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Preface

As is customary in this series of reports on NMR Spectroscopy, Volume 62 consists
of accounts of research activities in a number of diverse scientific areas. The first to
be reviewed is ‘Flow Techniques in NMR Spectroscopy’ by P.A. Keifer; this is
followed by a report from D. Rehder, T. Polenova and M. Biihl on ‘Vanadium-51
NMR’; next comes a review of ‘Solid State Effects on NMR Chemical Shifts’ by
A.M. Orendt and J.C. Facelli; finally ‘NMR Studies of Encapsulated Macromol-
ecules’ are covered by P.F. Flynn, A.K. Simorellis and W.D. Van Horn.

It is my pleasure to thank all of these reporters for their very informative and
lucid contributions.

Royal Society of Chemistry G.A. WEBB
Burlington House February 2007
Piccadilly

London, UK
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Flow techniques have been used in NMR for over 50 years, and there has been a lot
of growth and interest in the field over the last decade. Most of that growth has
focused on LC-NMR type techniques, but it has also led to the development of other
flow-NMR methods, each of which is suited to different applications. Some of these
methods use different kinds of chromatography, whereas others use different plumb-
ing schemes. All of these variations will be discussed here, with particular emphasis
being given to the techniques of Flow-Injection-Analysis NMR (FIA-NMR), Direct-
Injection NMR (DI-NMR), Solid-Phase-Extraction NMR (SPE-NMR), and loop
collection. By understanding how and why each flow-N MR method was developed, a
user can more easily select the best tool for any given application.

1. INTRODUCTION

“Flow NMR” is a broad term that encompasses a variety of techniques, and these
techniques have been used for a wide range of applications. To help define the scope
of this chapter, the definition used here is that a “flow-NMR technique” is any NMR
technique in which the sample is flowing through a tube into the NMR probe at some
time during the measurement process. More specifically, the sample may — or may
not — actually be flowing at the precise moment that the NMR signal is acquired.

Flow-NMR techniques have been around for decades, and the field really blos-
somed starting in the mid-1990s. This was due in part to hardware developments
that happened then, which allowed flow-NMR techniques to finally become more
feasible. We will explore here how flow-NMR techniques got started, what hard-
ware developments took place, and what variations on the technique were devel-
oped. We will look at some representative applications and explore the problems
and limitations of flow NMR methods.

The early development of essentially all flow-NMR techniques was based upon
the development of liquid chromatography NMR (LC-NMR). The other flow-
NMR techniques then evolved from LC-NMR. As a result, although this article will
not focus upon LC-NMR itself (as LC-NMR has already been the subject of many
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other reviews' ), it will cover LC-NMR enough to provide a background for
understanding all the other flow-NMR techniques. The three main categories
of flow-NMR techniques that will be discussed in detail are Direct Injection
NMR (DI-NMR),* Flow Injection Analysis NMR (FIA-NMR),” and Solid-
Phase-Extraction NMR (SPE-NMR),® along with all of their variants.

2. THE START OF FLOW NMR AND THE EVOLUTION OF LC-NMR
2.1. The first flow-NMR experiments

The first reported use of a flow-NMR technique was in 1951, when the 'H spectrum
of water (doped with FeCls) was recorded as it flowed through the NMR probe.’
The intensity of the water signal was found to be proportional to the flow rate, and
the effects of 77 and T, on the signal were evaluated. Over the next two decades
there were a number of other investigations that acquired NMR data on flowing
liquids, all of which used the “flow” aspects to either measure, study, or reduce the
effects of either T} or T in a given sample, by measuring either 'H or '*C spectra.® !’
Typically, the goal of these research projects was to either improve the signal-
to-noise of the resulting spectra (by apparently “‘shortening” 7) via sample
flow),""'® or to use NMR to measure aspects of the flow itself.'®'® As a part of these
investigations, NMR ““flow probes” — probes capable of acquiring data on liquids
flowing through a tube located in the NMR magnet — were designed and used.'>!"”

2.1.1. Stopped-flow NMR, rapid-injection NMR, continuous-flow NMR,
and flow NMR

The next technique to come into common use was actually a group of related tech-
niques which were variously called “‘stopped-flow NMR”**3% “rapid-injection
NMR”*"3 “continuous-flow” NMR,*** or just “flow NMR”.>*3%3 Their use
started in the 1970s*° 2% and continues to this day.>>*’ In all of these techniques, the
goal is to acquire NMR data on unstable or rapidly reacting samples. The limitation
in doing this with ordinary tube-based NMR (in which the sample under investi-
gation is placed in a precision glass tube that is then lowered into the probe in the
magnet) is that the time between “‘creating” the sample and actually acquiring the
NMR data is too long to allow transient species to be observed. (That is, the time
required to transport the sample into the transceiver coil of the NMR probe is too
long.) The strategy of these alternative methods is to instead create the transient
species of interest at the site of the NMR measurement, rather than on the lab bench,
so as to eliminate the transport time. Some of the first groups (among many) to
do this were Sykes et al. V23492 Moore et al. 24340 Fyfe et al. ¥ and Cocivera
et al.;**37 they did this by mixing the two reactive species at the site of the NMR
probe. There are two general ways to accomplish this. First, as shown in Fig. 1A, one
can inject a liquid through a tube (where this tube runs through the magnet bore)
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Fig. 1. Representations of the two different fluidic methods used to perform rapid-injection-
NMR type experiments. One method (A; on the left) is to place reactant 1 in a tube in the
magnet, and then inject reactant 2 into 1 via tubing that is ultimately connected to a syringe
located outside the magnet. The other method (B; on the right) is to flow reactants 1 and 2
into a mixer located outside the magnet (upper right) and then flow the resulting mixture
(through tubing) into the NMR rf coil. The “active” (detected) volume of the probe is
generated by the rf coil, which itself is represented by the black “wire” outline. The thin
horizontal line shows the midpoint of the rf coils, which are located in the center of the
magnet.

into a different liquid that is in a standard (non-flow; traditional precision-glass)
sample tube located in the NMR probe.**>® (Hence, this setup does not use an
“NMR flow probe”.) The second setup, shown in Fig. 1B, uses two (flow) tubes that
each contain a separate flowing liquid, which are then joined together to form a
single outlet tube.’” The two reactive liquids mix together and — while they are
reacting — flow through one single tube into the NMR transceiver coil. Both of these
setups can be used to study kinetics, however, each setup has its own unique
advantages and disadvantages. In the first setup (Fig. 1A), even though one can
control the time between mixing (injection) and analysis, there is only one single
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discreet mixing step — so the sample may continue to change with time (during the
measurement). In contrast, in the second setup (Fig. 1B), one controls the time
between mixing and analysis by instead varying either the flow rate or the length of
the combined (single-tube) tubing. The mixing step in this second setup is normally
continuous (because the two streams of liquid normally flow continuously), which
is an advantage when one needs to signal average the NMR data for a longer time
than the lifetime of the transient species. (Because the NMR transceiver coil is con-
tinuously being replenished with a fresh mixture, one could signal average almost
indefinitely.) Yet a different advantage of the first setup is that the reacted sample can
be better maintained at a very low temperature, which can be critical when studying
unstable products.*

2.1.2. The start of LC-NMR

The first published paper in which the outlet of an HPLC system was linked to an
NMR probe appeared in 1978.%® This led several other groups to begin to investigate
the uses, advantages, and limitations of LC-NMR, including Dorn et al >3 Bayer
and Albert er al.,***” Buddrus et al.,°* 7° and Wilkins et al.”! among others. This
eventually led to hundreds of publications on LC-NMR starting in the early 1980s,
and research in the field continues to this day. There are many published reviews of
LC-NMR, and the reader is directed toward those sources for more a complete
treatment of the technique.'

In hindsight, one might call LC-NMR a natural development, considering all the
other non-chromatographic flow-NMR work that had became ‘“‘routine” in the 1970s
(as discussed above). As an evolutionary change from before, however, LC-NMR
now required one to use an NMR probe that was dedicated solely to the observation
of a sample flowing through tubing from another source. This led to many inves-
tigations that attempted to optimize the design of the flow-NMR probe — a probe
specifically designed to acquire NMR data on a sample introduced to the magnet
bore and probe via capillary tubing. (This sample-delivery style was in sharp contrast
to the traditional delivery method of “‘pipette the sample into a precision-glass NMR
tube, and use an air cushion to drop this tube into the transceiver coil located in the
NMR probe™.)

2.2. Flow NMR probes

The criteria for designing a good flow-NMR probe (or LC-NMR probe) were
initially threefold. First, the inlet port had to be attached to capillary tubing so that
it could connect to the HPLC column/system. Second, the probe’s “filling factor”
had to be optimized to produce the best sensitivity possible on a ‘“‘chromatographic
peak” (liquid) sample. Third, no bubbles could be in the NMR flow cell, otherwise
the NMR lineshape would be degraded by magnetic-susceptibility inhomogeneities.
These criteria were typically met by using a flow cell within the NMR probe like the
one shown in Fig. 2A. The outlet line exits from the top of the flow cell, and
the inlet line enters from the bottom, both so as to naturally eliminate bubbles. The
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Fig.2. Representations of the rf coil and sample-tube geometries for both an NMR flow cell
(A; on the left) and a traditional 5mm NMR sample tube (B; on the right). NMR flow cells
typically have the inlet at the bottom and the outlet at the top, so that any air bubbles that
happen to get into the flow cell are easily eliminated out the top whenever the fluid is in
motion. Note the gradually widening connections where the capillary tubings join into the
flow cell (A), which helps the incoming fluid displace the contents of the flow cell, rather than
just mix with it — or (worse yet) to simply “‘jet” in. The length of the rf coil along the Z axis
(represented by the black “wire” outline) is approximately the same in both cases; however,
the diameters of the rf coils used for most NMR flow cells is less than that used for Smm
tubes (as is shown). The horizontal line shows the midpoint of the rf coils (along the Z axis)
which should be coincident with the center of the magnetic field.

sensitivity limitations of NMR caused users to increase the volume of the flow cell;
making it larger than is typically used for other chromatographic detectors (hence
the expanded diameter of the tubing at the location of the transceiver coil). This led
to concerns about chromatographic band broadening, which had two effects. First,
it forced the NMR detector to be placed last (most downstream) whenever multiple
detectors were used in series. Second, it encouraged the NMR flow cells to be
designed so that the incoming solvent would “sweep’ the contents of the flow cell to



FLOW TECHNIQUES IN NMR SPECTROSCOPY 7

the exit port, and not simply “jet in””. (“Jetting in”’ causes excessive sample dilution,
which will reduce the NMR signal.)

Even as late as the 1980s and early 1990s, the NMR probes used for LC-NMR
still had to be custom made,’>”* but by the mid-1990s, flow-NMR probes became
commercially available and were soon considered to be standard items. This led
even more research groups into investigating the utility of LC-NMR. Most of this
work focused on either solving specific scientific problems,’*”> exploring various
kinds of chromatography,'’® or studying the physics of chromatography itself.”” As
will be discussed below, however, research was also done on the development of
new fundamental methodological tools for LC-NMR - tools such as different kinds
of fluid flow and different kinds of solvent suppression.

2.3. Variations in fluid flow: “on-flow” versus ‘“stopped-flow” LC-NMR

Liquid chromatography alone (without NMR) is always performed “on-flow”; that
is, the solvent stream always flows during the analysis, and never stops. A good
chromatographer would always avoid stopping the flow during a chromatographic
run, because that could lead to chromatographic band broadening — and the primary
concern of chromatographers is usually to achieve the best possible chromatographic
resolution. Practitioners of LC-NMR, however, usually struggle with NMR signal-
to-noise limitations more than with chromatographic resolution. The NMR signal-
to-noise can be improved by signal averaging, however, this usually requires the flow
to be stopped — often for substantial periods of time. The outcome of all this is that,
although modern LC-NMR can be run in an entirely “on-flow” mode, a more
common practice is to stop the solvent flow (when needed) in such a way that
chromatographic peaks of interest can be stopped in the NMR probe for as long as is
needed to allow the NMR spectrometer to signal average that chromatographic-
peak’s NMR spectrum to an acceptable signal-to-noise. This process is called
“stopped-flow” LC-NMR. In practice, chromatographic peaks are often stopped in
the NMR probe as long as overnight (or more) for signal averaging. Usually the
LC-NMR operator does not detect much measurable degradation of the chroma-
tographic resolution by stopping the flow, but this greatly depends on the volume of
chromatographic peak as compared with the volume of the flow cell, and by how
much the operator is overlooking the problem. Chromatographic broadening is often
overlooked in part due to the ability of NMR spectroscopy to “resolve”” compounds
that are still chromatographically overlapped. It may also be overlooked due to the
tendency of an LC-NMR operator to often focus on the NMR resolution more than
the chromatographic resolution. It certainly is influenced by the fact that the NMR
flow cells — which normally have capacities of 10-150 uL — can sometimes serve as
large-volume “‘solvent mixers” from a chromatographic viewpoint. This is particu-
larly true if the chromatographic peak’s solvent volume is much smaller than the
volume of the NMR flow cell, in which case incoming peaks can be significantly
diluted and “chromatographically broadened” as they flow into the NMR flow cell.
But overall, in summary, on-flow and stopped-flow LC-NMR techniques both are
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freely used techniques,’® and there is no hesitation in LC-NMR to stop the chro-
matographic peaks in the NMR probe for long periods of time. It is also quite
common to use both techniques on a given sample for different purposes — normally
using on-flow-LC-NMR to first survey the mixture, followed by stopped-flow
LC-NMR (often in combination with 2D-NMR) to examine certain chromato-
graphic peaks in more detail — as was done by Ikeda and coworkers.”

2.3.1. Sample recovery

LC-NMR, like analytical LC, usually does not involve recovering the compounds
separated during the analysis. (Preparative LC does, by definition, but analytical LC
usually does not.) In part this is because the NMR flow cell itself usually significantly
degrades chromatographic resolution and causes dilution. Some investigators do,
however, chose to recover chromatographically separated peaks after LC-NMR.
(LC-NMR is technically “‘non-destructive”.) One way to do this is to blow the
sample solution out of the outlet of the probe with nitrogen gas.* This is easier to do
when using certain alternative plumbing schemes (discussed below).

2.4. Developments in solvent suppression

LC-NMR usually acquires "H NMR spectra. If mobile-phase solvents that contain
protons are used, the resulting solvent signals usually need to be suppressed to
obtain a quality NMR spectrum. The problem of how to best suppress these signals
has been an issue since the early days of LC-NMR.®!

2.4.1. Presaturation and binomial sequences

Early investigators suppressed solvent NMR signals by using either presaturation®'
or binomial sequences such as 1331°72 or 11.%*? Spin-echo-difference spectra of
isotope-labeled samples have also been used to “suppress” (avoid) solvent signals.®*
Through the early 1990s, a presaturation/first-increment NOESY sequence was
commonly used. (Presat-NOESY suppresses solvent resonances better than does
presaturation alone, although the resulting spectrum is less quantatively accurate.)
Prior to the invention of SLP pulses,®> however, presaturation required a separate rf
channel in the spectrometer for each NMR signal that needed to be suppressed,
which made it difficult to suppress multiple resonances within a spectrum. In ad-
dition, because of their long “dead” time, presaturation sequences are poorly suited
to on-flow techniques. (No data can be collected during the long 1-2 sec presatu-
ration-irradiation period, and so half of the sample is uselessly flowing to waste
during that half of the experimental time.)

24.2. WET

A significant advance was made in 1995 when the WET solvent-suppression method
was created (Fig. 3).%® The advantages of WET were numerous. The signal
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Fig.3. The NMR pulse sequence used for WET solvent suppression. The tip angles of each
of the four CHESS pulses is indicated in the figure above each shaped pulse. These pulses can
be SLP (phase-ramped) pulses to suppress off-resonance signals, and can be convoluted so as
to suppress multiple signals as needed. The '*C decoupling pulses remove the '*C-satellites of
the suppressed signals. The spatially selective composite read pulse, shown in this figure as
four 90° pulses (having phases of X, Y, —X, and —Y, respectively), is actually delivered as a
single pulse with a smoothly changing phase. The “dz” delay is empirically optimized so as to
minimize the residual solvent signal (as the spins relax back along the Z axis).
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R e O

Fig.4. The NMR pulse sequence used for NOESY with WET solvent suppression. The
WET sequence is incorporated into the end of the mix delay.

suppression was fast so that it worked equally well for both on-flow and stopped-
flow samples. (Presaturation was an equilibrium method that did not work as well
on flowing samples, and it was slower in its recycle rate.) WET could also suppress
multiple solvent lines with only a single rf channel by using SLP pulses.®> WET also
suppressed the '°C satellites, and allowed one to view (unsuppressed) resonances
that were under these '°C satellites. WET was a robust and forgiving technique that
required no fiddling or optimization (unlike WATERGATE). WET was more fre-
quency selective than many techniques, and generated minimal bleaching. And
WET had also been incorporated into all standard 2D-NMR sequences (Fig. 4).%
This made WET the preferred solvent suppression method for LC-NMR. It has
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also led to WET being used to acquire NMR data on samples dissolved in fully
non-deuterated solvents.**” Additionally, WET is now often used for water sup-
pression in conventional tube-based biomolecular NMR spectroscopy.®*#’

2.4.3. Other solvent-suppression methods

More recently a variety of other solvent-suppression techniques for LC-NMR have
been developed, although none of them yet seem to be widely accepted. Some
examples include FLIPSY,” excitation sculpting,”’’*> and pulsed field gradient
(PFG) double quantum methods.”?

The key point of this section has been to document that the solvent-suppression
developments that occurred because of LC-NMR now allowed researchers to
routinely acquire acceptable-quality "H NMR spectra on samples dissolved in fully
non-deuterated solvents and solvent mixtures. (In other words, because of WET,
solvent suppression was now no longer limited simply to samples dissolved in H,O,
but could be done on samples that contained organic solvents.) This point led to the
development of other flow techniques, as discussed below.

2.5. Variations in the chromatography

To most people, the term “LC-NMR™ generally means that a reversed-phase chro-
matographic separation is being used. Other forms of chromatography were inves-
tigated, however, soon after LC-NMR was first developed. At a minimum, the
following variations were described by at least the indicated dates: gel-permeation
chromatography-NMR (GPC-NMR) by 1981,°° gas chromatography-NMR
(GC-NMR) by 1981,”* supercritical-fluid chromatography-NMR (SFC-NMR) by
1988.”° capillary electrophoresis-NMR (CE-NMR) by 1994,”%%7 capillary LC-NMR
(CapLC-NMR) by 1996,”* 1% capillary electrochromatography-NMR (CEC-NMR)
by 1998,'" and size-exclusion chromatography-NMR (SEC-NMR) by 1998.'%* For
more detailed descriptions of the development of these techniques, the reader is
directed to other dedicated reviews.'’®

Generally, these various forms of chromatography involve simply changing the
chromatographic equipment. Sometimes, however, that change influences other as-
pects of the whole system. For example, although normal-phase chromatography is
simple to mechanically implement, the normal-phase solvents that would typically be
used (i.e., alkanes) produce complex 'H spectra full of coupled resonances, which
obliterate large (critical) portions of the 'H spectral width and whose suppression is
difficult. (Solvents like CCl,>® and CHCl5,'” which either have no 'H signal or are
NMR “‘singlets”, produce cleaner NMR spectra in normal-phase LC-NMR and
SEC-NMR.) Likewise, in SFC-NMR, although the higher pressures used put higher
demands on the pressure limitations of the NMR flow cell, the corresponding use of
CO, as a solvent nicely eliminates solvent-background signals.'® In CE-NMR and
CEC-NMR, the probes need to be able to handle high voltages,'®" which could
otherwise perturb the NMR spectra.
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2.6. Hyphenation/hypernation

Another set of developments that is critical to understanding this field is the whole
area of hyphenated techniques. Hyphenation (or multiple hyphenation which is also
known as “hypernation”'%%) involves adding on other analytical techniques, almost
as if they were “building blocks”. Fig. 5B shows a block diagram for LC-NMR, as
compared with a simple HPLC system (Fig. 5A). By adding a UV detector (or diode
array detector) inline, one can get the more useful (and typical) LC-UV-NMR
configuration shown in Fig. 5C. Here the UV signal can be used to trigger NMR
events — ““stop on a peak”, “time-slice through a peak™, ““don’t stop”, etc. By
adding even more building blocks, such as a refractive-index detector and a mass
spectrometer, one can construct a LC-UV-RI-NMR-MS system as shown in
Fig. 5D. Any common HPLC detector (like radiochemical detectors or evaporative
light scattering detectors or various kinds of mass spectrometry) can be hyphenated
to the system. Output signals from these detectors are then routinely interfaced to
the NMR to serve as trigger signals.

LC-NMR-MS, which was first described in 1995,'°° is an extremely powerful
analytical tool. There are already many dozens of papers describing its use.! An
application of the combination “LC-MS/MS-NMR-CD” was described in 2003.'’
Interestingly, even “LC-NMR-MS with (semi-)offline FTIR” was once described
(in 1999).'% All of this points to how useful it can be to incorporate (“hyphenate’)
different additional building blocks. DI-NMR and FIA-NMR (discussed below)
were created in part by using that same concept, but now by removing building
blocks from LC-NMR, instead of just adding them.

2.7. Various NMR experiments: different nuclei and pulse sequences

NMR is known for being flexible: a researcher can use any one of hundreds of
known pulse sequences for extracting information out of a sample, or study different
kinds of nuclei. LC-NMR shares that same flexibility. Most LC-NMR studies
acquire only one-dimensional 'H spectra (usually by using stop-flow methods).
Other nuclei have been directly detected in LC-NMR, such as 1303637 gnd 1R, 63109
and a 1986 paper even described the direct detection of both 2°Si and '*C data in the
same recycled-flow-NMR study.''” (It is interesting to note that a 1993 paper
claimed to be the first to perform 'F-detected LC-NMR,'"! whereas it had already
been published before in at least 1984% and 1988.'%%) The low sensitivity of direct-
detection '*C-observe flow NMR can be greatly improved by using dynamic nuclear
polarization (DNP)."'>!"? Indirect-detection experiments are also commonly used in
flow NMR; "H{'*C} is the most common,**'"* but "H{*Si} detection has also been
reported.'”

