we can infer from these results that the height of this
rotation barrier should depend on both the extent of the donating effect of the
nitrogen lone electron pair to the aromatic ring and also to the amino hydrogen
exchange to the water and that its magnitude is certainly close to the syn = anti
barrier. These points would be discussed more extensively below.

Based on the same previous idea of Uesugi and Tkehara,'”” Nair and Young®*’
have also empirically shown in 43 purine nucleosides in DMSO-d¢ or CDClj; as
solvent that the differences in '*C chemical shifts between the ribose carbons C2’
and C3', d¢cy — dco, is very sensitive to the glycosidic angle: compounds in the syn
form exhibit a dc1 — dco value of less than 0.5 ppm, whereas nucleosides in the
anti conformation show a value of greater than 2.8 ppm. Wyosine W is one of the
fluorescent hyper-modified T nucleosides found in tRNAs and has particular
distinctive chemical properties and consequently is of biological interest. So far,
by using the previous criterion, Agris et al.”>> have determined the glycosidic
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torsion angle of W and two of its isomers as indicating a preponderant anti
conformation. Nevertheless, the method curiously fails for the 1-methyl and 5-
methyl isomers where other NMR experiments have led to approximately equal
amounts of syn and anti conformers.””
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Among the numerous hetero-nucleosides revealing a substantial chemothera-
peutic activity, aza-nucleosides compose an especially interesting class. As
examples, 6-azaC, 6-azaU, 8-azaA, 8-aza and formycin A (FoA) and formycin
B (FoB) are found in a highly rigid anti conformation in the solid state,***>*
but detailed information regarding their three-dimensional conformations
in aqueous solutions is more relevant for understanding their carcinostatic
properties.

OH OH OH OH
Formycin A FoA Formycin B FoB

By looking at the Tables 14, the reader may get the definitive conviction that
the free-electron doublet on the nitrogen acts by a field effect on both the hydro-
gens and the carbons of the furanose as previously discussed, thus deshielding
most of the hydrogen nuclei and at the same time shielding their attached car-
bons.>*9242257.2623H However, while the anti conformation is entirely preserved
for the Pys, the Pus slightly move to the syn form because of the repulsive
electrostatic interaction between this nitrogen electron doublet and the analogue
O5' free electron doublet.”***” The magnitude of the extended zig-zag inter-ring
coupling constant 5]H5H1/ ~ 0.5-0.6 Hz in the two Pys, which compares very well
with that ones measured for U and dU (0.4-0.5 Hz) whereas no analogous cou-
pling is observed for the syn orotidine O, is an additional evidence for the
preferred anti form.**® Finally, this strong destabilising effect has a direct influ-
ence on both the ribose conformation and the exocyclic C4'-C5 bond, by
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diminishing the S, C2’ endo pucker state and the gg rotamer and thus reinforcing
the envelope SE, C3 endo, N state in the Pys, the less common twist 2T, C2' endo,
C1’ exo in the Pus and the gt populations for both the Pys and the Pus aza-
nucleosides (vide infra).>*>*” Thionucleosides may also be intriguing compounds
since they often get a distinct geometry in the solid state as compared to their
water solution, and more generally in their solution state. For example, 4-thiour-
idine (4-SU) crystallises in the monoclinic space group C2 with some water
molecules in the syn conformation,”®® whereas numerous NMR experiments in
water conclude a preferred anti form®>10>118242257311 54 it ig easily shown from
chemical shifts trends in Tables 3 and 4 (vide supra). 2-Thiothymidine (2-ST) and 2-
thiodeoxythymidine®” are also anti in water. In contrast, 2-thiocytidine (2-SC)
crystallises as dihydrated triclinic crystals®* (space group P1), and crystals of 6-
thioguanosine (6-SG) monohydrate are orthorombic® (space group C222). In
both solids, as well as in their aqueous solutions, the glycosidic torsional angle
is anti.'®***17% This substitution of the carbonyl group by a thiocarbonyl group
appears as a way to increase the size of a hydrogen bond by a small increment
equal to about 0.45 A Surprisingly, it was observed that DNA polymerase I
prefers analogues that are larger than natural DNA bases and it is found that 2-
thio and 4-thio thymidine can lead to increased efficiency and selectivity in
pairing and replication.”®* In the same manner, 2-thiouridine seems to give
more important rigidity and thermostabilty of thermophile tRNAs.”* Such an
increase in size by a sulphur in place of an oxygen is also without any sensitive
effect on the 2-thio-orotidine which remains in the syn form because the more
bulky carboxylate is forced to occupy the anti side with respect to the ribose.>* Tt
is well known that the sulphur atom is inferior to the oxygen as a proton acceptor
for hydrogen bonding, thus resulting in an increase in size in complexes with
adenosine and a profound change in the interaction specificty.*****” This aspect is
extremely important in view of a difference in the strength of hydration of the
sulphur and the oxygen, respectively, in water or aqueous solution and a possible
sensitive influence of the dynamics of the nucleosides in these media (vide infra).
These differences in conformation between the solid state and the solution should
be accounted for by these differences in hydrogen bonding. In solid 4-thiouridine,
the base residues are stacked along a hydrophobic channel, while two ribose
moieties are connected by hydrogen bonding between one water molecule with
the O5’ oxygen atoms which are arranged in parallel planes along a hydrophilic
channel.**® This arrangement, as proposed early by Saenger and Scheit,**® seems
to be in line with later observations which conclude on a predominance of dipole-
induced dipole interactions and a large increase in stacking affini m thio-nucleo-
sides.”"?* In water, according to our previous results on uridine"', we are rather
inclined to propose a hydration scheme in which one water molecule is bonded to
the sulphur atom S4 and another one is bonded to the oxygen atom O2, each one in
a cyclic manner with the labile amide hydrogen H3. In solid 2-thiocytidine, the
sulphur atom is hydrogen bonded both to a water molecule and to the amino
group of an adjacent molecule and this latter hydrogen bond is the only inter-base
hydrogen bond.*® In water, we may anticipate a completely distinct hydrogen
bonding structure, that is, one hydrogen bond between sulphur and water and
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one or two hydrogen bonds involving the amino group and the solvent, but in an
anti conformation.*

To conclude this section, we must add some words concerning aqueous solu-
tions. As can be seen, most of the NMR experiments have been run in (dry)
DMSO-dg or in other aprotic organic solvents, mainly because of the very low
solubility of most nucleosides in other media. In water, as in liquid ammonia, the
solvent participates in hydrogen bonding equally well either as a donor or as an
acceptor molecule and this is of special importance if there exists an intra-molec-
ular hydrogen bond like in anhydro cyclic nucleosides or in some amino-substi-
tuted ones or, sometimes, in the solid state. In this case, the strongest inter-
molecular hydrogen bonds with the solvent can be expected, thus breaking the
intra-molecular ones which have produced a noticeable minimum of energy in
non-protic solvents. This change naturally induces a change in the solvation and a
new more pronounced minimum of energy. For each of the the Pys, this implies a
strong modification in the conformation, the anti form becoming preferred for a
better access of water to the amid group where hydrogen bonding takes place.'”
The same situation certainly prevails also for X and isoguanosine (iG) with their
amide groups also pointing toward the opposite direction with respect to the
ribose. This anti conformation can be anticipated to be also more favourable for
better availability of the free electron pair of all the nitrogen atoms of other Pus,
given that the nitrogen N1 is the preferred site of protonation in adenosine and the
second preferred one in G after the nitrogen N7 atom.*” These considerations
upon solvation may generally explain the distinct conformations that have been
observed for some nucleosides in the solid state as compared to their structure in
the liquid state.

5.11.3. Inter-ring coupling constants This third method for approaching the rota-
tion about the glycosidic bond and the syn = anti conformer equilibrium of base
with respect to the sugar ring in nucleosides is, from the author’s personal view,
one of the most appealing. It is naturally based on Karplus-type relationship
(Equation (2)) relating scalar coupling between one nucleus on the base to the
other on the ribose with the torsional angle y. The pioneering work by Lemieux
and his colleagues™ on selectively labelled C2 uridine derivatives can be sum-
marised in terms of Equation (2) with A = 6.7, B = —1.3 and C = 0. Although their
data and graph were based only on ribonucleosides, they can also safely used for
deoxynucleosides because the substitution of H for OH on the C2’ carbon has only
a small effect on the | values and do not alter the overall qualitative conclu-
sions.'>?*” The method has been reviewed in two subsequent papers on the
conformational analysis of nucleosides, nucleotides and nucleic acids,??% and
is now in current use with the routine development of carbon-13 Fourier trans-
form NMR in the proton-undecoupled or gated mode. However, Davies and co-
workers®*'**? have questioned the reliability of this approximate Karplus-type
dependence which, by only using the vicinal “Jcop1 coupling corresponding to the
anti form, gives four possible values for the angle y, namely two syn and two anti
conformations.'”®*** Accordingly, they proposed to measure both e and
e In Pys and both earr and gy in Pus, respectively. Addition and



80 Bernard Ancian

subtraction of the values for each series can lead to the syn = anti conformer
equilibrium, despite some contradictory claims.'” An unexpected and surprising
feature of this trick®** is that the magnitude of the sum also varies with the
population p,,; of the glycosidic bond conformation, thus requiring some extrap-
olation of the fit.

This approach has been of special interest in adding other independent evi-
dence to the overwhelming body of data indicating that Pys and Pus and other
similar compounds exist predominantly or exclusively in the anti conformation in
solution,”?#%10112/115,121,138,153,242,255272 Npatyrally, the method also allows the
detection of the privileged syn form as resulting from special specific or non-
specific constraints (vide supra)’>'%''>17¢ and even seems to indicate a preference
for the syn conformers in Pus.'*® Its valuable ability to probe all the glycosidic
torsion angles y along the conformation circle (Figure 4) has been given in a
noteworthy paper by Cho and Evans.'®* The authors report very interesting and
fruitful correlations between the H2' proton chemical shift and the 3 carny cou-
pling constant as well as between the H2' proton chemical shift and the 3 cspcou-
pling constant on a series of substituted guanosines, thus corroborating the
continuous dependence of the two NMR observables with the conformation.'®*
In addition, this analysis has also given further evidence of an anti conformation
for the C8-amino substituted guanosines satbilised by an intramolecular hydro-
gen bond between the amino proton and the O5 atom in DMSO-de (see
Section 5.1.1.2). The importance of this Ten coupling in the determination of the
structure of nucleic acids has not escaped Bax group’s attention who has devel-
oped a dedicated band-selective HMBC experiment for quantitative interpreta-
tion.***Hilbers et al.*** have improved the method by suppression of H, H
couplings from the proton of interest by inclusion of an appropriately shaped
180° proton pulse into the sequence.

In an elegant extension of the above ideas, Kline and Serianni***> have run a
thorough conformational analysis of nucleosides by '*C enrichment at C1’ and C2’
of the ribose ring in water to address the utility of inter-ring *Jcc couplings for
determining N-glycoside bond conformation. By using two conformationally
constrained cyclonucleosides, 2,2'-anhydro-(1-f D-arabinofuranosyl)uracil and
2',3'-isopropylidene-2-5'-O-cyclouridine, to construct a very crude (only three
points!) Karplus curve for the *C-C-N-'>C coupling pathway across the N-
glycose bond in A, C, G and U, they could test current models describing the
syn = anti conformer equilibrium. Unfortunately, the magnitude of the couplings
are too low (curiously near zero!), thus precluding any quantitative evaluation
and the authors could only conclude that in each nucleoside the base is probably
oriented approximately orthogonal to the C1'-C2’ bond. It is a pity that they could
not obtain any measurable coupling constant here because the approach is very
interesting and, usually, we should expect *Jcc coupling constants to have more
noticeable magnitudes (often near 3-6 Hz). Other related methods have been
proposed, especially by using long-range “Jjj1/g5 coupling constants in 5-fluoro-
pyrimidines nucleosides in water.”*® The conformation anti which places the F5
fluorine and the H1' proton in a “’zig-zag’’ or ““W”’ configuration is the most suited
for this long-range coupling to occur and it also means that the coupled nuclei are



NMR Studies for Mapping Structure and Dynamics of Nucleosides in Water 81

the farthest apart. The authors stressed upon two important conclusions in their
work: firstly, a through-space mechanism and a o-n through bond inductive
mechanism can both be ruled out; secondly, the coupling is bigger for the f
compounds (>1.5 Hz) than for the « anomers (<1.5 Hz) and therefore can be a
useful measure of the anomeric configuration of 5-fluoropyrimidine nucleosides
of unknown structure.’*® In contrast, in some 2',3'-dideoxy-4'-fluoroalkylnucleo-
sides, Mele and collaborators®”® have detected, but only on a anomers, long-range
Ter and ®Jcr couplings. A through-space mechanism for the transmission of the
nuclear spin information is demonstrated, thanks to an attractive interaction
between F on the ribose and H on the base resulting in a mediated intramolecular
hydrogen bonding. Consistent with this hypothesis is the decrease in the coupling
magnitude with an increasing polarity of the solvent, which therefore has an
increasing capacity to establish intermolecular hydrogen bonding in competition
with the intermolecular one.

Direct scalar hetero-coupling 'Jci; between the C1’ carbon-13 and its attached
proton H1’ has also been used as a probe for glycosidic torsion angle.'®***” This
observation relies on two hypotheses: on one hand, a markedly change of the
s character of the carbon with the glycosidic torsional angle, and, on the other, an
effect of the nitrogen atom p orbital. However, the range of variation remains very
small, especially for the change in s character with the change in torsion angle y,
which is within the experimental error.'®* Indeed, this coupling seems to be a
more relevant ;)robe for predicting the anomeric configuration of the C1’ carbon in
nuclesosides.®

Most authors have remarked that this inter-ring coupling is essentially invari-
ant inside each of the Pu’s base moiety and inside each of the Py’s base moi-
ety.?13%2%2 This view should be somewhat moderated, according to Uzawa
et al.,”® because an orientational effect of oxygen functional groups can reduce
its magnitude in a trans relationship. It seems also to be completely independent of
the solvent and is notably the same in DMSO as in water.®!/!0%10%/111,242,249,264 Tyjq
last point will be discussed with more details in the next section since this aspect is
naturally related to the observation time scale. In any case, this cannot exclude any
particular hydration or conformational changes, but the dynamics of this solva-
tion is too fast to be detected on the slow time scale of the coupling constants.?**>*®

Very recently, Sklenaf and his group'® have reconsidered the validity of one
unique Karplus equation for describing the inter-ring coupling in all the nucleo-
sides. First, they quote some possible pitfalls because the nucleosides do not
posses sufficient symmetry to restrict the Karplus curve as is generally done.
Second, because the coupling pathway is very complex, with mainly significant
differences in n-bonding between the bases, it seems unrealistic, if not wrong, to
retain only one equation with the same parameters, whatever the base. Third, they
question about the modifications induced by oxygen bridges in cyclonucleosides.
So, the group has tackled again the problem in the two complementary directions
of experience and theory. To be able to measure very small coupling *Jgk less
than the natural linewidth, they developed a spin-state selective excitation (S2E) o,
B NOESY experiment. To overcome the somewhere empirical choice of the Kar-
plus parameters, they calculated the coupling constants after a large number of
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optimisation of the geometry and the constraints on the sugar by using DFT
techniques under the acronym SOS-DFPT, an algorithm that is known to be very
efficient. This is a formidable task and we will make only some comments on the
results in the quantum mechanical calculations (Section 5.3), we ourselves not
being specialists in this sophisticated theory.

5.1.2. Ribose and deoxyribose puckering

Since the proposal by Sundarlingam and coworkers of a pseudo-rotational
path of the furanose ring in nucleosides, the utility of this concept in the under-
standing of the ribose puckering by all the NMR observables (chemical shifts,
coupling constants, relaxation data, NOE, etc.) on the cycle has been extensively
discussed””78 121361417193 and reviewed.*!/#1-54109349 Sgecial computer programs
have also been written like DAERM,*”® PSEUDOROT** and HETROT"' for the
conformational analysis from well-designed 2D experiments. Under constant
feedback from the experiments, these programs can be considered as a prelude
to the use of the very sophisticated machinery of one (or many) of the numerous
force-field MD calculations like AMBER,** BMS,** CHARMM,*** GROMOS™”
or OPLS-AA.*° Thus, we will limit in this section to a brief survey of the most
important results, with some emphasis of specific conformational features in
water, if any. Likewise, the pseudo-rotational pathway appears somewhat com-
plex to use with the required accuracy and so far has been drastically reduced by
Sarma et al. to a simple C3/, endo (°E, N) = C2/, endo (°E, S) equilibrium without
any substantial loss in qualitative information (Figure 5B).'%*%*

That is clear is that the scalar coupling constants, mainly the vicinal ones, are of
most important use to determine the sugar conformation. This heuristic approach
is based upon the assumptions that both the oy coupling and the sum M +
*J1z 1 of the two other couplings are essentially invariant and are very close to the
means 5.3 +0.4 Hzand 9.6 £ 0.2 Hz, resFectively, and this is so whatever the sugar,
its conformation and the solvent.”*'%*® This increase in the C3' endo, N state with
an increase of *Jyz o and a decrease of *Jiyy—with naturally the reverse situation
in the increasing proportion of C2' endo, S state—has been reported by Hruska,
emphasising the validity of the previous hypothesis."'” The Karplus parameters A
=10+ 0.2 and B = —1.0 £ 0.2 (together with C = 0) are then derived for use of
Equation (2) with the mean phase angles NP = 18° (°E) and °P = 162 (*E) and a mean
pucker amplitude 1, = 40°. Alternatively, the method leads to the equilibrium
constant Keq = xs/xn = Mtz / Traze between the N and S states.**® As an
application of the above rules, the population py of the C3’, endo, N state is
calculated'*>***® by the simple expression given by Equation (3):

PN = 3]Hs’H4’/ (3]H1’H2’ + 3]H3’H4’) (3)

Another empirical relation'”®**! between the interplay of vicinal coupling
constants Jy(S) in the S state and *Jip(N) in the N state resulting from the
validity of the Karplus law inside each nucleoside family is summarised in
Equations (4a)—(4c):

76,119
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3]H1,H2/ (S) =~ 3]H3/H4/ (N)~ 3]H2~ e (N) = 9.1Hz (4a)
3]H1,H2u (S) =~ 3]H2’H3’ (S)~ 3]H1'H3’ (N) ~5.8Hz (4b)
Trry () Ty vay ()~ Typy prar (N) 2 gy gy (N) ~ 0.0Hz (4c)

As a general trend, it is generally observed that the ribonucleosides are in the
anti conformation, which is in good correlation with the N pucker state. Never-
theless, it appears that this behaviour is less marked with some Pus for which the
syn arrangement cannot be neglected, but always with an N state for the sugar.
When the syn form is preferred and/or significantly populated, as in cyclo, ara
and bulky substituted compounds (see Section 5.1.1 above), the sugar generally
adopt the S state. It seems also to be a common feature that in all the deoxynucleo-
sides the contributions syn type for the base and S state for the sugar are increased
and sometimes are in a large majority. In this way, these changes are especially
marked in non-polar solvents and it has been remarked that they look like those
resulting from a removal of the 5'-OH hydroxyl (about 15%)."'® There is no further
stabilisation of the syn conformation by an intramolecular hydrogen bonding
5'-OH---N3 for all the purine nucleosides in water and in DMSO.

Some common characteristic features of all deoxyribonucleosides, particularly
in water, should be mentioned here. Firstly, in all the Pys, the H2"”chemical
shifts—which naturally correspond to the protons under the ribose—are at
lower field as compared to their counterparts H2'—which are still the protons
above the ribose—but the reverse stands for the Pus.**®**”* A rigorous explanation
of this difference remains difficult and is demanding for a full QM-DFT calcula-
tions, but some qualitative arguments can be advanced. The exposure of each
proton to the base ring current is certainly not the same in each type of nucleoside.
It has been demonstrated by Giessner-Prettre and Pullman® that the diamagnetic
anisotropy of this effect is more pronounced in purine than in pyrimidine, so that
the H2” protons in the Pus which are closer to the base are more shielded. Other
kinds of effects are also important like the proper diamagnetic anisotropy of the
carbonyl bond and of the double bond or the electric fields by the oxygen and the
nitrogen atoms.”’” Secondly, an interesting comparison of the two isomers
6-MedU (syn) and dT (anti), in D,O and DMSO-dg, has revealed other important
and proper features of the sugar in the deoxy series.””* There is no sensitive
solvent effects from water to DMSO. In both solvents, the magnitudes of the cis
vicinal couplings iz (8.0-8.5 Hz) and *Jyps (8.1-8.5 Hz) are larger in 6-MeU
by about 1.5 Hz than the corresponding couplings in the dT series. This means
that the dihedral angles about the C1'-C2’ bond and about the C2'-C3’ bond are
biased in 6-MeU relative to dT towards the eclipsed (v = v, =~ 0°) situation.
According to the Altona-Sundaralingam approach, this can be interpreted as a
flattening of the ring, that is, a reduction in the pucker amplitude t,,, and this
reduction should lead to a decrease in the sum of the trans vicinal couplings
Narao + Juyne as well as to an increase in the cis vicinal couplings 1m0
and [y . It is seen that these sums, in aqueous solution, lie in the narrow range
from 10.8 to 11.4 Hz, with no clear difference between the dT and 6-MedU
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isomers. The larger cis vicinal couplings M and Yoy couplings in the 6-
MedU compound, coupled with the similarity in the trans sum M + Jasma
for the two derivatives, can be taken as evidence that the sugar ring in the 6-MedU
isomer has “pseudo-rotated”” away from the pure C3’ endo, N state and C2' endo, S
state. This is clearly shown by the application of Equation (3), which gives, in D,O,
P~ = 38% for dT and py = 56% for 6-MedU, a value not usual for syn deoxyribo-
sides in water! Faced with this body of evidence, the only valuable conclusion is a
flattening of the sugar ring in the 6-MedU, an observation also made by Lee and
Sarma''* in a series of 3',5'-cyclo deoxyribonucleosides. Also, in deoxy series, the
near equalities, Moy ~ Tasne and T ~ oy seem always satisfied.?”*
Finally, variable substituents at the 5-position of U, 5-XU, do not modify the anti
character of the glycosidic bond, but have drastic influence on the N1'-C1’ and
C1'-O4’ bond lengths in opposite ways''®: electron-withdrawing X substituents
lengthen the N1'-C1’ bond, whereas electron-donating groups shorten this bond
with reverse effects on the C1'-O4’ bond. From NMR results in water, the authors
predict that these slight structural changes, especially on the sugar, induce large
consequences on its N, S states: electron-withdrawing groups favour the C3' endo,
N state, whereas a C2’ endo, S state is preferred with electro-donating X substitu-
ents. 15118mp1e MO-SCEF calculations (see below) are in line with these experimental
data.

The above general rules are naturally more and less respected according to the
substituents present on the furanose ring and important modulations can be
perceived along these lines. As an example, Gushlbauer and Jankowski'"” have
reported a strong influence of the electronegativity of the 2’ substiuent in a series
of 2’-substituted dU in water: the greater this electronegativity, the greater the H2'
chemical shift, but the smaller the *Jiy1/11o coupling and the greatest is the N state
population of the deoxyribose. In a previous study of the 2 fluorine effect on the
sugar conformation, the same group has even arrived at the conclusion that the
sugar conformation of the 2’-fluoro-ribosides is more similar to ribose (N-form)
than to the usual deoxyribose (S-form).'””> Uesugi et al. have also observed the
same increase of the N state population in correlation with a decrease in the H1'
chemical shift with respect to an electronegativity increase of the 2’ substtiuent.'””
A plausible explanation is that the electron donation of the O1’ oxygen of the
ribose, both by a through-bond effect and by through-space interaction, is rein-
forced in the N state as was suggested by old SCF and extended Hiickel (EH)
calculations in the 1980s."'® Other subtle changes have been observed by Lee and
Sarma''* on fused B-ribonucleosides in water where the sugar ring display a °E,
C2' endo, S pucker state with a glycosidic torsion angle y = 290°, that is midway
between the traditionally accepted values for syn and anti conformations. In
contrast, when the ribose and the exocyclic bond are frozen, the compounds
exhibit an exacerbated 3E, C3' endo, N form.

Deslauriers and Smith*** have compared the proton spectra of U, dihydrour-
idine DU and p-¥YU in DMSO-dg and in D,O and concluded that the conforma-
tions of the ribose rings are very similar in the two solvents. Agris and
collaborators™ have shown that the 2-thiourudine 2-SU is more hydrophobic
than its analogue U and thus gives a ratio S/N lower than for U.
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5.1.3. Free rotation about the exocyclic C4’-C5 bond

Many people have also tackled with this problem for a long time and the scientific
literature is rich with a large number of results from NMR approaches. So, we
wish here to stress on two particular and related points: How to safely assign each
of the two diastereotopic methylene protons? Is there a specific interaction
between water and the 5'-hydroxylic group water which can preferentially accom-
modate one conformation among the three generally assumed as probable
(Figure 6).

The first tentative answer is probably due to Davies and Danyluk®™® who
hoped to measure some significant differences in the coupling constants Nusons:
and *Jysrops in an extremely dry—if not completely dry—mixture of C¢D¢ and
DMSO-de. At room temperature, they observed a surprising constancy of this
coupling (5.0 £ 0.1 Hz) for all the usual nucleosides (U, C, A, G, dT, dC, dA and
dG) they examined, a value in completely in agreement with that expected for a
freely rotating group in alcohols.”® Naturally, they reasonably concluded that the
5-hydroxyl group of nucleosides is rotating freely about the exocyclic C5-O5
bond at least on the NMR time scale of nuclear spin-spin couplings. In contrast,
the authors quote the great dependence of the other 4-OH, 3-OH and 2'-OH
coupling constants with their respective vicinal H4', H3' and H2' protons inside
the different nucleosides, with an average value less than that of the freely rotating
group. In the AB system obtained by spin decoupling from the OH5' hydroxyl
proton, in all the nucleosides the low-field signal (3.61-3.75 ppm) was thus arbi-
trary assigned to the H5' proton while the high-field resonance (3.56-3.73 ppm)
was named H5” proton—without any more indications!—but according to a
convention largely adopted nowadays (see Tables 1-3).**® Therefore, some more
or less empirical methods for discriminating these hydrogen have appeared.

In 1971, Hruska et al.'"” have observed direct relationships between any
perturbation on the sugar pucker and the vicinal couplings Nans, Tiyne and
*Jti2-The Karplus equation (2) is once more the cornerstone for interpreting the
vicinal coupling constant ey and *Janse based on the three distinct popula-
tions pgg, per and py, of three more abundant rotamers (see Figure 6). Clearly, in the
gg rotamer in which the 5'-hydroxyl group lies above the sugar ring, the magni-
tudes of the vicinal coupling constants Nanss and *Jhapsc are predicted by to be
small (ca. 2 Hz), since each of the relevant coupled nucleus (H5B or H5"C) isin a
gauche conformation. However, if the 5 hydroxyl lies off the ring in either the tg
or gt rotamer, the 4’ hydrogen is trans to one methylene hydrogen and the
corresponding vicinal Nans is predicted to be large (ca. 10 Hz). Thus, any
sugar puckering change resulting in a decrease in the proportion of the gg rotamer
around the C4'-C5’ exocyclic bond should be manifest de facto in an increase in the
observed sum = = Jpanss + Jaansc. As a consequence, good correlations are
observed: (i) between the sum ¥ and *Jyz s with a positive slope and (ii) between
the sum X and *Jjy1» with a negative slope, since the sum Mzme + T is an
invariant in a pyrimidine nucleosides series, whatever the sugar puckering (vide
supra)."'” One year later, Remin and Shugar® tried to solve the assignment
dilemma of the H5 and H5” proton chemical shifts by using a similar, but
somewhat empirical, approach in a large series of pyrimidine nucleosides and
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nucleotides in water. The inclusion of the influence of the phosphate of nucleotide
on the chemical shifts of the methylene protons seem very crucial—and therefore
subject to some criticism—in their search for a consistent choice among the only
two possible combinations. Another disputable point is the important modifica-
tion in the ratio pge/pe: (by a factor of 5) with a small change in the Karplus
parameters. Nevertheless, the authors observe two remarkable regularities: (i) g5
> Oy and (i) *Jaarns < Jharns in all the series. On this basis, they concluded that
the proton they have labelled Hs ¢, which, in the right terminology of stereochem-
istry is the proton H5 prochiral-R, corresponds exactly to the one also named H5"
by Davies and Danyluk and resonates upfield as compared to the proton H5'
which is pro-S. In the same manner, by a direct of observation of hydrogen
bonding between the 5-hydroxy and 2-keto groups of N(3) methyl-2/,3-iPU in
CDCl; and CCly, Davies and Rabczenko®® have further confirmed this assign-
ment of the methylene protons. They also report, in agreement with a similar
previous work by Hruska et al.,**' a good correlation between the sum of the
coupling > = Nyans + Jaens and the difference dyys — s between the two
diastereotopic protons and extend the results to the Pus. Finally, they show that
this general agreement in the assignment allows prediction of the various popu-
lation of the three staggered rotamers in the order pge > pgt > pie in DO as in the
solid state.*®® More exactly, the observed average couplings Taans and *Jaems
are only a function of the three rotamer populations and by assuming with the
Karplus law (Equation (2)) that the relevant couplings in each rotamer, say J; ~
10 Hz and J; =~ 2 Hz, are only dependent on the dihedral angle, we can write the
two Equations (5a) and (5b):

3]H4'H5' = Pgg X 3]g + Pgt x3]g + Prg X 3]t ~ 2.0 x (pgg =+ pgt) =+ 10ptg (5a)
3IH4’H5” = Pgg %X 3]g + Pgt ¥ 3]t + Prg X 3]g ~ 2.0 X (pgg + Prg) + 10pgt (5b)

Simple algebraic manipulation of these two equations gives Equation (6),
which is reasonably valuable for all the nucleosides rotamers populations that

are nearly independent of the solvent, often including water**":

Pgg = 053, pg~032 and pyg=~0.15 (6)

Allowing for an oxygen—oxygen repulsion for all the rotamers by enlarging the
dihedral angles by something like 5-15° as observed in X-ray studies on crystal-
line nucleosides does not really improve the results and modify the conclu-
sions.”** One of the most surprising feature is that the gg conformer in which
the 5-OH lies above the ribose ring is still preferred for the U derivatives in
aqueous solutions.”**?** There is nevertheless a small decrease in this population
as indicated by the two Nhans and *Jaans couplings which are more alike in
DMSO-dg than in D,O.?* In contrast, an important increase from 50% in DMSO to
70% is observed for adenosine A in water at pH 7.0.** This is to mean that
interaction of this hydroxyl with water, either by chemical exchange between
the protons or by hydration of this group, is not a determining factor in the
stability of the exocyclic chain and per se of the sugar moiety.
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The near equality in the proportion of the rotamers gg and tg for dU in water
can be explained by some release in the interaction 3'-OH, 2"H in the C2' endo, S
pucker state which increases the tg weight at the expense of the gg population.**’
When the base is syn like in 6-MedU, the situation is even worse as compared to
that of dT in water. The repulsive interaction between the carbonyl and the OH5'
leads not only to a strong destabilising effect on the gg rotamer and resulting from
the repulsive interaction between the 2-keto oxygen of the base and the OH5
hydroxyl, as demonstrated by a large amplified repulsion when 5'OH is replaced
by a phosphate group.””* In addition, it is pertinent to note that this destabilisation
is similar in water and in DMSO (pgg =~ 0.31, pg¢ =~ 0.49, two values largely distinct
from that above in Equation (6)) not indicating therefore any significant hydro-
gen-bonding effect with water.””*

There are many other subtle variations when nitrogen or sulphur atoms are
present on the base ring as in aza-nucleosides where the electronic interaction
between the electron doublets on the nitrogen and on the oxygen destabilises the
gg rotamer.”””** For example, in water at room temperature, the Pus are still 70%
in gg conformation, but this proportion falls to about 0.53 for the 8-aza Pus and in
the meanwhile the tg conformer (py; ~ 0.32) dominates over the gt conformer.”* In
the same manner,”* the C3' endo, gg form (80%) of the sugar moiety is remarkably
stabilised in water on modification of T to 2-Thio thymidine 2-ST, but not on
modification of dT to 2-SdT (only 59% against 54% in dT)). The steric effects
between the 2-thiocarbonyl group and the 2'-hydroxyl group may certainly
cause the rigidity of the C3"-endo-gg form of 2-ST. Such rigidity of 2-ST probably
contributes to the thermostability of 2-thiopyrimidine polyribonucleotides and
extreme thermophile tRNAs. Agris and collaborators™ have even shown that
2'thiouridine 2-SU is more hydrophobic than its analog U, so that in water the
percentage of gg conformer reaches an amount equal to 94%!

Naturally, conformational constraints on the sugar should induce important
effects on the orientation of this exocyclic bond. Likely, in 2/,3’-O-isopropylidene
nucleosides, the ribose often tends toward to the C2’ endo, S pucker, an effect is
severely amplified by two other factors, namely, a syn glycosidic torsion and the
existence of an intramolecular hydrogen bond. Such a situation is found with
N(6)-dimethyl-2’,3’-isopropylidene adenosine in CDCl; where the exocyclic bond
adopts the gg conformation in order to bring out the 5 OH in the most favourable
position for a hydrogen-bonding donation to the nitrogen N3 of the purine (90% S
and 90% gg).**"

It is impossible to end this section without making some comments about what
we believe to be the most reliable method for the chemical shifts assignment of the
two exocyclic protons on nucleosides. This success is a part of the elegant work by
the Serianni—Kline group in their continuing and coherent effort to solve this
reminiscent problem.***>% In this way, they have undertaken an extensive
study of stereoselective deuterium exchange of methylene protons in methyl
pentofuranosides.The cornerstone of their nice method is the selective deuteration
of the pro-S methylene proton at the C4 position of methyl f-p erythrofuranoside.
They were then able to establish the stereospecificity of the reaction by all
the battery of proton and carbon-13 NMR, including isotopic >C enrichment,
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INADEQUATE experiments and '°C longitudinal relaxation measurements.
Empirical rules have been developed that predict "°C chemical shifts in aldopyr-
anose rings, and, correlatively, the effect of pyranose structure on these shifts has
been examined. By using carbon-13 chemical shits and e coupling constants
across the furanose ring, the group has also definitively shown that the pro-S Hy
proton, which by definition is cis to OHj, is definitively the more shielded of the
two methylene diastereotopic protons in tetrafuranosyl rings.*®> With all this
material in their hands, Kline and Serianni*** have recorded proton spectra of
the four usual nucleosides A, C, G and U in deuterated water together with the
parent methyl f-p ribofuranoside for comparison. They hopefully confirmed that
the previous empirical assignment of the proton named H5” or H5'C, according to
the two different nomenclatures (vide supra), is right; more exactly, it corresponds
to the proton H5 pro-R which resonates at higher field with respect to the other
diastereotopic proton H5 which is pro-S and deshielded. They also calculated the
three rotamer populations pgg, gt and pyg in good agreement with results obtained
in Equation (6), but show that substitution of the base by the methyl group in the
parent ribofuranoside derivative changes drastically the proportions of the gg and
gt rotamers by about 0.40 and 0.50, respectively. In their next paper,®® these
authors extended the analysis to the analogous deoxynucleosides dA, dC, dG,
dU plus dT and checked that the order of the resonances H5' pro-R and H5' pro-S
is unchanged as compared to the parent ribonucleosides, but the shieldings are
much closer. Interestingly, the vicinal couplings *JH4'H5 are reported and the
coupling of H4' with H5' pro-R always appears greater (~ 1 Hz) than that one
between H4' and H5' pro-S. The gg rotamer is also less abundant (by about 0.10) at
the profit of each of the gt and tg conformers which grow up in the same extent.
They further ran a thorough conformational analysis of >C enriched at Cy: of the
furanose ring of many erythronucleosides and ribonucleosides in water to
address the utility of *Jir, “Jerr and other long-range couplings for determining
for determining the preferred North and South conformers and their puckering
amplitudes.’*® We have already shown how this group by this blend of methods
has confirmed the preferential anti conformation for Pys and to a lesser extent for
Pus in water by using Ycene carbon-13, carbon-13 couplings as well as as Yen
couplings.'*?*

5.1.4. «, Arabino, cyclo and dideoxy nucleosides

In this short section, we wish to describe some particular properties of other
families of nucleosides in water with emphasis on the differences, if any, with
their parents. We have deliberately limited our discussion to what we think to be
the most important class of compound and this is our personal choice. But,
remember that the list is very long and an exhaustive approach not only would
need pages and pages but is also simply not realistic.

