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A series of organic hydrochloride salts has been investigated using solid-state35Cl and37Cl NMR spectroscopy
at applied magnetic field strengths of 9.4 and 18.8 T. Magic-angle spinning, static Hahn-echo, and quadrupolar
Carr-Purcell Meiboom-Gill (QCPMG) echo experiments have been applied to investigate the chlorine electric
field gradient (EFG) and chemical shift (CS) tensors forL-tyrosine hydrochloride,L-cysteine methyl ester
hydrochloride,L-cysteine ethyl ester hydrochloride, quinuclidine hydrochloride, and tris sarcosine calcium
chloride. Chlorine-35 nuclear quadrupolar coupling constants for these compounds range from 2.23 to 5.25
MHz, and isotropic chemical shifts range from approximately 9 to 53 ppm relative to the chloride ion in
aqueous solution. The results demonstrate the feasibility and benefits of high-field35/37Cl NMR studies of
organic chloride salts. A discussion of the data in the context of the known X-ray or neutron diffraction
structures for these compounds suggests that the chlorine EFG tensor is a valuable probe of hydrogen bonding
to the chloride ion. Because the anisotropies of the CS tensors are rather small, precise determination of the
chlorine CS tensors proved to be challenging and was only feasible forL-cysteine ethyl ester hydrochloride,
where the span,Ω, was found to be 47( 4 ppm. This represents the first determination ofΩ(Cl) from a
powder sample. Results of ab initio calculations of the chlorine EFG and CS tensors inL-tyrosine hydrochloride
are presented and compared with the experimental data.

Introduction

The increasing accessibility of high-field NMR spectrometers
(17.6 T, 18.8 T, and beyond) has opened up the possibility of
studying hitherto relatively inaccessible nuclei. For solid
samples, half-integer spin quadrupolar nuclei benefit greatly
from high applied magnetic field strengths due to the inverse
relationship between the second-order quadrupolar broadening
andB0.1-3 Indeed, high applied magnetic fields make possible
the study of nuclei with low magnetogyric ratios,γ, which
simply are not feasible at moderate field strengths. Chlorine
has two NMR-active isotopes,35Cl (I ) 3/2; N. A. ) 75.53%;
γ ) 2.6242× 107 rad T-1 s-1; Q ) -82 mb4) and37Cl (I )
3/2; N. A. ) 24.47%;γ ) 2.1844× 107 rad T-1 s-1; Q )
-64.6 mb4c,5). The relatively low values ofγ and moderately
large quadrupole moments for these nuclei make them excellent
candidates for high-field NMR studies. Smith has recently
reviewed the progress made in solid-state NMR of low-γ nuclei
and has summarized the available solid-state NMR parameters
for 35Cl.2 To date, single-crystal35Cl NMR studies have been
carried out on NaClO3,6 Mn(CO)5Cl,7 tris sarcosine calcium
chloride,8 NH4ClO4,9 and betaine calcium chloride dihydrate.10

Perchlorate anions have been a popular focus of chlorine solid-
state NMR studies due to the high local symmetry at chlorine.11-16

Studies of inorganic chlorides have been reported;17-23 in many
cases, such as the alkali metal chlorides, the chlorine nuclear
quadrupolar coupling constant is zero due to cubic symmetry.
A limited number of organic or ammonium hydrochloride salts

have been studied previously: NH4Cl,18 C4H9NH3Cl,24 and
cocaine hydrochloride.25

Due to large quadrupolar coupling constants, NMR studies
of compounds with covalently bound chlorine atoms are difficult
in solution due to extremely efficient nuclear spin relaxation,
and are untenable in the solid state using conventional pulsed
FT techniques owing to extremely broad line shapes. Con-
versely, nuclear quadrupole resonance (NQR) methods26 are
difficult to apply when chlorine nuclei are in high-symmetry
environments. Furthermore, they do not allow one to character-
ize the chlorine magnetic shielding tensors. Oxychloro and
chloride anions, therefore, represent an appealing situation for
35/37Cl solid-state NMR, where the high local symmetry
guarantees relatively small quadrupolar coupling constants. The
most insightful chlorine solid-state NMR study to date is that
of Skibsted and Jakobsen.16 This study focuses on the chlorine
NMR interaction tensors of the perchlorate anion in several
inorganic perchlorates and establishes chlorine solid-state NMR
as a viable and informative technique for the investigation of
these types of materials. Their experiments show that the
chlorine chemical shifts for a wide variety of perchlorate salts
fall in the narrow range of∼980 to 1005 ppm relative to
NaCl(aq) and that the35Cl nuclear quadrupolar coupling
constants range from 0.3 to 3.0 MHz.

