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Abstract: The results of a detailed systematic chlorine solid-state NMR study of several hydrochloride
salts of amino acids implicated in chloride ion transport channel selectivity are reported. 35Cl and 37Cl NMR
spectra have been obtained for stationary and/or magic-angle spinning powdered samples of the following
compounds on 500 and/or 900 MHz spectrometers: DL-arginine HCl monohydrate, L-lysine HCl, L-serine
HCl, L-glutamic acid HCl, L-proline HCl, L-isoleucine HCl, L-valine HCl, L-phenylalanine HCl, and glycine
HCl. Spectral analyses provide information on the anisotropic properties and relative orientations of the
chlorine electric field gradient and chemical shift (CS) tensors, which are intimately related to the local
molecular and electronic structure. Data obtained at 900 MHz provide unique examples of the effects of
CS anisotropy on the NMR spectrum of a quadrupolar nucleus. The range of chlorine quadrupolar coupling
constants (CQ) measured, -6.42 to 2.03 MHz, demonstrates the sensitivity of this parameter to the chloride
ion environment and suggests the applicability of chlorine solid-state NMR as a novel experimental tool for
defining chloride binding environments in larger ion channel systems. Salts of hydrophobic amino acids
are observed to tend to exhibit larger values of CQ than salts of hydrophilic amino acids. A simple model
for rationalizing the observed trend in CQ is proposed. For salts for which neutron diffraction structures are
available, we identify a quantum chemical method which reproduces experimental values of CQ with a
root-mean-square deviation of 0.1 MHz and a correlation coefficient of 0.9998. On the basis of this, chlorine
NMR tensors are predicted for the Cl- binding site in ClC channels.

Introduction

Chloride ion channels are proteins which carry electric current
across cell membranes and are essential for many biological
processes.1-3 Genetic defects related to chloride ion channels
are known to cause serious health problems including cystic
fibrosis, Bartter’s syndrome, Dent’s disease, and deafness.4-11

The ClC Cl- anion channels,12-15 found in both eukaryotic and

prokaryotic cells, have received much attention in recent years,
most spectacularly in the form of X-ray crystal structures of
two channels which were published in 2002 by MacKinnon and
co-workers.16 Subsequent studies by this group probed the
structural basis of ClC channel selectivity and gating.17

Although X-ray crystallographic studies undoubtedly provide
a wealth of information on biologically important molecules
including anion transport channels,16,17 cation transport chan-
nels,18,19enzymes,20-25 and nucleic acids,26,27NMR spectroscopy* To whom correspondence should be addressed. Phone: 613-562-5800
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offers a unique and important perspective in the determination
of biomolecular structure and dynamics in solution28-32 and,
increasingly, in the solid state.33-44 The emphasis of these
studies is largely on the determination of the structure of the
protein or nucleic acid backbone and, in some cases, amino acid
side chains. Effort has also been devoted to studying directly,
by solid-state NMR (SSNMR) spectroscopy, metal cations in
various biologically relevant systems.45,46For example, Wu and
co-workers have applied23Na SSNMR to study the sodium
cation environment in a guanine quadruplex formed by the
Oxytricha noVa telomere repeat d(G4T4G4)47 as well as a
G-quartet structure formed by guanosine 5′-monophosphate.48

Lipton, Ellis, and co-workers have applied67Zn SSNMR at high
magnetic fields and low temperature to characterize the zinc
binding environment in carbonic anhydrase, a DNA binding
domain of the human nucleotide excision repair protein XPA,
and related model systems.49-52 It is clearly of interest to explore
the development of methods which are complementary to X-ray
crystallography for characterizing and studying the binding sites
in chloride anion transport channels.

We have recently reviewed53 the literature involving SSNMR
studies of35/37Cl, 79/81Br, and127I isotopes, and it is apparent
that although this field of research is underdeveloped it holds
great promise for studying diverse chemical and biochemical
systems. Previous limited35/37Cl studies of chloride anions in
organic hydrochloride salts portend that chlorine SSNMR may
exhibit potential for the characterization of chloride anion
binding sites in ion channels and related model systems.54-57

On the basis of data available at the time, a model for
rationalizing the trend in chlorine quadrupolar coupling constants
for organic hydrochloride salts has been proposed.54

To establish a firm basis on which experimental protocols
and theoretical interpretations may be developed for application
to studies of intact ion channels, it is imperative to perform a
systematic study of smaller model systems with this goal in
mind. In the present work, we establish and demonstrate the
utility of chlorine-35/37 SSNMR spectroscopy in acting as a
useful probe of the chloride ion binding environment in amino
acid hydrochlorides, which are representative of the chloride
ion binding environment in the ClC ion channels. The ion
binding site in ClC channels includes the highly conserved
amino acid sequences Gly-Ser-Gly-Ile-Pro, Gly-(Lys/Arg)-Glu-
Gly-Pro, and Gly-X-Phe-X-Pro.16 Arginine is also known to be
a key residue in the activation of cardiac pacemaker chloride
ion channels.58 Interactions of chloride with phenylalanine are
also of interest because the most common cause of cystic fibrosis
is the deletion of a phenylalanine residue at position 508 in the
cystic fibrosis transmembrane conductance regulator (CFTR)
chloride ion channel.59,60The amino acid cation portions of the
hydrochloride salts studied in the present work are shown in
Chart 1.
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Chart 1. Nominal Structures of the Amino Acid Cation Portions of
the Amino Acid Hydrochloride Salts Studied
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Chlorine-35 (natural abundance (NA)) 75.53%) and chlorine-
37 (NA ) 24.47%) are both quadrupolar nuclei with nuclear
spins of 3/2. This fact complicates spectral acquisition and
interpretation but by the same token offers a wealth of
information which is unavailable from solution NMR studies
or X-ray crystallographic studies. In particular, under favorable
circumstances, information is available on the orientation-
dependent electric field gradient (EFG) and chemical shift (CS)
tensors of the chlorine nucleus. These second-rank tensors are
intimately dependent on the local molecular (e.g., hydrogen-
bonding environment) and electronic structure. Ultrahigh-field
NMR spectrometers, such as the 900 MHz instrument at the
National Ultrahigh-Field NMR Facility for Solids in Ottawa,
Canada, offer new opportunities for the study of challenging
quadrupolar nuclei including35/37Cl. Specifically, high magnetic
fields (B0) are advantageous for quadrupolar nuclei for two
primary reasons in addition to the increase in the signal-to-noise
ratio experienced by all nuclei: (i) the inverse scaling of the
breadth of the second-order quadrupolar powder pattern with
B0 means that narrower lines are obtained at higher fields and
(ii) the chemical shift interaction increases linearly withB0 (in
Hz), thereby creating new opportunities for the measurement
of complete CS tensor properties. Interpretation of the experi-
mental data in concert with high-level quantum chemical
calculations has the potential to offer valuable insights into the
relationship between the NMR data and the structural properties
of various chloride ion binding sites.

Theoretical Background

Because35Cl and 37Cl both have nuclear spin quantum
numbers of 3/2, their NMR spectra will be affected by the
nuclear quadrupolar interaction between their nuclear quadrupole
moment (Q) and the surrounding EFG, in addition to the nuclear
magnetic shielding (σ) interaction. The Hamiltonian operator
for 35Cl or 37Cl in a magnetic field may therefore be written in
a general form as:

where the first term represents the Zeeman interaction, the
second represents the quadrupolar interaction, and the third
represents the magnetic shielding interaction. In the present
work, we observe only the central transition (CT, 1/2T -1/2).
The satellite transitions (ST,(3/2 T (1/2) are much broader
than the CT and are thus more difficult to observe. Use is made
in this work of the ST populations for signal enhancement
purposes according to the hyperbolic secant spin-echo sequence
of Siegel et al.61,62

Nuclear Magnetic Shielding and Chemical Shift Tensors.
The Zeeman and magnetic shielding Hamiltonians may be
combined and written as:

where Î is the nuclear spin angular momentum operator,1 is

the unit tensor,σ is the nuclear magnetic shielding tensor, and
B0 is the applied magnetic field. According to Ramsey’s theory,
σ may be expressed as a sum of diamagnetic and paramagnetic
terms.63-67

The σ tensor is a general second-rank tensor which may be
decomposed into isotropic (σiso), symmetric (σsym), and anti-
symmetric parts (σantisym). The antisymmetric part68 is very
difficult to characterize and does not influence the appearance
of NMR spectra to first order; we ignore its influence in the
present work. The sum of the symmetric and isotropic parts of
σ consists of up to six independent components. In its principal
axis system (PAS),σiso + σsym is diagonal and is characterized
by three eigenvalues labeled and ordered asσ33 g σ22 g σ11,
three eigenvectors which define the orientation of the PAS
relative to an external axis system, and the isotropic shielding
constant which is equal to the average of the three eigenvalues,
σiso ) (σ11 + σ22 + σ33)/3. As can been seen from eq 2, the
effects of an anisotropic nuclear magnetic shielding tensor on
the NMR spectrum scale linearly with the strength of the applied
magnetic field.

