i+l

NRC Publications Archive
Archives des publications du CNRC

Water molecular reorientation in ice and tetrahydrofuran clathrate
hydrate from lineshape analysis of 170 spin-echo NMR spectra
Ba, Yong; Ripmeester, John A.; Ratcliffe, Christopher I.

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut étre I'une des suivantes : la version prépublication de l'auteur, la version
acceptée du manuscrit ou la version de I'éditeur.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de I'éditeur, utilisez le lien
DOI ci-dessous.

Publisher’s version / Version de I'éditeur:
https://doi.org/10.1139/v11-040
Canadian Journal of Chemistry, 89, 9, pp. 1055-1064, 2011-08-19

NRC Publications Record / Notice d'Archives des publications de CNRC:
https://nrc-publications.canada.ca/eng/view/object/?id=07809cc3-4a2b-406a-b0c3-4588165f0ded

https://publications-cnrc.canada.ca/fra/voir/objet/?id=07809cc3-4a2b-406a-b0c3-4588165f0ded

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at
https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’acces a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la

premiere page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

National Research  Conseil national de C dl*l
Council Canada recherches Canada ana, a



Pagination not final/Pagination non finale

Water molecular reorientation in ice and
tetrahydrofuran clathrate hydrate from lineshape
analysis of 170 spin-echo NMR spectra

Yong Ba, John A. Ripmeester, and Christopher |. Ratcliffe

Abstract: Lineshape analysis of 'O spin-echo NMR spectra has been used to study water molecular reorientations in ice-Ih
and THF Structure II clathrate hydrate. The kinetics was determined by the changes of the lineshapes of the 7O central
transitions at different temperatures. A model involving 12 orientations and 4-step jumps of water molecular orientations
was proposed. Semi-classical exchange formalism was employed to simulate the lineshape of the central transitions of the
170 nuclei. Lineshape analysis gave the quadrupolar coupling constant Cq = 6.43 MHz and the asymmetry parameter

n = 0.935, for both ice-Ih and THF gas hydrate. The theoretical lineshape simulations resulted in activation energies of
water molecular reorientations E, = 55.2 + 2.1 kJ mol™! and E, = 30.5 + 0.8 kJ mol! for ice-Ih and THF hydrate, respec-
tively. The range of dynamic rates in THF clathrate hydrate is such that before melting, a pseudo-isotropic lineshape is ob-
served that retains a second-order quadrupolar shift. The water reorientation process is discussed in light of recent results on
Bjerrum defect injection obtained from molecular dynamics simulation and structural studies.

Key words: Ice-Ih, THF clathrate hydrate, 170 NMR, molecular reorientations of solid water, Kinetics, residual second order
quadrupolar shift, dynamics of non-integer quadrupolar nuclei.

Résumé : On a fait appel a ’analyse de la forme des raies des spectres RMN du 7O avec écho de spin pour étudier les réo-
rientations moléculaires de 1’eau dans la glace-Ih et dans I’hydrate du clathrate du THF de structure II. On a déterminé les
cinétiques par les changements dans les formes des raies des transitions centrales du 70, a diverses températures. On pro-
pose un modele impliquant 12 orientations et des transitions en quatre étapes des orientations moléculaires de I’eau. On a
utilisé un formalisme d’échange semi-classique pour simuler la forme des raies des transitions centrales du noyau '’O. Une
analyse de la forme des raies permet de déterminer la constante de couplage quadripolaire Cq = 6,43 Mhz et le parametre
d’asymétrie n = 0935 pour la glace-Ih et I'hydrate du THF gazeux. Les simulations des formes des raies théoriques ont per-
mis d’évaluer les énergies d’activation des réorientations moléculaires de ’eau E, = 55,4 + 2,1 kJ mol™! et

E, = 30,4 + 0,8 kJ mol™!, respectivement pour la glace-Th et I’hydrate du THF. La plage des vitesses dynamiques pour I’hy-

drate du clathrate du THF est telle que, avant la fusion, il et possible d’observer une forme de raie pseudo-isotrope qui
conserve un déplacement quadripolaire du deuxieme ordre. On discute du processus de réorientation de I’eau a la lumiere
de résultats récents sur I’injection du défaut de Bjerrum obtenu a partir de simulations de la dynamique moléculaire et d’étu-

des structurales.