Two-dimensional techniques of all types are commonly used in flow NMR — when
the sensitivity is high enough. For example, various two-dimensional J-resolved,
homonuclear, and heteronuclear (‘"H{'*>C}) correlation experiments, and 1D-NMR
at multiple temperatures, were used to analyze blood plasma in a 1995 study.''
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Fig.5. Examples of increasing amounts of hyphenation/hypernation. Part A (top) is a block
diagram of conventional HPLC. By adding an inline NMR probe to this, one generates an
LC-NMR system (B). By further adding a UV detector of some sort, one generates the most
common configuration: an LC-UV-NMR system (C), which is commonly referred to simply
as an “LC-NMR”. The most complete, expensive, and powerful configuration further adds
both a mass spectrometer and an additional detector of some sort, such as a refractive index
(RI) or evaporative light scattering (ELS) detector (D; bottom). In this figure, the “‘second
detector” would be the RI detector. The effluent from the two detectors (in series) is then split
and sent in uneven proportions to the MS and the NMR, often in 1:10-50 ratios. Overall,
this illustrates how different analytical techniques can be built up by hyphenating different
building blocks.
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It would be particularly exciting if diffusion-ordered spectroscopy (DOSY) were ever
combined with LC-NMR, but this has not yet been reported. It is interesting to note
that EPR was used as a (non-contact) flow-EPR detector as early as 1983''® — for the
analysis of flowing coal.

3. NON-CHROMATOGRAPHIC FLOW NMR

In the previous section we saw how “building blocks” can be added to LC-NMR to
make ever more sophisticated (and complex) analytical tools. In this section we will
do something equally useful, but in a different way — we will simplify the systems by
removing building blocks. This has created two new types of non-chromatographic
flow NMR: FIA-NMR and DI-NMR. These methods can then be altered further
by the addition of any of the building blocks (or modules, or variations) described
in the previous section.

As high-resolution NMR spectroscopy becomes more automated, there is a grow-
ing need to move the samples to be analyzed in and out of the NMR probe faster and
more reliably. For decades, mechanical robots have been used to move the traditional
precision glass samples tubes in and out of the magnet under automation,''” but
users want even more speed and reliability, and preferably reduced cost as well.

3.1. Flow injection analysis NMR (FIA-NMR): columnless LC-NMR

One way to think about LC-NMR is to view it as simply a sample-changer for an
NMR spectrometer. In LC-NMR you start with a mixture and let the LC step
separate the compounds before they are passed into the NMR flow cell. Alterna-
tively, if you want to analyze the samples intact (without separation), you can do
the same thing, but without the chromatography column. If you remove the chro-
matography column and keep everything else intact (i.e., the pump, injector, mobile
phase, [connective tubing] and probe, and maybe even the optional UV detector), a
sample placed in the injector can be swept by the “mobile” phase into the NMR
probe. Just like in stopped-flow LC-NMR, you can stop this plug of injected sample
in the NMR probe. The pump can be triggered off (which stops the mobile phase,
and hence the sample transport) either with a signal from the optional UV detector
(just like in LC-NMR; where the pump is stopped after a calibrated delay once
the UV detector registers a peak maximum) or by simply calibrating the delay
time (from the injector port to the probe) as a function of the rate of solvent flow.
Once the delay times are properly calibrated, the maximum concentration of the
injected sample plug can be stopped reproducibly inside the NMR flow cell.

This concept was initially called “columnless LC-NMR”, and later called “Flow
Injection Analysis NMR” (FIA-NMR), and was first demonstrated in 1997 by
Keifer and coworkers.*!'* 12 (Although a brief report on FIA-NMR published in
1987 has since been found.'?') A typical delay time (from the injector port to the
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probe) is only 10-20sec, and this appeared to be a fast and easy way to automate
the movement of samples in and out of an NMR probe — especially when one con-
siders how many commercially available devices there are for loading injector ports
(sample loops) into an HPLC system and automating the injection process.
A diagram of the hardware is shown in Fig. 6B, which graphically illustrates how

A. LC-UV-NMR > (Waste)
NMR Probe
LC Pump & : uv
Mobile Phase Injector e el Detector

B. FIA-NMR ("columnless" LC-NMR)

I—» (Waste)

NMR Probe

LC Pump & . _1
— Injector

Mobile Phase ’

NMR Probe

_I D. DI-NMR (Alternative View)
Injector

C. DI-NMR

Piston Pump
& Solvent

PN
(Waste) NMR

Sample [Rinse],

Fig. 6. Block diagrams of LC-NMR (A; top), FIA-NMR (B; middle), and DI-NMR (C;
bottom), showing the progressive simplification of the fluidics of the systems. The hardware
used for FIA-NMR (B) is very much like that used for LC-NMR (A), but with the removal of
the LC-column and usually the UV detector (both shown in gray in A). In DI-NMR (C),
although the block diagram makes it look like it is just a simplified version of FIA-NMR
(which it is in concept), the hardware actually used — and the fluidics involved — are very
different, as is described in the text. Part D is an alternative way to illustrate how the fluidics
of DI-NMR are different from those of LC-NMR: in DI-NMR, the sample fluid is pushed
into the NMR flow cell for the NMR measurement, then normally withdrawn the way it came
in — then one or more rinse cycles repeat this in/out process. If the diameter of the NMR flow
cell is the same as the attached capillary tubing, however, all solvents involved instead usually
follow a unidirectional path through the NMR probe, more like in FIA-NMR.
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the hardware used for FIA-NMR is a simplified version of the hardware used to
perform LC-NMR.

A more detailed (complete) description of FIA-NMR was published in 2003.
FIA-NMR was shown to be especially useful for repetitive analyses. Sample
volumes of 20-200 uL were injected, and the reproducibility of the analysis was
shown to be quite good. (The relative standard deviation of the peak integrals was
1.38% for 15 duplicate injections; it was 0.38% for 15 repetitions of the same static
sample left in the probe.) This study did not attempt to determine minimum-de-
tectable sample sizes, but did show that 20 pg sample-injection sizes were easily
detected in 1-min acquisitions. Data were acquired using a mobile phase of
CH;CN-D,O (50:50) to transport the samples into the probe. WET solvent sup-
pression®® was used, which allowed non-deuterated acetonitrile to be used. This
data,” as well as other more rigorous testing,* has shown that the “mobile phases”
do not need to be deuterated when WET is used, although some users of capillary
systems argue that the cost is minimal in those cases and the improved spectra
justify the cost.

One goal for FIA-NMR was the ability to perform analyses rapidly (high
throughput). There are three requirements that need to be taken into account to
accomplish this. First, you need to be able to move the samples from the injector
port into the NMR probe quickly. Second, you need good sensitivity from the
NMR probe to allow the total NMR acquisition time to be short. And third, you
need to be able to remove the sample from the probe quickly, and ideally rinse out
all traces of the sample quickly (before the next sample is introduced).

This FIA-NMR system,”>''®!"” and others like it,'*>'**!* easily meet the second
requirement by being able to detect 20 pg (injected) sample quantities.” One study,
however, suggested that up to 140-840 pg of injected material might be needed more
routinely, or in less favorable cases.'® In contrast, when a capillary NMR flow
probe (1-5puL detection volume) is used for FIA-NMR instead of a “standard”
flow probe (typically a 60 pL detection volume), the detection limits can be reduced
significantly (easily to the range of 10 pg).'**

The quality with which FIA-NMR meets the first requirement (moving the
sample from the injector port into the NMR probe quickly) depends on the
variables of the solvent flow.” For pumping speeds of 4.0 mL/min, the sample can
be mechanically moved into the probe in 6-8sec (depending on the length of the
capillary transfer line); however, it then can take ca. 2min for the NMR signal
to fully stabilize, and even then the NMR peak heights are typically less repro-
ducible. In contrast, for pumping speeds of 0.25mL/min, the mechanical transfer
takes much longer (ca. 1.5 min), and an additional stabilization time of ca. 1.5 min is
needed (hence ca. 3min total from injection to the start of acquisition), but the
peak heights are then the most reproducible. Data from intermediate flow rates
verify these trends: that the fastest flow rates (4.0 mL/min) allow you to start
acquiring NMR data faster (even though the stabilization time is then the longest,
the reduced pumping time more than makes up for that delay), but the slowest
flow rates provide the most reproducible (quantitative) NMR data. If quantification
is not needed, one could start the NMR acquisition earlier, but it still requires
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I-2min to transfer and stabilize the sample. This is still a big advantage over
mechanical tube-based sample changers, however, which typically change samples
slower than this, and they require additional time to then lock and shim the sample
— activities which take no additional time in FIA-NMR (which is a big advantage).’
We have noted that the time needed to stabilize an injected-plug sample in FIA-
NMR appears to be longer than the stabilization time needed for an LC-NMR
sample — this is presumably because an LC-NMR sample has a Gaussian distri-
bution of concentration at the trailing and leading edges of the sample plug,
whereas an injected plug sample has a more discontinuous interface with the mobile
phase.

The third requirement (you need to remove the sample from the probe quickly) is
the most variable parameter in FIA-NMR. It depends in part on how much carryover
from sample-to-sample can be tolerated. (Note that the carryover in a mechanical
tube-based sample changer is absolutely 0%.) To achieve <0.1% carryover, we found
it took 0.5min at a flow rate of 4.0mL/min (2mL total solvent consumed), and
4.0 min at 0.25mL/min (1 mL total solvent consumed). Although flushout is faster at
4.0 mL/min, flushing at 0.25 mL/min uses less solvent (which may be more important
if a deuterated mobile phase is used — to avoid NMR solvent suppression).’

There are a few other reports on the use of “flow injection NMR”,'*>"127 all of
which have occurred since the original report in 1997."'® These applications, how-
ever, use what is described here more properly as DI-NMR (see below).

3.2. Direct injection NMR (DI-NMR)

One could say that DI-NMR(Fig. 6C) is conceptually just a simplified version of
FIA-NMR (Fig. 6B); however, in practice the two systems are mechanically very
different. In DI-NMR, the pump is simplified, and the mobile phase is removed (as
are all optional detectors), to give the simplest possible flow-NMR system. DI-NMR
injects the sample directly into the NMR flow probe, and the whole injection process
is then driven by automation. (You could essentially say that the NMR flow probe is
just a sample loop for the injector port of an automated injector.) There is no mobile
phase — just the solvent the sample is dissolved in — although an additional batch of
solvent is used to either rinse the NMR flow probe (flow cell) and transfer lines, or to
hydraulically push the sample into the flow cell, or (typically) both.

The first demonstrations of DI-NMR were published starting in 1997 by Keifer
and coworkers,>!"® 2% where the technique was compared — and contrasted with —
FIA-NMR. This was followed by a full description and evaluation of the technique
in 2000.* The original impetus to develop DI-NMR was the desire to do automated
NMR faster and better. Experience with LC-NMR and FIA-NMR had shown us
that flow NMR had several potential speed and simplicity advantages over tradi-
tional tube-based automation. First, in flow NMR, no additional time was needed
to lock or shim each sample (assuming the solvent composition was kept constant).
Second, deuterated solvents were not required, both because of WET solvent sup-
pression, and because there was no real reason to bother locking the sample (due to
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Scout-Scan* frequency registration). And third, more samples were being either
stored or synthesized in microtiter plates, and automated liquid handlers could
inject aliquots from those microtiter plates into standard injector ports. This also
eliminated the breakage of glass sample tubes.

The original application that pushed the development of DI-NMR was the
analysis of combinatorial-chemistry libraries. (In part because the author was in-
volved in combinatorial chemistry at the time, due to his prior development of
HR-MAS for the NMR analysis of resin-bound samples.'**) Combinatorial chem-
istry provided an ideal justification (and proving ground) for DI-NMR because you
often had thousands of samples in a library, all dissolved in similar concentrations,
normally in a common (uniform) solvent, all stored in microtiter plates — all of
which needed a simple "H-NMR spectrum to either help confirm a probably known
structure or to verify purity. You wanted the spectrum fast, at a low cost, and you
wanted to repeat the same NMR experiment thousands of time in a row with
minimal human intervention. DI-NMR was designed to do just that.

The seminal DI-NMR paper* analyzed combinatorial-chemistry samples stored
in (septum covered) 96-well microtiter plates, all dissolved in either DMSO-dy or
DMSO-hg, at a concentration of either 25 or 2.5mM. The volume of injected
sample solution was 350 uL. A Gilson 215 liquids handler was interfaced to the
NMR spectrometer, and, under NMR control, one sample was withdrawn from a
well in the microtiter plate and injected, via an injector port and a transfer line, into
the NMR flow cell (in the probe in the magnet) using the syringe pump on the
Gilson 215. The Gilson then triggered the NMR to acquire an NMR spectrum
(a 32-scan 1-min acquisition in this case). When the NMR acquisition was com-
plete, the NMR sent a signal back to the liquids handler, which withdrew the
sample (with assist from a synchronized source of air backpressure) and returned it
to the original well of the microtiter plate (or another location of the user’s choice).
The syringe pump then was used to rinse the NMR flow cell by a similar “out-
and-back” motion with an aliquot of clean solvent.

The original paper also shows that the data acquired on samples dissolved in
DMSO-/4 can be almost as good as the data acquired on the samples dissolved in
DMSO-d, (the reader can judge; see Fig. 7). It also shows a number of ways to
display and analyze the NMR data acquired on a library of compounds stored in a
96-well plate (one way is shown in Fig. 8). There is also a discussion of the various
possible ways to get quality-control information for the fluidic injection process, by
using either the Scout-Scan data or signals from an internal standard (Fig. 9).*

DI-NMR differs from both LC-NMR and FIA-NMR in that the flow cell is
empty of solvent when the sample is injected. This allows the DI-NMR user to
acquire the highest possible sensitivity on the sample and also allows the sample to
be recovered in an unaltered (undiluted) state. This does, however, require the
DI-NMR user to inject at least a certain minimum sample volume in order to
acquire an acceptable NMR spectrum. (This minimum sample volume is ca. 150 uL
for standard ““60-microliter observe volume™ flow cells, but it can be as low as 2 uL
for a ““0.5-microliter observe volume capillary flow cell”!* discussed below.) If this
minimum volume (which depends on the volume of the flow cell) is not met, the
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Fig.7. This figure shows that data acquired on samples dissolved in DMSO-/4 have the
potential to be almost as good as the data acquired on the samples dissolved in DMSO-d.
Shown are 32-scan (1min) '"H NMR spectra acquired on a compound dissolved in 25mM
DMSO-/g (top; A), 2.5mM DMSO-/g (middle; B), and 2.5mM DMSO-dg (bottom; C). The
spectra acquired on samples dissolved in DMSO-/¢ (A and B) were acquired with WET solvent
suppression of both the DMSO central resonance and its *C satellites, and processed with a
single-frequency DSP notch filter. The chemical shift of these resonances (2.5 ppm) is marked
with a ““*”” in the chemical shift scale. Other than a 10-fold reduced vertical scale for A, all data
acquisition, processing, and display parameters were identical for these three spectra.

flow cell will contain air, which will ruin the NMR lineshape (and because there
is no solvent mixing in DI-NMR, the volume difference cannot be made up with
a “push” solvent). This different fluid behavior of DI-NMR as compared with
FIA-NMR influences many performance aspects of the analysis, such as carryover,
detection efficiency, recovery efficiency, and speed. The biggest disadvantage of
DI-NMR (which is addressed by FIA-NMR) is the possibility that the tubing in
the system could become clogged with particulate matter if unfiltered samples
are injected.

3.2.1. Applications of DI-NMR

After the original description of DI-NMR (and the commercialization of the tech-
nique by both Varian and Bruker as VAST and BEST, respectively), there followed
numerous papers that used DI-NMR as a tool. Most of these applications fall
into one of three general categories, all of which utilize repetitive analyses. (One-
dimensional "H spectra were always acquired unless noted otherwise below.) The
first category (described above) is the analysis of libraries of relatively pure
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Fig.8. One way (out of several) to present DI-NMR data — specifically data that were
acquired on a library of compounds stored in a 96-well plate. Here, the spectra are presented
with the same graphical layout as the compounds are stored in the plate. This allows the
user to easily see relationships along rows or columns, which is a particularly useful ability
when analyzing combinatorial libraries (as opposed to random libraries). These data were
acquired by using DI-NMR on samples dissolved (2.5mM) in DMSO-/4, and show the
5.8-9 ppm region. All data acquisition and processing parameters were identical for each
spectrum.

(normally organic) compounds. The second category is the analysis of biofluids
(urine, plasma, etc.) — an application that ultimately leads to the analysis of samples
for clinical diagnoses. The third category is the study of biomolecules; most com-
monly to use "H{"*N} HSQC to analyze combinations of ligands and '*N-labeled
receptors (proteins) to either study binding properties or to screen ligands for
binding affinities. Some of the heaviest users of DI-NMR are located in private
industry (typically the pharmaceutical industry) and so the resulting data are often
not published much; hence the publication record for DI-NMR is not necessarily an
accurate measure of its popularity.

Spraul e al."*® used DI-NMR to screen rat urine. Gmeiner et al.'*' used DI-
NMR to study ligand binding to a biomolecule. Hamper er al.'** used DI-NMR to
analyze a combinatorial-chemistry library. Additional demonstrations of the utility
of DI-NMR to analyze libraries were published by Combs ez al.,'* Lewis et al.,'**
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Fig.9. In flow NMR, it is advantageous to have some way to monitor the success (or
“quality”) of each sample injection. One way to obtain this kind of quality-control information
in DI-NMR is to monitor either the lineshape, or the integral, or both, of an internal standard.
This figure shows one way to display both the lineshape and the integral of an internal standard
contained in each injected sample of an 8 x 12 matrix of samples (in a 96-well plate). This kind
of information can be displayed either graphically (shown) or numerically (not shown). It is
very practical to use the NMR spectral lineshape as a measure of the “quality of injection’ in
flow NMR (more so than in tube-based NMR), because any type of bubble in the active region
of the flow cell (or an under-filled flow cell) will easily be detected by its degraded lineshape.

Eldridge et al. (for a natural product library),'* Kalelkar e al.,'*® Leo er al.,'*’

Kautz et al.,'* and Pierens et al. (natural product library)."*® Additional publi-

cations on the use of DI-NMR for the analysis of biomolecules and the screening of

binding were published by Stockman ez al.,'*”"'** Ross et al.,'** and Tisne et al.'*®
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Additional demonstrations of the use of DI-NMR to study biofluids have been
published by Robertson ez al.'*' and Potts e al.'** (all on urine), although several
companies, like Liposcience (www.Liposcience.com), are using DI-NMR to com-
mercially analyze biofluids (often plasma). DI-NMR has also been recently used to
analyze olive oils,'*® various other food oils,'* and beer.'*® The summary of all of
this work is that DI-NMR has proven to be useful as an NMR automatic sample
changer in a wide variety of applications.

3.3. Comparisons

FIA-NMR and DI-NMR have both proven to be useful, but they have different
strengths and weakness; both as compared with each other, and as compared with
other flow-NMR techniques like LC-NMR. For example, LC-NMR is appropriate
whenever chromatographic separations are needed, but it tends to be time con-
suming. DI-NMR is appropriate if maximum sensitivity is required, or if the sample
needs to be recovered, or if there is a sufficient sample volume, and if the sample
contains no sediment. FIA-NMR is more appropriate if carryover needs to min-
imized faster, or if the sample does not need to be recovered intact, and if a wider
range of smaller sample volumes must be analyzed. Clearly, each technique has its
own set of advantages and disadvantages, and all three techniques are useful for
different applications.

4. NEW TECHNOLOGIES TO FACILITATE FLOW NMR

Starting with LC-NMR, FIA-NMR, and DI-NMR as the three seminal techniques,
researchers have since developed variations upon these methods. These variations
are all being covered in this (different) section because they all required the devel-
opment of some type of new hardware. The hardware developments fall into one of
two groups: variations in the plumbing scheme or variations in the flow probe.

4.1. Plumbing variations: loop collectors

A typical HPLC detector is a real-time device: the data are generated instantane-
ously (on-the-fly) as the mobile phase flows through the detector cell. Likewise, in
LC-NMR, the NMR detector can also operate in real time — but only if the analysis
is performed in an on-flow mode. If the LC-NMR analysis is performed in a
stopped-flow mode, however, the data is not generated on-the-fly (NMR data is
only acquired when the LC pump is idle, and the LC pump only runs when the
NMR spectrometer is idle). This “non-real-time’” nature of stopped-flow LC-NMR
has been further expanded upon by the development of loop collectors.

Loop collectors allow LC-NMR to be run in a more time- and equipment-
efficient manner. They allow the user to separate the LC and NMR functions in
both time and space. In a loop collector, the HPLC performs the chromatographic
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separation, and analyzes the separation with a typical LC detector, but instead of
sending the used effluent to waste (or perhaps to an open air fraction collector),
selected portions of the effluent (downstream from the detector) are trapped and
stored in sections of in-line capillary tubing (“loops”) by using a coordinated sys-
tem of valves. At a later time, these valves can be triggered in a way that causes the
mobile phase to flush (and push) the contents of a given loop into an NMR flow cell
(usually by backflushing); then the valves can trigger again (diverting the mobile
phase elsewhere) so that the loop’s contents remain in the NMR probe. The HPLC
pump can then be shut off, which allows the fraction that came from the loop
collector to remain in the NMR probe indefinitely if desired.

The loops can be designed to store aliquots of any desired size. (Although the
inside diameter of the tubing is typically fixed, the tubing can be cut to any length to
achieve the desired volume.) The loop-collector system can also be designed to
contain any number of loops — by using multi-port rotary valves. The loops and
valves are located downstream from the LC detector, so that the LC-detector signal
can be used as a trigger to activate the valves. Once the user has calibrated the lag
time between the LC-detector and the loop-collector valves (which is flow-rate
dependent), the system can be programmed to automatically trap multiple chro-
matographic peaks in the loops, all under computer control (based upon the
LC-detector’s signal output).

