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Deuterium MAS NMR Studies of Dynamics on Multiple
Timescales: Histidine and Oxalic Acid**
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Deuterium (*H) magic-angle spinning (MAS) nuclear magnetic
resonance is applied to monitor the dynamics of the exchang-
ing labile deuterons of polycrystalline L-histidine hydrochloride
monohydrate-d, and a-oxalic acid dihydrate-d,. Direct experi-
mental evidence of fast dynamics is obtained from T,; and T4
measurements. Further motional information is extracted from
two-dimensional single-quantum (SQ) and double-quantum
(DQ) MAS spectra. Differences between the SQ and DQ line-

1. Introduction

The spin /=1 deuterium (*H) nucleus has been one of the
most widely exploited quadrupolar nuclei in solid-state nuclear
magnetic resonance (NMR) studies of molecular order and dy-
namics. The ?H quadrupole interaction dominates the line-
shape and is very sensitive to a large range of reorientational
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widths clearly indicate the presence of motions on intermedi-
ate timescales for the carboxylic moiety and the D,O in a-
oxalic acid dihydrate, and for the amine group and the D,O in
L-histidine hydrochloride monohydrate. Comparison of the re-
laxation rate constants of Zeeman and quadrupolar order with
the relaxation rate constants of the DQ coherences suggests
the co-existence of fast and slow motional processes.

motions in solids. This spin /=1 nucleus has a moderate quad-
rupole coupling strength, ranging from 150 to 250 kHz in or-
ganic compounds. Therefore, the *H quadrupole interaction
needs to be considered only to first order with respect to the
Zeeman interaction. Given that the quadrupole interaction is
usually much larger than the range of isotropic H chemical
shifts in organic compounds, extensively overlapping static
spectra are obtained for samples with different chemical sites.
’H line narrowing is observed under magic-angle spinning
(MAS) and the first-order quadrupolar interaction leads to a set
of narrow sidebands for each isotropic chemical shift.

Early 2H NMR studies of dynamics focused on liquid crystals
and/or small molecules dissolved in liquid crystals,"’ plastic
crystals,” polymers,® or protein membranes.” H NMR spec-
troscopy is also suitable for characterising dynamics of pow-
dered or crystalline samples. A variety of 2H NMR experiments
can provide access to an extraordinarily wide kinetic window.
Most solid-state NMR studies of molecular dynamics rely on
the analysis of powder patterns by comparing the experimen-
tal lineshapes with those simulated for specific models of mo-
tional averaging. Furthermore, relaxation parameters can be
considered in concert with lineshapes to determine motional
timescales. Such studies generally require ?H site-selective iso-
topic labelling of the system. The effect of molecular motions
on spectral parameters such as powder lineshapes depends
not only on the type of spin interaction but also on the fre-
quency, amplitude, and orientation of motions. The reorienta-
tion of CD; groups™® about their C; axis has been extensively
studied in crystalline amino acids, peptides and proteins. The
reorientation of ND;* groups” has also been investigated for
some crystalline amino acids. Molecular dynamics and local
conformational fluctuations are extremely important because
they affect the properties of solid materials. Investigating mo-
tions such as 180° flips of water molecules can provide essen-
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tial insight into the chemical and physical properties of a mate-
rial.

2H MAS NMR leads to an increase in both sensitivity and res-
olution because the coherent averaging induced by mechani-
cal rotation of the sample reduces the static spectrum to
a manifold of spinning sidebands. The achievable spinning
rates are generally smaller than the width of the static quadru-
pole-broadened powder pattern, so that a set of spinning side-
bands remains in the 2H MAS spectra. In the presence of mo-
lecular motions, the envelope of the spinning sidebands shows
distinctive features that can often be analysed to characterise
dynamic processes in detail’® Under MAS, resolution can be
further improved by exploiting double-quantum (DQ) coher-
ences in two-dimensional experiments. Combined with MAS,
this leads to a DQ *H spectrum in one dimension and a single-
quantum (SQ) dimension revealing spinning sidebands that are
characteristic of quadrupole effects. However, with few excep-
tions,” ' most *H NMR studies of dynamics have been carried
out on static samples that require site-selective labelling.

In their pioneering work, Maricq and Waugh"™ pointed out
that random fluctuations of the orientation of an interaction
tensor that lead to distortions of powder patterns in nonrotat-
ing samples tend to be even more prominent in spinning sam-
ples because they can affect trains of rotational echoes. The
coherent rotation of the sample may interfere with these
random fluctuations when they occur on the same timescale,
which may complicate the interpretation of the dynamics
considerably.

2H NMR relaxation is a powerful probe of motional processes
in the solid state because the relaxation parameters can often
be directly interpreted in terms of rotational and librational
motions of molecular fragments. The quadrupolar mechanism
is generally dominant. It only depends on the interaction of
a single deuteron with the electric field gradient arising from
its surroundings. In contrast to proton relaxation in solids,
which is usually dominated by 'H-'H dipole-dipole “flip-flop”
terms, deuteron spin-lattice relaxation is barely affected by
spin diffusion, except in systems for which the ?H sites have
only small isotropic chemical shift differences."®

In this work, we characterise the dynamics of all labile deute-
rium sites in L-histidine hydrochloride monohydrate and a-
oxalic acid dihydrate, both recrystallised from heavy water, by
using a combination of 2H MAS SQ-DQ correlation spectra and
Tiz Thq relaxation measurements as a function of temperature.
In studies in the liquid state, in which fast motions are domi-
nant, measurements of five ?H spin-spin and spin-lattice relaxa-
tion rate constants in the side-chains"” and backbone® of
proteins have been shown to achieve internal consistency.
Even though the direct applicability to solids remains to be
proven, we have attempted to apply this approach to our
data. An analysis of the parameters reflecting the timescales of
the different deuterium sites shows discrepancies between the
DQ relaxation rates measured experimentally and the relaxa-
tion rates calculated in the fast motion limit of the Redfield ap-
proximation. The T,; and T4 relaxation measurements probe
fast motions; therefore, we believe that the difference between
the experimental and calculated DQ relaxation rate constants
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allows us to make an approximate separation of fast and slow
motions contributing to the widths of the DQ transitions.