Mots-clés : glace-Ih, hydrate du clathrate du THF, RMN du 170, réorientations moléculaires de 1’eau solide, cinétique, dé-
placement quadripolaire résiduel du second ordre, dynamique des noyaux quadripolaires non entiers.

[Traduit par la Rédaction]

Introduction

Water, as a substance essential for the existence of life, is
one of the most important materials in nature. Also, it is one
of the more difficult materials to study as it has some un-
usual properties and a remarkably complex phase diagram.

When frozen under normal atmospheric conditions, water

molecules form a crystalline solid with hexagonal symmetry
that is less dense than the water phase with which it is in
equilibrium, referred to as hexagonal ice or ice-Ih.! Early X-
ray diffraction analysis of ice-Ih showed that each oxygen
atom is coordinated almost tetrahedrally by four neighboring
oxygen atoms.? From neutron diffraction measurements on a
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single crystal of D,O solid, it was suggested that there are
two half-occupied deuteron positions on the line between
two neighboring oxygen atoms,? and the deuterons are disor-
dered among these sites. This conclusion was later modified
from the view that the O-D-O hydrogen bond should be
bent by about 6.8°, since the molecular D-O-D angle is the
same as that in an isolated water molecule (i.e., 104.5°).4
Thus, each deuteron is about 0.04 A off the line connecting
the two closest oxygen atoms. These experimental data fit
into Pauling’s earlier statistical model for the structure of
ice-Th.> He proposed that (i) the structure of isolated water
molecules is primarily preserved in ice-lh, (if) the hydrogen
atoms of a water molecule are directed approximately to-
wards two of the four oxygen atoms surrounding it tetrahe-
drally, (iii) The adjacent water molecules are oriented so that
only one hydrogen atom lies between each pair of neighbor-
ing oxygen atoms, and (iv) the statistical orientations of water
molecules generate a large number of configurations (3/2)",
where n is the total number of water molecules. At any in-
stant and under ordinary conditions, an ice-lh crystal may ex-
ist in any one of the large number of allowed configurations.
A question that follows then is whether the configuration of
ice-Th is subject to change via rotations of water molecules.
Dielectric relaxation studies have suggested that the dipole
moment of ice can reorient through either proton transfer or
molecular rotation.®7 The latter was assumed based on theo-
retical considerations to correlate the rotational correlation
time with the dielectric correlation time.® Bjerrum hypothe-
sized that water molecules in ice could reorient by rotating
about one hydrogen bond and form either a D defect (two hy-
drogen atoms between a pair of oxygen atoms) or an L defect
(no hydrogen atom between a pair of oxygen atoms).” When
these defects diffuse through the lattice, they leave a water
molecule in a different orientation.

Clathrate hydrates are formed when water interacts hydro-
phobically with suitably small molecules (<0.9 nm), assem-
bling via hydrogen bonding into an open framework that
traps such “guest” molecules into cages of different geome-
tries.!0-15 Three main structural types of clathrate hydrate
have been identified, which form with a large number of
guests, namely cubic structure I, cubic structure II, and hex-
agonal structure H.19-20 Tetrahydrofuran (THF) forms a struc-
ture II hydrate popular for experimental studies as it can be
made readily by freezing an aqueous solution of the correct
composition.!® The unit cell contains 136 water molecules
with 16 small and 8 large cages. The large cages each encage
a THF molecule. A neutron diffraction study of
3.5Xe-8CCly-136D,0 structure II gas hydrate shows that the
local coordination of a water molecule is very similar to that
in ice-Ih, although deviation from true tetrahedral coordina-
tion by four neighbouring O atoms is more marked.20 Indeed
there are three crystallographically distinct O sites. Also, as
in ice-Ih, the D,O molecules are disordered over six orienta-
tions of equal statistical weight, with deuterium atoms located
in half-occupied sites, so a gas hydrate crystal also has many
configurations determined by the orientations of all the water
molecules.