In the present work, we demonstrate the feasibility and utility
of high-field chlorine NMR studies of solid organic hydro-
chloride salts. Chlorine NMR spectroscopy of such compounds
represents an excellent probe of the local chlorine environment
since any deviations from perfect cubic symmetry at chlorine
will result in an observable quadrupolar coupling constant. In
particular, Yesinowski et al. have remarked upon the potential
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application of high-field NMR techniques to investigate the
relationship between the chlorine nuclear quadrupolar coupling
tensor and the hydrogen bonding environment about chlorine
in organic hydrochlorides.25 We explore this relationship by
comparing the35Cl NMR parameters to known crystal structures
for the following set of compounds in which chloride anions
exist in a variety of hydrogen-bonding environments (Figure
1): L-tyrosine hydrochloride,27 L-cysteine methyl ester hydro-
chloride,28 L-cysteine ethyl ester hydrochloride,28 quinuclidine
hydrochloride,29 and tris sarcosine calcium chloride.30 The35Cl
and37Cl electric field gradient (EFG) and chemical shift (CS)
tensors are examined using a variety of experimental techniques
at 9.4 and 18.8 T, including magic-angle spinning (MAS) NMR,
Hahn-echo spectroscopy31,32 on stationary samples, and, for
some compounds, quadrupolar Carr-Purcell Meiboom-Gill
(QCPMG) or “spikelet echo” spectroscopy33-38 on stationary
samples. The principal benefit of the latter experiment is that it
provides an order of magnitude enhancement in the signal-to-
noise relative to standard static echo methods. Ab initio methods
for the calculation of chlorine NMR interaction tensors for the
chloride anion in a hydrogen-bonded environment are employed
to provide additional insight into the experimental results.

Theory and Background

The pertinent interactions for an isolated half-integer spin
quadrupolar nucleus such as35Cl have been presented.1 To avoid
undue repetition, we refer the interested reader to our recent
solid-state11B and9Be NMR studies, which provide a summary
of the relevant equations and definitions.39,40 Briefly, the
Zeeman, quadrupolar, and nuclear magnetic shielding interac-
tions will influence the spectrum of an isolated spin-3/2 nucleus
in a stationary powdered sample. Here, we focus our discussion
on the central 1/2T -1/2 transition since it is not perturbed
by the first-order quadrupolar interaction. Under conditions of
MAS, the nuclear magnetic shielding tensor (σ) is averaged to
its isotropic value,σiso. The second-order quadrupolar interaction
will dominate the observed line shape and modify the apparent
isotropic chemical shift such that the observed “center-of-
gravity” shift is a sum of the true isotropic chemical shift and
a second-order quadrupolar shift.41 Since different conventions
exist for reporting NMR parameters, some of the definitions

for the parameters discussed in the present work are provided
below to avoid confusion.

According to the conventions established in reference 42, the
principal components of the symmetric part of the CS tensor
are designated and ordered asδ11 g δ22 g δ33 and the span of
the nuclear magnetic shielding or CS tensor is defined as

The skew of the tensors is defined as42

The components of the EFG tensor in its principal axis system
are defined and ordered as

and the quadrupolar coupling constant,CQ, is given by

where e is the charge of an electron andQ is the nuclear
quadrupole moment. The asymmetry parameter,η, is defined
as

The theory relating to solid-state QCPMG experiments has been
described in reference 35.

Experimental Section

(i) Sample Preparation. Crystals of tris sarcosine calcium
chloride were obtained from an aqueous solution of sarcosine
and CaCl2 by slow evaporation as described by Ashida et al.30

The identity and purity of the product were confirmed by13C
CP/MAS NMR. L-Cysteine methyl ester hydrochloride,L-
cysteine ethyl ester hydrochloride, and quinuclidine hydro-
chloride were purchased from Sigma-Aldrich and used without
further purification. For all of the compounds studied, X-ray or
neutron diffraction studies27-30 indicate that there is only one
chlorine site and all spectra were analyzed as such. Compounds
were powdered and packed into rotors for solid-state NMR
spectroscopy.

(ii) Solid-State NMR Spectroscopy.Chlorine-35 solid-state
NMR spectra were obtained on Varian Inova (B0 ) 18.8 T,
νL(35Cl) ) 78.36 MHz) and Bruker AMX (B0 ) 9.4 T,νL(35Cl)
) 39.18 MHz) spectrometers. A mid-bore (63 mm) Doty CP/
MAS triple resonance probe, with 5 mm (o.d.) rotors, was used
on the Varian system; MAS rates of up to 15 kHz were used.
A wide-bore (72 mm) Bruker low-band probe was used on the
AMX spectrometer with 7 mm (o.d.) rotors; MAS rates greater
than 4 kHz were not practical on this system. High-power proton
decoupling was used on the 18.8 T system only. Experiments
were set up using solid sodium chloride. The “solid”π/2 pulse
was 5.75µs on the 18.8 T system and 4.5µs on the 9.4 T
system. In practice, shorter pulse widths were sometimes used
to provide more uniform excitation of the spectra. The magic
angle was calibrated on the satellite transitions of the35Cl
resonance of solid NaCl. Due to broad signals and to avoid
interference from probe ringing, echoes (π/2-τ1-π-τ2) were
used for both stationary and MAS samples. QCPMG or spikelet

Figure 1. Simple structural representations of the hydrochloride salts
investigated in the present work: (a)L-cysteine methyl ester hydro-
chloride (R) Me); (b) L-cysteine ethyl ester hydrochloride (R) Et);
(c) tris sarcosine calcium chloride; (d)L-tyrosine hydrochloride; (e)
quinuclidine hydrochloride.
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echo experiments were carried out using the pulse se-
quence given in refs 35 and 38. Briefly, we may summarize
this sequence as: (π/2)x-τ1-(π)y-τ2-ACQ-[τ3-(π)y-τ4-
echo-]M-τd, where the echoes are sampled in the period
marked “echo”. Phase cycling requirements are given in ref 35.
Typically, M ) 32 repeating units were used and the number
of points acquired was adjusted so that the sideband separation
was 1-10 kHz. Left shifting of the FID prior to FT was typically
used for all spectra except the QCPMG spectra, where acquisi-
tion exactly at the top of the echo is critical for obtaining reliable
spectra. Recycle delays were 0.4-0.5 s for all compounds.
Chlorine-37 NMR spectra were obtained on the Bruker instru-
ment (B0 ) 9.4 T,νL(37Cl) ) 32.63 MHz) with pulse widths of
2.75µs. The37Cl NMR spectra were used in combination with
the 35Cl NMR spectra to refine the quadrupolar tensor param-
eters reported herein. All spectra were processed using VNMR,43

NUTS,44 and WINNMR.45 Gaussian line broadening functions
of 200-1000 Hz were applied to spectra of stationary samples,
50-150 Hz to spectra of MAS samples, and 20-70 Hz to
QCPMG spectra.

