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We present an assignment of the experimeft@l NMR shielding parameters far-glutamic acidHCI
(Lemaitre, V.; Pike, K. J.; Watts, A.; Anupold, T.; Samoson, A.; Smith, M. E.; Dupre€Hem. Phys. Lett.

2003 371, 91) based on first-principles quantum mechanical calculations. We use density functional theory
and the gauge-including projector-augmented wave method (Pickard, C. J.; MaRiny<$=.Re. B 2001, 63,
245101), which treats the true periodic nature of the crystal structure. We perform further theoretical calculations
on arange of glutamic acid polymorphs and draw general conclusions about the influence of hydrogen bonding
on 70 NMR shielding parameters.

1. Introduction zeolited! giving excellent agreement with experiment and

Oxygen is an important element in organic and biological improv?ng significantly on earlier cluster calculatioHs.
molecules since it is often intimately involved in hydrogen In this paper, we apply the method of ref 9 to calculate the
bonding. Solid-statd’0 NMR should be a uniquely valuable 'O shielding parameters inglutamic acidHCl and assign the
probe as the chemical shift range B0 covers almost 1000 experimental spectra. We further _calcu_late shielding pa_rameters
ppm in organic molecules? Furthermorel’O has spin = 5 for three polymorphs of glutamlc.amd whose expgrlmental
and hence a net quadrupole moment. As a consequence of thisSpectra are unknown. The;e §tud|es allow correlations to be
the solid state NMR spectrum is strongly affected by the electric founc_l betweert’O NMR shielding parameters and hydrogen
field gradient (EFG) at the nucleus, a quantity which is known Ponding in the crystal structure.
to be extremely sensitive to molecular geometry. As the isotopic
abundance ofO is very low (0.037%) and the NMR line widths 2. Definitions and Methods
due to the EFG relatively large, only limited solid-state NMR
data is availablé=> However, in a recent paper, Lemaitre et
al® have reported’0O magic-angle Spinning (MAS) NMR
spectra fon.- andp-glutamic acidHCI. While it was possible
to resolve peaks from each atomic site, it was not possible to
provide an unambiguous assignment of the spectra.

First principles quantum mechanical calculations of shielding
parameters have proven to be a useful tool in assigning
experimental NMR spectra® Traditional quantum chemistry
codes are able to calculate NMR shielding parameters for
isolated systems. To calculate shielding parameters for an
extended system, such as a molecular crystal, it is necessary t(g
construct a cluster of molecules such that the site of interest
has the same local environment as in the full crys®ather
than use a cluster approach, we use a recently develope
method based on density functional theory (DFT) and the plane-
wave pseudopotential approahwhich allows the calculation
of shielding parameters in periodic systems. This implicitly
accounts for intermolecular effects by using the translational
symmetry present in a crystal. The method has previously been
applied to the calculation of’O shielding parameters in

The crystal structures for anhydrouasL-glutamic acid {-
L-Glu),'® anhydrouss-L-glutamic acid g-L-Glu),** anhydrous
pL-glutamic acid $L-Glu),!®> andL-glutamic acidHCI (L-Glu-
HCI)16 were taken from the Cambridge Structural DataBdse.
The structure obL-Glu had been determined by X-ray diffrac-
tion and the other three structures by neutron diffraction.
Positions of hydrogen atoms determined by X-ray diffraction
are known to be less accurate than those given by neutron
diffraction; in particular, hydroxyl bonds are significantly shorter
than those given by neutron diffractidhFor consistency, partial
eometry optimizations were performed for each structure,
tarting with the experimental structure and allowing the
positions of the hydrogen atoms to relax. To perform the

eometry optimizations, we use the DFT code CASTEFhis

ses a plane-wave basis set to expand the charge density and
electronic wave functions. Pseudopotentials are used to represent
the core electrons. We use the PBExchange-correlation
functional and ultrasoft pseudopotentfalsvith a maximum
plane-wave cutoff energy of 30 Ryd.

Chemical Shielding.The chemical shieldings were computed
using the PARATE code following the method of ref 9. The

*To whom correspondence may be addressed. E-mail: jry20@ Calculations used TrouillerMarting® norm-conserving pseudo-
cam.ac.uk. potentials and the PBEexchange-correlation functional. The
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Figure 1. Chemical structure of glutamic acid with oxygen sites
labeled.

wave functions are expanded in plane waves with a maximum
energy of 80 Ryd, which previous studies have shown to give
fully converged shielding parametéfs.

