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Deuterium NMR relaxation experiments, low temperature deuterium NMR lineshape analysis, and FTIR
spectra are consistent with a new model for solid state jump dynamics of water in H,O-synthesized
kanemite and 2H,0-hydrated Na*-Zeolite A. Exchange occurs between two populations of water: one
in which water molecules are directly coordinated to sodium ions and experience C, symmetry jumps
of their OH bonds, and a population of interstitial water molecules outside the sodium ion coordination
sphere that experience tetrahedral jumps of their OH bonds. For both samples the C, jump rate is much
faster than the tetrahedral jump rate. ?H NMR relaxation experiments match well with the fast exchange
regime of the model over a wide range of temperatures, including room temperature and above. For
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\ﬁg,ajf;tes hydrated Zeolite A, the kinetic activation parameters for the tetrahedral and C, symmetry jumps are
NMR AH' =+17 KJ[mol, AS.* =—109 J/(mol K), AH.,* = +19 k]/mol, and AS,* = —20J/(mol K). For kane-
Quadrupolar relaxation mite, AH,' = +23 kJ/mol, AS,..' = —69 J/(mol K),AH.,! = +23 k]/mol, and AS,' = —11 J/(mol K).
Kanemite © 2008 Elsevier Inc. All rights reserved.
Zeolite A

Chemical exchange

1. Introduction

Evidence from deuterium NMR and infrared spectroscopy
shows that solid state water exists at ambient temperatures in a
variety of ?H,0-hydrated porous silicates [1-3]. The NMR evidence
is based on the sharp 2H,0 resonance observed in the deuterium
spectrum and its extremely short and field dependent deuterium
NMR T; values. Both characteristics were previously shown to be
consistent with tetrahedral jumps of the O-?H bonds on a fixed lat-
tice rather than liquid state isotropic rotational diffusion. In this
paper a more detailed model is proposed for 2H,O-synthesized
kanemite (Na?HSi,0s-3?H,0) and 2H,0-hydrated Na*-Zeolite A.
The experimental data support this model over a wide range of
temperatures from below room temperature to above the boiling
point of pure water at atmospheric pressure.

2H NMR is particularly advantageous for characterization of
angular dynamics because it is dominated by the single nucleus
2H quadrupolar interaction. The strong quadrupolar interaction,
arising from the coupling of the electric field gradient tensor with
the nuclear electric quadrupole moment Q, dominates the much
weaker 2H chemical shift and dipolar interactions [4,5]. For 2H in
various “rigid” solids, the deuterium qcc (qcc = e2qQ/h) varies from
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160 to 340 kHz with 0 <# < 0.15. The small # values indicate
nearly axial symmetry of the electric field gradient tensor, with
the V,, axis parallel to the X-2H covalent bond. This holds true
for water, where the electric field gradient tensor in 2H,O has
nearly axial symmetry about the O-?H covalent bond axis. There-
fore, the spectrum and relaxation times for °H,0 can be used to
monitor the time dependence of the angle made by the O-?H cova-
lent bond with the magnetic field [1,6]. A repertoire of deuterium
NMR techniques are sensitive to O-H motions with frequencies
(Vmotion) Of 1 x 1072 < Vinotion < 1 x 10'° s71 [7,8]. These encompass
most of the range of frequencies of reorientational and transla-
tional motions of water and other molecules in condensed phases.

For bulk liquid and supercooled liquid water, the 2H T; and T,
relaxation times show that the O-?H bonds experience isotropic
rotational diffusion. At 292 K and atmospheric pressure, the rota-
tional rate constant for liquid 2H,0 is 2.8 x 10'' s71(=6 Dy, where
D, is the rotational diffusion coefficient) [1], while for supercooled
liquid water at high pressures and cold temperatures the rotational
rate constants are several orders of magnitude lower [8,9].
Although it occurs in some solids with spherically symmetric mol-
ecules [10], isotropic rotational diffusion is typical of liquids. In
contrast, for pure solid Ice I, at atmospheric pressure, 2H NMR line-
shape analysis and stimulated echo experiments show that the
0-2H bonds experience tetrahedral jumps (jumprate ~10% s~ 'sev-
eral °C below freezing) due to the diffusion of Bjerrum defects
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through the ice lattice [6,11]. On a slower time scale, there is also a
seven site reorientiation mediated by proton transfer and intersti-
tial translational diffusion. For most crystalline hydrates, variable
temperature ’H NMR lineshape analysis shows that the O-2H
bonds experience rapid C; symmetry jumps around the bisector of
the HOH bond angle with jump rates >10° s~ ' at ambient temper-
atures [12,13]. In a few cases, spectral analysis for crystalline hy-
drates shows that the water molecules are rigid on the “NMR
timescale” (Vjumps << qcc) except for librations that reduce the
effective H qcc. 2H NMR stimulated echo experiments on tetrahy-
drofuran clathrate hydrate show that the O-?H bonds of the water
molecules experience tetrahedral jumps (ascribed to Bjerrum de-
fects) on a distorted tetrahedral lattice as well as a slower random-
ization process ascribed to a combination of Bjerrum and ionic
defects [14]. Dynamics characterized by rigidity or jumps provides
atomic level evidence of the solid state.

Recent 2H NMR studies in our laboratories have found solid
state water at room temperature and higher in the layered silicate
kanemite synthesized with 2H,0 and in the nearly spherical porous
cavities of 2H,0-hydrated Na*-Zeolite A [1]. Unlike crystalline hy-
drates and clathrates, however, in these samples the solid state
water extends several layers away from the silicate or aluminosil-
icate solid surface. Here we propose a more complete model for the
dynamics in these hydrated solids that is consistent with variable
temperature quadrupole echo spectra obtained at lower tempera-
tures and with the experimental deuterium T; and T, relaxation
times over a range of temperatures from below 273 K to as high
as 418 K. In the model, water molecules directly coordinated to
Na* experience C, symmetry jumps of their O-2H covalent bonds
and water molecules outside the direct coordination sphere of
Na* experience tetrahedral jumps of their 0-H covalent bonds.

