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Oxygen-17 NMR

Site
CalculationCalculationCalculation ExperimentExperimentExperiment

Site δiso(ppm) CQ(MHz) ηQ δiso(pm) CQ(MHz) ηQ

O1 177.6 7.72 0.22 172.5 7.45 0.25

O2 316.9 8.61 0.12 322 8.16 0.0

O3 311.0 8.90 0.23 315 8.31 0.17

O4 198.0 8.13 0.21 187 7.49 0.25
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Glutamic Acid Polymorphs
• We find correlations between NMR parameters 

and hydrogen-bond strength
       Yates et al J.Phys. Chem. A 108 6032 (2004)

Chemical Shift Quadrupolar Coupling Asymmetry
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Extended to wide range of amino-acids
Combined first-principles computational and experimental multinuclear solid-state NMR investigation of amino acids
Gervais, C; Dupree, R; Pike, KJ; Bonhomme, C; Profeta, M; Pickard, CJ; Mauri, F,
J. Phys. Chem. A, 109 (31), 6960 -6969, 2005.
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Oxygen-17 NMR Future Perspectives

Solid-State 17O NMR as a Probe for Structural Studies of Proteins in Biomembranes
V. Lemaitre, M.R.R. de Planque, A.P. Howes, M.E. Smith,  R. Dupree, A. Watts 
J. Am. Chem. Soc.;  2004; 126(47); 15320

Transmembrane proteins 
17O-[Ala12]-WALP23 synthetic peptide

WALP23 in DSPC Vesicle
δiso=311±1ppm    C=O 1.217Å
WALP23 in Hydrated DSPC Vesicle
δiso=315±1ppm    C=O 1.223Å
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• Chemical shift decreases ~1200ppm/Å with C=O 
bond length
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13C axis

1H axis

Maltose
sugar used in brewing

Cross-peaks when 
J-coupling between 
spins: -
C-H “bonds”

J-Resolved Solid-State NMR
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Steven Brown (Warwick)
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x - first principles
molecule only

13C axis

1H axis
J-Resolved Solid-State NMR
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x - first principles
full crystalJ. Am. Chem. Soc. 127 10216 (2005)

J. Am. Chem. Soc. 130     945 (2008)

Molecule to solid 
variation due to 
intermolecular 
interactions (weak 
hydrogen bonds)

13C axis

1H axis
J-Resolved Solid-State NMR
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anhydrous α–maltose: H4ʼ proton

crystal structure

δiso(1H; cryst) = 3.66 ppm

isolated molecule

δiso(1H; mol) = 1.76 ppm

Δδiso(1H; mol to crys) = 1.90 ppm

Maltose
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Intermolecular “Weak” Hydrogen bonds 

Correlation between a large calculated Δδiso(1H; mol to crys) and
a short H...O intermolecular distance (<2.7)

and a CHO bond angle greater than 130 degrees

Yates et-al  J. Am. Chem. Soc. 127 10216 (2005)
10
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Uracil

Figure 1. The crystal structure adopted by uracil. (a) Planar arrangement (b)
Conventional N H· · ·O and weak C H· · ·O hydrogen bonding within a plane. Color
coding: C black, O red, N blue, H grey. The XHY angle, the H· · ·X distance (in red)
and the XY distance (in brackets) are indicated.

9

Isolate H-bonding from 
ring currents

Doner Δδ(Mol-Xal)

N-H 5.1

N-H 5.4

C-H 2.0

C-H 2.2
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J. Am. Chem. Soc. 130     945 (2008)



GIPAW: Zurich 2009 Jonathan R. Yates

NMR Crystallography
Regulatory requirement to identify polymorphic 

forms of new pharmaceuticals
328 R. K. Harris et al.

(a)

(b)

Figure 3. 50-MHz 13C CP/MAS spectra of (a) white and (b) yellow forms of MNA.