The output of a first-principles NMR calculation is the
absolute chemical shielding tensar, defined as the ratio
between a uniform external magnetic fieRl,and the induced
magnetic field,Bin(r)

Bin(r) = —a(r)B D
The three principal components are designated as follows
0332 02 Oy (2

The isotropic shieldingriso(r) is one-third of the trace ai(r).
In an NMR experiment, the isotropic chemical shifty(r)
is measured, which is related to the isotropic shielding by

3)

whereoyet is the isotropic shielding of the nucleus in a reference
system. For’O and!®C, the references are liquid water and
tetramethylsilane, respectively.

Rather than calculate the chemical shielding of the reference
compound explicitly, we obtaioes as the intercept of the graph
of calculated shielding against experimental shiftfaglutamic
acictHCI. A least-squares fit givesyes = 255.0 ppm fol’O in
reasonable agreement with previous studfiéor 13C, a similar
procedure gave a value of 170.1 ppm.

EFG. EFGs on the oxygen nuclei were calculated using the
method of ref 11 with the PARATEC code and with the same
input parameters as the chemical shielding calculations. The
quadrupolar coupling constariig, and the asymmetry param-
eter,n, values were extracted from the diagonalized EFG tensor
whose eigenvalues are labeled, Vyy, andV,, such thafV,
> Vil > [Vl

6iso(r) = _[Oiso(r) - Oref]

Co=eV,Qy/h (4)
whereh is Planck’s constant and
77Q = (Vxx - Vyy)/vzz (5)

We use the experimental value of the electric quadrupole
moment of the oxygen nucleusoG= 2.55 fre.24

3. Geometry

The relaxed crystal structures with the hydrogen bond
distances labeled are shown in Figuress2(crystal structures
are available as Supporting Information). The improved accuracy
of proton positions obtained from neutron diffraction over those
from X-ray diffraction can be seen by considering the experi-
mental and calculated €H bond lengths, Table 1. The
experimental hydroxyl bond length m.-Glu, as found by X-ray
diffraction, is rather short. Relaxing the DFT forces on the
hydrogen atom gives an increase in the bond length of 0.06 A.
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Figure 2. Hydrogen-bonding network in anhydroas.-glutamic acid.
Oxygen sites are labeled, and hydrogen bond lengths are marked in

angstroms.
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Figure 3. Hydrogen-bonding network in anhydrofis.-glutamic acid.
Oxygen sites are labeled, and hydrogen bond lengths are marked in
angstroms.

For three of the four hydroxyl bond lengths from structures
determined by neutron diffraction, relaxation of the forces leads
to a small increase in the hydroxyl bond length of about 0.01
A. The exception to this is the O4 hydroxyl bond irGlu-
HCI, which increases in length by 0.04 A.

4, L-Glutamic Acid-HCI

As an initial check of the validity of our approach, we first
calculate the'3C chemical shifts for-Glu-HCI. As there are
only five distinct carbon atoms in the crystal structure, the
experimental®C spectrum is easy to assign. Figure 6 compares
calculated and experiment&C chemical shifts for-Glu-HCI.

The agreement is very good, providing support for our calcula-
tion of 17O shielding parameters.

The experimental’O shifts, quadrupolar coupling constants,
and asymmetry parameters fioiGlu-HCI are summarized in
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Figure 6. A graph of calculated vs experiment&C isotropic shift
for L-glutamic acidHCI. The line has unit gradients and represents
perfect agreement between calculation and experiment.
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04 TABLE 2: Calculated and Experimental 70O NMR
- i id - a

Figure 4. Hydrogen-bonding network in anhydroos-glutamic acid. Parameters for L-Glutamic Acid-HCI

Oxygen sites are labeled, and hydrogen bond lengths are marked in calculated results experimental restilts

angstroms. atom Jdiso(ppm) Co(MHz) 5o site dis(ppm) Co(MHZ) 19
o1 177.6 772 022 4 172.5 7.45 0.25

(,/ 02 316.9 -861 012 1 322 8.16 0.0

03 311.0 —-890 023 2 315 831 0.17

04 198.0 813 021 3 187 7.49 0.25

a Experimental data are taken from ref 6, assignment from section
4. Note that the experiment gives only the magnitud€gf
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Figure 7. A graph of calculated vs experimentdD isotropic shift
Figure 5. Hydrogen-bonding network in-glutamic acidHCI. Oxygen for L-glutamic acidHCI. The line has unit gradients and represents
sites are labeled, and hydrogen bond lengths are marked in angstromsperfect agreement between calculation and experiment.