Solid state NMR lineshapes are widely used to study dy-
namics.2! Changes in the linewidth and lineshape as a func-
tion of increasing temperature reflect the effects of rapid
modulation of the interaction tensors, and there are very
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many examples involving dipolar coupling tensors, for exam-
ple of 'H, F, integer quadrupolar tensors, especially
2H,22.23 and chemical shift tensors, 13C, 1N, !9F, etc. How-
ever, reports of cases involving dynamic averaging of the
lineshapes of non-integer nuclei with second-order quadrupo-
lar interactions are quite rare.

The reorientations of water molecules in ice-lh and THF
clathrate hydrate as a function of temperature have been ob-
served previously for 'H 2430 and 2H NMR.28:31-36 Ap-
proaching their melting points, the spectra show isotropic
lineshapes. In 2H NMR, the results can be explained by a
simple model where each O-D bond jumps between four
equiprobable tetrahedral orientations, although in this model
the gross approximation is made that the 2H quadrupolar cou-
pling tensor is axial. Unfortunately the models that can ex-
plain the experimental observables do not necessarily test the
theoretical models, such as the Bjerrum model. For instance,
a water molecule would have to be visited by several defects
in order for it to be reoriented in such a way as to show tet-
rahedral averaging. Nevertheless the 'H, 2H and dielectric re-
sults can be explained by the presence of a single motional
correlation time. One striking feature of THF clathrate hy-
drate is that the motions are considerably faster than in ice,
and it is thought that this is due to injection of Bjerrum L-
defects into the hydrate lattice by transient H-bond formation
between the O atom of the THF and a water molecule.?’

Here we present work on the central transition NMR of the
spin 5/2 70 nucleus in ice and THF structure II clathrate hy-
drate as a function of temperature. In contrast with the four
orientations visited by the 2H quadrupole coupling tensor,
the tensor of 170 in the water molecule will reorient over six
orientations as the arrangement of H atoms around it changes
(in this case roughly octahedral orientations), and so in a
sense the 170 detects the motion of the whole molecule rather
than of the O-D bond. Another reason for a study using 70
is because the proton-shielding tensor in ice-lh has a span of
~6 kHz, the 'H dipolar coupling leads to spectra ~40 kHz
wide, the deuterium quadrupolar coupling constant is
~200 kHz, and the 70O quadrupolar coupling constant is
~6.43 MHz. Although the 7O central transitions in ice are
expected to cover a spectral width of ~60 kHz, complete
averaging of the quadrupolar interaction can give spectral
sensitivity to a remarkably broad range of motional correla-
tion times. Besides the problem of water molecular reorienta-
tions, there is a wide interest in the fundamental
spectroscopy, that is, to observe and understand the evolution
of spectral patterns for half-integer nuclei from a static pat-
tern to one where the quadrupolar coupling is completely
averaged.38-43

Because of the ubiquitous presence of water in its various
phases, we expect considerable relevance of these results to
water-containing systems.

Experimental details

Water with 45% 70O (ISOTEC Inc.) and THF with 99.9%
purity (Sigma-Aldrich) were used to prepare the ice and hy-
drate. THF is soluble in water, so that the clathrate hydrate
was easily obtained by cooling its aqueous solution with
1:17 THF/H,0 stoichiometric ratio.** 170 NMR static spectra
with 'H decoupling were obtained at 40.68 MHz from 140 K
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Fig. 1. Static 7O NMR 'H decoupled spin-echo spectra of the cen-
tral transition in ice-lh as a function of temperature.
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up to the melting points, using a Bruker AMX 300 NMR
spectrometer with a double resonance ('H-'70) high-power
NMR probe (Morris Instruments Inc.). Only central transition
spectra were obtained, using a spin-echo experiment with
7 = 20 ws.* 'H decoupling is necessary, as the 17O-H dipo-
lar coupling is calculated to be of the order of 17 kHz, com-
pared with ~59 kHz for the 70 second-order static
linewidth. The spectra are referenced to liquid H,'70O water
at room temperature. Temperatures were regulated using
cold nitrogen gas and a Bruker Eurotherm controller.