A loop collector is essentially a fraction collector, although unlike typical fraction
collectors, the fractions are trapped in a pressurized loop, in a dark and anaerobic
environment. The plumbing is configured so that each loop’s contents can be
pumped into the NMR flow cell (using the LC pump) at any user-controllable time
(in ideally any order; after the chromatographic separation is finished). This means
that when the loop-collector technique is used, the LC separation and the NMR
analysis are always separated temporally. Spatially they may or may not be separate
(the operator can set it up either way). A typical loop collector is designed so that
the loops can either be integrated spatially into the LC-NMR system (Fig. 10A), or
they can be removed as a unit (as a “cartridge” of loops) and moved to another

Fig. 10. Block diagrams of the LC-NMR variations that use loop collectors or solid-phase-
extraction (SPE) cartridges. Part A (top) shows an integrated LC-Loop Collector-NMR
system. The Loop Collector (valve ““c) is plumbed in with multiple computer-controlled
valves (valves ““a” and ““d”) that can control the flow paths of the fluid, sending it either into
any of the various loops, directly to the NMR flow cell, or to waste. Additionally, this valving
system is designed to let the user flush the contents of any loop to either the NMR flow cell or
to waste. (For simplicity, this figure shows only four loops; typically a system will have more
loops and the volume of each loop can be customized.) Parts Bl and B2 (middle) together
show the offline use of a loop-collector cartridge. The loop cartridge is first filled by using an
offline LC system (B1; no NMR is involved in this step) and then the loop cartridge (typically
valve “c” alone) is moved to a flow NMR system (B2), where its contents are analyzed one
loop at a time. Part C shows how SPE cartridges can be added to a loop-collector style
system; this requires some additional fluid pumping capability and some additional valves
(valve “b” in the figure).
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remote valve setup if desired. This allows the user to fill the loops at one time or
place on a HPLC system (Fig. 10B1), and then disconnect the loop cartridge and
move it to the loop-analysis (NMR) system, (which consists of just an LC pump,
the valves, the loop cartridge, and the NMR probe; Fig. 10B2), where the loops can
be subsequently analyzed by NMR.

Loop collectors are particularly useful when the NMR analyses will take a long
time. They allow the user to analyze the contents of each loop at their leisure, and
under complete user control, with no fear of diffusion or broadening of the chro-
matographic peaks. Loop-collector LC-NMR does not replace on-flow LC-NMR,
but it is a useful alternative.'*® Loop collectors are discussed here because, if you
ignore the chromatographic loop-filling step (Fig. 10B1), which can happen at any
time or place (just like any HPLC sample cleanup) the “NMR analysis of the
contents of a loop” shown in Fig. 10B2 is a form of ‘““non-chromatographic flow-
NMR spectroscopy’. The analysis of the loop’s contents can be thought of as being
almost the same thing as FIA-NMR. Fig. 10B2 differs from FIA-NMR only in the
replacement of an injector port with one loop (as is used in FIA-NMR) with a more
complex valving system attached to a cluster of loops (as is used in loop analysis).

The disadvantage of loop-collector LC-NMR s that, if the solvent composition
of any loop is significantly different from that of the mobile phase (the solvent
coming from the pump that pushes the loop’s contents into the NMR probe), you
will need to address the magnetic-susceptibility mismatches between the two solvent
mixtures — or else your NMR lineshapes will be broad and unshimmable. This can
be done in one of three ways. First, you can make the loop volume either much
bigger, or much smaller, than the volume of the NMR flow cell. (If the loop’s
volume is much bigger than the NMR flow cell, then the solvent in the loop will
displace the mobile phase from the NMR flow cell. Conversely, if the loop volume is
much smaller than the NMR flow cell, then the sample in the loop will ultimately
mix with the mobile phase in the NMR flow cell.) Second, you can program the
HPLC pump to successively produce mobile phases that match the solvent com-
position of each loop as it is pumped in. (This is harder than it sounds, because the
composition of the mobile phase at the outlet of the LC column is never rigorously
known.) Third, you can find a way to remove the solvent in the loop from the solute
being analyzed. This third concept is what drove the development of the SPE
technique — which is described in the next section.

4.2. Plumbing variations: SPE-NMR (column trapping)

Solid-Phase-Extraction-LC-NMR (SPE-LC-NMR, or SPE-NMR for short; also
known as ‘“‘column trapping” or “peak trapping’), can be thought of as a loop-
collector system where each loop is essentially replaced by a SPE cartridge. The
analyte is trapped on the SPE cartridge as it elutes from the main HPLC column,
and then eluted later, under control of the user. In practice, trapping on the SPE
cartridge is often ensured by adding water to the mobile phase post LC-column
(making it a weaker eluting solvent; assuming reversed-phase HPLC; see Fig. 10C
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for placement). The analyte is then eluted from the SPE cartridge in a separate step
by using a stronger solvent. Sometimes this eluting solvent is even deuterated (using
CD;s;CN or CD;0D), so as to minimize the need to use solvent-suppression se-
quences during the NMR data collection and to produce cleaner NMR spectra.

The hardware for SPE-NMR (Fig. 10C) starts with a loop-collector-style setup
(Fig. 10A) and add a few pieces. First, each loop in the loop-collector cartridge has
an SPE cartridge spliced into the middle of the loop’s tubing. Second, a makeup
pump is normally added — to add water to the mobile phase (post LC-column).
Third, the system may be plumbed so that a separate pump is used to pump the
(stronger; possibly deuterated) solvent that elutes the analytes from the SPE car-
tridges. In any case, the solvent that finally ends up in the NMR probe must always
have a uniform magnetic susceptibility (typically by being well mixed), or else the
NMR lineshapes will be degraded (broad) — and this is often hard to accomplish
when one elutes the effectively “unrinsed” SPE cartridges. The advantage of the
method, however, is that the analyte normally reaches the NMR flow cell as a more
concentrated “plug” (especially for broad chromatographic peaks), which produces
better NMR spectra in considerably less time.

The idea of SPE-NMR was first demonstrated by Griffiths and Horton,® and
then Brinkman,'# in 1998. Since 2001, there have been numerous reports on the use
of SPE-NMR 3147157 Some users have pointed out that multiple (repeated) in-
jections can be trapped on a given SPE cartridge before the analyte is eluted; the
resulting concentration of analyte is useful for low-concentration analytes and for
acquiring heteronuclear NMR spectra.'*®!>! Other users have recovered samples
from the NMR probe (at the end of the analysis) by blowing it out with gas.®® It has
also been shown that SPE-NMR provides the biggest benefits for chromatographic
peaks with long retention times (which are broadest).!>

One major advantage of SPE-NMR is that it allows the chromatographic step to
be performed separately from the NMR analysis — much like in loop-collector
LC-NMR.">? If you take the liberty of regarding a loop-collector loop or an SPE
cartridge as simply a sample “‘storage container” (like an NMR sample tube), one
could then consider the resulting elution step of SPE-NMR as just another form of
“non-chromatographic flow NMR” (especially if the SPE cartridges are loaded up
at another time, and on another LC system).

4.3. Probes: flow probe optimization

To achieve the maximum NMR signal-to-noise when using an NMR flow cell
(Fig. 2A), it is necessary to have the incoming fluid actually displace the fluid
previously located in the active volume, rather then simply mix with it. This hap-
pens naturally inside straight capillary tubing, but NMR flow cells were initially
larger-volume cavities connected to capillary tubing.'®-®"71-7278158 (The larger-
volume flow cells were needed to improve the signal-to-noise of the NMR spectra.)
There has always been a lot of concern about how to design the flow cell so that the
incoming solvent smoothly displaces the existing solvent.'”® This is usually
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accomplished by having the capillary tubing connect to the active volume of the
flow cell (the detected region) via gradually widening connections (Fig. 2A)"° —
which causes the total volume of the flow cell to often be twice as big as the active
volume. (Hence a standard 60 pL active-volume flow cell has a total volume of
~120 uL.) There is also a need for the flow cell to naturally flush out any air
bubbles, which happens by placing the inlet on the bottom and the outlet on the
top. A modern flow probe is also expected to have optimal 'H lineshape, sensitivity,
radiofrequency (RF) homogeneity, and heat transfer characteristics, especially
when it is used for NMR sequences like HSQC, which contain numerous pulses and
heteronuclear decoupling.'®

In addition, to obtain the optimum NMR signal-to-noise on an analyte within a
chromatographic peak, the volume of the NMR flow cell must be matched to the
liquid volume of the chromatographic peak. If the volume of the NMR flow cell is
vastly smaller or vastly larger than the volume of the chromatographic peak,
you will analyze either just a fraction of the peak or dilute the peak, respectively.
Optimization is complicated by the fact that the volume of a chromatographic peak
is greatly influenced by its retention time (the more a peak is chromatographically
retained, the larger its elution volume will be), as well as by the size of the chro-
matography column being used.

A “standard” NMR flow cell — designed for LC-NMR with 4.6mm diameter
chromatography columns and for most DI-NMR and FIA-NMR applications — has
an active volume that is normally ~60 uL (120 uL total volume). Flow cells that are
designed for DI-NMR applications that acquire 'H{'’N}-HSQC spectra normally
have larger (ca. 120 pL) active volumes.'®® Flow cells that are designed for CapLC-
NMR (which uses capillary chromatography columns) have smaller active volumes,
ranging from 30 uL down to as small as 5nL.%%98:100.101.161.162

4.4. Probes: capillary flow probes

The development of the smallest-volume NMR flow cells has led to the develop-
ment of new methodologies for building NMR probes. Although it is easy to simply
run the capillary tube through an NMR probe and build an RF coil around it, it is
much harder to also obtain good sensitivity and especially good NMR resolution
and lineshape. Much of the work on the smallest rf coils and smallest flow cells
has been done by the extended group at Magnetic Resonance Microsensors
(MRM; now part of Protasis) and Sweedler and coworkers at the University of
Mlinois.”®'*17° They have shown how to produce the smallest capillary microcoils
(as solenoids wrapped around the capillary tubing; see Fig. 11B), and how to deal
with the magnetic-susceptibility-mismatch problems generated by the resulting
coils, tubing, and probe.

Much of the initial applications development on microcoil probes was done on
custom-made prototype probes.”®?%163-18:171 Nore recently a line of capillary NMR
probes has become commercially available from Protasiss MRM (www.protasis.com).
These probes are now called CapNMR probes or CapLC microflow probes and


http://www.protasis.com

FLOW TECHNIQUES IN NMR SPECTROSCOPY 27

outlet

Z (0°)

inlet

A

Fig. 11. Graphical illustrations of the size and orientation of an MRM microcoil (B; on the
right)) as compared with a conventional flow probe (A; on the left). The relative sizes are
drawn approximately to scale (a 0.9 mm ID capillary is shown here). Note that solenoidal
coils, which microcoils typically use, need to have their axis in the XY plane; as compared
with Helmholtz coils (left), which have their axis aligned along the Z axis.

have flow-cell volumes of typically 1.5, 5, or 10puL (although other sizes are
available). They have been used for a wide variety of small-volume flow applications.
The original impetus for designing these probes was to provide NMR detection
for capillary-chromatography techniques,'”” such as CapLC-NMR,'>>168:173-176
CE-NMR **1%¢177 capillary isotachophoresis NMR (cITP-NMR),!”* ¥ and CEC-
NMR. 01857188 The advantages reported are a gain in sensitivity, and the ability to
use entirely deuterated solvents (hence no NMR solvent suppression is needed), but
users have also reported that peak trapping in the NMR flow cell can be unreli-

able.!”® There are multiple nice reviews of these capillary techniques hyphenated to
NMR_76:159.162.189
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Initially, capillary flow probes were loaded manually (with the user using a syringe
to load the sample into the probe).'¢*103171.190195 N re recently, CapNMR probes
have been combined with Gilson or other automated liquid handlers to create mi-
croscale automated DI-NMR.'>*!7%19 (ProtasissMRM now sells commercially
available systems optimized for this application; sample volumes are typically
1-10 uL."7) Eldridge and coworkers used a syringe pump to load 3 pL samples
dissolved in CD;OD."*>"%® (The use of a syringe pump to help load the flow cell has
been referred to as ‘““‘manual-assisted” — in contrast to a fully manual loading of the
flow cell.'”®) Geierstanger and coworkers injected 5 pL samples from 384-well plates
into a 400 MHz CapNMR probe under full automation, and acquired 1D and 2D
COSY data.'”® Most of their samples were run in DMSO-dj, but some spectra were
acquired on samples dissolved in DMSO-/¢ using WET suppression of both the
DMSO and the water resonances. Kautz and coworkers used a Varian DI-NMR
system (VAST) and a Protasis sample loader to automatically inject 2 uL samples (in
DMSO-dg) from a 96-well microtiter plate into a 0.5uL home-built NMR flow
cell.'® By using a semi-continuous train of sample plugs separated by immiscible
carrier fluid (discussed below), they nicely demonstrated that it is possible to use
automated high-throughput NMR to analyze very small injected volumes; however,
a system to perform this has not yet been commercialized.

As a nice complement to the microscale DI-.NMR work, Bailey and Marshal
demonstrated microscale FIA-NMR by using a CapNMR flow probe and an
HTS PAL autosampler to automatically acquire NMR data on 2 pL samples dis-
solved in CDs;CN located in a 96-well microtiter plate. To explore the limitations of
the technique, Lacey er al.'®® performed microscale FIA-NMR to understand how
injected sample plugs of differing solvent compositions can affect NMR spectral
resolution.

Microcoil probes are also proving useful in biomolecular NMR. The short RF
pulse widths typical of these small coils provide very wideband excitation (with
minimal sample heating). Edison and coworkers used an NMR probe with a 15pL
flow cell to acquire triple-resonance data on proteins dissolved in H,0.'”? Peti and
coworkers'? later also took advantage of the short pulse widths to run an experi-
ment on a protein in a new way.

Other groups have also been involved in designing capillary NMR flow probes.
Albert and coworkers **'°! have certainly been very active in this area.

1124

4.5. Probes: multiplex probes

Once it was proven that microcoil NMR flow probes with capillary flow cells were a
viable product, efforts were made to use them in a parallel fashion to enhance the
throughput of the NMR analysis. This is done by placing multiple rf coils within
one NMR probe, to produce what is sometimes called a ““multiplex probe” (or the
technique can be called “multiplex NMR”’). Most of this work has been done by the
Raftery group at Purdue University?*®2°® and the Sweedler group at the University
of Tllinois,'®7 1% both starting in 1999. The initial investigations used samples in
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sealed glass tubes,”” but flow-through cells were implemented soon thereaf-
ter.?°"27 The literature describes several different approaches to constructing the
hardware, as well as different approaches to acquiring the NMR data,”'" but the
overall unifying concept is similar in all cases. The unifying concept is to ideally
acquire data for the multiple samples simultaneously; or to at least move the second
sample into place while you are acquiring data on the first sample. The record
currently appears to belong to Webb and coworkers, who used a probe with eight
identical solenoidal microcoils (and a Varian NMR spectrometer with four receiv-
ers and switches) to acquire NMR spectra from eight different chemical solutions in
the time normally required for one.>'* In addition to simply increasing NMR
throughput, there are other more unique applications of multiplex NMR - to
implement novel solvent-suppression methods, to facilitate electrophoretic tech-
niques,lgo’181 and to follow reaction kinetics — and the reader can find details on all
of these applications elsewhere.?'* The concept of multiplex NMR offers a lot of
potential for high-throughput NMR, and the initial data is tantalizing, but as yet no
product using these concepts has been made commercially available.

4.6. Probes: cold probes/cryoprobes

It has been known for some time that if the electronics of the NMR probe are cooled
down, the signal-to-noise of the resulting NMR spectra increase severalfold.*'
The first implementations of this (for solution-state samples), which cooled the
NMR probe down to 25K to gain ca. fourfold increases in sensitivity, were done
with conventional tube-based probes (not flow probes).>*!> Recently, flow probes
that are cryogenic have also now become available and (as expected) are proving
useful for their increased sensitivity.?'® Exarchou and coworkers'*® used a cryogenic
flow probe to study natural products, while Spraul and coworkers®'” used a cry-
ogenic flow probe to study acetominophen metabolites. Spraul and coworkers also
interfaced a cryogenic flow probe with an SPE system, which they compared with
loop-collection with a non-cryogenic flow probe.?'® In general, a cryogenic probe
will typically be able to acquire NMR data faster, so — because most flow-NMR
techniques either struggle with NMR sensitivity or are being used in a high-
throughput analysis technique — the author expects many flow-probe users to soon
use cryogenic probes. Flow-cell contamination can be a problem in flow NMR
(see below), so these probes will probably need to have flow cells that can be re-
placed while the cold probe remains in the magnet. (This capability is commercially
available.)

To summarize this section, many developments have been made lately that make
flow NMR more flexible and more useful. Flow probes have been refined to have
better fluidics, better temperature control, a much wider range of sample-cell sizes,
and substantially better sensitivity. New capillary separation techniques can now be
supported, and mutiplex NMR allows solution-state NMR to be truly parallel for
the first time. All of these developments will make flow NMR more popular, to
more people, for more applications.
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5. VARIATIONS OF THE FLOW TECHNIQUES/FLUIDICS

Even though FIA-NMR is a relatively new technique (first published in 1997''®),
the field of FIA itself is much older, larger, and well established. The first FIA
applications were published in the mid 1970s;*'” the field has blossomed since then
and is now documented in numerous books*’ > and on its own dedicated web site
(www.flowinjection.com; also www.globalfia.com). FIA also overlaps heavily with
continuous-flow analysis (CFA) methods.?** (Note: the terminology used in this
paper has been guided heavily by the broad field of FIA, which has caused some of
the “FIA-NMR” techniques cited here to be “‘re-described” with these more widely

accepted definitions and terminology.)
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FIA is normally performed within an intact stream of liquid within capillary
tubing (Fig. 12A). The fluidics of FIA-NMR and LC-NMR are similar (to FIA
alone) with regard to the flow cell, except the flow cell (detector) is now an enlarged
cavity connected to the capillary tubing (Fig. 12B). In all three cases, however, the
stream of liquid is continuous and fills the entire tubing and detector cavity. This is
in contrast to DI-NMR, which empties the flow cell of liquid (filling it with air)
between each sample (Fig. 12C). DI-NMR pushes the sample solution into an
empty flow cell to eliminate dilution so as to obtain maximum sensitivity, but one
drawback is that the user must inject enough solution volume to fill both the inlet
tubing and the entire flow cell (to obtain good NMR lineshapes)* — hence DI-NMR
has a minimum sample volume. DI-NMR also suffers from sample-to-sample car-
ryover from sample solution that clings to the walls of the tubing, which can be
reduced by wash cycles, but never completely eliminated. FIA-NMR does not have
a minimum sample volume (just a limit of detection), but sample dilution does
occur.” Sample-to-sample carryover in FIA-NMR is under user control; the user
can pump mobile phase for as long as is needed to sufficiently remove sample
solution that clings to the walls of the tubing.

In an ideal world, one would like to eliminate all of these potential limitations —
no minimum sample size, no dilution, and no sample-to-sample carryover — while
retaining the advantages of flow NMR (speed, ease of automation). One way
carryover was initially reduced (for non-NMR applications) was by introducing
“segmentation’ — usually in the form of air bubbles, but also as immiscible liquids
or solids — between discrete plugs of each sample (Fig. 12D), an idea that was
first introduced in 1966°* and remains in widespread use today.'*”-*?*?° This

Fig. 12. A comparison of the fluidics of various flow-NMR methods. Part A illustrates FIA
alone: there is an intact stream of liquid, flowing uni-directionally within capillary tubing,
which runs through a (non-NMR) detector of some sort. Part B illustrates FIA-NMR and
LC-NMR: these are similar to FIA alone (A) except the flow cell has been enlarged to
compensate for the sensitivity limitations of NMR. Both techniques use unidirectional fluid
flow. (The arrows indicate the presence and direction of fluid flow.) Part C illustrates DI-
NMR: here the flow cell starts off empty, is pumped full of fluid, the NMR data is acquired
when the fluid flow comes to a halt, then the cell is emptied, and the process is repeated. In
DI-NMR, the flow is usually bi-directional; the sample is withdrawn from the bottom (which
is the most efficient way to both recover the sample, and reduce sample carryover whenever
the flow cell is an enlarged cavity). The in-and-out cycle is often repeated with clean rinse
solvent to clean the cell between samples. Part D illustrates Mono-Segmented Flow Analysis
(MSFA), which uses air bubble separators (or plugs of inert and immiscible solvent) between
plugs of the samples being analyzed. Part E is another Segmented Flow Analysis (SFA)
technique in which plugs of wash solvent are used to clean the detector region between
samples. The plugs of wash solvent are separated from the sample plugs by air-bubble
separators. The fluid flow paths for MSFA and SFA are uni-directional, and the fluid streams
typically start and stop (at least for NMR detection). Note the sample indicators (n—1, n,
n+ 1), which indicate the stepwise progression of the samples through the detector in a linear
serial fashion. These latter techniques, D and E, are suitable for straight capillary tubing
systems, but do not work in systems where the detector uses an “expanded” flow cell. The
limitations of using the MSFA and SFA techniques for NMR are discussed in the text.
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method, often called “‘segmented” or “segmental” flow, “air-segmentation” flow,
“mono-segmented” flow, or “air-sandwiched” flow (Fig. 12D),*****! is well known
to have some disadvantages, such as unstable flow rates, and an inability to
instantly “start” or “stop” the liquid flow — both caused by the compressability of
the air bubbles.??® The air segments also do not always eliminate sample-to-sample
carryover caused by “‘sticky” solvents that leave a film that adheres to the walls of
the capillary tubing.”* Air bubbles (or immiscible liquids) are an even bigger
problem in NMR-detected applications, because a physically inhomogeneous
bubble (or interface) of any size in the NMR detector cell will ruin the NMR
lineshapes (due to the magnetic-susceptibility discontinuities). (Air-segmented
methods have been tried in some DI-NMR applications starting in the late
1990s, and they do indeed suffer from these problems. They are still sometimes
being used, but the author is unaware of any published articles that document any
of these efforts.) Air-segmented methods, including the more complicated version
shown in Fig. 12E, have been more successfully applied to FIA-NMR and in
capillary tubing methods (without an “‘expanded” flow cell), as discussed below.