The first compounds of interest in this way are naturally the o isomers which
are epimers on the carbon C1’ of the  nucleosides (Figures 2 and 3). They are not
found in nucleic acids, but do occur as constituents of smaller molecules in living
cells, for example in vitamin By,, and can exert a biological activity sometimes
equal or even exceeding that of the f-anomers. There are no general rules relating
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the properties of the a-ribonucleosides to their f-anomers, and the “inverse”
configuration of the H2 and H2" protons has been invoked in the deoxyano-
103,117 o o ) ,
mers. At first sight, steric hindrance is much larger for o than for  ribonu-
cleosides because of the interactions between the OH2' and the base, so that one
may expect significant changes in the glycosidic torsion angle. The following
conclusions have been derived by Gushlbauer et al.**” from proton NMR mea-
surements in water, including some longitudinal relaxation:

— In general, the protons of o anomers are at lower field than those of the f-
anomers, the largset difference is naturally for the anomeric protons.

— o-C is likely in the same conformation as f-C with an anti form, a most
preponderant C3' endo, an N pucker state and the populations pgg, pgt and pig
which are identical to those in its anomer.

— o-%YU is in rapid equilibrium between the syn and anti forms, with a large
predominance of the N state (79%) and the same conformational distribution of
rotamers about the exocyclic bond as in f-Y'U. This first point is clearly in full
disagreement with observations by Grey, Smith and Hruska,*® who on the
basis of chemical shifts on the base and on the ribose support an anti glycosidic
torsion angle. Indeed, the two groups have measured the same range of
coupling constants on the ribose and the important fact, in our view decisive,
is the amplitude of the long-distance inter-ring coupling between H5 and H1’
measured by the Canadian researchers in the o-Y'U (1.3 Hz) which certainly is
in favour of the anti form.

Ever since 1961, Lemieux has established beyond any reasonable doubt that
NMR spectral parameters like H1’, H2" and H2"” chemical shifts allow the assign-
ment of the configuration of each of the « and f-anomers of dT in water because
the compounds posses ““considerable conformational purity’”.**® This approach
has then been extended by many others by using proton,'®*'"* carbon-13 chemical
shifts**’, 1D or 2D NOE spectroscopy'” 26281288292 and relaxation data.**”*”°
Note that, in this deoxy class, the ““inverse” configuration is interpreted as fol-
lows: on one hand, cis H2" f-anomer and cis H2” in a-anomer have nearly similar
shielding and, on the other hand, trans H2” in f-anomer and trans H2' in a-anomer
have also similar shielding, and this only for a given glycosidic conformation, that
is anti or syn.'™""” A comparison within a large set of C5-substituted dUs does not
reveal any important modifications to the base torsion, the sugar puckering and
the exo cyclic bond from the f-series to the a-series.'”

The second family of interest is the f-arabinose series which is the other epimer
on C2' carbon of the f-nucleosides (Figures 2 and 3) Although it seems admitted
that they also adopt generally in water the anti form, they have been the object of
controversial views about the existence of an O2'-O5 hydrogen bond in which
OH5' serves as the donor. While the Shugar’ group'*”'** invokes this possibility of
this bonding in a basic medium (pH > 11) where the sugar hydroxyls dissociate,
Huska and collaborators®** argue instead in favour of a repulsive O2'-O5' inter-
action, thus opposing this bonding in aqueous solution. The first view is sup-
ported by old SCE-MO calculations'*® and crystal structure, but the absence of any
overwhelming bias from DMSO to water is against such a bonding, the preference
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for a C2' endo, S state and a gg rotamer not being a sufficient argument. What is
clear is that the same trends as in f-nucleosides are also observed in this series,
viz. correlations between the vicinal couplings, chemical shifts on the base and
ribose C3’ endo, N state, exocyclic bond rotation and specific effect by bulky
substituents on the base.!'*127182 Iy this last case, it seems that a 8-n-butyl substit-
uent in the ara-A*"' leads to a surprising anti glycosidic torsion as speculated by
the low-field OH5' resonance which, however, is known to be a poor probe!

Cyclic nucleosides do not manifest special properties, as compared with the
previous families, except that they are naturally and by constraint in the syn
glycosidic angle.!'* 14119182267 The most important changes appear to be on the
ribose puckering which often exhibits a very unusual state, like a C4’ exo state'*’ or
a C4’ endo state®®” and even an O4’ exo state for the 5 ,2-06-cyclo,2’,3'-O-isopropy-
lydene uridine,cyclo-iPU.>”> More generally, we often find again the C2' endo, S
state’'”**” and the exocyclic rotamer distribution is very different in the various
compunds.”” Mention is made here to the in-depth proton spectral analysis of a
cyclo ara-U in D,O at 80 °C by Hruska et al.””*> who were able to observe fine long-
range four-bond and five-bond couplings between the furanose hydrogens; espe-
cially, the °J coupling implying the anomeric proton H1’ and the exocyclic protons
H5' is reported for the first time and is certainly another proof of a unique and
favourable geometry for the sugar ring.

N
HO o
O
°N
Iz

VW

N/
AZT

The last family is that of the dideoxy nucleosides, like AZT and their analogues
which have emerged as widely used drugs as potent HIV-inhibitors and it was
claimed that this crucial therapeutic property should be the result, inter alia, of a
particular ribose pucker.”®*?°7#37¢ This last point is still unclear and is always
disputed because the presence of the polar azido group should have a consider-
able functional role.”®”"'?”” In their EPro’con and carbon-13 NMR report on AZT in
water and in DMSO, Kunwar et al.”® have determined an anti glycosidic torsion
angle, a sugar pucker equilibrium between the usual C2’ endo, S and C3' endo, N
geometries and a predominant gg conformation around the exocyclic C4'-C5’
bond, a result that does not differ much from those derived for most of nucleo-
sides (see above). Their results, in liquid state, are clearly at variance with those
obtained in the solid state by X-ray diffraction where two distinct molecules A and
B are observed. It has been conjectured that the very unusual B structure (in the
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extreme limit of the anti form), with a C3' exo, C4’ endo sugar pucker and a gt
rotamer) may represent the biologically active form of AZT,””**”® but this asser-
tion cannot be supported by this study in water, a medium much close to the
physiological one than the solid state! In a next paper,” the same group has also
studied in water several 2/,3'-dideoxynucleosides, ddN, which are assumed to be
the alternative of AZT in the acquired immune deficiency syndrome (AIDS). With
the only exception of a 3'-fluoro derivative of the dideoxythymidine, FddT, which
exists almost totally in the S pucker state, all the other compounds exhibit the
same characteristics as the majority of other nucleosides in solution. Here also, the
results differ quite largely from solid-state observations and the authors are
inclined to think that the presence of a polar group at the 3’ position increases
the S-type population with a correlated improvement in the anti-HIV activity. The
well-known “gauche effect” which is described as ““a tendency to adopt that
structure which has the maximum number of gauche interaction between the
adjacent pairs and/or polar bonds”*”® may play an important role in this stabili-
sation of the S pucker state. Similar conclusions have been arrived at by others
either on 2',3' dideoxy nucleosides,”” including a “‘particular’”’ iso-dd A related to
the usual one by transposition of the base moiety from the C1’ position to the C2’
position while maintaining its cis relationship with the exocyclic bond.*” In this
way, 4’ azidothymidine, which is also in an anti geometry but with an extremely
rare 4’ envelope conformation for the ribose, appears as an exception, probably
because of the special position of the azido substituent which can interact with the
exocyclic hydroxymethyl group. In summary, it is possible, as been stated else-
where, that the syn conformation is probably deleterious to HIV inhibition.?”

5.2. Investigations by other nuclei

From a simple glance at the chemical structure of the nucleosides, any chemist
immediately sees the prime importance of the nitrogen and oxygen atoms with
their free electron doublets at the molecular periphery. They are incontestably the
best probes for studying intermolecular interactions with the solvent, especially
for hydrogen bonding since they can act both as a proton acceptor and as a proton
donor. The major problems are naturally those inherent, on one hand, at the low
natural abundance of the two NMR active spins (**N and "0O) and, on the other
hand, to their relative small magnetogyric ratio (moreover negative and even a
quadrupolar spin 1=>5/2 for '70). **'*** Nevertheless, they have probably, more
than many other nuclei, and this mainly for nitrogen-15, benefited from the
continuous advances of NMR technology. In addition, because of the constant
lowering of isotope enrichment costs, they are more and more currently investi-
gated, especially once more for nitrogen-15.

We wish also to quote the abundant nitrogen-14 nucleus, although its consid-
erable and harmful quadrupolar effects on the linewidths in high-resolution
NMR. But, in the early days of nuclear quadrupole resonance spectroscopy
(NQR), it was considered as very promising for the study of amino acids, pep-
tides, nucleosides and nucleotides, polynucleotides and all nitrogen-containing
compounds, which are all structures of interest in biology. The reasons are quite
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clear: the quadrupolar effect (quadrupole coupling constants and/or quadrupole
frequency resonance shifts in NQR) can be related via the electric field gradient
(efg) to the electron density around the nitrogen by using the Townes—Dailey
theory.””” In this way, several very rare experiments on deuterium NQR can be
also pointed out as they should give some valuable information on the efg along
the C-D bond. Note also that oxygen-17 is also (in principle) a good candidate for
NOR experiments on nucleosides, but at this time we are not aware of any reports
on such studies.*”’

Finally, this reviewer is a bit surprised to not find many fluorine NMR data
since this nucleus is among the most sensitive one and incorporation of fluorine
on nucleosides has revealed a noticeable anti-cancer therapy. Until now, mainly
indirect fluorine effects on proton and carbon-13 have been reported. In view of its
van der Waals radius being relatively close to that of hydrogen (1.47 A against
1.20 A), we may expect that this should consist in a very reliable probe for NMR
analysis without any drastic modification of the nucleoside molecular geometry.
We will comment further about this point.

5.2.1. NQR experiments

NQR is typically a solid experiment because the random motion of the quadru-
polar interaction in liquid (a rank two tensor like the dipolar interaction) averages
to zero all the energy level splitting. Nevertheless, we will quickly summarise here
the few results available from the literature because interaction with water which
can lead to stable hydrates should be investigated in the future by this method.
Some of these aspects, including hydrogen bonding with water, have been out-
lined in the past.

MN NQR and *H experiments on the nucleosides U, C, A, I and X have been
reported by Edmonds and collaborators at 77 K.*** Unfortunately, the resolution
and the sensitivity were poor so that some interesting transitions are missing. In
our view, the two important conclusions that can be deduced from their work are
(i) an increase in the efg at the N1 and N3 nitrogen atoms of the pyrimidines by
introduction of the amino group in C and (ii) a systematic increase in the efg from I
to X and then to A in the Pus. It also seems that the same trends are observed with
deuterium. Other deuterium studies of these compounds undertaken by the
Volds®' and by Day et al.*®' have underlined the possibility to observe weakly
hydrogen bonded hydroxyl deuterons on the ribose and some water effects in the
solid state. The usefulness of **Cl NQR spectroscopy,”® combied with DFT
calculations, has also been assessed for comparison of the electron distribution
in chloro-A and chloro-dA, which suggests a transfer of electron density of about
0.341 electron from the base to the ribose.

The difficulties inherent to NQR spectroscopy are its very low sensitivity in
conjunction with the very poor resolution. Also, the experiments are generally run
by using the Hahn technique of double resonance in the laboratory frame (DRLF)
or in the rotating frame (DRRF), which notably increases their signal-to-noise
ratio, but at the expense of very delicate adjustements.”®> Remember also that all
the experiments are run at 77 K, the nitrogen liquid temperature, confining all the
information to the solid state. In this way, the very recent development by the
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Canet’s group”®* in Nancy of a cutting-edge technology using pulsed NQR cou-
pled with all the instrumentation of modern NMR spectroscopy should herald a
renewal in this technique. We think—and hope—that it should open up very
promising new horizons for the future studies in the field of nitrogen-compounds
of biological interest.

5.2.2. Nitrogen-15, Oxygen-17 and Fluorine-19 data

5.2.2.1. Nitrogen-15 By looking at Table 6, it is readily observed that Pu’s nitrogen
nuclei are more deshielded than their analogues in the Pys. As we have already
shown, this difference can be accounted for by the more important diamagnetic
current on the purine ring as compared to the one on the pyrimidine ring.**’
A second characteristic and related feature is that the Pu’s N1 shifts are always in
the limited range 165-175 ppm whereas the analoguous Py’s N1 stand in another
narrow range centred at about 150 ppm. Unequivocal assignment of the chemical
shifts has been ensured by specific labelling, by direct or long-range couplings
with the protons or even by 2D correlation spectra between nitrogen and proton in
the direct or reverse modes (HSQC, HMQC and HMBC experiments). When data
in DMSO and water are both available, it is also evident that there is no sensitive
solvent effect on the nitrogen screenings. This means that at the nitrogen chemical
shift range, which is notably greater then that of proton and carbon-13 nuclei and
thus more favourable than the other two, one cannot detect any differential
solvation or hydration on the respective sites. The lifetime of such an interaction
remains too short to be accessible from the chemical shifts.

Another power of nitrogen-15 NMR here holds in giving information about the
possibility to compare the nucleophilities and the protonation potentialities of all
the sites when varying the pH of the aqueous solutions. Such knowledge is
naturally an important key for the study of nitrogen site selectivity in binding
with diamagnetic metal ions. For example, it has been shown that the N3 site of C
is the more basic'*'*®*® and even more basic than the N7 site of G, which is itself the
more basic site of this nucleoside.”®*®”. For A, the N1 nitrogen is the preferred site
of protonation,'?!***%® but the N7 nitrogen seems to indicate a reduced paramag-
netic contribution due to partial protonation.”®” In the case of 8-hydroxy adeno-
sine, 8-OHA, a dramatic change on the imidazole ring takes place which takes a
keto form at C8 as evidenced by the appearance of a well-resolved one-bond N7-
H7 coupling (Jnrry = —98.7 Hz) 24 1-Meth%fladenosine, 1-MeA, and 7-methyl-
guanosine, 7-MeG, deserve special mention'*'** because they are fully recog-
nised as the products of methylation of DNA by carcinogenic agents such as
dimethyl sulfate. During protonation of 1-MeA, the N3 nitrogen of the purine is
shifted downfield by more than 20 ppm and an upfield shift of about 90 ppm for
the NH2 is observed. The N1 nitrogen is practically unaffected and the results
suggest an important redistribution of the positive charge inside the purine base,
including the imidazole ring."*' Protonation of 7-MeG has been extensively exam-
ined by Barbarella, Bertoluzzi and Tugnoli** in DMSO-ds. By a thorough com-
parison with the 1-methyl guanosin, 1-MeG, the authors have obtained two
important results. Firstly, the protonated structure of 7-MeG looks like that of
protonated G with a hydrogen attached to the N2 nitrogen and the positive charge
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localised at the methylated nitrogen N7 (structure A, left below). Secondly, this
unusual structure then can associate one to one with the C to give a very stable
canonical Watson-Crick base pair (structure B, centre below) whereas no such
pairing can be formed between 1-MeG and C in DMSO (structure C, right below).

A B H
R . _
\N (0] H—N N
12 >2—3 R
6 3N----H—NH1 4
\54 6 5/ 9N
5
N—H---O N7
|
H CH,
=Ribose
© H
/
R o) H—N
N1 2 2_’;1 /R
6 3N HiC—N1 4
\5 4/ 8 MN
7 2
N—H (0] N

Formycine A, FoA, is also very exemplary in that protonation at N4 in water
results in a transfer of a pyrazolo ring hydrogen from N1 to N2.**° Unfortunately,
this assertion has been made on the basis of carbon-13 spectra and it is a pity that
nitriogen-15 NMR has not been used here as it is well known to be an elegant
method to approach tautomerism.”*"*® T is mainly protonated at the N7 site®*’
which is generally the more basic one in Pus with the remarkable exception of A,
probably because of a possible unfavourable steric strain between the amino
group and the adjacent H7 proton.**®

These are, among many others, some indications that can help in understand-
ing preferential hydration sites. In addition to the mechanism of direct proton-
ation, abstraction or transfer of a proton, the exchange of the labile protons on the
nucleoside with the water may be mediated through the surrounding nitrogens of
the base.’”" This aspect has been investigated by postulating the formation of a
complex between a hydronium ion, the NH; amino of C, A and G and a ring
nitrogen, respectively N3, N1 (or possibly N7) and N1. By acting as an auxiliary
base, the predominant role of the ring nitrogen may explain the relatively high
exchange rate that is observed at neutral pH. If such a hypothesis seems very
plausible, complementary data will be needed such as from a full exchange study
by varying the temperature and pH. Unfortunately, to the best of our knowledge,
these studies are, to date, missing. Another aspect that is of much concern is that
the proposition of the authors is severely restricted to amino-group-bearing com-
pounds.” The question is thus two-fold: Is this mechanism really limited to the
amino nucleosides? Is there an interplay with the hydronium in all the other
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bases? If no, what are then the ring nitrogens implied instead? These key aspects
should find some partial answers with the help of dynamic investigations that
allow scanning intermolecular interactions at a much small time scale.

5.2.2.2. Oxygen-17 By its localisation at the extreme border of the molecular
surface of nucleosides, oxygen—and mainly carbonyl oxygen—constitutes a
privileged probe to look at intermolecular interactions with the solvent. The
major problem, as we have quickly surveyed previously, is the sensitivity and
linewidths of oxygen-17 nucleus. Nevertheless, some interesting papers deal with
the effect of solvation of carbonyl compounds on oxygen-17 screenings.”**>"*
Naturally, all experiments require an unavoidable labelling at the site under
examination and the considerable cost of such an operation has clearly limited
the number of studies. One of the first papers dealing with oxygen-17 on thymi-
dine (T or dT?) and some pyrimidine bases has appeared in 1982 and is strictly
limited to the enriched O4 of thymidine in neutral and anioinc forms whose shift
indicates a preferential protonation at the N3 site.””® In the field of nucleic acid
dynamics, longitudinal and transverse relaxation of a sample of polyadenylic acid
enriched at the phosphoryl group was investigated.”* We do not further com-
ment on the results as this work is clearly outside the scope of this review.

The elegant series of three key papers on the structure and hydration of
nucleosides by Schwartz, Mc Coss an Danyluk3’95*397 is, on the contrary, of direct
concern with this review and we will now discuss them in detail. The first rapid
communication,”” reports about the important hydration effect on oxygen O4
and O2 of U, iPU and 3-MeU, specifically oxygen-17 enriched at these two posi-
tions. The shifts on the methylated compound 3-MeU are used to ascertain the
expected diketo form of the three compounds in water and acetonitrile. Line-
widths changes (800-500 Hz) within the temperature covered, viz., 30-75°C,
appear relatively important whereas no variation in both carbonyl chemical shifts
is detected. In contrast, going from the aprotic solvent CH3CN to the protic one
(Dy0O) causes a 32 ppm upfield shift of O4 oxygen but only a very small upfield
shift for the O4 oxygen; The authors note some contradiction with the carbon-13
data which indicate more involvement of C2 carbonyl in hydrogen bonding and
self-association with adenine derivatives,*”® but the situation is completely differ-
ent here as we will see later. The important downfield shifts of O4 nuclei as
compared O2 in water (more than 50 ppm) are interpreted as a decrease in the n
bond order for the C2=02 carbonyl bond. In our opinion, other effects may apply,
such as some differential modifications in the electron density at each oxygen. In
the second paper,®” the authors determine the different equilibrium constants
implied in the process of hydration at the two carbonyls by varying water concen-
tration and temperature. The presence of two nucleoside-water bonding equili-
bria is then clearly shown at room temperature. A one-to-one complex (K; = 0.28,
AH = —5.2 kcal mol ") is first formed and a second one to two complex (K, =
0.065, AH = —11.2 kcal mol™ ') appears then in a water excess. The detailed
analysis is very complex with many hypotheses on the limits of 'O shifts of the
unbonded partners in the equilibria and the distinction of two types of hydrogen
bond in water, one named L for the lone electron pair on the oxygen and the other
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called P for the water proton. Surely, some of these a posteriori assumptions can be
disputed. The merit of the paper is a search for a full consistency in the approach
by a detailed study centred on the sole iPU compound, selectively labelled at O2
or O4, and then to extrapolate the conclusions to U which do not markedly differ
apart from a more anti conformation in U as compared to iPU known to be more
syn! As a conclusion, at high concentration in water, one water molecule acts asa P
hydrogen bond type to each of the O4 lone pairs, so that two water molecules are
hydrogen-bonded in the P type to the carbonyl O4. The carbonyl O2 seems to
“participate relatively weakly in H,O hydrogen bonding and may be weakly
intramolecularly hydrogen-bonded to the 5 OH". Naturally, this last affirmation
should be accepted with caution for mainly two reasons. First, the syn conforma-
tion of iPU is highly favourable for this kind of intramolecular hydrogen bond, but
renders the comparison with the anti-U, in which such a bonding cannot exist, at
least is very risky. The second observation is that the authors never take into
account to the possibility of an L-type hydrogen bond of the water with the “acid”
H3 of the base. These two points will be underlined in the Dynamics section (vide
infra). The last paper®”” is more traditional in that it tries to observe the influence of
C5 substituent in U and T on the oxygen-17 chemical shifts, including some
arabino and cyclo compounds. Data are discussed here in terms of 7 electronic
density at the oxygen, = bond order at the carbonyl bond and inverse energy of the
lowest lying n—n* transition energy””. The previous trends in hydrogen bonding
by water at the O4 oxygen are found again, and it seems that the substituents do
not severely affect it. In the competition between hydrogen bonding and substitu-
ent effects at the O4 carbonyl oxygen, it is clear that the substituents play only a
minor role and do not necessarily change hydrogen-bonding ability. It appears
also that the largest effect of hydrogen bonding to a given carbonyl is an increase
in the 7 electronic charge on the carbonyl oxygen, so that O2 with a higher =
electronic charge is shifted upfield relative to O4 for the non-hydrogen-bonded
nucleosides.*” Insofar as a hydrogen bond at the site is created, an upfield shift
should be observed in agreement with the 32 ppm shift reported by the authors in
their first paper. This means that the effect of a change in the = bond order is
minimal and must be treated with extreme caution. A indirect conclusion derived
from this study is that the poor ability of O2 in hydrogen bonding with water is
not the result of 7 bond order or 7 electronic charge, but simply steric hindrance at
02 as has been addressed by Scheiner.*® Because of this steric effect, one, and
only one, molecule can bind to O2 by using only one of the two lone pairs on the
oxygen, contrary to O4 which is fully exposed to the solvent. This has been
corroborated by our personal investigations by intermolecular relaxation (see
below, Section 6)

5.2.2.3. Fluorine-19 Most of the rather rare works on 'F NMR on nucleosides
mainly concern 2’ fluoro,2’ deoxy nucleosides.”*'%?7%401402 This is an interesting
aspect since the fluorine is generally more sensitive to the environment than the
proton and then acts as an excellent probe for potential structural modifications.
No major changes in the glycosidic torsion angle, in the sugar puckering and
in rotamer populations of the exocyclic are observed in f ribonucleosides.
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pH titration curves show that the chemical shift of the fluorine is influenced by the
protonation of the base at low pH.**> As a result, it seems reasonable to think that
the major change induced by the strong electron-withdrawing fluorine is in the
pK, of the nucleosides.

The fluoro arabino series has received much attention because of the known
antiviral activity of these compounds which are inhibitors of the herpes
virus.”*?84%" Some conformational modifications have been observed here as
compared to the canonical series. In water, the 3’-deoxy 3'-fluoro ara-U remains
in the anti form, but the ribose pucker in a twisted conformation with O4’ endo and
C1’ exo, like in a perfect pentane, exhibits a drastic modification not observed for
the 2’FdU. Fluorine, hydrogen couplings are in good agreement with this struc-
ture and help determine the new pucker. Good correlations of usual vicinal
proton, proton *Jyyy and Huggin’s electronegativity values Eg of the substituent
are in line with dihedral angles. A plot of the difference in the proton shifts dyy —
oy versus the same Huggin’s electronegativity value Er is explained by an
angular dependence of the shifts in relation with the dihedral angles and, per se,
with the inductive effect generated by the substituent.”* On a study on another
antiviral compound, 2’-fluoro,5-iodo ara-C, FIAC, no sensitive effect is observed
on the pucker sugar, but “the CH,OH side chain is disordered” and the usual
populations undergo the ““gauche” effect so that the gg and gt rotamers are in
nearly equal proportions.””® It is remarkable that Lipnick and Fissekis arrive to the
same conclusions in a study of 2’-deoxy,2’-fluoro ara-C in water, calculating
values equal to 41% gg, 41%gt and 18%tg for the three rotamer populations.*”'
This distribution is quite different from that of dA, but similar to that of other ara-
C derivatives such as the above FIAC in which the iodine substituent seems to be
without any sensitive effect. By introducing two fluorine atoms at the positions
2"and 3’ of U, ara-U and 6-aza-U, and by computing furanose conformation by the
PSEUDOROT program, Barchi et al.'”® have given a more quantitative insight in
the sugar puckering induced by the two fluorines. In the three compounds, the gg
and gt rotamers, jointly with the gauche effect, are operative to maintain a pseudo-
diaxial arrangement of the C2' and C3' vicinal fluorine atoms where their inter-
actions are minimal. But the influences on the ribose pucker are more complex
with either a preferred S state (U) or N state (ara-U and aza-U). As expected,
fluorine chemical shifts are good probes of sugar conformations since the “endo”
fluorines are shifted upfield whereas the “exo’” ones are shifted downfield (Ad ~
14 ppm). This value has been checked by DFT calculations. In this work, long-
range proton fluorine has been of great help in the structure assignment.

The paper by Schweitzer and Kool*' describing the design, synthesis and
structures of three non-polar nucleoside isosteres of normal Pys and Pus is
interesting in view of the chemical and biological implications of such an intro-
duction of fluorine at distinct sites, either on the base or on the ribose. Here
fluorine acts as the isostere for oxygen since they have practically the same van
der Waals radius (1.47 and 1.52 A, respectively) and C-H replaces N-H and-CHj
replaces -NH,. It is demonstrated that the isosteres are very close mimics of their
natural counterparts, mainly in the steric aspect. They have no covalent bonding
characteristics and no hydrogen-bonding possibilities and thus can be very useful
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for studying all other interactions, and by a way of consequence, hydrogen-
bonding ability. They are naturally more hydrophobic and more lipophilic than
their natural analogues. Indeed, a number of studies have shown that introduc-
tion of the fluorine atom in the nucleoside backbone has no measurable confor-
mational effect on the sugar puckering and glycosidic torsion angle; only a minor
but perceptible effect is visible on the exocyclic bond conformation.'0%2%1/378401402

This is to say that structural analysis should gain from fluorine NMR, whereas
structural chemistry has nothing to lose in this operation. For example, Cushley
et al.>*® have shown that the magnitude of the long-range inter-ring constant
TiEs is a good indication of the stereochemistry « or f of the nucleoside (vide
supra). Why not measure directly the shifts on the fluorine or carbon-13 fluorine
couplings to get other similar invaluable information about conformation?
Another point of interest concerns the possibility of the through-space coupling
interaction with the fluorine which has been indirectly postulated as a possible
specific effect in « anomers.*”* In our opinion, a direct fluorine NMR analysis can
help to elucidate this way, mainly by 2D fluorine, fluorine COSY and NOESY
experiments as well as 'H, °F or "F,'*C HOESY experiments, the fluorine detec-
tion or carbon-13 detection modes, respectively. The last, but not the smallest
problem with these fluorinated compounds, should be their potential low solubil-
ity in water, but this is not an unsolvable issue.

5.3. Quantum mechanical calculations

Before dealing with the modern NMR computational methods, which are today a
part of the toolbox of all spectroscopists, chemists and biochemists, we wish to say
a few words about the old semi-empirical or minimal basis set ab initio methods in
use at a time where the computational power available was very limited. It
remains that they have played an important role in the understanding of struc-
tural chemistry and spectroscopy and, especially, in the analysis of chemical shift
trends in a large variety of aromatic compounds. As we have noted at the
beginning of this section, the driving force was, inter alia, the use of the Karplus-
Pople Equation (1), which was very soon after followed by ab initio calculations of
screening constants and spin—-spin coupling constants.

The group of Grant”> has obtained a very good correlation between all the
observed chemical shifts of the Py and Pu carbons of the naturally occurring
nucleosides against the electronic n-charge estimated by very crude MO approx-
imations derived either from the Hiickel approximation or from Pariser-Par
parameterisation. Furthermore, the slope in all cases varies as 160 ppm/electron
as generally assumed.”””**®> Some minor improvements can be obtained with the
CNDO/2 MO method or by introducing Mulliken gross populations, but main
difficulties persist, probably at the level of the carbon—nitrogen bond polarisation
and of the neglect of orbital overlap. The role of the C-N bond polarisation has
been further confirmed in more sophisticated ab initio HF calculations on a Pu
model in which the glycosidic torsion angle y has been varied in steps of 30° in
order to quantify this effect on the mimic of carbon C8 of Pus.*** In the 360° range
of variation, the amplitude of the torsion effect is about 5 ppm from the upfield
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side (anti form) to the downfield side (syn form) with a maximum of about 12 ppm
near y ~ 60°. The N1-C2 and C2-N3 bonds contribute for about 7 and 2.5 ppm,
respectively, to this full variation. This effect of torsion of the glycosidic angle
upon the proton chemical shifts of ribose in Pys and Pus has been investigated
many years ago by Giessner-Prettre and Pullman*” by calculating the diamag-
netic effect in the framework of the SCF-MO Pariser—Parr—Pople procedure and by
adding an electric effect as estimated by Buckingham®'? and Musher’'?. Ring
current is negligible in Pys, but more important in Pus. The contribution of the
C=O0 group is important not only by its magnetic anisotropy but also by its
polarisation effect which can affect distinctly the various protons. In addition, as
we have previously noted, the free electron doublet on the nitrogen gives a local
magnetic anisotropy effect which is important mainly in the Pus.

Others have also observed the correlation between chemical shifts and elec-
tronic charge. Alderfer, Loomis and Zielinski have reported such a dependence
for carbon-13 chemical shifts in A, C, U and their fluorinated analogues against
CNDO/2 charge densities, except—once more!—when a nitrogen atom is situated
f to the fluorine atom.'®® Shugar et al."** have also reported that the charge effect
by a methyl upon substitution of 2’-hydroxyl proton in an ara-C is only significant
on the C2' carbon and the O4’ oxygen but not on the other carbon and protons
atoms and so the effect seems to be negligible on the chemical shifts (except C2’
and O4'). This assertion should be disputed in view of the possible charge transfer
from the oxygen via ¢* localised orbitals and also via a through-space interaction
resulting from an overlap between some 7 and n* of the C5=C6 pyrimidine
double bond.""® In contrast, in a study of the effect of methylation at the
various N positions on 22 nucleosides in water and DMSO,** it has been postu-
lated that the trend in carbon-13 chemical shifts could reflect a change either of the
bond order or of the excitation energy in the Ramsey theory of screening
constants.”"’

Few ab initio SCF-MO calculations of nuclear screenings and spin-spin cou-
pling constants have appeared also during this period (1975-1995), probably
because of a lack of new data (mainly carbon-13 and nitrogen-15) at the time
when Fourier transform spectroscopy began to be popular. To the best of our
knowledge, only a full calculation, limited to cytosine as the base, has been
done.*”” The authors have used gauge invariant atomic orbitals (GIAO) in their
perturbation approach which is known to be advantageous in giving shielding
constants that are completely independent of the coordinates reference frame as
are each of the diamagnetic and paramagnetic contributions as well. All the
shielding constants of all the nuclei of cytosine (H,C,N,O) have been obtained
and they reproduced correctly the experimental trends, including the experimen-
tal shielding order onz <on1 <onmz and the good position for oxygen-17. Faced
with the difficulties with the application of Karplus Equation (2) for investigating
sugar pseudo-rotation for cisoidal couplings, Jaworski et al. have run perturbative
INDO-SCE-MO to calculate this coupling on isomeric fi-arabino and f-xylofur-
anosyl nucleosides.'*?

Quantum chemical calculations of nucleoside structures have significantly pro-
gressed in the past years with highly developed software based on ab initio post
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Hartree-Fock (HF) at the MP2 (Méller—Plesset) level of electron correlation®* 712214
and/or even more sophisticated DFT performed by means of the hybrid exchange
and correlation functional (B3LYP) with an extended 6-31G* basis
set.?8 191154155,231.232 Thjg |ast DFT approach can be regarded a cost-effective alterna-
tive to the more time-consuming MP2 second-order perturbation for ground-state
analysis of nucleosides. It has been used, by employing the GIAO-DFT method, for
estimating fluorine chemical shifts in 2’,3'-difluorinated nucleosides with good
success to predict the separation between endo and exo fluorine atoms, the first
being about 14.1 ppm upfield from the second.'™ At the HF-MP2 level and by
using the classical Fermi-contact perturbation,””****! Serianni et al.'”! have
observed a great dependence of all carbon-13 proton spin-spin couplings (‘Jcr,
ey and %Jcpy) with the ribose geometry. For example, larger ey values were
found when a C-H bond is quasi-equatorial where the bond is shorter than in
quasi-axial orientation, a result which suggests a role for this direct coupling as a
complement of all other *Jg;;; and *Jcg; couplings in the conformational analysis of
furanose rings.