Materials and Methods

Sample Preparation

Crystalline L-histidine hydrochloride monohydrate-d, and a-oxalic
acid dihydrate-d, (see Figure 1) were dissolved in ?H,0 (Eurisotop,
99% deuteration) at room temperature. Recrystallisation was con-
ducted in a dessicator to avoid absorbing light water from the at-
mosphere. Adding silica gel accelerated crystallisation. After two
days, the dry crystals had grown to a fine powder and were trans-
ferred to a 4 mm rotor (ZrO,). Recrystallisation with ?H,0 led to the
replacement of exchangeable protons by deuterons in L-histidine
and o-oxalic acid, including those of the carboxylic and amine
groups. Samples were stored at room temperature in an airtight
box to avoid exchange with atmospheric water. For both com-
pounds, atomic coordinates obtained from the Cambridge Struc-
tural Database (CSD) were used to determine the internuclear dis-
tances. For L-histidine hydrochloride monohydrate, only a neutron
diffraction structure of the protonated sample" has been pub-
lished (CSD reference code HISTCM12). On the other hand, for the
a polymorph of oxalic acid dihydrate, neutron diffraction structures
for both protonated® and deuterated®’ compounds have been
determined. Their corresponding CSD reference codes are
OXACDHO06 and OXACDH33, respectively.

NMR Spectroscopy

NMR measurements were performed with a 400 MHz (*H Larmor
frequency 61.4 MHz) widebore Bruker spectrometer equipped with
a 4 mm triple-resonance probe. For all experiments, the tempera-
ture was set between 248 and 358 K in steps of 10 K using gas
flows of 935 or 2000 Lh~". In all cases, the temperature corre-
sponds to the regulated temperature indicated by the thermocou-
ple. The samples were spinning at 10 kHz, which corresponds to
a rotor period of 7,,,=100 ps. The samples were cooled or heated
to the desired temperature and allowed to stabilise for at least
30 min under rotation. In all experiments, mt/2 radiofrequency exci-
tation pulses of 2.7 us were used. To obtain fully relaxed spectra,
recovery intervals of 2.5 s (at 248 and 258 K) or of 1 s (for all other
temperatures) have been used. The ?H Zeeman spin-lattice relaxa-
tion times (T,,) were measured with an inversion-recovery se-
quence (see Figure 2a), for which the Zeeman magnetization was
inverted with a 7 pulse. After a variable recovery interval T, which
has been incremented from 100 us to 2.5s (18 values), a simple
/2 excitation pulse was applied to monitor the H magnetization.
The integral of each ?H resonance obtained after deconvolution
based on a Lorentzian function was calculated. The signal recovery
was fitted as a function of T by using a single exponential function:
M,(v) =My(1—Aexp(—1/T,;)), where A and T,; are adjustable param-
eters (the coefficient A was close to 2). A broadband version of the
Jeener-Broekaert sequence™?Y was implemented under MAS (see
Figure 2b) for measuring the 2H quadrupolar-order relaxation
times T,o. The interval 7,=0.5 us was optimised experimentally.
The time-dependence of the area under each *H resonance, after
deconvolution based on a Lorentzian function, was fitted by using
a single exponential function: M,(t)=M,exp(—1/T,o), where T4
was the only adjustable parameter. Two-dimensional ?H->H SQ-DQ
MAS spectra were recorded with the pulse sequence shown in Fig-
ure 2c. Double-quantum coherences are excited by the first pair of
7t/2 pulses and reconverted into longitudinal magnetization by the
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Figure 1. L-Histidine hydrochloride monohydrate-d, (a) and a-oxalic acid dihydrate-ds (b). 2H MAS spectra recorded with a 9.4 T magnet at 10 kHz spinning
frequency and 298 K are shown for -histidine (c) and oxalic acid (d). The centre band region is shown expanded below each *H MAS spectrum with the corre-

sponding assignment.

a o o
) 1805, 90(p2

2H T tyead |1y, 2
Prec
b) 90 67.5° 457 45°  45°
P4 [ P3 P3 Dy
H ] 214 I 214 I T I T I tdead W t
(PTGC
c) 90, 90° 90° 90°, 905,

2H ]q>1 Tex I(p2 t, IX Tex

I z I 3tdead I b
®,

rec

Figure 2. Pulse sequences used for recording H Zeeman spin-lattice relaxa-
tion times T;; (a), ?H quadrupolar relaxation times T4 (b) and H-?H SQ-DQ
correlation (c) experiments under magic-angle spinning. *H T,, relaxation
has been measured with the inversion-recovery pulse scheme (a) using the
following phase cycle: @, =X, —=X; =X, X, =X, =X, ¥, ¥ =Y, =Y} @Prec=P2-
The broadband Jeener-Broekaert pulse sequence?>?* (b) has been used for
the measurement of ?H T, relaxation. The 27, delay was experimentally op-
timised to 1 ps and the phase cycle was the following: ¢, =8%*{x}, 8*{—x]},
8y}, 8*{—y} g, =4*{—y}, 44y}, 44y}, 4{—y} 4}, 4{—x}, 4*{—x}, 4*{x};