To achieve maximum NMR sensitivity, the sample solution needs to simply fill
the NMR detector coil. To achieve the best NMR lineshape (which also directly
affects NMR signal-to-noise), NMR techniques also need to have the same liquid
(or at least a liquid of the sample’s magnetic susceptibility) fill the entire flow cell,
and maybe even fill portions of the inlet and outlet tubing as well. This “‘extra”
liquid, however, does not contribute directly to the signal-to-noise of the NMR
spectrum. Behnia and Webb?*? addressed these issues in a capillary tubing system
by placing the entire plug of sample within the detector coil (to maximize signal-
to-noise) and recovering decent lineshape by bracketing the sample plug with
materials other than air. They showed that the narrowness of the NMR lineshape
was directly controlled by how close the match was in magnetic susceptibility
between the sample plug and the bracketing materials. (They used a single, mostly
D,0, sample, and bracketed it with either air bubbles, Teflon plugs, or plugs of
Fluorinert [FC-43; a mixture of '’C perfluorobutylamines]. They determined a
minimum sample volume for their tubing/coil system to be 400nL.) This method
addressed the minimum-sample-size limitation by bracketing a minimum-sized
sample plug between plugs of an immiscible liquid that has the proper magnetic
susceptibility. Later, Sweedler and coworkers used this technique to study a sample
cleaved from a single solid-phase-synthesis resin bead (using a sample size of 2.5 uL.
injected into a 800 nL detector cell).'”!

Most recently, Kautz and coworkers'?® automated this concept, and applied it to
a string of samples, and used it to analyze the contents of a 96-well microtiter plate.
They injected 2 pL sized sample plugs into a flow cell with an active volume of
0.5 puL located in 50 pm-i.d. capillary tubing. (The fluid flowed through only cap-
illary tubing; no “expanded” flow cell was used.) The 2 pLL sample plugs (in DMSO-
dg) were bracketed by plugs of immiscible FC-43 and alternated with plugs of clean
(wash) solvent. (Similar to Fig. 12E, but with plugs of FC-43 instead of air.) The
inside of the capillary tubing was silanized, and the FC-43 was viscous enough to
form a film on the tubing wall, both of which helped to minimize sample-to-sample
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carryover as the train of sample plugs was pushed through the capillary tubing.
Their “segmented flow analysis” (SFA-NMR) method addresses the potential lim-
itations listed above: they use a minimum volume of liquid, there is minimal di-
lution, and there is a minimum of sample-to-sample carryover. Note that this
technique can only be used in a capillary flow cell detector. It will be interesting to
see how far this technique can be pushed.

6. APPLICATIONS

There are far more applications of flow NMR techniques than can be comprehen-
sively listed here. It is useful, however, to get a flavor of the wide range of appli-
cations for which people have used flow NMR. For clarity, the applications listed
below have been partially separated into methods that used chromatography, and
those that did not, although there is often overlap.

6.1. Detection of other (non-hydrogen) nuclei

LC-NMR-type methods normally detect "H nuclei. Other nuclei, however, have also
been directly observed. '*C nuclei were detected in non-chromatographic flow NMR
by 1984,°® and '*C-detected LC-NMR was done in 1994 by using DNP.'"? '°F was
detected by at least 1993, and ?°Si nuclei were detected by 2006.'"°

6.2. Drug metabolism

LC-NMR is commonly used to measure drug metabolites, especially in biofluids.
Some early examples include the analysis of urine to study metabolites of ibuprofin,
antipyrine,”” and flurbiprofen,!'! all in 1993. Human and rat urine and bile were
analyzed for paracetamol metabolites in 1994.73

6.3. Drug impurities
Numerous drug companies use LC-NMR (and LC-NMR-MS) to analyze impurities
in drug formulations.>**** These impurities are sometimes decomposition products

that form during storage, but regardless of their source, they need to be analyzed and
quantified prior to FDA approval.

6.4. Metabonomics

The fields of metabonomics and metabolomics have emerged as ways to study
disease states by analyzing biofluids. LC-NMR plays a role in this field,>****” as do
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non-chromatographic flow-NMR techniques (like DI-NMR).'*!""'*> When a mi-
crocoil flow probe is used, one can even now analyze fluids from single kinds of
tissues (“tissue-targeted metabonomics”).>*® There are also now companies that
have used DI-NMR to analyze biofluids (such as plasma, serum, and urine) for
clinical diagnostics.>* For example, Liposcience (at www.liposcience.com) now has
an FDA-approved clinical analyzer called “Numera” that uses DI-NMR for the
high-throughput analysis of clinical plasma samples for cholesterol and lipids.**°

6.5. The study of unstable compounds

One very nice application for LC-NMR is in the analysis of mixtures of compounds
that are unstable when isolated or when exposed to air or light. (Once injected onto
the column, the compounds encounter minimal light or oxygen, and they can be
analyzed rapidly after separation.) This lets researchers study compounds that un-
dergo rapid mutarotation or functional-group migration. A number of publications
of this application started to appear in the mid 1990s.24!"244

6.6. Natural products

LC-NMR has been used extensively for the analysis of mixtures of natural prod-
ucts.'*>?* The use of a chiral column to perform the separation (of plant extracts)
has extended its utility.?*° Its utility has been increased even farther through the use
of LC-SPE-NMR to concentrate isolated compounds®*” and microcoils (in both LC-
NMR and DI-NMR mode) to minimize the sample quantities used.'?*!9%-198.248-251

6.7. Polymers

LC-NMR and GPC-NMR are both useful tools for polymer analysis.'*?*2> The
mobile phases used for polymer analyses often differ from those used for other
reversed-phase LC-NMR applications, and may even consist of single solvents like
acetonitrile and chloroform. For some polymers, an additional requirement for
the design of the flow probe is that it must allow all of the fluidics of the entire
GPC-NMR system to be maintained at high temperatures (> 100°C).>>*

6.8. Combinatorial chemistry

The analysis of combinatorial chemistry libraries was the original impetus for de-
veloping DI-NMR, specifically to achieve speed and resolution.* This has since
become a regular application of the technique.'**!3*!3 LC-NMR has been pro-
posed as a tool for analyzing combinatorial-chemistry libraries,”> although the
concept is not widely embraced, probably in large part to throughput limitations.
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6.9. Organic chemistry

It has often been proposed that DI-NMR (or even FIA-NMR) could be used in an
open-access environment as a way to either speed up or simplify walk-up automa-
tion for NMR. There are some issues with making it robust and routine (like finding
one solvent that never precipitates any compounds injected), but some groups are
investigating its utility for this purpose.'’

6.10. Environmental chemistry

Related to natural-products work is the use of LC-NMR to look at environmental
samples.'® It can be used to look either at the naturally occurring materials them-
selves,> or to look at man-made compounds like herbicides, either in their natural
form or to study how they undergo degradation.?’

6.11. Biomolecular NMR

Flow-NMR techniques have been used to look at protein dynamics, both by anal-
yzing a flowing stream in a microcoil probe®’ (or in a capillary multiplex probe®*)
and by analyzing a rapid-injection sample in a cold probe.* Flow techniques have
also been used to screen for ligand binding,'*”® and in one case flow aided in part
by recycling the '*N-labeled protein.>>

6.12. Perfusion

In a totally separate application (one that is not related to any other techniques
described here), a form of flow NMR is used to look at cell cultures. In this case the
cells being studied are fixed within the NMR probe, while an oxygenated nutrient
solution flows through the sample to keep it alive and viable. For example, Jardetzky
et al. used this in 1982 to acquire *'P data on live mammalian cells,**” and Sahm and
coworkers used it in 1992 to acquire *'P data on bacterial cultures.*®'

6.13. MR imaging

Another unique application is the use of MR imaging to study LC separations.>®>
The goal was to design better chromatography. This did not include LC-NMR, but
did perform a type of NMR analysis on a flowing sample. (There are indeed
many other applications of the use of MR imaging to study flow, especially the
flow of biological fluids like blood, but that field is far removed from the scope of
this article.)
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7. PROBLEMS AND CHALLENGES

As with any analytical technique, flow NMR has some limitations, problems, and
challenges. These limitations tend to be very different from those encountered during
conventional tube-based NMR, so it is nice to have flow as an alternative technique.

7.1. Carryover

One of the bigger issues encountered during flow NMR is sample-to-sample car-
ryover. This carryover can arise from residue in the injector port, from cracks within
capillary-tube fittings that are either not zero-dead volume or are poorly assembled,
from material that adheres to the tubing (either on the surface or diffused under the
surface layer), or from cavity flow cells that take time to be totally flushed out. (The
author has noticed that methanol can absorb into some PEEK tubing and can take
many hours to diffuse out.) In DI-NMR, carryover can come from the previous
sample; in LC-NMR it can come from a large leading peak that contaminates a
small trailing peak (either by poor flushing, overloaded columns, or by improper
surface chemistry on the column). In DI-NMR, carryover can be reduced by using
more washes or by using less viscous solvents (those that do not stick to the tubing as
much). In FIA-NMR, carryover can be reduced by pumping more mobile phase
between each sample. In LC-NMR, carryover can be influenced by many aspects of
the whole setup.

7.2. Clogging

Clogging, as a mechanical blockage of the capillary tubing or a frit, can occur in
any of the flow techniques. The blockage impedes flow, and results in increased
backpressure. Clogging may occur because the samples are not filtered prior to
injection, or it can occur if a sample precipitates out of solution (usually due to
solubility issues encountered when the solvent composition gets changed). It is
exacerbated as the inside diameter of the tubing decreases, so clogging is a bigger
problem for capillary techniques.

In LC-NMR, the use of an easily replaced guard column will control most clog-
ging issues. In FIA-NMR, a small filter can be placed in-line just after the injector,
and this can probably eliminate most clogging. In DI-NMR, it is hard to add a filter
anywhere, so clogging issues are more likely to arise. (The author does not find
clogging to be a major issue, however, and has run thousands of DI-NMR samples
successively without clogging.) Geierstanger et «l. addressed clogging during
DI-NMR on a CapNMR probe by placing a 2 um filter at the inlet of the NMR
probe, and sometimes on the injector valve.'”® Additionally, they injected a wash
solvent (non-deuterated acetone/chloroform/DMSO vol./% of 40/20/40) every 25
samples and also cleaned the probe with 3% hydrogen peroxide in H,O (at 45°C for
12 h) every month."® Similarly (also for DI-NMR), Bailey and Marshall'** tried to
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prevent clogging by placing a 10 um frit just upstream from the NMR flow cell, and
then backflushing it after every NMR acquisition.

7.3. Dirty flow cells

The author has more commonly observed what you could call “dirty flow cells”.
After many repetitive injections (especially in DI-NMR), the proton lineshape slowly
degrades with time until the probe is washed well. This is especially problematic if a
sample solution is left in the flow cell and not properly washed out (or worse yet —
left to dry out). Aggressive cleaning of the flow cell (with solvents) can restore
the lineshape to its previous level. The author ascribes the degraded lineshape to
contamination in the flow cell, and believes that it is an inevitable fate of a flow
probe — given enough time and use.

Aside from a regular program of washing the flow cell occasionally with aggressive
solvents (discussed above), the next best solution appears to be an interchangeable
flow cell (IFC) within the NMR probe that lets the user replace the flow cell whenever
it gets unacceptably dirty.> These IFC NMR probes have been commercially avail-
able since 1999; the interchangeability feature usually generates only a small reduc-
tion in NMR performance. This capability has now been extended to cold probes,
where the interchangeable (removable) flow cell facilitates making the cryogenic
probes readily available for flow NMR.

7.4. Precipitating samples

One of the bigger concerns for flow-NMR users is to make sure they avoid any
conditions that might cause samples to precipitate out of solution. The most com-
mon way this could happen would be if the dissolved sample sees a change in
solvent — if it was dissolved in one solvent for injection, but it was injected into a
mobile phase in which it was less soluble. A precipitating sample could contribute to
clogging, dirty flow cells, and maybe even carryover; all of which will eventually
make a system unusable. All samples injected onto a flow-NMR system should be
filtered, or at least very clean, but this alone is insufficient to stop a sample from
precipitating within the system. Only user awareness can help.

7.5. Bubbles

In all of these flow techniques, bubbles can be a constant and troublesome problem
to the inexperienced user, but with proper technique and training (and hardware
design), they can be eliminated. In LC-NMR, bubbles can arise from mixing
solvents, which then outgas (especially as they leave the high pressure of the chro-
matography column and enter the relatively low-pressure environment of the NMR
flow cell). Outgassing — and hence bubbles — can be eliminated in LC-NMR and
FIA-NMR by using standard solvent-degassing techniques (such as sparging with
helium). Bubbles in DI-NMR more commonly arise from poor calibration of
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injection volumes or from pulling liquid too rapidly with a syringe pump (which can
induce bubbles via cavitation). In all modern flow probes that have their outlet at
the top of the flow cell (Fig. 2A), any bubbles that do form tend to be self-clearing.
Note well, however, that all bubbles that get in the flow cell during acquisition can
distort the NMR lineshape enough to render the data unusable, and the user needs
to take corrective action. (The bubble’s formation needs to be eliminated at the
source, and users should not rely upon self-clearing flow cells to solve the problem.)
Again, as with all of the problems above, bubbles tend not to plague conscientious
experienced users.

7.6. Magnetic-susceptibility mismatches

All high-resolution NMR techniques require the NMR coil, its surroundings, and
the sample to have a uniform magnetic susceptibility.?¢*>%% If this is not satisfied, all
of the lineshapes in the NMR spectra will be degraded. This is true in flow NMR as
well. The most common manifestation of this problem in flow NMR occurs when
solvents that have different magnetic susceptibilities (e.g., almost any two solvents)
are incompletely mixed. Solvents are “‘mixed” regularly in gradient LC-NMR, and
in FIA-NMR when the injected sample is dissolved in a solvent other than the
mobile phase, or in LC-SPE-NMR and DI-NMR when the “wash’ or “push”
solvents are different than the sample solvent. What matters most though is how
well they are mixed, and how close the region of incomplete mixing is to the NMR
receiver coil.

So, in essence, linebroadenings caused by magnetic-susceptibility mismatches are
a constant problem in all types of flow NMR. They are an issue with LC-NMR
gradient methods, where they require shallow solvent gradients (or else the NMR
lines become too broad). They also make it hard to have well-shimmed spectra
when the gradient method runs from composition extremes like 100%A : 0%B to
0%A :100%B — because the two extremes of solvent composition will normally
have different optimal shim conditions. Magnetic-susceptibility-mismatch line-
broadenings are also a problem whenever a liquid sample has an interface with
either a wash solvent or an air plug (as in LC-SPE-NMR, FIA-NMR, or
DI-NMR). If the interface gets anywhere close to the NMR coil during acquisition,
the NMR lines can be broadened (beyond recognition in the worse cases; especially
with air bubbles). This issue gets more complicated (and more prevalent) than
expected in certain situations: for example, air bubbles in a transfer line (perhaps
used as sample separators) are compressible and their volume is also temperature
sensitive — which makes it very difficult to accurately place liquid/sample plugs in
the sample coil without any encroachment from any air plug. Likewise, any solvent
can cling to the walls of the capillary tubing, and not be well washed (or even well
mixed) with a different solvent that displaces it during flow; this phenomenon can
easily generate linebroadenings, especially if dissimilar ‘““wash solvents™ are used, or
if concentrated samples are used. (The magnetic susceptibility of a solution changes
as the solute concentration changes. Likewise, note that deuterated and “protio”
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versions of the same solvent [i.e., D,O versus H,O] exhibit different magnetic sus-
ceptibilities. For example, intermixing D,O samples with H,O washes can induce
magnetic-susceptibility-mismatch linebroadenings if sufficient care is not taken in
setting up the experimental parameters.) Sweedler et al. even proposed attempting
to “re-match’ the solvent composition, after the chromatographic separation, but
prior to entry into the NMR flow cell, to reduce potential linebroadening.?®

7.7. Reproducibility

Reproducibility is important in all analyses, so it is important to note that a flow
interface can unfortunately add a measure of variability to the NMR measurement
process. DI-NMR and FIA-NMR have both proven to be reproducible, and there
are easy ways to verify that*> but when various types of chromatography
are added to the interface, more variables are created that need to be controlled.
HPLC columns can vary in their separation performance over time, and the LC
separation itself can be dependent on numerous variables such as column temper-
ature, column ‘“‘solvent and hydration” equilibration, and the amount of deutera-
tion of the mobile phase. CE-NMR uses an electric current that can generate
significant increases in temperature that can cause instabilities and variations in the
analysis. Sweedler and coworkers have documented that thermal changes as high as
65C are possible, and they have discussed the potential solutions to the problem.>®¢
Electrophoretic currents during CE-NMR can also distort NMR lineshapes
and peak heights, so Webb and coworkers developed a post-processing method
to partially restore the lineshape.'”’

7.8. Quantification; standards

Many analyses, especially those that are repetitive, need accurate quantification of
the analytes. Over the years there have been many investigations into better ways to
do accurate quantification, with internal standards usually being the method of
choice. More recently within NMR, the ERETIC method has been evaluated,?¢7-2%8
which injects into the NMR spectrum an electronically generated NMR signal that
can be used as a reference point for quantification. Also referred to as a Virtual
Signal, this method was recently used in a flow-NMR study where other kinds of
internal and external standards were rendered impractical.>®® While there are still
ongoing debates about the utility and the potential sources of error in the ERETIC
method, it is likely to remain as a useful technique in the NMR toolbox.

When compared with tube-based NMR methods, flow NMR possesses some
additional potential modes of failure, due to the fluidics involved. There is always
the risk that the flowing sample either did not get to the NMR flow cell, or did not
entirely fill it (which could degrade peak area, or lineshapes, or both). This could be
due to a blockage in the tubing, or to a leak, or to any one of many other potential
failures of the “hydraulic” aspects of the system. Because of this additional risk, it is
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useful in flow NMR to also have some “‘standard signal’” in the NMR spectrum to
allow the operator to verify that at least the fluidics behaved properly (for trou-
bleshooting, in cases where the expected NMR signal is not observed). In DI-NMR,
the lineshape, peak amplitude, and integral of an internal standard have all been
used to verify the integrity of each analysis (Fig. 9).* Likewise, it has also been
proposed that one can monitor the Scout Scan signal®® as a way to verify the
fluidics. Kautz and coworkers'?’ went a bit farther when performing SFA-NMR
(segmented flow) to run DI-NMR on a 96-well library when they used plugs of
a wash/autodetection solution that contained 1% TMSP (60 mM) in DMSO-d.
This allowed them to monitor an internal standard that was located between the
samples, rather than within the samples.

All of these issues illustrate that flow NMR does have some unique problems and
challenges, just like any analytical technique. But it also illustrates that many of
these issues have been addressed.

8. CONCLUSIONS

Flow NMR methods have come a long way since their inception — as evidenced by
the fact that many varieties of flow-NMR systems are now commercially available.
These various products are clearly well suited to solving certain types of scientific
problems. Flow techniques are not, however, what one might call a “fully mature
and widely accepted technology™, as evidenced by the fact that they are not installed
in every NMR lab. This lack of a “saturated install base” may be due in part to
either fundamental limitations of the concept, or to some (mechanical-like) prob-
lems that remain to be solved, or it may be due to the current cost and complexity of
the resulting hyphenated systems. Some of it, however, is likely due to the sheer
newness of the flow methods and the fact that many researchers can still get “good
enough answers” with the conventional ways of performing (tube-based) NMR.
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The quadrupolar nucleus >'V is particularly well suited for NMR due to its rather
small nuclear quadrupole moment and high sensitivity. The use of vanadium com-
pounds in catalysis, and the biological and medicinal implications of the element
vanadium, have initiated extensive studies into NMR characteristics of natural and
model systems, revealing information on the (coordination) environment of inorganic,
organic, and coordination compounds of vanadium in solution, in the solid state, and
in meso-phases. We report here on chemical shift (shielding) data, scalar coupling
constants, dipolar, first and second order quadrupole interactions in isotropic, par-
tially ordered, and (crystalline and amorphous) solid systems. These fine structure
constants are discussed in the context of electronic and steric influences imparted by
the vanadium environments, and in conjunction with modern computational methods
to approach a deeper understanding of the factors influencing NMR parameters.
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1. INTRODUCTION

Vanadium chemistry has experienced a drastic upswing during the last two decades,
predominantly initiated by the discovery of vanadium-based enzymes (vanadate-
dependent haloperoxidases and vanadium-nitrogenases in the early and mid-eighties),
a possible general role of vanadium as a regulator of phosphate-metabolizing
enzymes, including the potential of vanadium compounds in the treatment of diabetes
mellitus, and the use of high- and low-valent vanadium compounds in oxidation
and reduction catalysis, and as polymerization catalysts. Soluble “vanadium oxides”
(polyoxovanadates) are intensely investigated for their properties as oxo-transfer
catalysts in “green” chemistry and with respect to their intrinsic magnetic properties,
as are solid vanadium oxide-based materials, which are now also employed in re-
chargeable batteries. Inorganic and organovanadium compounds and, more generally,
coordination compounds of vanadium have thus attained increasing importance in
biological and medicinal chemistry as well as in material science and catalysis.

The scope of the present review, which is the first comprehensive one since
Howarth’s survey in 1991,' is to acquaint the vanadium chemist with vanadium-
NMR as a powerful tool in elucidating the electronic structure at the vanadium
nucleus as influenced by the inner and outer sphere electronic situation, reflecting
electronic and steric factors induced by the nature and the arrangement of the
ligands, the ligand periphery, and more remote spheres such as constituted
by solvent molecules or next neighbors in a solid state structure. The survey is
subdivided according to the nature of the phase under investigation: isotropic
(common solutions), solid state, and meso-phases. A chapter on computational
approaches is included to underline the benefits for inter-relating experimental and
computational results.