TABLE 1: Summery of Experimental and DFT-Optimized the. isotropic shift of thg two carbonyl oxygens is &0 ppm,
Hydroxyl Bond Lengths which compares well with our calculated value of 5.9 ppm. The

calculated separation of the hydroxyl oxygen peaks is 20.4 ppm

Strucfure . method exp relaxed in comparison to the measured value of 14.3 ppm. On the
a L'gl'“ttam.'c aC.'g ”eUErO” 1822 igg; basis of the calculated isotropic shifts, we assign the resonance
gtguut;ﬂf;% ?(?:Ja;on 0.99% 1053 at 172.5 ppm to O1, 187 ppm to 04, 315 ppm to O3, and 322
L-glutamic acidHCI neutron 1.018 1.022 ppm to O2. Comparison of the experimental and calcul@gd
L-glutamic acidHClI neutron 0.98% 1.019 values, Table 2, also supports this assignment. The relative

ordering of the sites is in agreement with the assignment based
Table 2 together with the calculated parameters. In ref 6, the on the isotropic shift alone; however, the absolute calculated
two peaks around 300 ppm in the spectraLgBlu-HCI are values are approximately 6% greater than in experiment. A
attributed to the carbonyl oxygens and the peaks around 190similar systematic error has been noted in earlier quantum
ppm to the hydroxyl oxygens. However, within each pair of chemical studies 0fO EFG for biological systems, which took
peaks, no strong evidence was available to assign individual account of this by using a scaled value of the oxygen electric
peaks to an atomic site. quadrupole momerit.Three of the oxygen sites have very

Figure 7 shows a graph of the calculafé® shift plotted similar values of the asymmetry parametgy, and so we cannot

against experimental shift. The experimental separation betweendraw definite conclusions from the calculated valueg®fThe
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TABLE 3: Calculated O NMR Parameters for Anhydrous
o-L-Glutamic Acid

atom Jiso(PpPmM) Co(MHz) 75)
0O1 289.1 —7.78 0.36
02 280.0 —6.86 0.77
03 320.4 —8.57 0.12
04 201.2 7.61 0.10
TABLE 4: Calculated 7O NMR Parameters for Anhydrous
p-L-Glutamic Acid
atom Oiso(Ppm) Co(MHz) 7Q
o1 264.2 —6.89 0.69
02 2915 —8.20 0.45
03 323.2 -8.61 0.12
04 205.7 7.58 0.27
TABLE 5: Calculated O NMR Parameters for
pL-Glutamic Acid
atom Oiso(PPM) Cqo(MHZ) 7Q
o1 302.9 —8.55 0.30
02 257.1 —7.24 0.72
03 335.8 —9.18 0.01
04 196.8 7.33 0.23

largest difference between experimental and calculated value

of g occurs for O4. Reference 6 gives an experimental value
of 0.0. However it is worth noting that small valuesnf are
difficult to determine accurately, and so the experimental error
on this point is rather large~0.05).

Further evidence in support of this assignment is given by
the proton decoupling double rotation (DOR) experiments on
glutamic acidHCI by Pike et ak® In a DOR experiment with
no proton decoupling, only the carbonyl oxygens are visible as
the strong dipolar field from a proton at1.0 A broadens the
lines from the hydroxyl oxygens beyond detection. The line
widths of the two carbonyl oxygens with no decoupling are 280
+ 20 and 370+ 30 Hz. At the low outer rotor spinning speeds
used in a DOR experiment, one contribution to the residual line
width is the proton dipolar field. This implies that the line with
the larger line width corresponds to the site with the closer

proton, i.e., O3 where the closest H is at 1.62 A. This assignment

was confirmed by applying a weak proton decoupling field of
~28 kHz while the outer rotor was spinning at 1.8 kHz. The
280-Hz line narrowed, whereas the 370-Hz line broadened to
~600 Hz. Investigations om-alanine have shown that the

broadening is due to a “rotary resonance” between the inner

rotor spinning speed and the rf decoupling fiéld® which
reintroduces the proton dipolar coupling. While the detailed

theory of rotary resonance under DOR has not been worked

out, it is clear that the oxygen DOR lines are affected very

differently by the proton decoupling. The distance to the nearest

hydrogen is very different for 02 and O3 (1.962 and 1.617 A,
respectively), which leads to the conclusion that the broader
line most affected by proton decoupling is O3. This DOR line
corresponds to site 2 in Table 2, i.e., the line with an isotropic
shift of 315 ppm and the large&Zq and asymmetry parameter
in agreement with calculation.