In an NMR experiment, chemical shifts (δ) are measured
rather than magnetic shielding constants. For example, the
isotropic chemical shift is related to the magnetic shielding
constant as shown:

where the second equality is valid for most light elements
because shielding constants are on the order of 10-6 (often
expressed as parts per million). An analogous equation may be
used to convert the eigenvalues of the shielding tensor to those
of the CS tensor (δ11 g δ22 g δ33).

Quantum chemistry provides magnetic shielding tensors rather
than chemical shift tensors. To compare experiment and theory,
the value ofσiso(ref) must be known. Conversion of chlorine
shielding constants to chemical shifts may be achieved using
the chlorine absolute shielding scale of Gee et al.:69

which is correct for an infinitely dilute aqueous NaCl solution.
Although the three eigenvalues convey all the information

about the magnitude of the shielding or CS tensor, the span
(Ω) and skew (κ) are alternative convenient representations of
the breadth and asymmetry of theσ andδ tensors:70

Nuclear Electric Quadrupolar Interaction. The second term
in eq 1 represents the interaction between the second-rank EFG
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tensor and the nuclear electric quadrupole moment. The tensor
is traceless, does not have an antisymmetric component, and
may be diagonalized to yield three eigenvectors and eigenvalues.
The eigenvalues of the EFG tensor are labeled and ordered as
follows: |V33| g |V22| g |V11|. Quadrupolar coupling constants
may be obtained according to the following equation:

Here,e is the charge on an electron,h is Planck’s constant,
and Q is the nuclear electric quadrupole moment. The asym-
metry parameter of the EFG tensor is defined as:

In the high-field approximation, where the Larmor frequency
(νL) is much greater than the quadrupolar frequency,νQ ) 3CQ/
((2I (2I - 1)), the quadrupolar Hamiltonian is given to first order
as

whereθ andφ are polar angles which define the orientation of
B0 in the PAS of the EFG tensor. It is important to note that
the second-order quadrupolar effects observed in the present
study arise from a quadrupolar cross term which gives rise to
a fourth-rank tensor.71

The breadth of the CT NMR line shape in a stationary
powdered sample due to the quadrupolar interaction is given
by:72

Here, it is seen that the breadth scales inversely with the
applied magnetic field. When the static line width is narrow
enough, MAS experiments are useful in further narrowing of
the CT line width by a factor of 3 to 4.73-75

Relative Tensor Orientations. Under favorable circum-
stances, NMR spectra of powdered samples of quadrupolar
nuclei are amenable to a complete analysis which yields the
magnitudes of both the EFG and the CS tensors as well as their
relative orientations.76,77 Three Euler angles (R, â, andγ) are
required to completely describe how the two PASs are related.
The angles define the counterclockwise rotations required to
bring the EFG PAS into coincidence with the CS PAS. The

“z-y-z” Arfken convention78 is used in the present work, where
R describes the initial counterclockwise rotation about thez-axis
of the coordinate system,â is the subsequent rotation about the
y-axis of the new coordinate system, andγ is the final rotation
about the newz-axis.

Experimental and Computational Details

(i) Sample Preparation and Characterization. DL-Arginine hy-
drochloride monohydrate,L-glutamic acid, and glycine hydrochloride
were purchased from Aldrich. All other amino acid hydrochlorides (L-
valine HCl, L-phenylalanine HCl,L-proline HCl, L-isoleucine HCl,
L-serine HCl, andL-lysine HCl) were prepared by dissolving the
corresponding amino acid (obtained from Aldrich) in dilute hydrochloric
acid, which was brought to a gentle boil. After cooling, the hydro-
chloride salts slowly crystallized from the solution and were filtered.
Phase purity of selected salts was confirmed by13C cross-polarization
magic-angle spinning (CP/MAS) NMR spectroscopy at 4.7 T.

Melting points were obtained for selected hydrochloride salts using
a Barnstead/Electrothermal Mel-Temp melting point apparatus: 170-
172 °C (glycine HCl); 128-130 °C (DL-arginine HCl monohydrate);
206-208°C, dec (L-phenylalanine HCl); 140-148°C (L-serine HCl);
195-197°C (L-glutamic acid HCl); 242-249°C, dec (L-lysine HCl);
204-209 °C (L-isoleucine HCl).

Special care was taken in dealing with samples of glycine HCl and
L-proline HCl, which are hygroscopic (particularlyL-Pro HCl). Prior
to packing samples of these compounds, they were dried in vacuo for
several hours to remove excess water. A narrow35Cl NMR resonance
due to solvated molecules was observed for some samples (e.g.,
isoleucine HCl, phenylalanine HCl, and glycine HCl). However, the
CT powder pattern observed after dehydration of the samples was
identical to that observed before dehydration, consistent with the notion
that no change to the solid-state structure occurred as a result of placing
the samples in vacuo.

(ii) Solid-State NMR Spectroscopy. (a) 500 MHz Data. Samples
were powdered and packed into 4.0 mm o.d. zirconia rotors, and NMR
experiments were carried out at 11.75 T (500 MHz1H frequency) using
a Bruker Avance spectrometer and XWinNMR 3.2 software. A Bruker
4.0 mm HX double-resonance MAS probe tuned to35Cl (49.00 MHz)
or 37Cl (40.79 MHz) on the X channel was used. The magic angle was
set by maximizing the number of rotational echoes in the79Br FID of
solid KBr while spinning at 5 kHz.79 Experimental setup, referencing,
and pulse calibration were performed using solid sodium chloride, for
which the intense centerband was set to 0 ppm. Typical “solutionπ/2”
pulse lengths were 4.3-4.4 µs. The “solidπ/2” used was therefore,
e.g., 4.36µs/(I + 1/2) ) 2.18 µs. Quadrupolar echo sequences were
used in all cases, for both MAS and stationary samples. Recycle delays
were typically 0.5-2.0 s, and signal averaging was carried out over a
period ranging from 1 h for MAS samples to 16 h for some stationary
samples. Proton decoupling was applied during acquisition; however,
for stationary samples, this had little noticeable effect. In addition to a
π/2 - τ - π - τ - ACQ echo pulse sequence, the double hyperbolic
secant echo sequence of Siegel et al.61,62was also employed to provide
signal enhancements. For this latter pulse sequence, the hyperbolic
secant pulses for inversion of the satellite transition populations were
typically offset at(650 kHz and had a typical duration of 3000µs.

(b) 900 MHz Data. Samples were powdered and packed into
5.0 mm glass tubes, which were inserted into a home-built (J. Bennett,
National Research Council, Ottawa) single-channel solenoid probe
tuned to35Cl (88.13 MHz) or37Cl (73.36 MHz). Experiments were
performed using a standard-bore 21.15 T magnet (900 MHz1H
frequency) and a Bruker Avance II console running TopSpin software
at the National Ultrahigh-Field NMR Facility for Solids in Ottawa
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(http://www.nmr900.ca). Experimental setup, referencing, and pulse
calibration were performed using an aqueous sodium chloride solution.
For 35Cl, the solutionπ/2 pulse width was calibrated as 6.0µs and the
solid π/2 used was therefore 3.0µs. For37Cl, the calibrated solidπ/2
pulse was 4.0µs. A simple single-pulse sequence was used to acquire
the spectra. The probe dead time was approximately 10µs. Recycle
delays were 0.5-2.0 s, and signal averaging was typically carried out
over a period ranging from 1 to 3 h.