The range of oxidation states covered by vanadium encompasses —III to +V,
including three oxidation states (—III, dd -1, d% +V, dO) where vanadium intrin-
sically is diamagnetic and thus susceptible to NMR, and three oxidation states in
which vanadium may be diamagnetic under certain conditions, viz. +1 (d* low
spin), + III (d?, low spin), and +1V (d', dinuclear anti-ferromagnetically coupled).
There are actually two magnetic vanadium nuclei, >°V and °'V. Due to the suffi-
ciently more favorable properties of the nucleus 'V (Table 1), this is the one which
is almost exclusively used in analytical vanadium NMR spectroscopy. For *°V
NMR see, e.g., Lutz et al.? The °'V nucleus has a nuclear spin of 7/2 and thus
belongs to the quadrupolar nuclei, for which relaxation times are short. This is an
advantage as it comes to measuring times, but a disadvantage with respect to line
widths and thus resolution in solution. This disadvantage is, at least in part, counter-
balanced by the broad shift range (c¢f. Section 2.1). Among the quadrupolar
transition metal nuclei, °'V is unique because of its rather small quadrupole
moment of —4.8 fm? and high receptivity of 0.38 relative to "H.? These properties,
along with the resonance frequency close to that of '*C, make the nucleus 'V easily
accessible to both conventional NMR (one-dimensional in solution) and more
sophisticated investigations (two-dimensional methods, solid-state NMR). The
favorable properties of the >'V nucleus as based on its high natural abundance, the
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Table 1. Parameters for the nuclei *°V and 'V

Nuclear 0" fm? 7€ 107rads™' T~'  Abundance Receptivity Frequency Reference

spin (%) relative '"H (MHz)¢ compound
oy 6 +21 +2.6721 0.24 1.3x107* 9.988 -
Sy 72 —4.8° +17.0492 99.76 0.38 26.350 VOCI;*

“Nuclear quadrupole moment.

bUntil recently, the adopted value for QC'V) was —5.2 fm?; for justification of the value —4.8(1), see
ref. 3; for discussion, see also Section 3.1.

“Magnetogyric ratio.

“Measuring frequency at 2.35T (where 'H in TMS resonates at 100 MHz).

“VOCl; neat, 6 = 0 ppm. For convenience, an aqueous solution of 1 M sodium vanadate at pH 12,
containing the VO3~ (6 = —535.7 relative to VOCl3) and V,04%~ anions (8 = —559.0) may be em-
ployed.

small quadrupole moment, and the large shift range (high sensitivity to minor
variations in the local electronic situation) allow for an easy acquisition of well
resolved vanadium NMR spectra even in the sub-millimolar concentration range,
often including access to resolved nuclear coupling to other magnetic nuclei in
the coordination sphere of vanadium compounds of a comparatively high local
symmetry.

The present review will concentrate on developments during the past decade and
include earlier results only where needed for a comprehensive treatment and
understanding of more recent applications. Previous reviews cover the state of the
art in vanadium NMR,' vanadium NMR in the context of NMR studies of other
transition metal nuclei,* vanadium compounds in biological systems,* organova-
nadium compounds,® polyoxovanadates,® and solid state studies on vanadia-
based catalysts.’

2. ISOTROPIC SYSTEMS

Common solutions of vanadium compounds in water or organic solvents are
isotropic, i.e., there are no favored orientations of the compounds due to irregular
tumbling. As a consequence, the NMR parameters obtained from the spectra reflect
averaged conditions. Parameters extracted from the experimental spectra are chemi-
cal shifts (shielding), nuclear spin—spin coupling (scalar coupling) constants, and
line widths. The latter are related to the electric field gradient at the vanadium
nucleus and the molecular correlation time, and — in the case of dynamic systems,
i.e., exchange equilibria between two or more species on the sub-millisecond scale —
kinetic and thermodynamic parameters. Due to its low nuclear quadrupole mo-
ment, >'V is susceptible to NMR in almost every environment, including slowly
tumbling vanadium-containing systems and vanadium compounds with virtually no
local symmetry. In certain cases, such as in vanadium—protein complexes, special
detection modes, centered on the central (m = +1/2— —1/2) quadrupole transition,
have to be envisaged. Precondition for NMR sensitivity is, of course, the



52 D. REHDER ET AL.

diamagnetic nature of the vanadium compound. To a certain extent, however,
paramagnetic impurities, such as V'VO*" in VV systems, are tolerable (although
accompanied by a deterioration of the signal-to-noise), as long as there is no
exchange between VYV and VV. The anionic polyoxovanadate [GeV 1,V O is
an example of a compound where three °'V NMR signals corresponding to three
distinct VV sites have been detected despite of the presence of two isolated V'V
centers (which in turn are detectable by EPR).® Similarly, the dithiocarbazato
(ONS) complex [{V'VO(ONS)} u-O{VYO(ONS)]~ provides signals in the EPR and
>V NMR spectra.’

2.1. Shielding

Chemical shifts ¢ are related to shielding o by 0 = g.f — 0, Where o, refers to the
reference compound (standard). In compounds with negative § values, i.c., those
which resonate to high field (low frequency) of the standard, the vanadium nucleus
is thus more shielded than the standard, and vice versa. The isotropic shielding
constant o, generally an unsymmetrical 3 x 3 tensor with the principal values o1,
612, and a33 (6 = 1/3/(g11+ 022+ 633)) can be expressed as the sum of three terms,

Eq. (1):

0 = Odia + Opara + Onl (1)

where 04;, and o, are the local diamagnetic and paramagnetic terms, respectively
and o, corresponds to non-local contributions (by ligand functions) to overall
shielding. In "*H NMR spectroscopy, o4;a commonly is the dominant component.
In *’Li NMR, o4, and Opara about equivalently influence variations in shielding.
For all heavier nuclei, variation in shielding is predominantly governed by opara.
For the diamagnetic contribution, Eq. (2a) applies.

2
__° -1
adia_wx(<0|2r[ 10> P;). (2a)

Here, <r; !> is the expectation value for the distance of the i-th electron from
the nucleus, and P; the population in the i-th orbital. The term ay;, is essentially
constant, because influenced by the inner shell electrons. The non-local term oy,
which amounts to several ppm only, again plays a secondary — and often negligible
— role.

When dealing with variations in shielding, we are hence left with variations in the
paramagnetic term op,r, Which, following the crystal-field formalism introduced by
Ramsey,'” can be expressed, in a somewhat simplified way, by Eq. (2b),

2
_e _ _
Opara = mc? X E (En — Ep) : <r >3d<0|L2|n> (2b)

where 73, refers to the distance of the 3d electrons, and (E,—E;)~' = AE~" is the
energy separation between ground state (<0|) and relevant exited states (|n>).
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Relevant excited states are those which have the transformation properties of
the angular momentum operator L and can thus mix with the ground state. This
condition restricts the number of excited states to be considered, in particular
in compounds of high symmetry (such as cubic symmetry). In most cases, it is
convenient to employ the average energy approximation, including covalent con-
tributions by the so-called orbital reduction factor &’2,'' Eq. (2c), where (AE™ "), is
the mean excitation energy.

Opara = —coOnst X (AE™Y),, <r? >3k (2¢)

The parameters (AE™'),,, <r >3, and k> are respectively related to the
strength of the ligand field, the nephelauxetic effect, and the covalency of the metal-
ligand bond. In the light of these main factors influencing >'V shielding, shielding
trends will be discussed below. More elaborate expressions for ogi, and o, have
been derived within quantum-mechanical molecular orbital schemes; see discussion
in Section 5.1.

The chemical shift observed under isotropic conditions, d,ps, commonly is the
isotropic shift ;.. In the condition of slow isotropic molecular motion (“far from
extreme narrowing”), encountered with macromolecules such as VV firmly coor-
dinated to a protein, J.s and J;, differ. Under these conditions, the fairly sharp
central transition corresponding to m; = +1/2— —1/2 is the observable. Here 04
becomes a function of the applied magnetic field.

2.1.1. Inorganic vanadium compounds

The shielding range covered by inorganic vanadates(V) covers the range of +2570
([VSes’™) to —895 (VFs). Soft substituents (Se*~, S>~, Br~, CI7) induce low
shielding and thus low-field shifts (low-field referring to the magnetic field), while
hard substituents (O*~, OH™, F™) give rise to high-field shifts. These trends, which
are sometimes referred to as “inverse electronegativity dependence of shielding”
in high-valent (d°) systems, can be interpreted in terms of increasing AE and
decreasing k (decreasing covalency of the V-X bond) as the electronegativity of X
increases.'? According to Eq. (2b), both effects lead to a decrease of Opara and thus
to an increase of overall shielding; Eq. (1). Upfield shifts with respect to the oxo
function are observed for the peroxo ligand O3~ and the isoelectronic hydroxyl-
amido ligand R,NO™.

Depending on the pH, the concentration, and the ionic strength, aqueous vana-
date solutions prepared by dissolving metavanadate (e.g., NaVO3) or orthovana-
date (e.g., Na3VO,) can contain a variety of vanadate species in different
protonation and condensation states; compare Fig. 1a for a selection. The speciat-
ion of these systems has extensively and thoroughly been investigated by Pettersson,
based on a combination of proton potentiometry and >'V NMR.!? Fig. 1b and
Table 2 provide details on the pH/é dependence in the vanadate system. The pre-
dominant species present in the vanadate system at ambient pH are monovanadate,
divanadate, cyclic and linear tetravanadate, and pentavanadate. These species are in
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Fig. 2. The diagonal of the EXSY spectrum shows the three resonances of decavanadate
(—422, —498, —513; ¢f. Fig. 1a) plus the resonances for di- (—575) and tetra-/pentavanadate
(—583). Only the latter two exchange which each other (inset). The spectrum has been
obtained at a mixing time of 1 msec. Conditions: 0.8 M aqueous vanadate, pH = 6.

exchange with each other on the millisecond scale, as has been shown by °'V EXSY
spectroscopy.'* Below pH 6.3, decavanadate is formed at the expense of all of the
remaining species, and in highly acidic medium, cationic [VO,(H,0)4]" prevails.
Decavanadate, easily detectable by is yellow color, contains three different vana-
dium sites (Fig. 1a) in the ratio 1:2:2, each of which is represented by a distinct °'V
NMR resonance. It is kinetically rather stable at pH values above its thermody-
namically dictated range of existence. A transient situation, at pH 6, is shown in
Fig. 2. In the presence of phosphate, mixed phosphovanadates form (Table 2)."°
The experimental chemical shift ey, of the monovanadate species can be employed
to determine the pH of the medium.'®

1Og(52 - 5exp)

H = pkK
p P&, + 5exp_5]

where pK, = 8.17 (in 0.15 NaCl, i.e., isotonic conditions), and J; and §, are the shift
values for HVO3~ (—538.8) and H,VO; (—560.4).

Fig. 1. (a) Vanadate species present in aqueous solution. Right: Decavanadate; the labels
indicate the three different vanadium and seven different oxo sites. The bridging oxo func-
tions B and C are the protonation sites. (b) pH dependence of the species distribution and
chemical shift in the aqueous vanadate system. For the V,, ¢f. part a. 1-V4/V3 stands for
linear tetra-/trivanadate. (Courtesy by L. Pettersson, Umed University, Sweden.)
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Table 2. Chemical shift values of selected inorganic vanadium compounds (in water if not
indicated otherwise)

Inorganic vanadium 5C'V) References. Inorganic vanadium C'V) Reference
compounds compounds
Ao —541 [1,12] HVO5(0,)*~ —625 [20]
HVO3;~ —534 [1,12] HVO0,(0,)% 765 [20]
H,VO3 —560 [1,13] H,VO0,(05)7 —691 [20]
V04~ —561 [1,13] HVO(0,)3~ —732 [20]
HV,03~ —564 [1,13] HV,04(0,)*~ —622, —563" [20]
H,V,03~ —573 [1,13] HV,05(0,)3~ —737, —=555° [20]
V307 —556, —590 [1,13] HV,05(0,)3~ —755 [20]
[BuyNJ,[V300]°™™~  —555(n=0)to [17,18] V(0,5 —847 22]
(CD;CN) —628 (n=13)
V4083 —569, —585 [1,13]
V,0l5 —578 [1,13] H,VO,(NH,0) —670 [23]
V5035 —586 [1,13] HVO,(NH,0), —819, —839° [23]
V5037 (CD;CN) —538, —613 [18] HVO,(NH,0),(H,0)  —852, —861°¢ [23]
V,00%5 —418, —492, [12]
—510°
H,V,,0% —422, =502, [12] VO,F5 —595 [24]
—519¢
V1,0%; (CD;CN) —590, —597, [17] VOFj (CD;CN) —797 [24]
—605°
[VO,(H,0),]" —546 [1,13] VO(0,),F* (CD;sCN) —714 [25]
HPVO3~ —570 [15] H,FsNaVW ;0% —505, —516¢ [24]
H,PVO3~ —583 [15] VO,Cl; (CD;CN) —364 (]
HP,VO?y —549 [15] VOCLF; (CD;CN) —474/—424¢ (]
VOCI; (CD;CN) +43 (]
VOBr; (neat) +432 [12]
VOClI; (neat) 0 [12] VS, 04, +1395to —250"  [26]
VOF; (THF) —757 [12] VS3~ (solid) +1574 [26]
VO(NO3); (CDsCN)  —749 [ VoS4~ +1457 [26]
VSed~ +2570 [26]
VF5 (CDCls) —895 [

“Intensity ratio 1(V¢):2(Va):2(Vp) (¢f. Fig. 1).

*The low field signal represents vanadium in the non-peroxo moiety of the divanadate.
“Two isomers.

“Intensity ratio approximately 1:2.

“For the cis and trans isomer, respectively.

fFor n = 4-1.

In non-aqueous media, additional vanadate species can be detected and have
been included in Table 2, such as cyclic trivanadate'” and dodecavanadate.'® Along
with the protonation state, other factors influence the chemical shift: a counter-ion
effect has been noted for solid state samples of M"[VO,],, ranging from compar-
atively low shielding for M = Zn (electronegativity (e.n.) = 1.7; d;5oc = —522) to
comparatively high shielding for M = Sr (e.n. = 1.0; ;o = —608)." For the tri-
vanadate [V30o]’~ shielding is sensitive to the extent of ion pairing;'’ ¢f. Table 2.
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x(i)

Fig. 3. Speciation diagram (mole fraction x(i) vs. pH) for peroxovanadium compounds at
¢(Viora) = 10mM, ¢(H>0,)/c(V) = 2, ionic strength 0.15M Na(Cl), 25°C. Species con-
taining less than 2% of Vi, are not shown. (Courtesy by L. Pettersson, University of
Umea.)

Exchange of oxo for the n*-peroxo groups gives rise to peroxovanadates, which
exhibit a clearly higher shielding than the parent vanadates®*-*! (Table 2 and Fig. 3).
The increase of shielding on introducing peroxo ligands is a generally observed
phenomenon and will be addressed again in the context of coordination compounds
containing the dioxo and oxo-peroxovanadium core (Section 2.1.2). A particularly
high shielding, 6 = —847, has been reported for the tris(peroxo)metavanadate
[V(O,);]7, which forms at pH 14. The species, the existence of which has been
backed up by ESI-MS, is labile and decays to form [VO(O,),]”, é = —764.%
The #*-hydroxamido ligand H,NO™, which is isoelectronic to the peroxo ligand,
induces a comparable high-field shift (see Table 2 for data). Contrasting peroxide,
hydroxylamine can also coordinate in the end-on fashion via the oxygen, without
any significant change in 6 as compared with vanadate, i.e., d = —569 for
H,VO5(n'-ONH,)*~.%* For a critical discussion on the existence of high pH
peroxovanadates see also Section 5.2.

An upfield shift with respect to the parent vanadates is also observed for the
fluorides derived from monovanadate and bis(peroxo)monovanadate®*>> (Table 2),
again a general observation in >'V NMR spectroscopy. This trend has been ex-
ploited to assign the 'V NMR signals for the Wells—Dawson type polyoxotungstate
[H,FsNaVW ,,05]°~ to the vanadium centers disordered over the six end-capped
positions (—502) and the twelve belt positions (—512), the latter experiencing
a slightly higher shielding due to the proximity of the fluorides.**

As mentioned above, the soft sulfide and selenide functions induce effective
deshielding, summarized in a recent review on binary vanadium chalcogenide com-
plexes.?® [VSe >~ 6 = +2570, in fact marks the low-field limit of the >'V shielding
scale. Note that, exemplified for [VS,*~ the isotropic chemical shifts in solution
(+1395) and in the solid state (+1574) differ from each other. In the cluster
compound 1a shown in Scheme 1, which derives from tetrathiovanadate, vanadium
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Scheme 1.

is more shielded than in the parent [VS,’~. Compound la belongs to a larger
family of clusters containing the core {VS4Cu,}, n = 3—6. Decreasing the number
of copper centers leads to a decrease in shielding: n = 6 (1a), 6 = +530; n =3,
5 = +903.%" In the cluster anions 1b (§ = +670)*® and 2 ( = +663),”° a com-
parable shielding situation is observed. In 2, sulfide ligands on vanadium are par-
tially replaced by dithiocarbamate. Notably, shielding in 1b (VY) and 2 (V') are
practically alike!

Deshielding is also observed in the series VOX3;, X =F, Cl, Br (Table 2),
reflecting increasing softness of X. Shift values of mixed oxovanadiumtrihalides,
such as VOBr,Cl;_,, are ensued from linear interpolation between the limiting
cases. There is a strong solvent dependence of shielding for VOCIs. Solvents (solv)
with donor functions, such as THF, MeCN, or pyridine can induce high-field shifts
of up to 400 ppm as a consequence of (partial) exchange of Cl for solv and/or
expansion of the coordination sphere by so/v.>° Finally, consistently low shielding
comparable with that induced by the bromo ligand is also observed in cyclothiazeno
vanadium complexes such as 3 (6 = +376)*' in Scheme 1.

2.1.2. Vanadium coordination compounds

In the presence of alcohols ROH, vanadate, in aqueous solution, forms weak esters
typically of composition HVO5(OR)™ (8 = —551), VO3(OR)*~ (6 = —528), and
VO,(OR)5 (6 = —543).%? The § values indicated are for R = Me; for a more com-
plete compilation of data see refs. 1, 4, and 5a. Under non-aqueous conditions, the
triesters of “H3;VO,”, or oxovanadium-zris(alkoxides) VO(OR); (—598 for
R = Me), are obtained.

In Table 3, chemical shift values are summarized for neutral vanadium complexes
of the general formula VEX3, formally derived from hypothetic orthovanadium
acid H3VO,= VO(OH);, where E is O°~ NR*~ or NPR3, i.e., a function which is
able to form double (¢+7) or triple (¢ + 27) donor bonds to the VV center. The three
X ligands represent Cl™, an alkoxo group OR™, or an amino group NR;. The
following trends can be noted (c¢f. entry nos. in Table 3):

(1) Increasing replacement of Cl by OR increases shielding (entry no. 1), not
unexpectedly, since the oxo function is harder (more electronegative) than
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Table 3. Chemical shift values for vanadium compounds of the (idealized) composition

VEX,*
Entry Vanadium compounds 0 [Ref] Entry Vanadium compounds J [Ref]
No. 1 VOCI; (neat) 0 No. 4a Ph;CNVCl; (CH,Cl)  +49.3 [38]
VOCI,(OiPr) (neat) —309 [4c] Me;SiNVCl; (Tol) +15.4 [38]
{VOCI(O-OiPr)(u- —281 [33]
Ch}, 4
VOCI(OiPr), (neat) —506 [4c] tBuNVCl; (C¢Dg) +9.5 [38]
VO(OiPr); (neat) —629 [4c]
VO(OiPr); (CDCls) —597 [4c] No. 4b tBuNVCLNiPr, (Tol)  —173 [38]
tBuNV(NiPr,); (Tol) —272 [39]
No. 2 VO(OMe); (solid)” 5 —443, —451 tBuNVCI(N/Pr,)OrBu  —436 [39]
[34] (Tol)
VO(OMe); (n-pentane, —547.5 [36]
¢=0.52)
VO(OMe); (n-pentane, —598.2 [36] No. 5 OVCl; (CD;CN) +43[1]
¢=0.012)
VO(cyclo-CsHo)s —616, —623 Ph;PNVCl, +228 [40]
(CDCl3) 6 and 7 [35]
Ph;PNVCI;(NPh;) 8 —225 [40]
No. 3 VO(OnPr); (neat) —549 [4c¢,35] Ph;PNVCIy(NPhs3), —344 [40]
VO(OiPr); (neat) —629 [4c,36b] [V(NPh;),] "CI~ 9 —454 [40]
VO(O1Bu); (neat) —672 [4c,36a]
VO(OAm); (neat) —684 [37] No. 6 PhNV(OiPr); (CD,Cl,) —628 [41]
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“Bold numbers refer to structural formulae in Scheme 2. Abbreviations: Am, amyl; Tol, toluene.
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the chloro ligand (¢f. ref. 3c). The dinuclear compound 4 (Scheme 2), which
contains the 2-isopropoxyethanolato ligand,* smoothly fits into this series.

(2) Medium effects influence shielding, likely as a consequence of varying co-

ordination numbers and geometrical arrangements of the alkoxo com-
pounds, viz. distorted octahedral as in solid VO(OMe); (5 in Scheme 2)**,

distorted trigonal-bipyramidal as in VO(cyclo-CsHo)s (7)*°, or tetrahedral (6)
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as for bulky groups R. In the case of sterically less demanding R, shielding is
concentration dependent, i.e., shielding decreases with increasing concentra-
tion. This is due to a tendency for VO(OR)j; to associate in solution at higher
concentrations to form oligomers (preferentially dimers). Commonly, there is
fast exchange (6 and 7 in Scheme 2) at room temperature between monomers
and dimers, and an intermediate signal is observed.*® In specific cases, such as
VO(cyclo-CsHy);, exchange is slow, and both species are characterized by
distinct signals.