NMR calculations require an energy expression for the system in presence of
an infinitesimal perturbing magnetic field, thus needing a good approximation for
the exchange-correlation functional for the density and thereby becoming very
time consuming.'*>**"*324% Today, one of the best models, going beyond the
uncoupled DFT, uses the finite perturbation theory (FTP) approach with sum-
over-states (SOS) approximations combined with density functional methodol-
ogy, named under the acronym SOS-DFPT.**® The method, which is “rotationally
invariant”, is an improvement as compared to the response theory of the
exchange-correlation potential to an external magnetic field and handles cases
where the HF-MP2 approach works very poorly and with some gain in computing
time.”*"**® In addition, the essential introduction of water either implicitly by
models like the polarized continuum model (PCM) and Onsager model or
mimicking its dielectric properties'” or explicitly by introducing many water
molecules in the ““tool box’"**” has a strong influence on the most stable conforma-
tion obtained. We do not wish to pursue this matter which is clearly outside the
field of this review, but we will only add an example to underline these
difficulties.

In their recent paper, Barbe and Le Bret™™ have studied the effect of water on
the sugar puckering of U, dU and 2’-OMeU. Without water or with its implicit
mimic, South puckering is found for U and dU while 2’OMe is North, the first
result being in complete disagreement with NMR data in water (see above). When
water is explicitly introduced, but at specific positions, that is between the base O2
and the sugar OH2/, the N puckering is obtained for U but no changes are
observed for the two other compounds dU and 2'-OMeU. In addition, some
very questionable hydrogen bonding implying hydroxyl groups with water and
with the base proton H6 are deduced, in contrast to our own work (see below
Section 6.6). At nearly the same time, and without any explicit or implicit consid-
eration of water, Ghomi et al.®® have calculated by DFT that the C3' endo, N state is
the slightly more preferred conformation to the C2’ endo, state and have found
other hydrogen bonds inside the sugar. If it is agreed now that that theoretical
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chemistry is a full partner with experiment, the way remains long to obtain fully
reliable comparison of theoretical results, first among themselves and then with
experimental measurements.

By using DFT and individual gauge for localised orbital (IGLO), Dejaegere and
Case™” have obtained what is certainly one of the most interesting results. Proba-
bly due to complexity, calculations were limited to ribose and deoxyribose rings,
but they agree very well with experimental data. As an example, they show the
deshielding in C3’ exo, S as compared to C3' endo, N, the important low-field shift
of the C1’ while the C2' is correctly as the high-field carbon. The same is true for
the range of proton chemical shifts, and in both cases the slope of calculated shifts
versus experimental data is fairly good, being very close to one for the deoxyri-
bose model. The influence of the thymine base is also well reproduced, especially
the inversion of H2' and H2” shifts, which means that H2” is deshielded as
compared to H2' in dT (see above).>*®?”* In addition, some new information
about the chemical shift anisotropy (CSA) is given which can be of potential
help in the nucleic acids structure determination process.

Carbon-13 solid-state NMR is an invaluable tool for nucleoside structural
studies since it provides the means to acquire spectra that correspond to single
conformation and can give information about CSA, as opposed to '*C solution
NMR methods. These distinct effects of sugar puckering on the ribose carbons
C2', endo (S type) and C3' endo (N type), dependence of the C1' and C54
resonances on the glycosidic and C4'-C5' exocyclic torsion angles, respectively,
have been explored by Harbison and collaborators.*'’ The authors then con-
struct, from data analysis and discriminant analysis, two canonical coordi-
nates—linear combinations of chemical shifts which give a desired statistically
optimal conformation from the NMR. The first one concerns the S and N sugar
puckers and is only a function of the C1’, C4' and C5' chemical shifts. The second
one is intended to define the effect of the gg and gt orientations (but not tg?)
about the exocyclic torsion angle by using the C2/, C3’, C4' and C5 chemical
shifts. Two types of calculations are then run by the authors, one by using the
SCF-GIAO ab initio approach and the second by using the DFT-GIAO method
and a model compound where the base is restricted to a simple pyrimidine
substrate. Either optimisation of geometry from crystallographic data was done
or solid-state coordinates were used as they stood. The GIAO-DFT method
systematically overestimates the shifts by about 5 ppm, whereas the GIAO-SCF
underestimates them by the same amount. In each case, the errors appear to be
systematic and the slope of the plot of the calculated values versus experimental
shifts is always very close to unity. Apart some important deviations with the
C2" and C3' resonances, the agreement between experiment and theory is excel-
lent, thus validating a posteriori the protocol retained by the authors. Finally, the
importance of electron correlation in the calculation is duly pointed out. A very
similar, but more limited, approach has also been published for analysing the
C3, C4 and C5 chemical shifts of ribose ring on 31 nucleosides and
nucleotides.'>

As we have seen above, the group of Sklenat'> has also addressed many
questions concerning the use of Karplus relation (Equation (2)) for elucidating
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nucleoside conformation from the inter-ring long-range couplings "Jy or "Jcp or
"Tur and, mainly, the imperfections of its parameterisation because of a lack of
experimental data covering all the (uncertain) range of glycosidic torsion angle.
First, the authors observe that the restriction of the Karplus curve to the extremes
% = 60° and y = 240° cannot be legitimate in view of the insufficient symmetry of
all the nucleosides. Second, there is a large diversity of coupling pathways, so
that significant differences in n-bond order in unsaturated bonds can exist
between the various bases and one needs separate A, B and C coefficients.
Third, the oxygen bridges formed in cycle nucleosides may also influence dis-
tinctly the various couplings, for example 3 corr or Jeanr and e or Jesin.
So far, they have tackled with a theoretical study of the Karplus equation first on
dA, dG, dC, dT and dU" and, more recently, 5]H1’F coupling on 5-fluoropyr-
imidine-substituted RNA."> This last case is particularly stimulating because the
coupling is smaller than the natural linewith and requires, to be accurately
measured, sophisticated, dedicated 2D experiments. In order to overcome this
difficulty, the authors have developed a 'H,'’F spin-state selective excitation
(S’E) pulse sequence combining a 1H, 1H NOESY mixing scheme and water
suppression by excitation sculpting. Some standard gradient-selected HMBC
experiments were run to exploit the Tgve in order to facilitate the chemical
shift assignment and also as a check; 30 compounds derived from the HIV
virus and labelled with either 5F-uracil or 5F-cytosine have been investigated
in water. Geometries have been optimised at the DFT-B3LYP level. Spin-spin
coupling constants were calculated by the functional perturbation theory SOS-
DFPT as described above and by neglecting the spin—dipolar contribution, but
taking only account of the Fermi-contact term as implemented in the deMon
NMR code.*”® These studies have shed new light on the relationship between the
glycosidic angle torsion and the couplings, sometimes at variance with some
previous assessments. A clear distinction between the Pys and the Pus appears,
in contrast with experiment, the results suggesting the surprising order 3]C6H1’(cis)
> 3]C6H1’(trans) for the Pys and this in full agreement with the data retained.
However, the authors recognise that their parameterisation has been obtained
for S nucleoside conformer and that the effect of sugar pucker on the spin-spin
coupling is extremely important. There is also a non-negligible shift in the syn =
anti conformer equilibrium (about 10°) which is attributed to the non-symmetri-
cal substitutions of C1’ carbon by atoms with different electronegativities. Gen-
erally, the glycosidic torsion angle y largely depends upon the sugar pucker and
upon the exocyclic bond rotamer. For a change in the state of the sugar from S to
N, all }Jcpyy couplings decrease for the syn form and increase for the anti form
and the 'Jcy couplings have a reverse relation. The exocyclic bond conformation
influences all the couplings in the same way. The sugar conformation affects the
e by the relative orientation of the nos, 6¥c1—gy1’ Orbital with a direct effect
involving a cos y dependence and an indirect effect involving a cos®y depen-
dence.'”” For the long-range *Jgsir1 couplings, the phenomenon is well rationa-
lised on the classical W zig-zag configuration of the five intervening bonds in
the preferred anti conformer, with only a negligible effect of the sugar pucker in
this case.'”



NMR Studies for Mapping Structure and Dynamics of Nucleosides in Water 103

6. DYNAMICS IN WATER

This section is intended to describe time-dependent phenomena and includes a
survey on the magnitude of the various barriers to rotation, their heights and the
potential influence of water on them. This concern the syn=anti conformer
equilibrium, the sugar puckering, the rotation around the exocyclic bond and,
possibly, the restricted rotation around the C-N bond in amino-substituted com-
pounds. A thorough discussion on chemical exchange of acidic protons with
water protons will follow, as this is an important point in biology. Transverse
and longitudinal relaxation data will then be examined, and we will end this
section by addressing some issues on the very promising diffusion studies. Along
these lines, we wish to cover a very large time scale of dynamic processes, from a
few seconds as deduced from classical NMR exchange to several picoseconds (or
less) for rotational correlation times as deduced from relaxation measurements
and translation times as obtained with diffusion studies.

6.1. Rotation barrier about the glycosidic bond

There is such a scatter in the data reported—from 4 to 16 kcal mol '—that it
seems very difficult to get a good idea of the dynamics of the conformational
equilibrium. The lowest extreme value has been reported for G in water by
Petersen and Led,4“ whereas the highest extreme is derived from an ab initio
SCF-HF/6-31 G calculation on a flexi-guanosine.'® Naturally, it is evident that the
structure of the base and the presence of substituents, either on the ribose or on the
base, have large effects on this amplitude. For these reasons, the highest value
should be taken with care because, in the flexible structure, the imidazole ring is
only linked to the pyrimidine part by a “’single’”” bond. As a result, the electronic
delocalisation is severely restricted between these two rings with respect to its
natural counterpart G where they are fused. By a way of consequence, the
electronic interaction between the imidazole group and the ribose moiety, and
especially with O4’ oxygen, is increased, so that the C1'-N bond order is certainly
also increased. The right value is certainly in the middle of the range AH” ~ 6~
12 kcal mol~!. Indeed, in 1971, by using ultrasonic relaxation in water, Rhodes
and Schimmel*'? were the first to determine an activation energy AH” ~
6.2 kcal mol ™~ ! for A in water, after a careful examination and a rigorous removal
of all the other superposing effects like sugar pucker. This corresponds to a
relaxation time of 4.0 ns for A, which is greater by a factor 2 than that obtained
for dA (2 ns) because the steric interaction between the 2’OH and N3 of the purine
in the C2’ endo, S state of the ribose in A notably increases the height of the
glycosidic barrier as compared to dA. The same order of magnitude is observed
for Fo, G and I. The method has been refined some years ago to obtain the same
qualitative results with an equilibrium constant in water Kq ~ 4.0 and the
following lifetime for each conformer 1, ~ 5ns and 7.ng ~ 20 ns.*? By using
SCF-INDO computations in a purine nucleoside model, Boerth and Bhowmik'*
have obtained an energy barrier AH” ~ 10kcal mol™! which, of course,
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corresponds to the gas phase. Interestingly, extensive electronic delocalisation on
the purine cycle in case of cation nucleoside indicates a considerable fall of this
barrier, up to 5 kcal mol™ ! However, it is well known that there are considerable
solvent effects on the magnitude of this barrier, mainly in water which can act as
well as a donor or an acceptor of hydrogen bonding.>'38 1401451477150 y7ep
recently, by using MD and CPMD calculations, Murugan and Hugosson'*® have
clearly corroborated this view and shown that the inter-conversion process has a
larger barrier in chloroform as a solvent, whereas the barrier height is brought
down significantly in water as the solvent due to the stabilisation of transition
state by intermolecular hydrogen bonding with water. An experimental value
AH” =10.7 kcal mol~! (AG” = 13.7 kcal mol~ ! and AS” = —11.1 cal mol ' K™ )
has been measured for Tph, and this barrier seems even higher when a S atom
replaces the O6 so as to preclude the rotation around the glycosidic bond so that
only the anti conformer is present.”>*

We are not aware of any reported experimental value for the Py’s barrier, but
in the absence of any ultrasonic relaxation in water for C and U,*'* we presume
that this value is higher by something like 24 kcal mol ™ '. This opinion is corro-
borated by the small ring current in the base as compared to the Pus,*” so that the
electronic interaction between the base and the ribose is strengthened as well as by
a through-space influence on the O4' free doublet or by a through C1'-N through
bond effect, decreasing the ability to free rotation. Another proof is given by the
temperature-independence of the ribose shifts and coupling constants in the range
30-70 °C for the Pys**?**>*!* as opposed to a small change of these parameters for
the Pus.** The small change of the H6 resonance with temperature that has been
sometimes reported for the U derivatives (about 0.05 ppm upfield) should be
taken with extreme care and is undoubtedly an ambiguous monitor of the confor-
mation about the glycosidic linkage.”*” Other influences like field effects should
be operative in this case. The strong preference for an anti form for the Pys, as we
have seen above, is in line with this point of view.

Methylation at the ribose O2’ oxygen of ribonucleosides has no effect upon the
three-dimensional structure of a nucleoside in water and no temperature effect is
observed in the interval from 30 to 60 °C, again suggesting some rigidity about the
glycosidic bond.*'* Introduction of a hetero-atom like N in place of a CH group, or
S in place of O, here also changes the magnitude of the barrier. One can think that
in aza-derivatives the glycosidic rotation is more free than in normal Pus because
the steric hindrance in the transition state is somewhere removed.”” 2-SU has a
glycosidic barrier greater than about 5 kcal mol ™' as compared to U because of the
large van der Waals volume of S (ryqw ~ 1.80 A) compared to that of O (ryqw ~
1.52 A) 415 Phillips and Lee** have demonstrated that introduction of S at the 2-
position in place of O raises the barrier and has a reverse effect as compared to that
of replacement of O4 by S in O.

o-Nucleosides and arabinonucleosides are also other particular cases for which
data are completely missing. Nevertheless, empirical PF calculations indicate that
the barrier is higher than in f-nucleosides, especially for a-ribonucleosides (by
more than 3 kcal mol ') because of the specific, strong steric interactions between
the base and the 2’ hydroxyl group and a very high energy transition state in
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which the sugar adopts the O4' endo, C4' exo conformation.'* In addition, the
gauche effect with the O4’ oxygen also contributes to the raising of the barrier.

6.2. Sugar pseudo-rotation barrier

There is a good agrement'****%°! between the different authors here to adopt a
pseudo-rotation barrier in the range 2-5 kcal mol ' as a result of a number of
theoretical approaches (MD, CPMD, BD, HF, DFT)?/137/143/149-15L157409 o gemm-
empirical calculations (MM, PF).””7812%1427148 T4 our knowledge, the only one
measurement has been provided by a very detailed analysis of carbon-13 longitu-
dinal relaxation times of A, G, I and X in liquid ND;.*'® An average activation
energy of 4.7 kcal mol ™' was found for the four Pus, just near the higher boundary
of the range.

This value should be considered only as a rough approximation. It is well
known that in nucleosides, like in nucleic acids, the furanose ring is asymmetri-
cally substituted, and therefore the different conformations are weighed unevenly
around the pseudo-rotation cycle and span all the thermodynamically accessible
regions of this space. Traditionally, the pseudo-rotation wheel is divided into four
equally sized quadrants centred around pseudo-rotation phases P equal to 0°, 90°,
180° and 270° and are termed the northern (N), eastern (E), southern (S) and
western (W) quadrants, respectively41 (Figure 5A). S states and N states represent
energy minima of comparable depth, whereas eastern states E and western states
W form energy barriers. The eastern barrier (2—4 kcal mol ) is always lower than
the western one (4-5 kcal mol ™ 1).%”143 Generally, the interconversion between the
N and S states proceeds via this east barrier and involves a decrease in the
amplitude of furanose during the puckering pathway.”””® It should be noted
that both barriers are lower than N /S exchange via the P form, providing evidence
that pseudo-rotation is more preferred than inversion. For ribose and deoxyri-
bose, Dejaegere and Case*” have calculated an eastern barrier equal to
3.7 kcal mol~! and a western barrier equal to 4.4 kcal mol™ 1 in full agreement
with the above data and HF-MP2 results by Serianni et al.'”'

They are some subtle changes in these figures as it is observed that the barrier is
higher in ribose than in deoxyribose,”” but is lower in Pys than in Pus,”® in the first
case because of the gauche effect. On similar lines, the ribose in 2-SU has a barrier
equal to 2.9 kcal mol ™~ ' while itis 2.1 kcal mol~ " in U.'** This barrier is increased in
a-nucleosides and arabinonucleosides as compared to their f-homologues.'* It
also seems that it is raised in AZT by about 1.7 kcal mol~ ' compared to that of
deoxyribose because of the rare occurrence of the sugar ring pucker.’”* These five
examples are again a demonstration of the very subtle importance of steric hin-
drance in the transition state as it is well recognised that the major contribution to
the barrier in ribose is the van der Waals repulsion between the 2’ and 3’ eclipsed
hydroxyl groups. In addition, DFT calculations with the introduction of explicit
water by Barbe and Le Bret'”” have pointed out that in water the barrier is lowered
by about 0.6 kcal mol ™!, in rough agreement with Olson’s predictions.””

The easiness of the S=N Interconversion by crossing the pseudo-rotation
barrier is clearly demonstrated by the very small lifetimes of each conformer
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along the pathway, probably less than 1ns.>*” Such a value has been exactly
measured in a recent carbon-13 longitudinal and transversal relaxation times
study with NOE measurements in D,0O, combined with an MD approach on the
ribose moiety of dC from a double-stranded DNA.*"” The authors find that
repuckering is a likely motional model for the ribose moiety which occurs with
a time constant of around 100 ps. This coherence in the two datasets is very
interesting from the dynamic NMR view point, confirming the postulated time
scale of the interconversion but ruling out any observation at the very low time
scale of chemical shifts in water.

6.3. Rotation barrier about the exocyclic hydroxymethyl bond

There is a big lack of data here, probably because it is very low and certainly much
less that the 3.5-4.0 kcal mol ! claimed elsewhere,?* with a more realistic value
ranging certainly in the interval 2.5-3.5 kcal mol ™~ '. The few available experimen-
tal results strongly substantiate this view. For example, the good correlation
between the difference of the H5 and H5” chemical shifts and the sum of their
respective coupling with H4' has been observed in a large range of temperatures
and for a large population of nucleosides (both Pys and Pus).**' The negative
slope is a good indication of a drastic change in the rotamer population in favour
of pgt and pyg. For cyclo-U in water,*” pg, decreases from 0.50 at 27 °C to 0.33 at
88 °C. The temperature effect appears less pronounced in water as compared to
DMSO because of potential hydrogen bonding in the first solvent.'”*>%

Due to this smallness and the presence of the two diastereotopic protons H5’
and H5", always chemically distinct whatever the temperature, it is not surprising
that the barrier cannot be measured within the chemical shift time scale. Never-
theless, it should be kept in mind that this barrier is highly sensitive to solvent
effects and, naturally, is slightly higher in water (certainly by something like
2 kcal mol™ ') because of intermolecular hydrogen bonding and chemical
exchange with water. Let us add a final word about what we think as one of the
best methods to attain this parameter. It consists in measuring deuterium, proton
and carbon-13 longitudinal relaxation at variable temperature of the asymmetrical
top. By using the classical formalism of relaxation, mainly by estimating the
quadrupolar effect and by separating the intra dipole-dipole contribution from
the spin-rotation in the different terms, it is then possible to extract all the relevant
correlation times tq, 7o and Tsg of the rotational motion.”®**!® The dependence of
these three correlation times with temperature leads directly to the activation
energy of the process. This reviewer has not been aware of such an analysis so
far, and deeply hopes to find it in the very near future in the literature!

6.4. Rotation barrier about the exocyclic amino bond

Exocyclic amino groups of adenine, guanine and cytosine are key sites in the
formation of hydrogen bonding for maintaining canonical Watson—Crick pairing
of the bases in DNA and RNA. Their exposure in the grooves of double-helical
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structures makes them privileged targets for binding with drugs as well for
specific interaction with water. The non-planarity of the amino groups with the
base plane has also been recognised for a long time and water can influence both
its non-planarity and the rotation around the C-N bonds. It is then of special
interest to know the activation energy of this restricted rotation.

There is large agreement for the activation energy of the Pus, where all
experimental results,’'*>'9*19420 generally obtained in water and by the classical
line shape analysis,**! are in the range AH” = 11-18 kcal mol ™ '. Tt is noticeable
that this interval nicely encompasses the one which is predicted by semi-empirical
SCF-MO-CNDO/2 and EHT theoretical calculations (12-16 kcal mol~').*** The
only divergence seems to appear with the Pus for which some reported data are
largely outside this range, being sometimes greater by a factor of 2.°"> An indica-
tion to this disagreement should be found in the result given by Jordan®® for 4-
aminopyrimidine in water at pH 1.56 and 12 °C and for which a value AH” =
14.6 kcal mol ™! is reported. This last one is clearly in the calculated range and
does not differ much from that data reported by Shoup et al.>"” for a series of
cytosine derivatives with methyl-substituted amino groups which are also in the
previous range (AH” = 15-18 kcal mol ™ '). It is very difficult to propose a plausi-
ble explanation for this divergence, but we are inclined to think that the barrier is
certainly greater than that deduced by Martin and Reese.”” Our feeling is
founded on the idea that this barrier should not be smaller in Pys than in Pus in
view of our previous discussion about the distinct ring current effects in the two
kinds of compounds (see above). In their careful measurements on the N6 amino
group of A by '"N-edited magnetisation transfer experiments, Michalczyk and
Russu*® have seriously stressed upon the spurious contribution from the amino
proton exchange with water. Even if this process is generally low (less than 2.1 s~
in the present case) as compared to the hindered amino rotation (about 80-90 s '
here), it should be taken into proper account in the line shape analysis. Otherwise,
the rate of the amino rotation k, will be systematically overestimated and the
activation energy E, will be, by way of consequence, systematically underesti-
mated. This is certainly one of the reasons why NMR spectra always give too low
activation energies, even in organic solvents which are never free from some
traces of water.

The important point to keep in mind is that this barrier is largely greater than
all the other barriers; especially it is about twice that about the glycosidic bond. As
a result, it should be expected that the presence of an amino group on the base
may impart some supplementary rigidity to the nucleoside. A proof of this
assertion may gained from NMR relaxation works at the non-substituted amino
nitrogen as well as at mono- and disubstituted amino groups on the base in order
to be rid of the exchange with water. At this time, it does not seem that works in
this direction has been reported, but they are highly welcome. According to its
large chemical shift range, its long relaxation times and the availability of isotope-
enriched compounds today at relatively affordable price, nitrogen-15 NMR at the
amino site, at the base ring and above all at the gl;lcosidic linkage should be of
great advantage for evaluating all these processes.”***
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6.5. Chemical exchange with water

We have already underlined the great importance of this aspect in biological
processes where water mediates proton transfer between the different bases in
DNA and RNA and therefore influences the structure and function of the
biological molecules. The overall mechanism of such a transfer is very complex
and it supposes a good knowledge of all the distinct exchange between the
partners, that is to say at a very rough level, exchange of the nucleoside labile
protons with water protons, base-pair opening, transfer from water to base and
then base-pair closing. Generally, the kinetics of all these steps is very slow at the
biochemical scale, that is, in the range from millisecond to second or even more.
Detailed examination of the mechanisms implies a careful description of all the
parameters like pH, catalysis by acids and bases, temperature, concentration, etc.,
and is clearly outside the scope of this review. Among many others, Guéron and
collaborators® have given many fruitful suggestions on all these key points and
have clarified many discrepancies concerning base-pair lifetimes; the interested
reader can consult their papers for useful guidelines. Moreover, a number of
sophisticated and well-designed specific sequences, often for only one measure-
ment, have been implemented by different authors to tackle this kinetics in water.
It is also out of the question to describe them here and the interested reader is
referred to periodical reviews dedicated to this field. In this section, we will limit
ourselves to giving the prominent points about the nucleoside proton exchange
with water from a chemist’s point of view.

Some earlier reports'’#**>"?3%** have addressed a large variation of the H8
proton in Pus, mainly in A, with temperature, solvent and/or pH along with
along with a facile base-catalysed deuterium exchange in D,O. This suggests that
this proton possesses some acidic character and may form hydrogen bonds under
certain conditions. The H-8 proton is shifted to low field in proton-acceptor
solvents and the magnitude of the shift change is roughly correlated with the
relative proton-acceptor strengths of the solvent. These results have been
explained on the basis of a hydrogen-bonding interaction between H8 and the
proton acceptor group of the solvent.

There is severe scarcity of data about the direct exchange of the imino protons
with water in Pus and Pys and these data are generally obtained indirectly within
some postulated and often controversial mechanism of exchange protons in base
pair inside a short oligonucleotide duplex. As a consequence, the figures reported
here should be taken with caution and are only intended to give some trend for
valuable comparison of the lability of the base protons. They all concern pseudo
first-order rate constant keycn, and the reciprocal of kexch is assumed to be the
proton lifetime ey on the imido nitrogen atom at neutral pH.

The first set of data was reported for the imino H3 proton of U by Mandal
et al.** in 1979, who have used a spectral difference method on stopped-flow
spectrophotometry (kexcn ~130s~' ) and by Ts’o et al.**® 2 years later by only
using a crude analysis of the line shape broadening (kexcn ~85-160 s~ '), both at
room temperature. The activation energy (about 6 kcal mol ) is very sensitive to
the pH and seems to decease with increasing pH, as expected. There is a
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remarkable agreement between the authors in spite of the largely distinct
approaches. By performing many diffusion measurements in a mixture of
DMSO and water, we have obtained by ourselves'" values slightly smaller than
these two previous ones, for example, kexcn ~ 14 s~ ', which roughly corresponds
tO Kexch ~ 45 s~ ! in neat water at room temperature (see below). Before concluding
with isolated nucleosides in water, we wish to mention the brief report of Guéron
etal. in Nature® where they point out, as a manuscript in preparation, a Teycs value
close to 8 ms for T in water at room temperature and pH 6 which decreases to 4 ms
at pH 5. We failed to the final paper relating to this work which is of direct concern
here and we risk anticipating a value of 12 ms at pH 7 which would be in very
good concordance with our results on U.

Unfortunately, we have not been aware of other experiments describing pure
exchange of Pus and Pys in water. For these reasons, we now give only short
comments on the results extracted from proton exchange either from nucleotides
or from oligonucleotides duplexes as mediated by water with all the risks of
misinterpretations as outlined above. In this field, data are clearly more abundant
because it was, in the 1980s, a privileged area of research for a large number of
NMR scientists. Experimental results can be classified in two categories depend-
ing on whether they were obtained by the (old) crude linewidth broadening
analysis or, more recently, by the most reliable approach using measurements of
longitudinal relaxation with modified Bloch-Solomon equations for many-site
exchange’'as given by Equation (7).

dM(ﬁc, f) %

In this equation, Ry and R;ss are the direct longitudinal relaxation rates and
Riis and Rig are the cross-relaxation rates in the two states during the chemical
exchange. k; and ks are, respectively, the rate for proton leaving the environment I
(imino site on the base) and entering in the environment S (water), and vice versa
for kg according to the Scheme 1.

The magnetisation vector M(k,t) is thus a column matrix consisting of the two
longitudinal magnetisation My(f) and Ms(f) of the exchanging sites, while the
vector k includes the two chemical exchange rates k; and ks. In this simple two-
site exchange, integration of the system (7) is straightforward and analytical
solutions are readily availble®! (see Equations (18a) and (18b)).The resulting
magnetisation intensities Mj(f) and Mg(t) depend upon the initial conditions,
according to whether the first applied inversion impulsion is selective, bi-selective
or non-selective.

In this first category, we only found a study on a ribonucleic acid mini-
duplex.*” Large differences are observed for the imino proton between the

Rim+k  Rus —ks

—LM(k,t) with L=—
(k£ wi Risi —ks Riss + ki

Scheme 1 Two-site exchange model.
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internal pair A-U (151s™ ') and the external pair A-U (518 s~ ') indicating an
easier access of water in the last case, while the central pair G-C gives an even
slower exchange (104 s 1). These three overall rate ke, are deduced from an
underlying three-state model of hydrogen exchange, proton transfer mechanism
and exchange catalysis with simplifying hypotheses.

In the second category, Bendel**® has obtained kexen (T) ~ 0.11 s~ ! and keycn (G)
~ 0.24 s~ for the imino H3 proton of T in the pair A-T and for the imino H1
proton of G in the pair C-G, respectvely, at room temperature and pH 6.2 on calf-
thymus DNA. Hypothesis has been made by the authors of a two-site exchange
with a water concentration in large excess so that its magnetisation is not affected
during the course of the experiment. The same method, but accounting for the
water magnetisation, applied on a self-complementary oligonucleotide strand of
DNA at pH 8.0 leads to Texen &~ 150 ms water for the imino proton H3 of T4
Results by Mirau and Bovey™* for the imino proton H3 of U in PolyA-PolyU in
water at pH 7 again gives another distinct value, kexch (U) ~ 22 s~ . By using both
1D and 2D EXSY quantitative methods as a check, the group of Johnston*’! has
measured the proton exchange between 9-ethyladenine and 1-cyclohexyluracil as
a test model of two nucleosides in DMSO-d,. Although the results are internally
consistent, they are systematically smaller by an order of magnitude with respect
to previously published data. For the exchange of the imino proton H3 of U with
water, they find kexen (U) ~ 3.4-5.8 s ! and for the amino proton NH; of A the
exchange is quasi null (kexcn (A) ~ 0-0.33 s~ 1), but the figures are in good order.

A last comment is to observe that the above data are not as inconsistent as we
might think at the first glance. For example, for U and T (which are very similar),
all the experimental conditions differ from author to author, mainly sample and
pH, and these greatly influence an already complex exchange in the base pair.
This is to say that the value kexch (U) ~22 s~ ! reported by Mirau and Bovey™ is
clearly in full agreement with our own findings on U in water.'”! Finally,
exchange with water is always slower with imino protons in Pus than with their
analogues in Pys.*

McConnell and collaborators**” have run the first measurements of the
exchange with water of the exocyclic amino hydrogen in A and G in 5-AMP
and 5'-GMP, respectively, always using the linewidth broadening technique. The
two values they have obtained, 69 and 38 s~ ', respectively, compare very well
between them, in view of the very approximate method they have used. By a more
sophisticated stopped-flow ultraviolet spectroscopy,* this exchange has been
investigated in A at a neutral pH, which lead to a pseudo first-order exchange,
Kexen ~ 4.5-6.5 s~ ! with an activation energy E, ~ 10-11 kcal mol™ ! These figures
are in line with an expected exchange slower than that of the imino proton on the
base, as it is well known that the amino protons are less acidic than the imino ones.
The kinetics is also slower than the NH1 exchange with water in the protonated
form AH" at the N1 nitrogen for which kyp,p, is ~160 £ 20 s~ " within the proposed
mechanism. This is also in line with the predictions. More recently, Kettani et al.***
have reported for the amino proton of C and by using magnetisation transfer
experiments434 a lifetime 7oxcn &~ 100 ms for the exchange with water at pH 7. The
authors have particularly pointed out the difficulties in separating this exchange
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from the rotation of the group and so far have limited their discussion to the two
limiting cases where the rotation is either fast or slower than the exchange and get
evidence that exchange with water does not trigger rotation in protonated C.
Incidentally, we can note than in cAMP and ¢cGMP this time is largely increased
to reach a value near 1 s, also in line with predictions.

6.6. Relaxation time measurements

One of the best ways to tackle the dynamic features of nucleosides in water is
certainly to measure the relaxation times of the many distinct nuclei that consti-
tute the chemical structure of the compounds (proton and deuterium, carbon-13,
nitrogen-15 and oxygen-17). Nitrogen-14 which is largely quadrupolar, especially
in the base ring where its quadrupolar constant may reach many megahertz,
remains completely inaccessible by NMR and is more relevant of the future
development of NQR (Section 5.2.1).** Because of its specific location in the
three-dimensional chemical structure, each nuclear relaxation is a unique probe
of this dynamics and makes up with all the other ones the overall motional
fingerprint. As this is clearly dependent upon the specific or non-specific solvent
interaction at each of the sites, the individual relaxation rates are the best sensors
of these influences. Longitudinal relaxation times and transverse relaxation times
are the two important parameters for the dynamic investigations in solution.
NOE:s (conventional longitudinal Overhauser effects) and ROEs (transverse Over-
hauser effects) are naturally the other essential parts of these studies since they
carry information about intramolecular flexibility as well as intermolecular inter-
actions. Extraction of all the spectral densities from experimental data should be a
formidable task, but concerning nucleosides in solution at moderate magnetic
field, the usual well-known approximation of “extreme narrowing conditions”’
[(wt.)* < 1] is an invaluable tool for the chemist.”’*%*=% There are many distinct
correlation times and each characterises a given motional reorientation (a dipole—
dipole vector, a rotation about an axis, a quadrupolar axis or a chemical exchange,
e.g.) and, as such, probe the relevant solvent interaction on this motion. Faced
with the physical complexity of the interactions, chemists often use many simpli-
fications to overcome these difficulties while keeping the most prominent features
of solvent influence at the observed nucleus. One of them is to define an effective
correlation time 7o from the true relevant correlation tg adding the solvent
contribution as described in Equation (8) where 1) is the lifetime of the solvent
in the environment of the nucleus on consideration (inverse sum).**
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In addition, major instrumental difficulties for measuring potential long trans-
verse relaxations times have severely hampered using these data in micrody-
namics, so that they are generally limited to the determination of moderate to
slow chemical exchanges.*” Therefore, and hereafter, relaxation rate refers only to
longitudinal relaxation, unless otherwise indicated.



112 Bernard Ancian

The three major modes of internal mobility of nucleosides that we have ana-
lysed above by chemical shifts and coupling constants (Section 5) are clearly also
prone to an investigation by relaxation. This has been done at variable tempera-
tures by Liidemann et al.””" for protons of the two amino-substituted (normal) 2'-
dA and 3'-dA in ND; at variable temperature. The authors have based their simple
approach on the assumption that the three internal motions are much slower
than the overall reorientation of the molecule which is assumed to be isotropic.
Note that Equation (8) applies very well to this situation if we replace the lifetime of
the solvent 7y by the correlation time for the internal rotation 7; and if we assume,
as the authors, 71 > tr. Combined with homonuclear NOE, the German group
found again that the 3’-amino 3'-dA is mainly in the overall conformation anti, N,
gg, while the 2”"amino 2’-dA prefers the form syn, S, gt. Carbon-13, proton relaxa-
tionand NOE on A, G, I, X in ND3 also confirm that ribose N state is correlated with
anti form while the S state has a strong preference for the syn position.***”!
Interestingly, variations of the carbon-13 rates with respect to temperature seem
to corroborate the previous assumption of an isotropic motion.””! These conclu-
sions are at serious divergence with those of Guschlbauer et al.>**” from measure-
ments on o-C, $-C and YU in water, who claim that there is no correlation N, anti
and S, syn, but they also defend the (wrong) syn conformation for f-¥U, the same
conclusions which unfortunately Guéron and collaborators®®* have arrived at by
proton relaxation and NOE measurements (Section 5.1.1.1).