Results and discussion

The 70 NMR central transition spectra of ice-Th and THF
clathrate hydrate as a function of temperature are shown in
Figs. 1 and 2. The lowest temperature spectra correspond to
essentially static quadrupolar coupling tensors. For ice-Ih at
150 K, the best theoretically fitted spectrum gave a quadru-
polar coupling constant Cy = 6.43 MHz and an asymmetry
parameter n = 0.935. This compares favourably with pre-
vious measurements, which have given Cqo = 6.66 + 0.10
and n = 0.935 + 0.010 for D,O ice-Ih at 253-263 K,*¢ and
Cq = 6.525 + 0.015 and n = 0.925 + 0.020 at 77 K.47 The
first of these studies also determined that the principal axis
components of the tensor are oriented with yy perpendicular
to the molecular plane and xx along the twofold molecular
axis. Cg is moderately sensitive to the local environment of
the water molecules, as seen in the different values for
water-'70 in Ice-II (Cq = 6.893 MHz, n = 0.865),*8 and
crystal hydrates oxalic acid dihydrate (Co = 6.8 MHz,
n = 093)* and barium chlorate monohydrate
(Cq = 7.61 MHz, n = 0.94).5 For THF clathrate hydrate at
140 K, the envelope of the spectrum is somewhat noisier
than that of ice-lh, perhaps because of an inhomogeneous
orientational distribution of hydrate crystallites produced
when the THF solution was frozen in the NMR probe. Never-

Fig. 2. Static 70O NMR 'H decoupled spin-echo spectra of the cen-
tral transition in THF clathrate !7O-hydrate as a function of tem-
perature.
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theless, it is clear that the lineshape is almost identical to that
of ice-lIh at 150 K, and thus we conclude that the local oxy-
gen coordination in THF clathrate hydrate is very similar to
that in ice-Th. Though there are three crystallographically dis-
tinct water oxygen sites in the THF hydrate,!%20 these are not
distinguished in the static lineshapes observed, nor even in
the dynamically averaged pseudo-isotropic lineshapes ob-
served at the highest temperatures.

One question to consider is whether the chemical shielding
anisotropy (csa) of 170 in ice is large enough to make a visi-
ble contribution to the central transition spectrum at 7.05 T.
While there is no experimental information available on this,
ab initio calculations for liquid water suggest a span of
~37 ppm.>! This is very small (~2.5%) when compared to
the observed static linewidth of ~1450 ppm but substantial
enough to perhaps explain the range of experimental values.
Spectra at high field would probably resolve this issue, e.g.,
at 21.1 T the second-order linewidth would reduce to about
161 ppm. Furthermore, at rates where the second-order quad-
rupolar lineshape begins to show effects of dynamic averag-
ing, this csa will likely already be averaged to zero.

As temperature increases, the lineshapes start to show ef-
fects of dynamic averaging; their features become less well-
defined, and a new shape centred around the center of gravity
of the line begins to form. Comparing the spectra of the two
materials, it is immediately obvious that the dynamics in the
THF hydrate are considerably faster than in ice-Ih, with
equivalent changes in lineshape occurring about 50 degrees
lower for THF hydrate. Initially the new lineshape is asym-
metric, with its peak closest to the strongest feature of the
static lineshape, but then it gradually shifts to lower fre-
quency, and in the case of THF hydrate eventually takes on
a pseudo-isotropic appearance (ice-lh melts before this stage

