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The study queue gives a lot of flexibility for lining up experiments: they can be run at
different temperatures or at different times. You must respect the instrument limits:
do not submit experiments for nuclei that the probe is not tuned to or which it
cannot do. For example, on the 500, you cannot run fluorine without first manually
tuning to it, so you cannot have a queue with both proton and fluorine experiments
in it. The Varian 300, on the other hand, is always tuned to 1H, 19F, and 13C. However,
the Varian 300 has no VT controller, so you cannot submit VT experiments to it.
It is possible to choose the temperature for each experiment by setting a
temperature under the Temp pane (under the Standard panel).
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Working manually in VnmrJ bypasses the occasional errors that occur with the Study
Queue on the Varian 400 and 500. However, the standard acquisition command ga
(or the Acquire button) does not save the spectrum automatically. You must save it
yourself! Or, you can start acquisition with the command run.
The parameter bs, for block scans, sets when the data is written to disk. For example,
if bs = 8, then you can look at the data after only 8 scans, even if the number of scans,
nt=10000.
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The concentration of water in a solution of water is 110 M, easily obscuring standard
NMR samples which are only present in mM concentration.
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Mostly, either the saturation method or gradient methods are used, because it is very
difficult to fail to excite the large water signal.
Note that the signal-to-noise ratio has improved in the spectrum with water
suppression.
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Presaturation methods are reliable in that they do not depend upon exact
calculations of any pulses, delays, gradients, etc. They need accurate adjustment of
the presaturation position, but this can be automated.
Attenuation of signals near the solvent peak being presaturated can be minimized by
using a lower power for a longer duration, albeit at the cost of longer experiment
time.
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One side effect of introducing multiple pulses into a pulse sequence is that errors in
the pulses tend to add, so that parts of the sample at the edges of the rf coil, which
do not feel the full effect of the pulse applied, do not end up being excited. This is
how the “edge” water is made to not show up in the spectrum.
The Bruker experiment also looks for the largest signal automatically and suppresses
it.
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The key to all these sequences is that only the solvent signal experiences a net
dephasing, or loss of signal, from the gradient pulse. The WATERGATE and excitation
sculpting sequences use selective refocussing to select the signals other than water.
These sequences do an excellent job of suppressing water, but the selective pulses
used are long, and during the time which they are applied, J-coupled peaks become
distorted. Thus, integrals are not as good with these sequences as with standard
presat.
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In the presence of a magnetic field gradient, spins evolve with frequencies that
depend on their physical location in the sample. They yield no net signal at the
end of a gradient pulse, because they all have different phases.
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However, if a gradient pulse with opposite polarity but equal strength is applied
for the same amount of time, the spins will evolve in exactly the opposite
direction. Following that gradient pulse, their signal is said to be “refocused”.
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The Bruker experiment 1d_DOUBSOLVSUPP uses NOESY-presat (like in single
solvent version) to do decoupling. In both cases, a shaped pulse is generated
which excites multiple sites. Exchangeable protons are still removed.
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The NMR signal does not last forever, as can be seen from the decay apparent in most FIDs. In liquidstate NMR, as a rule, signal decays over a period of a few seconds. Two types of relaxation are
important: T1 relaxation, which is a return to equilibrium along the z axis, and T2 relaxation, where
coherence disappears in the transverse plane. In general, T2≤T1. For small molecules, the two
relaxation constants are nearly equal, but for large molecules like proteins, T2 is considerably less than
T1.