5. Glutamic Acid Polymorphs

The calculated'’O chemical shielding and electric field
parameters foo-L-Glu, 8-L-Glu, andpL-Glu are reported in
Tables 3, 4, and 5, respectively. From Tables52it can be
seen that all of the carbonyl oxygen shifts lie within the range
250—-330 ppm and that the ©H oxygens are relatively more
shielded and lie within the range 17@10 ppm. The ranges
for the electric field parameters of carbonyl and OH oxygen
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Figure 8. A graph of calculated’O isotropic chemical shift vs €0
bond length for glutamic acid polymorphs. The line represents the best
linear fit.

overlap. To examine the effects of hydrogen bonding on these
parameters we consider the carbonyl and hydroxyl sites
separately.

Carbonyl Oxygens.Close examination of the crystal struc-
tures shows that the most deshielded carbonyl oxygen nucleus
(O3 inbL-Glu at 335 ppm) has a very weak hydrogen bonded
environment (@+H = 2.357 A). The most shielded carbonyl
oxygen nucleus (02 imL-Glu at 257.1 ppm) has a strong
hydrogen bond (&-H = 1.476A). It is therefore tempting to
look for a correlation between the degree of hydrogen bonding
and the’O chemical shifts.

Quantifying the strength of a hydrogen bond is a rather
difficult task. For the structures studied, hydrogen bonds to both
O—H and N-H groups are present with a mixture of 2- and
3-center hydrogen bonds. The only consistent parameter is the
length of the carbonyl bond itself. A strong hydrogen-bonding
environment will tend to increase the length of the carbonyl
bond. Fora. amino acids, the side-chain moiety will have a much
smaller effect than the hydrogen bond on the carbonyl bond
length. It is then reasonable to look for a correlation between
carbonyl bond length and a property which might depend on
hydrogen bond strength.

Figure 8 shows a plot of calculated shielding against tlre C
O bond length. This confirms the general trend whereby
increased hydrogen bond strength results in increased shielding
of the carbonyl oxygen. The value of the linear regression
coefficient,r = —0.91. While this is a reasonably good fit, it
should be noted that even for these polymorphic systems such
an empirical fit would not be accurate enough to reliably assign
resonances.

Similar trends can be found for the quadrupolar coupling
constants. Figure 9 is a plot of calculated valueCgfagainst
carbonyl bond length, and Figure 10 is the equivalent graph
for no. The regression coefficients are= —0.88 and 0.97,
respectively. Figure 9 shows th@g decreases with increasing
hydrogen bond strength in agreement with earlier observations
for similar systems:> Conversely, the asymmetry parameter
increases with increasing hydrogen bond strength.

OH Oxygens.lt is more difficult to draw definite conclusions
about the effects of hydrogen bonding on the hydroxyl oxygens
as there are only five such sites in the structures under
consideration. Four sites have hydrogen bonds to carbonyl sites,
while the fifth is hydrogen bonded to a chlorine ion.

Of the four hydroxyl oxygens hydrogen bonded to a carbonyl
group, the most strongly shielded nucleus (O1-@lu-HCI at
177.6 ppm) corresponds to a relatively weak hydrogen-bonded
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Figure 9. A graph of calculated’0 Cq magnitude vs €O bond
length. The line represents the best linear fit.
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Figure 10. A graph of calculated’O electric field tensor asymmetry
parameteryq, vs C=0 bond length. The line represents the best linear
fit.

environment while the least shielded (O44n-Glu at 205.7
ppm) has a much stronger hydrogen bond.

Yates et al.

Figure 11. Directions and magnitudes of the principal axis of the
chemical shielding tensoa-carboxyl group in.-glutamic acidHCI.

no crystal structure in the literature for this compound. The shifts
measured by Wu and Dong do not agree with any of the
polymorphs calculated here, but it is interesting that anhydrous
pL-glutamic acid does have one site, O2, with similar param-
eters, 256 ppmCq = 7.24 MHz (which, when reduced by the
6% overestimate of the EFG, is 6.8 MHz), ang = 0.72, to

the intermediate line observed by Wu, which suggests that his
sample might be a mixture of the different forms.