Carbon-13 relaxation of the tertiary carbons of ribose is very instructive in that
it is reasonable to accept it as the only dipole-dipole relaxation mechanism with
the directly attached proton. In doing so, a good probe for pseudo-rotation of the
sugar is at the experimentalist’s disposal. Wherever internal motion is not observ-
able, all relaxation rates and there temperature dependences are identical. Indeed,
these were just the features observed by the German group in another elegant
work on A, G, I 'and X, always in NDj as the solvent.*!° Introducing rotation of the
relaxing vector C-H, firstly according to a simple small-step diffusion model**
and secondly according to the Woessner’s model of equal jumps among three
sites,*”” the authors observed that for both models the limiting cases (fast and
slow) are identical and that the intermediate cases are not too distinct. A good
estimation of an energy activation unique for the ribose puckering in all the Pus in
then deduced (4.7 kcal mol ™~ ') in good agreement with previous published figures
(vide supra). Moreover, they observe a smaller rotation for the exocyclic carbon C5’,
which is another proof of the free rotation of the hydroxymethyl group about the
C4'-C5' bond (rotation of an asymmetrical top). Unfortunately, their results on
iPU and C are very fuzzy. Other studies run on I and its molecular complex
Inosiplex by using proton and carbon-13 relaxation suggest a distribution of
several conformations in DMSO, but with a predominance of the syn form.

Another, also extremely instructive, example is given by the detailed study of
the microdynamics of C in DMSO-d,.'* It is shown that all carbon-13 relaxation
rates are directly proportional to the number of attached protons, thus corrobor-
ating the strong predominance of the carbon-13—proton dipole-dipole interaction
as the main relaxation mechanism. In addition and based upon this observation, it
can also be concluded that the random reorientation of all the C-H vectors is well
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described by a single correlation time v which is the overall tumbling time of C
and is found to be approximately tg ~ 150 ps. This value fairly agrees with the
expected one given by the well-known Stokes-Einstein-Debye Equation (9) in
which v is the dynamic
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viscosity, r is the radius of the molecule, assumed to be spherical, and the other
symbols have their usual meanings. A radius r = 3.3 A is then obtained in good
agreement with the value predicted from a molecular model. The final point reported
by the authors is the correlation time 7; of the free internal rotation of the amino group
of C. Itis obtained by measuring the relaxation times of the two amino protons which
give two well-separated resonances in DMSO and lead to an effective correlation
time 7e¢ & 35 ps, assuming that they relax only by their intra dipole-dipole mecha-
nism. When inserted in Equation (8) together with tg ~ 150 ps, this value gives
71 = 46 ps as the correlation time for this internal rotation. Note that the above two
figures, which differ by more by a factor 3, are well in line with usual predictions.

Based on a thorough analysis of NOE and relaxation times in nucleotides, but
which could also be of interest for nucleosides, Guéron et al.'"***** have proposed
a simple expression for estimating the probability of the syn orientation where the
NOE enhancements on the H2', H3' and H8 for Pus during RF irradiation of H1'
are taken into account. This equation has been later slightly modified by Chachaty
and collaborators™” for extending it to the Pys, and the authors have interpreted
the experimental results as a weighting of relaxation rates by both the syn and anti
forms. Nevertheless, it seems that the conclusions are always in favour of a
preponderant syn form in water. The question is then to know if there is not
some preferential influence by the phosphate group! Indeed, more recent results
on an extensive relaxation study of non-exchangeable protons of adenosine 5'-
phosphate (5'-AMP) seems to indicate a major anti conformation in D,O with also
about 20-40% for the syn form.**® Some enlightening experiments in this way
should be pointed out. By using the full magnetisation modes formalism,*”
Konrat et al.**” have compared the relaxation of C, U and their monophosphates
CMP and UMP in DMSO-ds and/or water, depending upon their respective
solubilities. They have found that all the nucleosides and nucleotides have similar
rotation diffusion constants for their ribose units, whereas the diffusion of the base
in U derivatives exhibits a significant internal mobility. It seems that the phosphate
group in UMP imparts a great internal mobility which solely affects the base unit.
This aspect has been also reported 10 years ago in dinucleoside monophosphate in
which internal motions are described by an appropriate model of free jumps
between sites.**' As a result, the transition rate in the syn = anti equilibrium
appears to be strongly increased.””®

An interesting observation can been made concerning the different stereo-
chemistry of the o- and f-epimers. In the first compounds, the H1" proton is cis
as compared to the H2' proton and then relatively close to it (~ 2.2 A), while in the
second case the two protons are in a trans position and more distant from each
other (~3.1A). Because of the main dipole-dipole mechanism in the H1’
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relaxation, one may expect a shorter relaxation time for the « epimer H1' proton as
compared to its analogue in the f epimer in identical experimental conditions.
This has been effectively experimentally substantiated on some isomers of FoA.
However, as they have very poor, but distinct, solubilities in D,O and DMSO-d,,
both the solvent and the temperature were changed from one set to the other in
such a way to keep the viscosity constant as has been checked by a constant
overall correlation time (100 + 5 ps).”*® This identification of the two epimers is
greatly helped by cross-correlated relaxation**>*** between chemical shift anisot-
ropy of the proton and H1/, H2' dipolar relaxation. It is easily shown by a
differential relaxation time of each of the H1" doublet lines that such a mechanism
is only active in the a-nucleosides where the proton H1' and H2' are close together,
but not in the f-nucleosides.*** Caution has been recently suggested for using this
approach which is claimed to be limited because of the existence of a modulation
of the cross-correlated relaxation by the sugar pucker.** In the same manner,
modulation of ] couplings by cross-relaxation of the sugar when the correlation
time is longer—but greater than 2 ns—has been invoked, and attention has been
drawn then in such a case that the use of the simple Karplus relation (Equation (2))
for determining conformations can lead to severe errors.**

Deuterium relaxation has been used in different ways to get information about
the dynamics of nucleosides in water. The first one consists to selectively deuter-
ate the molecule, for example the proton H8 in Pus, and compare the relaxation of
the other proton with that obtained in the normal non-deuterated molecule. This
method, dubbed DESERT*" for deuterium substitution effect on relaxation times,
has proven to get useful inter-proton distances in molecule with a better accuracy
than NOE and some advantages over it like a higher sensitivity and better
resolution for nearly chemically equivalent protons. The second way is to selec-
tively deuterate successively all the positions in nucleosides as, for example, the
two diastereotopic exocyclic H5 and H5” in order to elucidate all the relaxation
mechanisms in the relevant nuclei.***** Thus a significant contribution of chemi-
cal shift anisotropy (CAS) on the base carbon C2, C4 and C5 of U and T derivatives
has been observed. Measurements of transverse relaxation times T, of carbons—
which here are of same magnitude as their longitudinal relaxation times T; and
never greater then 5 s—together with deuterium quadrupolar relaxation are nat-
urally of help for these investigations. Cross-correlation between dipolar relaxa-
tion and quadrupolar relaxation in two methyne hydrogens have been observed
in a particular case of one 1’,2’-disubstituted iP derivative. Finally, the same
technique of deuterium labelling has allowed the conclusion that the pseudo-
rotation of the sugar moiety in Pys occurs at the same time scale as the overall
tumbling.** Quadrupolar effective rotational correlation times 7, for deuterium
ranges from 30 to 45 ps as compared to an overall correlation time g ~ 55 ps. The
apparent activation energy of the deuterium relaxation is in the range 4.8
5.5 kcal mol ™~ !, which is nearly the same as that of ribose puckering (Section 6.2).

Previously we have stressed upon the key interest in nuclear quadrupole
relaxation of nitrogen-14, a particularly important nucleus from the biochemical
and biophysical points of view with all the inherent difficulties—not to say the
impossibilities—to observe it by NMR (Section 5.2.1). Indeed, there exists an
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elegant method for overcoming these problems: that is, by recourse to a measure
of the relaxation time of the nucleus in the rotating frame, generally known as
Ty,.%*" This parameter is often assumed to have a value identical of that T, for
small molecules in solution, but in well-designed situations it carries in itself other
useful information than T,. As an example, by providing the a priori knowledge of
the scalar coupling between nitrogen-14 and proton Jyy or carbon-13, it is possible
to indirectly access to the relaxation time of the quadrupolar nucleus via the
relaxation time of the coupled nucleus, here proton or carbon-13, and wvice
versa.*>! Moseley and Stilbs*** have taken advantage of this method for determin-
ing several lifetimes of the imino and amino protons of A, C, G and T in DMSO-d,
or in the natural base pairs A-T and C-G. Nevertheless, it seems that the figures
they have obtained are largely overestimated.

For a long time, most chemists have neglected intermolecular interactions
between the solute and the solvent as a means of relaxation, as they were primar-
ily interested in the structure. However, the theoretical aspect of an intermolecular
dipole-dipole relaxation has been predicted by physicists ever since the early
days of NMR by Bloembergen, Purcell and Pound.*” It is not the goal of this
review to discuss it, and the interested reader is referred to Abragam’s text
book*” and other recent reviews and books on this topic.”®*® The very complex
phenomenon of solvation includes weak non-covalent interactions, hydrogen-
bonding formation, electrostatic and dispersion effects, charge-transfer interac-
tions, and, more generally, formation of solute-solvent complexes that are long
lived relative to the time associated with diffusive encounters of the solute and the
solvent is the heart of chemistry. It is evident that one can gain fruitful interpreta-
tion from this intermolecular relaxation. Naturally this means that the solute as
well as the solvent carries with it NMR-sensitive nuclei and indeed this is practi-
cally always the case with the modern technology. Biologists have recently been
aware of the great importance of this interaction with water as the solvent and
have therefore developed, from the usual NOESY and ROESY techniques, a whole
lot of well-designed sequences to get the most pertinent view of hydration of
biomolecules.”*” To the best of our knowledge, studies relating to intermolecular
homonuclear NOE between water and nucleosides are very limited and we can
only point out the works by two groups. Newby and Greenbaum™** have depicted
water molecules bridging NH1 group of f-YU and nearby phosphate oxygen
atoms in RNA. The experiment was duly run by using the CLEANEX-ROESY
experiment in order to cancel any intramolecular NOE or ROE and exchange-
relayed effects.**> Two important papers by Berger and his group**® report on the
preferential hydration site of A by using a DPFGSE-NOE sequence and water
suppression for improving detection of the small signal enhancements
observed.*”” NOEs and ROFs have also been reported for A in DMSO-d, contain-
ing 2 mol% HOD and have allowed observation of strong interactions with 2’ and
3" hydroxyl. Separation of dipole-dipole interaction of the hydroxyl group with
water from their exchange with water is hardly obtained and the 5 OH group of A
seems to be unaffected by water.*® This is in complete contradiction with our own
findings on U in DMSO-ds where this resonance is easily identified. In addition, in
water it is in such a fast exchange that if cannot be detected (see below).
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Despite their great interest and their high sensitivities, NOESY and ROESY
experiments suffer from a major insufficiency, in our opinion. The observed
nucleus, hydrogen, is by nature at the very molecular surface and reflects only
partial interactions. It should be often more interesting to probe the extent of the
interaction more inside the solute heart to get a better understanding of its overall
effect. In our opinion, this has become possible with the development of hetero-
nuclear Overhauser spectroscop (HOESY) in the 1980s, allowing probing any
Overhauser effect between any solute nucleus and any solvent nucleus, an idea
published independently and at the same time in the same issue of the Journal of
the American Chemical Society by Rinaldi**” and Yu and Levy*® as two urgent
notes! In this way, it is noteworthy that Yu and Levy,*® in their check of the new
proposed sequence on ATP in water have the following comments about their
results. ““All three phosphates in ATP show intense cross peaks with the HOD
signal. This means there are strong dipolar interactions between solvent protons
and the phosphorus nuclei. The y terminal phosphorus, apparently most accessi-
ble to the water, has the strongest cross peak and hence intermolecular dipolar
interactions. The o phosphorus shows reduced intermolecular dipolar interactions
and also intramolecular dipolar interactions with the sugar 5-hydrogens. The f
phosphorus shows only low-level dipolar interaction with solvent protons.” Some
digressions about the author’s vocabulary are important such as the choice of the
words “accessible, reduced and low-level” as an emphasis on the distinct magni-
tude on the ATP folded phosphate chain. Finally, the authors conclude their first
communication: “This HOESY experiment should prove useful for evaluation of
molecular conformation and also for studies of solvent-solute interactions.” It is
true that for investigations of intramolecular interactions much better and much
sensitive NMR methods are available, but, to be honest, this last phrase was the
stimulus of our personal works in this field of interactions of biological bases'®***!
or of their models**>*** or of nucleosides'**'"! with water.

Probably the first qualitative observation of this intermolecular NOE of nucleo-
sides with water was by Mantsch and Smith.*’® When they ran the carbon-13
spectrum of U in D,0O, the carbonyl carbons C2 and C4 were “’barely distinguish-
able” whereas in H,O there was a clear increase in their resonance magnitudes,
and in DMSO-ds, where the proton H3 of the uracil cannot exchange with the
solvent, the signals were even much more intense (by a factor of about 4). This
clearly indicates some proximity of water with the two carbonyl groups.

In our opinion, the best method to get the best possible quantitative aspect
about the intermolecular interaction with water of these two carbons is to run two
distinct and complementary measurements of carbon-13 relaxation times with
proton broadband decoupling. First, in fully enriched deuterated “"heavy’” water
D,0 the two relaxation rates Rp,0(C2) and Rp,0(C4) will be obtained completely
free of any intermolecular proton interaction. A second experiment in normal
“light”” water HyO will give Ry,0(C2) and Rp,0(C4) which now includes the
intermolecular contribution by water. Finally, the '*C, 'H dipole-dipole relax-
ation contribution R{d = 1/Td4 to the relaxation rate Ry = 1/T; is given in the
extreme narrowing conditions®® by Equation (10) in which 7 is the NOE factor.
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This last value is obtained in two successive experiments by gating the broadband
decoupling (direct and inverse gated decoupling).*®

Rif = 1/T3¢ = 1.917379’[1 10)
The difference between the two dipole-dipole contributions in H,O and D,O
R{4(H,0) — R{4(D,0) leads to the pure intermolecular dipole-dipole interaction
of the two carbonyl carbons C2 and C4 with the water protons allowing approach
to the selective hydration at each carbonyl carbons. The bases of this interpretation
are founded upon an expected, completely negligible dipole-dipole interaction of
the carbon atoms from intermolecular deuterium isotopes in D,O as compared
with that from proton nuclei in H,O. This is clearly indicated by the theoretical
ratio R44(H,O)/R{4(D,0O) of their respective contributions as given by Equa-
tion (11).52-56,58-63447

T{4(H0) _ R{(D,0) _ <yD>2 . bbb +1)
T34 (D,0) R{4(H,O) In(Iu + 1)

In Equation (11), yp and yj; are the magnetogyric ratio of the deuterium and the
proton and Ip (=1) and Iy (=1/2) their spin quantum numbers, respectively.
Experimental results for U are shown in Table 8, where in place of neat water H,O
a mixture 50/50 of H,O/D,O has been used for locking the magnetic field.
Carbon-13 effective correlation times 7.4 have been estimated in the extreme
narrowing conditions from the well-known expression (Equation (12)) in which
all the symbols have their usual meanings.'”'**®

Ho ) 2 ~,
R = 1738 = {EoA5 22 e ) %) (12)
i=1

~ 6.3 x 1072 (11)

YH

Because of the very low sensitivity of the 3¢, 'H 2D HOESY experiment,
the crucial step for observing this intermolecular effect is the optimisation of the
mixing time t,, between the two magnetisations of the water protons and the
detected carbon. Theoretical aspect of this point has been discussed by Macura
and Ernst in their landmark paper.*** Indeed, as it is very difficult to know exactly
all the relevant relaxation rates parameters to get accurate expressions of both the
cross relaxation rate Rc and the leakage relaxation rate R;, other ways are
searched. The best one is certainly to draw the proper NOE build-up curve for
each observed site as a function of time.””*” Naturally, this first alternative is very
time consuming and in case of '*C, 1TH HOESY it is generally prohibited unless
carbon-13 enriched samples are available. In addition, the curves have generally a
very smooth maximum for intermolecular interaction®®~**'*" and, jointly with the
inherent in line integration errors, they might be sometimes badly defined. This is
also another difference with homonuclear NOEs where the maxima are rather
sharp. The other way implies a pertinent analysis of the interplay of all the
parameters affecting this mixing time in order to get the best approximate experi-
mental value.**>*%° It is this method we have always chosen in all our studies and
the details are given elsewhere.'®"'14614%3 For example, with the NOE factors
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TABLE 9 Carbon-13 longitudinal relaxation times T;, NOE factors 7, dipole—dipole relaxation
rates R{? and correlation times t.¢ for uridine in water (=1 mol [7") at 300 K (dynamic viscosity
vA1.0 cP)**

Carbon
number C2 Cc4 c5 cé cr c? c3y c4 c5
Uridine in H,O + D,O (50-50)
Ty (s) 142 141 1.11 0.97 1.07 1.16 1.28 1.08 0.72
n 072 084 130 1.18 1.23 1.29 1.40 1.26 1.00
Teft (PS) 259 277 255 26.5 249 23.9 234 24.7 171
Uridine in pure D,O

Ty (s) 19.7 193 1.14 1.06 1.22 1.13 1.31 1.16 0.80
n 059 076 142 1.39 1.46 1.33 1.54 1.43 1.16

Teg (PS) 27.6 259 272 286 254 252 251 261 179
R{(H,0) — R{¢(D,0)
x10*(s™h 104 101 =0 ~0 ~0 ~0 ~0 ~0 ~0

given in Table 9 and the T; relaxation time of water measured to be 1.5s in
the mixture H,O/D,0 (50/50 v/v), the optimum mixing time t,, is in the range
6.5-7.5s.

Figure 8A represents the 2D HOESY "*C,'H plot of U in water recorded with
tm = 7 s and with pumping NOE in order to increase the sensitivity by a factor
2.7 Note in the spectrum the complete absence of any direct correlation between
a carbon and its attached proton. The 1D trace extracted from the 2D map along
the water chemical shift clearly shows the same extent of the water interaction at
the C2 and C4 carbons, respectively. For comparison, the same 1D trace from a 2D
correlation recorded under the same conditions, but for only the base uracil u in
water, exhibits at the C2 carbon an effect twice that observed at the carbon C4. This
difference, which points out the prominent role of the labile H1 and H3 hydrogens
in the hydration scheme, has been corroborated by NOESY and 15 N, 1H HOESY
experiments on an nitrogen-15 enriched sample of uracil u.'® With the help of
some long-range interactions between selected carbons and hydrogens for which
the separation distance is accurately known, a semi-quantitative interpretation of
the hydration scheme of U and its base uracil has been proposed (see Scheme 1).
Due to the linkage of the ribose and thus to the loss of its labile proton H1, the base
in U is only dihydrated while it is trihydrated in uracil (Figure 8B-D) Streric
hindrance by the ribose should also hamper the close approach of water near the
amide group. Although they bear hydroxyl groups, the C2', C3’ and C5' are never
affected by water, whatever the mixing time used. The C4’ carbon is no more
affected by water. This is clearly evident in Table 9, which does not show any
intermolecular dipole-dipole relaxation for all the ribose carbons in water. It
seems that all stand as if water is maintained relatively far from the ribose or if
its residence time near the sugar is too short to lead to an interaction. NOESY
spectra of U in water also confirm the absence of any correlation peak of water
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Figure 8 2D C,'H HOESY spectrum of uridine U in neat water recorded at 75.4 MHz at room temperature on a Bruker Avance spectrometer (mixing
time t,, =7 s). The entire 2D map is shown with the 1D °C, {'H} and 1D 'H spectra represented along the horizontal and vertical axes, respectively (A). 1D
trace extracted from the carbonyl region along the water chemical shift in the 2D map (B). Same trace for uridine U in DMSO-d¢/H,0 (83/17 v/v (C).
The same trace along the water for uracil u in DMSO-d¢/H,O (83/17 v/v) and recorded in the same conditions is shown with the same scale for
comparison in (D). Note that the ratio of intensities C2/C4 is 2/1 for uracil u, but only 1/1 for uridine U in the two solvents (from Reference 64).
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with the hydroxyl groups which are in fast exchange with water and, as expected,
give exchange peaks with the (bad) positive phase. To be right, some very small
correlations of H1’, H2, H3' and H4' with water can be guessed, but they are too
low (and a bit random!) to conclude about any specific hydration in the environ-
mir;St of C2' and C3/, contrary to what has been claimed elsewhere for adenosine
A.

6.7. Diffusion experiments

These experiments are certainly as old as NMR itself, probably because at that
time people were intrigued by the broadening of lines resulting from the very
large static and fluctuating gradients in the poor homogeneity magnetic field at
their disposal and the drastic effect on the resonance lines and spectra. After some
decades during which it went into oblivion, the technique is now in full renewal
mode since the 1990s with faster development in physics, chemistry, biology and
medicine. Since that time, the number of reviews and textbooks dealing with it has
been steadily increasing. The interested reader will find in this series Annual
Reports in NMR Spectroscopy an excellent and recent review article by F. Stallmach
and P. Galvosas*® with many references in all the modern trends. For our
direct concern, we will simply note that this is coincident with the commercial
availability of reliable hardware like gradient coils, suitable power sources and
interfaces to the conventional NMR spectrometers and well-designed software.
At the same time, the chemists have become more and more interested in
the microscopic features of all types of intermolecular interactions and have
discovered that diffusion is an essential complement of relaxation studies. Making
and breaking bonds in a complex is for example typically relevant for diffusion
which gives insight of the overall lifetime, of the kinetics of formation and
dissociation and of the cooperative motion of each of the partners during all
these steps.®! 3200203468469 A ¢ for chemical shifts and coupling constants, chem-
ical exchange and relaxation rates, in principle, we can distinguish three regimes
for water bound to a biomolecule:

In the slow one, the two water resonances dyw (bound) and v (free) are well
separated and the bound water diffusion Dy (bound) can be distinguished from
the free water diffusion Dy (free). It is sufficient to measure each diffusion
constant in the proper relevant experiment. This corresponds naturally to a long
lifetime of the water in the bound state. In the intermediate and fast regimes (short
lifetime of the bound water as compared to the slow NMR observation time scale),
only a weighted water resonance signal dyy (obs) is detected and, as a consequence,
only a weighted water diffusion Dy(obs) is observed according to Equation (13)
(pw(bound) + pw(free) = 1).

Dw (obs) = pw(bound) x Dw(bound) + pw(free) x Dw(free) (13)

The other point concerns the relation of the measured diffusion constant with
the size and shape of the diffusing species, which, in theory, can be obtained from
the Stokes-Einstein Equation (14) in which ry is the so-called hydrodynamic
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radius of the diffusing species*”’

meanings.

and the other symbols have their usual

kgT
= 14
b 67EV1’H ( )

This identification analysis may involve the correlation of the experimental
diffusion coefficients with calculated values to their molecular weight. For a
simple application of Equation (14), let us to suppose an inverse cubic root of
the molecular weight. In reality, it has been claimed®'™* that the ratio of the
diffusion coefficients (D;/D;) for two different molecular species i and j is rather
inversely proportional to the square root or to the cube root of the ratio of their
molecular weight for rod-like and spherical molecules according to Equation (15).

W
M;;

This discrepancy results from the complex factors involved in translational
diffusion like the shape, the microfriction of the solute with the solvent (stick or
slip hydrodynamic) and density and many others.”’” For these reasons, the best
method for finding the molecular weights remains completely empirical and is
based upon experimental correlation between diffusion and molecular weight on
similar and well-known compounds in the given solvent.

The literature is very rich in diffusion experiments, but remains relatively poor
concerning interaction of nucleosides in water.*”> However, understanding all the
details of hydration of biomolecules, their other interaction and the identification
of all the solutes according to the two above-mentioned points are especially
relevant to this technique. As an example, Cohen et al.*’”* have approached the
hydration of crown ether and they were able to measure two distinct diffusion
constants for water in two cases and to determine the number of water bounded to
the crown ether or its complex with potassium iodide by using Equation (14).
They suggest different modes of solute-water interaction as well as for the free
crown ether and for its complex with potassium iodide. In another work, the same
group*”® has characterised all the hydrogen-bonded assemblies of calix[4]arene
(rosettes) with the help of Equation (15).

Nearly related to the scope of this review, we can quote some studies of
interactions of C and U and nucleotides in water with divalent ions added to
study their aggregation,** cation-template self-assembly of guanosine®'* or iso-
guanosine,209 interactions of UMP with several monovalent cations,*”> complexa-
tion of sugars®'’ and complexes formed by copper with the nucleoside antibiotic
sinefungin. *'® Diffusion coefficients of nucleic acids in DNA have been measured
in order to approach the changes in apparent hydrodynamic parameters near the
strands®” and compared with theoretical models of diffusing spheres, a cylindrical
rod and a prolate ellipse.*”®

In the field of dynamics in water, diffusion occupies a special place, as chemi-
cal exchange or binding process with the solvent or any solute (ligand) involves
modulation of the translational diffusion coefficient by an order of magnitude or
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more. Before introduction to DOSY experiments, relativel7y simple sequences, but
always using pulsed gradients and stimulated echo,*”” have been developed
10 years ago and have been included in conventional 2D NOESY, ROESY and
EXSY correlations. We will only report two distinct examples in which the rate of
exchange of an amide proton with water has been obtained and compared with
that measured by conventional methods. In its Continuin% interest for gradient
enhanced spectroscopy, the group of Van Zijl and Moonen*’® has proposed a very
simple extension of the EXSY sequence with a pulsed encode gradient at the end
of the evolution period and a decode gradient at the beginning of the acquisition
period. By varying the diffusion time, they found for the amide proton of N-
aceylaspartate in water a lifetime Texch = 93-122 ms, the longest diffusion time
giving the smallest value.*”® Andrec and Prestegard*”® introduce very simply a
short spin—echo diffusion filter in the exchange period of a selective-inversion
exchange "N, "H HMQC sequence. Experimental results for exchange of each of
the four amino acids that constitute the acyl carrier protein are fully quantitatively
consistent with the exchange rates measured using a selective-inversion exchange
experiment, particularly when the most intense gradients, which however remain
very low (29 G/cm), are used in the filter. Rates in the range 15- 67 s~ ! are
determined, depending on the amino acid observed. The authors have also exam-
ined the more complex three-site exchange. Recently, in very simple DOSY
experiments on sucrose in a mixture DMSO-ds + H,O, Cabrita and ]5'>erge1"480
have noted the effect of “the diffusion-sensitive experimental time” (i.e. the
diffusion time) in the apparent diffusion- coefficient-measured chemical exchange
for hydroxyl protons in fast or slow exchange (Equation (13)).

In continuation of our work on intermolecular NOE and for completeness, we
were also interested by DOSY experiments for measuring the exchange rates. This
has been done of the amide proton of uracil**’, thymine**' and U'"" in water and /
or DMSO, keeping in mind the two complementary imperatives, that is instru-
mental reliability and user-friendly data processing.

The number of sequences now available for measuring the translation diffusion
D has been considerably growing in the last 10 years according to the proper
motivation and interest of each author.””?% The main property of a good
sequence is to be as simple as possible with a minimum number of RF pulses
and gradients to avoid instrumental and software complications. At the same time,
the inherent instrumental artefacts resulting from application of gradient pulses,
mainly background gradients, eddy currents, convection effects and finite dura-
tion of pulses, should be minimised. The sequence should be also as free as possible
from the unavoidable NMR artefacts resulting from RF pulses, mainly chemical
shift encoding, J-modulation and zero quantum coherence (ZQC). To this end, a
very convenient sequence that satisfies these imperatives and now largely used by
chemists is the bipolar pulse pairs longitudinal eddy current delay (or longitudinal
encode decode) sequence, proposed in 1995 by Wu, Chen and Johnson and shortly
known as the BPP-LED sequence.”®' It was used in this work and it is well
described in the original paper and by Johnson in his review.””'**! Nevertheless,
it has two major drawbacks: (i) the requirement of a considerable phase cycling
(minimum 16) for the best efficiency and (ii) its total duration time which precludes
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any use in case of short transverse relaxation time T,. These two points are not
generally a problem, even with the proton, because the great dilution of the solute
in the solvent (U in water or DMSO-dg in our case) results in a low signal-to-noise
ratio and thus needs signal averaging. For a signal of initial amplitude S(0) at the
beginning of the diffusion period, application of the BPP-LED sequence gives at
the time of detection a signal S(A + ¢ + 2t) which is attenuated, neglecting
transverse relaxation, according to Equation (16) in which g = ygt is the gradient
pulse area, also called spatial wave vector””” and the other symbols have their
usual meanings.

S(A +d + 21) = S(0) exp[-Dg*(A — 6d/3 — 1/2)] (16)

In theory, the Inverse Laplace transform (ILT) leads to the diffusion constant
D. Second, in practice, the ILT is well known to be an ill-conditioned problem
because of the inherent noise in the data and to overcome this difficulty,
many algorithms and processing data have been developed, each with its own
advantages and drawbacks.*®* In most methods, the DOSY processing begins as
usually by a Fourier transformation in all but the diffusion dimension and then
proper computing scheme follows to tackle the ILL. On the contrary, the IRRT
(for inverse regularised resolvent transform) as proposed by V. Mandelshtam**?
does not proceeds sequentially, but it is a multi-scheme processing which handles
the whole dataset at once. The Fourier and Laplace transforms are replaced by a
non-linear method which is able to process indistinguishably both the frequency
and diffusion dimensions. It is fast and simple because it only requires one
adjustable parameter (the regularisation parameter) and gives good resolution
and sensitivity in both dimensions.

The effects of chemical exchange of the proton amide H3 of U with water can
therefore be estimated qualitatively by varying the diffusion interval A in a series
of DOSY experiments (Figure 9). The proton H3 exhibits during the diffusion an
apparent diffusion coefficient which is distinct from that of the other protons
remaining attached to the molecule U. These latter ones represent the proper
diffusion of U in water. In fact, during the diffusion interval, the observed
diffusion coefficient D for the H3 proton lies between the diffusion coefficients
of U and water, being modulated by the exchange rate k; and ks and weighted
according to Equation (13) by its relative lifetimes 7y in U and 7w in water,
respectively. This is especially clear for the ““intermediate’”” diffusion time A =
100 ms (Figure 9B). For 50 ms (Figure 9A), the observed diffusion coefficient of the
H3 amide proton and the other U protons are very similar because exchange is
slow, but as the diffusion interval A increases, the amide proton H3 and water
diffusion coefficients tend to the same value because full exchange has taken place
(Figure 9C). In Figure 10, we present also the DOSY spectrum of U in “dry”
DMSO-ds where the exchange of the OH2, OH3' and 50HS5’ hydroxyl
protons with the residual water is clearly visible as a slow process in this
solvent. Naturally, in DMSO/water (83/17v/v), the exchange of the
hydroxyl protons with water is too fast to be observed as compared to the much
slower exchange of the H3 amide proton on the uracil moiety (compare to
Figure 9).
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Figure 9 DOSY Map of Uridine U in DMSO-ds/H,0 (83/17 v /v) recorded on a Bruker Avance
spectrometer at 400 MHz and room temperature. The BPP-LED sequence was used and three
different diffusion times A are shown: A = 10 ms (A); A=200 ms (B); A=1000 ms (C). Note the

overlap between the ribose protons and the water. The data have been processed by the iRRT
method (from Reference 482).
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Figure 10 DOSY map of the Uridine U in “dry” DMSO as obtained with the BPP-LED sequence for
a diffusion time A = 100 ms. The Levenberg—Marquardt algorithm has been used here for
processing the data. Note that the exchange of the hydroxyl protons on the ribose leads to
practically the same apparent diffusion as that of the amide proton H3. The 1D spectrum on the
frequency axis indicates a relative sharpness of the hydroxyl protons resonance as a proof of a
very slow exchange (compare to Figure 9) (from Reference 482).

In order to get a quantitative estimation of the exchange rates of the labile
proton from U with water, we need to determine the expression describing the
longitudinal magnetisation in the two-site exchange approximation (Scheme 1).
Direct longitudinal relaxation Ry and cross relaxation Ry are negligibly small or
nearly identical in the two states during the chemical exchange, so that the
diffusion-modified Bloch equations®”'****% may be written as a pair of coupled
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differential equations (Equation (17)) analogous to Equation (7). It suffices to
replace in Equation (7) Ry by quz and Rjgs by Dsq2 and to suppress Ryis and Rig.

dM(% t) quz + ki —ks

T = L]\d(q7 t) with L= — |: —kI Dsqz + ks

We give here the solutions, Equations (18a) and (18b)) which are readily

(17)

available for this simple case of the two-site exchange.?’’*”**5!
_ [Mio  (uMio — ksMso) 3 My | (#Mi — ksMso)] o
M(t) = { T e exp[(—o + A)t] + Ry E— | expl(—g — A)t]
(18a)
Ms(t) = {M;O + (”MS(’;"‘M‘O)} expl(—a + A)f] + [Nf’ - M expl(=c — A)f]
1 J
with 7= [ks + ki + (708)*(Dr + Ds)],
1 .
p= gl —ks + (768)*(Dr — Ds)]
and A= +/u?+ kiks
(18b)

In order to calculate the exchange rates, the intensity of the H3 resonance was
plotted as a function of the square of the gradient pulse area ¢* = (ygt)* for the 16
experimental points ranging generally from g = 5% Gmax to § = 90% Gmax Where
Gumax =56 G cm™ ! is the maximum strength of the gradient. The experimental decay
was fitted by a three-variable (k; = ky, ks = kw, Mgy = M) non-linear least-squares
procedure based on Equation (18a)."! For the fitting, the diffusion coefficient Dy =
D; of U was obtained by analysing the ethylenic proton H6 of U and averaging the
values obtained from all experiments performed with the all the diffusion times A.
The water diffusion Dy = Ds was obtained by analysing the water resonance in an
independent experiment recorded in the same experimental conditions but without
U. These calculations were performed for each NMR diffusion experiment and led to
a ky value equal to 14 s~ ! for the H3 proton with a fitting error of about +3%, and a
statistical error of about +6% within all the measurements. This result compares
very well the exchange constant of 18 s~ ! that was obtained in the case of uracil for
the H3 proton in the same experimental conditions.*" This indicates that the ribose
moiety does not induce any significant (electronic and /or steric) perturbation on the
H3 proton lability. It should be noted that this value has been obtained in neat
DMSO-dg containing very little water. Comparison with the literature values in
water implies a correction which leads at about keych = 455~ ! which is in the
range reported by others®**>*%¢ (see Section 6.5).