(c) Spectral Processing and Simulation.Data were processed using
Bruker’s XWinNMR software (version 3.2) or TopSpin software. FIDs
were left-shifted where necessary, apodized using a Gaussian function
of <100 Hz for MAS samples or 100-2000 Hz for stationary samples,
zero-filled to at least twice their original size, and Fourier transformed.
Phase corrections and cubic spline baseline corrections were applied
for one-pulse spectra acquired at 21.15 T. Stack plots were prepared
using DMFit.80 Spectral simulations were performed using the
WSOLIDS1 program,81 which incorporates the space-tiling algorithm
of Alderman et al.82 Some MAS spectra were simulated using
SIMPSON.83 All spectra were interpreted within the high-field approx-
imation; the largest35Cl quadrupole frequency measured (3.21 MHz,
vide infra) represents only 6.6% of the35Cl Larmor frequency in the
lowest magnetic field used (B0 ) 11.75 T;νL ) 49.0 MHz). All spectra
were simulated on the basis of a single magnetically unique chlorine
site. Special emphasis was placed on fitting the spectral discontinuities
and shoulders along the frequency dimension as opposed to spectral
intensities across the powder patterns because it is well-known that
nonuniform excitation may adversely affect these spectral intensities.

(iii) Quantum Chemical Calculations. EFG andσ tensors were
calculated using Gaussian 03.84 Calculations were performed using
atomic coordinates from the neutron diffraction studies of Al-Karaghouli

and Koetzle85 for L-phenylalanine hydrochloride, Koetzle et al.86 for
L-valine hydrochloride, Frey et al.87 for L-tyrosine hydrochloride,
Sequeira et al.88 for L-glutamic acid hydrochloride, and Al-Karaghouli
et al.89 for glycine hydrochloride. No quantum chemical geometry
minimization was performed on the structures. A crystal lattice
extending over several unit cells in three dimensions was constructed
for each amino acid hydrochloride with the available neutron diffraction
coordinates, space group, and unit cell parameters using the program
Diamond (version 3.0e).90 From this lattice, a single chloride ion and
its surrounding hydrogen-bonded amino acid cations were selected as
appropriate models (Figure 1) for quantum chemical calculations.

A model for the chloride ion binding site in ClC ion channels was
built using atomic coordinates available from X-ray crystallography
(PDB entry 1KPL).16 The model consisted of a single Cl- and the
following residues: Gly106, Ser107, Gly108, Ile109, Pro110, Gly355,
Ile356, Phe357, Ala358, Glu148, Gly149, and Tyr445. Some side chains
at the periphery of the model, which do not interact with Cl, were
removed to reduce the computational time required. Dangling bonds
were terminated with protons as appropriate. Proton positions were
optimized at the B3LYP/3-21G* level; the heavy-atom positions were
kept frozen during this optimization.

Restricted Hartree-Fock (RHF) calculations, as well as density-
functional theory (DFT) calculations employing the hybrid B3LYP
functional91 or the PBE exchange and correlation functionals,92 were
carried out with a variety of Pople-type basis sets and Dunning-type
(cc-pVDZ; aug-cc-pVDZ; cc-pVTZ)93,94basis sets which were available
within the G03 package. Locally dense basis sets95,96 were employed

(80) Massiot, D.; Fayon, F.; Capron, M.; King, I.; Le Calve´, S.; Alonso, B.;
Durand, J.-O.; Bujoli, B.; Gan, Z.; Hoatson, G.Magn. Reson. Chem.2002,
40, 70-76.

(81) Eichele, K.; Wasylishen R. E.WSOLIDS NMR Simulation Package, version
1.17.30; Dalhousie University: Halifax, 2001.

(82) Alderman, D. W.; Solum, M. S.; Grant, D. M.J. Chem. Phys.1986, 84,
3717-3725.

(83) Bak, M.; Rasmussen, J. T.; Nielsen, N. C.J. Magn. Reson.2000, 147,
296-330.

(84) Frisch, M. J. et al.Gaussian 03, revisions B.04 and C.02; Gaussian, Inc.:
Wallingford, CT, 2004.

(85) Al-Karaghouli, A. R.; Koetzle, T. F.Acta Crystallogr.1975, B31, 2461-
2465.

(86) Koetzle, T. F.; Golic, L.; Lehmann, M. S.; Verbist, J. J.; Hamilton, W. C.
J. Chem. Phys.1974, 60, 4690-4696.

(87) Frey, M. N.; Koetzle, T. F.; Lehmann, M. S.; Hamilton, W. C.J. Chem.
Phys.1973, 58, 2547-2556.

(88) Sequeira, A.; Rajagopal, H.; Chidambaram, R.Acta Crystallogr.1972, B28,
2514-2519.

(89) Al-Karaghouli, A. R.; Cole, F. E.; Lehmann, M. S.; Miskell, C. F.; Verbist,
J. J.; Koetzle, T. F.J. Chem. Phys.1975, 63, 1360-1366.

(90) Brandenburg, K.Diamond, version 3.0e, Crystal Impact GbR: Bonn,
Germany, 1997-2005.

(91) Becke, A. D.J. Chem. Phys.1993, 98, 5648-5652.
(92) (a) Perdew, J. P.; Burke, K.; Ernzerhof, M.Phys. ReV. Lett.1996, 77, 3865-

3868. (b) Perdew, J. P.; Burke, K.; Ernzerhof, M.Phys. ReV. Lett. 1997,
78, 1396.

Figure 1. Coordination environment of the chloride ion (in green) in solid (a)L-phenylalanine hydrochloride, (b) glycine hydrochloride, (c)L-valine
hydrochloride, (d)L-glutamic acid hydrochloride, and (e)L-tyrosine hydrochloride. Atomic coordinates are taken from neutron diffraction studies (see text).
Hydrogen bonds to chlorine are indicated with black lines. In the case ofL-Glu HCl, the inclusion of two additional glutamic acid moieties with methylene
protons within 3.0 and 3.1 Å of the chloride ion (see dashed black lines) were essential in achieving calculated quadrupolar coupling constants in agreement
with experiment.
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in some cases. The gauge-including atomic orbitals method (GIAO)97,98

was used for calculating nuclear magnetic shielding tensors.
The EFG andσ tensors were diagonalized (after symmetrization in

the case ofσ) to obtain the eigenvalues and eigenvectors relating their
PAS to the molecular axis system using a C program written specifically
for this purpose. The program was also used to generate Minnesota
Supercomputer Centre (MSC) “XYZ” (XMol) format files with the
tensor PAS represented in the molecular frame. Quadrupolar coupling
constants were obtained fromV33 according to eq 7. The currently
accepted values99 for Q(35Cl) and Q(37Cl) are-81.65 and-64.35 mb,
respectively. A factor of 9.7177× 1021 Vm-2 per atomic unit is also
required when converting the raw G03 EFG output for use in eq 7.

Conversion of shielding constants to chemical shifts was achieved
using the chlorine absolute shielding scale of Gee et al.69 (eq 4). The
following conversion factor was also necessary54 because some spectra
were experimentally referenced to the35/37Cl resonances of solid
powdered sodium chloride:

Results and Discussion

(i) Solid-State NMR Spectroscopy.Shown in Table 1 are
the chlorine EFG and chemical shift tensor results obtained
through spectral simulations of35Cl and37Cl NMR spectra of
amino acid hydrochlorides important to chloride ion channel
selectivity. An inspection of these data, along with our previous
results forL-tyrosine HCl,54 shows that the value of the35Cl
quadrupolar coupling constant ranges from a low of(2.03 MHz
for DL-arginine hydrochloride monohydrate to a maximum of
(6.42 MHz for glycine HCl. Values ofCQ(35Cl) for chloride
ions range from essentially zero in cubic salts such as alkali
metal chlorides100,101 to about 1 MHz in alkylammonium
chlorides56,57to 9.4 MHz in AlCl3.102 The considerable variation
in CQ for the amino acid hydrochlorides attests to the sensitivity

of the 35Cl NMR experiment to the local environment of the
chloride anion even within this class of closely related com-
pounds. The quadrupolar asymmetry parameter also shows
considerable variation, from 0.25 forL-isoleucine HCl to 0.98
for DL-arginine hydrochloride monohydrate. In several cases, it
was possible to experimentally determine the relative orienta-
tions of the chlorine EFG and CS tensor principal axis systems;
these orientations are depicted alongside the experimental
spectra (vide infra).

Shown in Figure 2 are35Cl and 37Cl SSNMR spectra of
L-phenylalanine hydrochloride obtained at 11.75 and 21.15 T.
As is the case for many of the HCl salts studied herein, the
anisotropic broadening of the CT due to the second-order
quadrupolar interaction and chemical shift anisotropy (CSA) is
too large (150 kHz or 3061 ppm) at 11.75 T to enable MAS
which would provide resolution of spinning sidebands from the
centerband. Therefore, our strategy for the precise and accurate
determination of the relevant quadrupolar and CS tensor
parameters relies on obtaining spectra of stationary samples for
both spin-active chlorine isotopes at two applied magnetic fields.
Simulation of the lower-field spectra depends less precisely on
the magnitude and orientation of the CS tensor relative to the
EFG tensor than does that of spectra acquired at higher fields.