The main effect of T1 is to limit the repetition rate of an experiment. For a 90° pulse in a simple pulse
– acquire experiment, if we wait 1xT1 between scans, the amount of magnetization that will have
recovered is as follows: Assuming Mz(eq)=1, Mz(T1)= 1 – 1e-1, which is 1 – 1/2.718 = 0.63, i.e. 63% of
the equilibrium z-magnetization remains. If we want 95% recovery, we need a delay of 3xT1, and a
delay of 5xT1 will give 99.5% recovery. In practice, 3xT1 is usually sufficient.
Longitudinal relaxation is stimulated by local magnetic fields oscillating with inverse correlation times
close to the Larmor frequency, and is most efficient when the product of the Larmor frequency and
the correlation time for molecular tumbling, w0*tc =1.
The main effect of T2 appears in the linewidth. The longer T2 is, the narrower the theoretically
minimum linewidth is, which is why protein linewidths are greater than those of small molecules.
However, the visible linewidth apparent in a spectrum is also affected by effects not intrinsic to the
molecule, like magnetic inhomogeneity or bulk susceptibility (or poor shimming). This effect is known
as T2*.
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Longitudinal relaxation is stimulated by motions at the Larmor frequency. As the
tumbling rate decreases (the solution becomes more viscous or the molecule
becomes larger), the spectral density function initially increases (the function is less
“spread out” ) and T1 decreases, but then as the rate falls further, the amount of highfrequency component falls and T1 increases again. Transverse relaxation is stimulated
by motions with inverse correlation times close to zero, and thus T2 always decreases
as molecular tumbling rate decreases.
The actual origins of the fluctuating fields that cause relaxation include
Interaction

Relevant parameters

Dipolar coupling

Abundance of magnetically active
nuclei: size of the magnetogyric ratio

Quadrupolar coupling

Electric field gradient at the nucleus

Paramagnetic interactions

Concentration of paramagnetic
impurities

Scalar coupling

Size of the J coupling

Chemical shift anisotropy

Symmetry at the nuclear site

Spin rotation

Molecular motion
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On the Varian instruments, this sequence can be set up by typing the command
dot1. You will be prompted for the expected minimum T1 value in seconds, the
expected maximum T1 value in seconds, and the time you want the experiment to
take, in hours (use 0.1 if you want it to run as quickly as possible, with only 1 scan per
τ value. This procedure can be used for any nucleus, once the instrument is set up to
acquire a standard 1D spectrum for that nucleus.
On the Bruker instruments, the setup is slightly more complicated, but it only needs
to be done once; let me know before you need to run the experiment and I’ll get it
set up.
As a rule of thumb, T1 for 1H in small molecules is usually a few seconds, if the sample
hasn’t been degassed (it’s perhaps 10 s when the sample has been degassed) while it
can range from a few seconds to 10-15 s for 13C, increasing as the number of protons
on the carbon decreases.
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Note that the fit will not be as correct if the recycle delay used is not at least 3 times
the actual T1 value. To try to compensate for this, the decay curve is usually fit to the
equation Mz(t) = A(1 – 2e-t/T1), where A is an adjustable parameter, rather than to
Mz(t) = Meq,z(1 – 2e-t/T1), which helps a lot.
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If the sample and magnetic field are perfectly homogeneous, the FID only becomes
less intense because of transverse relaxation. In real samples, the line is broadened
by poor shimming, sample inhomogeneity etc. To account for this, we need an
experiment where chemical shift effects are eliminated during the relaxation period –
the spin-echo experiment.

180 pulses applied during the evolution will refocus the inhomogenous broadening –
the envelope at the refocus points will be the real T2.
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In a CPMG experiment, the magnetization decays during a delay t, then there is a 180
degree pulse, and the signal builds up again to an echo after a further time t, after
which the signal is acquired. The experiment is incremented by increasing the
number of echoes – only the last echo is acquired. This incrementation is controlled
by incrementing a loop counter.
Note that the number of echoes should always be an even number, to compensate
for errors in the 180 degree pulses. The delay between echoes should be <<1/J, but
must be reasonably long compared to the 180 degree pulse length, to avoid sample
heating/probe damage.
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The DOSY experiment depends on the effect of a pair of gradient pulses in
which the spins are made to precess in one direction during the first and in the
other direction during the second. A “gradient pulse” creates a nonuniform
magnetic field that varies linearly with distance along the NMR tube (the z
direction). If the spins diffuse during time period D, then they will experience a
different magnetic field during the second gradient pulse than during the initial
gradient pulse. The result of this is that not all their intensity is refocused at
the end of the second gradient pulse, so that the intensity of the NMR signal is
modulated during signal detection.
The diffusion constant of a molecule D is related to its shape by the StokesEinstein equation