@3 =4y}, 4*{—y}, 4y}, 4*y}, 4{—x}, 4, 450, 4{—xb @ =4%{—x, -y, %,
Yo X, Yo =% =Y} @rec=8%{—X, =Y, X, y}. The H-*H SQ-DQ MAS (c) experi-
ment“*®* used the following phase cycle: @, =x, y, =X, —Y; @,=—X, =Y, X,
y; @3 =4*{x}, 4%y}, 4*{—x}, A=Y} Qrec =X =X X, =X Y, =V Y, =Y, =X X, —X, X,
-y, ¥, =Y, y. The delays for the excitation of double-quantum coherence and
the zfilter were 3 and 2 ps, respectively. We used the States method to
obtain pure-absorption two-dimensional lineshapes by means of a hyper-
complex Fourier transform. The dead-time prior to acquisition was set to

30 ps for all pulse sequences, entailing a frequency-dependent phase correc-
tion. The relaxation delays for the T;; and T,, experiments are indicated in
the experimental section.

ChemPhysChem 2015, 16, 204 -215 www.chemphyschem.org

second pair of m/2 pulses. The t, interval was synchronised with
the rotor period giving a spectral width of 10 kHz in the indirect di-
mension. Free induction decays comprising 16384 t, points were
collected for each of 256 t; points. The intervals for the excitation
of the double-quantum coherence and the z-filter were 3 and 2 ps,
respectively. The z-filter leads to relatively clean in-phase spectra.
The dead-time prior to acquisition was set to 30 us for all pulse se-
quences. The phase cycling used for each of the three pulse
schemes is given in the legend of Figure 2. The magic angle was
directly adjusted by minimising the H linewidth of the 8-ND™ res-
onance in L-histidine hydrochloride monohydrate and of the
COOD resonance in a-oxalic acid dihydrate, respectively.

Data Analysis

All raw experimental data were processed by using the TopSpin
program (Bruker) and further analysed with a home-written pro-
gram based on Mathematica 8. This program was developed for
the deconvolution of the different °H sites for each spinning side-
band and to analyse the relaxation times T,; and T, by using
a global fitting approach. The Arrhenius-type studies of the relaxa-
tion rates and of the SQ and DQ linewidths have also been per-
formed with a home-written Mathematica program. All programs
are available upon request.

Error Estimates

The stochastic errors in the T,; T, experiments obtained from
repeat measurements at the same temperature were less than
0.2%. Systematic errors arising from radiofrequency miscalibration
and/or inhomogeneity, magic-angle mis-set, small temperature var-
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iations, and small spinning instabilities are expected to have signifi-
cant and different contributions to the individual spinning side-
band manifolds. At 10 kHz spinning frequency, the anisotropy of
T,z and T4 relaxation times is expected to be small in solids. The
T,z and T,q values were averaged over all spinning sidebands,
except the centre band, which has been excluded from T,q. The
error bars correspond to the standard deviation.

First-Principles Calculations

First-principles calculations based on the gauge-including projec-
tor-augmented wave (GIPAW) method®' were performed within
Kohn-Sham DFT using the QUANTUM-ESPRESSO code.” The crys-
talline structure is described as an infinite periodic system using
periodic boundary conditions. The NMR calculations were per-
formed for the experimental geometries determined by diffraction
for both L-histidine hydrochloride monohydrate™ and deuterated
a-oxalic acid dihydrate.”” For both samples, the experimental
structures have been used. The Perdew-Burke-Ernzerhof (PBE)
generalised gradient approximation®®” was used and the valence
electrons were described by norm-conserving pseudopotentials®®
in the Kleinman-Bylander® form. The wavefunctions are expand-
ed on a plane wave basis set with a kinetic energy cut-off of 80 Ry.
The principal components V,,, V,,, and V,, of the electric field gradi-
ent (EFG) tensor, with the convention |V,,| > |V,| > |V,,|, were
obtained by diagonalisation of the tensor. The quadrupolar interac-
tion can then be characterised by the quadrupolar coupling con-
stant Cq and by the asymmetry parameter 7, which are defined as
Co=eQV,,/h and n=(V,,—V,)/V,,. The nuclear quadrupole moment
reported by Pyykko®® for H (Q=2.86 mb) was used in these
calculations.

2. Theoretical Background

The ?H NMR relaxation rates are mainly determined by the in-
teraction between the quadrupolar moment of the deuteron
and the electric field gradient (EFG) at the *H nucleus in each
molecular site. The EFG tensor is extremely sensitive to averag-
ing by molecular motions, and this effect is not only revealed
by spectral lineshapes but also by relaxation times. In all cases,
appropriate theoretical models relating the various measured
quantities to the relevant parameters describing the dynamic
processes are required to extract dynamic information.