(3) Bulky substituents R induce high-field shielding.****” Diols give rise to
complex patterns, due to the parallel formation of several isomers of mono-
and dinuclear (alkoxo-bridged) species. For the dinuclear species, with
coordination numbers 6, chemical shifts fall within the range observed for
solid VO(OMe);.>*

(4) Replacement of the oxo group in VOCI; for the imido group leads to slight
deshielding (no. 4a)*. As Cl is progressively replaced by amide or alkoxide,
upfield shifts comparable with those discussed under entry no. 2 are observed
(no. 4b). %

(5) In the phosphoranimidato compounds Ph;PNVCI,(NPh3), (8 and 9 in
Scheme 2),* which formally derive from [VOCI4]~ by replacing O*~ (and a
varying number of C17) by Ph3PN™, effects similar to those in entry no. 4 are
observed: replacing the hard oxo group for Ph;PN deshields the >'V nucleus,
while the substitution of the soft chloride induces increased shielding,
although not to the extent observed on substituting chloride for alkoxide.

In the series 4-R-CcH4N=—V(tea) (Hstea=triethanolamine), 10 in Scheme 2,
shielding decreases with increasing electron donating capacity of R:*!

R= NO, CN Br Cl H OPh OMe NMe;
0= =342 -340 -—-328 -—328 -—-327 -310 -—-292 224

Overall, shielding in this chelate complexes with coordination number (cn) 5 is
substantially lower than in the corresponding open complexes 4-R-
CsH4N=V(OiPr); with cn = 4 (entry no. 6 in Table 2), an effect which is gene-
rally observed in otherwise similar systems. The superposition of electronic effects
and effects accompanied with chelating ligands/changes in ¢ is also apparent in the
following series (Scheme 3).*?

While carboxylic acids without an additional function form tetrahedral anhy-
drides with vanadate, hydroxycarboxylic acids induce a change in coordination

o Tol Tol '{‘01 Tol
I N N
V— I iPrOo—_ Il /O
- N -V \ —
WA\ O C] NO iPrO = / Noipr PO //V\ 0 oY [ >N
o PrO Pro N RN
e | I\
235 -444 -358

Scheme 3.
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geometry (see below). Correspondingly, diols give rise to cn 4. For data collection
see ref. 4. A comprehensive source of references, including glycols, carbohydrates,
and nucleosides is provided by ref. 47b.

a-Hydroxycarboxylato complexes of vanadium have attracted specific interest
because they model part of the active site in vanadium-nitrogenase, where vana-
dium is coordinated to three sulfide ligands (bridging to Fe), a histidine-N, and the
alkoxo and carboxylato functions on the central carbon of homocitrate. Detailed
speciation studies have appeared on the vanadate-lactate-peroxide,* the vanadate-
citrate-peroxide,** and the vanadate-alanylserine-peroxide systems (with the pep-
tide group as an additional function for coordination).*> Hydroxy-carbonic acids
form complexes with vanadate in aqueous solution at ambient pH, differing in
stoichiometry, charge (i.e., protonation state), and cn/geometry.*®*” The complexes
can have the stoichiometries 1:1 (cn 5),2:2 (cn 5), and 3:2 (¢n 5 and 6), as shown
for the complexes containing a-hydroxyisobutyric acid in Scheme 4, left.*’ As in the
simple vanadate system, the peroxo ligand induces a high-field shift. Examples
are the two mandelato complexes in Scheme 4, right,* the dinuclear mono-
peroxo—lactate complex, with a chemical shift of —520 for the dioxo, and —592 for
the oxo-peroxo moieties,*” and the corresponding a-hydroxyhippurato complex
with shift values of —526 and —580.%

Aminoalcohols such as diethanolamines H,L form penta-coordinate oxovana-
dium(V) complexes of composition VO(OR)L with, according to the X-ray struc-
tural data, a basic trigonal-bipyramidal geometry reminiscent of the active center
of vanadate-dependent haloperoxidases.’’ Solutions of these complexes in non-
aqueous solvents such as dichloromethane commonly exhibit two signals, possibly
corresponding to the two structural isomers 11a and 11b shown for a glycine-
derived complex in Scheme 5, and thus indicating flexibility. With organic hydro-
peroxides, the alkoxo ligand is replaced by the peroxo ligand; 12a and 12b
in Scheme 5. The formation of the peroxo complexes 12 is accompanied by an
upfield shift. Since, according to DFT calculations, the organic peroxo ligand RO5
coordinates in the end-on fashion, thus contrasting the common coordination mode
observed for inorganic O3, the upfield shifts induced by peroxo groups do not
reflect strains in a three-membered ring system, but primary electronic effects
pertinent to the peroxo ligand.

In the context of modeling the active center of the haloperoxidases, where vana-
date is covalently linked to a histidine in the active site pocket, extensive studies

R u LS o L S S

Oj\"/fOH o\iv/o\v/ﬁO SV Svo \ // NS4 \\ O ?
0 | O/\O/\\O o 0/|\(.)/\\o /\/\\o /\/\\O
O o H\ O\l —OH H >/L %J\
Y S Ph Ph

-520 -549 -569 (cn 6), -538 -588 -524, -588

Scheme 4.
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have been undertaken on vanadium complexes containing imidazole’®>? or
53,54 55,56

imidazole derivatives such as histidine, dlanylhistidine,21 or benzimidazole,
including complexes which, along with the imidazole (derivative), contain peroxide,
the latter modeling the active state of the enzyme. A selection is shown in Scheme 6.
The chemical shift for the non-peroxo species (13, 16) is in the range commonly
observed for vanadium complexes of c¢n 5-6, containing a mixed ON donor set (cf.
Table 3 and Schemes 4-7). As observed in simpler species (vide supra), exchange of
one of the oxo ligands for peroxide (15a) leads to an upfield shift. An additional
upfield shift is noted as a second peroxo ligand (14, 15b) enters the coordination
sphere.

The influence of the vanadium : ligand ratio and the number of peroxo ligands on
the chemical shift is further demonstrated in the following series of picolinato
complexes:”’

{(VOx(pic)}  (VOu(pic);} (VO(Or)pic} {V(On)picy} (VO(O2),pic*”)
§= =550 -513 —600 —632 —745

This pattern is essentially reproduced with other O, N, donor sets. The number of
data available for the respective vanadium complexes is immense. On a general
basis, shielding increases with the sum of the electronegativities of the donating
function as a consequence of an increase of AE (decrease of par; Eq. (2b)).'? This
is a rough conception, however, and several factors can be responsible for devi-
ations from this trend, underlined by, e.g., peroxo and hydroxamido complexes
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(for the latter the below). Chemical shifts for a few selected examples of complexes
containing an O.N, donor sets are presented in Scheme 7: the 1,2,4-triazole
derivative 17,°® the mixed picolinato—oxalato complex 18,” a peroxo complex de-
rived from the tetradentate O;N ligand hydroxyethyliminodiacetic acid (Hzheida),
19.°° and a peroxo complex containing the tetradentate ON5 ligand bis(picolyl-
B-alaninate), 20.°" The examples provided in Schemes 6 and 7 also show that the
shift ranges of non-peroxo and peroxo complexes may overlap; cf., e.g., 16 and 20.

Another large family of {VO(O,N,)} complexes with abundant >V chemical shift
data available is represented by complexes containing a Schiff-base or a related
ligand, such as a hydrazone. Again, these species follow the general trends pointed
out above. An interesting phenomenon, noted for the first time by Pecoraro and
co-workers,®? is an unprecedented down-field shift as a non-innocent ligand enters
the coordination sphere. These down-field shifts have been observed for hydroxa-
mato and, in particular, for catecholato ligands, and apparently root in the fact that
efficient ligand-to-metal electron density transfer takes place, as demonstrated by
the resonance hybrid in Scheme 8a. The chemical shifts correlate in fact linearly
with the inverse energies of the LMCT bands in the visible and near IR, nicely
demonstrating the influence of the AE term in Eq. (2b). Examples demonstrating
this situation for Schiff base complexes with and without non-innocent co-ligands
are depicted in Scheme 8b: while chemical shifts in the normal range are observed
for compounds 21,% 22,°4 23,°°® and 24,% dramatic deshielding is present on going
from the “innocent” systems 23 and 24 to the non-innocent hydroxamato (23a/24a)
and catecholato complexes (23b/24b).

For type 23 complexes with substituents on the catecholate moiety exerting an
inductive or mesomeric electron-withdrawing effect (Cl, Br, NO,), deshielding
is much less dramatic, since these substituents counter-act the transport of electron
density to the vanadium center, i.e., a less pronounced participation of the V'Y (cat)
form in the resonance hybrid, Scheme 8a. Deshielding with respect to the common
situation, though to a lesser extent, has also been reported for the cationic non-
oxo complex [V(NN)(dtbc),]™ (25 in Scheme 9) H,dtbc = 3,5-di-rBu-catechol,
NN = bipy (= —235), o-phen (—202),°® — and for the anionic oxovanadium—
calix[4]arene complex 26, Scheme 9. In the latter case, the influence of the counter-
cation is also noteworthy.

The deshielding in the non-oxo catecholato complex 25 is paralleled by a cor-
responding deshielding of the vanadium nucleus in the naturally occurring complex
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amavadin, contained in the fly agaric (toadstool) and other mushrooms belonging
to the genus Amanita. Amavadin is an anionic non-oxovanadium complex of com-
position [A-V'V(S,S-hidpa),]*~ where Hshidpa is 2,2'-(hydroxyimino)dipropionic
acid, a derivative of hydroxylamine. On oxidation to [A-VY(S,S-hidpa),]”
(¢f. complex 27 (R = H) in Scheme 10), a °'V NMR signal at —281 is observed.®®
Model complexes obtained with R,S-Hshidpa and R,S-Hshidba (the correspond-
ing butyric acid derivative; R = Me for 27 in Scheme 10), three signals are ob-
served due to the presence of three diastereomers.®” Given the fact that ligands
derived from hydroxylamine induce high-field shifts up to —860 (Table 1; 28 in
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Fig.4. The complex [VO(OsBu)(HOsBu)ala-naph] (ala-naph is the Schiff base formed from
L-o-alanine and o-hydroxynaphthaldehyde) contains four centers of chirality. The two dia-
stereomers present in the crystalline solid state are distinct by the chirality at the vanadium
center (A vs. C), and the alkoxo and alcoholic ligands (R vs. S).

Scheme 6),7%7! the consistently low shielding in 27 might be traced back
to either the non-innocence of this specific hydroxamido ligand carrying
two carbonic acid substituents on the nitrogen, or to the non-oxo nature of the
complex.

The glycylglycinato complex 28 is an example of the peptide complexes which
readily form in the ternary vanadate-hydroxylamine-peptide system.”'® The high
shielding compares to that of dipeptide complexes, where H,NO™ is replaced by the
isoelectronic O%‘.B’M"ﬂb Interestingly, the mode of coordination for the peptide
in the peroxo complexes (29b) compares to that in non-peroxo complexes (29a in
Scheme 10), but differs from that in the hydroxamido complexes. The weak
glycylglycine complex 29a present in the binary vanadate-peptide system exhibits
a “normal” chemical shift.”> For a discussion of the possible coordination number
and protonation state of 29a see Section 5.2.

Distinction, by °'V NMR, between diastereomers originating from complexes
containing two or more elements of chirality, as in the case of the amavadin model
compounds 27, can be an important analytical tool, as demonstrated for the Schiff
base—alkoxo complex (shown in Fig. 4), containing four centers of chirality.
In CD,Cl, solutions of this salicylidene complex, four of the ecight possible
diastereomers are represented by distinct NMR signals (—578.9, —583.4, —585.6,
and —589.8).° Distinction between diastereomers by vanadium NMR will be
re-addressed in the next section (organovanadium compounds).
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2.1.3. Organovanadium compounds

In this section, vanadium complexes will be discussed, in which there is at least one
direct vanadium-carbon bond. This includes carbonyl and isonitrile complexes, and
complexes with g-alkyl and -alkenyl ligands, alkylidyne, n-alkene, -alkyne and -acyl
ligands, #*-allyl and aromatic ligands such as cyclopentadienyl, #°-Cp~, in which
vanadium may vary between the oxidation states +V and —III. The limiting shift
values are +2382 for the dinuclear V'Y compound (1°-CpV),(u-O)(u-Te)(u-Te,)"*
and —2054 for the V' complex [>-CpV(CO);SnPh;]~,”° thus clearly extending
the high-field limit reported for the inorganic V¥ compounds (VFs, d = —895). The

“record holder” in high-field shielding for a V¥ compound is the alkylidyne com-
plex 30 (Fig. 5). The chemical shift for [V(CO)s]’~ that contains V™' is —1965.7°
It becomes again clear from these data that 'V shielding cannot simply be related
to electron density at the vanadium site.

For a comprehensive treatment of data on organovanadium compounds up to ca.
1995, see also ref. 5b,c. In the context of carbonylvanadates, complexes containing
the isoelectronic nitrosyl (NO ) or dinitrogen (N,) ligand will also be discussed at
the end of this sub-chapter.

Most of the high-valent organovanadium complexes contain a cyclopentadienyl
unit. The alkylidyne complex 30’’* and the methyl complex 3177" in Fig. 5 are
examples for non-sandwich complexes. Table 4 summarizes data for
cyclopentadienylvanadium(V) complexes formally derived from O=—VX; and
tBuN=VX; (c¢f. Table 3) by replacing one of the X substituents for >-Cp—;**""*"°
see, e.g., compound 32 in Fig. 5. The shielding trends are comparable with those
noted for O = VX3 and RN = VX3: shielding increases in the series Cl<NR,<OR,
i.e., in these d° systems, the electronegativity dependence of shielding is again
“inverse”. In addition, a steric effect is noted: in the series fBuN=—VCpCI(NR»),
shielding increases with increasing bulkiness of R. In the series tBuN—VCp'Cl,,

—| " /@\
V Te
! & &Ko oF
T
\V/ . /V\ TBUN§VI \Cl V
AN? SN YorBa @

N N
Bu ¥ 32 34
BuU B -758 -135 +2383

Me Me
30 31 o
L=OTf,n=0: 6 = -882 -139 @ V,CHs @ @
L=THF, n=+1, - . \
counter-ion BPh,™: 0= -956 BuN=Y"PMe;  p TOlN\ NpTol
CAﬁC‘Me ,
u o @ @
35 36
-1089 +674 +1140

Fig.5. Selection of high- to medium-valent organovanadium complexes. For data on
cyclopentadienylvanadium(V), —(IV), and —(I1I) see also Table 4.
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Table 4. Chemical shifts for {#°>-CpV} and related complexes, containing vanadium in the
oxidation state +V, +1IV, or +III*

vy vy
OVCpX, [5b] BuNV(o-CH,CMe;)NiPr, [39] +329
X = OPh —700 [Cp,VCL] " [AsFg]™ (Iq. NH3) 33 [80] —135
F —404
Cl —403 vV
Br —249 Cp>Va(u-S)(1-S>)» [81] +417
SPh —204 Cp>Va(u-S)>(1-S») [81] + 1454
fBuNVCp(OrBu), [79a] —904 Cp>Va(u-Se)(u-Se») [81] +2136
BuNVCpCI(OrBu) 32 [78]  —758 Cp,Va(u-0)p-Te)(u-Te,) 34 [81] +2383
fBuNVCpCI(O7Bu)NR; [39] Cp>Va(u-S)s [81] +1592
NR, = NH(/Bu) —785
N(Pr), —665 i
NPh, —680 BuNVCp(CO), [82] —1028
fBuNVCp'Cl, [79b] BuNVCp{P(OMe);}, [82] —607
Cp’ = CsH; —457 fBuNVCp(PMe;), [82] —104
CsHyMe —421 tBuNVCp(PMe3;)MeC=CMe 35 [82] —1089
CsH,iPr —415 fBuNVCp(PMe;)BuC=P [82] —1055
CsH;(iPr), —370, —344°  (CpVCl)»(u-NpTol), [83] +321
CsH,(iPr)s —279 (CpVMe),(u-NpTol), 36 [83] +674
CsMes —182 37 (Fig. 5) [84] +1140

“References in square brackets. ¢f. Fig. 5 for selected complexes.
bFor the 1,3- and 1,2-isomer, respectively.

where Cp’ represent alkyl-substituted Cp, shielding decreases with increasing the
number of alkyl substituents, paralleling increasing + I effect. Low shielding is also
observed for the “vanadocenium” cation [(7°>-Cp),VVCl,] ", 33.%° A particularly low
shielding is induced by the presence of a g-alkyl ligand, ¢f. tBuN — V(CH,CMejs),
(NiPr,), indicating that these ligands should be classified as soft.

In dinuclear vanadium(IV) complexes of the type 34 (Fig. 5) where the #°-CpV
units are bridged by chalcogenide (E*7) and dichalcogenide (E37), deshielding with
increasing softness of E is again noted, i.e., enhanced deshielding according to
S*~<Se*”<Te*™ and E3~ <E*", Table 4.®' Substituting CO in the vanadium(III)
complex tBuN=VCp(CO), by phosphite and further by phosphine leads to des-
hieding,* generally observed in the carbonylvanadium complexes (and discussed in
more detail in the context of V' and V™! carbonyls below), while substitution of one
of the trimethylphosphine ligands in tBuN = VCp(PMe;), by an alkyne (complex
35) or phosphaalkyne restores the original shielding in the carbonyl derivative. Low
shielding is also observed in the dinuclear V"' complex 36,* containing a ¢-methyl
ligand in each of the vanadium moieties. The shielding is lower than in the cor-
responding chloro complex. In complex 37, which formally contains a vanadium-
vanadium triple bond (627%6%), vanadium is in a particularly low shielding situation.
Furthermore, in 37, shielding (and line width) strongly depend on the temperature,
viz. § = +1140 at 289K, and + 1283 at 200K.**
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Cyclopentadienyl and related vanadium(+1I) complexes of the general formula-

tion [y"-cyclo-C,H,V(CO),,]"

(cf. 38-41 in Scheme 11) and derivatives thereof,

in particular those derived from 1>-CpV(CO)4 (38a) by either substituting one or
two carbonyls for other ligands, or by adding alkyl and other E'VR; (E"Y = group

14 clement) substituents to the Cp ring, have systematically been studied.

d 5b,c,85-87

From the selection of representative data contained in Table 5 (and Scheme 11), the

following trends can be derived:

(1) Shielding decreases as the Cp ring is substituted (Cp vs. indenyl and fluore-
nyl; Cp vs. alkyl and chloro substituted Cp). Since both, +1 substituents
(alkyl) and —I substituents (Cl) give rise to a down-field shift, this behavior
may be considered primarily of steric origin. As shown for #°-CsH;(sBu)Me
(38b) in Fig. 6, these steric effects can be exploited to distinguish between
positional isomers, and diastereomers arising from optical isomerism.*®

==
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@CQ @@

| _Co V-
oc—V=co V- - oc Co
o co %ISR oc \ccc? OC/VCOCO oc W “co

38 39 40 | 42 43
-1534 -1118 -1660 -1485 -1664 -1730
Scheme 11.
Table 5. Chemical shifts for sandwich complexes containing V' and V=
V! n°-CpV(CO),L, [85]
n°>-Cp'V(CO), [5b] L, = dppe —1110
Cp = CsH;s 38a —1534 Alkynes —598 to —626
CsH Me —1525 dad —346 to —431
CsH;(sBu)Me” 38b bipy —63
CsMes —1492 [7°-CpV(CO);L]~
CsCls —~1010 L = H™ 43 [5b,86] —1730
Indenyl [5b] —1375 SnPh3 [5b,86] —2059
Fluorenyl 39 [Sb] ~ —1118 SnCl3 [86] —1340
n>-CpV(CO)sL I~ [87] —742
L = PF; [5¢] —1565 Cl™ [87] —515
PMe,Ph [85] —1396 F~ [87] +417
CNCy [5¢] —1401 (CsH4CHNMe,)V(CO);SnPh;¢ [88] 44  —1560
NCMe [85] -719 V!
PhN=CHPh [87] —491 n’-TpV(CO); 41 [85] —1485
THF [85] —136 1°>-CpV(CO)NO), [85] —1294

“References in square brackets. Abbreviations: dppe, Ph,PCH,CH,PPh,; dad, diazadienes; bipy, 2,2'-

bipyridyl; Tp, tropylium.
Four isomers.
‘cf. Fig. 6 and text.
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Fig. 6. Left: >'V NMR spectrum of 7>-CsH;(sBu)Me (38b). For each of the positional
isomers (Me and sBu in the 1,2- and 1,3-positions, respectively), there are diastereomers
arising from a plane of chirality and a center of chirality. Right: Resonance hybrid for the #°-
Cp/n®~fulvene complex 44.

(2) Shielding decreases as CO is substituted by ligands which are less n-accepting.
In this respect, PF3 is the only ligand comparable with CO.

(3) Increasing substitution of CO leads to decreasing shielding, again reflecting
a decrease of the overall vanadium-to-ligand = electron density transfer.

(4) Anionic ligands may either increase shielding (H™, 43; SnPh3’), or decrease
shielding (halides). The complex [7°-CpV(CO);SnPh;]~ marks the upper
high-field limit, while [°-CpV(CO);F]~ marks the low-field limit of chemical
shifts for cyclopentadienyl-vanadium(I) complexes.

(5) As noted for [5>-CpV(CO);Hal]™, there is a normal electronegativity
dependence for these d* systems, contrasting the inverse one noted above
for d° systems.

(6) Fulvene complexes, such as 44 in Fig. 6, right, exhibit patterns similar to
cyclopentadienyl complexes.