Experimentally, spectra were referenced to the chlorine
resonance of NaCl(s) at 0.00 ppm. The following relationships
were employed to convert the chemical shifts so that they are
with respect to the primary reference, an infinitely dilute solution
of NaCl in H2O. The chemical shift of NaCl(s) with respect to
KCl(s) is -49.73 ppm.46 The chemical shift of KCl(s) with
respect to 1 M NaCl in H2O is 3.90 ppm.46 Finally, the chemical
shift of 1 M NaCl(aq) with respect to an infinitely dilute NaCl
solution in H2O is about-0.51 ppm.47 Thus the conversion
factor is (see Note Added in Proof):

The chemical shift values reported in this paper are with respect
to infinitely dilute NaCl in H2O at 0.00 ppm. It should be noted
that the 35Cl chemical shifts for the chloride ion in H2O
compared with D2O are significantly different.48 The spectra
shown in Figures 2-5 (scale in kHz) are with respect to solid
NaCl at 0.0 kHz.

Most spectra were simulated using the WSOLIDS software
package,49 which incorporates the space-tiling algorithm of
Alderman et al.50 QCPMG spectra were simulated using the
SIMPSON program.51 The QCPMG simulations take into
account the possibility of incomplete or nonuniform spectral
excitation by considering experimental parameters such as the
finite pulse widths and rf field strength used.

(iii) Ab Initio Calculations. Calculations of chlorine electric
field gradient and nuclear magnetic shielding tensors were done
using Gaussian 98 and Gaussian 98W52 running on an IBM RS/
6000 workstation with dual 200 MHz processors and a Dell
Dimension PC (Pentium III, 550 MHz, 128 Mb RAM). The
geometry of ammonium chloride was taken from the solid-state
neutron diffraction structure,53 with r(N-H) equal to 1.03 Å
and an equilibrium nitrogen-chlorine distance of 1.933 Å. The
geometry of sodium perchlorate used in the calculations
employed a tetrahedral ClO4- moiety with Cl-O bond lengths
of 1.42 Å and a chlorine-sodium equilibrium internuclear
distance of 3.54 Å,54,55 where the sodium atom lies in one of
the O-Cl-O planes and bisects the O-Cl-O angle (model A
from ref 54). The gas-phase equilibrium sodium-chlorine
distance in NaCl is 2.3608 Å.56 The geometry ofL-tyrosine
hydrochloride was constructed from the neutron diffraction
atomic coordinates,27 vide infra. Calculations of nuclear mag-
netic shielding tensors were done using the GIAO (gauge-

independent atomic orbitals) method.57 Locally dense basis sets58

were used in some cases. All basis sets (3-21G, 6-311G,
6-311+G*, 6-311++G**) were available within the Gaussian
package. The nuclear quadrupolar coupling constants,CQ, were
determined from the calculated largest EFG component,VZZ,
by means of eq 4. Conversion ofVZZ from atomic units to Vm-2

was carried out by using the factor 9.7177× 1021 Vm-2 per
atomic unit.59 It should be noted that Gaussian 98 reportsVZZ

with sign opposite to the convention used in eq 4; Gaussian
output was corrected for this. The accepted value of the nuclear
quadrupole moment,Q, for 35Cl is -82 mb.4 The ratioQ(37Cl)/
Q(35Cl) is known to be 0.7880983,4c,5 and soQ(37Cl) is -64.6
mb.

Calculated nuclear magnetic shielding tensors were converted
to chemical shift tensors using the absolute shielding scale for
chlorine.47 The absolute shielding constant for the primary
reference, an infinitely dilute aqueous solution of NaCl, is 974
( 4 ppm. Therefore, calculated shielding constants were
converted to chemical shifts via the following equation:

where all quantities are in ppm.