2. Theory
2.1. Calculation of the T; and T, relaxation times
The theoretical calculations use the conventions of Mehring [5]

and are based on the formalism developed by Torchia and Szabo
[15]. The observed deuterium T; and T values are given by [16,17]:

2
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where wq = 35:#‘3, o is the Larmor frequency in radians/s, and Jo(0),
Ji(w) and J(2w) are the spectral densities at integer multiples of
the Larmor frequency that depend on the details of the molecular
motion. We have omitted the superscripts in the J,(w) indicating
1 = 2 to simplify the notation. The derivation of the spectral densities

for the several models considered here is available upon request.
2.2. Spectral densities for isotropic rotational diffusion
The dynamic model that applies to liquid state water is small

step isotropic rotational diffusion (IRD). The spectral densities are
well known, and are given by [18,19]:
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where JR° (m®) = J®°(—mw). With 6 Do = 1/7. and Eq. (3), these
expressions yield the same results derived by Sudmeier et al.
[20].

2.3. Spectral densities for tetrahedral jumps

Using the appropriate correlation functions and jump matrix,
we find the tetrahedral jump spectral densities in the laboratory
reference frame [21]:
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where ki is the tetrahedral jump rate constant in s!, 5 is the

asymmetry parameter, and « = o.c; and 8 = ¢, are the (powder aver-
age) Euler angles (we choose yc. =0 with no loss of generality)
relating the crystal reference frame to the laboratory reference
frame, i.e. magnetic field.

The spectral densities and corresponding T; and T, values, Egs.
1a, 1b, have an angular dependence. The relaxation times are
shortest at one half of the tetrahedral angle, i.e. the magic angle
(BcL = ArcCos[—1/3]/2) and ¢ = 0, and longest at the parallel edges
(BcL = 0, independent of o). For 5 values <0.1, the variation of the
T, with respect to the powder average value is less than +25%. The
angular dependence of the T, value is also less than £25% if # = 0.1
or less. In the deuterium spectrum, fast tetrahedral jumps
(keet > qcc) yield a dynamically reduced powder lineshape that is
a sharp, apparently isotropic, peak. Any effects of the angular
dependence show up as a deviation from monoexponentiality of
the relaxation of this peak.

2.4. Spectral densities and powder lineshapes for C, symmetry jumps

Using the appropriate correlation functions and jump matrix, we
find the G, jump spectral densities in the laboratory reference frame:
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where ke, is the C; jump rate constant in s~1, 0 is one half the 2H-
0-2H bond angle,  is the asymmetry parameter, and o = o and
B = pcL are the (powder average) Euler angles relating the crystal
reference frame to the laboratory reference frame, i.e. magnetic
field (we choose yc. = 0 with no loss of generality).

Fast C, symmetry jumps (kc, >> qcc) yield a dynamically re-
duced deuterium powder lineshape, not an isotropic sharp line
(see Fig. 1). The deuterium spectral densities and relaxation are
also anisotropic. Both T; and T, relaxation times are shortest at
the perpendicular edges, fc.=7/2 and oc. = m/2, and longest at
the parallel edges, BcL =0, oL = /4. With o averaged, the relaxa-
tion times increase by a factor of four from the perpendicular to the
parallel edges throughout the range of the C, jump rates kc,. The
relaxation times are also very sensitive to the 2H-O-2H bond angle,
with the shortest relaxation times obtained when the 2H-0-2H an-
gle is the tetrahedral angle (i.e. Opjisector iS the magic angle).

2.5. Effects of exchange between tetrahedral jump and C, symmetry
jump populations

Kanemite (NaHSi»05-32H,0) and hydrated Na*-Zeolite A
(Nay 5Al15Si12045-27%H,0) contain water molecules that are directly
coordinated to Na* and water molecules that are outside the direct
coordination sphere of Na* [22,23]. Silicate and aluminosilicate
surfaces provide oxygen lone pairs that serve as hydrogen bonding
sites for water molecules. The combination of Na* and oxygen
binding sites promote a solid state fixed lattice structure for water.
Our hypothesis is that the 0-2H bonds of water molecules directly
coordinated to Na* experience C, symmetry jumps, that those of
water molecules outside the direct coordination sphere of Na*
experience tetrahedral jumps, and that there is exchange between
the two populations with rate constant Kexcn (Scheme 1): where
Tetrahedral and G, identify the populations of water molecules
experiencing tetrahedral and C, symmetry jumps of their O-H
bond axes, respectively; and kexcp is the rate constant for exchange

Rigid
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0 = 45°

0 = 50°
0=525°
0= 54.74°
0=57.5°
0 = 60°

300 200 100 0 -100 -200 -300
kHz

Fig. 1. Deuterium lineshapes calculated for fast (kc, >>qcc) G, symmetry jumps
and various D-O-D bond angle bisector (0) values (qcc = 200 kHz, n = 0). The orange
lineshape, for example, is calculated for perfectly tetrahedral D-O-D bond angles
(0 = 54.74°, the magic angle). The two D-0-D bond angles known from the X-ray
structure of water molecules coordinated to Na* in kanemite are 83.0 (0 = 41.5°) and
114.4° (0 = 57.2°) [22]. The overlap of spectra from 6 = 40° and 50° yields the forest
green lineshape. All spectra, including the “rigid” powder lineshape, are calculated
for qcc =200 kHz, i = 0. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this paper.)

I(exch
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Scheme 1.

between the populations. For convenience, we call Scheme 1 the
C2TET model.

The mechanism of exchange between populations may involve
transfer of intact water molecules or proton (*H) transfer between
them. More complicated mechanisms are also possible. If the ex-
change occurs by proton transfer, it is important to recognize that
0-H-0 bonding is linear, and transfer of a ?H nucleus across a
hydrogen bond rotates the PAS z axis of the 2H nucleus by = but
does not itself affect the deuterium frequency or relaxation [11].
For the tetrahedral population, the jumps are caused by Bjerrum
defects, and each deuteron is restricted to a single water molecule
[6,11]. Mass transport of deuterons in this population requires
Bjerrum defects and an additional mechanism such as whole mol-
ecule transport or proton transfer. For the C, population, the jump
dynamics are also restricted to a single water molecule unless
there is exchange. The details of the dynamic processes assumed
in the C2TET model are under continuing investigation in our
laboratories.

At high enough temperatures fast exchange between the two
populations of water molecules allows for the C, symmetry jump
powder lineshape to be further dynamically averaged by octahe-
dral jumps. The exchange with the tetrahedral jump population
provides O-2H bonds with access to all of the octahedral C, binding
sites of the Na* ions, resulting in approximately octahedral jumps
of the O-2H bond. This produces an isotropic single resonance rather
than a C, jump lineshape. Furthermore, the fast exchange relaxation
rate model predicts [1]:

(1/Tﬂ)observed = XCZ (]/TH)CZ + Xtet(]/T”)tet (5)

where n=1 or 2 for T; or T, relaxation, Lc, = mole fraction of water
molecules that are experiencing rapid C; symmetry jumps of their
0-2H bonds, (1/Ty)c, = inverse of the C, jump relaxation time,
Tucys e = (1 = 7c,) = mole fraction of water molecules experienc-
ing tetrahedral jumps of their 0-2H bonds, and (1/T, ) = inverse of
the tetrahedral jump relaxation time T; e [24].