Published by NRC Research Press
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Fig. 3. Static 70O NMR 'H decoupled spectrum of water-'’O in a
THF clathrate hydrate sample at ~270 K, where partial melting has
occurred.
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can be reached). That this “isotropic” line still retains a sec-
ond-order shift is illustrated by the spectrum of the hydrate at
270 K, where liquid THF solution and solid THF hydrate co-
exist (Fig. 3). The liquid line is considerably sharper and
very close to the shift of water, whereas the broader “iso-
tropic” line of the hydrate is centred at —194 + 3 ppm. The
second-order quadrupolar shift of the central transition for a
non-integer quadrupolar nucleus is given by,

[1]  SOQS (inppm) =
)@+

where wg = 6TCo/(2I(2I-1)). Hence, for a spin I = 5/2 nu-
cleus this becomes SOQS = —6 000(Cq? /v ?)(14n?/3). Sub-
stituting the Cy and 1 determined from the low-temperature
static lineshape, a second-order shift of —193.6 ppm is calcu-
lated, very close to that observed at the melting point.

The emergence of this pseudo-isotropic line was initially
quite surprising, because the central transition lineshape de-
pends on the second-order interaction, which is a function of
the fourth-order Legendre polynomial, and therefore averag-
ing due to rapid tetrahedral or octahedral reorientation at
rates a little faster than the static central transition linewidth
should not lead to a pseudo-isotropic lineshape (icosahedral
averaging is required to achieve an isotropic line).*° In fact,
the dynamic averaging calculations described below also sug-
gest that there should be a residual lineshape, and the initial
experimental averaged shapes appear to be falling into the
predicted pattern. However, the modeling does not take into
account the fact that at higher rates of motion the satellite
transitions will also begin to average, and for I = 5/2 the
splitting of the first satellite transition vy = 3Cq/20, which
in this case is only 964.5 kHz.

Witschas and Eckert have studied a case for 2Na NMR
approaching the fast motion limit, where the first-order inter-
action is averaged to zero, and observed a pseudo-isotropic
central transition line, which gradually shifts to the true iso-

Can. J. Chem. Vol. 89, 2011

Fig. 4. The 12 possible orientations of a water molecule on any one
particular lattice site in ice-Ih and clathrate hydrates, if the two H
atoms are distinguished. O—H chemical bonds are represented by
bold bars, and O---H hydrogen bonds from neighbouring water mo-
lecules by thin lines. The arrows indicate the four single-step reor-
ientations which can occur by rotation about each of the two O-H
chemical bonds for any one particular starting orientation. Over
time, all 12 orientations will be sampled.

7/ S
G

o

7

tropic position as the satellites also average to isotropic.! In
the present study, although the THF hydrate residual second-
order lineshape has averaged to pseudo-isotropic, the material
melts before any shifting towards the true isotropic shift has
begun.

Modelling the effects of dynamic exchange on the central
transition lineshape

An examination of the possible orientations for a single
water molecule in ice-Ih or a clathrate hydrate shows that if
the protons are distinguished, there are 12 different orienta-
tions of equal probability (Fig. 4). Assuming a single-step
jump about an O-H axis only (not about O-H hydrogen
bond axes) is required for the reorientational change, then
each of the 12 orientations can have 4 possible single-step
jumps to the other orientations. With the simplifying approx-
imation that the coordination is perfectly tetrahedral, then all
of these single-step reorientations are equivalent in terms of
their kinetic parameters, as are forward and reverse ex-
changes. In fact this is a very reasonable assumption based
on the structure of ice-Ih, but a little less so for the THF
clathrate hydrate with three crystallographically distinct O
atoms and some angles with larger deviations from Td.
While this model provides a more complete picture of water
reorientation (compared with the 4-site tetrahedral jump
model used to simulate the dynamic deuterium NMR spectra
of D,0 ice-Th),28 as far as the 17O tensor is concerned, pairs
of orientations related by interchange of the two proton posi-
tions are equivalent. The population of these molecular orien-
tations in an ice or a clathrate hydrate powder determines the

Published by NRC Research Press
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Table 1. Euler angles of water molecular reorientations in ice-Ih.