The 35Cl quadrupolar coupling constant obtained forL-Phe
HCl is 6.08 MHz, and the asymmetry parameter is 0.52. The
breadth of the CT powder pattern at 21.15 T, 88 kHz or 998
ppm, indicates immediately the presence of contributions to the
spectrum from anisotropy of the CS tensor. If the CT broadening
were purely due to the quadrupolar interaction, we would
anticipate a scaling of the breadth by 11.75/21.15 T) 55.5%
(in Hz) or 30.9% (in ppm) (cf. eq 10). In fact, we observe
scalings of 58.7 and 32.6%. The spectra obtained at 21.15 T
for L-Phe HCl cannot be fit using an isotropic chlorine CS
tensor. This is most strikingly displayed in Figure 2e,f where a
well-resolved splitting of the low-frequency edge of the powder

(93) Dunning, T. H., Jr.J. Chem. Phys.1989, 90, 1007-1023.
(94) Woon, D. E.; Dunning, T. H., Jr.J. Chem. Phys.1995, 103, 4572-4585.
(95) Chesnut, D. B.; Moore, K. D.J. Comput. Chem.1989, 10, 648-659.
(96) Chesnut, D. B.; Rusiloski, B. E.; Moore, K. D.; Egolf, D. A.J. Comput.

Chem.1993, 14, 1364-1375.
(97) Ditchfield, R.Mol. Phys.1974, 27, 789-807.
(98) Wolinski, K.; Hinton, J. F.; Pulay, P.J. Am. Chem. Soc.1990, 112, 8251-

8260.
(99) Pyykkö, P. Mol. Phys.2001, 99, 1617-1629.

(100) Weeding, T. L.; Veeman, W. S.J. Chem. Soc., Chem. Commun.1989,
946-948.

(101) Hayashi, S.; Hayamizu, K.Bull. Chem. Soc. Jpn.1990, 63, 913-919.
(102) Sandland, T. O.; Du, L. S.; Stebbins, J. F.; Webster, J. D.Geochim.

Cosmochim. Acta2004, 68, 5059-5069.

Table 1. Chlorine-35/37 Solid-State NMR Data for Amino Acid Hydrochlorides: Electric Field Gradient and Chemical Shift Tensors

compound |CQ(35Cl)|/MHza ηQ δiso/ppmb Ω/ppm κ R, â, γc ref

DL-arginine HCl monohydrate 2.03( 0.01 0.98( 0.02 91.5( 1.0 <150 d d this work
L-tyrosine HCl (+)2.23( 0.02 0.72( 0.03 94.7( 0.5 <150 d d Bryce et al.54

L-tyrosine HCl 2.3( 0.1 0.7( 0.1 95( 1 d d d Gervais et al.55

L-lysine HCl 2.49( 0.01 0.42( 0.02 105( 2 26( 10 -0.4( 0.4 0, 52, 0° this work
L-serine HCle 3.0( 0.3 0.8( 0.2 120( 30 <150 d d this work
L-glutamic acid HCl (+)3.61( 0.01 0.65( 0.02 102( 1 66( 15 0.0( 0.3 9, 77, 6° this work
L-glutamic acid HCl 3.7( 0.1 0.6( 0.1 104( 1 d d d Gervais et al.55

L-proline HCl (+)4.50( 0.05 0.63( 0.05 37( 5 63( 5 -0.54( 0.08 48, 69, 9° this work
L-isoleucine HCl 4.39( 0.05 0.25( 0.03 96( 20 75( 30 >0.85 20, 12, 0° this work
L-valine HClf (-)5.89( 0.05 0.51( 0.05 90( 10 125( 40 0.35( 0.50 65, 0, 0° this work
L-valine HCl 6.0( 0.1 0.5( 0.1 114( 1 d d d Gervais et al.55

L-phenylalanine HCl (-)6.08( 0.05 0.52( 0.03 96( 5 129( 20 0.26( 0.25 91, 13, 10° this work
glycine HCl (-)6.42( 0.05 0.61( 0.03 101( 5 100( 20 0.30( 0.30 95, 0, 0° this work
glycine HCl 6.5( 0.1 0.6( 0.1 117( 1 d d d Gervais et al.55

a Chlorine-37 quadrupolar coupling constants were, in all cases, identical within experimental error toCQ(35Cl) × Q(37Cl)/Q(35Cl) ) CQ(35Cl) × 0.7881.
This is consistent with the findings of Skibsted and Jakobsen.109 Positive or negative signs given in parentheses are assigned on the basis of quantum
chemical calculations.b Chemical shifts are reported with respect to solid NaCl at 0 ppm. Isotope effects on the chlorine CS tensor (isotropic and anisotropic
part) were assumed to be negligible compared to the precision attainable by these measurements.c Euler angles defining the relative orientations of the EFG
and CS tensors. Errors are generously estimated as(20° except for certain more precisely defined cases (see text for further discussion).d Not determined.
e Spectra forL-serine HCl were of poor quality relative to those of the other amino acid hydrochlorides. The data reported here consequently have large
errors associated with them and should be considered as preliminary results.f Results forL-valine HCl are determined solely from35Cl and 37Cl NMR
spectra of a stationary sample at 11.75 T. Relatively large error limits have consequently been assigned to the chemical shift tensor parameters.

δ(wrt infinitely dilute NaCl(aq))) δ(wrt NaCl(s))- 45.37 ppm
(11)
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pattern is observed. For comparison, shown in Figure 2g is the
simulated spectrum based on the same quadrupolar parameters
as those used in Figure 2f but with a CS tensor span of zero.

The quadrupole moment of37Cl is 78.8% of that of35Cl,99

thereby decreasing the influence of the quadrupolar interaction
on the CT spectrum of37Cl relative to that of35Cl. In principle,
the 37Cl NMR spectrum should be more sensitive to chemical
shift anisotropy because to a first approximation the CS tensor
will be independent of the chlorine isotope we are examining.103

The splitting due to CSA is also clearly visible in the37Cl
SSNMR spectrum ofL-Phe HCl (Figure 2h,i). The CS tensor
span obtained from the simulations, 129( 20 ppm, is one of
the largest reported for chlorine. Hou et al. reported a chlorine
CS tensor span of 161 ppm for a dried sample of LiAl2(OH)6-
Cl‚nH2O.104 The sensitivity of the simulated spectra ofL-Phe
HCl to the EFG and CS tensor parameters is presented as
Supporting Information.

Shown in Figure 3 are the35/37Cl SSNMR spectra of
L-isoleucine hydrochloride. The spectral simulations reveal a
marked difference between the values ofηQ for L-Ile HCl and
L-Phe HCl. Again, at high field, there is a unique spectral feature
(a splitting of one of the discontinuities of the powder pattern)
which arises due to the presence of the anisotropic chlorine
chemical shift (Figure 3e,h) and cannot be simulated by
considering solely the quadrupolar interaction (Figure 3g). The
value ofCQ(35Cl), 4.39 MHz, is intermediate relative to the range
of values reported in Table 1. The CS tensor span, 75 ppm, is
significantly different from that obtained forL-Phe HCl, which
is interesting as it suggests that the chlorine CS tensor provides
additional distinct information on the chlorine environment.

The35/37Cl NMR spectra obtained for solid powdered glycine
hydrochloride are presented in Figure 4 along with the best-fit
spectral simulations. This compound has the largest chlorine

(103) Jameson, C. J. InEncyclopedia of Nuclear Magnetic Resonance; Grant,
D. M., Harris, R. K., Eds.; Wiley: Chichester, 1996; p 2638.

(104) Hou, X.; Kalinichev, A. G.; Kirkpatrick, R. J.Chem. Mater.2002, 14,
2078-2085.

Figure 2. Solid-state chlorine NMR spectroscopy ofL-phenylalanine
hydrochloride. Experimental spectra of a stationary powdered sample are
shown in (a)35Cl at 11.75 T, (c)37Cl at 11.75 T, (e)35Cl at 21.15 T, and
(h) 37Cl at 21.15 T. A hyperbolic secant spin-echo sequence was used to
acquire the spectra at 11.75 T, and a single pulse was used at 21.15 T.
Best-fit spectra, which were simulated using the EFG and CS tensor
parameters given in Table 1, are shown in (b), (d), (f), and (i). The effects
of an anisotropic chemical shift tensor are clearly evident in the spectra
obtained at 21.15 T; shown in trace (g) is the simulated spectrum obtained
under the assumption of an isotropic CS tensor. Shown in the inset is the
most striking and clear-cut spectral feature which arises because of chemical
shift anisotropy; the splitting is 54 ppm and is absent in trace (g). The relative
orientations of the chlorine EFG and CS tensor principal axis systems which
provided the best-fit simulated spectra are also depicted.