6. Principal Axis

Analysis of solid-staté’0O NMR spectra can yield the relative
orientation between the EFG and chemical shielding tensors.
However, technically difficult single-crystal experiments would
be required to obtain the absolute tensor orientation relative to
the molecular framework.

First-principles calculations automatically give the full tensor
information, and the magnitudes and directions of the calculated
principal components of the EFG and chemical shielding tensors
of all the glutamic acid structures studied in this work are given
in Tables StS4 of Supporting Information. Examination of
the tensor components shows that while the magnitude of the

The trend would seem to be the reverse of that for carbonyl principle components varies the orientation of the principal axis
oxygens, specifically because strong hydrogen-bonded environ-is similar for all carbonyl oxygens and for all hydroxyl oxygens.
ment deshields the oxygen nucleus. The range of chemical shiftsye focus onL-Glu-HCI and again discuss carbonyl and

(36 ppm) is much less than for carbonyl oxygens (80 ppm),
showing a reduced sensitivity to hydrogen bonding.

hydroxyl oxygens separately.
6.1. Carbonyl Oxygens.The most shielded componesys

The electric field parameters also show this reduced sensitivity jies perpendicular to the plane of the carbonyl group, shown in

to hydrogen bondingCq varies from 7.33 to 8.13 MHz angh

Figures 11 and 12. The two largest components of the EFG

values.

Other Reported NMR Spectra of Glutamic Acid. A rather
different 7O NMR spectrum of glutamic acid from that of
Lemaitre et af has been presented by Wu and DG@ribhis
spectrum was analyzed as having a line at 170 gpgw 7.2
MHz, o = 0.20 (assigned to the hydroxyl site O4), another at
320 ppm withCq = 8.2 MHz, andnq = 0 (assigned to the
hydroxyl site O1) with the two carbonyl sites having very similar
shifts ~250 ppm,Cq = 6.8 MHz andyq = 0.58. Although the
two outer lines are in similar positions to those found by
Lemaitre et al. for the hydroxyl and carbonyl sites, the inner

V. is perpendicular to the carbonyl bond, avig lies along
the carbonyl bond direction/yx is perpendicular to the plane
of the carbonyl bond and is much smaller in magnitude than
the other two components, shown in Figures 13 and 14.

6.2. Hydroxyl Oxygens.The two most shielded components
of the chemical shielding tensor for the hydroxyl oxygen are
almost equal in magnitude. The most shielded compomeast,
is approximately perpendicular to the carbonyl plane, wile
lies roughly along the carberoxygen bond, as seen in Figures
11 and 12. The largest EFG component is roughly aligned with
022, @s seen in Figures 13 and 14.

peaks at 250 ppm were not observed and are well removed from
the valges calculated here..We note that on the basis of the7. Conclusions
calculations presented in this paper the peak observed by Wu

and Dong at 320 ppm is most likely to be from a carbonyl
oxygen. Lemaitre et al. suggestatat since the sample of Wu
was enriched from an anhydroos-glutamic acid sample it
may have beemL glutamic acidHCI. Unfortunately there is

We have presented a theoretical investigatioh©fchemical
shielding and EFG parameters for polymorphs of glutamic acid.
For L-glutamic acidHCI, the agreement between experimental
and calculated peaks is good and we can confidently assign the
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chemical shielding tensog.-carboxyl group inL-glutamic acidHCI.
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Figure 13. Directions and magnitudes of the principal axis of the EFG
tensor.o-carboxyl group in.-glutamic acidHCI.
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Figure 14. Directions and magnitudes of the principal axis of the EFG
tensor.y-carboxyl group in_-glutamic acidHCI.

spectra. Our assignment is further supported by proton-decoup-

ling DOR experiments®
We believe that this type of first-principles calculation

provides an important tool to complement solid-state NMR

spectroscopy, not only to help assign difficult spectra but also
to probe areas where experiments are difficult or time consum-
ing. As an example, the extremely low natural abundance of

170 meant that the sample ofglutamic acidHCI studied in

J. Phys. Chem. A, Vol. 108, No. 28, 2008037

process. By comparison, the first principles calculation of the
EFG and NMR shielding tensors took approximgtélh real
time on an eight-processor IBM SP computer with Power4
processors.

By use of first-principles calculations, we are able to build
on the original experimental result and efficiently study a range
of glutamic acid polymorphs. Each polymorph has a different
hydrogen bonding environment, which enables us to find
correlations betweetfO NMR parameters and the strength of
hydrogen bonding.
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