The ?H relaxation rates of the Zeeman order (i.e. </,>) and
the quadrupolar order (i.e. <3/2—2E>) are sensitive to fast
motions, which are well approximated by Redfield theory.®"
T,z and T,q are referred to as the Zeeman and quadrupolar re-
laxation times and they describe the return to equilibrium of
Zeeman magnetization and the decay of quadrupolar order. In
the fast-motion limit (Redfield), Equations (1a), (1b), (1¢), and
(1d) can be derived for the longitudinal, single- and double-
quantum relaxation rate constants,’**3¥ considering the gen-
eral case of an asymmetric EFG tensor:

1 3¢ 2
Rz = T, T()Q <1 +%> Vi (wo) + 4J,(2w,)]

1 ?:CCZ2 7
R = T 40 (1 T3 341 ()]
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3¢

Roo = 4—(;2 (1 +%) i (wo) + 24,(2w,)] (1d)

We note that motions at the Larmor frequency and twice
this frequency dominate the relaxation of Zeeman order and
double-quantum coherences, whereas motions at the Larmor
frequency govern the relaxation of quadrupolar order. Single-
quantum coherences are affected by motions at frequencies 0,
w, and 2w,. The dependence of Ry, on J,(0) renders the SQ
linewidths sensitive to slow motional processes.

3. Results and Discussion
3.1. *H MAS Spectra and ?H Tensor Parameters

The magnitude of the quadrupolar coupling constants of deu-
terons in rigid environments varies between approximately
150 and 250 kHz. In the presence of motion, the reorientation
of the 2H quadrupole tensor will produce a jump in the preces-
sion frequencies of the SQ coherences during a rotor period
and this will interfere with the formation of the rotational
echoes at the end of each rotor period.

Figure 3 displays the intensity of the centre band and spin-
ning sidebands obtained by deconvolution of 2H MAS single-
pulse spectra at 298 K with a Lorentzian resonance profile for
each individual H site in: a) L-histidine hydrochloride monohy-
drate and b) a-oxalic acid dihydrate. Centre band and spinning
sidebands have been fitted independently with their own
model linewidths. The deconvolution was performed with
a home-written Mathematica program and the signal was nor-
malised with respect to the most intense signal for each com-
pound (i.e. ND;* for L-histidine and COOD for a-oxalic acid).
The shape of the envelope of the spinning sidebands thus ob-
tained is preserved throughout the full temperature range ex-
ploited in this work. The spinning sideband envelope has also
been analysed with the SOLA routine of the TopSpin program
(Bruker) to extract the quadrupolar tensor parameters for each
deuterium site as a function of temperature; the tensor param-
eters thus obtained are tabulated in the Supporting Informa-
tion, SI. In principle, the spinning sideband patterns contain
the complete information on the anisotropy and asymmetry of
the quadrupolar interaction. In an exhaustive study comparing
the reliability of the determination of tensor parameters in
solid-state NMR experiments under static and spinning condi-
tions,®¥ the best spinning frequency for the accurate determi-
nation of the quadrupolar interaction has been found to be
near v,,,/Cq=0.25, for 0.2 <5 <0.75. If the asymmetry parame-
ter is 0.25 <7 <0.55, it can be most accurately estimated from
MAS spectra if v,,/Cq~0.15. However, for =0 or 1, static
spectra are always more reliable. Our results obtained by fit-
ting sideband patterns are in good agreement with quadrupo-
lar tensor parameters obtained by different measurements.®**%
Indeed, except for ND;*, which has a v,,/C, ratio of approxi-
mately 0.2, the size of the quadrupolar interaction of all other
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Figure 3. Deconvolution of 2H MAS single-pulse spectra at 298 K with a Lorentzian resonance profile for each indi-
vidual 2H site in L-histidine hydrochloride monohydrate (a) and a-oxalic acid dihydrate (b). Only the intensities of

Frequency / kHz

D0, N*—D--O and N*-D--Cl".
However, the linear dependence
that Hoffmann and Schnell de-
rived®® differed from the one

the centre band and spinning sidebands are given. Their amplitudes were normalised with respect to the highest

signal for each compound (i.e. ND;* for L-histidine hydrochloride monohydrate and COOD for a-oxalic acid dihy-
drate). The envelope of the spinning sidebands conserves the same shape over the whole temperature range ex-

ploited in this work.

?H sites is large enough so that the regime of slow spinning
applies for v,,;=10 kHz (v,,/Cy~0.05), where the quadrupolar
tensor parameters can be determined with good accuracy. The
quadrupolar coupling constant of both 2H sites in a-oxalic acid
dihydrate varies between 4 to 6% over the temperature range
of observation, and decreases with decreasing temperature as
observed previously by Chiba and Soda®” on the o and {3 poly-
morphs of oxalic acid dihydrate. It has been shown in single
crystals that the magnitude of the *H quadrupole coupling in
an O-D--O system depends on the strength of the hydrogen
bonding, with a significant decrease of C, with increasing hy-
drogen-bond strength.?” The C, values for ND;* and D,0 mo-
tionally averaged sites in L-histidine hydrochloride monohy-
drate remain almost constant within the error bars for all tem-
peratures, whereas they increase with temperature by approxi-
mately 6% for -ND* and decrease by approximately 9% for
e-ND (see Table S1). Since small changes are observed in the
shape manifold, these small temperature variations of the C,
constants for the different deuterons in oxalic acid and L-histi-
dine may be the result of libration motions and should be
used with caution. First-principles Car-Parrinello molecular dy-
namics simulations were able to reproduce the experimentally
observed C, value at 305 K for benzoic acid® but such calcula-
tions are beyond the scope of the present work. Table 1 sum-
marises the quadrupolar coupling constants and asymmetry
parameters of all °H sites extracted from the spinning sideband
pattern at 25°C using the SOLA routine of TopSpin (Bruker).
These are compared to those obtained by first-principles calcu-
lations starting from the neutron diffraction structures of both
compounds and to experimental values obtained in previous
works using off-MAS experiments®@ for -histidine hydrochlo-