Table 2. Carbon-13 chemical shifts for of MNA, given in ppm

Form C1b,c C2c C3 C4c C5 C6 C7 C8b,c C9

Solutiona 132.2 136.2 125.2 133.1 136.4 121.9 20.4 168.4 25.4
White 128.5 144.9 125.1 136.4 132.9 124.0 20.1 173.4 23.8

126.3 – – – – – – 171.7 –
Yellow 132.8 135.4 126.0 136.7 138.2 123.2 20.9 171.4 25.8

130.8 133.9 124.0 135.4 136.2 122.7 20.5 169.6 25.8
?d – – – – – – 168.1 –

a In CDCl3. For data in other solvents, see Ref. 31.
b Resonance split by residual dipolar coupling to 14N.
c Quaternary carbon as revealed by a dipolar dephasing experiment.
d Signals for the second C1 not located, but presumed to be to high frequency by ca 1 ppm.

and solution states are likely also to arise principally from
dihedral angle changes. Furthermore, there are significant
differences in shifts between the two polymorphs for carbons
C4 and C7. These are perhaps a reflection of the variations
in crystal packing between the two polymorphs. Significant
splittings are observed for carbons C2, C3, C4, C5 and C8 in
the spectrum of the yellow form, attributable to the presence
of two molecules in the asymmetric unit. There is also
such a crystallographic splitting for C1; while this cannot
be definitively confirmed from the 50-MHz spectrum, a
preliminary high-field spectrum reveals it. Smaller splittings
are seen for C6 and C7.

Figure 4 shows the variations in 13C NMR shielding for
isolated MNA molecules, computed using the Gaussian
program,33 as a function of ϕ. There is clearly an effect
from molecular conformation on the nuclear shielding. A
dramatic influence on the shieldings of carbons C2, C4 and
C6 is observed with changes in ϕ. When the amide group is
coplanar with the benzene ring, transfer of the amide lone
pair to the circulating "-electrons is made easier and the
electron densities at the carbon nuclei of the benzene ring
are increased, thereby inducing a diamagnetic shielding of

these nuclei. While a shielding effect was observed for C1,
C3 and C5, the reverse effect was seen for C2, C4 and C6,
as rotation about C1–N1 leads to a coplanar conformation.
Barfield and Fagerness34 have also observed an analogous
effect in a series of aminopyrimidines and aminobenzenes.
When the amide plane is perpendicular to the benzene ring,
delocalisation of the carbonyl electrons and the amide lone
pair is minimised, thereby causing a deshielding of the C8
carbon. A discontinuity is observed in Fig. 4 near a ϕ value of
85°. This is likely to be attributable to changes in the planarity
of the amide group and hence in electron localisation in this
region.

A close inspection of the plots shown in Fig. 4 reveals
that at some points along the x-axis, a slice taken parallel
to the y-axis is likely to generate a stick spectrum of the
experimental 13C CP/MAS spectrum. The shaded regions
within the plots cover such slices, and it is in relation to these
shaded regions that the experimental spectrum is reproduced
reasonably well. It is therefore possible, from a plot of 13C
NMR shielding vs ϕ when compared with the experimental
spectrum, that a range of ϕ values may be determined for a
sample under investigation, without prior knowledge of its

Copyright  2006 John Wiley & Sons, Ltd. Magn. Reson. Chem. 2006; 44: 325–333

4-Methyl-2-nitroacetanilide (MNA)

“yellow” MNA

“white” MNA
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for individual resonances. The ˛ form of testosterone (see
below), for instance, has 22 of the 38 resonances (total for
the two independent molecules) with differences of less than
2 ppm between computed and experimental chemical shifts,
and all but two of the remaining shifts are fitted to between
2.0 and 4.5 ppm. However, the two computed values for C5
differ by 11.9 and 10.6 ppm from the experimental results.
Similar problems have been seen to occur with some other
conjugated systems. There is no obvious reason for such
discrepancies and further work is obviously necessary to
try to pinpoint their origin. As a result of such problems,
attention is often directed away from individual results and
towards shift differences between corresponding carbons
of molecules which differ as little as possible, as discussed
below (see below).
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There are many instances where useful chemical or
spectroscopic information can be obtained from the com-
putations:

Figure 1. Experimental versus calculated (NMR-CASTEP)
isotropic 13C chemical shifts for the white and yellow forms of
II24 The straight line represents perfect agreement between
calculation and experiment.