Orientations o B y

1 0 0 0

2 215.2644 60 35.2644
3 144.7356 60 324.7356
4 35.2644 60 215.2644
5 324.7356 60 144.7356
6 90 90 90

7 270 90 270

8 324.7356 120 35.2644
9 35.2644 120 324.7356
10 144.7356 120 215.2644
11 215.2644 120 144.7356
12 0 180 180

Fig. 5a. Calculated spin-echo NMR spectra of 7O central transitions for the model of 12 reorientations and 4-step jumps of water molecules
in ice-Ih with x = 6.43 MHz and the hypothetical values for n = 0.9. The exchange rate constants and spin-echo amplitudes (EA) are given
along with the corresponding spectra. The intensity unit is arbitrary.

lineshape of the NMR spectrum within the slow regime of
the reorientational exchange at low temperatures, and the
rate constants of the reorientations determine the lineshapes
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at higher temperatures.

A semi-classical exchange formalism was employed to sim-
ulate the lineshapes of the 7O central transitions.*? The rele-
vant Hamiltonian for the exchanging quadrupolar nucleus
consists of the first-order chemical shift term, and the first-

and second-order quadrupolar interaction terms. Owing to the
time scale of the molecular reorientations observed in the ice
and the clathrate hydrate, it was assumed that the exchange

rates are localized in the second-order quadrupolar term,

PROOF/EPREUVE

while the effect on the lineshape by the first order quadrupolar
interaction is insignificant. The calculations were further sim-
plified by ignoring the effect of chemical shift anisotropy,
which as discussed earlier is likely to be negligibly small com-
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Fig. 5b. Calculated spin-echo NMR spectra of 7O central transitions for the model of 12 reorientations and 4-step jumps of water molecules
in ice-Ih with x = 6.43 MHz and the hypothetical values for n = 0.5. The exchange rate constants and spin-echo amplitudes (EA) are given
along with the corresponding spectra. The intensity unit is arbitrary.
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pared with the linewidth caused by the quadrupolar second-
order interaction at this field, and also averaged to zero by
the dynamics at quite slow rates. The relevant evolution fre-
quency for the central transition is given as follows,32

. 1 3¢, 1° 3
2 (2)static . * Q (1) -2
2] 0SRh 60 [21(21 Y (I+1) 1
x [A(a, n)cos4,3 + B(«a, n)cos 2B+ C(a, n))
where
27 9 3
Ao, 1) = 3 + Z7cos 200 — §(77 cos 2a)?
30 1 3
B(a, n) = — — —n* — 2ncos 20 + =(n cos 2a)?
8 2 4
31, 3 ,
Cla,n) = g + 31— gcos 20 8(17 cos 2a)

and C( stands for the quadrupolar coupling constant. The
Euler angles o and B define the direction of the static mag-
netic field relative to the principal axis system of the electric
field gradient.

The principal axis system of the electric field-gradient ten-
sor of 170 in the water molecule has been determined previ-

ously.#¢ The x-axis was assigned to have the direction of the
C, axis, the y-axis is perpendicular to the H-O-H plane, and
the z-axis lies in the plane parallel to the H-H line. The
twelve sets of Euler angles for water molecular orientations,
as shown in Fig. 4, were derived according to this principal
axis system and are listed in Table 1.