ChemPhysChem 2015, 16, 204 -215 www.chemphyschem.org

originally published,“**"" which
may explain, in addition to the

Table 1. Quadrupolar coupling constants and asymmetry parameters for
?H sites in perdeuterated L-histidine hydrochloride monohydrate and a-
oxalic acid dihydrate.
Molecule Deuterium site Cq [kHZ] n
L-histidine 5-ND* 103 +£2 0.22+£0.059
hydrochloride 120429 0.140.2¢
monohydrate 1109 0.19%
1371
e-ND 156+ 21 0.12£0.059
18121 0.14+0.2
196[91 0.1 [e]
174.87
ND; 9 3942 0+40.05"
502 040.2
169 0.03"
482"
D,0¢ 98 + 21 0.8540.05"
118+£29 0.940.2"
2591 0.13
110.4
a-oxalic acid COooD 118.0+£1.1% 0.11+£0.01®
dihydrate 115429 0.140.29
106 0.12¢
13719
D,0 125.641.3% 0.89+0.02"
122429 0.940.29
275[e] 0.1 [e]
122,20
[a] Measured by off-MAS experiments (0.71°) at v,,,=29.762 kHz® with-
out temperature regulation. [b] From deuteron magnetic resonance on
a single crystal®® at 298 K. [c] Motionally averaged. [d] This work, from
spinning sideband analysis with SOLA routine from TopSpin (Bruker) at
Vot=10 kHz and 25°C. [e] First-principles calculations. The values given
for ND;* and D,0 sites correspond to averages over the tensor parame-
ters of different sites. [f] Using the following equations: C,=328—-643/
r(D--0)* for O-D-~0, C,=282-572/r(D-0)® for N-D-O, and Co=
253-572/r(D~0)? for N"—D--O with Cq in kHz and r(D--O) in A.5**"
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temperature effects, the deviations they observed between the
measured and calculated C4 values. It should also be noted
that different equations [Cy=282—572/r(D--0)> for N-D--O
and Cy=253-572/r(D--0)* for N*—D-O with C, in kHz and
r(D--0) in A] have to be used for the two amides of the imida-
zole ring because 6-ND* is protonated in the zwitterionic
form.

The 'H and ?H MAS spectra of perdeuterated L-histidine hy-
drochloride monohydrate display -NH* and &-NH resonances
in the high-frequency region at approximately 17 and 13 ppm,
respectively (data not shown). It is well established that NMR
chemical shifts are very sensitive to the strength of hydrogen
bonding, and a 'H chemical shift towards higher frequency is
characteristic of a stronger hydrogen bond. Thus, 8-ND*
seems to be involved in a stronger hydrogen bond than &-ND
due to crystal packing and to mesomeric and inductive effects
of surrounding chemical moieties. This agrees well with neu-
tron diffraction,”® MD calculations™” and NMR studies,***
which demonstrate the existence of a strong intermolecular
hydrogen bond between the hydrogen atom of the 6-NH™
and the carboxyl oxygen of the neighbouring molecule. NMR
results“? have associated weaker N—H dipolar couplings (i.e.
longer internuclear distances) with an altered potential indica-
tive of a strong intermolecular N—H--O hydrogen bond. It has
been shown that for strong hydrogen bonds (i.e. for r(N--0) <
2.7 A) the N-H internuclear distance becomes longer. We
expect the same behaviour for the N-D--O hydrogen bond in
the perdeuterated sample.”® Hence, an increase in the N-D in-
ternuclear distance if r(N-0)<2.7 A will lead to shorter D--O
distances and therefore to smaller C, values for strong hydro-
gen bonds, based on the empirical correlation between C, and
1/r(D--0)>.

Analysis of the one-dimensional ’H MAS spectra (not shown)
reveals a decrease in the intensity of the spinning sideband en-
velope as the temperature is decreased, except for the COOD
site in a-oxalic acid dihydrate, which shows the opposite be-
haviour. Given that the integral remains the same, a broadening
of the H SQ coherences is observed and confirmed by the
SQ-DQ MAS spectra.