In Figs. 2 and 3, the effects of jump rates (or rotational diffusion
coefficient) and magnetic field on the powder average deuterium T,
and T, values are calculated for isotropic rotational diffusion, tetra-
hedral jumps, C, symmetry jumps, and for fast exchange between
water molecules experiencing C, symmetry jumps of their O-H
bonds (assuming ., = 0.5) with those experiencing tetrahedral
jumps of their O-H bonds (assuming y = 0.5). In both Figures it
is assumed for the C2TET model that ke, /ki(=1000) is constant
as ket varies [25]. The assumption of fast exchange (Eq. (5)) used
in the calculations does not hold at lower temperatures where
kexch < qcc.

The key feature is the double minimum in the theoretical T;
dependence of the C2TET model (Fig. 2). This is caused by the dif-
ference in the dynamic frequencies k¢, and ki, each of which con-
tributes significantly to the T; relaxation. The dependence of the
deuterium NMR relaxation times on temperature follows the
dependence on jump rates, so an extended temperature range with
low T; values may be expected in contrast to “pure” relaxation pro-
cesses that have a single minimum such as isotropic rotational dif-
fusion, C; symmetry jumps, or tetrahedral jumps. Of importance
for experimental elucidation of the solid state, the contribution
from a “slow” dynamic process, in this case the tetrahedral jumps,
causes magnetic field-dependent T; values to be observed at higher
temperatures than for “pure” relaxation processes.
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Fig. 2. Theoretical powder average deuterium T; values as a function of the
frequency of motion, v, calculated at four magnetic fields and corresponding Larmor
frequencies: For C; symmetry jumps (dark blue) v = kc,, for tetrahedral jumps
(green) v = ki, for isotropic rotational diffusion (light blue) v =6 D, and for fast
exchange with equal contributions of C; jumps and tetrahedral jumps (red) v = Keet
and ke, =1000 ke [25]. 2H quadrupolar values are qcc=200kHz and #=0.
Deuterium Larmor frequencies at the four magnetic fields are 45.84 MHz,
61.42 MHz, 76.78 MHz, and 92.13 MHz. In all cases the T; values increase with
Larmor frequency, so the lowest curve in any set corresponds to 45.84 MHz and the
highest to 92.13 MHz. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this paper.)
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Fig. 3. Theoretical powder average deuterium T, values as a function of the
frequency of motion, v, calculated at four magnetic fields and corresponding Larmor
frequencies: For C, symmetry jumps (dark blue) v=kc,, for tetrahedral jumps
(green) v = ke, for isotropic rotational diffusion (light blue) v =6 D, and for fast
exchange with equal contributions of C, jumps and tetrahedral jumps (red) v = ket
and k¢, =1000 ke [25]. 2H quadrupolar values are qcc=200kHz and #5=0.
Deuterium Larmor frequencies at the four magnetic fields are 45.84, 61.42, 76.78,
and 92.13 MHz. In all cases the T, values increase with Larmor frequency, so the
lowest curve in any set corresponds to 45.84 MHz and the highest to 92.13 MHz.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this paper.)

The theoretical T; curves calculated for isotropic rotational dif-
fusion in Fig. 2 are unlikely to occur experimentally under ambient
conditions, since such low rotational diffusion coefficients (6
Dyt < 10°s™1) have been observed only for supercooled liquid
water at very cold temperatures and very high pressures [8].

Last, we note that the theoretical T, values for all models are
essentially field independent.

3. Experimental
3.1. Materials

Kanemite (NaHSi»05-32H,0), a simple phyllosilicate, was syn-
thesized by adding 2H,0 (NMR) or 'H,0 (IR) to a mixture of 5-Na,_
Si» 05 and silica gel (SiO;) as described previously [1]. Powder X-ray
analysis verified the structure of kanemite, although the presence
of some amorphous material was also indicated. All samples were
sealed. The weights of all samples were monitored and remained
constant. Samples were stored at 21 = 1 °C in the tightly controlled
environment of the NMR Facility.

Phase pure hydrated Zeolite A (NajAl;5Sii2 O48:-27H50), was
purchased from Aldrich Chemical Co. The phase pure Zeolite A
was heated at 550 °C for at least 2 h to completely remove its
waters of hydration. Samples were then rehydrated by equilibrat-
ing them with H,0 vapor (FT-IR) or 2H,0 vapor (NMR) in an envi-
ronmental chamber. The ratio of 2H,0 to dehydrated Zeolite A in
the rehydrated samples was determined gravimetrically to be
within 1% of the stoichiometric loading of 27 mol of 2H,0 per mole
of Zeolite A. All samples were sealed, and their weights remained
constant throughout the experiments.

3.2. X-ray crystallography and previous NMR results

The single crystal X-ray crystallography of kanemite shows
fixed electron density for half of the water hydrogen atoms, specif-
ically those that are octahedrally coordinated to Na* [22]. The posi-
tions of the other water hydrogen atoms in kanemite and of all of
the water hydrogen atoms in hydrated Na'-Zeolite A are not
resolvable with X-ray crystallography [22,23]. The interlayer spac-
ing between adjacent silicate layers in kanemite is 1.03 nm [22].
The nearly spherical pore diameters in Zeolite A are 1.43 and
0.99 nm, and the approximately cylindrical channels connecting
the pores have diameters of about 0.33 nm [23]. For comparison,
the effective diameter of a water molecule is 0.28 nm and the
diameter of a Na* ion is 0.19 nm [26]. X-ray crystallography and
23Na solid state NMR of kanemite both show one Na*-binding site
[22,27], but NMR studies of Zeolite A have shown variation in the
location and coordination of Na* ions [28].

3.3. NMR measurements

2H NMR experiments were carried out over a range of temper-
atures at various magnetic fields, specifically 6.98, 7.01, 7.05, 7.11,
9.41, 11.73, 11.75, and 14.099 T on eight different NMR spectrom-
eters: a solid state Chemagnetics CMX-300, two different liquid
state Bruker DPX-300s, a home-built solid state spectrometer, a li-
quid state Bruker DRX-400, a solid state Chemagnetics/Varian
Infinity 500, a liquid state Bruker AMX-2-500, and a liquid state
Bruker DRX-600 spectrometer, respectively, at a range of carefully
calibrated temperatures (1 °C).