Shielding patterns pertinent to the carbonyl-cyclopentadienyl-V' (d*) complexes
are also observed in derivatives of the neutral complexes XV'(CO) (d*)°°°? and in
the anionic d® systems [V"(CO)s_,L.]~.>*** Generally, shielding reflects the “mag-
netochemical ligand strength”, a composite of the = acceptor and ¢ donor strength,
and the polarizability of the ligand (function). Since ligand fields in most cases are
less “strong’ than for the parent hexacarbonylvanadate, [V(CO)¢] ™, substitution of
CO goes along with deshielding, i.e. (comparatively) weak o-donors/m-acceptors
induce deshielding, while more polarizable (softer) ligands induce additional shield-
ing. The ¢,/n and polarizability effects may counter-act each other. As already
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Table 6. Carbonylvanadium(—I and +1I) complexes”

v! [V(PF5)6]™ [95] —1946
[V(CO)sL]™ [4c,93] n>-AllylV(CO)sdppe 45 [4a] —1492 to —1343
L = PF; —1961 *-AcylV(CO)sdppe 46 [94] —1082 to —938

CcO —1955

CNCy —1908 V!

N, —1671 HV(CO)4dppe [4a,91] —1690

1-Hexyne —1636 IV(CO),dppe [90] —1706

Pyridine —1461 BrV(CO)4dppe [90] —1698

>-CS, —1368 BrV(CO)4pepe [90] —1756

THF —1367 BrV(CO)x(pepe), 47 [90] —624
[V(CO)4dppe]™ [4a] —1790 o-AlkylV(CO)4p, 48 [91] —1172 to —1044
[V(CO).dppb]~ [4a] —1723 o-AlkenylV(CO)4p, 49 [90] —1074 to —1042
[V(CO)4dppm]~ [4a] —1590 o-ihexylV(CO)x(p)> [91] —769
[V(CO)stdmp]~ [91] —1690 IV(CO),p»(n?-alkyne) 50 [92] —455 to —321

“References in square brackets. For numbered complexes, see Fig. 7. Abbreviations: Cy, cyclohexyl;
dppm, Ph,PCH,PPh,; dppe, Ph,PCH,CH,PPh,; dppp, Ph,P(CH,);PPh,; pepe, Et,PCH,CH,PPh,;
tdmp, P(CH,CH,CH,PMe,);3; p», any bidentate or two monodentate phosphines.

pointed out in the context of the {#>-CpV'} complexes, these trends oppose those
noted for the high-valent (in particular d®) vanadium complexes. Thus, a series of
increasing magnetochemical ligand strength has been derived for XV(CO)4dppe
(dppe = Ph,PCH,CH,PPh,), viz. X = g-alkyl~ ¢-alkenyl<SiMe; < HrxBrxI <
0,CR <ClaN3< CN.”° In hexacarbonylvanadates containing bi- to tetradentate
ligands, such as [V(CO),diphos] ™, the ““chelate effect” also plays a role, i.e., strained
chelate four-rings give rise to deshielding with respect to chelate-five ring structures,
while six-membered rings, which are subject to torsional strain, lie in-between.
Finally, the local symmetry comes in, since the symmetry determines which of
the excited states can mix with the ground state and thus contribute to opara; cf.
Eq. (2a). Selected data underlining these trends are compiled in Table 6; ¢f. also
Fig. 7. The chemical shift for [V""(CO)s]*~ (—=1965)7® and [V '(PF5)¢]~ (—1946)"°
are close to [V~ (CO)¢]™ (—1955).

In Table 7, NMR data of nitrosyl- and dinitrogen-complexes of V™" are collated.
In V(CO)sNO, formally obtained by substituting one CO in [V(CO)¢]~ by NO ™,
clearly leads to a deshielding. Correspondingly, complexes of the general formu-
lation V(CO)s_,(NO)L,, (n = 1, 2) are deshielded with respect to the anionic counter-
parts.”® Matchable trends are noted for #°-CpVL(NO), vs. n°-CpVL(CO);.*
The cationic bis(nitrosyl)vanadium(-I) complexes [VL4(INO),]X exhibit substantial
deshielding as compared with the neutral compounds.”” Within this family,
however, the trends noted above for the low-valent carbonyl complexes prevail.
Comparison of [V(CO)s]~ (6 = —1955) and [V(CO)sN,]~ (—=1671)’® shows that
dinitrogen is a somewhat weaker ligand than CO, even when taking into account
that the lower symmetry of the latter (Cy,) will contribute to the deshielding. In the
bis(dinitrogen) complexes [V(N»),(dmpe),]” (dmpe = Me,PCH,CH,PMe,), which
are isoelectronic to the carbonylvanadates [V(CO),(dmpe),] , this situation is
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Fig.7. Structures and chemical shifts of selected carbonylvanadium(—I and + I) complexes.

Table 7. Nitrosyl- and dinitrogen complexes of vanadium(-1)“

V(CO)sNO [96a] —1489 [V(thf)L;(NO),]Br [97b] —849 to —723
V(CO)4(NO)L [96a] —1475 to —1085
V(CO);3(NO)L, [4a,96b] —1480 to —1237 [V(CO)sN,] ™ [93,98] —1671
17°-CsHsV(NO),CO [4a] —1265 [V(N2)(dmpe)s]~ [99] —1032 (sxt)
17°-CsHsV(NO),L [4a,4c] —1293 to =511 cis-[V(N,),(dmpe),] Na™* [99] —982 (tt)
[VL4(NO),]X (X = Hal) [97]
L =CNR —1042 to —1038 trans- [V(Nz)z(dmpe)z]’ a 1991 —1183 (q)
NCMe —276 to =272 trans-[V(Na),(dmpe),] "Li™ [99] —982 (q)
THF +282 to +313

“Abbreviations: dmpe, Me,PCH,CH,PMe,; sxt, sextet; tt, triplet of triplets; q, quartet.

retained.” The differences between cis- and frans-[V(N,)>(dmpe),]~, and the fact
that shielding depends on the counter-ion (Li™ vs. Na ™) underlines the importance
of local symmetry for the shielding situation.

2.2. Isotope and temperature effects

Shielding is also a function of temperature, and of isotopic substitution in the first
or more distant coordination spheres. With decreasing temperature, shielding
increases essentially in a practically linear fashion. An increase of shielding is also
effective for a heavier isotopomer as compared with its lighter analog. Both effects
can be traced back to changes in internuclear bonding parameters, in particular
distances, and may thus be related, in a rovibrational frame, to variations in
internal displacement coordinates Ar.'%*!°! In addition, decreasing the temperature
leads to a decrease of the population of excited vibronic levels of the electronic
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Table 8. Temperature gradients #, and isotope effects A

t," ppm deg™! A? 2AP SA¢
[VO4*~ [101,103] —0.19 (**0) —0.73 (D,0)
1>-CpV(CO), [100a,101] —0.61 —0.46 (*C) —0.13 (**0)
—0.715 (*H)

#°-CpV(CO);NH,Bu [101] —0.85 (*H)
[7>-CpV(CO);H] ™ [101] —4.7 CH)

—0.51 (*C)
n’-TpV(CO), —0.38 (*C)
[EtsN][V(CO)¢] [100a,102a] —0.31 —0.27 (*C) —0.10 (**0) —0.21 (CD50D)
[Me(CoHa,);N][V(CO)q] [101] —0.09 (toluene[dg])
Na[V(CO)g]™ [101] —1.20 (D,0)
[V(thf)4(NO),]Br [100a] -1.23

“Temperature gradients of shielding (Ac,/AT) are given per K. The minus sign indicates decreasing
shielding with increasing temperature.

bTsotope shifts per isotopic substitution. The minus sign indicates deshielding for the lighter is-
otopomer.

“Solvent isotope shift per deuteron present in the solvent.

(ground) state(s) and thus to an increase in AE. For the consequences, ¢f. Eq. (2). In
Table 8, temperature gradients, one- and two-bond isotope shifts, A and 2A,100:102
and solvent isotope shifts SA induced by deuterated solvents'®" are listed. In the case
of [V(CO)g]™, SA are correlated to the polarity of the solvent, indicating differing
degrees of solvation. Except for the orthovanadate,'® all data available have been
reported for the low valent vanadium complexes. Fig. 8 illustrates the mixture of
isotopomers for [V(CO),(C'*0)s_,]".

2.3. Relaxation and line widths

For quadrupolar nuclei relaxation is dominated by the quadrupole mechanism,
originating from fast energy transfer from the nucleus to the environment by inter-
action between the electric nuclear field gradient tensor and the inhomogenous
electric fields produced by polar molecules in motion. Relaxation is directly re-
flected in the line widths of the resonance line, usually indicated as the width at half-
height, W,,. Under common isotropic conditions, the relaxation process can be
described by Eq. (3),

Wipn=@T)"" = 0.0417%(q..Q/h)(1 + n*/3)t. (3)

where T'is the relaxation time (7 & T> under isotropic conditions), eq..Q/h ( = Co)
the nuclear quadrupole coupling constant (g.. = electric field gradient in zz
direction, Q = nuclear quadrupole moment), # the asymmetry parameter (y =0
for axial symmetry), and 7. the molecular correlation time, a measure for the
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Fig.8. °'V NMR spectrum of a THF solution of [V(**C'®0),(**C"®0)¢_,]~, n = 0-5. Also
seen is the doublet for the natural abundance '*C isotopomer, additionally reflecting the
isotopomeric pattern due to O (cf. ref. 102a).

interaction between solvent and solute molecules, i.c., the extent of tumbling of
a molecule in a solvent.

From Eq. (3) it is clear that broad lines are to be expected for molecules of low
point symmetry (via the influence of ¢), and for comparatively low molecular
motion, as in case of large molecules and high viscosity of the solution (influence
viat.). Since the viscosity increases as the temperature goes down, the line widths of
the °'V NMR signals increase with decreasing temperature and vice versa. Any
adverse effect points toward slowing-down or acceleration of exchange equilibria
between two or more chemical species present in solution. Qualitatively, the factors
influencing W, can be summarized as follows; cf. Table 9 for selected data for
vanadium(V)'* and (-)'*® compounds:

(1) A decrease of symmetry results in an increase of W,,. For cubic symmetry
(T4, Oy, I, g = 0), and certain cases of C,, symmetry (e.g., facial octahedral
complexes of C;, symmetry), rather narrow lines are observed.

(2) Increasing the ligand bulkiness increases W )».
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Table 9. Line width W, (Hz) for selected vanadium compounds

Polyoxovanadates H,V,,0% "~

Tetrahedral sites V,017 ~ 60
Isolated tetragonal sites VWsO3y 60-80
Tetragonal with adjacent V sites V10055, Vu/V! 100-200
Rhombic sites V10055, V“ 200-800
[V(CO)¢] 0y, 1.4

[V(CO)sPPh,Me]™ Cyy 120

cis-[V(CO)4(PPh,Me),] Cy, 775

13-C3H5V(CO);dppe C, 2,400

[V(CO)sPZ5] (Cay)

PZ; = PPhMe, Cone angle = 122 32
PPh,Me 132 160
P(tBus); 182 420

“cf Fig. 1.

(3) Increasing size of the donor function (increasing softness/nephelauxetic
effect) leads to an increase of W .

(4) Strong m-accepting and o-donating ligands (hard ligands) give rise to com-
paratively narrow lines.

(5) In chelates, an increase of ring strains goes along with an increase of W/ .

Equation (3) applies for the extreme narrowing case, characterized by 2mvgr.
>>1 (vo = NMR frequency). For very slow isotropic motion, W, for the central
transition commonly observed under these conditions also becomes a function of v,
Eq. (4).

e’q..0/h
e S

W1/2 X
VoTe

4)

2.4. Scalar coupling

Nuclear spin—spin coupling (scalar coupling) Jy between a spin M (such as
vanadium) and L (a ligand function coordinated to vanadium) is dominated by
the Fermi contact term, Eq. (5a), in which yy; and y are the magnetogyric ratios
of the nuclei M and L, *AE is the mean triplet excitation energy, S(0)m|’
and|S(0);|* represent the s-electron densities at the M and L nuclei, and o(s)*
the a(s) contributions to the M-L bond. For a given set of nuclei M and L, J thus
depends on three parameters, viz. AE, S(0), and o(s), which are influenced by
the bonding situation, with particular emphasis laid on S(0) and a(s). Although
7 influences are not decidedly represented in Eq. (5a), 7 interactions between M
and L do have a synergistic impact upon a(s) and S(0), and thus contribute to the
size of J.

Inmr o Py X 7L CAE) T S(0)y P1S(0), [Pa(s)™. (5a)
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The dependence on the magnetogyric ratios can be eliminated by applying the
reduced coupling constants Ky, (Eq. (5b)), which can be useful for comparative
studies.

4r? J
KMLZLX ML .
h M XL

(5b)

An example is, the dinuclear diazenido complex {(fBuCH,);V1},u-N,,'°® for which
the coupling constants Jyn_i4 = 48 and Jyn_15 = 76 Hz (I in Table 10) differ
considerably, while the reduced coupling constants Kyn_14=21.0 and
Kyn_1s = 23.7 NA>m are of comparable size.

The largest reported coupling involving the nucleus °'V so far is Jys, = 900 Hz in
[7°-CpV(CO);SnCls]~. With respect to the size of the coupling constant, i.e., the
extent of communication between the two nuclei, there are several common features
in given series of complexes (¢f. also Table 10):

(1) Electronegative ligands induce effective coupling (II in Table 10),>>3:78:107.108

as a consequence of a contraction of W, and hence increase of |S(0).|>. A
comparable effect is observed for phosphite vs. phosphine complexes (III).%**

(2) In low-valent complexes, strongly m-accepting ligands (CO, PZ; [in particular
for Z = F, OR; IV]) increase J mainly via an increase of S(O)M‘z.

(3) Enlarging the o(s) character of the M-L bond increases J.

(4) Bulky ligands, e.g., bulky phosphines, give rise to less effective coupling,
likely a consequence of disturbed V-PRj overlap.

(5) Two-bond coupling constants are clearly smaller than one-bond coupling
constants (V,loz"‘"'09 VL VIIIOS), in consent with expectation.

The observability of coupling is often hampered by unresolved coupling patterns
due to line broadening. This can be a particular problem in the case where the
coupling information is to be extracted from the L nucleus, for which an eight-line
pattern (nuclear spin of >'V = 7/2) is to be expected. An example for a well resolved
pattern both in the '*C and 'V NMR are 5’-CpV(CO)s and [V(CO)¢] ;'
for the °'V NMR spectrum of the latter, see Fig. 8 in Section 2.2. If the spectra are
unresolved, the resonance for the L nucleus appears as a plateau-like composite
signal, from which the approximate coupling constant can be obtained by division
of Wy, by 7, provided that coupling is fully effective, i.e., relaxation decoupling can
be excluded. In the case of (partial) relaxation decoupling, a Gaussian-shaped signal
is observed. Relaxation is faster at lower temperature, in polar solvents and with
bulky molecules (see the previous section), and consequently relaxation decoupling
is particularly effective under these conditions. Since line broadening by relaxation
remains modulated by scalar spin—spin interaction, a rough estimate of the coupling
constant Jyy is obtained from the half-widths of both coupled nuclei by applying

Eq. (6).

e = [f(1) x W1 (V) x Wy p(L)]V? (F() = % for M="1V). (6)



Table 10. One-bond ('Jy;) and two-bond (*Jy) coupling constants (in Hz)

L="H L=">'p
[7’-CpV(CO);H]~ Va [102a] 21.7 (“yn) [V(N2)2(PR3)4] [99]
117-1(337H7V(CO)3 Vb [109] 3 Clvn) [V(PF;3)s] IVa [95]

L="C [V(CO)sPZ;] [105]
[V(CO)¢]™ [102a] 116 ({Jyve) Z=F1IVb
n>-CpV(CO), [102b] 108 ("Jve) OMe IVe
O=V(CH;)(OrBu), [107] 118 ({ve) Me

L= 14/15N H
BuN=V(°-Cp)(CO), [82a] 82 ("Jyn_14) [V(CO)sP,Me,]” VII [105]
{(1BuCH,);V},u-N, I [106] 48 ("Jyn—ia), 76 ((Jyneis)  BuN=V(#°-Cp)P(OMe); IlIa [82a]
BuN=VXj; II [39,78] 74-103 ("Jynia) tBuN ="V (>-Cp)PMe; IIIb [82a]
trans-[V(N,)»(dmpe),] ™ Xa [112] 57 (:JVN_IS) tBuN:V(ni-Cp)(nz-alkyne)PMe3 [82a]
cisl-7V(N2)2(dmpe)2]_” Xb [112] 67 (‘Jyn-15) [V(NPPh3),] " [40]

L="0
[VO4*~ VIII [110] 62 ("Jvo) L =331

L="YF VOClL(but)? [36a]
[V(PF3)¢]~ VI [95] 10.3 CJyp) L ='"Sn
[CLFV(N;S,] " [108] 79 ('Jvr) [>-CpV(CO)3SnCl3]” [5¢]
[VOCLF,]™ [111] 272 (“Jvp) L ="9w
[VO(0,),FF~ [25] 163 ("Jvr) [VW50,0]" IX [105]

208-316 (' Jyp)
510 ("Jvp)

488 ("Jyp)

370 ("Jyp)

210 ("Jvp)

170 ("Jyp)

341 ("Jyp), 40 CJyp)
593 ("Jyp)

397 ("Jyp)

274-353 ("Jyp)

120 (CJvp)

100 ("Jvci-ss) 83 ("veis7)
900 ('Jys,)

11 Clvw)

Bold roman numbers refer to the discussion in the text.

“dmpe, Me,PCH,CH,PMe,.

bcf 3 in Scheme 1, Section 2.1.1 (pyridine in 3 exchanged for F™).
“See 9 in Scheme 2, Section 2.1.2.

“but, 2,3-butanediolate(1-).

9L

"1V 1d 4d4dHdY 'd
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Coupling information on inorganic vanadium compounds is scarce; examples are
'Jyo_17 in orthovanadate''® (VIII in Table 10), 2Jyw in the polyoxovanadotung-
state IX,'” Jyr in fluorovanadates(V), """ and 'Jyp and 2Jyp in hexakis
(trifluorophoshine)vanadate(-I) (IVa/VI).”> Most data have been reported for high-
and low-valent cyclopentadienyl- and carbonylvanadium complexes. For the bis
(dinitrogen) complex [V(N;),(Me,PCH,CH,PMe,),]|~ which exists in the trans (Xa)
and cis configuration (Xb), the multiplet structure of the >'V resonance allowed for
an unequivocal assignment.''> While, in the frans isomer, the signal (5 = —1123) is
split into a binominal quintet (Jyp = 314), the cis isomer (6 = 978) is characterized
by an A,B>X spin system (Jyp = 316 and 253 Hz). The larger shielding in the trans
isomer (Dg4, symmetry) as compared with the cis isomer (C,, symmetry) is well in
accord with the influence of symmetry upon shielding outlined previously.

2.5. Applications

2.5.1. Biological and medicinal implications

>V NMR studies have been performed on several vanadate-oligopeptide systems
such as alanylhistidine®', alanyl-serine,** or valyl-glutamine,''® invariably indicat-
ing coordination via the terminal carboxylate and amino groups, and the depro-
tonated amide-N, characterized by °'V NMR signals at —510+ 7, depending on the
electronic and steric nature of the amino acid side-chains and the protonation state.
Compound 13 in Scheme 6 (Section 2.1.2) illustrates this situation. With proteins,
both unspecific binding of vanadate and coordination of vanadate into the metal
binding site is feasible. Unspecific binding of vanadate has been detected for CuZn-
superoxide dismutase,''* where the signal for monovanadate (9 of ca. —555) is
observed, considerably broadened due to effective relaxation and exchange with
free vanadate. The down-field shifts in the systems vanadate/bovine prostatic acid
phosphatase (—542; 51 in Fig. 9),''” vanadate/ribonuclease-T; (—514),''® and ribo-
nuclease-A (—506)'"7 are indicative of effective binding of vanadate to the protein.
A detailed analysis of the strong coordination of vanadate has been carried out with
transferrins.''®!''? These high molecular mass systems are in the motional narrow-
ing limit (Eq. (4) in Section 2.3), where only one of the four transition components

Fig.9. Binding sites for vanadium in proteins: prostatic acid phosphatase (51; ref. 238),
serum transferrin (52; ref. 120), bromoperoxidase from Ascophyllum nodosum (53; ref. 239),
p-lactamase complex of vanadiumhydroxamate (54; ref. 123).
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Table 11. Quadrupolar central transition NMR data for vanadate—protein complexes”

7.05T 94T 11.7T References
Human serum transferrin, —536.0 (418) —532.2 (226) —529.9 (190) [118,119]
C-lobe, (W)
Human serum transferrin, —536.0 (418) —533.7 (328) —531.4 (268) [118,119]
N-lobe, o(W )
Ovo transferrin, o(W ) —537.7 (314) —534.5 (265) —532.7 (220) [119]
A. nodosum —930 (5,100) [115]

bromoperoxidase”

“Chemical shifts ¢ and line width W), (Hz; in parentheses).
bperoxidase from the marine alga Ascophyllum nodosum.

(+1/2—-—1/2) is observed, the chemical shift and line width of which depend on
the strength of the applied field, as demonstrated for the data presented in
Table 11. Investigations of the vanadate-transferrin systems (see 52 in Fig. 9 for the
proposed arrangement of the binding site'*’) have revealed a stronger binding of
vanadate to the N-terminal than to the C-terminal site, and a stronger binding
to human than to ovo-transferrin. While the chemical shifts for the transferrin
complexes are in the expected range, an unprecedented and so far unexplained high
shielding (6 = —930) for the oxovanadium(V) center in the bromoperoxidase
isolated from the marine alga Ascophyllum nodosum was reported.''> For a more
detailed discussion of the NMR features of vanadate-dependent haloperoxidases
see Section 3.4.4.

Vanadium NMR has also been employed to investigate the nature of the inhib-
itory complexes formed between hydroxamatovanadates and lactamases or
serineamidohydrolases.'?! The energy-minimized ternary complex 54 in Fig. 9,
in which vanadium coordinates to a serine-hydroxyl, exhibits a chemical shift of
—494, as compared with —518 for the binary complex formed between vanadate
and methylhydroxamic acid.