where kB is the Boltzmann constant, T is the temperature, h is the viscosity,
and RH is the hydrodynamic radius of the molecule.
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One of the early developments in DOSY was the use of the spin-echo (a 90-t180-t-acquire pulse sequence), using two gradients with the same sign, since
the magnetisation was inverted between the two gradients. In this experiment,
however, the magnetisation decayed with time constant T 2, not T1. The
amended stimulated echo sequence allows magnetisation to be stored along
the z axis so that it decays with time constant T1. As T1 is almost always
greater than T2, this leads to greater signal intensity. The spoil gradient
destroys magnetisation that is not returned to the z axis.
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At the end of the STE sequence, the magnetisation is dephased in the
transverse plane. After some time for the magnetisation to rephase, it is
returned to the longitudinal axis and a decay period allows eddy currents to
decay before the magnetisation is returned to the transverse plane for
acquisition.
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Replacing each gradient pulse with a pair of gradient pulses with opposite
polarity refocuses static gradient terms, reducing the effect of eddy currents on
the appearance of the final signal.
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The goal in selecting big delta and little delta is to observe a large reduction in
signal when gpz6 is large (95%), so that a strong gradient is applied,
compared with when only a weak (gpz6=5%) gradient is applied. The three
plots of signal intensity as a function of gradient strength are DOSY decay
curves. They show, from left to right, a decay that is too slow, a decay that is
too fast, and a decay that is appropriate; D and d can be neither too short nor
too long to get the decay correct.
Choosing D and d appropriately means that the decay curve will be described
well over the full range of gradient strengths possible.
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Experiment 5 in the multiple display window was run with gpz6=5%;
experiment 6 was run with gpz6=95%. All other parameters were identical.
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The Dynamics Center can usually be started from the Start Menu, under Start / All
Programs / Bruker NMR Programs / Dynamics Center. On Linux, it can be found under
Applications / Bruker TopSpin.
The Dynamics Center also includes a component for analysing Protein Dynamics, but
this requires a separate license.
The Dynamics Center works using a method-based approach, in which each method
(e.g. Diffusion) has a set set of steps, called the method tree, to follow. Each step has
to be followed in order.
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Click on Sample in the Diffusion method tree to start processing by entering
information about the sample. Note that entering information here is optional,
though it will appear on a report later. However, without at least clicking on Sample
and clicking OK, it will not be possible to go on to the next step.
Alternatively, drag and drop your dataset from a Windows explorer window (type
expl in TopSpin for this) or straight from the Bruker data browser onto the word
Diffusion in the Dynamics Center method tree.

36

Under the data entry in the method tree, you can choose the dataset you want to use
and set some other parameters, such as those relating to peak picking. For the
dataset, the default pseudo 2D (N traces) should be applicable if you have used the
standard Bruker pulse sequences. Browse in the browser to the pdata number where
you have processed the data using xf2.

Once you have chosen the data and clicked on Open, you can verify that the diffusion
parameters have been read correctly by looking at the DiffusionPar tab.

37

The spectrum will be displayed after the data is chosen. A toolbar permits you to see
each trace of the spectrum. The peaks have been picked automatically, but if other
peaks have to be picked or peaks have to be deleted, right-clicking will bring up an
appropriate context-dependent menu. If the peak picking has failed totally, return to
Data. Go to the peaks tab and choose threshold based peak picking. Left-click on the
spectrum, hold the mouse button down, and release it when you are at an
appropriate level for the threshold.
The peaks displayed when you go on to the next step (Analysis) will be those used in
the fitting, so make sure that the most intense trace is shown before continuing.
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The default curve fitting function should be appropriate for the experiment you ran.
Change the error estimation method to error estimation by weighted fit for more
accurate error analysis.
It is suggested that you calculate a 1D Inverse Laplace Transform (ILT) as a check on
the diffusion curve fitting.