6.8. Microdynamics in water: A tentative interpretation

For concluding this section—and this review—we wish to give some personal
views and tentative assumptions about the most intimate process of hydration,
that is, at the atomic level and at the picosecond time scale. The assumed
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microdynamics is described hereafter on the examples of uridine U and its base
uracil u for comparison and for which it has been shown that a dihydrate and a
trihydrate, respectively, are formed in water according to Scheme 2.

We think that this analysis can be also extended to other Pys, providing they
do not have any exocyclic exchanging proton, like C with its NH2 protons for
example. For a complete comparison with u for which all data have been recorded
in a mixture DMSO-ds/H,O (83/17 v/v) because of the insolubility of u in neat
water, all the data concerning U in water have been also extrapolated to the same
mixture DMSO-ds/H>O (83/17 v/v), called simply DW in the following. The
whole microdynamics data postulated for U and u are then summarised in
Table 10 according to the discussion and assumptions below.

We have previously shown that the microdynamics of both U and u in DMSO
can be approximated to a nearly symmetrical tumbling spherical top. This means
that for the U microdynamics in the solvent, we can neglect the internal reorienta-
tion of the ribose ring puckering, the free rotation both around the glycosidic bond
and around the C4-C5’' bond. Moreover, it has also been demonstrated that the
hydrates have very short lifetimes and that the reorienting species are always the
unsolvated molecules which never carry with them the water molecules in their
rotational motion in the solvent."®*™'?!. Thus, the quasi-spherical U with a radius
rw ~ 3.59 A reorients by an overall rotation time tg =~ 25.7 ps in water, that is about
50 ps in the solvent DW according to the correction from the water dynamic
viscosity (v = 1.04 cP) to the DW dynamic viscosity (v = 2.01 cP) (Equation (9)).
For u, the overall correlation time has been obtained directly. By assuming a
complete loss of correlation for a translation of U by a distance equal to twice its
radius, the usual Einstein-Smoluchowski Equation (19)

2
4ryy

T (19)

~ 6Dypw)

gives the translational correlation time tr of U in DW where Dy = 1.63 x

107 m? s ! is the measured diffusion constant Dy; of U in DW and the factor 6,

Scheme 2 Molecular structure of the dihydrated uridine U (A) and of the trihydrated uracil u (B).
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TABLE 10 Solvation microdynamics and chemical exchange dynamics in DMSO/water
(83/17 v/v) as compared for uridine U and uracil u

Uridine U Uracil u
10" D (m%* ™) 1.63 2.60
Vw (A3) 194.4 90.4
rw (A) 3.59 2.78
TR (PS) ~50 ~24
71 (ps)’ ~530 ~50
Tres (PS)" ~820 ~130
Texch (MS) H1 125
H3 71 56

a

T = '%‘ and tes = (é N%>)

b Ca]cu]ated by Equation (19) bg] rezplacmg the factor 6 by 2 (see text).
Diyater (DMSO) = 6.56 x 10" 1 (measured).
T ~ 2-10 ps (literature).

not 2, is included because of the three-dimensional random walk of U in
DW. 1217450487 A value 11 ~ 530 ps is thus obtained, which is about 10 times the
rotational correlation times tR in the same solvent.

Now, the first question is: what about the hydrogen bond with water during
the rotational and translational motions? The answer is provided by recent ab
initio molecular dynamics simulations'>**® as well as by the tremendous advance
in ultrafast femtosecond spectroscopy,'**** both of which indicate that the life-
time of a hydrogen bond with water is typically in the range from 2 to 10 ps. In our
opinion, the important point is that this hydrogen-bonding lifetime has a lower
limit, in the range of the rotational reorientation time of pure water, which is now
very well documented as 2 ps at room temperature*” and probably in the range
3-5 ps in DW according to Equation (9). In fact, it seems very reasonable to think
of hydrogen bond breaking and hydrogen bond making as the time-limiting
processes for the overall tumbling of water. So far, during the U tumbling by a
typical angle of about 1 radian and in which U does not carry with it any water
molecule, there are numerous processes for hydrogen bond breaking and hydro-
gen bond making, say, something like 5-25. Hydrogen bond breaking occurs via
librations or hindered rotations by very small angles, which occur at relatively
high frequencies, and play a dominant role in the initial role of solvation. In the
same manner, during the free diffusion translation of U in water, hydrogen bond
breaking and hydrogen bond making occur via the intermolecular vibration
(hindered translation) with water, also at high frequency, and this process repeats
a large number of times (between 50 and 270).

The second question is then: can we estimate the residence time of the water in
the hydration shell? By assuming that there is no more intermolecular Overhauser
effect for hydrogen and carbon for more than 3.5 A and that water has left the first
hydration shell at this distance, we can use the approximation recently developed
for estimating the residence time of water in proteins.'*'” The residence time is
then obtained from an expression analogous to Equation (19) but in which the
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diffusion constant D is replaced by the mean value of the diffusion coefficient Dy
of U and that of water Dy in DW (6.56 x 10~ m?s™ ). In Equation (19), the factor
2 is reintroduced in place of 6 because of the unidirectional character of the
process, that is, approximately perpendicular to the C-N bond of the amide
group. This gives a value of about 42 ps, which is in reasonable agreement with
that generally agreed for proteins.'*"”

At the other side of the time scale (Texch =~ 10—20 ms), the slow dynamic
exchange of the amide proton with bulk water occurs, which is mediated by this
fast dynamic hydrogen bonding with water. Naturally, this chemical exchange is
crucially dependent on the thermodynamic properties of the solution (tempera-
ture, pH, catalysis) and can be, but in rare cases, diffusion-limited.*

Comparative results for the assumed microdynamics of uridine U and uracil u
in the mixture DW DMSO-dq/H,O (83/17 v/v) are summarised in Table 9. The
relevant values for uracil u (e.g. t1 and 7,es) have been calculated using the same
approximations as above for uridine U and according to the previous reported
data.'®#¢! It is instructive to observe that the translational correlation times 71 and
the residence times of water 7, in the first hydration shell for U are much greater
(by a factor 7-10 than those for u in the same conditions). They are also much
closer to the data reported for proteins in water.

7. CONCLUSION

This review has attempted to present a detailed description of the different aspects
of the hydration of nucleosides. It is hoped that the breadth of these intimate effects
on the NMR time scale has been communicated and that the survey has been the
most comprehensive as possible. The literature review has shown that much work
has been done in the structure with a large body of papers on chemical shifts and
coupling constants. Continuous advances in instrumentation for a higher sensitiv-
ity and cutting-edge technology with more and more intense magnetic fields can
again be a benefit to probe more and more detailed effects on the electronic
environment of nuclei of interest and to detect the smallest ] coupling constants.
Nevertheless, it remains that much progress for the future is in dynamic studies
with diffusion experiments which are only at their beginning in liquid state. The
development of high power gradients with short duration times and short recov-
ery times is one of the ways to reach the “Holy Grail” of an improved time scale for
NMR observation. In these fundamental intermolecular processes at the heart of
chemistry, the NMR specialist should be helped by the spectacular advances in the
other fields of spectroscopy like time-resolved Raman spectroscopy, laser femto-
second spectroscopy or neutron diffusion scattering, and many others.
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Abstract Time-domain NMR is being used throughout all areas of food science and
technology. A wide range of one- and two-dimensional relaxometric and
diffusometric applications have been implemented on cost-effective, robust
and easy-to-use benchtop NMR equipment. Time-domain NMR applications
do not only cover research and development but also quality and process
control in the food supply chain. Here the opportunity to further downsize
and tailor equipment has allowed for “mobile” sensor applications as well as
online quality inspection. The structural and compositional information pro-
duced by time-domain NMR experiments requires adequate data-analysis
techniques. Here one can distinguish model-driven approaches for hypothe-
sis testing, as well as explorative multi-variate approaches for hypothesis
generation. Developments in hardware and software will further enhance
measurement speed and reveal more detailed structural features in complex
food systems.

Key Words: Relaxometry, Diffusometry, Benchtop, Quality control, Online,
Multi-variate, Two-dimensional, Moisture, Fat.
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1,2D One-, two-dimensional

AG Allerhand-Gutowski

CPMG Carr—Purcell-Meiboom-Gill

CR Cross-relaxation or Carver—Richards

CWFP Continuous wave free precession

D3.3 Volume-weighted average droplet size

DSD Droplet size distribution

DTLD Direct tri-linear decomposition

fgCPMG Field gradient CPMG

FFC Fast field cycling

FID Free induction decay

FID-CPMG Combined FID and CPMG experiment

FID+CPMG Reconstituted FID and CPMG experiment

FLI Fast Laplace inversion
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Pulse field gradient multiple spin-echo
Pulse field gradient spin—echo
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1. INTRODUCTION

147

In the last decades, NMR has become a widely appreciated measurement tool
within food science and technology.' The major reason for the widespread use of
NMR is its versatility in assessing a wide range of compositional and structural
features in foods. Within foods, NMR is used not only for molecular structure
elucidation but also as a quantitative analytical tool. Besides delivering quanti-
tative information on which compounds are present, NMR also has a track
record on resolving their nano-, meso- and microstructural arrangement.2
For many of these questions, high-field, frequency-domain NMR instruments
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are deployed, but time-domain (TD) instruments operating at relatively low
fields have also found widespread use. This is primarily due to their relatively
low cost, ease of operation and ability to provide quantitative information on
product structure and composition within short turnaround times. Thus TD-
NMR instrumentation can be found throughout all areas of food science and
technology, as is indicated in Figure 1. Within food research, TD-NMR instruments
are used for resolving relations between properties of food and its composition and
(nano-, meso-and microstructure). The relatively short experimentation times have
made TD-NMR methods particularly suitable for both hypothesis generation and
testing. Within food development, the insights gained in research should be trans-
lated in product prototypes, and ultimately into an industrial-scale manufacturing
process. The aforementioned properties of TD-NMR are particularly appealing to
food technologists who appreciate the ease of use and rapid turnaround of compo-
sitional and structural information that aids in their decision making. Finally, in the
foods supply chain, the need for rapid and accurate measurement of specific
compositional and structural quality parameters has made TD-NMR a widespread
and appreciated tool for quality and process control.”* In this review, we will
cover compositional as well as structural applications of TD-NMR in all three
areas of food science and technology. This is an active research area which is
indicated by the large number of reviews that appeared in the past decade
(Table 1). We will emphasise low-field TD-NMR applications that can be imple-
mented on benchtop instruments or on further downsized sensors for in-line or
mobile inspections of product processing or quality control. TD-NMR has found
a wide application range within food products, and for the sake of conciseness we
will focus on relaxometric and diffusometric '"H NMR observations in the time
domain. Hence, studies on nuclei such as O or 2H, which are mostly carried out
in the frequency domain, will not be discussed; magnetic resonance imaging
(MRI) applications will also not be covered in this review. Cross-relaxation®®

> Research > > Development> > Supplychain>

Structure-property Product prototyping Sourcing
relations scale up manufacturing
Process/formulation distribution
optimisation
Hypothesis Rapid Quality/process
generation/testing measurements control

Measurement challenges

Figure1 Schematic representation of the application areas of time-domain NMR in food science
and technology.



Time-Domain NMR Applied to Food Products 149

TABLE1 Reviews of time-domain NMR technologies and their applications in food science and
technology (since 2000)

Subject Date References
Quality and process control by TD-NMR 2001-2009 3,4,7-10
Water/moisture and fat analysis by TD-NMR 2006 11
Multi-variate analysis 2002 12
Magnet designs 2009 13
Unilateral mobile NMR 2008 14
Emulsion characterisation 2007, 2009 15, 16
2D Diffusion and relaxation 2006 17

Fruit inspection by TD-NMR 2006 18

NMR relaxometry and meat science 2009 19

NMR relaxometry and dairy products 2009 20

2D TD-NMR applied to dairy products 2009 21

Novel low-field NMR techniques in food science 2006 22
Practical aspects of TD-NMR 2007 23

(also known as magnetisation transfer or z-spectroscopy) is considered as a
frequency-domain experiment and is outside of the scope of this review as well.

It may seem that TD-NMR is hampered by the relatively low and inhomoge-
neous fields that are typically used, as well as compromises in specifications of
electronics and probeheads. In this review, the ingenuity of NMR spectrosco-
pists in exploiting the opportunities of low-field TD-NMR will be described.
Many of the apparent shortcomings have been circumvented by innovations in
pulse programming, data processing and data analysis. For example, distin-
guishing chemical species by means of their chemical shift in the frequency
domain is hampered by the relative low and inhomogeneous By fields of most
TD instruments. Therefore, in many applications, differences in relaxation and
diffusional behaviour have been exploited to distinguish, for example, oil and
water. Data processing and analysis are critical for exploiting TD-NMR data to
the full; hence a separate section is dedicated to these topics. Subsequently, we
provide an elaborate overview of TD-NMR applications in food science and
technology and conclude with a vision on future developments.

2. HISTORY

The development of the first commercial dedicated pulsed time-domain bench-
top NMR instrument started in 1970 with an industrial collaboration between
an instrument manufacturer (Bruker) and a foods company (Unilever). At that
time, the fat and oil industry was in a strong need to replace cumbersome
dilatometric methods for determination of solid content in fats. Earlier work in
the 1960s on assessment of solid fat content by frequency-domain wideline
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NMR**** was successfully pursued in pulsed NMR mode by Bruker. The
collaboration resulted in the first commercial benchtop pulsed NMR instrument
for relaxometric determination of solid fat content (SEC) in fat blends.?® The
NMR SFC method rapidly conquered the market, and this development was
picked up by other manufacturers like Oxford. In the decade that followed, the
range of relaxometric methods widened to other food applications such as the
determination of fat content in chocolate and oil content in seeds. At that time,
the industry recognised that an NMR droplet sizing method developed by
Packer and Rees” was well amenable for implementation in the benchtop
mode. This also resulted in benchtop NMR instrumentation for droplet sizing
in food emulsions. Although initially the benchtop NMR instruments were
developed for routine quality and process control, food scientists in academia
and industry rapidly recognised the potential of these relatively low-cost instru-
ments for research purposes. On the one hand, this resulted in a wide range of
applications of NMR relaxometry and diffusometry in foods. On the other
hand, we also witness technological developments, such as unilateral and
portable NMR for non-invasive assessment of material properties.'* The devel-
opments at the application and technological side have resulted in a number of
small to medium enterprises that offer dedicated solutions for industry and
academia. Thus, time-domain NMR has become an active research area at the
interface of industry and academia, and is a vital member of the ““Mobile
NMR"” community.

3. EQUIPMENT

3.1. Magnets

In the most common TD-NMR implementation, static magnetic By fields are
generated by electromagnets or permanent magnets, consisting of a yoke hold-
ing two poles at a distance of a few centimetres. Thus, By, field strengths between
0.12 and 1.4 T can be obtained, corresponding to proton Larmor frequencies in
the range of 5-60 MHz. These field strengths gain sufficient sensitivity for
observing abundant species in foods such as water and oil. Such magnets are
relatively cheap and can be installed on laboratory benches. Currently, most
of the commercial benchtop magnets do not have a shimming unit attached
and exhibit relatively poor homogeneity, typically resulting in T5 of a few
milliseconds for most liquids. Within this review, we will occasionally also
mention TD-NMR experiments that were carried out on high-field (>100
MHz) NMR spectrometers, where one can benefit from superior homogeneity,
sensitivity and dynamic range. For most applications, this is not a cost-effective
solution, so we will focus on routes to overcome current limitations of low-field
magnets. Some examples of shimmed low-field permanent magnets have been
described, achieving sufficient resolution for frequency-domain NMR,*** but
this has not been pursued widely. Commonly, one relies on minimising field
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drift by keeping magnets at a constant temperature; typically no field lock is
supplied. Air gaps for most magnets are between 25 and 100 mm and allow for
sample (tube) diameters between 10 and 100 mm."” The largest air gaps are wide
enough to pass intact apples on a small conveyor belt.*” With large air gaps, one
however has to compromise on a lower Larmor frequency, where stabilisation
and homogeneity are then easier to achieve. Recently, so-called Halbach magnet
arrangements’' > have been used to design more homogeneous magnets that
would be suitable for benchtop® implementation. Open-access Halbach magnet
designs have also been proposed for online non-invasive inspection of intact
food products.” Both ideas have not reached commercial implementation yet,
however. Another approach to non-invasive inspection of intact products is the
deployment of single-sided magnets with built-in measurement coils for trans-
mitting and receiving rf signals.'* One-side magnet geometries allow for record-
ing of NMR signals in the sensor mode for a relatively thin slice near the
magnet.’® This precludes application to structurally heterogeneous products,
however.?*?°

3.2. Electronics

In the earliest commercial benchtop NMR instruments, rf fields were generated by
relatively cheap electronics and free induction decays (FIDs) were acquired by
simple diode detectors.”” Contemporary instruments have much more advanced
designs, allowing sophisticated multi-pulse experiments, and the NMR signal can
be recorded with adequate digital resolution in a linear manner in phase-sensitive
mode. For diffusometric experiments, accessories can be supplied that allow
delivery of the strong currents needed for driving pulsed-field gradient coils.
A cost-effective method for supplying strong and short linear currents was the
use of capacitors, but nowadays increasingly linear gradient amplifiers are also
used in commercial benchtop instruments.

Probehead requirements are different for so-called absolute and relative relaxo-
metric measurements. For many oil or moisture content measurements, one needs
to record the absolute value of the magnetisation, and this requires good rf homo-
geneity over a large sample volume. Typically, here one accepts longer dead times
and pulse widths. For relative measurements, where one, for example, considers
the decay of magnetisation, short pulse widths and dead times are required, and
consequently probeheads with lower Q-factors. Here one often compromises with
respect to rf homogeneity.'””> For many applications, one needs thermostatted
probeheads, which is achieved by water or gas flow. In some cases, probeheads
are simply maintained at magnet temperature; rapid measurement of pre-
conditioned samples then prevents any significant change in temperature. For
pulsed field gradient applications, both shielded as well as non-shielded gradient
coils are in use. In case non-shielded gradient coils are used, one either has to use
time-consuming gradient balancing procedures, or take recourse to cumbersome
but effective calibration procedures.”
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4. ONE-DIMENSIONAL RELAXOMETRY AND DIFFUSOMETRY

4.1. Relaxometry

Many of the pulse sequences in benchtop NMR relaxometry found their first
application already decades ago.”” The FID is the most basic transversal (T»)
relaxometric experiment, but at current low-field benchtop NMR instruments its
applicability is compromised by the strong inhomogeneity of commercial perma-
nent magnets now in use. Hence, the FID is mostly used to assess the rapid sub-
millisecond (T7) relaxation behaviour of solid crystalline and glassy phases where
molecular mobility is low. The solid-echo (SIdE) sequence is considered to
describe more accurately solid phases, but it has never found wide applications
in foods. For phases where molecular mobility is higher, such as in most
semi-solid and liquid phase, one typically uses the Hahn spin—echo (SE) of
Carr-Purcell-Meiboom-Gill (CPMG) sequences. These transversal relaxation
experiments refocus dephasing due to By inhomogeneity and allow assessment
of relaxation times in the milliseconds to seconds range. The refocusing of mag-
netisation in SE and CPMG experiments is still sensitive to diffusion and
exchange, and this can be exploited to obtain structural information on hydration
and micro-scale morphology*”* (Section 6.2).

Besides transversal (T5) relaxation experiments, one often also assesses longi-
tudinal (T;) relaxation behaviour by inversion recovery (IR) or saturation recovery
(SR) sequences. In particular, the IR sequence is much more time consuming
than T, measurements such as CPMG. For simple systems, rapid SR experiments
and simple data-treatment procedures have been proposed,** but for more com-
plex systems more sophisticated two-dimensional approaches are required
(Section 5). In 1D measurements, differences in T values in complex foods have
effectively been exploited for selective suppression of the refocused magnetisa-
tion®™ in more advanced methods like SE T;-Null*® or CPMG T,;-Null.*’ Fast field
cycling (FFC) offers the possibility of rapid assessment of the dependence of T;
on static field strength. Although these NMR dispersion (NMRD) profiles
contain a wealth of information on rapid dynamic processes, the number of FFC
applications within foods has been limited.*®

An attempt to improve the sensitivity when using a low-field NMR machine is
steady-state free precession (SSFP).*’ An increase in the signal-to-noise ratio for a
given acquisition time is gained in comparison with conventional acquisitions as
FID or SE. A variation of this method is continuous wave free precession
(CWEFP).”® The method employs a train of 90° pulses with a period that is much
shorter than T3. In this case, spin dephasing between pulses is negligible and a
continuous-wave periodic signal is achieved.” The amplitude of the signal
depends on both transverse and longitudinal relaxation times and this informa-
tion is gained in a single scan experiment. The method is suitable for multi-
component systems if the discrimination is possible via difference in relaxation
times. Drawbacks exist due to static and rf field inhomogeneity that accumulate
during repetitive excitations. In the fast motion limit, where Ty = T, the decay
from the quasi-stationary to steady-state regime occurs within a very short time.”'
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In combination with a static magnetic field gradient, SSFP allows the real-time
measurement of flow.”> Under appropriate conditions, the method is an impor-
tant candidate to fast, low-field routine determinations in one-component systems
but its potential has not been extensively investigated in heterogeneous food
products.

To discriminate biochemical compositions in solid-like materials, the Jeener—
Broekaert (JB) experiment to measure dipolar T;p relaxation times has been
applied to plant cell wall materials.”>® The process of exchanging magnetisa-
tion between rigid and mobile fractions in the plant system has been studied
using the Goldman-Shen (GS) cross-relaxation experiment.””> Compositional
and molecular dynamic information in the solid phase can be also obtained
from the proton spin-lattice relaxation time in the rotating frame (T7,) as
measured by a spin-lock (SL) sequence. These approaches are commonly used
in technical polymer studies but have found only a moderate number of
food applications.” >’

4.2. Diffusometry

The commonly used diffusometric experiments combine de- and refocusing
pulsed field gradient (PFG) pulses with spin—echo (SE) or stimulated echo (STE)
measurements. The motivation to apply the methods in food science arises from
the fact that the observed signal attenuation is proportional to the self-diffusion
constant (D) and three adjustable NMR parameters: the amplitude (G), the dura-
tion (9) and the time interval between the de- and refocusing pulses (A) of the
magnetic field gradient pulses. The self-diffusion constant can be derived from the
exponential attenuation of signal in a field gradient as a function of y>G*6*(A-3/3).
Within heterogeneous systems, the spatial variance of the magnetic susceptibility
induces background magnetic field gradients, which often hampers accurate deter-
mination of diffusion coefficients. This can be circumvented by approaches that
employ bipolar field gradients such as the 13-interval PFEGSTE sequence.®’ Alter-
natively, one can deploy the PFG multiple spin—echo (MSE) sequence where two
PFGs and a phase cycled CPMG-like pulse train are intertwined.®"**

Semi-permeable barriers between (sub)cellular compartments in plants cause
restriction of water self-diffusion, resulting in disturbance of the exponential PFG
decay.”® In well-defined food systems, the average displacement of molecules
over a limited, specified range can be quantified in terms of barrier properties,
using a combination of g-space microscopy® and microstructural modelling
approaches (Section 6.2). To selectively probe size dimensions in heterogeneous
food systems with multi-exponential relaxation decays, PFG-SE and -STE
sequences have been supplied with filters to suppress unwanted contributions.
Such filters relied either on differences in T;°* or on self-diffusion coeffi-
cients.***”%> Most diffusometric NMR applications within foods rely on pulsed
field gradients, but the use of a constant field gradient in combination with CPMG
(fgCPMG) has also been described.®®
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5. TWO-DIMENSIONAL NMR RELAXOMETRY AND DIFFUSOMETRY

When the aforementioned 1D measurements are applied to complex heteroge-
neous food materials, one inevitably encounters the challenge of resolving com-
ponents with similar relaxation times. Hence a number of methods have been
proposed that aim at resolving components in food products and materials
(see Table 2) in two or even three relaxation and/or diffusion time dimensions,
resulting in correlated relaxation times and/or diffusion coefficients.

5.1. Tyy)—T, correlations

The first attempts to measure two-dimensional T; and T, correlations in the time
domain used a combination of saturation or inversion recovery (SR or IR) and FID
or CPMG. In the SR/IR-FID experiment, combined with a 2D “spin grouping”
approach,®” % the entire FID is monitored for every saturation or inversion recov-
ery time.”””° Similar approaches have also been used to correlate spin-lattice
relaxation in the rotating frame (T,,) with T, by combining a spin lock (SL) with

TABLE 2 Overview of 2D sequences built up from 1D relaxometric and diffusometric building
blocks and resulting correlation spectra

Sequence Correlation References

T1(p)—T> correlations

SR-FID T1-T, 69,70
SR-CPMG T1-T 72
IR-CPMG T1-T» 71,74,76
IR-PFGSE-CPMG T1—(D-filter)-T, 81
SL-FID T1,-T> 69
SL-CPMG T1,-T> 70

D-T, correlations using PFG

PFGSE-CPMG D-T, 89,21, 83
PFGMSE-CPMG D-T, 61, 84
PFGSTE-CPMG D-T, 21, 82
13-Interval PFGSTE-CPMG D-T, 85
IR-PFGSTE-CPMG D—(T,-filter)-T, 86

D-T, correlations using constant field gradients

Multi-grade CPMG D-T, 90, 91
T,-T, and D-T, correlations in inhomogeneous fields

STE-CPMG in fringe field D-T,

SE-CPMG in fringe field D-T, 21,92
IR-CPMG in fringe field T1-T»

Exchange correlations

PFGSE-store-PFGSE D-D 95

CPMG-store-CPMG T-T, 93, 94, 96
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an FID* or a CPMG” sequence. In SR/IR-CPMG sequences, a CPMG pulse
sequence monitors the transverse magnetisation at echo times t, after a satura-
tion/inversion recovery time during t;, where spin systems evolves under the
influence of spin-lattice relaxation. The SR/IR-CPMG sequence produces CMPG
amplitude data sets at every t; time. T;-T; correlations measured by IR-CPMG”%7!
were initially obtained from a 2D version of NNLS fitting, which demanded
significant computer memory.”" This firstly impeded widespread use of the IR-
CPMG experiment in foods. Less extensive data manipulation was needed for IR-
or SR-CPMG experiments if the respective CPMG decays for every saturation time
were first subjected to 1D SPLMOD or CONTIN analysis in the T, direction to
obtain T; value of the fractions with different T, values.”> The SR-CPMG approach
has been used to discriminate water fractions in compartmentalised plant
tissues.”>”?

Once a fast 2D Laplace inverse (FLI) algorithm”* became available, the poten-
tial of combining two dimensions for resolving different components and water
compartments in foods was early recognised.'””” The combined IR-CPMG exper-
iment for measuring T1~T, correlations”*”® has already found widespread use in
food science.” Apart from the most common application to resolve different food
components by their respective relaxation times, there have been attempts to
make conclusions on exchange processes. Exchange is observed in 2D Ty-T,
correlation spectra by off-diagonal peaks when T; # T, ”*” but so far conclusions
have often been speculative. IR-CPMG protocols with different CPMG pulse
spacings and spectrometer frequencies were explored for distinguishing different
water compartments in plant systems.®”®" At longer CPMG pulse spacings, the
diffusion of water through local field gradients leads to faster transversal relaxa-
tion and thus structural characteristics like air spaces in the cellular tissue of plant
materials may become evident. Because of the strong dependence of T; on the
spectrometer frequency, T;-T, spectra may be better resolved at a lower fre-
quency where T; differences are amplified,*® while at a higher frequency T,
differences are magnified.*® To better resolve minor components in complex
foods, water-suppressed T;—T> measurements have been carried out using the
IR-PFGSE-CPMG sequence. In this method, the PFGSE step is inserted after the
inversion step so that rapidly diffusing water molecules are dephased.®'

5.2. T,—D correlations using pulsed-field gradients

Correlation of diffusion and T, has been achieved by combining common diffuso-
metric approaches, such as PFGSE or PFGSTE, with a CPMG sequence.®*** D-T,
correlations have also been obtained by sequences that are not sensitive to back-
ground gradients such as PFGMSE-CPMG®"** or 13-interval PEGSTE-CPMG.*
By adding a T;-filter, specific components can be emphasised in the IR-PFGSTE-
CPMG sequence.® In these experiments, diffusion and T, relaxation are sampled
in gradient strength and echo time domain, respectively. Subsequently, D-T,
correlations can be obtained using different data analysis approaches
(Section 6). Discrete data analysis approaches (e.g. NNLS, SPLMOD) have been
useful to distinguish the diffusion coefficient values of water fractions associated
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with different compartments, as well as surface/volume ratios of cells.
Since the introduction of the 2D fast Laplace inversion (FLI) algorithm, D-T,
correlation sequences® are gaining popularity for discriminating components in
complex food materials on the basis of differences in diffusion behaviour.?'**” 5!

Another D-T, method to probe microstructure relies on a multi-grade
CPMG**! sequence, where CPMG is used to measure the water transverse
relaxation time distribution and a ramped external constant field gradient
(applied throughout the CPMG sequence) is used to give diffusive weightings
to each relaxation time component. Although this approach allows assessment of
the effective water diffusivity without effect from the background gradients, it has
not found application in food science yet.

5.3. T;—T, and T,—-D correlations in inhomogeneous fields

By recording STE-CPMG or SE-CPMG and IR-CPMG experiments in strongly
inhomogeneous fields as, for example, present in the fringe-field of supercon-
ducting magnets or in one-sided magnets, D-T, and T;-T, maps can be
obtained.”” The sequences consist of two parts: the initial diffusion (STE/SE)
or relaxation (IR) editing followed by refocusing the CPMG sequence. By vary-
ing the time between the first and the second 90° pulse (STE) or the initial echo
spacing (SE) and the inversion recovery time, diffusion and T; relaxation can be
correlated. In the second part, the magnetisations are repeatedly refocused by
the series of many 180° pulses with short echo spacing to obtain the relaxation
information only. The analysis of the spin dynamics in the pulse sequences has
been done in the formalism of possible coherence pathways, which includes the
effect of diffusion, relaxation and strong field inhomogeneity. The application of
appropriate phase cycling methods in the diffusion editing part of the experi-
ments allowed selection of a single coherent path from many possible coherence
pathways to calculate the spectrum and dependence on diffusion of the magne-
tisation at the end of the editing sequence. Thus diffusional attenuation is
uniform across the whole spectrum. To reduce the multiple possible coherence
pathways, short echo spacing time with effective rotation axis approach in the
second part of the experiments is used in that approach. Recently, STE-CPMG
and IR-CPMG experiments in the presence of a strong static gradient outside of
the superconducting magnet have been applied to study the heterogeneity of
food products.”

5.4. 2D exchange experiments

Information on inter-compartmental exchange dynamics can be derived from the
CPMG-store-CPMG experiment.” During the storage periods, magnetisation is
held along the longitudinal direction, during which exchange can occur.”* The
obtained cross-peaks in the T>—T, spectra have been recently used to detect inter-
compartmental diffusion in cellular foods.*" D-D correlations can be achieved by
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two PFGSE sequences with stimulated echoes, separated by an exchange time
where the gradient strengths of the two different parts are varied independently.*
Diffusion exchange (D-D) results have been obtained for foods sys’rerns95 in which
exchange between compartments with different diffusion behaviour was
observed.

6. DATA-ANALYSIS APPROACHES

6.1. Signal processing

Since protonated materials in the probehead introduce a small but discernible
rapidly decaying background signal, a correction for this is sometimes applied.
The dephasing of the NMR signal due to By inhomogeneity is typically cancelled
by refocusing 180° pulses, as in CPMG pulse trains. This is not a useful solution
when one wants to observe sub-millisecond relaxation times. Whereas for solid
signals (T < 20 us) effects of By inhomogeneity are hardly noticeable, this is not
the case for semi-solid signals (20 us < T> < 200 us). By assuming that the effect of
By inhomogeneity is a straightforward deconvolution with a Gaussian function,
one can simply obtain the true FID. In most spectrometers, data are recorded in
quadrature mode, but many researchers apply magnitude transformation to
correct for phase errors in the acquisition. This introduces a bias in the exponential
ﬁtting;; and algorithms have been proposed to phase-correct the quadrature
data.””

6.2. Model-driven analysis

6.2.1. Free induction decays obtained from rigid phases

Several models have been applied to fit transversal relaxation data obtained by
TD-NMR. For line shapes originating from crystalline lipids®*'* or carbohy-
dates'"'9? with strong dipolar couplings, one commonly uses the “Abragam’’
sinc function'®:

242

t _tZ
M(t) = A exp (%) sin (bt)/(bt) + B exp (c_z) +d (1)
where the second magnetic moment M, is given by
M, = a® + %bz (2)

For crystals with a high degree of mobility, and also for solids in a glassy state,
one commonly uses a Gaussian line shape for fitting. The feasibility of quantita-
tive assessment of different crystalline polymorphs, semi-solid and liquid phase
has been demonstrated. In such approaches, one should avoid the risk of over-
fitting by imposing realistic constraints in the fitting procedure.”
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6.2.2. Diffusometric droplet sizing
The so-called short gradient pulse (SGP) and Gaussian phase distribution (GPD)
approximations have been used to develop analytical formalisms for describing
PFG decays of liquids that experience restricted diffusion inside spherical
droplets.®*'** The GPD approximation is most appropriate for droplet size distri-
bution (DSD) determinations on benchtop NMR instruments.'® The Murday and
Cotts'”® (MC) equation is based on the GPD approximation:

R(A,G,8,D,a) = exp|— % — 2G?? ;m
F(,G,6,D) = {a;.(jj 2+ exp(=9;,D(A = 9)) — 2 exp(—oz,D9) 722 exp(—02,DA) + exp(—a?D(A + O))}

i (5,D)

m

x f(A,G, 6,D)}

©)

In this equation, A, J, y and T, have been defined before, a is the droplet radius,
and «,, is the mth positive root of the Bessel function equation:

J3j2(0a)/oa = J5/2(0a) (4)

The restricted diffusion equation can be extended® to describe a distribution
of droplet sizes according to a unimodal lognormal distribution P(a):

1 (In 2a — In D33)?
a) = — 5
)= o OF 752 (5)

Here D33 is the volume-weighted mean droplet diameter, which means that
50% of the total volume of the dispersed phase is present in droplets with a
diameter smaller than D33, whereas the other 50% is present in droplets with a
diameter larger than D33, and o is the standard deviation of the logarithm of the
droplet diameter.'”'"” As an alternative to imposing an algebraic form of the
DSD, model-free approaches have also been described that require no a priori
assumptions. Three approaches have been demonstrated that rely on a generating
function method,'"” a numerical routine base to solve a Fredholm integral
problem'” and a regularisation algorithm."''