Results and Discussion

(i) 35Cl NMR Spectra with MAS. Acquisition of35Cl MAS
spectra of the 1/2T -1/2 transition of compounds containing
chloride ions with quadrupolar coupling constants of less than
4 MHz was straightforward on the 18.8 T magnet at MAS rates
of 10-15 kHz. Signals were easily observed after a single scan.
Spectra with well-defined second-order quadrupolar line shapes
and good signal-to-noise ratios were generally obtained in
approximately 30 min. Shown in Figure 2 are central transition
spectra of MAS samples of (a)L-cysteine ethyl ester hydro-
chloride, (b) L-cysteine methyl ester hydrochloride, and (c)
L-tyrosine hydrochloride. The best-fit parameters for the simu-
lated spectra are given in Table 1. The35Cl quadrupolar coupling
constant for this series of compounds ranges from approximately
2 to 4 MHz, and the quadrupolar asymmetry parameter ranges
from nearly zero to greater than 0.8. Conversely, the isotropic
chemical shifts are fairly constant, all falling between 45 and
55 ppm. This small variation in the chemical shift is also found
for perchlorate salts,16 although the chemical shift ranges for
the two classes of compounds are on the order of 1000 ppm
apart. The variation in chemical shifts within either class of
compounds, on the order of tens of ppm, represents less than
5% of the total known chemical shift range for chlorine, 1500
ppm.60,61 The variation inCQ, which has been measured for
both the hydrochloride salts and the perchlorates, is also
relatively small,< 5%, since values of up to-150 MHz are
known.47,62A more complete discussion of the dependence and
sensitivity of the chlorine NMR interaction tensors on the local
environment, in particular the hydrogen bonding about chlorine,
is presented below. To our knowledge, the spectra presented in
Figure 2 are the first that explicitly demonstrate via sharp
second-order line shapes the potential of35Cl MAS solid-state
NMR for the study of organic hydrochloride salts. It is important
to recognize that local sample heating induced by MAS is likely
to slightly alter the chlorine nuclear quadrupolar coupling
constant from that determined from a stationary sample.

Given the range of chlorine quadrupolar coupling constants
determined using MAS NMR for chloride anions, 2 to 4 MHz,
multiple-quantum MAS (MQMAS) experiments63 on 35/37Cl
nuclei should be practical at high field strengths for identifying
and characterizing nonequivalent chlorine sites in these types

δ (rel. to NaCl in H2O, inf. dilute))
δ (rel. to NaCl(s))- 46.34 ppm (6)

δ ) 974- σ (7)
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of compounds. Standard MAS and SATRAS64,65 experiments
have already proven to be effective in the identification and
characterization of multiple perchlorate sites exhibiting very
small quadrupolar coupling constants, e.g., the two unique sites
in Mg(ClO4)2‚6H2O haveCQ(35Cl) values of 0.309 and 0.475
MHz.16

(ii) 35/37Cl NMR Spectra of Stationary Samples.While
MAS spectra allow for the characterization of the chlorine EFG
tensor, analysis of the chlorine NMR spectra of stationary
samples has the potential to provide information concerning the
chemical shift tensor, i.e., its principal components and its
orientation with respect to the EFG tensor. For the majority of
the compounds studied herein, quantitative characterization of
the chlorine chemical shift tensor proved to be difficult even at
18.8 T. This is simply due to the fact that the span of the
chemical shift tensor typically amounts only to a few kHz (e.g.,
50 ppm × 78.3 Hz ppm-1 ) 3.9 kHz), while the central
transition spectra predicted based solely upon the quadrupolar
interaction may be as wide as 100 kHz. However, forL-cysteine
ethyl ester hydrochloride, a quantitative determination of the
chlorine chemical shift tensor was possible. Shown in Figure 3
are experimental and simulated Hahn-echo and QCPMG35Cl

spectra ofL-cysteine ethyl ester hydrochloride, for which the
chlorine CS tensor was determined to have a span of 47( 4
ppm and a skew of-0.8 ( 0.2 (Table 1). This corresponds to
principal components ofδ11 ) 83,δ22 ) 41, andδ33 ) 36 ppm.
Additionally, the simulations indicate that the largest compo-
nents of the EFG and nuclear magnetic shielding tensors (VZZ

andσ33) are at 90° with respect to one another. The simulation
of the QCPMG spectrum is comparable to those where aniso-
tropic chemical shift information has been extracted previously,
e.g.,87Rb spectra of RbClO4 and RbVO3 and 59Co spectra of
(Co(NH3)5Cl)Cl2.35 Although they are acquired at the same
magnetic field strength, simulations of the QCPMG spectrum
and the Hahn-echo spectrum in combination were useful to
refine and establish accurately the EFG and CS parameters.
Simulations of Hahn-echo and QCPMG spectra ofL-tyrosine
hydrochloride andL-cysteine methyl ester hydrochloride (not
shown) did not allow for a precise determination of the chlorine
chemical shift tensor in these compounds. Estimated limits on
the span of the chlorine CS tensors are given in Table 1.

While reports on the chlorine EFG tensor in organic
hydrochlorides are scarce,2,24,25 information concerning the
chlorine chemical shift tensor in such compounds is virtually
nonexistent. Even isotropic chemical shifts are rare for solid
hydrochloride salts. We may, however, compare the span of
47 ppm inL-cysteine ethyl ester hydrochloride to two known
chlorine chemical shift tensor spans of oxychloro anions, both
determined from single-crystal35Cl studies: Ω ) 32.0 ( 1.2
ppm for NH4ClO4,9 and Ω ) 40 ( 7 ppm for NaClO3.6 The

TABLE 1: Summary of 35Cl NMR Parameters for the Organic Hydrochloride Salts Investigated

molecule CQ/MHz η δiso/ppm Ω/ppm κ

L-tyrosine HCla 2.23( 0.02 0.72( 0.03 49.3( 0.5 < 150
L-cysteine methyl ester HCla 2.37( 0.01 0.81( 0.03 48.2( 0.7 45( 15
L-cysteine ethyl ester HClb 3.78( 0.02 0.03( 0.03 53.2( 0.5 47( 4 -0.8( 0.2
tris sarcosine CaCl2

c 4.04( 0.03 0.62( 0.02 14.7( 10.0 < 150
quinuclidine HClc 5.25( 0.02 0.05( 0.01 9.7( 10.0 50( 20

a Parameters determined from MAS and static Hahn-echo35Cl spectra acquired at 18.8 T.b Parameters determined from MAS, Hahn-echo, and
QCPMG 35Cl spectra acquired at 18.8 T.c Parameters determined from Hahn-echo35Cl spectra acquired at 18.8 and 9.4 T, and Hahn-echo37Cl
spectra acquired at 9.4 T.