39

The fit is not displayed automatically. You must go to the View tab and click OK,
although you can choose other options if you like. For the DOSY plot, the fit appears
to have higher resolution if you set the number of points in F1 to a higher value.
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Moving the cursor over any point shows its 1D ILT and 1D DOSY fit. Here, the
agreement is excellent and the DOSY plot shows good resolution of pamoic acid from
TMS, DMSO, and an impurity. The diffusion coefficients can be read off the 1D plot.
For plotting purposes, you can export the 2D DOSY plot to Topspin as a 2rr file (so you
can generate a PDF, for example) by right-clicking on it.
When the 1D plots do not agree with each other, you should try to refit the data by
increasing the range of the fit under Data / ILT / calculate 1D ILT. Try fitting from, for
example, 1.0e-7 to 1.0e-13. You can always refit it later with a smaller range. Then,
under View / DOSY plot, it might help to set the F1 display range manually to the
same values you have selected. Once the two 1D plots are in good agreement, you
can trust the D values displayed on the plot.
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The report generation step is fairly self-explanatory.
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The report contains a spectrum overview, the DOSY plot, and the diffusion
coefficients, plus the 1D plots. The report tab allows this information to be
customized.
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The Dynamics Center allows information to be exported for use with other software.
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For rigid molecules in a solid, anisotropic interactions dominate the spectrum
because they are not averaged by isotropic motion. Such interactions include
chemical shift anisotropy, dipolar coupling, and quadrupolar interactions. In the
other extreme, isotropic interactions like the isotropic chemical shift (commonly
called the chemical shift) and J-coupling dominate the spectra of liquids. In between,
the spectra of inhomogeneous mixtures is dominated by magnetic susceptibility
anisotropy, or the environment being different in every direction, although local
anisotropic interactions are averaged by local motions.
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Like a lightweight version of a solids probe, the nanoprobe spins samples at the magic
angle (the angle of a cube) to average away anisotropic interactions and reduce them
to their isotropic component.
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The spectrum shows the chemical shift anisotropy (CSA) pattern of the two 13C sites
in glycine. The different width in the patterns reflects the greater anisotropy in the
chemical shift at the carboxylic acid site than the methylene site. The actual shape of
the line reflects the greater asymmetry in the chemical shift at the carboxylic acid site
than at the methylene site. These patterns can be simulated and interpreted in terms
of the electronic structure around each site.
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The isotropic component is the average of the principal components of the CSA
tensor. The anisotropic component is the distance between the isotropic component
and the largest principal component. The anisotropy is a measure of the difference
between the two smaller components.
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The NMR experiment doesn’t detect signal is the frame of the individual chemical
shift tensor, but in the frame of the main magnetic field. Each crystallite in a powder
is physically oriented differently in this frame, so each crystallite has a different
resonance in the spectrum. The sum of all of the individual chemical shifts of each
crystallite is the powder pattern shown in the CSA spectrum.
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Magic-angle spinning narrows the lines of a spin-half nucleus significantly, and breaks the
lines into spinning sidebands that are separated from the main peak (at the isotropic
chemical shift) by the spinning frequency (in hertz). Residual linewidth is determined by:
•shimming (a well-shimmed liquid or highly mobile solid sample in a solids probe has a
linewidth of a few Hz)
•magic angle setting (a poorly-set angle contributes 10 Hz or more to linewidth)
•decoupling (in a typical organic solid, residual coupling may broaden lines by 10-20 Hz)
•disorder in the sample (this factor is usually measured in ppm and varies greatly from
sample to sample)
•T2.
In general, under MAS and with 1H decoupling (if appropriate), lines should have a Lorentzian
or Gaussian lineshape (depending on the degree of disorder or remaining dipolar coupling,
where more disorder or dipolar coupling leads to a more Gaussian lineshape). The only
exception to this rule is lines that are coupled to a quadrupolar nucleus. These lines exhibit a
lineshape with clear features characteristic of so-called “residual dipolar splitting”, which
results from the interaction of a dipolar and a quadrupolar tensor, which has an angular
dependence that is not averaged to an isotropic value under spinning at the magic angle.
This splitting is larger at lower field and gives rise to characteristic 1:2 doubles in carbonyl
peaks in 13C spectra of amino acids. The splitting arises from coupling to 14N and is
particularly apparent at fields of 400 MHz and below. Splitting from other quadrupolar nuclei
may also be observed.