6.2.3. Transversal relaxation-time dispersion and exchange

By studying transversal relaxation behaviour of water as a function of CPMG
inter-pulse delay, one can obtain structural information on hydration and micro-
scale morphology*®**'"! of food materials. A characteristic sigmoid-shaped
curve for the water proton relaxation T, rate as a function of CPMG inter-pulse
delay is observed if exchange occurs between sites with different Larmor frequen-
cies. An example is shown in Figure 2, where one can note that the dispersion in T,
as a function of CPMG inter-pulse delay is more clearly observed at higher field
where differences in Larmor frequencies are larger. For describing T, dispersion
curves, one can depart from models where spins jump between distinct sites with
different Larmor frequencies (‘“chemical site exchange”). The model of Luz and
Meiboom (LM''?) assumes fast chemical exchange between two sites with
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Figure 2 T, dispersion curves for a casein gel at 20 and 300 MHz (reprinted with permission from
Reference 43. Copyright 2005, American Institute of Physics).
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different Larmor frequencies and uniform T,. The Allerhand and Gutowski (AG'"?)
model also covers slow chemical exchange, and was further extended by Carver
and Richards (CR"*!°) to allow for differences in transversal relaxation rates.
Alternatively, one can also imagine ““diffusion/susceptibility exchange”, where
sites (not necessarily chemically different) are separated by local magnetic field
gradients due to microstructural magnetic susceptibility mismatches. Whereas in
““chemical site exchange’ one discerns distinct chemical shifts, spins cover a range
of Larmor frequencies in ““diffusion/susceptibility exchange”. Whether the full
range of Larmor frequencies can be covered depends on the length scale of the local
field gradients. In the “diffusive exchange model”''>''¢, spins diffuse between
spatially separated compartments with different Larmor frequencies and transver-
sal relaxation times. Diffusive exchange has been elaborated in plant-tissue-specific
models, which will be described in the next sections.

6.2.4. Vacuolated plant materials

In general, multi-exponential decay curves are observed for water relaxation
measurements in (vacuolated) plant material. The different relaxation times can
be assigned more or less uniquely to either water in the vacuole (longest T; and T5),
cytoplasm (T4 > T,, both shorter than vacuolar T; and T5) or cell wall/extracellular
space (T, depends strongly on the water content in this compartment, and ranges
from about one millisecond and higher).”***!''” Diffusive exchange within com-
partments and exchange between compartments, passing membranes, affect the
observed relaxation times.''® The observed T, (and T,) of vacuolar water has been
demonstrated to depend on the bulk T5 in the vacuole (T2 puk), and the surface-to-

volume ratio (S/V) of the vacuole''®:

1/Toobs = (H % S/V) +1/T2puix (6)
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The proportionality constant H is directly related to the actual tonoplast
membrane permeability for water.'”!'® The equation holds also for water in
(xylem) vessels, where H now represents the loss of magnetisation at the vessel
wall,""” demonstrating that T, of vessel water directly relates to vessel radius.
For a proper interpretation of T g1, in terms of membrane permeability, we need
to know S/V (cf Equation (6)). This information can be obtained by measuring the
apparent diffusion coefficient D,p, as a function of the diffusion time A.
For diffusion in a confined compartment, free diffusion is observed at short
diffusion times. At increasing A, the diffusion becomes restricted, but the averag-
ing of local properties over a large enough distance does not occur yet. In that
regime, D,,, depends linearly on A, and the slope is determined by S/V of the
compartment.

6.2.5. The numerical plant cell model

The problem that still needs to be solved is the translation of the data analysis
results (e.g. Ty, T, D values) with respect to important intrinsic properties, like
compartment sizes (a or ) and membrane permeability (P) for cells. In the last
decades, much insight has been gained on how plant tissue microstructures are
reflected in NMR relaxation parameters and self-diffusion behaviour of water and
solutes.'*” Already two decades ago it was found that NMR relaxation of water is
governed by fast chemical exchange between water and exchangeable protons
on biopolymers (or solutes) and diffusion through internally generated field
gradients at the air/cell interface.*” Depending on cell morphology and mem-
brane permeabilities, diffusive exchange between the various vacuolar, cytoplas-
mic and extracellular water compartments spatially averages water proton
magnetisations.”>'®

One- and two-dimensional three-compartment diffusion/relaxation models
have been introduced”'"”'?!"12? that discerned vacuole, cytoplasm and extracel-
lular regions, characterised by D; and T, ; constants, separated by semi-permeable
tonoplast (P;) and plasmalemma (P,) membranes (Figure 3). The calculations
simulate PFG-SE experiments and are based on solving the partial differential
equations with respect to 2D spin magnetisation density in the presence of
field gradients used in PFG experiments, spin relaxation and a proper set of initial
and boundary conditions, which are based on the Fick’s second law of diffu-
sion."'71#1122 The resulting spin-echo amplitude S(GJ, A, ) depends on the
three independent variables: GJ, the wave vector corresponding to the pulsed
gradient area; A, the diffusion time; and 7, the 90-180 pulse spacing. Analysis
of this data set can either be done by a general approach as described above
(see Section 6.2.4) or, alternatively by using the numerical plant cell model to
simulate the data."'”'**

Recently, an alternative approach has been presented to fit correlated D-T,
experiments directly with intrinsic 1D geometric model parameters, like compart-
ment size, membrane permeability and compartment relaxation times and diffu-
sion coefficients.'* Fitting of 2D or even 3D geometries is computationally more
demanding and has been used to obtain intrinsic values for apple and carrot tissue
as a function of processing.*"*?
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Figure 3 A schematic representation of a three-compartment plant cell model in cylindrical

(A) and plane parallel (B) geometry. The labels D;, T, P, refer to the intrinsic water self-diffusion
coefficients, water proton relaxation times, and membrane permeabilities for vacuole (1), cytoplasm
(2) and extracellular (3) compartments (reprinted from Reference 122, Copyright 2002, with
permission from Elsevier).

6.3. Discrete relaxometric and diffusometric decays

In many cases, one assumes that relaxometric and diffusometric decays consist of
a sum of a limited number of exponentially decaying terms. This is, for example,
the case for transversal CPMG decays and longitudinal IR decays. For relatively
simple mixtures of oil and water, diffusometric decays are often bi-exponential.
Several conventional approaches for such decays are available, but often ill-
conditioning and local minima are encountered. For NMR decays, SPLMOD'**
has found widespread use, which has a particular advantage that it can simulta-
neously fit a range of decays that share common relaxation characteristics (cou-
pled analysis). For this purpose, several other solutions have also been described
such as MATRIXFIT®® and NNLS."*'?° Decays consisting of exponentially decay-
ing terms can also be resolved using multi-way multi-variate methods, such as
SLICING'®” and DOUBLESLICING.'” In these approaches, a bi-dimensional
array is built where the different rows represent the original decay shifted with
different time lags. The resulting matrix can be analysed by so-called tri-linear
data-analysis methods. This may be seem a cumbersome method, but a main
advantage of (DOUBLE) SLICING is its efficiency in computation time.

In all aforementioned approaches, one is dealing with one or more decays in
which only one relaxation or diffusometric mechanism is active. For complex
heterogeneous systems, this frequently leads to components that cannot be
resolved, either because relative populations are small or because populations
have small differences in relaxation or diffusion constants. Such populations
can be resolved by 2D measurements in which two relaxation principles, such
as To~T; or To-T;, are combined. CracSpin'** has been proposed as an approach to
resolve discrete “’spin groups’”” which share common relaxometric parameters.®>*’
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6.4. Continuously distributed relaxometric and diffusometric decays

Due to the compositional and structural heterogeneity of foods systems, nuclear
spins experience various environments and exhibit a distribution of relaxation or
diffusion constants. In this case, the NMR signal decay can better be treated as an
integral response of a continuous distribution function rather than a limited num-
ber of discrete components. The solution of the continuum approach is non-unique,
meaning that a variety of results exist that fit the data equally well."*° Such data
inversions are ill-posed problems where the solution is sensitive to small experi-
mental errors. Several methods for data inversion based on statistical regularisation
techniques have emerged. From historical reasons, it is worth mentioning that
various studies were dedicated to test the performance and accuracy of different
approaches toinvert 1D data sets. Linear and non-linear schemes were employed to
solve inversion problems. Inverse Laplace transformation (ILT) was typically per-
formed with the NNLS fitting procedure under certain regularisation con-
straints.'®! Linear inversion techniques were also applied to NMR relaxation data
to extract continuous as well as discrete distributions.'*>'** Constrained regular-
isation is a more common approach for inversion of relaxometric data, and the
methods of Butler et al.'** and Provencher (CONTIN)"**'%¢ have found most
widespread use. Both methods employ a constrained regularisation algorithm for
the inversion of noisy linear algebraic and integral equations. The solution is based
on weighted least squares and a regularisation factor that imposes parsimony or
statistical prior knowledge such as non-negativity. In the maximum entropy
method (MEM), the inversion of continuous distributions of relaxation data is
performed under maximum entropy control. Within the NMR community, the
method was first applied in high-resolution frequency domain for noise reduction
and resolution enhancement."”” TD applications in food area followed, and the
method proved efficient for rapid structural characterisation of various food
systems. >*'*’ A more recent method for data inversion is UPEN (Uniform PENalty
inversion of multi-exponential decay data), which uses a negative feedback in the
smoothing for the computed distributions, thus allowing stronger smoothing for a
broad line than for a narrow one."**'*! The method brings improvements with
respect to constraints such as the non-negative constraint, which is rarely required
or not needed at all in the case of sharp lines. Moreover, the input data spacing can
be arbitrary. An extensive validation exercise has been carried out on simulated
and real data.'**'** A novel approach to estimate the solution of the inversion
problem consists of a statistical sampling of solutions that are consistent with the
experimental data by means of a Monte Carlo algorithm."*® Thus the uncertainty
distribution of the inverted data can be computed.

Until recently, poor performance of available algorithms impeded deploy-
ment of 2D TD-NMR methods to systems with continuous relaxation and
diffusion behaviour. A breakthrough was the introduction of time-efficient
and stable algorithms”*® for FLI of 2D data sets. The size of the 2D matrix
variables associated with the experimental data set and the inversion kernel are
reduced using singular-value decomposition. The 2D input and output matri-
ces are transformed to 1D vectors by consecutive ordering of the matrix rows
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or columns. Thus the problem becomes 1D and the computation makes use of
a generic 1D Laplace inversion.

6.5. Multi-variate data analysis approaches

A major advantage of NMR is that there is virtually no bias when detecting
compounds. In the benchtop implementation, one compromises sensitivity, but
bulk species such as water, lipids and carbohydrates can be detected without any
difficulty. Although TD-NMR may lack chemical sensitivity, its particular strength
lies in its sensitivity to detect differences in molecular mobility. The unbiased nature
of NMR is only partially exploited by the strongly hypothesis/assumption-led data
analysis approaches outlined in the previous section. In the last decade, the unbiased
and multi-variate nature of TD-NMR has been exploited in a range of explorative
chemometric studies. In one approach, first time constants and populations were
extracted from a TD data set. Subsequently, these values were explored by multi-
linear regression (MLR) against physical or compositional parameters.'*'** Such an
approach critically depends on a good fitting procedure, as well as adequate pre-
cautions against overfitting.'” More commonly, the TD data themselves are sub-
jected to multi-variate analysis (MVA), where principal components anal5ysis (PCA)
is an established workhorse for exploring patterns in large data sets'>'* (see over-
view in Table 4). The PC model can in principle be used to regress against quality
parameters,'* but partial least squares (PLS) has become more established for this
purpose."**'* PCA and PLS are applied to data sets thathave a “matrix” structure. It
has been argued that by expanding such bi-linear “matrix’” data sets into a tri-linear
“cube” structure, one should be able to better resolve patterns in large arrays of
exponential decays.'>'*” The transformation of a bi-linear data set into a tri-linear
one is illustrated in Figure 4. Several approaches have been proposed for
obtaining a tri-linear data structure, DECRA'* being the most basic one and
SLICING and POWERSLICING providing enhanced performances.'* For the
subsequent three-way analysis of the tri-linear data sets, generalised rank annihila-
tion (GRAM), PARAlel FACtor analysis (PARAFAC) and direct tri-linear decompo-
sition (DTLD*®) have been applied. Whereas GRAM can only be combined with
DECRA,*¥'* DTLD can be applied to the different SLICING schemes for creating
tri-linear data sets. Most applications of three-way analysis have been performed
on data sets that were created from bi-linear ones. Truly tri-linear data sets can
be provided by 2D T»-D matrices,"™ which are directly suitable for three-way
PARAFAC analysis.

7. BENCHTOP TIME-DOMAIN NMR APPLICATIONS

7.1. Solid fat content

The first (1975*°) commercial TD-NMR application to foodstuff was the assess-
ment of solid content in fats. A sample was placed in the field of a permanent
(0.4 T) magnet, magnetisation was excited with a single pulse and the FID was
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Figure 4 The principle of slicing. A set of NMR decays (left figure) is held in a matrix with

each row corresponding to one measurement. This matrix is split so that the leftmost columns
are in one table and the rightmost in another (upper right figure). These slices are generally
overlapping, and when the lag is 1, the overlap is almost complete. The left slice has the original
columns 1to J — 1 and the right slice has columns 2 to J. The tables are put behind each other
resulting in a tri-linear data set (lower right figure). (Reprinted from Reference 143, Copyright 2003,
with permission from Elsevier).

acquired with a simple but effective diode detector.”” The solid content was
derived by a rather coarse data-processing procedure that involved recording
the signal intensities at short (around 10 us) and long (around 70 us) relaxation
time intervals.”” Assuming that all solid signal decays before the second interval,
the amount of solid phase can be calculated. Standards with known solid-to-liquid
ratios are needed as calibration to correct for the non-negligible effect of the dead
time. This is known to introduce a small systematic error in the SFC of fats with
rigid crystals and rapidly decaying NMR line shapes. As an alternative, the so-
called indirect SFC method samples the liquid part of the FID (around 70 us) in the
native and molten state, and thus calculates the amount of material. The current
consensus is that the direct SFC method is precise (“’small standard deviation™)
but slightly less accurate (“true”) for specific lipid crystal forms, and the indirect
method is more accurate but less precise."” For food technologists involved in
rapid testing of product prototypes or quality/process control, precision is often
of less importance than accuracy (“‘trueness’) and thus the rapid direct SFC
method is mostly preferred over the more cumbersome and less precise indirect
SFC method. Both the direct and indirect SFC methods are based on rather crude
treatments of the FID and do not exploit its full line shape. This has been
addressed in several recent studies that demonstrate that, when lipid polymor-
phism is adequately taken into account,”'* the SFC can be determined without
the use of standards (direct SFC) or melting steps (indirect SFC).
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7.2. Shelf-life stability of foods

During their shelf-life, foods typically lose quality as a result of chemical, micro-
bial and physical events. Examples of chemical deterioration are oxidation, dis-
colouration and hydrolysis, which can lead to loss of sensorial quality and
nutritional value. In time, also undesirable physical properties can develop such
as caking, stickiness, chewiness and sogginess. Furthermore, products can be
spoiled by microbial growth. In order to describe these events, two general
concepts have been developed in food science. For predicting chemical and
microbial stability,'>> one commonly deploys the concept of water activity (a),
which is considered a good measure of the chemical potential of water'** and can
simply be derived from vapour pressure measurements. Attempts to relate water
activity to molecular mobility as measured by NMR relaxometry have been
successful only in some well-defined systems."” ' A systematic NMR and
DSC investigation on freeze-dried meat at different a,, values revealed the pitfalls
in interpretation of both techniques'*® in terms of molecular mobility. It has been
stated that no fundamental relation exists between a,, and NMR relaxation; they
just respond similarly to changing states of water."”* For predicting physical and
chemical stability, the glass/rubber transition temperature (T;) has been proven
useful. In most food systems, water is the major plasticiser of food polymers and
its mobility as derived from NMR relaxation behaviour agrees well with a glass/
rubber transition."””'® In food materials with low to intermediate moisture
content, transversal relaxation becomes very efficient and the plasticising effect
of water can be described within a theoretical framework.'® Whereas T, considers
water-induced mobility on a structural and macromolecular level, %% a,, is related
to the molecular mobility of water itself.'®> Hence, for making prediction of food
stabili’ty,l64 it has been recommended to consider both a,, and Tg.]65*167 The use of
state diagrams based on transversal NMR relaxation has been proposed as an
independent route to T, and a,,.'® This concept has successfully been applied to
hardening and caking issues of powdered food ingredients and products.'®~'"!
Glass/rubber transitions also determine stability of foods in the frozen state.
In most frozen food materials, non-equilibrium ice formation occurs with freeze-
concentration of dissolved solutes in an amorphous liquid phase. Upon further
decrease in temperature, the viscosity of this unfrozen amorphous phase increases
and a solid glass is formed. This glass/rubber transition relates to many physical
and chemical changes occurring in the freeze-concentrated phase. NMR relaxo-
metry has been used to monitor the presence of ““non-freezable’”” water in a range
of model systems'”*"'”> and complex food products.’”*7®

7.3. Moisture and fat content

Benchtop NMR has become an accepted analytical tool for quantitative assess-
ment of oil and moisture content in foods. The most classic application is the
quantitative assessment of oil and moisture content in low-moisture (<10%) food
materials such as intact seeds.””'® By combining FID and spin-echo experi-
ments, a set of signals is obtained from which oil and bound moisture content
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can be accurately and precisely derived.'®' Typically, samples need to be weighed
and calibration measurements need to be performed on samples with known
oil and bound moisture content.'® Approaches that do not require sample weigh-
ing and calibration measurements have also been presented and are based on
simple physical assumptions'®*'% or multi-variate models.'®*

In samples with abundant free (mobile) water such as in meat, fish and dairy
products, the aforementioned relaxometric approaches fail in distinguishing the
two mobile phases (oil and water).'"®® In one approach, the contribution from
mobile water is removed by microwave drying, and subsequently liquid oil is
assessed by considering the remaining ‘‘mobile’ part of the FID."**'% A com-
mercial solution is available that integrates both the microwave drying step and
the NMR measurement.'® In a second approach, signals of oil and water are
distinguished by combining relaxometric and diffusometric NMR measure-
ments.'*'”! Whereas the relaxometric CPMG decay comprises contributions
from both oil and water, diffusometric experiments can be tuned in such a manner
that the resulting decay contains only signal from oil. The “one shot”” m-PFGSE
sequence'”” has been presented as an accurate and precise method to obtain a
signal that corresponds to oil only. By subsequently considering the combined
signal of water and oil in the CPMG decay, the moisture content also can be
obtained.’® As an alternative, a combined T; and T, measurement was carried out
to produce a highly information dense data set that required multi-variate mod-
elling to yield quantitative information.* CWFP has been proposed as an approach
for rapid assessment of moisture in seeds and meat, but no commercial applica-
tion has appeared yet. This is also the case for 2D T;-T, and D-T, experiments, for
which feasibility of separating contributions of fat and water in a range of dairy
products®"”> and meat'** has been demonstrated.

7.4. Microstructural features in food emulsions

Figure 5 represents different cases how diffusion within the dispersed or continu-
ous phase of food emulsions can be exploited to give microstructural informa-
tion.'® Intra-droplet restricted self-diffusion (Figure 5A) is most commonly
exploited to infer DSDs. Mostly, droplet self-diffusion and inter-droplet diffusion
(Figure 5B and C) are considered as nuisances in determination of DSDs. In many
cases, these phenomena have been exploited for extracting microstructural fea-
tures of food emulsions. Within double emulsions (W/O/W or O/W /O), several
of the aforementioned diffusion mechanisms are active (Figure 5D). Within con-
tinuous phases, the droplet phase can hinder self-diffusion (Figure 5E), which can
be exploited for deriving the long-range order of droplets.

The restricted self-diffusion of a liquid confined in a spherical droplet can be
exploited to assess the DSD of a food emulsion. DSD determination by benchtop
NMR instruments is gaining popularity (Table 3, References 16,104) because this
method is precise, rapid and non-invasive, and can be run routinely by non-
experts on commercial benchtop NMR instruments. Hence, DSD determination
by benchtop NMR does not suffer from the drawbacks of other methods'® that
require cumbersome and invasive sample preparation procedures and
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Figure 5 Schematic representation of different modes (A, B, C, D, E) to probe emulsion
microstructure by PFG NMR (reprinted from Reference 16, Copyright 2009, with permission

from Elsevier).
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TABLE 3 Overview of applied benchtop PFG NMR droplet sizing studies

Dispersed phase

Continuous phase
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Property Field strength (MHz) References
o/W Temperature cycling stability 20 201-203
Oxidative stability 20 204
Oil droplets in cheese 60 205
W/0 Crystallisation inside droplets 20 206, 207
Storage stability 20 208, 209
Water droplets in butters 20 210
Water droplets in margarines 20 197

Reproduced with permission from Reference 16, Copyright 2009, with permission from Elsevier).

trained operators. Implementation of DSD determination at the low-field strength
of benchtop NMR equipment is not trivial, since water and oil signals cannot be
resolved. TD filtering techniques are needed to suppress the signal of the contin-
uous phase. In the case of W/O emulsions, the continuous water phase is
successfully suppressed by means of an inverse recovery sequence that nulls the
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oil signal.'”*'*® For O/W emulsions, such a relaxation filter cannot be used
because of the dispersion of the relaxation times of the water phase. Hence,
typically a diffusion filter is used that exploits the difference between the self-
diffusion constants of water and oil.°° Alternatively, multi-dimensional T,~D
measurements®” can be used for separating oil and water signals. The PFG diffu-
sion edited (PFG-DE)'*” sequence was indeed able to resolve dispersed/non-
dispersed water and oil in brine/crude oil emulsions (at a field strength of
2 MHz), but no application to food emulsions has been demonstrated yet.

Most commercial benchtop NMR instruments are capable of providing pulsed
field gradients between 2 and 4 T/m. This is sufficient for observing restricted
self-diffusion of water molecules in W/O food emulsions. On some commercial
systems, PFG performance is compromised by specifications of amplifiers and
probeheads, and time-consuming gradient balancing procedures are required to
obtain accurate PFG decays.”” A significant gain in measurement time can be
obtained by implementing an adequate calibration procedure.*®

7.5. Functionality of food ingredients

The strengths of benchtop NMR relaxometry in assessment of phase-compositional
and hydration phenomena have been exploited in a range of studies on food
ingredient functionality (Table 4A). Phase behaviour of lipids and carbohydrates
was one of the first applications in this area. Lipids can crystallise into three main
forms: the metastable o polymorph and the more stable § and f’ polymorphs. The
potential of NMR to discriminate lipid crystal polymorphs was already recognised
in a wideline study as early as 1957.%!" Since then, the effect of lipid polymorphism
on 'H NMR relaxation behaviour of the FID was recognised, but until recently no
systematic investigations were carried out. Different models to fit the FIDs origi-
nating from different lipid polymorphs,”'** have proven to be effective for dis-
criminating and quantifying « and f polymorphs of lipids. Combining the results
from transversal (FID) relaxation data with longitudinal (T;) relaxation data was
shown to enable even better discrimination between « and f lipid crystal poly-
morphs. So far, discriminating f and f’ polymorphs has turned out to be infeasible.
Besides clearly defined crystalline and liquid states, NMR was also able to observe
and quantify intermediate semi-solid phases.*'*>'>

In a similar fashion as for lipids, TD-NMR relaxometry has also been deployed
to observe crystallinity in carbohydrate-based food materials. T; relaxation has
been shown to be sensitive for the presence of amorphous phases in sugars.*'®
Transversal relaxation was used for the assessment of mobile/solid phases in
concentrated carbohydrate/water systems, and several relaxation models were
found to applicable to different mobility regimes.'”"'*> Detailed information on
hydrogen bonding in glassy oligosaccharide/water mixtures could be obtained
from transverse relaxation NMR experiments performed at different tempera-
tures and moisture levels.?!” Although starch can be considered as a carbohydrate,
it deserves a separate discussion. Within starch, carbohydrate chains of amylo-
pectin and amylase are organised in mesoscale crystalline and amorphous
lamellae, respectively. Figure 6 shows the transversal relaxation time distribution



TABLE 4 Overview of transversal relaxometric studies of (A) food materials and (B) products which deployed analysis by means of fitting with discrete
exponentials (DE), model functions (MF), continuous distributions (CD) or multi-variate analysis (MVA)

Material Application Bo Acquisition Data analysis References

(A) Ingredients

Encapsulates Flavour and water content 23 FID, FIDCPMG MVA 314, 315
Lipids Phase-composition 20 FID-CPMG MF 99
Crystal polymorphism 20 FID MF 100, 152
Level of unsaturation 20 CPMG DE 316
Milk fat phase composition 20 FID, IR DE, CD 317
23 CPMG, CPMG T;-Null ~ CD, MVA 318
Milk fat solid content 20 FID DE 213
Carbohydrates Sugar polymorphism 20 IR CD 216
Mobility in sugar glasses 300 FID MF 102
10-223, FID, FFC MF 319, 320
100, 300
23 FID, CPMG DE 321
Mobility in sugar syrup 23 FID MF 322
Mobility in low moisture 300 FID 101
sugar
Mobility in sugar solution 100 CPMG DE 323
Water dynamics in 100 CPMG DE 324
polysaccharide solutions
Polysaccharide glass 20 FID, IR DE 159, 160
transition
Polysaccharide-protein 20 CPMG DE 325
interactions
Thickening/gelling in 20 PFG-SE DE 326
gels/solutions

(continued)



0/L

TABLE 4 (continued)

Material Application Bo Acquisition Data analysis References
Proteins Interaction with 20 CPMG DE 327
polysaccharides
Denaturation 20 CPMG DE 328-330
Aggregation 20 CPMG DE 331
Protein content 20 CPMG DE 332
Gluten hydration 100 FID, IR DE 225, 227
300 IR, CPMG DE 333
Starch Bound water 30 FID, IR-FID DE, MF 334
Swelling, gelatinisation 20 CPMG, IR, FID DE, MF 220
Gelatinisation 15 FID, CPMG, IR CD 335
Pre-harvest condition 100 FID, CPMG CD 336
Granule structure 100 FID, CPMG CD 218
22 STE, PFGSTE DE 218
Retrogradation 20 FID, IR DE 224,337
20 CPMG DE 338, 339
20 CPMG CD, MVA 340
23 CPMG MVA 223
23 FID, CPMG CD 221
Starch gel freezing 15 CPMG, FID DE 173
Starch film plasticisation 23 FID, IR, GS MF, DE 341
Mobility in glassy starch 23 FID MF 342
systems
Chemical modification 20 FID, CPMG CD 343
Enzyme treatment and gel 23 CPMG DE, CD, MVA 344
functionality
Interactions in gels 30 CPMG, IR DE, MF 345



V4]

(B) Food
products
Cereals

Dairy

Lipid content in starch lipid
composites

Maturity of corn
Firming of rice
Water mobility in dough

Water mobility in frozen
dough
Mixing and resting of dough

Mixing and heating of
dough

Frozen storage of dough

Baking of bread

Staling of bread

Water mobility in bread

Water mobility in (model)
bread

Phase-composition of cake

Hydration and leaching of
breakfast cereals

WHC of dairy (models)

Water content of cheese

20

200
20

23
20

15
20
15

20
23
20
20
20

20
20

20
20
20

CPMG, SE

CPMG
CPMG
FID, CPMG
FID, CPMG
FID, CPMG

IR
CPMG
FID, CPMG, IR

CPMG

CPMG

SR, CPMG, FID
IR,FID,CPMG
CPMG

FID-CPMG
CPMG

FID-CPMG, IR
CPMG
FID, CPMG, IR
CPMG

DE

DE
DE
CD
CD, DE
DE

DE
DE
DE

DE
MVA
DE
DE
CD

DE
DE

DE
DE
DE
DE

346

347
348

230, 233

349
177

350
235
239

236-238, 351

240
241

352, 353
354, 355

356
357

246
244
245

358, 359

(continued)
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TABLE 4 (continued)

Material Application Bo Acquisition Data analysis References
Water distribution in cheese 20 CPMG, IR DE 360, 361
19 CPMG DE, CD 362
Cheese ageing 0.01-10 FFC MF 363
Phase composition of cheese 20 FID-CPMG MF 364
Yoghurt fermentation 21 IR, CPMG DE 243
Renneting of curd 20 CPMG DE, CD 138
Renneting of casein curd 20 CPMG, PFGSE CD 365
Effect of casein and faton 20 PFGSE DE 366
casein gels
Hydration and exchange 300 CPMG, PFGSTE MF 43
in casein gels
Phase-behaviour of ice 20 FID+CPMG DE, CD 247,248,367,
cream 368
Acidification of milk drinks 20 CPMG DE 369-371
23 CPMG DE,MVA,CD 372
Coagulation an syneresis 20 CPMG DE, CD 138, 370
Syneresis in dairy (model) 20 FID-CPMG MVA 373,374
Water status in dairy 20 FID, CPMG DE 174, 375
(model)
Phase composition in dairy 20 FID-CPMG MEF 376, 377
(model)
Confectionary Lipid migration in chocolate 15 CPMG DE 378
Hardening of bars 13 FID, CPMG DE 168, 379
Fat and water content in 20 SR-CPMG MVA 380
caramel
Glass transition in caramel 20 FID IR 381
Alcoholic beverages ~ Sugar and alcohol content 20 CPMG MF 382
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Vinegar
Food powders

Protein films
Horticultural products

Alcohol content

Mashes and wort rheology
Ageing and authenticity
Solubility, rehydration

Caking

Plasticisation by glycerol

Apple drying/freezing

Apple osmotic drying

Apple mealiness and
ripening

Apple internal browning/
watercore/bruising

Apple internal browning/
online quality

Apple mealiness

Orange storage

Water mobility and genetic/
seasonal origin of tomato

Tomato quality/firmness
Banana ripening
Apple/strawberry Brix

Apple parenchyma
microstructure

20

20

0.01-80

15

10

20

200

100

15

23,100, 300

5
5
5

100, 200
10

20

4

20

23

30

20

CPMG

FID-CPMG

FFC

CPMG

CPMG

FID

FID

CPMG

CPMG, IR

CPMG, IR-CPMG,
PFGSE-CPMG, IR-
PFGSE-CPMG,
CPMG-store-CPMG

CPMG

CPMG, PFGSE

CPMG

CPMG
CPMG, IR
CPMG, PFGSE-CPMG

CPMG

CPMG, PFGSE, PFEGMSE

PFGSE, CPMG T;-Null,
PFGSE-CPMG

CPMG, IR, PFGSTE-
CPMG, IR-CPMG,
IR-PFGSTE-CPMG

CPMG, SR, SR-CPMG

MF
DE
DE
DE
DE
DE
MF
CD
DE, CD
CD

DE
DE
DE

CD
DE
DE, CD
DE
DE
CD, DE

DE

DE

383
384
385
386
229

169-171

387
41
265
81

253
252
30

260
254
83
255
87
47

86

73

(continued)
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TABLE 4 (continued)
Material Application Bo Acquisition Data analysis References
Apple, mung bean 20 PFGMSE-CPMG DE 84
seedlings—diffusion
constants
Avocado maturity 23, 300 CPMG, IR-CPMG, CD 46
SE T;-Null, PFGSE-
CPMG, PFGSE
Diffusive/chemical 100 CPMG DE 40
exchange in courgette/
apple/onion
Bean cell wall physical 90 FID, SIdE, CPMG, DE 53, 55
structure IR, JB, GS
Bean cell wall physical 90 FID, SIdE, JB, DE 54
structure/changes during CPMG
growing
Bean cell wall physical 90 SIdE, B DE 56
structure/chemical
modification
Carrot drying/freezing 100, 300 CPMG CD 42
Carrot drying 20 SR MF 44,261-263
Carrot heating and pressure 23, 100 CPMG, IR-CPMG, CD 79
treatment CPMG-store-CPMG
Chinese chestnut cell wall 100 IR, SL, SIdE DE, MF 59
molecular mobility
Leaf water activity 20 SR DE 388
Pear browning 23,100, 300 CPMG, IR-CPMG, CD 80

PFGSE-CPMG
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Fish

Meat

Potato cooking
Potato sensorial quality

Potato dry matter

Water content in fried
potatoes

Potato freeze-drying

Potato freezing

Potato high-pressure
processing

Potato cell-wall molecular
mobility

Strawberry high-pressure
processing

WHC

Smoking

Salting

Storage and processing

Biological variation of lipid
content

Surimi gelation

Freeze-drying

WHC

Meat quality

Seasonal/geographic origin

Moisture content

Pre-slaughter diet and meat
quality

23

23
23

20
100
23, 300

100
23,300

23
23
20
20

20
20
23
20

23
23

CPMG
CPMG
CPMG
CPMG, IR
CPMG

SR
FID, CPMG
IR-CPMG, CPMG

IR, SR, SL, SIdE
CPMG

IR, CPMG
CPMG
CPMG
CPMG
CPMG

CPMG
CPMG
CPMG
CPMG
CPMG
FID,CPMG, IR
CPMG

DE, MVA, CD
DE, CD, MVA
DE, MVA

DE, MVA

DE, CD

MF
CD
CD

DE
CD

DE, MVA
MVA
MVA, CD
DE

MVA

DE

CD

CD

MVA
MVA

DE, MVA
CD

268, 269
259
257,258
256
389

264
178
267

57,58

266

277

311

309-311, 390
307, 391

185

312,313
392
274-276
146
185
144
288

(continued)



TABLE 4 (continued)

Material Application Bo Acquisition Data analysis References
Pre-slaughter age and meat 23 CPMG CD, MVA 393, 394
quality
Genetic factors and meat 23 CPMG CD, MVA 286, 287
quality
Post-mortem conditions 20 CPMG CD, MVA 289-292
Meat processing 23 CPMG CD, MVA 293, 294
30 CPMG, IR DE 295
Frozen storage 23 CPMG CD 296
23 CPMG DE, CD, MVA 297
Meat ageing 23 CPMG CD, MVA 298, 299
Freeze-drying 20 CPMG CD 158
Cooking 23 CPMG CD, MVA 297, 301, 304,
305, 395
23 CPMG MVA 300
20 CPMG DE 302, 303
Fat content in beef 85 CWEFP MF 282
Eggs Storage 23,300, 10-30 CPMG, IR, FFC DE, CD 396
Cooking 23 IR-CPMG CD 76
Coffee beans Water mobility 23 CPMG, FID DE, ME, CD 397
Seeds Oil, water, protein content 23 FID-CPMG DE, MVA 184
Water, oil content 20 SE, CPMG DE 181
QOil content 85 CWEFP MF 398

Abbreviations of acquisition schemes are explained in Sections 4 and 5, and Table 2.
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for a typical starch granule suspension. For assigning the different transversal
time populations one needs to take into account the multi-scale organisation of
carbohydra’ces,218 and descriptions in terms of bound and free water are an
oversimplification.”'* Within Figure 6, the populations with relaxation times at
<10, 80 ms and seconds correspond to intragranular water, extragranular water
and supernatant, respectively. The intragranular water is in exchange between
the amorphous growth rings and the amorphous regions within the semi-
crystalline lamellae. Whether these populations can be observed separately
depends on the temperature (Figure 6) and the type of starch.’’®** These
insights have been used to study structural events during melting of starch
granules and during heating (gelatinisation). The resulting amorphous starch
gels have a strong tendency to recrystallise. This process is known as retrogra-
dation and has also been extensively described in a quantitative manner by
NMR relaxometry in (model) starch ge15221_224 (Table 4A).