The quadrupole echo pulse sequence, (7t/2)—T1-(T/2)sy—T2-
Acquire, with Cyclops phase cycling added to all pulse phases
and the receiver phase, was used to obtain 2H spectra on the solid
state CMX-300 and Infinity 500 spectrometers at 45.65 and
76.77 MHz, respectively (m/2=1.9-2.5pus, 11 =35us, T2 =27 s,
spectral width =2 MHz). The T value of the sharp central aqueous
peak was determined at various magnetic fields as a function of
temperature with the inversion recovery pulse sequence, Ty—Tyariable—
(1/2)p1-Acquireyer, with ¢1=x, y, —x, —y and ¢ref=x, y, —x, -y,
the inversion recovery quadrupole echo experiment, Ty—Tyaiable—(7t/
2)—11—(7/2)sy~T2-Acquire, (with Cyclops), or the saturation recovery
quadrupole echo experiment [(7/2)~T]n—Tvariable=(Tt/2 )x=T1—~(TT/2 )y~
To—-Acquire, (with Cyclops). The T, value of the sharp central peak
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was determined either from the peak width at half height for fully re-
laxed T; spectra or with one of the following pulse sequences: 1. the
CPMG single echo experiment: (7/2)—Tvariable—Ttsy—Tvariable—ACqUIrex
(with Cyclops); or 2. the CPMG double echo experiment:
(1/2) x~Tvariable=Tlay—2 1:v.:-n'iable_"t—+y_7:variable_ACCIUirex (with Cy-
clops). At temperatures where the central peak is sufficiently
sharp, Avq,<3kHz, the data from liquid state spectrometers
was obtained using “soft” pulses on the lock channel of a liquid
state probe with 7/2 ~ 90 ps and & ~ 180 ps. As verified by sepa-
rate experiments with hard pulses (7/2 < 3.0 us) on the solid state
CMX-300 and Infinity-500 spectrometers, this was adequate for
uniform excitation of the sharp central peak at temperatures
where it could be resolved. At lower temperatures where the sharp
central peak could no longer be excited with soft pulses, the T; val-
ues were determined with 7/2 pulse widths of 3 s or less either
with the inversion recovery pulse sequence, the inversion recovery
quadrupole echo pulse sequence, or the saturation recovery quad-
rupole echo pulse sequence. For kanemite, very low temperature T,
data were acquired at 46.46 MHz by using the saturation recovery
quadrupole echo pulse sequence and monitoring the relaxation of
the echo maximum [29]. Low temperature quadrupole echo spec-
tra were obtained on solid state CMX-300 and Infinity 500 spec-
trometers using a Chemagnetics variable temperature apparatus.
The temperature was calibrated with a copper constantan thermo-
couple taped in place inside the empty sample coil of the intact
probe/variable temperature apparatus operating inside the mag-
net. The temperatures reported on these instruments are accurate
to ca. +3 K down to 123 K.

Single pulse excitation 2°Si, 2’Al, and 2*Na MAS spectra for
2H,0-synthesized kanemite and 2H,0-hydrated Zeolite A were ob-
tained at room temperature on the solid state CMX-300 and Infin-
ity 500 spectrometers.

Theoretical?’H NMR calculations were carried out with Mathem-
atica® programs developed by the authors. These programs are
available on request.

4. Results and discussion
4.1. Infrared spectroscopy

The infrared absorption spectrum of kanemite synthesized with
1H,0 is presented in Fig. 4. The O—2H stretching region of the 2H,0-
synthesized kanemite spectrum is also included and the corre-
sponding frequencies have been multiplied by 1.36 to account for
the deuterium isotope effect. Overlap observed in the O-'H and
0-2H regions of these spectra clearly show broad absorption peaks
between 2200 and 3700 cm~' due to O-H(D) vibration in kane-
mite. The lattice vibration peaks in the 700-1200 cm™! range do
not show any H/D exchange effect or isotope effect. Five distinct
broad peaks appear in the O-H(D) stretching region. These broad
peaks occur around ~3620, ~3360, ~2995, ~2620, and
~2225 cm™'. The 3620 cm™' peak might be attributed to free sila-
nol groups. Other peaks are due to the strong perturbation of the
O-H(D) stretching vibration inside of the kanemite crystal struc-
ture, likely due to strong hydrogen bonding and coordination to
the Na* ion. These broad vibrational peaks for hydroxyl groups
are commonly observed for kanemite [30], but their origin is not
well understood. In any case, these IR spectra clearly indicate that
water in kanemite is much different than bulk water or ice, with
low O-H bond stretching frequencies that are consistent with the
solid state. The multiple peaks are consistent with the multiple
forms of —O-H expected from the crystal structure, where the elec-
tron densities for silanol (Si-O-H) hydrogens and the O-H hydro-
gens of the water molecules directly coordinated to Na* are
resolved, and at least two other types of water have been proposed

Kanemite synthesized with H,0
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Fig. 4. Infrared Fourier transform spectrum of the water stretching region for H,O-
synthesized and D,0-synthesized kanemite.

[22,27]. Further detailed information must be obtained from the
NMR analysis.

The infrared absorption spectrum of Zeolite A as a function of
time of hydration with 'H,0 is shown in Fig. 5. An approximately
200 pm thick pellet of dry Zeolite A was placed inside a fully en-
closed home-built environmental infrared (IR) cell with AMTIR
windows. Transmission spectra were collected using a Thermo-
Nicolet Nexus 670 spectrometer and a MCT detector. The system
was kept at room temperature and water vapour from a liquid
water reservoir was allowed to enter the environmental IR-cell.
Spectra were collected approximately every 100 min following
the addition of water vapour to the system. The hydrated sample
spectra were divided by the background spectrum from the dry
Zeolite A. The growth of the OH stretching vibration peak of water
molecules absorbed in the Zeolite A was monitored as a function of
time in the wavenumber region from 3000 to 3600 cm™".

Upon exposure to the near saturation vapor pressure of water,
the IR peak corresponding to the absorbed water increased fast

Intensity A.U.