Figure 2. Experimental and calculated central transition region of the
high-field (B0 ) 18.8 T) 35Cl NMR spectra of magic-angle spinning
powder samples of (a)L-cysteine ethyl ester hydrochloride (νrot ) 13.6
kHz); (b) L-cysteine methyl ester hydrochloride (νrot ) 14.2 kHz); (c)
L-tyrosine hydrochloride (νrot ) 14.8 kHz). Best-fit parameters are given
in Table 1.

Figure 3. Experimental35Cl NMR static echo (top) and QCPMG
(bottom) spectra ofL-cysteine ethyl ester hydrochloride,B0 ) 18.8 T,
along with the best-fit simulated spectra. Also shown are simulated
spectra for which a span of zero was used. Spikelets in the QCPMG
spectra are spaced at 1 kHz intervals.

10416 J. Phys. Chem. A, Vol. 105, No. 45, 2001 Bryce et al.



total range of chloride ion chemical shifts for the compounds
studied in the present work is less than 50 ppm. It is known
from solution NMR studies that chlorine chemical shifts of
chloride ions cover a fairly narrow range (∼30 ppm) near zero
ppm.60 Given that shielding constants for the chloride ion cover
a fairly small range and lie within∼200 ppm of the diamagnetic
free atom shielding for chlorine (1149 ppm66), it is likely that
the chloride magnetic shielding tensor is dominated by the
diamagnetic contribution; it is therefore reasonable to expect
small shielding tensor spans.

Experimental and simulated chlorine Hahn-echo spectra of
stationary samples of quinuclidine hydrochloride and tris
sarcosine calcium chloride are shown in Figures 4 and 5,
respectively. In part (a) of each figure, the37Cl spectrum
acquired at 9.4 T is shown; parts (b) and (c) show the35Cl
spectra acquired at 9.4 and 18.8 T. Also shown is the
experimental QCPMG spectrum for quinuclidine hydrochloride.
All of the spectra acquired at 9.4 T suffer to a certain extent
from nonuniform rf excitation; nevertheless, fitting of the
discontinuities in the spectra allows for the determination of
CQ andη. NMR of the37Cl nucleus affords narrower line shapes
due to its smaller quadrupole moment relative to35Cl; however,
the lower natural abundance of37Cl results in spectra with lower
signal-to-noise ratios relative to35Cl. Analyses of both37Cl and
35Cl NMR spectra allow for more accurate and precise deter-
minations of the EFG tensor parameters (Table 1). In Figure
4c, the QCPMG sidebands were deliberately spaced at relatively
small (1 kHz) intervals about the transmitter frequency to
faithfully mimic the envelope of the powder pattern obtained
using a simple Hahn echo pulse sequence.

To our knowledge, the35Cl quadrupolar coupling constant
in quinuclidine hydrochloride, 5.25 MHz, is the largest deter-
mined directly by chlorine nuclear magnetic resonance spec-
troscopy to date. A comparable value, 5.027 MHz, has been
determined for cocaine hydrochloride.25 Certainly NQR spec-
troscopy has been used to determine much larger quadrupolar
coupling constants,26 e.g.,CQ(35Cl) in 1,2,4,5-tetrachloro-3,6-
dinitrobenzene is 76.937 MHz67 andCQ(35Cl) in solid Cl2 at 0
K is 108.975 MHz.68 A value of -145.87 MHz has been
determined by molecular beam electric resonance spectroscopy
for the ground vibrational state of gaseous ClF.62 Large CQ

values may also be determined indirectly by solid-state NMR
methods. For example, residual spin-spin interactions between
35Cl and 13C in chloroketosulfones have been exploited to
determine aCQ(35Cl) of -73 MHz.69

The chlorine isotropic chemical shifts for tris sarcosine
calcium chloride and quinuclidine hydrochloride are identical
within error, 9-15 ppm, but significantly different from those
determined forL-tyrosine hydrochloride and theL-cysteine alkyl
ester hydrochlorides. The neglect of anisotropy in the chlorine
chemical shift tensor only becomes apparent in the spectra
acquired at 18.8 T. For example, a span of 50 ppm was
incorporated into the simulated spectrum of quinuclidine
hydrochloride in order to achieve the best fit (Figure 4c),
although attempts at fitting this spectrum indicate that there is
more than one solution. An isotropic chemical shift tensor was
used in the simulated spectrum of tris sarcosine hydrochloride
at 18.8 T (Figure 5c); deviations from the experimental spectrum
that are clearly different and distinct from those arising due to
nonuniform excitation of the powder pattern (i.e., differences
in the positions of the discontinuities rather than intensity
differences) are apparent.