NMR relaxometry has also been applied to study hydration and plasticisation
of food proteins, in particular in relation to functionality of gluten.”*>**’ The
aforementioned NMR state diagrams have been used to predict the performance
of proteins when used in powders and bars.'®® Rehydration behaviour of dairy
proteins can also be studied under dynamic dissolution conditions by monitoring
transverse relaxation behaviour under stirring.”**** Thus insights were gained
on the effects of different drying routes on dissolution and rehydration behaviour
of milk powders.”*

7.6. Functionality of heterogeneous food products

NMR at low field strengths is often denoted as a “low-resolution” technique. This
may be true when one considers resolution in the frequency domain, but TD-
NMR relaxometry has successfully been applied to a wide range of compositional

T T T T T T T T T T T T T T T TTTTTT .- T TT T
1x10! 1x103 1x10° 1x107

Transverse relaxation time (us)

Figure 6 The distribution of water proton transverse relation times for a water-saturated packed
bed of potato starch granules at 277 and 290 K (reprinted from Reference 218, Copyright 2000,
with permission from Elsevier).



178 J. van Duynhoven et al.

and structural heterogeneous food systems (Table 4B). In the next sections, the
most important food product application areas will be discussed briefly. The
emphasis will be on studies that aimed at resolving relations between structure
and product functionality; hence, studies in which quantitative methods have
routinely been applied (Sections 7.1-7.4) are out of scope.

7.6.1. Cereals

Cereals are staple foods that provide the global population with a major source of
carbohydrates. Water is an important constituent of cereals, which critically
determines their behaviour after harvesting, processing and during shelf-life.
NMR has been applied widely to probe the dynamics of water in cereals,”' and
a major part of the TD relaxometry in this area has been focussed on relating water
mobility in flour, dough and bread®%**** to final product quality (Table 4).
Figure 7 shows the T, distributions obtained for dough and its starch (carbohy-
drate) and gluten (protein) constituents. One can observe that gluten and starch
have distinct T distributions and that in dough significant averaging takes place.
From such data one can conclude that starch determines the distribution of water
within the dough,” but in most studies on the effects of dough processing and
storage, changes in T, relaxation behaviour were related to interactions between
water and gluten. The first stage in bread making involves mixing flour with
water and kneading of the dough. During kneading, an elastic gluten network is
formed,”* and its strong interaction with water can be monitored by NMR
relaxometry.”® The quality of the gluten network is determined by the kneading
time and the subsequent resting of the dough, and these effects also can be

130 g ms
10 us Hus

Starch Starch
—/\_/

8us 1ms
Gluten Gluten

NN

,-\/
Mixture Mixture
~—_ " —
Dough \ Dough ‘
100 10' 102 108 10* 10! 102 108 104 105
Time (us) Time (us)

Figure 7 Continuous T, distributions obtained from FID (left) and CPMG (right) experiments
of dough and its constituents (reprinted from Reference 230, Copyright 2007, with permission
from Elsevier).
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monitored by T relaxation.”> Frozen storage of dough compromises the quality
of the final bread, and NMR relaxometry indicated that this can be attributed to
dehydration of gluten due to ice crystal formation. This effect has been monitored
in the frozen state,"”” but also after thawing, where water has been observed to
become separated from the gluten network, thus increasing the transversal relax-
ation of water.?%>%

During baking of the dough, the starch gelatinises and this has a profound
effect on the mobility of water.”* In “NMR-baking’’ experiments, CPMG decays
are recorded during baking, and a MVA has provided insight into the events
occurring during baking and their relation to final textural quality.**” In the final
baked bread, slow deterioration of quality occurs, where staling is a dominant
factor. During staling, starch undergoes recrystallisation (retrogradation) and this
also involves redistribution of water. This effect has been predominately studied
in (model) starch gels,”'*** but also in its full complexity in bread.”****!

7.6.2. Dairy products

Dairy products such as milk, butter, yoghurts and cheese offer a rich source of
proteins, fat and minerals, and can occur in liquid, semi-solid and solid form. In
this wide range of products, benchtop relaxometry has proven itself as a versatile
tool to assess phase-compositional and water-redistribution phenomena.**?
In liquid milk, TD-NMR relaxometry has been used to study effects of acidifica-
tion on protein hydration. When milk is further processed to diary products, NMR
offers a unique and non-invasive tool to monitor and characterise the resulting
dramatic structural rearrangements. A critical step in dairy production is the
formation of a casein protein gel. In yoghurt, such gels are formed by lactic acid
fermentation, which reduces the pH of milk, thus causing casein micelles to
aggregate and form a gel network. NMR relaxometry showed a strong effect of
yoghurt fermentation on water mobility, which was explained in terms of net-
work formation and changes in casein hydration.*** In cheese manufacturing,
formation of a gel network is induced by enzymatic activity, the so-called rennet-
ing. In the resulting curd, compartmentalisation of water takes place, and the
concomitant redistribution of water can be monitored in a straightforward man-
ner by transversal NMR relaxometry'®® (Figure 8). Such studies have provided
insight in the microstructural events occurring during water loss or syneresis of
dairy products. Water holding capacity (WHC) remains an important quality
parameter for many products, and rapid routine NMR methods have been pro-
posed as alternatives for cumbersome and slow conventional methods.'>>?2%2#+-246
Diffusometric water droplet sizing has become a routine quality control method for
butter and margarines.'® A similar method for assessment of oil DSDs in water-
continuous dairy products is now gaining popularity.'® Relaxometric approaches
have also been used to assess the overall phase composition in dairy products.
In this respect, the complex composition and frozen state of ice cream (models)
presented a particular challenge. Nevertheless, benchtop NMR relaxometry has
successfully been applied to study crystallisation of fat and water in ice cream
(models) during freezing and frozen storage.**’>*’



180 J. van Duynhoven et al.

A B
10_ T T ] 10_ T T ]
s 9| | 59 |
g 6r 1 & 61 i
> >
g4 1 & 47 ]
2+ 1 o i
0 1 1 1 1 0 1 1
101 102 10° 10? 102 103
T, (ms) T, (ms)
C , , D
10F ] 10F . . .
59 | s 8 T
8 6f 1 % 6}
2 S
o
0(2 4+ B Dé_). 4+
2t - 2+ A\
0 1 0 1 1 1
10! 102 108 10! 102 103
T, (ms) T, (ms)

Figure 8 Continuous and discrete T, fits of rennetted milk before syneresis (A) and during the
time course of syneresis at (B) 137 min; (C) 200 min; (D) 405 min (reprinted with permission from
Reference 138. Copyright 1993, American Chemical Society).

7.6.3. Horticultural products

Fruits, vegetables, tubers and beans are challenging food stuffs with respect to
maintaining quality during the chain between field (or greenhouse) and con-
sumer or processing plant. Within this supply chain, a strong need exists for
rapid, robust and cost-effective quality inspection tools.”"*' TD-NMR holds
promise in this area since it is sensitive to many of the undesirable structural
events that can occur between the field and the fork. TD-NMR has already found
widespread use in mechanistic studies on microstructural effects of processing
routes such as air-drying, freeze-drying and osmotic drying. Both applications of
NMR have benefited from early work where “numerical plant cell models”” were
established that relate relaxation and diffusion behaviour of water to plant tissue
morphology (Section 6.2), but also descriptive multi-variate modelling has been
applied.

Quality inspection. The aforementioned plant cell models opened up the possi-
bility for non-invasive quality assessment of horticultural products. Low-field
conventional, “stationary” NMR relaxometry and diffusometry have been
applied to assess internal browning and watercore in apples.”**>> Changes in
T, components associated with different water compartments in affected apples
could be associated with a movement of water from vacuoles into cytoplasm and
extracellular spaces.” Effects on T, and T; values of juice sacs of oranges held
promise for detection of freeze damage.”* The effect of defects on the firmness of
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tomato has been correlated with changes in the T relaxation times.””” Dry matter
content is an important quality parameter for many fruits and vegetables and
could be determined in a non-invasive manner by multi-variate modelling of
CPMG decays of potatoes.””® Multi-variate models based on CPMG decays
obtained from raw potatoes successfully predicted the sensory texture®”**® and
other quality parameters™’ of cooked potatoes.

Besides standard T, CPMG and T; methods, more sophisticated relaxation and
diffusion NMR techniques were also tested to assess feasibility of fast online
assessment of quality factors such as maturity, oil content and presence of hard
lumps in avocado.*® Two-dimensional T,~T; correlation measurements proved to
be adequate for determination of oil content in avocado tissue, but the long
acquisition time excluded it from online implementation. A single-shot method
that employed T;-nulling of the water magnetisation offered advantages with
respect to measurement time. Another single-shot technique suppressed the
water signal by means of a diffusion filter and gave a satisfactory linear correla-
tion with oil content. Water suppression by the diffusive attenuation was also
applied to measure the percentage of soluble solids (Brix), which is a measure of
ripeness of apple and strawberry.”” The observation that sugar diffusivity is
significantly lower than that of the vacuolar or cytoplasmic water fraction was
used in a PFG method to selectively suppress water in the cellular tissue. PFGSE-
CPMG has been used to probe the effect of the variety and harvest period effects of
tomato.®

Several 1D and 2D relaxation and diffusion protocols were also tested to find
the most sensitive technique for the detection of mealiness and ripening in
apples.®*®" The loss of membrane integrity upon internal browning in pear tissues
was manifested by changes in relaxation time distributions in T,-T; and T>-D
correlation measurements.*” These correlation measurements demonstrated that
for damaged pear tissue, proton pools were grouped into a lower amount of
populations; shorter T, values and increased diffusion coefficients were observed.

Effects of processing on morphology. Already two decades ago, TD-NMR
relaxometry was used to study air-drying****'"***> and freeze-drying** of carrots.
Relaxometry could detect sublimation of the frozen core and removal of non-
frozen water during freeze-drying. Also anomalous freeze-drying of potato could
be detected.”** A similar approach was used to study the osmotic dehydration of
apple.”® These studies were followed by more sophisticated approaches where
the concepts of non-freezing water and three-compartment relaxation/diffusion
models were deployed. CPMG relaxation measurements'’® localised non-freezing
water in cellular tissue of potato in cell walls and starch granules. T, relaxation
measurements were used to study changes in sub-cellular water compartmenta-
tion and cell membrane integrity after applying air-drying, freeze-drying, freeze—
thaw processing and rehydration in apple tissue.*' Deployment of the three-
compartment plant cell model'*' showed that water loss from the vacuole was
accompanied by an overall volume shrinkage of the whole cell. Coalescence of T,
relaxation time distributions and reduction in T, relaxation time values
were evidence of loss of membrane integrity in rehydrated apple tissue after
freeze-drying or freeze—thaw processing. This approach was also applied to carrot
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parenchyma tissue* which, unlike potato'”® and apple,*' does not contain large

numbers of starch granules or intercellular air gaps. Carrot tissue distinguishes
itself due to the high levels of dissolved sugar in the vacuole and this strongly
affects relaxation behaviour during drying and freezing. The observed decrease in
relaxation times during drying was a consequence of vacuolar shrinkage and the
progressive concentration of vacuolar sugars. The latter enhances proton
exchange between water and dissolved sugars. The relaxation behaviour of carrot
tissue during drying could be modelled by incorporating two-site exchange into
the numerical plant cell model.

Microstructural effects of high-pressure treatment were investigated by means
of 1D (CPMG?*®) and 2D (T;-T»,**’and T»-T,"°) relaxometry. The use of 2D meth-
ods also requires assignment of relaxation components to plant structural fea-
tures, which is a non-trivial task.”® Effects of potato cooking were studied using
transversal (CPMG) relaxometry combined with multi-variate modelling.?**2%
Effects of banana ripening during storage were studied by relaxometry (CPMG),
diffusometry (PFGSE) and a combination thereof (PFGMSE-CPMG) and results
were translated into microstructural parameters using the numerical plant cell
model.¥”

Effect of cell wall plasticity on physical properties. Cell walls play an important
structural role in plant cells and they are also the source of dietary fibre in foods.
Molecular mobility in cell wall components such as cellulose, hemicellulosic
polysaccharides, pectic polysaccharides, protein and water has been charac-
terised bg NMR relaxation behaviour as measured by FID, SIdE, IR and JB
methods.”*° These NMR studies also assessed the impact of chemical fraction-
ation on the physical properties and the extent of damage of the etiolated
hypocotyl of bean cell wall fragments.”® Similar NMR relaxation approaches
indicated an increase of more rigid components of the cell wall matrix, an
increase in cellulose crystallinity and more rigid association between cellulose
and hemicellulose during growth of the etiolated hypocotyls of beans.”* The
parameters affecting molecular mobility of the functional groups in cell wall
biopolymers have been studied in pectin materials and cell wall materials from
potatoes™”® and Chinese water chestnut.”® The observation of characteristic
maxima in the temperature dependency of T5, T; and T3, relaxation rates yields
information on molecular motion of different chemical groups. Thus the impact
of hydration on the cell wall components was shown, as well as the partial
dissolution and/or chemical degradation disrupting the structure of the
cell wall, with the cellulose component unaffected. It was found that non-
freezing water was mainly associated with the pectic materials, and to a lesser
extent with cellulose which is mostly in an anhydrous crystalline form.””
A similar hydration effect was found in T,, T; and T;, relaxation studies of the
Chinese water chestnut.”

7.6.4. Fish and meat

Fish and meat have supply chains where many factors can determine quality of
the final product on the plate of the consumer. WHC or drip loss is an important
quality parameter which is strongly determined by the distribution of water over
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different structural components in meat and fish.”’>*”! Juiciness and tenderness
are other quality parameters that strongly depend on water distribution.””"
TD-NMR relaxometry typically reveals three distinct water populations in meat
and fish: water associated with proteins (1 < T, <10 ms), water trapped within the
myofibrils (40<T»;<60ms) and water outside the myofibrillar lattice
(140 < T; <400 ms).”’**”® Water distributions in meat and fish are typically ana-
lysed by straightforward CPMG; in one case also fgCPMG has been applied.®®
Longitudinal relaxation has found only limited applications in meat science and is
not likely to gain more attraction.””” Most data-analysis approaches rely on fitting
of discrete exponentials of continuous distributions to obtain the aforementioned
water populations. Thus %uantitative correlations between NMR relaxation beha-
viour and WHC of meat’*’® have been established. Multi-variate approaches
have also been successfully deployed to establish the relations between relaxo-
metric decays and quality parameters of fish and meat. #7725

Quality inspection of meat and fish. Moisture and fat levels are important quality
parameters for meat and fish, and NMR was early recognised as a potential
measurement tool.”®' Nowadays, routine benchtop NMR method for rapid and
non-invasive quantitative assessment of moisture and fat are becoming accepted
in the meat and fish industry (see Section 7.3). CWFP has been presented as a more
accurate alternative for conventional relaxometric assessment of fat content in
meat, but routine application has not been implemented yet.”®* The industry has
identified a need for assessment of meat and fish quality in the truly non-invasive
“sensor” mode.”®® The feasibility of measuring moisture and fat content in
meat®™* and (live) fish** by a means of non-invasive single-side NMR sensors
has already been demonstrated.

Effect of pre-slaughter and post-mortem conditions on meat. It is well known that
diet, genotype and age of animals can have a strong effect on meat g{uality.
Genotype determines water redistribution during post-mortem chilling™® and
cooking.” Dietary creatine has a genotype-dependent effect on post-mortem
water distribution and the final meat quality.”®® Developmental stage and muscle
type have a strong effect on water distribution within muscles. Indeed, age at
slaughtering determines water distribution in meat and final quality attributes.
After slaughtering, the muscle goes into rigor and this involves major rearrange-
ment in the muscle structure. The impact on water distribution can be sensed in a
quantitative and detailed manner by NMR relaxometry,”***2*! which is illu-
strated in Figure 9. This has been exploited in TD-NMR studies where effects of
post-mortem conditions such as pH, chilling®®* and carcass handling®* on water
distribution were studied.

Effect of processing of meat. Freeze-drying of meat is a route towards extending
shelf-life, and NMR has been used to assess the fate of water.!>® The effect of
industrial meat processing such as curing,***>*** ultrasound treament**” and tum-
bling on meat microstructure and final quality has also been studied by NMR.
Frozen storage®”®*”” and ageing®®** can also profoundly change the water
distribution in meat. The ultimate meat processing step is cooking, which has
been investigated by “NMR-cooking” studies. These explorative studies
deployed dynamic in situ measurements of CPMG relaxation decays in
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Figure 9 Illustration of proposed mechanisms in the post-mortem reorganisation of muscle
fluids and its relation to observed changes on T and T, populations (reprinted from
Reference 273, Copyright 2004, with permission from Elsevier).

combination with MVA. Thus a new water population that develops in meat
during cooking was revealed.’” This phenomenon was assigned to protein dena-
turation and heat-induced changes in water mobility in studies where NMR was
combined with DSC**'%% and FT-IR.***?%

Effect of processing and storage of fish. Many of the insights into the microstruc-
tural basis of the NMR relaxation behaviour of meat can be translated to fish.’
Also, in fish one mostly observes three components in the transversal relaxation
curves which can be assigned in a similar manner as for meat. Not surprisingly,
WHC of fish can also be related to transverse relaxation behaviour in a quantita-
tive manner.””” The effect of frozen storage had a clear effect on the water
distribution as measured by NMR, and clear relations to textural quality were
found.>”” The effect of fish preservation steps such as salting, smoking and freeze-
drying have also been extensively studied by NMR relaxometry. As shown by
NMR, salting can induce significant effects on the water mobility in fish,**® and an
interaction takes place with microstructural damage due to freezing.’*”>'® Smok-
ing of fish involves both salting and heat treatment, and their effects on water
distribution were also studied by NMR.>"" Effects of heat- and pressure treatment
during preparation of surimi were studied by NMR, which revealed effects
of denaturation and aggregation of fish proteins.>'**'?
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8. MOBILE TIME-DOMAIN NMR APPLICATIONS

8.1. Unilateral NMR sensors

Unilateral magnet devices present an attractive option for non-invasive assess-
ment of compositional and microstructure of food materials. These devices allow
easy sample access and are portable, which makes them attractive for quality and
process control in industrial environments. A main handicap of these devices is
magnet field inhomogeneity, which significantly compromises sensitivity and
robustness under practical circumstances. FIDs obtained by such devices are
also compromised by the very short T," values and thus typically echo techniques
are required. In most (commercial) applications, the unilateral NMR sensors
suffer from relatively long dead times, which impede direct observation of
(semi-solid) components.” Recent developments in unilateral magnets design*”’
offer, however, larger sensitive volumes, higher sensitivity and shorter dead
times.

The first applications of the unilateral NMR devices in foods were aimed at
obtaining compositional information in a through-package manner, so the prod-
uct could be analysed in sealed conditions. Quantitative information was success-
fully obtained on the fat/water content of food emulsions,**'*** as well as oxygen
content of bottled beverages.*® A unilateral NMR sensor was also able to assess
in vivo the fat content in both live and slaughtered fish, demonstrating the
feasibility for online quality control.”® Relaxometry and diffusometry using a
single-side magnet sensor were employed to investigate the ripening of grapes,
water content in chicken and diffusion anisotropy in asparagus and in bovine
tendon.”®* The NMR MOUSE was also able to asses the microstructural quality of
a food emulsion in a through-package mode.**

8.2. Online quality inspection

Online NMR sensors are of particular interest for quality control of food products
on a large industrial scale. Most of the studies were carried out on fruits moving
continuously on a conveyor belt with the aim of sorting them for internal damage
or defects.’**” Issues with respect to industrial implementation arise because of
conveyor speed, magnetic field homogeneity, rf coil design and sample polarisa-
tion time. The concept of motional relativity has been demonstrated to overcome
some of the aforementioned problems. The method involves a constant rf field
and the translation of the sample is exploited to obtain the NMR signal.****%’ This
brings significant advantages for online applications such as the possibility to
work with conveyor speeds of meters per second; also some of the rf hardware
limitations are eliminated because of continuous irradiation, that is, no eddy
currents and no coil ring-down effect. Within this online approach, the FIRE
sequence®” is able to measure both T; and T in a single shot by using an inversion
recovery and signal read-out with a truncated CPMG train. Yet, no commercial
food application has been described so far. Another recent online approach is
based on a CWFP technique, which was applied to measure the oil content of
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intact seeds.””® The method was deployed on a high-field spectrometer and more
than 20,000 samples/h can be potentially analysed. So far, only proof of principle
has been demonstrated, but the feasibility of deployment of CWFP in industrial
environments is not yet proven.49_51

9. PERSPECTIVES AND CONCLUSIONS

9.1. Hardware

The current developments in magnet design will continue to deliver tailored
solutions for specific applications. One can envisage more specific solutions*'**!!
for single-sided unilateral magnet designs where the proof of principle of achiev-
ing frequency-domain resolution has been demonstrated. The homogeneous field
provided by Halbach designs may be used for more generic applications.*'*
Affordable solutions for locking and shimming*'® of such magnets will ultimately
enhance signal quality and provide frequency resolution.*'* These routes over-
come some intrinsic limitations of current TD-NMR methods in resolving differ-
ent chemical components. Further steps in down-sizing current benchtop NMR
equipment can be expected when developments in rf microcoils*>™*7 are
exploited.

9.2. Fast measurements

Several rapid, basic, single-shot approaches have already found practical
TD-NMR applications.**'** Further improvement of current instrumental benchtop
NMR equipment will enable application of more rapid and advanced single-shot
measurements. Such techniques will be of particular interest for online and/or
real-time applications. An example is the Difftrain sequence,*'® which allows
rapid acquisition of diffusometric PFG decays. This method employs small flip
angle excitation for multiple acquisition of longitudinally stored magnetisation.
The large number of gradient decoding steps requires better gradient amplifier
and coil specifications than currently available on most commercial benchtop
instruments, however. Multiple modulation-multiple echo (MMME) is an elegant
ultrafast single-shot*'*~**! technique to measure relaxation times and diffusivities
without the need for phase cycling. MMME is rather an NMR acquisition scheme
portfolio than a single-pulse sequence, as it is able to provide rapid measurements
of diffusion, flow and imaging. The sequence consists of a set of rf pulses with
unequal time spacings that generate a maximal number of spin—echoes.***> Due to
the fact that information about relaxation and diffusion is available from a one-
shot measurement, it is expected that this approach will soon enter the field of
food science and technolo%l. The CWFP technique has been demonstrated in
feasibility studies on seeds”**** and meat,” and here other foods applications
also can be envisaged.
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9.3. In situ measurements

Currently, the hardware geometry of current benchtop NMR equipment compro-

mises real-time measurements under dynamic conditions such as shear*** or

variable temperature.*” The aforementioned advances in magnet and rf coil
design, as well as rapid acquisition approaches, will allow further exploitation
of the non-invasive nature of NMR under dynamic circumstances. Currently,
most dynamic in situ magnetic resonance measurements are in spatially resolved
diffusometric of relaxometric mode at high-field, that is, rheo-MRI,*2%4%” but there
is no compelling reason to preclude implementation at the benchtop NMR mode
whether in bulk or spatially resolved mode.

9.4. Enhancing information yield from the time-domain

The current arsenal of 2D sequences will expand with experiments that can reveal
specific structural features. An example is the incorporation of field cycling into
2D correlation experiments.**® Major developments can be expected in strategies
for assigning signals in the resulting 2D correlation plots.”” Processing the
acquired TD data sets into meaningful diffusometric/relaxometric correlation
plots will remain a challenge. Further breakthroughs can be expected from
multi-variate approaches that exploit the tri-linear structure in such data sets.'”
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diffusion in semi-crystalline polymers are briefly surveyed. Special emphasis
is placed on the nature of helical jump, chain diffusion and their correlation.
Combination of the new solid-state NMR techniques allows dynamic eluci-
dation with different length scales from atomistic to nanoscopic and the
correlation between them. The morphological factors influencing the dynam-
ics such as the thickness of crystal lamellae, the chain entanglements in the
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and the chain diffusion is realised by their different temperature dependence
and is further discussed in terms of the defect transfer mechanism.

Key Words: Helical jump, Chain diffusion, Solid-state NMR, Chemical
shift anisotropy, Dipolar coupling, Quadrupolar interaction, Exchange,
Semi-crystalline polymer, Polyethylene, Interphase, Lamellar thickness,
Entanglements, Drawing behaviour.

1. INTRODUCTION

Helical jump and chain diffusion are two related chain dynamics present in the
crystalline regions of semi-crystalline polymers.'? It is believed that these dynam-
ics are important for the crystal thickening,’ ultra-high drawability* and «-relaxa-
tion.” The presence of these chain dynamics was first observed in the 1970s by
dielectric and dynamic-mechanical relaxation measurements.®” Afterwards,
extensive work has been done to understand the nature of this dynamics and its
implications on the properties of semi-crystalline polymers.®*"> The results of
these classic works have been discussed in several extensive reviews and
books."'*® Now, state-of-the-art solid-state NMR provides more detailed knowl-
edge about the nature of the helical jump and the specific chain diffusion present
in polymer crystals and improves our understanding of the mechanical behaviour
of the polymer at the microscopic level. In this chapter, we briefly survey the
recent progress in the study of helical jump and chain diffusion. The discussion is
focussed on the morphological factors influencing the dynamics such as the
thickness of crystal lamellae, the chain entanglements in the amorphous phase,
the interphase between crystalline and amorphous regions of the sample. In the
final part of this chapter, the correlation between the helical jump and the chain
diffusion—the efficiency problem and the nature of the defect transfer mecha-
nism—is discussed.

2. NMR STRATEGIES FOR PROBING CHAIN DYNAMICS IN SOLID
POLYMERIC MATERIALS

NMR provides powerful methods that allow detailed studies of molecular
dynamics in the frequency range from Hz to MHz. Roughly speaking, fast
dynamics (MHz) can be characterised by NMR relaxation time measurements,
intermediate dynamics (kHz) by monitoring the motionally modulated NMR
interactions (e.g. quadrupolar interaction (*H), chemical shift anisotropy (CSA)
and dipolar coupling) and slow dynamics (Hz) by exchange experiments.
The following discussion includes spin-lattice relaxation measurement, probing
motionally modulated/averaged NMR interaction and longitudinal spin
exchange experiment, which are directly or indirectly related to the topics of
this chapter.
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2.1. Spin—lattice relaxation measurement

If spins are placed in a magnetic field without disturbance for a long time, they
reach the thermal equilibrium state. The populations in different energy levels
obey the Boltzmann distribution corresponding to the temperature of the envi-
ronment. RF pulses can disturb the equilibrium state of the spins. For example, a
n-pulse will invert the population distribution, whereas a n/2-pulse will equalise
the populations and create coherence. The spin-lattice relaxation (or termed T,
relaxation) is the process by which the excited spins may return to the equilibrium
state. Based on the model of fluctuating local fields, the relationship between the
relaxation rate 1/T; and the correlation time of molecular motion t. can be
expressed generally as follows:

T
P L E— 1
! 1+ (27w)L7:C)2 @

where wy, is the Larmor frequency. Equation (1) shows that T; has a minimum
which occurs when the correlation time of molecular motion 1. is equal to
(2nwr)~ . Or in other words, the T; process is sensitive to the molecular motion
with the characteristic frequency of motion (z_!/2r) close to the Larmor frequency
. Therefore, T, usually can be a measure of the high-frequency motions (MHz)
in a system. For polymers, such high-frequency motions are often found in the
amorphous regions.

2.2. Probing motionally modulated/averaged NMR interaction

NMR interactions generally are anisotropic. The angular dependence of the NMR
signal in high magnetic fields is similar for all NMR interactions and reads as'”

o=op+ %5(3(:0520 — 1 —nsin®0cos2¢) (2)

where oy, is the Larmor frequency, § describes the strength of the anisotropic
interaction: that is, CSA, dipolar coupling and quadrupole coupling for *H and 7 is
the asymmetry parameter describing the deviation of the anisotropic interaction
from axial symmetry. The angles 6 and ¢ are the polar angles of the magnetic field
By in the principal axes system of the interaction tensor, which are directly related
to the geometry of tensor in the molecular frame. When molecular dynamics is
considered, the polar angles become time dependent. The motional modulation
effects will clearly show up when the characteristic frequency of motion (t;!/2r)
matches the strength of the NMR interaction. For the intermediate molecular
dynamics, the frequency of motion (kHz to hundreds of kHz) is in the frequency
range of the strength of anisotropic chemical shift, dipolar coupling and quad-
rupolar coupling of *H. The information on molecular dynamics can thus be
extracted by monitoring and analysing the characteristic NMR signals from the
motionally modulated/averaged NMR interactions. In the following, two exam-
ples will be given to demonstrate the motionally averaged effect on CSA
and 'H-""C dipolar coupling.
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* Line shape analysis on a static powder sample

The line shape of the static NMR powder pattern contains preliminary infor-
mation about the molecular dynamics. Examples of '>C CSA line shapes for the
all-trans conformer of CH, group are shown in Figure 1. The three cases consid-
ered include an isotropic powder pattern, the motionally averaged ones from
uniaxial rotation along the chain backbone and a fast isotropic motion.

The left pattern in Figure 1 is often observed in crystalline regions of polyeth-
ylene, where the CH, units either stay statically or involve in the 180° jump
motion. In both cases, the symmetry of the '*C CSA tensor remains unchanged,
resulting in the same line shape. The middle pattern in Figure 1 has been found for
the CH, groups in the non-crystalline regions of solution-crystallised ultra-high
molecular weight polyethylene (UHMW-PE). Such a special line shape originates
from an axially symmetric tensor and has been considered as the indication of the
axial rotation of a CH, unit along the local chain backbone present in the non-
crystalline regions of sample.'® The third pattern shown in Figure 1 exhibits an
isotropic line shape. Such a line shape has been shown to be quite common in non-
crystalline regions of solid polymers, resulting from the fast isotropic Brownian
motion of chain segments.

* Monitoring averaged dipolar coupling

Molecular motions can be monitored by detecting the motionally averaged
dipolar coupling constant. The idea of this method is based on the fact that
fast intermediate molecular motions (z'/2n > 10*Hz) usually lead to a charac-
teristic reduction of the observed dipolar coupling constant."”” The extent of the
coupling constant reduction yields information on fast intermediate molecular
motions. Figure 2 shows examples in which the motions induce a reduction of the

180° hopping Axial rotation Isotropic motion

Oyx: ~50 ppm

" Oy Oyy: ~34ppm

0,,:~15ppm

60 40 20 O ppm 60 40 20 O ppm 60 40 20 O ppm

Figure 1 Simulated »C CSA patterns of CH, group in PE. The tensor orientation of CH, group in
PE is indicated in the left chain model picture: o,, is parallel to the proton—proton internuclear
vector, g, is parallel to the H-C—H angle bisector and o, is parallel to the polymer chain

axis. The simulated powder patterns were obtained from WEBLAB (http://weblab.mpip-mainz.
mpg.de/weblab/weblab.html).
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wg/2n=-233kHz wy2r=-22.0kHz  wy/27=—6.8kHz
(6=70)

Figure2 The motional-averaging effects on the dipolar coupling of a typical ®C—"H group: (A) a static
BC-"H group; (B) a *C-"H group with libration; (C) a ®*C-"H group in a methyl group (0 =70°).

dipolar coupling constant in the case of a "H—"°C spin pair. In the static case, the
distance between a *C atom and the direct-bonded 'H atom is ~0.109 nm,
corresponding to a direct dipolar coupling of |wgy/2n| =23.3 kHz. In most cases
at normal temperatures, '"H in a 'H—"°C pair has a rapid librational motion
around its original site, and the experimentally observed dipolar coupling is
thus always less than 23.3 kHz. For example, the '"H—"*C dipolar coupling of
the "H—"2C group in L-alanine is | w4/27 | =22.0 kHz. Moreover, if more motions
are involved for the "H—"3C pair, the dipolar coupling could be further reduced.
A typical case can be found in methyl groups, where the fast rotation about its
three-fold symmetry axis leads to a marked reduction of the 'H—">C dipolar
coupling value. Assuming that the angle between the rotation axis and one of
the three C-H bonds is 70,° as indicated in Figure 2C, computer simulation shows
that the "H—"C dipolar coupling in this case would be reduced to |wq/2n| =
6.8 kHz, quite close to the experimental value.

23. Longitudinal spin exchange experiment

For the studies of slow motion (1! /2n < kHz), the longitudinal exchange experi-
ment has been proven to be a very useful method. The basic principle of the
exchange experiment (shown in Figure 3) is to measure the NMR frequency of
spins at different times and then to detect the slow dynamics by monitoring the
change in NMR frequency. Based on this principle, various longitudinal magne-
tisation exchange experiments have been developed. These various exchange
experiments may look very different, but they do share some common features.
In the literature, the longitudinal magnetisation exchange experiments have been
applied to monitor the conformation transition in amorphous regions of poly-
mers, the jump motions in polymer crystals and the chain diffusion between
amorphous and crystalline regions of polymers. Figure 3 shows a general scheme
of a 2D exchange experiment that is widely used for detecting the slow dynamic
process in polymer systems.

As multi-dimensional NMR experiments are always very time consuming, the
longitudinal spin exchange experiment is often performed with its 1D version.
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Figure 4 The pulse schemes of 1D C exchange experiments: (A) single-pulse-based
exchange experiment; (B) Cross Polarization (CP)-based exchange experiment.

In the following section, two 1D longitudinal spin exchange experiment have been
used to monitor the chain diffusion process in semi-crystalline PEs. The pulse
sequences of these experiments are illustrated in Figure 4. The principle of these
experiments is the same as the above 2D longitudinal spin exchange experiment
and thus will not be discussed here. For more details of these experiments
and how these pulse sequences are able to monitor the chain diffusion in
semi-crystalline polymers, the reader is referred to the literature.*

3. HELICAL JUMP AND CHAIN DIFFUSION IN
SEMI-CRYSTALLINE POLYMERS

The helical jump process in polymer crystallites is often described as a combina-
tion of rotation and translation such that the polymer chain before and after the
jump is in energetically equivalent, crystallographically allowed orientations and
positions. For example, in the 3; helix of Polyoxymethylene (POM), a rotation by
120° combined with a translation by one -OCH,~ unit fulfils such a requirement.”
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Assuming that the defect created by the jump process cannot be stably kept in the
crystallites, the jump thus will lead to a decrease of chain length in the amorphous
regions by one repeat unit on one side of the crystallite and an increase by the
same length on the other side, which means that the chain stem achieves one
diffusion step. In this sense, therefore, the local jump process and the medium-
range chain diffusion are strongly coupled. However, it remained unclear for a
long time whether every single jump does result in a diffusion step of the chain
stem. Moreover, as the long polymer chains always traverse between crystalline
and amorphous regions, the chain dynamics in the amorphous regions but neigh-
bouring the crystallites might also couple to the dynamics in the crystalline region
because of the chain connectivity. This, in fact, relates to the problem of the
packing arrangement of polymer chain between crystalline and non-crystalline
regions of sample, especially the chain arrangement in the interphase between
crystalline and non-crystalline regions (or termed as the interfacial components).
Different packing arrangements give rise to different spatial restrictions, which in
turn manifest themselves in the dynamic behaviour of the polymer chains. The
influencing factors on the chain dynamics in polymer crystals and the correlation
between the local helical jump and the medium-range chain diffusion are the two
foci of the discussion in the following sections.