1 1 1 1
3200 3300 3400 3500

Wavenumber cm-

1
3000 3100

Fig. 5. Infrared absorption spectra of the water OH stretching region for water
adsorption in Zeolite A are illustrated as a function of time (0, 210, and 520 min—
from bottom to top). Two broad primary peaks exist around (A) 3230 cm™! (by
deconvolution) and (B) 3360 cm™! (by deconvolution) corresponding to completely
hydrogen-bonded ice-like water and water coordinated to Na®, respectively [31].
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in the first 300 min and grew slowly thereafter. After approxi-
mately 600 min, the peak intensity did not grow significantly, indi-
cating that the Zeolite A was almost fully saturated with water. The
primary IR peak of the absorbed water in the Zeolite A is approxi-
mately 3230 cm~! which is equivalent to that observed for fully
hydrogen-bonded “ice-like” water [3]. It is well known that the
IR adsorption band of pure liquid water is primarily made up of a
broad peak around 3400 cm™!. As the number of hydrogen bonds
in water increases, this peak shifts to lower wavenumbers. In ice
In, which is completely hydrogen bonded, the peak appears near
3200 cm™~'. The shoulder peak near 3360 cm~'can be attributed
to either defects in the ice-like water network inside the Zeolite
pores or water coordinated around the sodium ion in the Zeolite
structure. The peak for the water O-H stretching band for the first
hydration layer of Na* in liquid solutions appears at ~3423 cm™!,
suggesting that the peak at 3360 cm~! is from Na*-coordinated
water [31]. The apparent simplicity of the hydrated Zeolite A IR
spectrum in comparison to that of hydrated kanemite is not fully
understood and will be investigated in future work.

Overall, the FT-IR data show that the water in both materials is
not bulk liquid water but is more indicative of a substantially
hydrogen bonded network of water coordinated to ions.

4.2. NMR results

The 2°Si MAS spectrum of 2H,0-synthesized kanemite is shown
in Fig. 6. It shows, in addition to the main Q> kanemite peak at
—97 ppm, about 12% Q* and Q? impurities (by deconvolution).
These are consistent with the intensity of the amorphous hump
in the X-ray powder spectrum.

The 27Al MAS (V,or = 10 kHz) NMR spectrum of ?H,0O-hydrated
Zeolite A is shown in Fig. 7. It shows the main tetrahedral peak,
no octahedral or 5-coordinate aluminium sites, and almost no
impurities.

The >Na MAS (v;or = 10kHz) spectrum of 2H,0-synthesized
kanemite (Fig. 8a) shows a slightly broadened second order quad-
rupolar lineshape.

Nutation spectra (not shown) verify that only the central tran-
sition was excited, which is consistent with the solid state.

The 22Na MAS spectrum of ?H,0-hydrated Zeolite A (Fig. 8b)
shows a partially averaged second order quadrupolar lineshape,
suggesting that sodium exchanges between several binding sites.
The exchange is fast compared to the second order quadrupolar
powder linewidth (~2.5 kHz), but slow compared to the *Na qcc
(~2.5 MHz). The nutation spectra (not shown) verify that the cen-
tral transition was selectively excited, again consistent with the so-
lid state.

T
100 50 0 -50
ppm

T
-100

Fig. 7. >’Al MAS (v;or=10kHz) NMR spectrum of 2H,O-hydrated Zeolite A at
130.26 MHz. (pw =1 ps, sw =40 kHz, relaxation delay =2 s, ns= 960, td=1k). 1 M
AlCl5 (aq) (0 ppm) was as used as a secondary reference.

-97
7

T T T T T T T T T T T T T T T T T T T
-8 -16 -24 -32 -40 -48 -56 -64 -72 -80 -88 -96 -104 -112 -120 -128 -136 -144 -152
ppm

Fig. 6. Single pulse excitation 2°Si MAS (v, = 3.5 kHz) NMR spectrum of 2H,0-synthesized kanemite at 59.08 MHz (pw = 6 s, sw =40 kHz, pd = 180's, 476 transients,
al = 1 k). Tetrakis(trimethylsilyl)silane was used as a secondary reference. A glitch at —76 ppm is also present in the spectrum of an empty rotor.
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Fig. 8. (a) 2>Na MAS single pulse spectrum of 2H,0-synthesized kanemite at
132.16 MHz (spinrate = 10 kHz, pw =1 ps, sw=50kHz, pd=1s, 3072 transients,
al=1k). (b) ?>Na MAS single pulse spectrum of 2H,0O-hydrated Zeolite A at
132.16 MHz (spinrate = 10 kHz, pw =1 ps, sw =50 kHz, pd=1s, 3424 transients,
al = 1K)

4.3. Theoretical intermediate exchange >H NMR spectra
Theoretical intermediate exchange powder lineshapes as a

function of the tetrahedral jump rate ke are shown in Fig. 9. The
method described by Vega and Luz was used to calculate interme-

diate exchange quadrupole echo time domain signals [32]. Effects
of motion during the 7 delays of the quadrupole echo experiment
were included in the calculations of the time domain signals. The
spectra were obtained by Fourier transformation of the calculated
time domain signals. The echo intensities for tetrahedral jumps in
the intermediate exchange regime are severely attenuated in the
range 10% s7! < ket < 108 s71. If the C2TET model holds, this would
be expected to be manifested in the experimental quadrupole echo
data.

Theoretical intermediate exchange powder lineshapes as a
function of the C; jump rate k¢, are shown in Fig. 10. Unlike the tet-
rahedral jump quadrupole echo intensity, the C, jump quadrupole
echo intensity does not fall below 12% of its maximum value.

Quadrupole echo intensities for octahedral jumps have been
calculated as a function of the octahedral jump rate v in Fig. 11.
Consideration of the octahedral jump rate is necessary with the
C2TET model because exchange between the O-2H populations
experiencing C, symmetry jumps and tetrahedral jumps generates
approximately octahedral jumps of O-2H bond vectors as they sam-
ple the different water binding sites of the Na* ions. We assume
that the exchange process is rate limiting, so the C2TET kinetic
parameter kexcn can be identified with the octahedral jump rate.
For 10% s~ ! < Kexen < 10%s~1, the quadrupole echo intensity for
octahedral jumps nearly vanishes. If the C2TET model holds, the
corresponding loss of echo intensity would be expected in the
experimental data.