Assignment of NMR signals
Whilst there are many experimental ways of assigning
NMR spectra, ambiguous or doubtful cases can arise,
especially for solids, where the range of experiments
can be lower than that for solutions (and resolution is
certainly poorer). In fact, solid-state assignments are often
made by analogy with those for corresponding solutions.
However, this is dangerous because it ignores the effects
of crystal packing and of differences in geometry or
conformation – identifying which may be the object of the
exercise! Computing can help, as in the case of Form I of
finasteride (III).25 There is disagreement in the literature
regarding the assignments of 13C signals at 164.3 and
169.3 ppm. Wenslow et al.26 assign the former to C3 and the
latter to C20, but Morzycki et al.27 reversed this assignment,
using arguments based on expectations of hydrogen-bonding
changes between solution and solid states. Both carbons
are quaternary, so simple dipolar dephasing experiments
cannot distinguish between them. We have carried out
NMR-CASTEP computations on finasteride Form I. The
computed shift for C3 is 161.7 ppm and that for C20 is 166.6
when hydrogen positions alone are optimised. The sign of
the difference strongly supports the original assignments
of Wenslow et al.,26 and the magnitude is in excellent
agreement with experiment. This assignment has now
been confirmed by INADEQUATE experiments,28 which
establish atomic connectivities. However, these experiments
took six days of a high-field spectrometer. Computers are
more readily available than state-of-the-art solid-state NMR
spectrometers; thus, in principle, precious spectrometer time
can be saved through the use of computing!
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Multi-nuclear aspects
NMR-CASTEP computations give simultaneous results for
any NMR-active nuclide in the relevant molecule. Several
publications present data for nuclides other than 13C15,20,29 – 32

(although the present article largely focuses on applications
to organic molecular solids for which only a handful
of elements are normally relevant). As an example of
computation on a different nuclide, we mention here recent
work which used NMR-CASTEP calculations to fully assign
the 19F spectrum of octafluoronaphthalene (IV) to the

Copyright  2007 John Wiley & Sons, Ltd. Magn. Reson. Chem. 2007; 45: S174–S186
DOI: 10.1002/mrc

Magn. Reson. Chem. 44 325-333 (2006)
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Two molecules in Asymmetric Unit

13

Chemical shift computations on a crystallographic basis S181

Table 3. Computed and experimental 13C crystallographic splittings for ˛ testosteronea 21

Splitting/ppm Splitting/ppm
Carbon Carbon
number Computed Experimental number Computed Experimental

1 !0.10 !1.01 11 !1.23 C0.97
2 1.74 C0.79 12 !0.50 !1.63
3 !0.33 š1.50b 13 !0.19 C0.10c

4 1.69 š0.50b 14 !0.00 !0.72
5 !0.16 !1.45 15 0.50 š0.10b

6 1.22 C0.26 16 0.17 C0.33c

7 0.50 C0.15c 17 !3.40 !2.34
8 1.59 C0.48 18 0.14 !0.54
9 !0.13 !1.12 19 0.73 C0.64

10 1.11 C0.46

a Signs given as U – V.
b Signs not accessed experimentally.
c The splitting sign is not certain on the simple basis of the experimental data, although suggested.
Of course, changing the sign of these entries would affect other pairs, including C17 (see Ref. 24).

Figure 4. Aliphatic region of the 13C spectrum for the ˛ form of testosterone (VII), showing the assignment of the doublet lines to the
two independent molecules, as demonstrated by an INADEQUATE experiment combined with computation of the chemical shifts.
Blue numbers correspond to molecule V, whereas red numbers refer to molecule U (see Fig. 3). Reproduced with permission from
Ref. 37.

example, Refs 3, and 38–41. NMR-CASTEP computations
automatically produce the individual tensor components
and thus the anisotropy and asymmetry of shielding, which
are in essence differences in shielding values for the same
nucleus. This is the third case where comparison of chemical
shifts for the same chemical entity (indeed, for anisotropies,
the identical molecule in different orientations with respect
to the applied magnetic field) is involved, so that it provides
a good test of the efficacy of the computations. Several
uncertainties in the NMR (referencing) and the molecular
situation (e.g. only one geometry) are minimised, resulting in
an expectation of increased accuracy from that point of view
and throwing the burden of accuracy on the validity of the
computations. Some CASTEP-NMR results for anisotropies
have been reported for ˛ testosterone,21 phenylphosphonic
acid30 and for several aminoacids.31

