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Series Preface

The Encyclopedia of Nuclear Magnetic Resonance
was published, in eight volumes, in 1996, in part to cel-
ebrate the fiftieth anniversary of the first publications
in NMR in January 1946. Volume 1 contained an his-
torical overview and 200 articles by prominent NMR
practitioners, whilst the remaining seven volumes were
constituted by 500 articles on a wide variety of topics
in NMR (including MRI). A ninth volume was brought
out in 2000 and two “spin off” volumes incorporat-
ing the articles on MRI and MRS (together with some
new ones) were published in 2002. In 2006 the deci-
sion was taken to publish all the articles electronically
(i.e. on the world-wide web) and this was carried out
in 2007. Since then, new articles have been placed on
the web every three months and some of the original
articles have been updated. This process is continuing
and to recognize the fact the Encyclopedia of Magnetic
Resonance is a true online resource, the web site has
been redesigned and new functionalities added, with a
relaunch in January 2013 in a new Volume and Issue
format, under the new name eMagRes. In December,
2012, a print edition of the Encyclopedia of NMR was
published in ten volumes (6200 pages). This, much
needed update of the 1996 edition of the Encyclopedia,
encompasses the entire field of NMR with the excep-
tion of medical imaging (MRI).

The existence of this large number of articles,
written by experts in various fields, is enabling a new

concept to be implemented, namely the publication
of a series of printed handbooks on specific areas
of NMR and MRI. The chapters of each of these
handbooks will be constituted by a carefully chosen
selection of Encyclopaedia articles relevant to the area
in question. In consultation with the Editorial Board,
the handbooks are coherently planned in advance by
specially-selected editors, and new articles written
(together with updating of some already existing
articles) to give appropriate complete coverage of
the total area. The handbooks are intended to be of
value and interest to research students, postdoctoral
fellows and other researchers learning about the
topic in question and undertaking relevant experi-
ments, whether in academia or industry. Consult the
eMagRes web site (http://onlinelibrary.wiley.com/
book/10.1002/9780470034590) for the latest news on
magnetic resonance Handbooks.

Robin K. Harris
University of Durham, Durham, UK

Roderick E. Wasylishen
University of Alberta, Edmonton, Alberta, Canada

June 2014
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Preface

The challenges faced by environmental scientists
today are vast, complex, and multi-faceted. For
instance, predicting the fate of an environmental
pollutant or understanding ecosystem responses to
climate change, necessitate a firm understanding of
molecular structure and dynamics of environmental
media as well as the components that exist and interact
within this media. Furthermore, linking information
obtained at the molecular-scale to ecosystem-level
processes is a major pursuit of modern environmental
research. As such, NMR spectroscopy and its scalabil-
ity from the molecular-scale to the macroscopic-scale,
is facilitating rapid growth in environmental science.
In addition, the versatility of NMR spectroscopy has
resulted in the development and implementation of
different types of NMR techniques to examine the
structure of various types of environmental sam-
ples, living and non-living, as well as the study of
critical environmental processes. This handbook
is a collection of chapters that span from methods
to how NMR is used in environmental research
to gain insight into various ecosystem properties.
These chapters also highlight the immense poten-
tial of NMR spectroscopy which has expanded our
fundamental understanding of environmental pro-
cesses and will likely continue to do so well into the
future.

NMR spectroscopy has been used to study environ-
mental samples since the early 1960s. One of the first
applications, by Barton and Schnitzer in 1963 (Nature
198:217-218), used solution-state 'H NMR to study
the composition of isolated soil humic substances.
Since this time, the advancements in NMR have
resulted in a wide range of methods to be applied to
environmental samples and required the development
of environment-specific methods, such as comprehen-
sive multi-phase NMR. This handbook is organized

into three parts—Part A focuses on methods used in
environmental NMR which span from solution-state
to magnetic resonance imaging. Part B emphasizes
how NMR spectroscopy has played an essential role
in understanding various types of environmental com-
ponents and related processes. These include different
forms of organic matter found in soil, water, and air as
well as how NMR is used to probe the fate of water,
organic pollutants, and metals in the environment.
Part C focuses on the growing field of environmental
metabolomics which uses NMR as its main discovery
platform. NMR-based environmental metabolomics
is reshaping the understanding of ecotoxicity of
problematic environmental pollutants in different
environments.