Figure 3. Solid-state chlorine NMR spectroscopy ofL-isoleucine hydro-
chloride. Experimental spectra of a stationary powdered sample are shown
in (a) 35Cl at 11.75 T, (c)37Cl at 11.75 T, (e)35Cl at 21.15 T, and (h)37Cl
at 21.15 T. A hyperbolic secant spin-echo sequence was used to acquire
the spectra at 11.75 T, and a single pulse was used at 21.15 T. Best-fit
spectra, which were simulated using the EFG and CS tensor parameters
given in Table 1, are shown in (b), (d), (f), and (i). The effects of an
anisotropic chemical shift tensor are clearly evident in the spectra obtained
at 21.15 T; shown in trace (g) is the simulated spectrum obtained under the
assumption of an isotropic CS tensor. A sharp peak at 59.5 ppm due to a
solvated component (indicated with an asterisk) was also included in the
simulation for35Cl at 11.75 T; this interpretation is supported by the fact
that this solvated component is missing from the remaining spectra, which
were recorded a few weeks later. The relative orientations of the chlorine
EFG and CS tensor principal axis systems which provided the best-fit
simulated spectra are depicted in the inset.
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quadrupolar coupling constant reported to date for an amino
acid hydrochloride; we obtain a value of 6.42( 0.05 MHz.
This value is somewhat lower than, but within experimental
error of, that reported by Gervais et al., 6.5( 0.1 MHz.55 We
attribute the increased precision in our value to the additional
NMR data obtained:35Cl at 11.75 T (Figure 4a);37Cl at 11.75
T (not shown);35Cl at 21.15 T (Figure 4c); and37Cl at 21.15 T
(Figure 4f). At 21.15 T, it again becomes clear that the span of
the CS tensor is significantly different from zero; in the case of
Gly HCl, we find it to be 100( 20 ppm. Simulated spectra are
particularly sensitive to the Euler angleâ, which was precisely
characterized as 0° ( 4°.

Spectral results forL-proline hydrochloride are shown in
Figure 5. The value ofCQ(35Cl) for L-Pro HCl, 4.50 MHz, is
intermediate with respect to those of the other amino acid
hydrochlorides. Interestingly, the isotropic chlorine chemical
shift, 37 ppm, is anomalous compared to the range obtained
for other amino acid hydrochlorides,δiso ) 91.5-120 ppm. The
span of the CS tensor is not anomalous, but it is relatively small,
Ω ) 63 ( 5 ppm. A similarly small span was also observed

for Ile HCl. Simulation of the35Cl NMR spectrum obtained at
21.15 T (Figure 5e) is very sensitive toâ; we find â ) 69° (
3°.

Chlorine-35 and chlorine-37 NMR spectra of a stationary
sample of solidL-valine hydrochloride are presented, along with
the corresponding simulations, as Supporting Information. The
value of CQ(35Cl), 5.89 ( 0.05 MHz, is slightly smaller than
that reported previously (6.0( 0.1 MHz),55 as was the case for
glycine HCl (vide supra). The present analysis also provides
information on the CS tensor (Table 1); we findΩ ) 125( 40
ppm.

For all of the HCl salts discussed above, the breadth of the
CT powder pattern was broad relative to achievable MAS rates
with a 4 mm MASprobe. In the case ofL-lysine HCl, 35Cl
(Figure 6a) and37Cl (Figure 6c) MAS NMR spectroscopy
yielded ideal second-order quadrupolar line shapes. As expected,
the 37Cl MAS NMR spectrum (Figure 6c) exhibits spinning
sidebands of reduced intensity at the same MAS rate (14 kHz)
due to the lower quadrupole moment of this nucleus. The

Figure 4. Solid-state chlorine NMR spectroscopy of glycine hydrochloride.
Experimental spectra of a stationary powdered sample are shown in (a)
35Cl at 11.75 T, (c)35Cl at 21.15 T, and (f)37Cl at 21.15 T. A hyperbolic
secant spin-echo sequence was used to acquire the spectra at 11.75 T, and
a single pulse was used at 21.15 T. Best-fit spectra, which were simulated
using the EFG and CS tensor parameters given in Table 1, are shown in
(b), (d), and (g). The effects of an anisotropic chemical shift tensor are
clearly evident in the spectra obtained at 21.15 T; shown in traces (e) and
(h) are the simulated spectra obtained under the assumption of an isotropic
CS tensor. The relative orientations of the chlorine EFG and CS tensor
principal axis systems which provided the best-fit simulated spectra are
depicted in the inset.

Figure 5. Solid-state chlorine NMR spectroscopy ofL-proline hydrochlo-
ride. Experimental spectra of a stationary powdered sample are shown in:
(a) 35Cl at 11.75 T, (c,e)35Cl at 21.15 T. A hyperbolic secant spin-echo
sequence was used to acquire the spectra at 11.75 T, and a single pulse
was used at 21.15 T. Best-fit spectra, which were simulated using the EFG
and CS tensor parameters given in Table 1, are shown in (b), (d), and (f).
The effects of an anisotropic chemical shift tensor are clearly evident in
the spectrum obtained at 21.15 T; shown in trace (g) is the simulated
spectrum obtained under the assumption of an isotropic CS tensor. The
spectra shown in (e) and (f) are expansions of those shown in (c) and (d).
The relative orientations of the chlorine EFG and CS tensor principal axis
systems which provided the best-fit simulated spectra are depicted in the
inset.
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precision with whichδiso, CQ, andηQ are characterized forL-Lys
HCl is increased as a result of examining both chlorine isotopes
(Table 1). We findCQ(35Cl) ) 2.49( 0.01 MHz, and as is the
case for all data reported in Table 1, the corresponding
independently determined value ofCQ(37Cl) was found to be in
keeping with the value predicted fromCQ(35Cl) and the ratio
of the quadrupole moments of the nuclei, 2.49× (Q(37Cl))/
(Q(35Cl)) ) 2.49 × 0.7881 ) 1.96 MHz. An interesting
spectrum of a stationary sample was obtained at 11.75 T for
L-Lys HCl (Figure 6e). Because of the relatively small value of
CQ in this compound, the effects of chlorine CSA are striking
even at this moderate field strength. The key spectral feature, a
splitting of one of the discontinuities, cannot be simulated in
the absence of CSA. The measured span, 26( 10 ppm, is the
smallest to be measured precisely for the amino acid hydro-
chlorides (Table 1).

The smallest value ofCQ(35Cl) to be observed for an amino
acid hydrochloride is 2.03 MHz (CQ(37Cl) ) 1.60 MHz) for
DL-arginine HCl monohydrate. Chlorine-35/37 MAS NMR at
11.75 T was therefore feasible (Figure 7). Spectral simulations
of the MAS NMR spectra (parts b and d) were performed
assuming only a single unique chlorine site in the unit cell.
However, it is known that there are two crystallographically
distinct sites according to the X-ray crystal structure ofL-Arg

Figure 6. Solid-state chlorine NMR spectroscopy ofL-lysine hydrochloride.
Experimental spectra of a powdered sample undergoing MAS at a rate of
14 kHz are shown in (a)35Cl at 11.75 T and (c)37Cl at 11.75 T. Spinning
sidebands are indicated with asterisks. The35Cl NMR spectrum of a
stationary powdered sample obtained at 11.75 T is shown in (e). A
hyperbolic secant spin-echo sequence was used to acquire the spectra. Best-
fit spectra were simulated using SIMPSON (trace (b)) or WSOLIDS (traces
(d) and (f)) using the EFG and CS tensor parameters given in Table 1. The
effects of an anisotropic chemical shift tensor are clearly evident in the
spectrum of the stationary sample (e); shown in trace (g) is the simulated
spectrum obtained under the assumption of an isotropic CS tensor. The
relative orientations of the chlorine EFG and CS tensor principal axis
systems which provided the best-fit simulated spectra are depicted in the
inset.

Figure 7. Solid-state chlorine MAS NMR spectroscopy ofDL-arginine
hydrochloride monohydrate. Experimental spectra of a powdered sample
undergoing MAS at a rate of 14 kHz are shown in (a)37Cl at 11.75 T and
(c) 35Cl at 11.75 T. Best-fit spectra were simulated using WSOLIDS (traces
(b) and (d)) using the parameters given in Table 1.