In Table 5, we report the computed shielding parameters
for the antibiotic ampicillin (VIII) and compare them with
the experimental results of Antzutkin et al.42 The details of
the computation are identical to those reported in Ref. 20.
The agreement between the computed and experimental
parameters is generally good, both for the isotropic shifts
and for the anisotropies and asymmetries. The greatest
differences between computed and experimental isotropic

shifts occur at either end of the shift range as both the methyl
and carbonyl resonances are underestimated by 10 ppm.
For the anisotropy (Fig. 5), some deviation is found for the
aromatic sites, and there is also a major puzzle for C3, for
which the computation seems to give the wrong sign even
though the asymmetry is not near 1. It is instructive to
view the computed results as a plot of anisotropy versus
isotropic shift as in Fig. 6. In such a plot, the systematic
nature of the errors in the computed results is evident. From
Fig. 6, we can assign the two methyl sites, C9 and C10 to
the peaks at 30.2 and 28.9 ppm respectively, in agreement
with the assignment in Ref. 42, which reversed that of
Ref. 43. Distinctions between the resonances of the aromatic
ring sites are less clear because the differences are small.
Clearly, using two independent parameters provides a way
to compensate for the errors in the computations, leading to
more reliable assignments; instead of utilising chemical shift
anisotropy information, related approaches have been using
quadrupolar parameters31,44 or a two-dimensional MAS-J-
HMQC spectrum correlating 13C and 1H chemical shifts.29

Effects of crystal packing
It is of considerable interest to determine to what extent
observed differences between chemical shifts for isolated

Copyright  2007 John Wiley & Sons, Ltd. Magn. Reson. Chem. 2007; 45: S174–S186
DOI: 10.1002/mrc
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specific atomic positions in the crystal structure34 – the low-
frequency component relates to C1.

The crystallographic asymmetric unit
Cases of particular interest arise when there is more than
one independent molecule of the same chemical species
in the crystallographic unit cell. Connectivity experiments,
such as INADEQUATE, can link resonances for the same
independent molecule, but only computing can then assign
the independent molecules to their correct crystallographic
site. Since the computation involves differences between
closely similar molecules (i.e. the same chemical species),
many of the uncertainties are minimised. At the same time,
the shift differences are quite small, so that such cases
provide a good test of the power of NMR-CASTEP. This
situation has been demonstrated21 for the ˛ (anhydrous)
form of testosterone (VII), which has two molecules
in the asymmetric unit, designated U and V (Fig. 3).
Since the molecules in question are chemically identical,
though crystallographically different, comparison between
the computational results should be more accurate than
when comparing those between different compounds.
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Table 3 shows21 the results (following optimisation of
proton positions) for the crystallographic splittings, with
the signs for the computed shifts given as U – V. The
connectivities between atoms were established, as far
as possible, by INADEQUATE experiments, thus linking
signals for the two independent molecules separately. The
relative signs of the experimental splittings agree with those
from computation for each of the four carbon atoms where
the experimental splitting is more than 1 ppm and its relative

Figure 3. The two independent molecules in the ˛ form of
testosterone35.

sign is known, provided one of the two possible assignments
of experimental resonances to U and V molecules is made
(as in the Table). The correct sign is also found for
nearly all the remaining carbon signals of known relative
experimental sign. Whilst the magnitudes of the splittings
are not well reproduced, one can be moderately confident
that the assignments to U and V molecules are correct,
though the result for C11 remains anomalous. At least the
principle is established that signals may be linked to specific
crystallographic sites (Fig. 4) for cases with crystallographic
splittings by combining two-dimensional NMR correlation
experiments with computation. A similar approach was
used36 for vitamin-D3, which also had two molecules in
the asymmetric unit. In that case, apparently disordered
regions of the crystal structure were refined using a similar
computer program to CASTEP, though chemical shifts were
computed on a molecular basis.

Polymorphic forms
Polymorphs form a particularly important class of systems,
especially for pharmaceutical industry. They can normally be
characterised by their NMR spectra since both geometry and
packing differences affect chemical shifts. These small differ-
ences are ideal for testing the power of the computational
methods. Since the molecules are the same chemically, com-
putations of the shift differences between analogous nuclei
should be relatively accurate, since some of the causes of
error get partially cancelled, as has already been empha-
sised. This has indeed proved to be the case21 for the ˛ and
ˇ forms of testosterone (though, strictly speaking, these are
not polymorphs, the ˇ form being a monohydrate). Table 4
shows the experimental and computed 13C shift differences
between the ˛ and ˇ forms. The relative signs of the exper-
imental differences agree with those from computation in
10 out of the 13 cases where the experimental magnitude
is greater than 0.5 ppm. This is an impressive result, given
that it is based on relatively old diffraction-derived crystal
structures, requiring geometry optimisation for the protons.

Shielding tensor components
Another useful test of the accuracy of the computational
methods lies in consideration of the full shielding tensor,
as has been extensively investigated by the group of
D.M. Grant using molecule-based programmes – see, for

Copyright  2007 John Wiley & Sons, Ltd. Magn. Reson. Chem. 2007; 45: S174–S186
DOI: 10.1002/mrc
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specific atomic positions in the crystal structure34 – the low-
frequency component relates to C1.