We sincerely hope that the reader will benefit from
the overviews written by experts in the growing and
diverse field of environmental NMR spectroscopy.
We thank the authors for their important and excel-
lent contributions to this handbook. We also thank
Professor Robin K. Harris and Professor Roderick
Wasylishen (Editors in Chief for eMagRes) for their
guidance and support. This handbook would not have
been possible without the support and assistance from
the eMagRes team at Wiley which consists of Elke
Morice-Atkinson, Stacey Woods, and Martin Rothlis-
berger. It is also important to note that many influential
people nurtured our early interest in environmental
NMR. We thank our PhD mentors (Professor Marvin
Dudas, Professor William McGill and Professor
Michael H. B. Hayes) and our Postdoctoral research
supervisors (Professor William Kingery and Professor
Pat Hatcher). Our collaborators at Bruker BioSpin,
especially Dr. Manfred Spraul, Dr. Werner Mas, and
Dr. Henry Stronks, are also acknowledged because
of their keen interest in the co-development of envi-
ronmental NMR methods and their long-term support



xx Preface

of environmental NMR development and application.
We must also thank the generous support for environ-
mental NMR research from the Canada Foundation
for Innovation, Krembil Foundation, Natural Sciences
and Engineering Research Council of Canada, Ontario
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1.1 INTRODUCTION

Magnetic resonance spectroscopy is concerned with
the splitting of magnetic spins of electrons (ESR) and
that of atomic nuclei (NMR) in an external magnetic
field B,.1~7 The splitting of the NMR transition is
not solely an intrinsic atomic and molecular property
but also depends on the magnitude of an external
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magnetic field B,,. Here, an increase in B, results in
NMR sensitivity enhancement and improved spectral
resolution.3~3 The special role of NMR spectroscopy
in the molecular-level characterization of complex
mixtures and amorphous materials resides in its abil-
ity to provide unsurpassed in-depth, isotope-specific
information about short-range molecular order.”

NMR offers the capability for quantitative and non-
destructive determination of chemical environments
across the periodic table with a very few exceptions:
only the elements Ar and Ce lack any stable, magnet-
ically active isotope with nuclear spin >0. Quantita-
tive relationships between number of spins and area
of NMR resonances operate in the absence of dif-
ferential NMR relaxation.»®>¢ This key feature of
NMR in the de novo analysis of complex systems
implies the use of NMR spectroscopy as a quanti-
tative reference for other, complementary analytical
methods, in particular, when complex unknowns are
to be characterized with molecular precision.” How-
ever, low intrinsic overall NMR sensitivity compared
with other analytical methods restricts the accessible
signal-to-noise (S/N) ratio in NMR spectra and accu-
racy of signal definition.

When performed properly on any environ-
mental sample, NMR spectroscopy will provide
isotope-specific information in unsurpassed detail
on the arrangements of chemical bonds, including
connectivities, stereochemistry, and spatial proximity
as well as meaningful clues about their dynamics
and reactivity.!=3*-11 However, elaborate sample
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preparation with attentive consideration of the phys-
ical processes initiated by the NMR pulse sequence
might become essential to obtain meaningful data
from polydisperse mixtures. Common environmental
samples are mostly complex mixtures of small and
large molecules, related by a continuous range of weak
to strong interactions. Typically, formation history
is poorly constrained, whereas polydispersity and
molecular heterogeneity across various size scales is
the norm rather than the exception. NMR spectroscopy
offers uniquely versatile options to study liquids, gels
(see Chapter 5), solids (see Chapter 4), gases, and any
combination thereof, a very beneficial prerequisite to
study environmental samples in their native state!*~13
(see Chapter 6).

The impressive contributions of, e.g., solid-state (see
Chapter 4) and comprehensive multiphase NMR spec-
troscopy (see Chapter 6) have been addressed in excel-
lent reviews!®!! and are not considered in this account,
which is concerned with solution-state NMR spec-
troscopy in environmental sciences. This focus implies
a stronger emphasis on studies of extracts and, hence,
environmental sample preparation. The often unavoid-
able extraction selectivity will become an asset when
purposeful decrease in heterogeneity and impurities
will improve sensitivity and S/N ratio in NMR spectra,
which is of perpetual concern in NMR spectroscopy.

Current scientific exploration of biochemical or-
ganic molecular complexity in which clearly resolved
patterns (and their alterations) are readily observed
appears more attractive to many than investigation of
the vastly more complex biogeochemical mixtures.
Here, analytical data are subject to far more extensive
intrinsic averaging and necessarily produce less re-
solved signatures.”!# Here, NMR spectroscopy shows
the most unambiguous relationship between NMR
observable (NMR with chemical shift, line shape, and
couplings) and atomic process (reorientation of nuclei
spinning with individual precession frequencies in
an external magnetic field B). It cannot be overem-
phasized that NMR spectroscopy alone will provide
the most direct evidence on molecular structure of
any unknown (amorphous) organic substance and
mixture; this degree of immediacy of NMR —structure
relationships is not available by any other analytical
technique.® This allows one to define the relative quan-
tities and remarkable structural detail of fundamental
building blocks.'>!¢ Here, multinuclear quantitative
one-dimensional (1D) NMR spectroscopy provides
the key margin for any structural model of a com-
plex unknown environmental sample. The unique

capability to generate and analyze data from multiple
higher dimensional and multinuclear NMR experi-
ments obtained from a single sample!?>815-1% serves
to enhance the reliability of NMR assignments and
allows definition of rather extended substructures in
environmental organic mixtures. %18