3.1. Helical jump in polymer crystals

The presence of helical jump in polymer crystals was first realised from the
so-called a-relaxation process in dynamic-mechanical relaxation measure-
ments.>” Later, Kentgens et al. provided a detailed description of such chain
dynamics in semi-crystalline POM by 2D exchange '*C NMR under magic angle
spinning (MAS).*! By using 2D-nD exchange NMR without sample rotation,
Schmidt-Rohr and Spiess have shown a very detailed picture of helical jump in
many polymer crystals, including POM, poly(ethylene xoide) (PEO), isotactic
Polypropylene (iPP)." The representative work of helical jump from Spiess’s
group is the 2D-3D exchange spectra in a highly oriented POM sample, (-O-
CH,-),.” In such a sample, the highly oriented chains within +4° are parallel to
each other, forming the crystallites (a 9s5-helical structure). The only degree of
freedom for the polymer chain, therefore, is the rotation of chain segments around
the chain axis, which is parallel to the macroscopic drawn axes. Therefore, the
patterns given by the 2D exchange NMR have a unique relation with the rotation
angle around the chain axis.

Figure 5A shows the pattern of highly oriented POM without sample rotation
at T=360 K. In this pattern, the characteristic ridges indicate the presence of three
kinds of helical jumps present in the crystallites. The explanation for such a
pattern is that the helical jump process in the crystallites involves not just a flip-
flop between two adjacent orientations but can lead to long-range diffusion. The
simulated patterns in Figure 5B confirm this point of view. However, comparison
of the ridge intensity generated by the different jump motion shows that the jump
motion of £200° jump angles seems to have a much higher possibility than those
of £400° and +600°. This phenomenon, on one hand, is indicative of the low
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Figure 5 Elucidation of chain dynamics in the crystallites of highly oriented POM at 360 K by 2D
exchange >C NMR with a mixing time of 1s: (A) experimental spectrum; (B) simulated spectra
for different rotation angles around the chain axis. The experimental spectrum shows the
superposition of the patterns of one, two and three steps of 200° rotation. The three-step
rotation (pattern marked by arrows) is coupled to a displacement by £0.5 nm along the chain
axis. From Ref. 4 (Figure 2).

possibility of the return jumps in the crystallites, while, on the other hand, also
indicates that one local jump process does not necessarily result in one diffusion
step for the involved chain stem because of the presence of the return jump.

For the simplest polymer—polyethylene—although the 180° helical jump in
the crystals has been proposed for a long time, the direct experimental observation
was not achieved until recently, because the 180° helical jump just inverts the
chemical shift, germinal 'H-"H dipolar, *C-'"H dipolar and *H quadrupolar
tensors without changing the corresponding NMR frequencies. The simple
exchange NMR is thus not capable of detecting the helical jump process in
polyethylene crystals. Recently, by 2D exchange spectrum of the *C-"*C dipolar
coupling in *C~'°C pair labelled PE, the helical jump in PE crystals was directly
observed for the first time by Schmidt-Rohr’s group.”” In that work, the 180°
helical jump was monitored in terms of the reorientation of *C—">C internuclear
vectors in the crystallites of 5% '>C—">C pair labelled PE. The cartoon picture in
Figure 6A illustrates the ">C—">C bonds reorientation process from 0; to 0. During
this reorientation process, the dipolar coupling of the >C—"°C pair will change the
orientation angle and thus the dipolar frequency. The correlation function of the
chain reorientation thus can be measured directly in terms of the mixing time
dependence of stimulated echoes of the dipolar coupling by the pulse sequence in
Figure 6B.

Figure 7A shows the experimental dipolar exchange spectrum using the mix-
ing time t,, =100 ms. It exhibits intensity far from the diagonal, which indicates
large changes in frequency and orientation due to the helical jumps during t,,.
Figure 7B is the simulation spectrum of the above experiment with a 180° jump
rate of 155 . As one can see, this simulation spectrum is very similar to the
experimental one. The slight difference in the asymmetry of the spectra was
attributed to the double quantum filtering.



Solid-State NMR Study of Chain Dynamics in Semi-Crystalline Polymers 207

B

1 || cp 15;‘ Decoupling 1ms Decoupling\_‘J Decoupling

13C T, -filter z-filter
- Y v o -y ty Yy X tx x

y
8C |cP T T | T T t
Double-quantum filter t/2 /2 Hahn/solid echo' t,

X X
Sine data || ¢
m
set

Figure 6 (A) General case of a 180° flip in an unoriented sample, producing a great change in
the C-"C bond orientation, from 0, to 0,; (B) 2D pulse sequence to detect reorientations of
BC-C dipolar tensors. From Ref. 22 (Figures 1and 2).

n

Using the same labelled PE sample, Schnell et al. demonstrated another NMR
technique for directly monitoring the 180° jump in PE crystals.” The pulse
sequence used is shown in Figure 8, which actually is a reduced 3D experiment
consisting of two dipolar double-quantum (DQ) MAS experiment blocks. The
dipolar coupling between the *C-'>C spin pairs is used to generate the DQ
coherences in the first and second dimensions. The jump motion occurring during
the mixing time can thus be monitored by probing the '*C~'*C dipolar coupling
tensors because of their orientation dependence. Figure 9A shows the *C-"°C DQ
MAS sideband pattern from the rotor encoded DQ sideband experiment. Simu-
lation yields a '*C-*C dipolar coupling strength of D;;=2n(1.8940.01) kHz.
Figure 9C shows the sideband patterns obtained using the pulse sequence in
Figure 8. In these sideband patterns, the centreband reflects moieties that have
remained in, or returned to, their initial position during the mixing time, whereas
the sidebands predominantly contain the contributions from the moieties that
have undergone a reorientation during the mixing time. Simulation shows that the
13C-13C reorientation angle in the PE crystallites is 70 +5°, similar to that observed
by Schmidt-Rohr.

The above works exhibit uncontroverted proofs for the presence of large-
amplitude helical jumps in polymer crystals. However, as local dynamics, the
helical jump of a chain segment in principle does not inevitably lead to the
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Figure 7 2D exchange spectrum of the *C-"C dipolar coupling in *C~"C pair labelled HDPE:
(A) experimental spectrum, T=293 K, t,, =100 ms; (B) corresponding simulation for 180° flips.
Thirty contour lines are plotted between 0.8% and 20% of the maximum intensity. The slight
asymmetry of the spectrum is due to the double-quantum filter, which does not excite equally
the signals for all >C—">C orientations. Integral projections onto the , axis are shown at the
top. From Ref. 22 (Figure 3).

medium-range chain diffusion. In this sense, the efficiency of the helical jump thus
becomes quite intriguing. The detailed discussion about the correlation between
the helical jump and chain diffusion—whether every helical jump could always
efficiently result in a diffusion step of the chain stem—is given in the following
sections.

3.2. Chain diffusion in semi-crystalline polymers and its influencing
factors

Concerning the chain connectivity, the helical jump in polymer crystals in fact
indicates the presence of chain diffusion between amorphous and crystalline
regions. The first direct experimental evidence for the chain diffusion between
amorphous and crystalline regions of semi-crystalline polymers was demon-
strated in high molecular weight PE by Schmidt-Rohr and Spiess.** Using 2D
MAS exchange experiments, they showed a clear exchange process occurring
between the local conformations in the amorphous and crystalline regions of PE
at elevated temperatures. Figure 10C is the 2D MAS exchange spectrum of
UHMW-PE given in their work (acquired at 363 K with an exchange time of 1 s).
The appearance of an off-diagonal peak in the spectrum indicates that the large-
scale chain diffusion between crystalline and amorphous regions occurs on the
time scale of several seconds.
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Figure 8 (A) Scheme of a DQ-DQ MAS exchange experiment performed on C after a 'H-"C Hartmann—Hahn CP. (B) BaBa recoupling
pulse scheme used for the excitation and reconversion of the *C—"C DQCs under MAS conditions. (C) Coherence transfer pathway of the
DQ-DQ MAS exchange experiment, as experimentally selected by a phase cycling procedure. From Ref. 23 (Figure 4).
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Figure 9 (A) Calculated (black) and experimental (gray) *C—""C DQ MAS sideband pattern for
the crystalline phase of poly(ethylene), yielding a >C-"C dipolar coupling strength of D;=2n
(1.89 £ 0.01) kHz. (B) 180° chain flip in the crystallites, giving rise to a reorientation of 112° (=68°)
of the C-"C dipolar tensor. (C) Calculated (black) and experimental (gray) MAS sideband
patterns of ‘referenced’ DQ-DQ exchange experiments. The experimental pattern is recorded
for a mixing time of t,,=600 ms at T=300 K and yields a reorientation angle of 70 +5°

for the >C-"C dipolar tensor. The circles mark the deviations from the patterns calculated

for 60° and 80°, respectively, in the sensitive spectral region. From Ref. 23 (Figure 5).

On traversing between the crystalline and amorphous regions of semi-crystalline
polymers, the topological constraints on polymer chains may show their influences
on the chain diffusion. Considering the packing arrangement of the chain, the
constraints include the restriction from the crystal lattice, chain entanglements in
the amorphous regions and the interphase between crystalline and non-crystalline
regions. Recently, these influences on the chain diffusion in semi-crystalline PEs
were studied extensively by employing 1D *C exchange NMR.*’ The pulse
sequence used in the work is the same as the ‘Torchia’ pulse sequence®
(see Figure 11A). Provided that chain diffusion is the only possible way to depolarise
13C in the crystalline regions of PE for short times ¢, the decay of the crystalline signal
monitors directly the chain diffusion. The relation between the change of '*C polar-
isation and chain diffusion in the experiment is illustrated in Figure 11B and C.
Equation (3) describes the relationship between the normalised signal intensity and
the diffusion time:

I _ V2nD V21D 4 3)
Iy Lo
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Figure 10 CP-MAS 2D exchange spectrum of UHMW-PE at 363 K, with a mixing time of 1s.

The intensity of the cross-peak (ca) is 2.5% of that of the diagonal peak (c), while the (ac) peak
intensity makes up 6% of that in the diagonal peak (a). The former ratio is more decreased by T,
relaxation, so the effect due to exchange amounts to roughly 5%. From Ref. 24 (Figure 2).

where I and I; represent the intensity of crystalline signal at the exchange time
equal to 0 and ¢, respectively, L, is the lamellar thickness of crystallite, # is the
dimensionality factor of the diffusion and D is the diffusion coefficient. Compared
to the previous method, the big advantage of this method is its ease in quantifying
the signal intensity and therefore the chain diffusion coefficient. For more details,
the reader is referred to the original paper.*’

3.2.1. Influence of lamellar thickness
Three samples have been chosen to demonstrate the influence of lamellar thick-
ness on chain diffusion: solution-crystallised UHMW-PE (SC-PE), with a lamellar
thickness Lo~12 nm, the annealed sample of Ly~24 nm and a solution-spun
Dyneema® fibre with extended crystalline regions. For the annealed sample in
the solid state, it is stated that topological constraints due to entanglements in the
non-crystalline regions do not change, provided there is no change in the draw
ratio. The decay of the crystalline signal in these samples is displayed in Figure 12
and compared to a hypothetical exponential decay of the '>C magnetisation due to
T relaxation with T; =1500 s. As noted before, the data do not follow a relaxation
curve; instead, the decay at the initial stages follows the t'/? behaviour expected
for chain diffusion.

Fitting the early parts of the signal decay curves yields slopes of —0.12 s for
the original SC-PE and —0.058 s~ '/? for the lamella-doubled SC-PE, very closely
related by a factor of 2. Provided the diffusion coefficient D is the same for the two

—-1/2
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Figure 11 (A) Demonstration of the 1D C exchange pulse sequence. (B) The cartoon pictures
mimic the change of polarisation during the experiment, where the small arrows are the repre-
sentation of polarisation and the spheres are the coarse grain representation of the chain
segments. The polarisation in the crystalline regions is exaggerated for convenience of under-
standing. (C) Illustration of the polarisation decrease resulting from the chain diffusion in solid PE.
At one time point, the chain segments in the crystalline regions are fully polarised (marked as
black). Then, through the chain diffusion the chain segments gradually lose the polarisation.
From Ref. 20 (Figure 1).

samples, it is then apparent from Equation (3) that the slopes reflect the different
lamellar thicknesses prior to and after annealing. Thus, one could conclude that this
is indeed the case and the observed decay in the initial stages is due to chain
diffusion between the crystalline and non-crystalline regions.

The signal decay of the UHMW-PE fibre is also shown in Figure 12. Again, the
straight line in this sample indicates chain diffusion, yielding a slope of —0.016,
approximately eight times smaller than that of the original SC-PE. If we again
assume that the chain diffusion coefficient in this fibre is similar to that in the
original SC-PE, the thickness of crystallites in this fibre is then estimated to be
around 100 nm, which is well within the range of crystal thicknesses reported for
the commercially available solution-spun fibres. Because of the fibrillar morphol-
ogy of the sample, however, Ly in the fibre should better be interpreted as the
averaged length of extended all-trans conformations, rather than crystal thickness.

Probably the most intriguing feature here is the fact that the data suggest a
constant chain diffusion coefficient D~1.4 x 10~ '® m* s~ ! at 320 K in the different
samples having different lamellar thicknesses. At first sight, this seems to be at
variance with the studies of the a-relaxation of PE by mechanical, dielectric and
NMR spectroscopic studies, where the relaxation rate largely reduces with
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Figure 12 The decay of crystalline signal intensity in the original SC-PE (4A), the lamellar-doubled
SC-PE (V¥), the Dyneema® fibre (M) plotted against the square root of the exchange time. The
pure exponential decay curve with a relaxation time T;=1500 s (dash line) is shown in the plots for
a comparison. The experimental temperatures were 320 K. From Ref. 20 (Figure 2).

increasing lamellar thickness. All those experiments, however, cannot differenti-
ate between local processes such as defect mobility and medium-range transla-
tional motion. The above data probe chain diffusion directly in well-defined
samples and suggest that defect-driven mechanisms are responsible for local
relaxation but of minor importance only for chain diffusion.

3.2.2. Influence of chain entanglements
Two samples (SC-PE and MC-PE) have been chosen to demonstrate the influence
of non-crystalline structure on chain diffusion. The MC-PE sample was prepared
on cooling the melt of the SC-PE sample at a rate of 10 °C/min. Different crystal-
lisation conditions result in different topological constraints in the non-crystalline
regions. For MC-PE, disordered random coils are predominant, whereas for
SC-PE trans conformers are more probable. But, though the two samples have
different crystallinity, the crystal structures and lamellar thicknesses are the same.
Figure 13 compares the decays of the crystalline signal of SC-PE and MC-PE at
320 K. The signal in SC-PE decays much faster than in MC-PE. Since both samples
have similar lamellar thicknesses, this indicates different chain diffusion coeffi-
cients D for the two samples. Using Equation (1) with n=1, we calculate
D=14x10""m?s"! for SC-PE and D=4.7x10"*m”s~' for MC-PE. The
apparent difference in the diffusion coefficients can be attributed to the different
transition entropy that the chain has to overcome when it diffuses between
crystalline and non-crystalline regions. In accordance with this, the rapid decay
of the signal in MC-PE (x=8%) at very early times is ascribed to the chain segments
in the interphase between crystalline and non-crystalline regions. There the local
chain orientation is preferentially along the normal to the lamella.
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Figure 13 The decay of crystalline signal intensity in SC-PE (®) and MC-PE (M) plotted against
the square root of the exchange time t for two different temperatures. The experimental
temperatures were 320 K. From Ref. 20 (Figure 3).

When the polymer segments have diffused long distances, or equivalently for
long times, the decay curves in Figure 13 are bend upwards. This curvature cannot
be attributed to '°C T, relaxation in the PE crystallites, since the relaxation process
would speed up the decay, leading to a bending down of the curve. Instead, the
bending up in Figure 13 indicates slowing down of chain diffusion, and is thus
rather indicative of additional constraints imposed on this process. The origin of
this feature may be related to chain entanglements, which can retard the chain
diffusion. Moreover, the chain diffusion itself could lead to bending up of the
curve at long times, if considered as curvilinear diffusion.?

3.23. Influence of hot drawing

Hot drawing can induce substantial changes in the morphology of PE samples,
which then manifest themselves in the chain diffusion. Four samples have been
examined to study this aspect, including two hot-drawn samples (prepared from
SC-PE with draw ratio 1=5, 30); a Dyneema® fibre with 4 >> 30; and the original
SC-PE with A=1. The signal decays of these samples are plotted in Figure 14. With
increasing draw ratio, the decay is slowed down. The original undrawn SC-PE
and the sample with 1=>5 show the fastest decays. When 4 is increased to 30,
however, the signal decay is significantly slowed down and a pronounced bend-
ing up is observed. For the fibre sample, the signal decay is strictly linear with the
slowest decay.

First, one may consider the linear decay region, that is, the initial 20% decay for
/=30 and the initial 50% decay for all the other samples. Fitting the curves in these
linear regions yields four slopes, that is, —0.1192 s~ '/? for the undrawn SC-PE,
—0.1071s~ '/ for 4=5, —0.063s~'/? for 2=30 and —0.016 s~ '/ for the fibre.
Attributing the variation of these slopes of the drawn solution-crystallised sam-
ples to the change of lamellar thickness as above, the lamellar thicknesses in these
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Figure 14 The decay of crystalline signal intensity in the original SC-PE (@), the drawn SC-PE
sample with 1=5 (A), the drawn SC-PE sample with /=30 (¥), the Dyneema® fibre (M) plotted

against the square root of the exchange time t. These data were acquired from the exchange
experiments performed at 320 K. From Ref. 20 (Figure 4).

samples are estimated to be 13.3 nm for the slightly drawn sample (1=5) and
22.7 nm for the drawn sample (4=30), in remarkable agreement with results
from the small angle X-ray scattering (SAXS) experiments.” This further confirms
that the chain diffusion constant is not strongly affected by the drawing process,
and that the increase in crystal thickness slows down the chain diffusion between
crystalline and non-crystalline regions. It is to be noted that easy drawability in the
SC-PE arises as a result of the absence of the entanglements and the presence of
extended chain conformations in the non-crystalline regions, which tend to be
maintained during deformation.

Following Peterlin,® complicated changes in the morphology of the sample
during the drawing process are anticipated. Studies performed on the structural
deformation suggest that, on drawing, initially the non-crystalline (amorphous)
component is deformed, which is followed by the orientation of the crystallites in
the drawing direction. Ultra-drawing, with draw ratios 4>15 results in conver-
sion of the folded chain crystals to the extended chain crystals by chain sliding
along the c-axis accompanied by increasing crystallinity. The ">*C NMR signal
decay reflects the increasing length of all-trans conformers. From the above it is
then expected that in our series of samples the deviation from simple diffusion
will be particularly strong for =30, where the reorganisation of the crystallites is
most pronounced. The bending-up curvature then most probably results from a
distribution of lamellar thicknesses as also indicated by an increase in the width of
the SAXS peaks, as well as from a non-uniform distribution of entanglements.
Contrary to that, the fibre sample shows a linear decay against ¢'/* within the
whole experimentally accessible range until the signal decays to about 55% of the
initial value. This could be indicative of the near absence of chain entanglements
in this fibre sample, as a result of being solution spun.
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3.2.4. Influence of interfacial components between the crystalline and
non-crystalline area

The interfacial components in semi-crystalline polymers, sometimes also termed
as ‘interphase’, ‘intermediate” and ‘semi-ordered” in the literature, are the compo-
nents bridging the non-crystalline and crystalline regions of sample.”” The com-
mon picture of interfacial components in the literature is described as follows:
Assuming the crystallites are of an infinite extent in the basal plane, then at small
distances away from each crystallite surface most of the chain segments will just
originate from the crystallite. The average chain orientation thus will not be as
random as in the bulk amorphous matrix but will be preferentially distributed
around the normal to the crystallite surface. This spatial constraint in the interfa-
cial components reduces the motional degree of freedom of chain motion present
in the non-crystalline regions, but obviously is not as strong as that from the
crystal lattice. As a result, the dynamics of the interfacial components most likely
will take a transitional mode between the fast isotropic Brownian motion in the
amorphous regions and the well-defined helical jump in crystals. In this context,
therefore, if the chain dynamics in the amorphous and crystalline regions are
coupled to form the medium range diffusion, one might easily anticipate that the
motion mode of the interfacial components will be important for the chain
diffusion.

However, because of the semi-ordered nature of the interfacial components,
monitoring such components gives a big challenge for the analysis techniques.
NMR approaches for monitoring such components were mainly focussed on the
relaxation measurements, because the semi-ordered structures of interfacial com-
ponents often make them indistinguishable from the crystalline structure. Chen
and co-workers have demonstrated a strategy to monitor the interfacial compo-
nents easily.’”*! The strategy can be simply described as follows: Through mani-
pulation on 'H magnetisation, an initial state in which 'H magnetisation of the
crystalline region is relatively enriched in the crystal surface area was created.
Such an initial state was then mapped to '°>C magnetisation through cross polari-
zation (CP). °C T; measurement was carried out under such an initial state
subsequently. They found that relaxation curve of the crystalline region measured
under such an initial state is markedly different from that obtained by the con-
ventional method. The contribution from the component of fast relaxation was
greatly enhanced, indicating that such crystalline component corresponds to the
crystal surface. By combining the above strategy with the 'H spin diffusion, Zhang
et al. studied the proton second moment in the surface of the orthorhombic PE
crystals.”* They found that the proton second moment increases with the spin-
diffusion time, reflecting a gradual decrease of the chain mobility from the surface
to the inner part of the crystals. Such a gradual decrease of the chain mobility, on
one hand, might indicate the gradual change of the structures and the resultant
spatial constraints on the chain segments. On the other hand, this phenomenon in
fact might also indicate the correlation between the chain dynamics of the crystal-
line and the non-crystalline chain segments in the samples.

Recently, Yao et al. studied the correlation between the local dynamics in
the different regions of a sample and the influence of the local dynamics in the
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interfacial area on the medium-range chain diffusion.'®** The samples used in
that work included two UHMW-PE samples crystallised from dilute solution and
from melt. It was found that the chain dynamics present in the non-crystalline
regions of the solution-crystallised UHME-PE is close to a local axial rotation
around the chain backbone, while the chain dynamics in the non-crystalline
regions of melt-crystallised sample is more like a fast isotropic motion. But
interestingly, the fast isotropic dynamics in the non-crystalline regions of the
melt-crystallised sample does not facilitate chain diffusion. In contrast, fast
chain diffusion was observed in the solution-crystallised sample. The co-existence
of the local restricted chain mobility with the enhanced chain diffusion in the
solution-crystallised sample, then, is explained by the facilitating effect of the local
axial rotation around the chain backbone on the chain diffusion. The chain folding
structure present in the non-crystalline regions has been considered to give rise to
the spatial restriction, which results in the local axial rotation.

The influence of interfacial components on the chain diffusion can be realised
from the cartoon picture of the chain dynamics shown in Figure 15. In this picture,
a chain stem is moving between the non-crystalline region (right side) and the
crystalline region (left side). The tube represents spatial and dynamic restrictions
of the PE chain from its environment and the diameter of tube indicates the degree
of restriction. In this model, the chain diffusion is achieved by the sliding of the
chain stem in the tube. Due to the chain connectivity, the motion of the non-
crystalline chain portion is connected with that of the chain portion in the crystal-
lite. Taking into account that the chain diffusion in the crystal is always along the
chain backbone, it is easy to imagine that motions in the non-crystalline regions
involving extended trans segments rotating around the local backbone are very
effective for the chain diffusion, whereas random motions such as almost isotropic
fluctuations of chain segments are not compatible with and may even be an
obstacle for chain diffusion. Following this idea, reducing the motional degree
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Figure 15 Illustration of chain motions in PE. The individual helical jump generates the translation
of chain stem by one CH, unit. These initial translation steps evolve in the course of time into

a diffusive motion between crystalline and non-crystalline regions, which is observed in the
NMR experiments. The tubes represent spatial and dynamic restrictions of the PE chain due to
its local environment. From Ref. 18 (Figure 7).
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of freedom of the non-crystalline chain motion, that is, from random motion to the
motion along the extended chain conformations, can favour chain diffusion.
In thermodynamics terms, the reduction of the motional degrees of freedom of
the chain motion in fact is lowering the entropy change involved in the translation
motion from the crystalline to the non-crystalline environment. This explains why
local restricted chain mobility can co-exist with the fast chain diffusion in the
solution-crystallised sample. The influence of interfacial components on the chain
diffusion thus can be understood along this line.

3.3. The correlation between helical jump and chain diffusion

From the above discussion, the presence of the coupling between the helical jump
and the chain diffusion obviously is incontrovertible. But one question remains:
that is, whether one helical jump inevitably results in one diffusion step of the
chain stem. In fact, it is not logical to expect that every helical jump inevitably
leads to a diffusion stem, as the jumps might be reflected by some obstacle in the
crystals or annihilated by the jumps from the opposite direction, although the
helical jump of the stem coupled to a translation in accordance with the crystal
structure seems to be a very effective mechanism for the formation of chain
diffusion. But the above experiments monitoring the helical jump, the chain
diffusion, or the dielectric and mechanical relaxation separately cannot tell the
relationship between movements of whole stems and local jumps of segments,
which might or might not be coupled to translation of the whole stem.

The temperature dependence of the local jump rates sheds light on this issue.
Figure 16 shows the local jump rates in PE crystals measured by *C-">C dipole-
dipole couplings (inverted triangle) and double quantum MAS exchange NMR
(upright triangle). Using the chain diffusion coefficient D obtained from the *C
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Figure 16 Arrhenius plots of local and effective jump rates in melt-crystallised PE samples.
From Ref. 33 (Figure 4).
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exchange experiment, one is also able to calculate the effective jump rate, which is
directly associated with the chain diffusion. These effective jump rates are plotted
as the squares in Figure 16.

At a given temperature, the local jump rates taken from the literature are
always higher than the effective jump rates derived from chain diffusion. This
indicates that a local motion of a CH; group in PE crystallites does not always lead
to a translation of the whole polymer chain. Since the PE samples studied in these
works may have slightly different properties, such as different molecular weight,
degree of chain branching, or crystallinity, which might influence the chain
dynamics, the direct comparison of the absolute values for the jump rates should
not be over-emphasised. However, the different temperature dependence for the
local and effective jump rates, where the former exhibit an increasing apparent
activation enthalpy with increasing temperature whereas the latter exhibit a
simple Arrhenius behaviour, cannot be attributed to possible minor differences
in the chemical properties of the samples. In fact, the increasing difference
between the effective jump rate determined here and the local jump rates indicates
that with increasing temperature the local jump motions observed through aniso-
tropic NMR interactions and by mechanical relaxation become more and more
ineffective for the translational motion of the chain.

This phenomenon can be explained by taking a closer look at the mechanism of
the chain diffusion process. In the literature, defect-driven mechanisms have been
proposed to facilitate the translation of an extended all-trans chain through a PE
crystallite, although the nature of defect may still be under debate in the different
models. In the defect-driven scenario, a defect is created, for example, at one side of
the crystal, and the translation motion is accomplished when the defect has moved
to the other side and finally left the crystallite. If, however, the defect only travels
inside the crystallite, is reflected back, or annihilated, it will not lead to a translational
motion of the stem but will still cause local reorientation of the CH, units. Thus, local
jump rates may differ from the effective jump rate responsible for chain diffusion.
Moreover, it should be noted that the defects have to leave the crystallites and thus
must pass through the interphase between the crystallite and the non-crystalline
region in order to generate an overall translation of the extended all-tfrans chain
segments. Therefore, the conformations in the interphase and their dynamic modes
become essential for the chain translation motion. The influence of the interphase
on the chain diffusion is discussed in the next section.

Based on the defect model, the non-linear behaviour of local jump rates in the
Arrhenius plot of Figure 16 can readily be understood. As the lattice of the PE
crystallites expands with increasing temperature, the number of defects in the
crystals increases. Apparently, however, the likelihood of defects that are not
effective for chain diffusion will also increase. It should be noted that at lower
temperatures, the temperature dependence of local and effective jump rates is
very similar, indicating that the relative number of effective jumps is almost
constant in this regime. Dynamic mechanical measurements of relaxation
processes in PEs show a similar temperature dependence of the activation
enthalpy.”* The above findings on a molecular level thus provide a microscopic
picture of the macroscopic behaviour of the material.
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In the above discussion, the defect-driven mechanisms seem to well explain
the temperature dependence of the apparent and effective jump rates. But
concerning the nature of the defects in this scenario, at least two mechanisms for
chain transport—local conformational defects® as opposed to propagating
twists’—have been proposed and debated in the literature. A recent work from
Spiess’s group has partially resolved the contention.'' In that work, a series of
well-designed polyolefin samples were synthesised. These samples have a pri-
mary structure as PE, but with precisely spaced deuterated methyl branches. The
chemical structures of these samples are illustrated in Figure 17, where the
number after PE indicates the number of carbon atoms between two adjacent
CD; branches along the backbone.

The introduction of deuterated methyl branch in the samples provides a
possibility to study the mobility of the branches themselves by *H NMR.
Figure 18 shows the *H spectra of the samples at different temperatures. As
indicated by the trend of the line shape with temperature, all the three samples
show a gradual build-up of molecular dynamics with increasing temperature. The
most interesting phenomenon in these spectra, however, is a regular Pake pattern
(n=0) with half the static line width in the ’H NMR spectrum observed only for
PE15-CDj; at T=303 K, indicating that the axial rotation in this sample is suffi-
ciently fast to average the *H line shape. Because this kind of regular Pake pattern
is not observed in linear PE, the axial rotation is attributed to the motions of
methyl groups embedded in the crystalline regions. Following this point, the
highly asymmetric *H line shape observed in all cases is thus probably a result
of ill-defined rotations around the local chain axis. Computer simulation shows
that such a line shape can be formed by the rotation of the all-trans conformer with
an amplitude of about 40°.

The dynamic information of chain backbone in these samples is provided by
the ">C CSA powder patterns obtained from the 2D CSA recoupling experiment
(SUPER).” Taking the advantage of the separation of isotropic CS and CSA in the
SUPER experiments, the information of the local reorientations of CH, groups of
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Figure 17 Precisely branched polymers: (A) ADMET PE, with no branching; (B—D) PEn-CD;,
with deuterated methyl groups on each and every nth carbon. From Ref. 11 (Scheme 1).
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Figure 18 Temperature dependence of 2H NMR spectra for (A) PE9-CDs; (B) PE15-CD5 and
(C) PE21-CDs. The special line shape of PE15-CD; at T=303 K (bold) indicates the presence
of fast axial rotational dynamics. From Ref. 11 (Figure 1).

the polymer backbone can be site-selectively monitored. Figure 19 shows the isotro-
pic and anisotropic **C chemical shifts of the samples. A remarkable finding is that
the anisotropic "°C chemical shifts of the backbone CH, groups in PE21-CDj; vary
with the distance to the neighbouring branching site. The NMR signal at 33.2 ppm,
which is likely from the backbone CH, groups close to the methyl branch, is
associated with the CSA powder pattern with the line shape of an almost axially
symmetric CSA tensor, where the principal value of 13 ppm along the crystalline c-
axis persists and the two other values are largely averaged, whereas the MAS NMR
signal at 33.6 ppm shows a CSA tensor line shape similar to that of PE. This variation
on the line shape of the °C powder pattern indicates the presence of the rotation of
the all-trans conformer with different amplitudes. Different from PE21-CD;, the CH,
signal in the crystalline regions of PE15-CD; is observed at 32.9 ppm with a shoulder
at about half the signal height at 33.5 ppm. Remarkably, all **C signals in the NMR
spectrum of PE15-CD; show the powder line shape of well-defined axially symmet-
ric CSA tensors: even at 33.5 ppm, the isotropic chemical shift is characteristic of
undistorted all-trans units. Thus, in PE21-CDj3, the CH, groups in proximity to the
lattice-perturbing methyl branches perform local motions as found in pinned
defects, whereas the rotation in PE15-CD; at T=303 K involves all the CH, groups
along a given polymer chain and thus shows collective behaviour as in a rotator
phase, which was also deduced from X-ray data.”®

Combining the results for PE15-CD; and PE21-CDj; obtained from ’H and °C
NMR, which probe the branch and the neighbouring chain defect separately, a
simple model for the molecular dynamics of regular methyl branched polyethyl-
ene in the crystalline regions has been proposed in Figure 20. In the crystalline
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Figure 19 Isotropic (A) and anisotropic (B) >C NMR chemical shifts for precise polymers. From
top to bottom: ADMET PE at 300 K, PE21-CD; at 300 K, PE15-CD; at 300 K, PE9-CD; at 235 K (—) and
245 K (—-). From Ref. 11 (Figure 2).
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Figure20 Models for rotational dynamics in (A) PE21-CDj; and (B) PE15-CDs. From Ref. 11 (Figure 3).

regions of PE15-CD; and PE21-CDj;, the lattice-perturbing methyl branches
undergo axial oscillations around the polymer backbone. In both samples, this
motion of the methyl branches increases in amplitude and rate with increasing
temperature. For PE15-CD;, all the sites along the chain show similar rotational
dynamics, indicating that the rotation has become a collective behaviour. In the
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case of PE21-CDj;, however, this rotational dynamic mode is restricted to CH, groups
in close proximity to the methyl branch in a twist-like defect, whereas the CH, groups
remote from the methyl branches are not involved in this motion as demonstrated by
the regular PE CSA pattern observed at 33.6 ppm, but may undergo 180° flips, as
known for crystalline PE. By comparing the intensities of signals at 33.2 and
33.6 ppm, the size of the defect in PE21-CD; has been estimated, which is 34 CH,
units on each side of the branch. The molecular dynamics in PE21-CDj thus clearly
favours the twist propagation model, while the different molecular dynamics in
PE15-CD; and PE21-CD; exhibits the localised rotational motion in PE21-CDj turn-
ing into collective dynamics owing to the higher density of defect sites in PE15-CDs.
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