The crystallographic asymmetric unit
Cases of particular interest arise when there is more than
one independent molecule of the same chemical species
in the crystallographic unit cell. Connectivity experiments,
such as INADEQUATE, can link resonances for the same
independent molecule, but only computing can then assign
the independent molecules to their correct crystallographic
site. Since the computation involves differences between
closely similar molecules (i.e. the same chemical species),
many of the uncertainties are minimised. At the same time,
the shift differences are quite small, so that such cases
provide a good test of the power of NMR-CASTEP. This
situation has been demonstrated21 for the ˛ (anhydrous)
form of testosterone (VII), which has two molecules
in the asymmetric unit, designated U and V (Fig. 3).
Since the molecules in question are chemically identical,
though crystallographically different, comparison between
the computational results should be more accurate than
when comparing those between different compounds.
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Table 3 shows21 the results (following optimisation of
proton positions) for the crystallographic splittings, with
the signs for the computed shifts given as U – V. The
connectivities between atoms were established, as far
as possible, by INADEQUATE experiments, thus linking
signals for the two independent molecules separately. The
relative signs of the experimental splittings agree with those
from computation for each of the four carbon atoms where
the experimental splitting is more than 1 ppm and its relative

Figure 3. The two independent molecules in the ˛ form of
testosterone35.

sign is known, provided one of the two possible assignments
of experimental resonances to U and V molecules is made
(as in the Table). The correct sign is also found for
nearly all the remaining carbon signals of known relative
experimental sign. Whilst the magnitudes of the splittings
are not well reproduced, one can be moderately confident
that the assignments to U and V molecules are correct,
though the result for C11 remains anomalous. At least the
principle is established that signals may be linked to specific
crystallographic sites (Fig. 4) for cases with crystallographic
splittings by combining two-dimensional NMR correlation
experiments with computation. A similar approach was
used36 for vitamin-D3, which also had two molecules in
the asymmetric unit. In that case, apparently disordered
regions of the crystal structure were refined using a similar
computer program to CASTEP, though chemical shifts were
computed on a molecular basis.

Polymorphic forms
Polymorphs form a particularly important class of systems,
especially for pharmaceutical industry. They can normally be
characterised by their NMR spectra since both geometry and
packing differences affect chemical shifts. These small differ-
ences are ideal for testing the power of the computational
methods. Since the molecules are the same chemically, com-
putations of the shift differences between analogous nuclei
should be relatively accurate, since some of the causes of
error get partially cancelled, as has already been empha-
sised. This has indeed proved to be the case21 for the ˛ and
ˇ forms of testosterone (though, strictly speaking, these are
not polymorphs, the ˇ form being a monohydrate). Table 4
shows the experimental and computed 13C shift differences
between the ˛ and ˇ forms. The relative signs of the exper-
imental differences agree with those from computation in
10 out of the 13 cases where the experimental magnitude
is greater than 0.5 ppm. This is an impressive result, given
that it is based on relatively old diffraction-derived crystal
structures, requiring geometry optimisation for the protons.

Shielding tensor components
Another useful test of the accuracy of the computational
methods lies in consideration of the full shielding tensor,
as has been extensively investigated by the group of
D.M. Grant using molecule-based programmes – see, for

Copyright  2007 John Wiley & Sons, Ltd. Magn. Reson. Chem. 2007; 45: S174–S186
DOI: 10.1002/mrc

known3,30 that reported uncertainties in atomic positions from
diffraction measurements can propagate to significant com-
puted chemical shift variations. The crystal structure is rather
old and therefore it is quite likely that the resolution is not as
accurate as this level of calculation would require. The forces
on the constrained atoms after the partial geometry optimisa-
tion was performed were still moderately large (B1.2 eV Å!1),
which indicates that further optimisation of this structure
would yield significant changes from that obtained experimen-
tally. Additional calculations proved that this was indeed the
case. However, the merit of this type of approach is unclear

given that the simulation (which calculates what the structure
would be at 0 K without zero-point vibrations) and experi-
mental determination are performed under very different
circumstances. It is also feasible that errors in the computed
shifts might be attributable to a limitation of the density
functional in adequately describing electron correlation in
the region of this particular carbon. It would be interesting
to investigate this possibility further, although the size of the
system would make this an expensive calculation for higher
levels of theory. It may be noted that the C5 shift does not
appear to be so anomalous if the slope of the correlation is not
constrained to be unity.
Computations have also been carried out for the b form (see