3.2. 2H-?H SQ-DQ MAS Spectra

To a first approximation, H double-quantum transitions should
not exhibit motional broadening because they will be largely
unaffected by first-order quadrupolar interactions and hence
by molecular motion. SQ-DQ MAS spectra have been previous-
ly exploited®*¥ to probe dynamics in solid compounds. Cuta-
jar etal® introduced a simple analytical model to quantify
the effects of dynamics on linewidths in 2H SQ MAS NMR spec-
tra. They exploited a spin-echo model based on symmetrical
two-site exchange and showed how this can be used to esti-
mate rate constants for the reorientation of the two deuterons
when a D,0 molecule flips about its C, axis. Hogg et al.* used
the ratios of the rotary echoes to obtain information about the
conformational dynamics of dg-1,4-dioxane included in the
channel solvate hydrate formed with the drug molecule Finas-
teride. Moreover, Thrippleton et al.®® compared the spin-echo
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method with numerical simulations and discussed the agree-
ment of the spin-echo method with earlier linewidth predic-
tions.">*" It is worth mentioning that the spin-echo model de-
scribes motionally broadened MAS linewidths under all mo-
tional regimes, provided the MAS linewidths of the SQ coher-
ences are two to three orders of magnitude greater than those
of the DQ coherences. The spin-echo model breaks down
when the exchange rate constant k approaches the Larmor fre-
quency w,. In this limit, nonsecular terms in the quadrupolar
Hamiltonian can no longer be neglected and the dynamics
become rapid enough to induce Am,= 4+ 1 and =+ 2 transitions,
which result in the broadening of both SQ and DQ transitions
by the quadrupolar interaction. The 2H-2H SQ-DQ MAS spectra
(see Figure 4a and d) recorded for L-histidine hydrochloride
monohydrate and oxalic acid dihydrate show the effect of the
reorientation of ND;* and D,0 molecules. Significant motional
broadening of SQ coherences is observed for ND;* in L-histi-
dine hydrochloride monohydrate and D,O in oxalic acid dihy-
drate at temperatures below 288 K. Only small differences be-
tween the SQ and DQ linewidths are observed for D,0O in L-his-
tidine at 248 K. Except ND;* in L-histidine, for which SQ line-
widths are greater than the DQ linewidths over the whole tem-
perature range investigated, all other motionally broadened
D,0O resonances exhibit broader DQ coherences at high tem-
perature. A rotational motion of the COOD group appears un-
likely. Indeed, we observe that the behaviour of COOD stands
in contrast with all other deuterium sites by the fact that the
DQ linewidths are larger than the SQ linewidths at all tempera-
tures investigated, and that the difference in linewidth increas-
es with temperature. The ratio between DQ and SQ linewidths
varies between approximately 2.6 at low temperature to 1.8 at
high temperature. DQ coherences that have twice the line-
width of the SQ coherences were observed in deuterated fer-
rocene-d,,.*? This observation was assigned to the inhomoge-
neity of the static field and to anisotropic susceptibility, which
has an effect that is twice as strong for DQ than for SQ transi-
tions. In our case, inhomogeneous broadening cannot be ex-
cluded. However, our results suggest the presence of fast dy-
namics that leads to simultaneous and perhaps differential
broadening of both SQ and DQ linewidths.

The temperature dependence of the deuterium linewidths
was exploited to estimate the activation barrier of the COOD,
ND;* and D,O groups in the crystalline solid. For water, it has
been shown that when the molecule is held in place by hydro-
gen bonds such as A.-D—O-D---B, the reorientational activation
energy may be seen as the work required to break these hy-
drogen bonds.®* Assuming that this is the only mechanism re-
sponsible for motional broadening, the activation barrier pro-
vides a measure of the strength of the hydrogen bond.

For a thermally activated dynamic process, the rate constant
k can be described empirically by the Arrhenius equation k=
Aexp(—E,/RT). The temperature dependence of the SQ and DQ
linewidths allows an Arrhenius-type analysis to be performed
for all deuteron sites exhibiting motional dynamics. The results
based on Arrhenius-type analysis, considering that the line-
width depends on the inverse of the exchange rate constant,
are shown in Figure 5 and summarised in Table 2. In the case
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Table 2. Activation energy averaged over all spinning sidebands for indi-
vidual ?H sites in L-histidine hydrochloride monohydrate and a-oxalic acid
dihydrate for SQ and DQ linewidths.

Compound ’Hsite  E, (SQ) [kJmol™] E, (DQ) [kJmol™]
L-histidine hydrochloride ~ ND," 13.9+0.5 3.04+0.5
monohydrate® D,0 5640.5 22+05
a-oxalic acid dihydrate COOD 62.7+0.5 80.8+0.5

D,0 28.7+0.5 58.8+0.5

[a] Average E, cannot be measured for the sites 8-ND* and &-ND.

3.2 A, both characteristic of weak hydrogen bonds. Instead, the
crystal water is involved in three weak hydrogen bonds (two
O—H--0 and one O—H--Cl") with the distances r(0-0)=3.2 A
and r(0--CI")=2.8 A. As the energy required for breaking a hy-
drogen bond is of the order of 4.5 kcalmol™' (19 kJmol™), the
estimated activation energies for ND;™ and D,0 look plausible
because all deuterons in the crystal are involved in weak hy-
drogen bonds that hinder either the ND; " rotation or the D,0
180° jumps. Hoffmann® also studied the reorientation of the
ND; ™ group by analysing how 2H linewidths in one-dimension-
al 2H MAS spectra change with temperature at v, =15 kHz
and found an activation barrier energy of approximately
30 kJmol™', which is more than twice as large as the value we
measured by SQ-DQ MAS experiments. At low temperatures,
the reorientational averaging of the quadrupole tensor is
greatly reduced and the extreme broadening of the ND; ™ reso-
nances may prevent an accurate estimate of the deuteron line-
widths in conventional H MAS spectra, as shown by
Hoffmann.>*

The data presented in Figures 5¢,d cannot be fitted by pos-
tulating a single activation energy over the entire temperature
range. The nonlinear Arrhenius
behaviour observed for the two
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3.3. ?H T,; and T, Measurements

Our samples recrystallised from heavy water may contain some
residual protons in the ND;* groups. The 'H-?H dipole-dipole
contributions are expected to be small because the R,; relaxa-
tion rate constants are similar (within the error bars) with and
without 'H decoupling (data not shown). The "N-*H dipole-
dipole couplings that could be on the order of a few kilohertz
should be averaged out by spinning at a frequency of 10 kHz.
Owing to the complex orientational dependency of second-
order dipolar-quadrupolar cross-terms, second-order effects
that are not immediately apparent in one-dimensional *H MAS
spectra may be larger than the pure dipole-dipole term. To ex-
clude second-order contributions to the lineshape, the 2H MAS
spectrum should be compared with that recorded with a °N
labelled sample. For both systems, contributions to R,; relaxa-
tion rate constants from spin-diffusion effects®®*” are expected
to be negligible if the chemical shift difference between the
different ?H sites is sufficiently large (>3 ppm)"®°®*¥ because
the 2H-?H dipole-dipole “flip-flop” term cannot effectively
couple two spin states with a significant energy separation.