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Homonuclear dipolar coupling is the through-space coupling of two of the same kind
of nuclei. The main homonuclear dipolar coupling network, present in most organic
molecules, is hydrogen (marked in black in the alanine shown in the slide). Because
hydrogen is such high gamma and so abundant, it couples very strongly to other
hydrogen atoms. This gives rise to very broad, inhomogeneous lines, both of the
protons themselves, and of the nuclei coupled to them, because the protons form a
network of spins.
Homonuclear dipolar coupling may also be present among other nuclei such as 13C or
29Si, if the sample is isotopically labelled, or among 31P or other nuclei. The strength
of dipolar coupling scales with the gamma of the nuclei involved, so it is less strong in
these cases than for 1H, and lines can often still be narrow, especially under MAS, for
these nuclei.
Information contained in homonuclear dipolar coupling can be used to assign peaks
by tracing a backbone through a sample.
J coupling occurs between any pair of spin-active nuclei (homonuclear or
heteronuclear).
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Heteronuclear dipolar coupling is through-space coupling that occurs between two
spin-active nuclei of different isotopes. The molecule shown here is alanine. The
vertical red arrow shows the dipolar coupling between the CH 13C and its attached
proton. This coupling is what allows cross-polarisation, or sensitivity enhancement,
to occur on 13C: magnetisation is transferred from the high gamma (sensitive) proton
to the lower gamma (less sensitive) 13C. The horizontal green arrow shows
heteronuclear dipolar coupling between the CH 13C and the 15N to which it is
attached. This coupling can be used to give information about the bond linking the
15N and the 13C, but there is a sensitivity issue: 13C is naturally only 1% abundance,
while 15N has only 0.3% natural abundance. So, unless the sample is labelled in both
the 13C and 15N sites, obtaining information about the bond length will be very
difficult. Usually, protein samples are run fully labelled for just this reason.
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Some of the main heteronuclear proton decoupling techniques are shown here.
Continuous wave (CW) decoupling methods work, as they do in solution-state NMR,
by saturating the 1H resonances so that coupling between an X nucleus and the 1H is
disrupted and the X nucleus resonance is not split by coupling to the 1H. Both dipolar
and J coupling are removed by this method. In general, 1H decoupling is more
efficient as higher proton power is applied, and decoupling at 100 kHz (2.5 μs 90°) is
not uncommon. However, continuous wave decoupling is not very efficient, so other
methods have been developed that are more efficient and more broadband (in short,
more effective) than continuous wave decoupling. TPPM (two-pulse phase
modulation) is a variation of CW decoupling in which the phase changes between 0
and 15° (or some other value) while high power is maintained continuously. The
length of each pulse is approximately 180° but must be optimized for each sample. A
further development of this technique is SPINAL (small phase incremental
alternation), in which phases are changed and alternated in a more complicated
(supercycled) pattern to remove higher-order coupling components. A different
technique is the XiX (X-inverse X) method, in which 180° pulses alternate between x
(0°) and –x (180°). This sequence tends to be more widely used with faster MAS.
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CP at various times, dipolar dephasing, non-quaternary suppression
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Spin-half nuclei are those in yellow or pink in the periodic table above. They include: 1H, 13C,
15N, 19F, 29Si, 31P, 57Fe, 77Se, 89Y, 103Rh, 109Ag (and 107Ag), 113Cd, 119Sn (and 115Sn and 117Sn),
125Te (and 123Te), 129Xe, 183W, 187Os, 195Pt, 199Hg, 205Tl (and 203Tl), 207Pb, 209Bi, 209Po and 171Yb.
That is, there are not many nuclei with spin ½, but those nuclei with spin ½ occur frequently
in a wide variety of compounds: 1H, 13C, and 15N in organic compounds, 31P and 29Si in
minerals, and 19F in pharmaceutical compounds and glasses, to name but a few nuclei and
applications! Unlike in liquid-state NMR, 1H spectra tend to be broad and featureless, giving
little to no information about a sample, while
The considerations to take account of when deciding whether a spin-half nucleus will lend
itself to investigation are its frequency, natural abundance, and relaxation properties. The
greater the NMR frequency, the more sensitive is NMR. Probe capabilities, too, determine
whether a nucleus can be studied on a particular setup. The natural abundance of a
particular isotope can limit the applicability of NMR studies to a particular nucleus, and even
if an isotope is present in great enough abundance to make NMR possible, it may not be
abundant enough to make correlation experiments (linking two nuclei) possible. Finally, a
nucleus that has a very long T1 can be painful to study, while a very short T2 leads to broad
lines and signal lost in the probe dead time (the delay between the final pulse and the start of
acquisition). Problems of abundance and long relaxation can frequently be overcome if the
site of interest is near nuclei that are highly abundant and sensitive (such as protons), as will
be shown in the slides about CP.
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