4.4. Experimental low temperature °H NMR spectra

Zeolite A contains no silanol groups, so the low temperature 2H
powder spectra of 2H,0-hydrated Zeolite A are simpler than those
of kanemite. The experimental quadrupole echo spectra of H,0-
hydrated Zeolite A are shown in Fig. 12. with theoretical simula-

1.0x 10
2.0x 103 1.0 x 10°
40x1083
1.0 x 104 A i
1.8x10 s
, 25x1Q8 1.0x 10 i
¥ CX18.0x 104 J i
B It i i
T L ] ! 3 ! R !
153 .042 .015 .0048 .0043 .0063 .0711 .705

Echo Intensity

Fig. 9. Deuterium powder lineshapes calculated for tetrahedral jumps of the O-H bond as a function of the tetrahedral jump rate kee. The ke values are shown on top of the
corresponding lineshapes, and the echo intensities are shown underneath the corresponding lineshapes. The isotropic peaks at the highest jump rates have been truncated to
fit on scale. The following parameters were used: qcc = 200 kHz, 1 = 0, t= 35 ps (echo delay in quadrupole echo experiment).
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Fig. 10. Deuterium powder lineshapes calculated for C, symmetry jumps of the O-2H bond as a function of the jump rate ke,. The k¢, values are shown on top of the
corresponding lineshapes, and the echo intensities are shown underneath the corresponding lineshapes. The following parameters were used: qcc = 200 kHz, =0, 7 =35 pus
(echo delay in quadrupole echo experiment), and an equally weighted mixture (0.5 weight each) of 6 = 52.5° and 6 = magic angle.
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Fig. 11. Deuterium powder echo intensities calculated for octahedral symmetry
jumps of the O-?H bond as a function of the jump rate v = kexn The following
parameters were used: qcc =200 kHz, 71=0, t =35 ps (echo delay in quadrupole
echo experiment).

tions. At the lowest temperature we could maintain, 141 K, the
quadrupole echo spectrum is consistent with the rigid deuterium
powder spectrum of 2H,0 with Viotion << qc¢, qcc &~ 200 kHz, and
0 <7 <0.1, Table 1. At 203 and 210K, the spectra are consistent
with a combination of nearly rigid 2H,0 and a lineshape close to
that calculated for G, symmetry jumps with k¢, > qcc. We therefore
assign the “rigid” parts of these spectra to the population of 0-*H
bonds experiencing tetrahedral jumps with ki << qcc. The resolv-
ability of both deuteron populations, C; and tetrahedral, also shows
that Kexch << qcc. At 222 and 232K, the rigid deuterium powder
pattern is not resolvable, but the C; symmetry jump powder line-
shape is still observable. This is consistent with the loss of intensity

for tetrahedral jumps as they approach the intermediate exchange
regime, kyr ~ qcc, (Fig. 9). The extremely low experimental quadru-
pole echo intensities and limited resolvability of the remaining C,
symmetry jump lineshapes, suggests further that kexc, approaches
qcc at these temperatures, consistent with octahedral jumps in
intermediate exchange and the C2TET model. The theoretical echo
intensities in Fig. 12 do not include the effects of octahedral jumps.
The simultaneity of the decrease in kee; and kexcr, suggests that the
exchange process may require tetrahedral jumps. Above 251 K the
quadrupolar echo spectra show a single apparently isotropic peak.
This is consistent with the C2TET model if Kkexch >qcc and
ke, >> qcc.

Eyring plots [33] of the temperature dependent rate constants
are shown in Fig. 13, where the estimated values of k¢, and ket
from Fig. 12 have been used. For the hydrated Zeolite A, the kinetic
activation parameters for the tetrahedral and C, symmetry jumps
are  AH,' =+17kj/mol, AS.'=-111](mol K), AH.'=+
20 kJ/mol, and AS.,* = —15J/(mol K).

The variable temperature quadrupole echo %H spectra of 2H,0-
synthesized kanemite are complicated by the presence of a silanol
(Si-0-2H) powder pattern with a notable downfield silanol chem-
ical shift [2] that persists throughout the temperature range,
Fig. 14. At the lowest temperature we could maintain, 132 K, the
broad powder pattern of rigid *H,0 (kc, < qcc, kier << qcc, Table
1) is dominant, but the narrower silanol powder pattern is still
apparent. At 218 K, there is still a rigid powder pattern that we as-
sign to O-2H bonds experiencing tetrahedral jumps (ke << qcc), a
silanol powder pattern, and also a central bump that we assign to
0-2H bonds experiencing C, symmetry jumps (kc, ~ qcc). At 256 K,
the rigid powder pattern has disappeared and the spectrum is a
combination of the silanol powder pattern and a powder pattern
that we assign to fast C; symmetry jumps (kc, >> qcc). A powder
lineshape from O-2H bonds experiencing tetrahedral jumps is no
longer observable, suggesting that k.. approaches qcc with corre-
spondingly low intensity, Fig. 9. At 275 K, the spectrum is a sum
of the silanol powder pattern and an intense central peak. The cen-
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Fig. 12. Experimental (left) and simulated (right) variable temperature quadrupole echo spectra of 2H,0-hydrated Zeolite A. The quadrupole echo pulse sequence ((7t/2)x
— 71— (m/2)sy, — T2—acquire, with Cyclops phase cycling added to all pulse phases and the receiver phase) was used to obtain ?H spectra on the solid state Infinity 500
spectrometer at. 76.77 MHz (/2 = 2.0 us, 71 = 35 ps, 72 = 27 ps, spectral width 2 MHz). Approximate theoretical spectra and echo intensities were calculated assuming equal
contributions from deuterium populations experiencing C, symmetry jumps of their 0-2H bonds and tetrahedral jumps of their O-2H bonds, each with qcc = 200 kHz, = 0.
The C, population was further subdivided into two equal populations with 6 = magic angle and 6 = 52.5°. The theoretical spectrum for 251 K was simulated by assuming that
the C; symmetry jumps had been isotropically averaged by octahedral exchange between different C, binding sites.

Table 1
Summary of the estimates of C2TET rate constants relative to the O-2H quadrupole
coupling constant (qcc)

Substance T (K) ke, Kiet Kexen® Other comments
Zeolite A 141 <qcc <<qcc <<qcc
Hydrated 203-210 >>qcc <<qcc <<qcc
With D,0 222-232 >>(cc <qcc <qcc
>251 >>qcc ~qcc >qcc
Kanemite 132 <qcc <<qcc <<qcc DSP®
Synthesized 218 ~(qcc <qcc <qcc DSP
With D,0 256 >>qcc <qcc <qcc DSP
275 >>qcc ~qcc >qcc DSP
296 >>qcc >qcc >>qcc DSP

2 There is greater uncertainty in ke, estimates.
> A dynamic silanol pattern (DSP) persists throughout the temperature range.

tral peak retains some features characteristic of the fast exchange
C, jump lineshape, suggesting that kexcnh ~ qcc. At 296 K, the central
peak has narrowed, suggesting that kexcn >> qcc. Unlike the case for
2H,0-hydrated Zeolite A, there is not a huge loss of experimental
echo intensity at temperatures where kit and Kexc, are in interme-

diate exchange. This is consistent with a non-vanishing contribu-
tion from the silanol —-0?H. The presence of the silanol powder
lineshape shows that the silanol deuterium nuclei are not exchang-
ing rapidly with water deuterium nuclei. Further studies of the low
temperature silanol, tetrahedral and C, symmetry dynamics in
kanemite are underway.