Figure 8. Solid-state chlorine MAS NMR spectroscopy ofL-glutamic acid
hydrochloride. Experimental spectra of a powdered sample undergoing MAS
at a rate of 14 kHz are shown in (a)35Cl at 11.75 T and (d)37Cl at 11.75
T. Best-fit spectra were simulated using SIMPSON (traces (b) and (e)) or
WSOLIDS (traces (c) and (f)) using the parameters given in Table 1.
Spinning sidebands are indicated with asterisks.
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HCl H2O.105 Efforts to resolve the two sites by35Cl satellite-
transition NMR spectroscopy (SATRAS106-108) were not suc-
cessful, which is not surprising considering the details of the
X-ray structure. The differences between the two arginine
moieties in the unit cell are exceedingly small. The standard
deviation between the bond lengths involving heavy atoms for
the two moieties is only 0.0037 Å, and the standard deviation
of the angles is only 0.57°. Evidently, such small differences
do not manifest themselves in a measurable way in the chlorine
EFG tensor in a magnetic field of 11.75 T.

Glu148 is a critical amino acid residue in the ion conduction
pathway of the ClC ion channels; its carboxylate side chain
interacts through a hydrogen bond with the chloride ions in the
channel,16 as is also the case in the neutron diffraction structure
of L-glutamic acid hydrochloride (cf. Figure 1).88 Shown in
Figure 8 are the35Cl and37Cl MAS NMR spectra ofL-Glu HCl
obtained at 11.75 T. The values determined here,CQ(35Cl) )
3.61( 0.01 MHz,ηQ ) 0.65( 0.02, andδiso ) 102( 1 ppm,
are close to those reported previously,55 3.7 ( 0.1 MHz, 0.6(
0.1, and 104( 1 ppm. Spectra of a stationary sample ofL-Glu

HCl afforded the novel opportunity to characterize the chlorine
CS tensor (Figure 9). Even at 11.75 T, a distinct spectral splitting
clearly indicates the presence of significant chlorine CSA, with
Ω ) 66 ( 15 ppm (Figure 9a).L-Glu HCl offers an interesting
example of chemical shift anisotropy which decreases, rather
than increases, the breadth of the CT powder pattern relative to
that expected for purely quadrupolar broadening. The simulated
spectra presented in Figure 9c,f are based purely on the
quadrupolar interaction and are broader than the best-fit spectra
presented in Figure 9b,e. In the present case, this effect may be
attributed to theâ angle (77°), which approaches 90°.

In all of the analyses discussed above, we have assumed that
isotope effects103on the chlorine CS tensor are negligible. Given
the precision attainable, particularly in the analysis of stationary
samples, this is an acceptable approximation. Skibsted and
Jakobsen have previously examined35Cl and37Cl MAS NMR
spectra of several perchlorate salts and foundδiso(35Cl) and
δiso(37Cl) to be identical within experimental error (0.3-0.5
ppm) in all cases.109

(ii) Interpretation of Chlorine Electric Field Gradient and
Chemical Shift Tensors. (a) Distorted Tetrahedron/Seesaw
Model. A previously proposed model for the interpretation of
the trend inCQ(35Cl) for organic hydrochloride salts suggested
that the number of hydrogen bonds to Cl was a dominant
factor.54 The new data acquired in the present study are
consistent with this model; however, it is apparent that, once
three or four hydrogen bonds are present, other factors become
important in determining the precise value ofCQ within closely
related amino acid hydrochloride salts.

In four of the five structures shown in Figure 1, the chloride
ion is coordinated by four hydrogen bonds arranged in a
distorted tetrahedral geometry. If all four substituents were
equivalent and were arranged in a perfect tetrahedron, the
principal components of the EFG tensor would be identically
zero. In a very simple model, we can consider the distortion of

(105) Dow, J.; Jensen, L. H.; Mazumdar, S. K.; Srinivasan, R.; Ramachandran,
G. N. Acta Crystallogr.1970, B26, 1662-1671.

(106) Samoson, A.Chem. Phys. Lett.1985, 119, 29-32.
(107) Jäger, C.NMR Basic Princ. Prog.1994, 31, 133-170.
(108) Skibsted, J.; Nielsen N. C.; Bildsøe, H.; Jakobsen, H. J.J. Magn. Reson.

1991, 95, 88-117. (109) Skibsted, J.; Jakobsen, H. J.Inorg. Chem.1999, 38, 1806-1813.

Figure 9. Solid-state chlorine NMR spectroscopy ofL-glutamic acid
hydrochloride. Experimental spectra of a stationary powdered sample are
shown in (a)35Cl at 11.75 T and (d)35Cl at 21.15 T. A hyperbolic secant
spin-echo sequence was used to acquire the spectrum at 11.75 T, and a
single pulse was used at 21.15 T. Best-fit spectra, which were simulated
using the EFG and CS tensor parameters given in Table 1, are shown in
(b) and (e). The effects of an anisotropic chemical shift tensor are clearly
evident; shown in traces (c) and (f) are the simulated spectra obtained under
the assumption of an isotropic CS tensor. The relative orientations of the
chlorine EFG and CS tensor principal axis systems which provided the best-
fit simulated spectra are depicted in the inset.

Figure 10. Distorted tetrahedron/seesaw model, consisting of a ClH4
3+

moiety, for assessing the dependence of the EFG tensor on local geometry,
characterized by two angles,ω andψ. Shown in the plot are the results of
B3LYP/3-21G* calculations of the chlorine EFG tensor for various values
of ω while ψ is fixed at the tetrahedral angle. Note the sensitivity of the
magnitude and sign ofV33, as well as the value ofηQ, to ω when ω ∼
109.47°. Additional calculations using this model are given as Supporting
Information.
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a tetrahedron toward a “seesaw” structure, with two variable
angles (Figure 10). Fixing one angle,ψ, at 109.47° and varying
the second angle,ω, from 70 to 180° yields an interesting
result: whenω is close to the tetrahedral angle, the sign of
V33, and hence the sign ofCQ, is very sensitive to the precise
value ofω. This observation suggests that the experimentally
measured values ofCQ(35Cl) need not all be the same sign (see
Supporting Information for additional calculations). Indeed,
previous work54 has indicated thatCQ(35Cl) is positive forL-Tyr
HCl, yet all calculated values ofCQ(35Cl) for L-Phe HCl in the
present work are negative (vide infra, Table 2). The value of
ηQ is also very sensitive toω whenω approaches 109.47°. This
simple model provides some interesting insights; however, in
trying to predict quadrupolar coupling constants on the basis
of only two angles around Cl, there is clearly some ambiguity
in which two angles are chosen, and in reality, all four chloride
substituents are not equal.

A second, only slightly more sophisticated, model was
therefore developed to test whether the trend in experimental
chlorine quadrupolar coupling constants could be reproduced.
Again, a structure consisting of only a central chloride anion
and the protons to which it is hydrogen bonded (using neutron
diffraction coordinates forL-Phe HCl, Gly HCl,L-Val HCl,
L-Glu HCl, andL-Tyr HCl) was considered. Low-level quantum
chemical calculations (B3LYP/3-21G*) were performed on each
of these simple ClH43+ systems, and the results are presented
in Figure 11. A positive correlation (Pearson’s correlation
coefficient,R ) 0.973) between|V33| and the experimentally
determinedCQ values is observed. These results suggest that
the positions of the hydrogen-bonded protons dominate the
observed trend in chlorine quadrupolar coupling constants,
despite the contributions to the EFG from the rest of the
electrons in the surrounding crystal lattice (which vary withr-3,
where r is the electron-nucleus distance110). The success of
this simple model is informative; nevertheless, a more quantita-
tive agreement between experiment and theory was pursued and
achieved, as described below.

(b) Quantum Chemical Calculations. The experimental
NMR results obtained forL-phenylalanine hydrochloride provide
precise chlorine CS and EFG tensor measurements for a
compound for which there is also a high-quality neutron
diffraction structure85 that provides reliable proton positions.
Several quantum chemical calculations of the chlorine NMR
interaction tensors forL-Phe HCl were performed to determine
an optimum method which would provide reliable quadrupolar
coupling constants and CS tensor parameters at moderate
computational expense (Table 2). The model used in these
calculations, comprising 97 atoms, included fourL-phenylalanine
cations coordinated to a chloride ion (Figure 1). No quantum
chemical geometry optimization was performed prior to the
calculation of the NMR interaction tensors; the same geometry
was used for each calculation. Calculated35Cl quadrupolar(110) Pound, R. V.Phys. ReV. 1950, 79, 685-702.