In general, the spin-lattice relaxation of a resonance in
a MAS spectrum will not be described by a single exponential
decay because various crystallites that contribute to the ob-
served signals may have different T,, values.®™ Nevertheless,
the inversion recovery and the decay of the ?H resonances at
10 kHz spinning frequency in L-histidine and oxalic acid appear
to be well characterised by a single exponential. The trends of
T,z and T,4 across the spinning sideband manifolds as a func-
tion of temperature are shown in Figure 6a, c and Figure 7a, ¢,
respectively. The T,; and T,, values averaged over the spinning
sidebands are given in Table 3 and Table 4. In r-histidine, we
note that the Zeeman relaxation time increases with tempera-

deuterium sites in oxalic acid di- Table 3. Zeeman spin-lattice relaxation times (T;,) averaged over all spinning sidebands as a function of tem-
hydrate indicates the presence perature for each ?H site in L-histidine hydrochloride monohydrate and a-oxalic acid dihydrate.
of slow motional processes. An L-Histidine hydrochloride monohydrate a-Oxalic acid dihydrate
orientational order-disorder [ T[K]  T,,(0ND*)[s] T,(e-ND)[s]  T,s(ND;*)[ms]  T,;(D,0) [ms]  T,(COOD)[ms]  T,zD,0) [ms]
transition can be ruled out be- [ ™ 5o o 026+0.10 16243 3941 258.6+25.2 3794158
cause it would lead to a jump in | 288 07140.15 0.25+0.07 11841 48+03 - -
the relaxation rate constants and 298 0.834+0.16 0.274+0.07 9.14+0.5 5.5+0.1 436+25 16.7+0.8
not to a plateau. High activation |308 ~ 093+018 0.2840.07 6.940.1 6.5+0.1 264+13 12405

. ) 318 1.02+0.19 0.30+0.06 5.6-+0.1 7.6+0.1 - -
energies have been obtained | ;0 160 53 0.35+0.07 47401 9.1+03 115407 7403
from the linear slopes of COOD | 338  1.18+0.21 0.35+0.07 424011 107403 83406 6+03
and D,0 resonances in oxalic |358  125+022 0.46+0.09 3.740.05 14.6+0.7 - -

acid dihydrate, both SQ and DQ

motion-induced transitions. Such

high activation barriers are characteristic of large-angle jump-
type motions. The neutron diffraction structure of deuterated
oxalic acid dihydrate®™ contains a short hydrogen bond that
connects the carboxylic OH group to crystal water oxygen. The
average activation energies derived for COOD and D,O in
oxalic acid indicate that other factors may contribute to the ac-
tivation barrier in addition to the breaking of hydrogen bonds.

ChemPhysChem 2015, 16, 204 -215 www.chemphyschem.org

ture for 8-ND*, &-ND and D,0, whereas it decreases as the
temperature is increased for ND;*. The COOD and D,0 sites in
oxalic acid show a trend similar to ND;* in L-histidine, namely
a decrease of the T,; as temperature is raised. At all tempera-
tures, all ND;* spinning sidebands relax with the same time
constant, indicating little orientation dependence of T,; for
motionally averaged deuterons. Torchia and Szabo® have
shown for a methyl group diffusing freely in the extreme nar-
rowing limit that the entire spectrum relaxes with the same T,

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. °H MAS T, data as a function of temperature for each individual
Figure 6.°H MAS T,; data as a function of temperature for each individual ?H site in L-histidine hydrochloride monohydrate (a) and a-oxalic acid dihy-
?H site in L-histidine hydrochloride monohydrate (a) and a-oxalic acid dihy- drate (c). The T,, data are presented as Arrhenius-type graphs T,q vs. (1000/
drate (c). The T,; data are presented as an Arrhenius-type graph T,z vs. 7) with a logarithmic scale of the ordinates for the third left-side spinning
(1000/7) with a logarithmic scale for the ordinates, for the third left-side sideband of each deuterium site (emphasised by boxes) together with corre-
spinning sideband of each deuterium site (emphasised by boxes) together sponding fits (dashes) for L-histidine hydrochloride monohydrate (b) and a-
with corresponding fits (dashes) for L-histidine hydrochloride monohydrate oxalic acid dihydrate (d).

(b) and a-oxalic acid dihydrate (d).

relaxation time and that T,; be-
comes 27/(8CQZ‘L') where 7 is the Table 4. Quadrupolar order relaxation times (T;o) averaged over all spinning sidebands, except the centre
band, as a function of temperature for each *H site in L-histidine hydrochloride monohydrate and a-oxalic acid

diffusion rate. Assuming the el

same geometry for ND,* and as-

suming that we are in the ex- L-Histidine hydrochloride monohydrate a-Oxalic acid dihydrate
treme narrowing limit, the ab- T K] T1oO-ND¥) [ms]  Tyo(e-ND) [ms] ~ T,o(ND;¥) [ms]  T,o(D,0) [ms]  T,o(COOD) [ms]  T,4(D,0) [ms]

sence of any significant anisotro- | 268 57.4+24 4104134 137£131 24406 3094255 2224127
py of T, indicates that the N—2H | 288 565+207 35.8+11.8 624311 33407 180493 99436
bond diffuses freely about the |22 565%196 37.0+£95 48+2.1 39408 106:+5.1 54:+2.1
ond diffuses freely about the | 305 50714155 34.6410.0 39£15 43£10 77430 39415
C-N axis. Based on the previous | 318  517+194 40.1+186 34+12 51413 54+17 3.1+12
relation, we can therefore esti- |328  61.4+21.4 4404110 30£10 6.1£15 38414 21409
mate a correlation time of free | 338  568+176 416+106 29407 67+18 25422 1606
358 50.8+138 401413 28405 77418 - 11405