The aqueous vanadate system shows an interesting pH-dependent behavior in the
presence of humic acids. At a low pH (3.0), where decavanadate and [VO,(H,0).] ©
coexist, the latter is almost immediately reduced to V'Y while decavanadate slowly
decomposes to the VO, species prior to reduction. At pH 7.2, where mono-, di-,
and tetravanadate are present (¢f. Fig. la in Section 2.1.1), the system is stable
against reduction. Only monovanadate binds to the humic acid, as shown by line
broadening. At pH 12, signals which are due to mono- and bis-peroxovanadates
appear, apparently generated by redox reaction between dissolved O, and semi-
chinone radicals present in the humic substance at high pH.'*

The oxovanadium(IV)-pyridinone complex 55a in Fig. 10 has been shown to be
one of the many vanadium complexes to exhibit in vitro insulin-enhancing prop-
erties. In human blood, the complex is readily oxidized to the 1:2 and 1:1 oxo-
vanadium(V) complexes 55b and 55¢/d, plus some monovanadate, as evidenced by
three distinct °'V NMR signals.'* Kinetic investigations show that only the neutral
form S55c enters the blood cells, presumably by diffusion through the membrane,
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Fig. 10. Species distribution of oxovanadium—pyrimidone complexes in blood.

where it is reductively degraded to VO>* species by intracellular reductants
such as ascorbate and/or glutathione. In contrast, monovanadate (but not
higher condensed vanadates) enter the cell through anion channels, again fol-
lowed by reduction. Ascorbate has also been proven an effective reductant
for dioxo-bis(maltolato)vanadate(V), [VO,(mal),]” (6 = —496) the precursor for
another efficient in wvitro and in vivo insulin-enhancing agent, the neutral
[VO(mal),]."**

2.5.2. Implications for catalysis

The ability of vanadate-dependent haloperoxidases to catalyze the bromination
of organic substrates and the sulfoxygenation of sulfides has initiated studies into
structural/functional models with comparable properties. Scheme 12 provides two
examples for bromination reactions: oxidation of bishomoallylalcohols with tert-
butylhydroperoxide (1BuO,H) in the presence of bromide and catalytic amounts of
the Schiff base complex 56a leads to the formation of brominated cyclic ethers.'*
The vanadium center in the pre-catalyst 56a and the actual catalyst 56b (which,
according to >'V NMR, forms on addition of rBuO,H to 56a) is dissymmetric,
inducing stereoselectivity in the products. The substrate 1,3,5-trimethoxybenzene is
often used as a test system for the catalytic activity of vanadium compounds'?® such
as 56a'>’ and 57'*® in oxidative bromination by H,O,; Scheme 12. In the case of the
Schiff base complex 56a, the active species is supposed to be the peroxo complex
[LVO(O,)]™ (6 = —519) while, in the case of the amidato complex 57 (genuine
0 = —465), the chemical shift of —726 indicates the presence of a free diperoxo-
vanadate and thus detachment of the ligand.
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The formation of a peroxo complex as the actual catalyst by reacting a pre-
catalyst with peroxide has also been detected, by >'V NMR, in the oxidation of
prochiral sulfides to chiral sulfoxides with RO>H, catalyzed by trigonal-bipyramidal
oxovanadium complexes derived from chiral aminoalcohols. The complexes 11 and
12 in Scheme 5, Section 2.1.2, are examples for pre- and active catalysts.’'* The
catalyst system VO(acac),/H,L, where H,L is the chiral Schiff base ligand of the
intermediately formed complexes 58 in Scheme 13, has been employed in the sulf-
oxygenation of prochiral sulfides, dithioacetals,'** and disulfides.'*' A solution of
VO(acac),, H,L, and H»,O, in the biphasic H,O/CD-Cl, systems shows nine Sty
NMR resonances in the range from —460 to —580, associated with pre-catalysts
such as VOL(HL) (58a)"°! and active catalysts of composition VOL(O,), 58b.'*°
Larger amounts of H,O, induce displacement of the ligand and formation of free
peroxovanadate (5 = —680; cf. Table 2).'%!

In the absence of bromide, oxidative cyclization of bishomoallyl alcohols, such as
depicted for S6a in Scheme 12, results in the formation of hydroxylated cyclic
ethers.'”® Hydroxylation, e.g., of benzene to phenol, can otherwise also be
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catalyzed by vanadate + H,O, in acetonitrile under acidic conditions. The active
species are peroxovanadates.'*? Enantio-selective epoxidation of geraniol has been
achieved with the in situ system VO(OR);/hydroxamic acid/tBuO,H, where again a
vanadium(V)-alkylperoxo intermediate (59¢ in Scheme 14) is the active catalyst,
formed from precursor complexes such as 59a and 59b.'** Compound 59¢, which is
present as two diastereomers, is a rare example for a down-field shift on replacing
an oxo or alkoxo for a peroxo ligand.

3. SOLID-STATE PARAMETERS
3.1. General introduction

31V solid-state NMR lineshapes are dominated by two anisotropic tensorial inter-
actions: quadrupolar and chemical shielding. Dipolar interaction may introduce
additional broadening of the spectral lines. Because of the relatively small quad-
rupole moment of °'V (—4.8fm?), >'V solid-state NMR spectra can be readily
detected. The above value is based on the recent work by Skibsted, Jacobsen, and
colleagues,® combining NMR experiments and high-level DFT calculations, allow-
ing the determination of the >'V quadrupole moment with high precision. This
value is in general agreement with the quadrupole moment of —4.3 fm? determined
from laser-induced resonance-fluorescence spectroscopy.>*® We note that the ma-
jority of the reports on °'V NMR to date quote a quadrupole moment of —5.2 fm?
determined in 1967, based on atomic-beam magnetic resonance measurements.”’

A wealth of information can be extracted from the analysis of the quadrupolar
and chemical shielding interactions, making >'V solid-state NMR spectroscopy
a very valuable structural probe in a variety of inorganic and biological systems as
discussed below. In conjunction with density functional theory (DFT) calculations,
31V solid-state NMR experiments can reveal important details about the vanadium
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sites not readily available from the X-ray structures, such as protonation states of
the coordinated ligands, electronic structure, and dynamics.

For detailed general treatments of the effects of quadrupolar interaction on
the solid-state NMR spectra, we refer the reader to excellent monographs and
reviews.'**!3 Here we present only a brief summary relevant to observation
and interpretation of >'V solid-state NMR spectra.

The total Hamiltonian in the solid state can be expressed as

H = Hzceman + Hrr + Hpip + Hq + Hcsa (7

where Hzeeman 1S the Zeeman term, Hyp the radiofrequency field, Hpp the dipolar
interaction. Hy and Hcga the quadrupolar and chemical shielding anisotropies
(CSA), respectively. These two terms are dominant and dictate the spectral line-
shape. As pointed out above, the dipolar interactions are generally much smaller
than the quadrupolar and the CSA terms, and usually give rise to additional
broadening of the spectral lines. The quadrupolar and CSA terms are commonly
expressed as spherical tensors composed of the spatial (R,,,) and spin (7,,,)
variables:!**°

m_ €9 0rs _ 2
0 T4525—1) " R3 T3 = wo[3S- — S(S + 1)] ®)
H(Q2) — @ Z RomRo—m[Tom, Tr—m] ©)
®o m#0 2m
Hesa = _V(Rocos Tg + RS Tgo) = (wlcsg + w%nsiso)Sz (10)

whereH(Ql) and H (QZ) are the first- and second-order quadrupolar interactions.
The quadrupolar and CSA tensors according to the standard notation are:

_ GQVZZ . 1/’ _ Vyy - Vxx .

= 11
CQ h ) Q VZZ B} ( )
Opy — Oxx 1
50 = 52: - 5iso; Ny = Wi’; 5iso = _(5)()( + 5yy + 52:) (12)
52: - 5iso 3
where Cy is the quadrupolar coupling constant (in MHz); V., V,,, and V,, the

principal components of the electric field gradient (EFG) tensor, where V., = eq is
its largest principal component, and |V..| > {Vyy| > |Vi|. QO is the vanadium
quadrupole moment given above; e the electronic charge; & the Planck constant.
In Fig. 11, the simulated 'V NMR spectra are presented for an unoriented
powder sample to illustrate the typical lineshapes in the solid state. The first-order
quadrupolar interaction gives rise to seven transitions (termed the central and the
satellite transitions), usually all observable in the resulting NMR spectrum because
of the generally small quadrupolar coupling constants in vanadium-containing
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Fig. 11. Simulated 9.4 T °'V static (left) and 15 kHz magic angle spinning (right) solid-state
NMR spectra for Co = 3MHz, 6, = 300ppm, 1, =0, 2 =0, f = 60, and y = 0. The bot-
tom spectra correspond to n, = 0, the top spectra to 1, = 1. The inset is an expansion of the
MAS spectrum around the central transition illustrating the second-order quadrupolar
broadening of the spinning sidebands.

systems. The overall breadth of the spectral envelope is determined by Cg; the
breadth of the central transition by J,. The asymmetry parameters of the quad-
rupolar and CSA tensors, 1o and 7, reflect the deviations from the axial symmetry
and dictate the shape of the overall spectral envelope, and of the central transition,
respectively. The second-order quadrupolar interaction results in additional line
broadening, yielding the characteristic second-order lineshapes.

Under magic angle spinning, the spectral broadening due to the second-rank
spatial components R, of tensorial anisotropies of H IQ and Hcgp 1s averaged into
a spinning sideband manifold (illustrated in Fig. 11, right). The fourth-rank terms
of H? are not completely averaged out, and give rise to the asymmetric second-
order lineshapes (shown in the inset in Fig. 11, right). The functional forms of the
time-dependent Hamiltonians HY and H(Qz) under MAS have been previously
derived by Skibsted and colleagues'*® and can be found in the corresponding article.

A number of experimental methods have emerged in the past decade and a half
for the detection of 'V solid-state NMR signals and for extracting the NMR
observables from the spectra. Below we summarize the representative single- and
double-resonance approaches.

3.2. Single resonance techniques

3.2.1. *'V Magic angle spinning satellite transition spectroscopy (SATRAS)

For °'V sites with small or moderate quadrupolar constants (in practice,
Cp<10-15MHz), the modern spectrometer hardware and MAS probes permit
efficient excitation and detection of the complete manifold of satellite transitions in
the NMR spectra. As demonstrated by Skibsted, Nielsen, Jacobsen, and their col-
leagues'*® '*% as well as in our recent work,'* '*! the elements of the quadrupolar
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and the CSA tensor as well as the relative orientations of the two tensors can be
readily extracted by numerical analysis of the SATRAS spectra, due to the orders of
magnitude differences in the two interactions. The NMR observables are typically
determined via the systematic grid search of the spectral parameter space followed
by the least-squares optimization of the calculated spinning sideband intensities
or the integrated intensities. A number of programs are currently available for
simulations of SATRAS spectra, including SIMPSON,'** STARS (currently
incorporated into the Varian software and originally developed by Skibsted,
Jakobsen and colleagues'*®'37-1%%) QUASAR,'** and NMR5.'%

3.2.2. Off-MAS spectroscopy

Oldfield and later Hayashi demonstrated that preferential broadening of the first-
order quadrupolar interaction can be accomplished via a rotation of the sample
around an axis that deviates slightly (by 0.5—1°) from the magic angle (54.7°).'4%147
Under these conditions, the intensities of the satellite transitions are greatly atten-
uated resulting in the selective observation of the spinning sidebands of the central
transition whose intensities are dominated by the CSA term and whose lineshape by
the second order quadrupolar interaction. This approach permits to extract the
chemical shielding anisotropy tensor via the Herzfeld—Berger analysis of the spin-
ning sideband intensities,'* and the quadrupolar interaction via the lineshape
calculations.'*’

3.2.3. Nutation spectroscopy

An alternative approach for estimating the value of the quadrupolar interaction
involves nutation spectroscopy under static or MAS conditions, the former
reviewed in depth by Samoson and Lipmaa.'* In quadrupolar nuclei, the length of
the excitation pulse dictates whether and to what extent the satellite transitions will
be excited. For example, selective excitation of the central transition in >'V solids is
accomplished by a pulse smaller by a factor of 4(/+ 1/2) compared with the non-
selective 7/2 pulse, the latter typically determined from the spectra of a vanadium-
containing compound where Cp = 0, e.g., a neat liquid such as VOCl;. The relative
contributions of the satellite transitions to the overall intensity of the signal are
a function of the excitation pulse length. The nutation profile is determined by the
quadrupolar frequency vg = 3Cp/2I(I — 1) (where I = 7/2 for 1Y) and the radio
frequency vrr = yB;/2n (where y is the gyromagnetic ratio and B the rf field
strength). In the limit of a very large or a very small quadrupolar frequency
(vo> >VRfF or vg< <VRp), the nutation curve is a sinusoid with the oscillation
frequency of (I+1/2)vgr or vrr, respectively.'* When vy ~ vgg (the so-called
intermediate regime), the nutation curve exhibits complex oscillation pattern
dependent on Cyp, d,, and (to a smaller extent) on ), as illustrated in Fig. 12. The
quantity Cp, and in some cases 7o, can be estimated from the nutation curve by
numerical simulations as described in a number of reports,'3%140:1497151
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Fig 12. Simulated >'V nutation curves in the presence of magic angle spinning illustrating
the effect on the nutation profiles of (a) the magnitude of the quadrupolar coupling constant
Co (the other NMR parameters are #, = 0, 6, = 320 ppm, and #,, = 0), (b) chemical shielding
anisotropy d, (for Cp =1 and 3MHz), and (c) asymmetry parameter 5, (for Co =1 and
3 MHz). The radiofrequency field strength is 100 kHz, and the MAS spinning frequency is
15kHz.
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The main limitation of nutation spectroscopy is its generally poor accuracy,
especially in the cases when signals are weak;'*” nevertheless, the method is quite
useful for qualitative estimates of the quadrupolar interaction parameters.

3.2.4. MOMAS

In the presence of several non-equivalent sites, the analysis of the one-dimensional
MAS and off-MAS spectra may be complicated due to the signal overlap. The two-
dimensional multiple-quantum MAS (MQMAS) experiment developed by Fryd-
man and co-workers combines space and spin averaging, and correlates the
multiple-quantum coherences with the single-quantum coherence corresponding to
the central transition.'>*!>® The resulting high-resolution spectrum is composed of
an isotropic and anisotropic dimension. From the two frequencies defining each
peak in the 2D MQMAS spectra, the combined quadrupolar coupling constant
and isotropic chemical shift are readily inferred. Static-mode multiple-quantum
experiments correlating the highest —S— + S multiple quantum transition in the
spin manifold with the —1/2— + 1/2 central transition can be used in conjunction
with MQMAS to distinguish the second-order quadrupolar and the CSA.'**

MQMAS is a powerful approach for the analysis of a large number of half-
integer quadrupolar nuclei. However, practically this technique is restricted to
systems with moderate or large Cp and small 5,,">* and therefore MQMAS is not
very commonly utilized for investigations of vanadium-containing solids.'*

3.2.5. Hahn spin echo decay spectroscopy for homonuclear > V="'V dipolar couplings

Homonuclear *'V->'V dipolar interaction in vanadium solids are typically much
smaller than the quadrupolar and CSA. Therefore, it is generally difficult if
impossible to infer the dipolar coupling constant from the static or MAS spectra.
Gee has demonstrated that Hahn spin echo decay spectroscopy can be employed for
selective excitation of the central transition, and the analysis of the resulting decay
curves yields quantitative estimates of the homonuclear dipolar second moments.'>®
This approach is particularly useful for compounds with small or moderate CSA
and second-order quadrupolar interaction where the vanadium site at the same time
does not exhibit additional heteronuclear dipolar couplings (or these are relatively
weak).

3.3. Heteronuclear double resonance techniques

Double- and multiple-resonance methods are generally employed in order to sim-
plify spectral assignments in complex materials, to infer heteronuclear distances,
and in some instances to gain information about the dynamics of the half-integer
quadrupolar sites. In the past decade and a half, a number of heteronuclear
multiple-resonance methods were developed and applied to various half-integer
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quadrupolar nuclei; these techniques include SEDOR.'”” REDOR,"®*!'%®
TEDOR,"™'% TRAPDOR,'®' and REAPDOR.'% Of these, REDOR and TRAP-
DOR experiments have been reported in vanadium-containing solids, and are
discussed below.

3.3.1. REDOR

REDOR developed by Gullion and Schaefer'>® is a double-resonance MAS experi-
ment widely used for quantitative distance measurements in heteronuclear dipolar-
coupled spin systems. The REDOR pulse sequence is depicted in Fig. 13a. During
the experiment, dipolar dephasing of the magnetization on spin [ is accomplished
by recoupling of its heteronuclear dipolar interaction with the second spin S via
application of rotor-synchronized = pulses on both radiofrequency channels. The
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Fig. 13. Pulse sequences for the REDOR (a), TRAPDOR (b), and single-channel TRAP-
DOR (c) experiments.
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intensity of the dephased signal is determined by the dipolar coupling constant
(which in turn is dictated by the internuclear distance), and by the total dephasing
time. Two sets of spectra are typically recorded as the function of the total
dephasing time determined by the number of rotor periods and the MAS frequency:
the control spectrum without the application of the recoupling pulses on the S
channel (called an S, spectrum), and the recoupling experiment where the S channel
is irradiated for the restoration of the heteronuclear dipolar interaction (called an S,
spectrum). The REDOR ratios are subsequently defined as (Sy — S;)/So, and from
their dependence on the total dipolar evolution time, the dipolar coupling constant
and hence the internuclear distance are extracted.

In the modification to the original REDOR sequence, the so-called 8-REDOR
experiment developed for the '*C-?H spin pair,'®* a dephasing pulse of a flip angle 0
different from = is applied to “H resulting in superior recoupling performance. For
spin 1/2 — half integer quadrupolar spin pairs, REDOR is generally applicable only
when the quadrupolar interaction is small, as complete magnetization inversion
cannot otherwise be attained.

3.3.2. TRAPDOR

In the TRAPDOR experiment developed by Grey and co-workers,'®' and designed
specifically for a spin-1/2 — quadrupolar spin nuclear pair, the heteronuclear dipolar
interaction is recoupled in the regime of slow MAS by the continuous irradiation
of the quadrupolar nucleus leading to adiabatic population transfer between all
transitions (central and satellite). The pulse sequence is illustrated in Fig. 13b. While
TRAPDOR dephasing is more efficient than REDOR, the drawbacks of the
TRAPDOR experiment are the complex dephasing dynamics and the dependence
of the dephasing efficiency on the adiabaticity parameter o, which in practice makes
quantitative estimates of dipolar coupling constant difficult if impossible. Never-
theless, TRAPDOR found widespread use as a qualitative distance probe,'®* and as
a probe of dynamics'® in various vanadium-containing systems.

It is worth noting that the gyromagnetic ratio of °'V is similar to those
of several other nuclei, such as '>C, 2*Na, and "’Br, making the double resonance
experiments between the corresponding nuclei difficult from the hardware (probe
and filters) standpoint. Nevertheless, van Wiillen demonstrated that »*Na->'V
TRAPDOR experiment can be readily conducted in a single-resonance probe via
frequenC)lzﬁgnd rf-amplitude switching during the pulse sequence, as illustrated in
Fig. 13c.

3.3.3. Heteronuclear °'V decoupling

31V decoupling has been recently demonstrated in 'H-Si CPMAS experiments
leading to simplified 2°Si spectra.'®’ In contrast to decoupling from spin-1/2 nuclei,
low radiofrequency power generally has to be employed when the decoupled
nucleus is a quadrupole.'®®
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3.4. Applications

3.4.1. Inorganic vanadates

A number of inorganic vanadate solids of different composition and structure have
been addressed to date by >'V static and MAS solid-state NMR spectroscopy,
including monovalent and divalent metavanadates,!'3’85-146-151169-171 yyr6yana-
dates,'>137¢13820.151 4nd orthovanadates.! 137151172 51y golid-state NMR para-
meters shed light on local structural and electronic environments in these vanadates.
Eckert and Wachs'' demonstrated that in meta-, ortho-, and pyrovanadates the
31y chemical shielding anisotropy correlates with the degree of polymerization, and
in turn the degree of polymerization as well as the coordination environment of the
VO,, structural units can be inferred from the anisotropy and asymmetry para-
meters of the >'V CSA tensor.!”!”® Skibsted, Jakobsen, and colleagues demon-
strated that in metavanadates and K V504,37 3V solid-state NMR spectroscopy is
a powerful technique for distinguishing polymorphs as well as crystallographically
non-equivalent sites in a single polymorph.

Interestingly, the inorganic meta- and orthovanadates characterized in the above
studies exhibit relatively small quadrupolar interaction. For example, in ortho-
vanadates Cy varies from 0.85 MHz in TaVOs to 4.94 MHz in BiVO,4."*" In meta-
vanadates and KV;Os, fairly small variations in Cp were observed as well: from
2.45MHz in KV;04"7° to 4.23 MHz in RbVO;."37¢ §, varies to a greater extent:
from 221 in LiVO; to 512 in f-NaVOs;. a- and -NaVO; polymorphs are readily
distinguishable from their different Cy (3.8 and 4.2 MHz, respectively) and different
5, (259 and 512, respectively)."*’® In pyrovanadates, Cp are generally larger
(reflecting the more distorted vanadium geometry) and vary considerably from
1.58 MHz in the V(1) site of Ca,V,05 to 10.1 MHz in the V(2) site of f-Mg,V>0. §,
are also significantly larger than in meta- and orthovanadates. Furthermore,
“thortveitite” and ‘‘dichromate” type pyrovanadates are characterized by the
different sign of §,."*%

In the inorganic vanadates, correlations between the quadrupolar interaction
parameters and the local structure for homologous compounds can be established
from the classical electrostatic calculations including the first coordination sphere of
vanadium.'?”"1** These reproduced (by DFT) trends were found to be in excellent
agreement with the experimental observations in the inorganic vanadates. The
quadrupolar coupling constant Cy correlates with the local geometry of the VO,
polyhedra in vanadates. The quadrupolar asymmetry parameter 1 represents the
deviation of the electric field gradient tensor from the axial symmetry and reflects
the local symmetry of the vanadium site. For example, for the VO, tetrahedra in
metavanadates, the symmetry is C,,, and the asymmetry parameter is very sensitive
to the O-V-