the electronic supplementary information (ESI)), and Fig. 5 is
a plot of the combined data for the two forms. The computed
shielding constants were converted to chemical shifts by the
procedure mentioned in the experimental section.
Note that the 2-D experiment also enabled us to correlate

most, though not all, the signals for a given independent
molecule of the a form (see Table 1 and Fig. 2 and 3) but
that we cannot from the NMR experiment alone determine
which molecule is which. The experimental crystallographic
splittings are given in Table 2, with the relative signs where

Fig. 4 Expansions of the INADEQUATE spectrum, revealing spe-

cific correlations for the crowded region of the 1-D spectrum.

Fig. 2 The 176 MHz 13C spectrum for the a form of testosterone: (a)

High-frequency region; (b) low-frequency region.

Fig. 3 Low-frequency region of the INADEQUATE spectrum of the

a form of testosterone, obtained using the 11.7 T spectrometer. The

1-D traces are from the 176 MHz spectrum. The assignments of the

two independent molecules are given in different colours.

140 | Phys. Chem. Chem. Phys., 2006, 8, 137–143 This journal is "c the Owner Societies 2006

 INADEQUATE spectrum

Robin K. Harris, Sian A. Joyce, Chris J. Pickard, Sylvian Cadars and Lyndon Emsley
Phys. Chem. Chem. Phys., 2006, 8, 137

Testosterone
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phenomenological, but no attempt has been made to quantify
this error yet.

Molecular modelling was performed with the Xplor-NIH
molecular modelling package,25 as described previously.10

We used a standard molecular modelling force field including
covalent terms (bond, angles, planarity) and van der Waals
terms (both intra- and inter-molecular) to ensure a reasonable
geometry.

The experimental NMR restraints were included by the
definition of a PSD force field defined as

EPSD = aPSD ! wPSD2 (2)

where aPSD = 104.5 kJ mol"1 is the weight of this potential.
This weight ensures that the agreement with the proton spin-
diffusion experimental data will be the dominant term in the
energy expansion during the molecular modelling optimiza-
tion (about 15 times the energy due to the other potentials
after optimization).

To determine the uncertainty on the values of w2, noise with a
standard deviation equal to 1% of the volume of the most intense
peak (methyl peak) was repeatedly added to the experimental
volumes in the build-up curves, and the calculated build-up
curves were refitted. The resulting probability distribution for
w2 has a standard deviation of 0.55, that yields a 66% chance of
getting the correct value in an interval of w2 # s.

2e DFT Calculations

Geometry optimizations and chemical shift calculations were
carried out using the DFT program CASTEP.26 CASTEP uses
a planewave basis set to describe the wavefunctions (it thus has
an implicit translational symmetry) and is very well adapted to
the description of solid crystalline systems. The GIPAW
method,27 used with ultrasoft pseudo-potentials,28 provides
an efficient method to calculate chemical shifts in crystalline
solids.29

The geometry optimizations were carried out using the PBE
functional,30 a cut-off energy of 610 eV, ultrasoft pseudo-
potentials generated on the fly and a 2 ! 2 ! 2
Monkhorst–Pack k-point grid.31 These parameters were
optimized for convergence of the quantity of interest.

Chemical shieldings scalc were calculated using the same
parameters as those used for the geometry optimization. They
were then converted to chemical shifts dcalc using eqn (3):

dcalc = sref " scalc (3)

The reference shielding sref was determined by fitting the
chemical shieldings calculated for the reference structure to
the experimental chemical shifts, keeping the slope fixed to"1.
This value of sref was used to convert all the calculated
shieldings to the calculated chemical shifts. The chemical
shieldings calculated for the methyl protons were averaged
over the three protons to obtain a calculated shielding for each
methyl group.

3. Protocol for powder NMR crystallography

Scheme 1 outlines the protocol for powder NMR crystallo-
graphy used here. The first part of the protocol consists of the

combination of the spin-diffusion restraints with molecular
modelling to determine the crystalline structure.9,10

In the second part, the resulting structures are refined using
a DFT geometry optimization. Comparison between experi-
mentally measured and calculated chemical shifts validates the
final structures.11

In the following sections we give the details of how each step
is implemented, using thymol as an illustrative example.