4.5. Field dependent variable temperature °H relaxation data for the
sharp central resonance of the kanemite and Zeolite A samples

The T, data obtained for the sharp water peak at temperatures
where it could be resolved and inverted with soft pulses, above
~252 K for 2H,0-hydrated Zeolite A, and above 279 K for 2H,0-
synthesized kanemite, were monoexponential. When fit with the
Kohlrausch stretched exponential function, the T; relaxation data
obtained for the sharp central peaks of both samples yield 8> .94
in all cases with the lowest p values obtained at the lowest temper-
atures, consistent with monoexponential relaxation or a narrow
range of relaxation times [34]. At lower temperatures the interme-
diate exchange powder lineshapes emerge and prevent direct
determination of T; values for the sharp central peak.
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Fig. 13. Eyring plots [33] of the k¢, and ke values in 2H,0-hydrated Zeolite A obtained from the simulations in Fig. 12. The activation parameters are AH,,,' = +17 kJ/mol,

AS,..' = =111 J/(mol K), AH.,* = +20 kJ/mol, and AS,* = —15 J/(mol K).

Low temperature T; data for 2H,O-synthesized kanemite (we
have not yet run these experiments for 2H,0-hydrated Zeolite A)
were obtained at 46.46 MHz from the full echo intensity in a satu-
ration recovery quadrupole echo experiment with hard pulses.
Two types of deuterium spin lattice relaxation were observed: a
slowly relaxing component (8~ 0.6) that is tentatively assigned
to the silanol deuterium and a faster relaxing monoexponential
component (B > 0.9) that is assigned to the O->H bonds experienc-
ing tetrahedral and G, symmetry jumps. At temperatures where
both methods were used, 288 and 295 K, the fast relaxing compo-
nent and the sharp central peak had the same T; values within
experimental error (ca. £10%) at 46.46 and 46.07 MHz. The exper-
imental T; and T values for the sharp central peak of 2H,0-synthe-
sized kanemite and 2H,0-hydrated Zeolite A are shown in Figs. 15
and 16, respectively.

The O-2H bond motions in ?H,0-synthesized kanemite and in
2H,0-hydrated Zeolite A are very different than they are in bulk li-
quid water. In bulk liquid 2H,0 and in supercooled 2H,0 at atmo-
spheric pressure, the extreme narrowing condition is met, with
Dyot >> Viarmor, and Ty = T». This is not the case for 2H,0 in 2H,0-
synthesized kanemite or in 2H,0-hydrated Zeolite A, where the
T, and T values differ by 2.5-3 orders of magnitude. Therefore mo-
tions comparable to or slower than the Larmor frequency must oc-
cur throughout the experimental temperature range of both
samples.

This is confirmed by the 2H NMR T; values for both 2H,0-syn-
thesized kanemite and ?H,0-hydrated Zeolite A, which are nearly
two orders of magnitude shorter than those of bulk liquid ?H,0O
at the same temperatures. In addition, for both samples the T; val-
ues show significant magnetic field dependence that increases with
temperature above 277 K. The field dependence exceeds the exper-
imental uncertainty (ca. +10%) in the T; values at these tempera-
tures. The minima in the experimental T; values occur near 284
and 267K, respectively, for 2H,O-synthesized kanemite and

2H,0-hydrated Zeolite A. The temperatures for these T; minima
may be compared to the temperatures for the T; minima for isotro-
pic rotational diffusion of supercooled liquid 2H,O at comparable
magnetic fields, which occur at temperatures below 200K and
pressures above 2000 atm [8].

The scatter in the T; data obtained for 2H,O-synthesized
kanemite with the saturation recovery method (black triangles)
between 250 and 280 K (Fig. 15) may indicate that the tetrahe-
dral jump rate ki and the exchange rate kexcn, are both in the
intermediate exchange region at these temperatures (see
Fig. 11). Other possible explanations for the differences are un-
der investigation.

There were significant differences in the experimental T, values
(76.77 MHz) determined by peak width, single echo CPMG experi-
ments, and double echo CPMG experiments. However, the values
obtained with any given experiment at any temperature were
reproducible. Residual powder lineshapes for asymmetry in the
tetrahedral, G, or octahedral jumps may contribute to the ob-
served peak width and reduce the linewidth-derived T, value.
The variation of the T, values with the experimental method is also
consistent with the effects of intermediate exchange on T, relaxa-
tion [36]. This hypothesis will be examined in future work. In Figs.
15 and 16, the double echo CPMG T, values are plotted, since these
are the longest T, values observed. The linewidth-derived T, values
for 2H,0-hydrated Zeolite A are also shown in Fig. 16 to illustrate
the magnitude of the discrepancy between the values obtained
with the different methods. T, values determined for a few temper-
atures at 46.03 MHz with each of the three methods verified mag-
netic field (Larmor frequency) independence for each method
within experimental error (ca. £10%). The lack of field dependence
for T, combined with the lack of consistent values from different
experimental methods makes the experimental T, dependence on
temperature less reliable for comparison with theory than the T;
dependence.
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Fig. 14. Experimental variable temperature quadrupole echo spectra of 2H,0-
synthesized kanemite. The quadrupole echo pulse sequence was used on the solid
state Infinity 500 spectrometer at 76.77 MHz (m/2 =2.0us, 71 =35 ps, 7, =27 us,
spectral width 2 MHz). Experimental echo intensities relative to the intensity at
132 K are shown on the right side of each spectrum. A vertical expansion of the
spectrum at 296 K is included to show the silanol powder pattern that persists
through the temperature range.