Table 2. Calculated Chlorine Quadrupolar and Magnetic Shielding Tensors for L-Phenylalanine Hydrochloride

method basis seta CQ(35Cl)/MHz ηQ σ11/ppm σ22/ppm σ33/ppm σiso/ppm δiso
b/ppm Ω/ppm κ

B3LYP 6-31G*/3-21G -7.68 0.60 907.6 957.4 1020.9 961.9 57.5 113.3 0.12
B3LYP 6-311+G*/3-21G -7.62 0.71 901.6 949.9 1002.1 951.2 68.2 100.5 0.04
B3LYP 6-311+G*/6-31G -7.83 0.70 893.2 940.3 1000.0 944.5 74.9 106.8 0.12
B3LYP 6-311++G** -7.75 0.72 844.5 895.7 980.8 907.0 112.4 136.3 0.25
B3LYP cc-pVDZ -7.24 0.68 896.8 946.7 1017.5 953.7 65.7 120.7 0.17
B3LYP aug-cc-pVDZ/cc-

pVDZ
-6.81 0.73 878.5 931.4 998.2 936.0 83.4 119.7 0.12

B3LYP cc-pVTZ/cc-
pVDZ

-8.16 0.71 909.4 955.9 1020.5 961.9 57.5 111.1 0.16

RHF 6-311+G* -5.53 0.73 941.2 974.8 1042.4 986.1 33.3 101.2 0.33
RHF 6-311++G** -5.67 0.73 940.0 970.5 1042.6 984.4 35.0 102.6 0.41
RHF cc-pVDZ -4.84 0.71 953.9 987.5 1056.8 999.4 20.0 102.9 0.35
RHF aug-cc-pVDZ/cc-

pVDZ
-4.63 0.76 946.6 982.0 1044.7 991.1 28.3 98.1 0.28

RHF cc-pVTZ/cc-
pVDZ

-5.93 0.74 977.7 1006.7 1066.4 1016.9 2.5 88.7 0.34

PBEPBE 6-311+G* -8.30 0.70 824.7 888.6 968.5 893.9 125.5 143.8 0.11
PBEPBE 6-311++G** -8.37 0.69 819.4 878.8 964.0 887.4 132.0 144.6 0.18
PBEPBE aug-cc-pVDZ/cc-

pVDZ
-7.72 0.71 857.1 915.9 981.6 918.2 101.2 124.5 0.06

exptl (|6.08( 0.05| 0.52( 0.03 96( 5 129( 20 0.26( 0.25

a The notation, e.g., cc-pVTZ/cc-pVDZ, indicates that the cc-pVTZ basis set was used on chlorine and the cc-pVDZ basis set was used on all other atoms.
b Chemical shifts are reported with respect to solid NaCl at 0 ppm.

Figure 11. Correlation between the calculated absolute value of the largest
component of the electric field gradient (V33) and the absolute value of the
experimental35Cl quadrupolar coupling constant measured in the solid state
for various amino acid hydrochlorides. Calculations (B3LYP/3-21G*) were
performed for compounds for which neutron diffraction structures are
available: glycine HCl,L-tyrosine HCl,L-valine HCl,L-glutamic acid HCl,
andL-phenylalanine HCl. The model used in the calculations consisted only
of the chloride anion and the protons involved in hydrogen bonds to Cl
(ClH4

3+). See text for further discussion. Linear regression yields:|V33| )
0.2158(|CQ|) + 0.6655;R ) 0.973.
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coupling constants range from-4.63 MHz at the RHF level
with the aug-cc-pVDZ basis set on chlorine and the cc-pVDZ
basis set on all other atoms to-8.37 MHz using the PBEPBE
DFT method with the 6-311++G** basis set. Although it is
reassuring that the experimental value ofCQ(35Cl) ) (6.08 MHz
falls within this range, such a range is unacceptably large.
Because the same high-quality neutron diffraction structure is
being used for each calculation, the range of observed values
reflects only differences in the accuracy of the EFG tensor
calculation. Past calculations on similar systems have consis-
tently overestimated experimental values. For example, a
calculated value of 8.46 MHz has been reported for glycine
HCl55 (cf. our experimental value of 6.42( 0.05 MHz). As
shown in Table 2, in general, the RHF method underestimates
CQ and the B3LYP and PBEPBE functionals overestimateCQ.
A basis-set study using the RHF and B3LYP methods was
carried out, and in the case ofL-Phe HCl, we find that the
B3LYP/aug-cc-pVDZ (on Cl)/cc-pVDZ (on all other atoms)
calculation and the RHF/cc-pVTZ/cc-pVDZ calculation provide
results which approach the experimental value:-6.81 and-5.93
MHz. In particular, the RHF calculation performs impressively
and underestimatesCQ by less than 3%. All results suggest that
CQ is negative.

For the remaining HCl salts for which neutron diffraction
structures exist, quantum chemical calculations were also
performed. The results presented in Table 3 indicate that the
RHF/cc-pVTZ/cc-pVDZ calculation, which predictedCQ with
excellent accuracy forL-Phe HCl, also reproducesCQ for L-Val
HCl, Gly HCl, L-Glu HCl, andL-Tyr HCl to within 0.7, 1.2,
0.3, and 6.7%, respectively, corresponding to a root-mean-square
deviation of only 0.1 MHz and a Pearson’s correlation coef-
ficient, R, of 0.9998 (Figure 12). We conclude that the RHF/
cc-pVTZ/cc-pVDZ method is well suited to the calculation of
chlorine quadrupolar coupling constants in organic hydrochlo-
rides. In the case ofL-Glu HCl, agreement between experiment
and theory was obtained only upon inclusion of two glutamic
acid moieties in which methylene protons are found at distances
of 3.0 and 3.1 Å from the chloride ion (see Figure 1d).

The experimental CS tensor span forL-Phe HCl, 129( 20
ppm, is well reproduced by the B3LYP calculations (100.5-
136.3 ppm) as well as by the PBEPBE/aug-cc-pVDZ/cc-pVDZ

calculation (124.5 ppm). However, all RHF results consistently
underestimate this experimental value (Table 2). All calculations
predict a positive skew and provide values which are in
agreement with the experimental range of 0.3( 0.2. The
chlorine isotropic chemical shift forL-Phe HCl (110( 5 ppm)
is not well reproduced by the calculations (except, perhaps
fortuitously, by the B3LYP/6-311++G** calculation, which
gives 112.4 ppm). This fact emphasizes the importance of
characterizing the CS tensor properties rather than simply the
isotropic chemical shift. When B3LYP/aug-cc-pVDZ (on Cl)/
cc-pVDZ (on all other atoms) calculations are performed on
all four compounds for which neutron diffraction structures exist
and for whichΩ has been characterized, excellent agreement
is obtained as shown in Figure 13. The magnitude ofΩ observed
for the HCl salts, which is dependent upon the paramagnetic
shielding according to Ramsey’s theory,65 represents only a
small fraction of the total known chlorine chemical shift range
(on the order of 1000 ppm).111,112 The relative and absolute

(111) Lindman, B.; Forse´n, S.NMR Basic Princ. Prog.1976, 12, 1-365.
(112) Lindman, B.; Forse´n, S. InNMR and the Periodic Table; Harris, R. K.,

Mann, B. E., Eds.; Academic Press: London, 1978; Chapter 13.

Table 3. Calculated Chlorine Quadrupolar and Magnetic Shielding Tensors for Selected Amino Acid Hydrochlorides for Which Neutron
Diffraction Structures Are Available

method basis seta CQ(35Cl)/MHz ηQ σ11/ppm σ22/ppm σ33/ppm σiso/ppm δiso
b/ppm Ω/ppm k

L-valine HCl

RHF cc-pVTZ/
cc-pVDZ

-5.86 0.71 969.7 1017.0 1065.2 1017.3 2.1 95.5 0.01

B3LYP aug-cc-pVDZ/
cc-pVDZ

-6.82 0.79 874.1 940.0 1001.6 938.6 80.8 127.5-0.03

L-tyrosine HCl

RHF cc-pVTZ/
cc-pVDZ

2.08 0.29 980.0 1038.2 1059.3 1025.8 -6.4 79.3 -0.47

B3LYP aug-cc-pVDZ/
cc-pVDZ

2.84 0.49 892.9 949.6 980.2 940.9 78.5 87.3-0.30

L-glutamic acid HCl

RHF cc-pVTZ/
cc-pVDZ

3.60 0.55 989.3 1000.5 1027.3 1005.7 13.7 38.0 0.41

B3LYP aug-cc-pVDZ/
cc-pVDZ

4.36 0.74 901.5 923.5 968.0 931.0 88.4 66.5 0.34

glycine HCl

RHF cc-pVTZ/
cc-pVDZ

-6.50 0.67 1001.0 1034.1 1084.5 1039.9 -20.5 83.5 0.21

B3LYP aug-cc-pVDZ/
cc-pVDZ

-7.48 0.46 906.6 952.0 1009.9 956.2 63.2 103.3 0.12

a The notation, e.g., cc-pVTZ/cc-pVDZ, indicates that the cc-pVTZ basis set was used on chlorine and the cc-pVDZ basis set was used on all other atoms.
b Chemical shifts are reported with respect to solid NaCl at 0 ppm.