The most prominent obstacles to implement the
potential intrinsic to NMR in environmental sciences
are an often novercal attitude of chemistry toward
environmental complexity and a factual and technical
inaccessibility of competitive NMR resources to
virtually all environmental sciences. This has led to
a widespread perception that NMR spectroscopy is
not sensitive enough to cope with the low concentra-
tions and diversity of matrices encountered in many
environmental reactions.?? This chapter highlights
some of the encouraging conceptual and hardware
developments in modern NMR spectroscopy, which
may provide about one order of magnitude improved
resolution and sensitivity compared with equipment
commonly used in environmental sciences. This
game-changing evolution should place this most
powerful analytical method at the heart of most en-
vironmental studies that are aimed at a molecular
understanding of archetypical complex environmental
unknowns that are poorly amenable to any target
analyses.

1.2 GENERAL NMR CHARACTERISTICS
OF NUCLEI ACROSS THE PERIODIC
TABLE

NMR spectroscopy measures the precession fre-
quencies of individual nuclear magnetic moments
in an external magnetic field B, and the rate of
nuclear spin reorientation after excitation (NMR
relaxation).1">56212% NMR characteristics depend
on the isotope-specific nuclear properties yy: gy-
romagnetic ratio, B, applied, and the local chemical
environments (Figure 1.1). Therefore, any atom within
a molecule will show individual NMR-relevant prop-
erties, allowing the assembly of molecular structures
from NMR spectra in the case of resolvable mixtures
and the reconstruction of key structural principles in
the case of nonresolvable biogeochemical mixtures.’
An increase in B, results in NMR sensitivity enhance-
ment and improved spectral resolution (Figure 1.1,
panel B). The Larmor equation of NMR [w;, =
yn-Bo(1=96;); yN: gyromagnetic ratio; 6,: chemical
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Figure 1.1. Dependence of some magnetic resonance spectral characteristics on the magnetic field B,.” (a) At constant
magnetic field B, the resonance frequency depends on the relative gyromagnetic ratios of the nuclei y, (NMR). (b) Sections
of proton NMR spectra of cholesterol acetate at B, = 7.05T (300 MHz 'H frequency) and at B, = 21.14T (900 MHz 'H
frequency); note the qualitative difference of high-resolution proton NMR spectra acquired at various B,,. This variation remains
the most significant obstacle for automated NMR assignment in organic molecules. Pattern recognition in 2D NMR spectra
can be more successfully automated. (c) The relative energy, represented by the chemical shift range, covers a miniscule (ppm)
range of the (already tiny) NMR energy transition energy; the ratio of total chemical shift range to total NMR transition energy
ranges from ~20 ppm ('H, diamagnetic molecules) up to ~20 000 ppm (*°Co and > Pt NMR; Figure 1.2). Owing to the near
equality of the Boltzmann factors for the NMR energy levels, out of 1 000 000 proton nuclei, only 81 participate in the 'H NMR
experiment at B, = 11.7 T and 283 in the NMR experiment at B = 21.14 T (at room temperature: 300 K). All other proton nuclei
remain silent throughout the NMR experiment. This ratio is even worse for other nuclei, explaining the relative insensitivity of
NMR spectroscopy when compared to higher energy spectroscopic methods. (d) Mid-sized molecules produce individual NMR
signatures for any atom as shown for 'H (A) and '*C NMR (B) NMR spectra of carboxyazapyrene, which allow reconstruction
of unambiguous structures; the coupling of H13 is shown in expansion: the vicinal coupling 3J(H12—H13) = 7.9 Hz generates
the large dublett splitting; further splitting is effected by *J(H12—H14) = —1.3 Hz with favorable W-shaped geometry, which
reflects a succession of two near 180° dihedral angles (cf. Karplus equation) and even °J(H13—H9) = 0.6 Hz is observable, in
which two separate long-range coupling pathways coadd to result in a detectable splitting of the H13 NMR. ((a-c) Reproduced
from Ref. 32.) (¢) Complex environmental mixtures similar to this marine organic matter depth profile (800 MHz 'H NMR
spectra), normalized to identical integral area, exhibit low-resolution NMR signatures resulting from extensive superposition
of NMR resonances.® Integration provides quantities of coarse substructure regimes; NMR spectra of environmental samples
acquired at increased B, show enhanced sensitivity and resolution as well as improved assignment options from combinations
of multinuclear and higher dimensional NMR spectra. (Reproduced from Ref. 8. Distributed under the Creative Commons
Attribution 3.0 License)