diffusion between 0.2ns at
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268 K and 1 ns at 358 K. Apperley et al.®" analysed the *H T,,
relaxation under MAS and remarked that the relaxation data
were not very sensitive to the motional model. The relaxation
rate of quadrupolar order, which is dominated by motions at
the Larmor frequency, remains constant for the two ND sites of
the imidazole ring in L-histidine, regardless of temperature.
The motionally averaged *H sites in L-histidine and oxalic acid
show the same behaviour as for Zeeman spin-lattice relaxation
rates. Therefore, the T,q increased with temperature for D,0 in
L-histidine and decreased as the temperature was increased
for ND;* in L-histidine, COOD and D,0 in oxalic acid. For none
of the ?H sites do either the Zeeman or the quadrupolar order
relaxation time show a clear minimum over the temperature
range investigated herein at a Larmor frequency of 61.4 MHz.
Given that the absence of a well-defined minimum renders the
interpretation of the relaxation data challenging, the activation
energies derived from the T,; and T,, (Table 5) should be taken
with caution.

The relaxation rate constants of SQ- and DQ-coherences can
be further combined with the relaxation rate constants of the
Zeeman and quadrupolar orders. The four relaxation rate con-
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stants measured at a given static magnetic field depend on
the spectral density function evaluated at three distinct fre-
quencies. Although of debatable applicability to solids, it is in-
teresting to check the validity of the consistency relationship
[Eqg. (2)]"73? originally derived for liquids in the fast motion
limit (Redfield):

1

s

()

as’ 1
Rbe = SRz +

If we assume that this relationship holds, we can calculate
the relaxation rate constants for DQ-transitions induced by fast
motions, ngg, and compare them to the experimental values
Rpq measured at 61.4 MHz. This consistency test is only satis-
fied at near 328 K for ND;* of L-histidine (data not shown). We
ascribe the discrepancy between the calculated and measured
Roq rates to the presence of additional slow motion processes
(i.e. Rog = RSy + R32"). The relaxation rate constants for DQ-
transitions induced by slow motions are given by Equation (3):
Roa" = Roq — Rig

(3)

5 Indeed, the theoretical form of Ry, in [Eq. (1d)] does not
Table 5. Ayeraged activation energy fc?r |n(.1|V|o‘|uaI H sites in L-histidine contain any dependence on slow motions because there are
hydrochloride monohydrate and a-oxalic acid dihydrate for T;; and T,q re- o . .
laxation processes. no contributions of J,(0). However, DQ coherence is subject to
broadening by slow motions such as chemical exchange. For
21y o -1 -1 . . .
Molecule H site Ei(Tz) kimol 1] Ei(Tio) [kJmol ] oxalic acid, slow motional processes, such as exchange be-
L-histidine -ND* 6.9+0.6 0.5+0.5 tween carboxyl and water protons, have been proposed to ex-
hydrochloride e-ND 6.5+23 0.5+05 plain T,,('H) relaxation times measured on a single crystal.*”
monohydrate ND; 11=24 122569 The graphs in Figure 8a, b, e, f illustrate the relaxation rate
D,0 137414 107427 grap 9 P DS _
a-oxalic acid COOD 326409 22145 constants of DQ coherences for fast motions, calculated from
dihydrate D,0 226427 27.6+9.1 the R,; and R,y data by using the consistency relationship
[Eq. (2)], and slow motions, obtained from the difference be-
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Figure 8. Contributions to relaxation rate constants of DQ coherences due to fast and slow motional processes as a function of temperature for ND;* and
D,0 in r-histidine hydrochloride monohydrate (a, b) and COOD and D,O in a-oxalic acid dihydrate (e, f). The relaxation rate constants have been calculated as
explained in the text. When possible the J,(0), J,(w,) and J,(2w,) have been determined based on Equations (1a-d). They are displayed as a function of tem-
perature in Panels (c, d) for ND;* and D,0 in L-histidine hydrochloride monohydrate and in Panels (g, h) for COOD and D,0 in a-oxalic acid dihydrate. The
legend for Panels a, b, e and f is shown in Panel a and the legend for ¢, d, g and h is displayed in Panel c.
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tween the experimental Rpq and Rf;g‘. This implies, as expected,
that the relaxation rate constants of fast and slow motions are
additive.

4. Conclusions

We have measured the temperature dependence of the SQ
and DQ linewidths in 2H MAS SQ-DQ spectra and of the relaxa-
tion times of Zeeman and quadrupolar order in two hydrated
compounds recrystallised from heavy water. Even though
a well-defined minimum in the T;; or T, values was not found
over the temperature range explored, we attempted to extract
the barrier height of the motional process for each deuterium
site in the two compounds. Discrepancies between the DQ re-
laxation rates measured experimentally and the relaxation
rates calculated in the fast motion limit of the Redfield approx-
imation suggest the coexistence of fast and slow motions. Mo-
lecular dynamics simulations would be very helpful to better
understand the variations of these motions as a function of
temperature. Overall, our results show that ?H MAS can pro-
vide valuable information on the structure and motion of sys-
tems containing deuterons in polycrystalline solids. Similar
studies can yield insight into dynamics processes on catalytic
surfaces, in proteins and in nucleic acids.
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