Figure 12. Correlation between chlorine-35 quadrupolar coupling constants
calculated at the RHF/cc-pVTZ/cc-pVDZ level and those measured by
chlorine solid-state NMR spectroscopy for the following amino acid
hydrochlorides:L-Gly HCl, L-Phe HCl,L-Val HCl, L-Tyr HCl, andL-Glu
HCl. Linear regression yields:CQ(calcd)) 0.9886× CQ(exptl) - 0.0386
andR ) 0.9998. The rms deviation of the fit is 0.1 MHz.
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chlorine EFG and CS tensor orientations determined from the
RHF/cc-pVTZ/cc-pVDZ calculations are presented as Support-
ing Information. ForL-Val HCl, Gly HCl, L-Phe HCl, andL-Tyr
HCl, the calculated chlorine tensors are oriented such thatV33

andσ11 are approximately directed along one of the Cl‚‚‚H-N
hydrogen bonds. ForL-Gly HCl, σ11 is oriented along one of
these bonds as well.

To assess the sensitivity of the calculations ofCQ in L-Phe
HCl to the positions of the protons which surround the chloride
ion, these positions were optimized at the RHF/3-21G* level
while the heavy atoms remained fixed. A subsequent calculation
of CQ(35Cl) at the RHF/cc-pVTZ/cc-pVDZ level on the opti-
mized structure resulted in-5.07 MHz, a reduction of 15%
relative to the value obtained without optimization (and also a
15% reduction relative to the experimental value). This result
speaks to the accuracy with which the proton positions must
be known for reliable calculated results to be obtained. Ad-
ditional calculated results are presented as Supporting Informa-
tion for L-proline HCl using heavy-atom atomic coordinates
from the X-ray structure113 and quantum chemical optimization
of the proton coordinates. Not surprisingly, the calculated values
of CQ deviate from the experimental values by several percent.
For L-Pro HCl, in which chloride ions are separated by only
4.6 Å, improvements in the quantitative accuracy of the
calculated quadrupolar parameters may be possible using the
self-consistent charge field perturbation approach (SC-CFP)
described by Zhang et al.114

(c) ClC Channel. To evaluate the magnitudes of chlorine
EFG and CS tensors in the ClC channel (PDB entry 1KPL),
quantum chemical calculations using the optimum methods and
basis sets described above were performed on the model system
shown in Figure 14. The chloride ion is coordinated to four
traditional hydrogen-bond donors: a side chain OH group from
Tyr445, a side chain OH group from Ser 107, and backbone
NH groups Ile356 and Phe357. There are additional close
contacts to the methylene protons of Gly355 and Phe357. The
results obtained for the quadrupolar parameters,CQ(35Cl) )
-2.07 MHz andηQ ) 0.76 (RHF/cc-pVTZ/cc-pVDZ), are most
similar to those forDL-arginine HCl‚H2O andL-tyrosine HCl.
The CS tensor parameters, calculated at the B3LYP/aug-cc-

pVDZ/cc-pVDZ level, areδiso ) 56.7 ppm,Ω ) 59.6 ppm,
and κ ) -0.60. The relatively small magnitudes of the
calculated EFG and CS tensor parameters suggest that35/37Cl
SSNMR studies of ClC channels will not be hindered by
impractically broad NMR line shapes.

Concluding Remarks

The increasing availability of ultrahigh-field SSNMR spec-
trometers will undoubtedly continue to render amenable for
study more of the quadrupolar nuclei in the periodic table. It
has been shown that chlorine-35/37 NMR spectra of solid amino
acid hydrochlorides are readily obtainable, and careful inter-
pretation has provided several benchmark chlorine EFG and CS
tensor data, thereby greatly increasing the amount of chlorine
NMR tensor data available in the literature. In particular, the
necessity of considering the effects of anisotropic magnetic
shielding in the interpretation of35/37Cl NMR spectra of
stationary powders at 21.15 T has been demonstrated in several
cases. This point is expected to come to bear on the interpreta-
tion of SSNMR spectra of any quadrupolar nucleus observed
in an ultrahigh-field magnet.

Although it is tempting to try to establish general conclusions
regarding simple correlations between the measured chlorine
EFG and CS tensors and an easily quantifiable structural
parameter, in fact, these tensors depend on many parameters.
We have proposed and applied a simple model for rationalizing
the observed trend in chlorine quadrupolar coupling constants
and found that the experimental trend is reproducible when only
the nearest-neighbor hydrogen-bonded protons are considered.
Quantitative agreement (rmsd) 0.1 MHz) between experimen-
tal and calculated chlorine quadrupolar coupling constants has
been achieved for amino acid hydrochlorides, based in part on
knowledge of their neutron diffraction structures. This represents
a significant improvement over previous attempts to reproduce
experimental chlorine quadrupolar coupling constants. Agree-

(113) Mitsui, Y.; Tsuboi, M.; Iitaka, Y.Acta Crystallogr.1969, B25, 2182-
2192.

(114) Zhang, Y.; Mukherjee, S.; Oldfield, E.J. Am. Chem. Soc.2005, 127,
2370-2371.

Figure 13. Comparison between experimental (blue) and calculated (red)
chlorine chemical shift tensor spans forL-phenylalanine hydrochloride,
L-valine hydrochloride,L-glutamic acid hydrochloride, and glycine hydro-
chloride. Calculations were carried out at the B3LYP level, with the aug-
cc-pVDZ basis set on Cl and the cc-pVDZ basis set on all other atoms.
Models used in the calculations are shown in Figure 1.

Figure 14. Chloride ion binding site in ClC channels (PDB 1KPL).16 Some
amino acid side chains which are not immediately involved in interactions
with Cl- have been truncated to reduce the computational time required
for CS and EFG tensor calculations. Protons have been added and optimized
at the B3LYP/3-21G* level. Hydrogen bonds involving chlorine are
indicated by solid black lines; two additional close contacts to methylene
protons are denoted with dashed lines.
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ment within experimental error has also been achieved in the
calculation of chlorine chemical shift tensor spans. The excellent
correspondence between experiment and theory suggests that
chlorine EFG and CS tensor data should provide a novel
experimental tool for the refinement of structural parameters
around chloride ion binding sites in larger ion channel systems.

Interestingly, the larger chlorine quadrupolar coupling con-
stants observed for HCl salts tend to correspond to those amino
acids which are considered to be hydrophobic according to the
hydropathy index of Kyte and Doolittle,115 e.g., L-Phe HCl,
L-Val HCl, and L-Ile HCl. The smallerCQ values tend to be
associated with HCl salts of hydrophilic amino acids, e.g.,DL-
Arg HCl‚H2O, L-Lys HCl, L-Ser HCl, andL-Glu HCl. There is
no fundamental reason for there to be a correlation between
amino acid hydropathy and the chlorine EFG tensor; however,
hydrophilic amino acid side chains comprise additional NH or
OH groups which are available for hydrogen bonding to
chloride, whereas hydrophobic amino acids such asL-Phe HCl
must arrange themselves in the solid state to form hydrogen
bonds to Cl- using only the backbone H-bonding sites. We
suggest that the greater flexibility in hydrogen-bonding arrange-
ments available to the hydrophilic side chains may allow for
an increased number of H bonds to chlorine and perhaps a more
symmetrical arrangement of these bonds, resulting in reduced
chlorine quadrupolar coupling constants.

The relationships between the chlorine NMR interaction
tensors and the local molecular structure established in this work
represent a vital step toward the development of solid-state
chlorine NMR spectroscopy as a tool for studying larger ion
channel systems, for which alternative structural information
may be difficult or impossible to obtain.
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