A single-crystal35Cl NMR study of tris sarcosine calcium
chloride at 280 K8 as well as an NQR study of a powder sample
at 292 K70 are available for comparison with our high-field NMR
results determined from a powder sample at ambient temperature

Figure 4. Experimental chlorine NMR static echo spectra of quinucli-
dine hydrochloride acquired for (a)37Cl at 9.4 T, (b)35Cl at 9.4 T, and
(c) 35Cl at 18.8 T, along with the best-fit simulations. Also shown in
part (c) is the experimental35Cl QCPMG spectrum acquired at 18.8 T.
The experimental spectra shown in parts (a) and (b) suffer from
nonuniform excitation across the∼100 kHz breadth. The sharp feature
at 4.1 kHz in part (c) is the isotropic resonance due to a small amount
of solvated quinuclidine hydrochloride in the sample.

Figure 5. Experimental chlorine NMR static echo spectra of tris
sarcosine calcium chloride acquired for (a)37Cl at 9.4 T, (b)35Cl at
9.4 T, and (c)35Cl at 18.8 T, along with the best-fit simulations. The
experimental spectra shown in parts (a) and (b) suffer from nonuniform
excitation across the∼80 kHz breadth. An isotropic chemical shift
tensor is assumed in the simulations shown. The effects of neglecting
anisotropic magnetic shielding are more evident at 18.8 T (part (c)).

High-Field 35/37Cl NMR Techniques J. Phys. Chem. A, Vol. 105, No. 45, 200110417



(∼276 K). No information concerning the chlorine CS tensor
is reported in the two previous studies; the neglect of the CS
interaction will introduce errors into the determination ofCQ.
The single-crystal study reportsCQ(35Cl) as 4.10 MHz andη
as 0.67, with errors in the tensor elements of less than 5%.8

These values lie slightly outside the error limits on our values
of 4.04( 0.03 and 0.62( 0.02, but nevertheless the agreement
is quite good. The powder NQR study reports a quadrupolar
frequency, (e2qQ/2h)(1 + η2/3)1/2, of 2.160 MHz for35Cl.70 To
extractCQ (equivalent toe2qQ/h), we must make an assumption
regarding the asymmetry parameter. Employing values ranging
from 0.62 to 0.67 results inCQ(35Cl) values of 4.067 to 4.029
MHz, in excellent agreement with the value obtained in the
present work. It is important to note that temperature effects
are likely to contribute to the slight discrepancies between the
three studies. In fact, Erge et al. determined a temperature
dependence of-0.75 kHz K-1 in the range 120-260 K for the
chlorine nuclear quadrupolar coupling constant in tris sarcosine
calcium chloride.8

(iii) Chlorine NMR as a Probe of Hydrogen Bonding
Environment. Based on the data reported herein, it is apparent
that variations in the chlorine nuclear quadrupolar coupling
constant are more easily measured than are variations in the
chemical shift tensor. Nevertheless, it is certainly possible that
the CS tensor is in fact an equally sensitive probe of the chlorine
environment. For example, McDermott and co-workers have
illustrated the dependence of the carbon CS tensors in amino
acids upon their protonation state,71 as well as the relationship
between nitrogen CS tensors and hydrogen bonding in histidine
and histidine-containing peptides.72 Useful insights into the
relative sensitivity of the chlorine chemical shift and EFG
tensors to the local hydrogen bonding environment are afforded
by ab initio calculations on a simple model system, NH4

+‚‚‚Cl-

(Figure 6). A series of calculations at the RHF/6-311++G**
level has been carried out as a function of the nitrogen-chlorine
separation. In particular, we focus on the span of the chlorine
shift tensor and the nuclear quadrupolar coupling constant.
Although the absolute values of these parameters are not
significant due to the simplicity of the model system, instructive
information may be obtained through the derivatives∂σiso(Cl)/
∂r, ∂Ω(Cl)/∂r and ∂CQ(35/37Cl)/∂r, where r is the nitrogen-
chlorine separation. The slopes of the graphs shown in Figure
6 provide estimates of these derivatives near the equilibrium
separation,∂Ω(Cl)/∂r ) -111 ppm Å-1 and ∂CQ(35Cl)/∂r )
-73 MHz Å-1. The calculations also indicate that∂σiso(Cl)/∂r
is 99 ppm Å-1. A more in-depth computational study of the
nuclear quadrupolar coupling constants in NH4Cl has been

provided by Halkier et al.73 Further information is gained by
examining other simple model systems in the absence of
hydrogen bonding. For example, calculations on Na+‚‚‚Cl-

(RHF/6-311+G*) as a function of the sodium-chlorine distance
indicate that for chlorine,∂σiso(Cl)/∂r ) 27 ppm Å-1, ∂Ω(Cl)/
∂r ) -43 ppm Å-1, and∂CQ(35Cl)/∂r ) -23 MHz Å-1. The
negative sign of∂CQ(35Cl)/∂r for NaCl and the corresponding
positive sign for∂VZZ(Cl)/∂r (due to the negativeQ for 35Cl)
are in agreement with higher-level calculations reported by Seth
et al.74 Finally, analogous calculations on a model perchlorate
salt, Na+‚‚‚ClO4

-, as a function of the sodium-chlorine
separation, yield values of∂σiso(Cl)/∂r ) 0.07 ppm Å-1, ∂Ω(Cl)/
∂r ) -28 ppm Å-1, and∂CQ(35Cl)/∂r ) 1.9 MHz Å-1. Based
on these calculations, it appears that in the presence of a
hydrogen bond, the EFG tensor is in fact more sensitive thanσ
to changes in molecular and electronic structure around chlorine,
e.g., for a change inr of 1 Å in NH4