4. NMR data analysis

The first step in the structure determination protocol is obtaining
NMR data which will be used for restraining the molecular
modelling structure determination and for the DFT refinement
steps. The NMR data are used to assign spectra, provide PSD
build-up curves and measure 1H and 13C chemical shifts.

4a Assignment of the spectra and measurement of 1H and 13C
chemical shifts

Four experiments are used to assign the 1H and 13C resonances,
as illustrated for thymol in Fig. 1. Site labels are shown in
Fig. 1a. A 1D 13C CPMAS spectrum yields 13C chemical shifts.
These are assigned with the help of a 2D 13C refocused
INADEQUATE32 experiment, which yields the 13C assignment
by giving connectivities between directly attached carbons. In
the case of thymol this yields an unambiguous 13C assignment
(if we assume that the C(1) carbon resonates at a lower field
than the C(5) carbon), except for the C(8) and C(9) methyl
groups which can be permuted. The 2D 1H–13C refocused
INEPT22 experiment is then used to correlate the resonances
of the directly attached protons, thus providing the assignment
for all the corresponding proton resonances except for the
hydroxyl proton. The 2D 1H–1H double-quantum CRAMPS23

experiment confirms the assignment, and identifies the hydroxyl

Scheme 1 Flow chart for NMR crystallography.
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Structural characterization of crystalline powders represents a
key challenge to modern chemistry since such samples are becoming
both increasingly important and widespread, notably in the areas
of new materials and in the pharmaceutical industry. The develop-
ment of experimental methods to study their three-dimensional
atomic structure is thus an area of great current interest. Significant
recent progress has been made in the application of diffraction
methods,1 and spectacular advances have been made in solid-state
NMR methods for powdered solids,2 isotopically enriched biological
systems,3 inorganic networks,4 and organic molecular compounds.5,6

Nevertheless de novo crystal structure determination from powders
at natural isotopic abundance remains a key unsolved objective for
NMR spectroscopy. Toward this end, we recently reported7 the
determination of the three-dimensional structure of a powdered
organic compound, obtained by an approach that combines mo-
lecular modeling (MM) with experimental proton spin diffusion
(PSD) data obtained from high-resolution solid-state1H NMR. The
approach was demonstrated on powdered (microcrystalline) !-L-
aspartyl-L-alanine (1), and we determined the crystal structure to
within an average root mean square atom-to-atom distance of 0.72
Å of the known coordinates. However, although this was a big step
forward, the resulting structure shown in Figure 1a clearly contained
fairly large systematic deviations from the reference structure. For
this method to become widespread, its accuracy must be improved.
Here, we report the combination of measured solid-state NMR

chemical shifts and first principles calculations to resolve the crystal
structure of 1 to within 0.13 Å of the known structure. The validity
of this process is confirmed by comparing the DFT calculated
chemical shifts with the experimentally measured shifts, where we
observe a substantial improvement in the agreement between the
calculations and experiments before and after structure optimization.
PSD data for 1 were obtained from 2D correlation experiments

obtained using advanced homonuclear dipolar decoupling schemes,8

as described in detail elsewhere.9 The PSD constrained structure
was then obtained from a combined MM/NMR-PSD approach7

using the Xplor-NIH MM package10 including experimental
constraints obtained from comparison with back calculated PSD
build up curves, as recently shown elsewhere.7 This procedure
resulted in the group of 16 structures shown in Figure 1a having
the best overall agreement with the experimental constraints. This
group of structures has a standard deviation of 0.14 Å, and it
deviates from the reference X-ray structure11,12 (which we assume
to be correct here) by an average root mean square atom-to-atom
distance for all atoms of 0.72 Å.
It can immediately be appreciated that this MM/PSD-NMR

structure contains significant systematic deviations, notably in the
positions of the polar carboxyl groups. These deviations are not

surprising since (i) these groups are not protonated and so are not
strongly constrained by the PSD-NMR data, and (ii) systematic
deviations are in any case expected since the phenomenological
description of the PSD process is not perfect. To improve the
structures, we need at this point a more accurate relation between
the trial structures and the experimental observables. In the
following, we show that this can be provided by DFT calculation
of chemical shifts.
Here we use geometry optimization by the CASTEP program,13