A Mathematica computer program was written to solve the
equations of the kinetically modified Bloch equations,*® and
to integrate over the polar and azimuthal angles to get the
powder pattern of the NMR spectrum. Figures 5a—5¢ show
three sets of calculated 70O spectra according to the exchange
model shown in Fig. 4, based on a quadrupolar coupling con-
stant of 6.43 MHz and asymmetry parameters,n = 0.9, 0.5,
and 0.1, respectively. The corresponding exchange rate con-
stants are given along with the spectra, and the spin-echo am-
plitudes (EA) are also shown in the figures. The transverse
relaxation time 7, = 2.5 ms and a spin-echo time of 7 = 20
us were used in the calculations. The steps for the increments
for o and B were set to be 1°, and a total of 100 points along
the chemical shift axis were calculated. The chemical shifts
were obtained according to the 7O resonance frequency of
40.68 MHz (300 MHz for 'H). The chemical shifts in the
spectra were labeled with the opposite signs because of the
convenient use of the Mathematica plotting method. The
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Fig. 5c. Calculated spin-echo NMR spectra of 7O central transitions for the model of 12 reorientations and 4-step jumps of water molecules
in ice-Ih with x = 6.43 MHz and the hypothetical values for n = 0.1. The exchange rate constants and spin-echo amplitudes (EA) are given

along with the corresponding spectra. The intensity unit is arbitrary.
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spectra at the rate constant k = 0 Hz show the typical powder
patterns of the central transitions for spin n/2 nuclei with the
corresponding hypothetical asymmetry parameters. The spec-
tra at k = 300 000 Hz show the powder patterns in the fast-
exchange regimes. Powder patterns corresponding to for
other intermediate exchange rates are also shown. All three
sets show residual anisotropic lineshapes in the regime where
rates are fast compared with the static second-order line-
width, but again it should be emphasized that these calcula-
tions do not take account of effects when the satellite
lineshapes are also being averaged.

Comparison of experimental and simulated lineshapes in
the exchange regime

Experimental 7O spin-echo spectra acquired at several
temperatures and the corresponding theoretically simulated
spectra with Cy = 6.43 MHz and n = 0.935 are shown in
Fig. 6. Above the temperatures shown, the experimental and
simulated spectra begin to diverge and comparison is no lon-
ger valid. Activation energies were determined from the set
of rate constants and temperatures using the Arrhenius law,

3] k=Aexp (_If_;)

where A is a frequency factor (s7!), E, is the activation en-
ergy (J mol'), and R is the gas constant (8.314 JK-! mol!).

Plots of In(k) versus 1/T are shown in Fig. 7. The least-
squares linear fit for the ice-Ih data gave an activation energy
E, = 55.2 + 2.1 kJ?mol-!. This value, within error, is the
same as the value of 56.5 kJ mol-!, determined from the di-
electric relaxation study,®7 showing that the activation energy
measured in the dielectric relaxation arose from the water
molecular reorientations. It is also equivalent to the most re-
cent value of E, = 55.6 kJ mol~!, determined from 2H NMR
lineshapes.?¢ Earlier studies gave values in the range 55.2 to
59.8 kJ mol-1.24-2731 It is interesting that although the model
used in the study of D,O ice-Ih only considered the reorien-
tations of O-D chemical bonds in a tetrahedral fashion, the
activation energy is the same as that obtained in the current
work for which the more rigorous model of 12 orientations
and 4 single-step jumps was used. This is probably because
of the nearly axially symmetric deuterium quadrupolar cou-
pling tensor, which in principle results in nearly similar cal-
culated 2H NMR lineshapes when either model is used.

The least-squares linear fit for THF clathrate hydrate re-
sulted in an activation energy E, = 30.5 + 0.8 kJ mol!,
which is comparable to values of 31.0 kJ mol-! from dielec-
tric,¥” 30.12 kJ mol-! from 'H NMR,* and 31.0-32.7
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Fig. 6. Experimental 70O 'H decoupled spin-echo NMR spectra at several temperatures shown on the left and matching dynamic simulation
spectra shown on the right, for (a) ice-Ih and (b) THF clathrate hydrate. The temperatures and rate constants are given alongside the corre-

sponding spectra.
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Fig. 7. Experimental plots of In(k) versus 1/T for water reorienta-
tions in ice-lh (m) and those in THF gas hydrate (#) and their corre-

sponding least-square linear fits.
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kJ mol-! from 2H NMR.3334 This value is smaller than that
of ice-Ih, showing that water molecular reorientations in
THF gas hydrate are much more facile. As mentioned earlier,
it is thought that this is due to injection of Bjerrum L-defects