+‚‚‚Cl-, the change in
span represents just 7% of the total chemical shift range while
the change inCQ(35Cl) represents nearly 50% of the total range
of known 35Cl quadrupolar coupling constants! Notably, both
derivatives for NaClO4 are much smaller than for NH4Cl.
Recently, Chapman et al. have investigated some other NMR
properties of N-H‚‚‚Cl hydrogen bonds, e.g., the across
hydrogen bond indirect nuclear spin-spin coupling constant,
2hJiso(35Cl,15N), in NH4Cl and pyridine hydrochloride using
equation-of-motion coupled cluster singles and doubles (EOM-
CCSD) calculations.75

Halide ions represent some of the strongest hydrogen bond
acceptors.76 It is generally thought that a chloride ion has the
ability to bind to a maximum of four strong donors, e.g., O-H
and N-H donors.76,77Beyond this, weaker donors such as C-H
may play a role. Weak C-H‚‚‚Cl interactions are found, for
example, in quinuclidine hydrochloride.29 Presented in Figure
7 is a summary of chlorine quadrupolar coupling constants as
a function of the total number of N-H‚‚‚Cl, O-H‚‚‚Cl, and
S-H‚‚‚Cl hydrogen bonds around the chloride ion in each of
the compounds, as determined from the crystal structures.27-30

The data shown indicate a possible trend:as the number of
hydrogen bonds to chlorine increases from one through four,
the Value of CQ decreases.An isolated chloride anion should
exhibit no EFG due to its spherical symmetry; similarly a
chloride ion with no opportunities for hydrogen bonding may
exhibit a very small quadrupolar coupling constant, e.g.,

Figure 6. Ab initio chlorine chemical shift tensor spans (b) and35Cl
quadrupolar coupling constants (9) for ammonium chloride as a
function of the nitrogen-chlorine separation,r(N,Cl). Trendlines were
determined by linear regression to have slopes of-111 ppm Å-1 (span,
b) and-73 MHz Å-1 (CQ(35Cl), 9). The equilibrium value ofr(N,Cl)
is 1.933 Å.

Figure 7. Variability in 35Cl nuclear quadrupolar coupling constants
as a function of the total number of N-H‚‚‚Cl, O-H‚‚‚Cl, and
S-H‚‚‚Cl hydrogen bonds to chlorine in a series of compounds
containing chloride anions.
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CQ(35Cl) ) 0.8 MHz for calcium chloroapatite.25,78As a single
hydrogen bond is added, e.g., the case of quinuclidine hydro-
chloride, the symmetry is distorted and a large quadrupolar
coupling constant results, 5.25 MHz. This is also the case for
cocaine hydrochloride, where a single N-H‚‚‚Cl hydrogen bond
results in aCQ of 5.027 MHz.25,79 The chloride anion in tris
sarcosine hydrochloride possesses three hydrogen bonds to
nitrogen atoms; this results in a reduced value ofCQ, 4.04 MHz.
The availability of X-ray crystal structures for the analogous
compoundsL-cysteine methyl ester hydrochloride andL-cysteine
ethyl ester hydrochloride,28 in combination with the NMR data
presented in Table 1, allows for a particularly insightful analysis
of the effects of the local chlorine environment on the35Cl NMR
parameters. The crystal structures of these two compounds are
very similar, both crystallizing in theP212121 space group, and
both possessing three N-H‚‚‚Cl bonds of comparable geometry.
The only major difference reported in the structures of these
compounds is the length of the S-H‚‚‚Cl hydrogen bond. In
the methyl ester, the authors conclude that there is no significant
thiol-chloride hydrogen bond, whereas in the ethyl ester, a fairly
strong interaction is deduced, based on the S-Cl internuclear
distances. Interpretation of the observed chlorine quadrupolar
coupling parameters for these compounds in the context of the
X-ray data suggests that the increased proximity of the thiol
group is directly responsible for the increase inCQ from 2.36
to 3.79 MHz; this is in agreement with the negative values of
∂CQ(35Cl)/∂r reported above for NH4Cl. Thus, the general trend
shown in Figure 7 is not strictly obeyed for these two similar
compounds. However, the asymmetry parameter changes quite
drastically, from 0.03 in the ethyl ester to 0.82 in the methyl
ester, and may be a particularly useful parameter for comparison
of the chloride sites in closely related compounds. It is also
worth pointing out that point charge models indicate that the
EFG at a central nucleus in coordination complexes depends
on the arrangement and number of the ligands; a similar
dependence likely plays an important role in determining the
chlorine EFG tensor for chloride ions involved in hydrogen
bonding.80,81

Neutron diffraction data are available forL-tyrosine hydro-
chloride.27 The availability of this type of data is extremely
beneficial to NMR spectroscopists owing to the high precision
to which proton positions are reported. For example, the
accurately known structure ofL-tyrosine hydrochloride has been
used recently to establish a reliable method for measuring
proton-carbon distances in high-speed MAS experiments.82,83