a DFT-based code (but other programs providing the same
functionality could be used). The crucial difference for the
application here between this code and other quantum chemical
techniques is that the charge density and wave functions are
described using a plane wave basis set and so the translational
symmetry of the system is implicit. In contrast to cluster methods,
this method allows for a fully solid-state treatment of the system
under investigation. This approach has recently been applied with
some considerable success to the calculation of NMR parameters
from known crystal structures in a variety of systems, where the
method is found to provide remarkably accurate predictions of solid-
state NMR chemical shifts.6 On the other hand, so far, DFT
approaches have never been used to determine structures. Indeed,
DFT methods are currently not capable of determining complex
structures de novo, from random starting points, since the parameter
space is very large, and calculation times are currently prohibitive.
For example, we note that, in addition to the position and orientation
in the unit cell, 1 has eight torsion angles that are freely rotatable,
so the DFT optimization is not trivial. However, if the starting point
for a suitable DFT optimization is taken as the end point of the

† Ecole Normale Supérieure de Lyon.
‡ University of St. Andrews.

Figure 1. Comparison between the structure of 1 determined by X-ray
diffraction (orange) and (a) the 16 structures obtained from the MM/PSD-
NMR refinement, and (b) the 16 structures refined using the plane wave
DFT/NMR chemical shift approach described here. The figure shows one
of the four equivalent molecules in the unit cell.
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NMR spectrum that slowly transforms into a different
spectrum corresponding to the ribbon stable in CHCl3
solution (ribbon II); the transition from ribbon I to ribbon II
is faster in the presence of moisture in the solvent.[12] These

ribbons seem particularly interesting as their ordered molec-
ular layers, which are obtained on solid surfaces by evapo-
ration of the LC phase in CHCl3, display rectifying[15] and
photoconductive properties.[16]

In a preliminary communication[17] we have described a new
lyomesophase formed by derivative 1 in hexadecane; more
recently, Kato and co-workers have reported thermotropic[18]

and lyotropic[19] phases formed by folic acid derivatives due to
similar hydrogen-bond patterns. In this paper, we report the
structure of ribbon I, obtained from single-crystal X-ray
diffraction of deoxyguanosine derivative 3, and a study of
the gel-like liquid crystals formed in different solvents by
derivatives 1 and 2 and by the two other guanosines 4 and 5,
which belong to the ribo series and contain the acetonide
group. We believe that the variations of the gel-like structures
with the chemical constitution of the gelators and with the
solvent yield a good understanding of the self-assembly
process leading to the gel-like phases,[20] and that the presence
of the two different ribbons in the different lyomesophases is
remarkable.

Results and Discussion

X-ray single-crystal study : Compound 3 crystallises in the
chiral group P1, with two independent molecules in the
asymmetric unit. The two molecules differ in the conforma-
tion of the lateral chains attached to the guanosine skeleton,
as can be seen in Figure 2.

The two types of molecules interact in the solid state by
means of hydrogen bonding between the guanine residues
(Figure 3). The NH group of the six-membered ring interacts
exclusively with the N atom of the five-membered ring
(N(H) ±N 2.827(2) and 2.909(2) ä). The two H atoms on the
NH2 groups interact with the oxygen atom on the six-

Abstract in Italian: I derivati lipofili della guanosina allo stato
cristallino e in soluzione sono autoassociati in aggregati a
nastro. La struttura dei nastri e¡ stata caratterizzata mediante
diffrazione dei raggi X da cristallo singolo e, in soluzione,
mediante NMR e ESI-MS. Allo stato solido e in soluzione
cloroformica sono presenti due diversi nastri con un diverso
schema di legami a idrogeno. Le fasi di tipo gel ottenute in
esadecano, toluene e cloroformio sono state studiate con la
microscopia ottica e la diffrazione dei raggi X a basso angolo:
il tipo di fase osservata e¡ in relazione con la struttura
molecolare dei composti e dipende fortemente dal solvente
presente. Vengono discusse le strutture delle fasi tenendo in
considerazione la presenza dei due diversi nastri.

Figure 1. Hydrogen-bond pattern of the two ribbonlike assemblies of guanosine derivatives.
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17O - 15N J-couplings
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Observing 15N spin-echo

2hJNO            Expt           Calc
N1-O4: 6.7± 0.4 Hz   6.1 Hz
N3-O4: 4.8± 0.5 Hz   4.6 Hz

2JNN           

N1-N3: 2.7± 0.1 Hz   2.7 Hz

Observing 17O spin-echo

2JON           

O4-N1/3: 5.1± 0.5 Hz   5.4 Hz
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Intra-molecular H-bonds
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Effect of Crystal Lattice

full crystal isolated molecule
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