500 0 500 1000
into the hydrate lattice by transient H-bond formation be-
tween the O atom of the THF and a water molecule.!0:15.37

The concurrence of activation energies for both materials
with values determined previously affirms the essential cor-
rectness of the model in this intermediate regime. If the Ar-
rhenius plots are then extrapolated to 270 K the rates
suggested are 2.4 x 10* s7! for ice-Th and 2.0 x 105 s~! for
THF hydrate. The latter value is well towards the fast limit
compared with the second-order static linewidth, where the
model predicts a residual anisotropic lineshape, but it is also
in the range where the first satellite lineshape will be starting
to average (recall that vg is ~9.6 x 10° Hz).

It was mentioned earlier that lower activation energies for
water reorientation in hydrates had been ascribed to defect
injection by guest molecules containing oxygen.!0:15 Recent
molecular dynamics (MD) simulation studies on nanosecond
timescales have in fact observed the existence of both transi-
ent and persistent guest-host hydrogen bonds for oxygen-
containing guests33-55, In the simplest cases, this corresponds
exactly to the injection of an L-defect as there is indeed a
misdirected H-bond, leaving a hydrogen vacancy in the water
lattice. Such vacancies will in effect make it easier (lower
barrier) for reorientation of an adjacent water molecule to oc-
cur. For the more persistent guest—host interactions, a careful
study by single crystal X-ray diffraction showed that the mis-
directed H-bonds to guests could be seen directly (specifi-
cally in pinacolone StrH and t-butylamine Str.IT),5
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indicating that a good fraction of the guests were H-bonded
at any particular instant. For stronger guest—host interactions,
a water oxygen was also moved out of its usual position in
the hydrate cage.’® However, in the case of THF hydrate the
MD simulations showed that these H-bonds are rather short
lived (0.28 ps at 200 K), and thus no effects on the structure
can be detected.? This injection of L-defects by the guest ap-
pears to be quite a different process from the propagation of
Bjerrum defects, which governs the water reorientation proc-
ess as observed by dielectric and NMR relaxation.!%1> For
instance, for THF hydrate the activation energy for L-defect
injection was found to be ~8.3 kJ/mol from MD simula-
tion,> compared with an experimental value of ~30 kJ/mol
for defect propagation (see refs. 30, 33, 34, 37, and this
work). An MD calculation of defect propagation will require
longer simulation times, as this process barely reaches micro-
second timescales at the highest temperatures of study. It may
be that the limiting process for defect transport is the ease of
D-defect generation.

Conclusion

This study of 170 NMR lineshapes of water in ice and a
clathrate hydrate has provided a remarkable picture of the ef-
fects of dynamic averaging on lineshapes of a non-integer
quadrupolar nucleus over quite a broad range of jump rates.
It is also quite consistent with previous studies using other
nuclei and other techniques. Apparently, no new details of
Bjerrum defect diffusion have come to light, although it is
clear that some progress has been made in understanding the
role of Bjerrum defect injection and transport in ice and hy-
drates in general. The observation of an apparently isotropic
line that has a second-order shift is quite unusual and could
have implications for reporting of shifts in other systems, if
it is not recognized that dynamic effects are at play. While
rapid reorientation among tetrahedral or octahedral orienta-
tions at rates faster than the full first-order linewidth will
average the effective electric field gradient to zero, in which
case an isotropic line at the true chemical shift is the ultimate
spectrum, it is also well recognized that the second-order
central transition lineshape will average to an anisotropic
shape at rates comparable with its static linewidth. The cur-
rent work has also partly explored a rate regime between
these two situations where the anisotropically averaged sec-
ond-order lineshape further averages to an isotropic shape
which retains a second-order shift. In the absence of variable
temperature work where this behaviour becomes apparent, it
would be necessary to check whether an isotropic line has a
second-order shift by measuring the shift at more than one
magnetic field.
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