The availability of these data, including precisely known proton
coordinates, has allowed us to carry out a restricted-Hartree-
Fock calculation of the chlorine CS and EFG tensors. Fedotov
et al. have performed density functional theory calculations of
35/37Cl NMR properties for some small chlorine-containing
molecules.84 The system for which we have carried out the
calculations is shown in Figure 8a. This simplest unit incorpo-
rates the chloride anion and its four hydrogen bonding partners,
i.e., four distinct tyrosine units. Incorporation of all four of these
units is essential to model the hydrogen bonding environment
at chlorine. The results of the calculations, summarized in Table
2, are in good agreement with the experimental data for
L-tyrosine hydrochloride. The results of the second calculation,

where the 6-311G basis set has been used on the OH and NH3

groups in addition to the chloride anion, should be more reliable.
The calculated quadrupolar coupling constant of 2.68 MHz is
in reasonably good agreement with the experimental value of
2.23( 0.02 MHz. Perhaps more important is the fact that the
calculated value falls well within the experimental range for
chloride anions that have four hydrogen bonds (i.e.,∼2.2-3.8
MHz). The calculations also establish thatCQ is positive; it is
likely that this is true for all of experimentally determined
quadrupolar coupling constants for chloride ions (Table 1 and
Figure 7). Shown in Figure 8b are the calculated orientations
of the nuclear magnetic shielding and EFG tensors for chlorine,
with the indicated components lying approximately in the plane
of the page. There is no obvious rationalization for the calculated
orientation; for example, no component lies directly along one
of the hydrogen bonds. Clearly, further experimental and
theoretical work will be required to determine the relationship
between the tensor orientations and variations in hydrogen
bonding environment. To obtain credible results it is imperative
that the hydrogen atom positions are known accurately.

Based on the data presented in Table 2, the span of the CS
tensor is calculated to a reasonable accuracy, and the isotropic
chemical shift falls in the approximate range known for chloride
ions. The calculated isotropic chemical shifts are approximately
60-65 ppm less than the experimental value of 48.3 ppm. While
such a discrepancy may seem large, especially given the small
range of chemical shifts observed for the various compounds
studied herein (∼45 ppm), it is important to recognize that the

TABLE 2: Comparison of Experimental and Restricted Hartree-Fock 35Cl NMR Parameters for L-Tyrosine Hydrochloride

basis set on Cl
basis set on

OH, 3× NH3

basis set on
remaining atoms CQ/MHz η σiso/ppm δiso/ppm Ω/ppm κ

6-311G 3-21G 3-21G 2.95 0.77 990.3 -16.3 84 -0.27
6-311G 6-311G 3-21G 2.68 0.59 985.4 -11.4 69 -0.10

expt. (this work) 2.23( 0.02 0.72( 0.03 925.7 49.3( 0.5 < 150

Figure 8. (a) Structure ofL-tyrosine hydrochloride generated from
the neutron diffraction atomic coordinates given in reference 27. Each
chloride anion is hydrogen bonded to four protons: one from an OH
group and three from different NH3 groups. (b) Detail of the structure
shown in part (a), with only the atoms surrounding chlorine shown,
for clarity. The calculated orientations of the chlorine nuclear magnetic
shielding and electric field gradient tensors are indicated. The com-
ponents shown all lieapproximatelyin the plane of the page.VYY and
σ11 lie approximately perpendicular to the plane of the page.

High-Field 35/37Cl NMR Techniques J. Phys. Chem. A, Vol. 105, No. 45, 200110419



total chlorine chemical shift range for diamagnetic compounds
is nearly 1500 ppm. Thus, the 60 ppm difference between the
calculated and experimental chemical shifts represents only 4%
of the possible shift range. Furthermore, gas-to-solid shifts are
expected to be on this order of magnitude, e.g., the shift induced
on going from HCl(g) to HCl dissolved in chloropentanes is
45 ppm.47

Conclusions

The present work has established the viability of studying
solid organic hydrochloride salts using high-field35/37Cl NMR
techniques. For compounds with quadrupolar coupling constants
of less than∼4 MHz, magic-angle spinning at 10-15 kHz on
an 18.8 T magnet allows for the acquisition of high-quality
central-transition spectra with well-defined line shapes. Higher
MAS rates and field strengths will facilitate35/37Cl MAS NMR
studies for a wider range of compounds; analyses of both35Cl
and37Cl spectra are beneficial for increasing the precision and
accuracy of the chlorine NMR parameters. Acquisition of
chlorine static echo and QCPMG spectra for hydrochloride salts
at 18.8 T is practical. Although ab initio calculations indicate
that both the CS and EFG tensors are indicative of the chlorine
environment, the nuclear quadrupolar coupling constant repre-
sents the more sensitive and extractable probe. In particular,
the chlorine nuclear quadrupolar coupling constant has been
found to be very characteristic of the hydrogen bonding
environment of the chloride ion. Further work on how the
magnitude and orientation of the EFG tensor depends on the
nature of the hydrogen bond donors would be beneficial. Given
the range of chlorine quadrupolar coupling constants determined
for the hydrochloride salts studied herein, 2.23-5.25 MHz, high-
field 35/37Cl MQMAS studies may be feasible for examining
materials with nonequivalent chloride ion sites. Precise deter-
minations of the chlorine chemical shift tensor and its orientation
with respect to the EFG tensor are difficult for the compounds
discussed in this work due to the small spans which seem to be
characteristic of hydrochloride salts. Anisotropic chlorine nuclear
magnetic shielding has been observed from a powder sample
for the first time, inL-cysteine ethyl ester hydrochloride.

Note Added in Proof: Direct measurement of the35Cl
chemical shift of solid NaCl with respect to a very dilute solution
of NaCl in H2O has provided an improved conversion factor
(cf. eq 6) of-45.37 ppm rather than-46.34 ppm. We thank
Dr. Tom Nakashima for this measurement. The chemical shifts
in Table 1 have been adjusted to reflect this difference.
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