4.6. Comparison of theory and experiment for T; relaxation

The experimental deuterium T; data for the sharp central peak
of 2H,0-hydrated Zeolite A obtained with “soft” pulses over a
range of fixed temperatures at 46.03, 61.42, 76.77, and
92.13 MHz are plotted on the background of the best fit theoretical
T, values for the C2TET model in Figs. 16 and 17. Experimental T;
values obtained at the same temperature but at different magnetic
fields were plotted against the theoretical curves that gave the best
match, assuming that ke, [Kee is constant for the C2TET model. This
assumption is justified for 2H,0-hydrated Zeolite A by the similar
activation enthalpies for k¢, and k¢ calculated from the low tem-
perature quadrupole echo spectra of Figs. 12 and 13, but we have
yet to verify if this is also true for 2H,0-synthesized kanemite. Nev-
ertheless, this is the simplest possible assumption for the C2TET
model. Experimental T; values for bulk water are off the scale of
the plot and show no magnetic field dependence. The pure tetrahe-
dral and pure C, symmetry jump models can not reproduce the ex-
tended temperature range of the magnetic field dependence. The
isotropic rotational diffusion model, with v =6 D,y values charac-
teristic of supercooled liquid water at 200 K and 2000 atm, can
not match the magnetic field dependence either. Only the fast ex-
change C2TET model was able to reproduce the experimental data.
A more complete study of the relationship between ke, and ki is

underway. We recognize that the assumption of equal activation
enthalpies for k¢, and ki may have to be revised.

In Fig. 18, the plot is extended to lower temperatures, where the
fit obtained for the C2TET model with ke, [keer = 25,833 no longer
matches as well. The experimental values instead approach the
values expected for pure C, jumps. This is easily explained in the
context of the C2TET model. At lower temperatures the tetrahedral
jump rate falls into the intermediate exchange regime (ke ~ qcc)
and the contribution to the deuterium NMR intensity from the tet-
rahedrally jumping O-?H bond population drops in comparison to
that of the C, symmetry jumping O-H bond population, which is
still in fast exchange (kc, >> qcc). The process represented by the
C2TET exchange rate constant kexcn, may also go into intermediate
exchange at the same temperatures. Further details will be eluci-
dated in future work.

In Fig. 19, we show Eyring plots [33] of the rate constants ke,
and ke estimated from the C2TET model for 2H,0-hydrated Zeolite
A in Fig. 17 along with the k¢, and ke values estimated from the
low temperature quadrupole echo spectra (Fig. 12). The best fit
activation parameters for C, and tetrahedral jumps are AH,}!=
+17 KJ/mol, AS'=-109]/(mol K), AH.'=+19k]J/mol, and
AS.,* = —20]/(mol K), respectively, very close to the values esti-
mated from the variable temperature quadrupole echo spectra
alone. The consistency of the data obtained from the two different
deuterium NMR techniques supports the C2TET model.

The experimental T, data obtained with “soft” pulses over a
range of fixed temperatures at 46.03 and 76.77 MHz for the sharp
central resonance of 2H,0-synthesized kanemite are plotted on the
background of the best fit theoretical T, values for the C2TET model
in Figs. 20 and 21. As with Zeolite A, experimental T; values for
bulk water are off the scale, pure tetrahedral and pure C, symmetry
jump models can not reproduce the extended temperature range of
the magnetic field dependence, and isotropic rotational diffusion
with v=6 D, values characteristic of supercooled liquid water
at 200 K and 2000 atm, can not match the magnetic field depen-
dence either. Only the C2TET model was able to reproduce the
experimental data obtained at higher temperatures (>298K,
Fig. 20). The optimal kc, ke ratio is 1000. The fit between the
experimental and best fit C2TET model is good for temperatures
above 298 K, but deviates from the C2TET model at lower temper-
atures where the tetrahedral jump rate ki and exchange rate Kexch
go into intermediate exchange (Figs. 9, 11). Based on the C2TET
model, the experimentally observed relaxation times in this tem-
perature region should therefore be dominated by the population
of water molecules experiencing C, jumps. This prediction is veri-
fied in Fig. 21.

Eyring plots [33] of the calculated ki and k¢, values for
2H,0-synthesized kanemite from Figs. 20 and 21 are shown in
Fig. 22. The activation parameters for kanemite are
AH,' =+23 KJ/mol, AS,'=-69]/(mol K), AH.'=+23k]J/mol,
and AS,* = —11]/(mol K).

It is apparent for both 2H,0-synthesized kanemite and 2H,0-
hydrated Zeolite A that the kc, and k. jump rate values calculated
from the T; data are consistent with the experimental low temper-
ature quadrupolar echo lineshapes. The consistency of the data is
also confirmed by the lowest temperature at which the sharp cen-
tral resonance can be inverted in the T; experiments for both sam-
ples. Numerical Bloch equation calculations for tetrahedral jumps
of 0-2H bonds show that soft pulses, such as those used in most
of the T; experiments, are not able to invert the sharp central res-
onance obtained from tetrahedral jumps as ke falls below about
1 x 10° s~ The ability to invert the part of the sharp central reso-
nance arising from the population of water molecules experiencing
C, and octahedral jumps of their O-2H bonds persists to slightly
lower temperatures, presumably since ke, >> qcc and Kexcn > qcc.
Experimentally, the loss of the ability to invert the sharp central
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Fig. 15. The experimental deuterium T; data for the sharp central resonance of 2H,0-synthesized kanemite at 46.03 (purple squares) and 76.77 MHz (dark blue diamonds); T;
data obtained at low temperature for the fast-relaxing component at 46.46 MHz (purple crosses), and T, data obtained with the double echo CPMG experiment at 76.77 MHz
(orange squares) The temperature dependent T, = T, values (black triangles) for bulk ?H,0 at atmospheric pressure are shown for comparison [35]. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this paper.)
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Fig. 16. The experimental deuterium T; data for the sharp central resonance of 2H,0-hydrated Zeolite A at 46.03 (light blue x’es), 61.42 MHz (purple squares), 76.77 MHz
(dark blue diamonds), and 92.13 MHz (filled blue circles). The T values at 76.77 MHz obtained with the double echo CPMG experiment (orange squares) and from the sharp
peak linewidth (orange crosses) are also shown. The temperature dependent T; = T, values (black triangles) for bulk 2H,0 at atmospheric pressure are shown for comparison
[35]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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Fig. 17. The high temperature experimental T; data for the sharp central resonance of 2H,0-hydrated Zeolite A are plotted on the background of the best fit theoretical T,
values for the C2TET model (jtec = Xc2 = 0.5, V = Keet, K¢, [Keee = 25,833) for deuterium frequencies of 46.03, 61.42, 76.77, and 92.13 MHz. The ratio of ke, /kec was assumed to be
constant throughout the temperature range, and was chosen to yield the best possible fit of the resulting theoretical curves to the experimental data. Curves for pure
tetrahedral jumps and pure isotropic rotational diffusion are off the scale of this figure. There was no way to fit the experimental data with the isotropic rotational diffusion
model or the perfect tetrahedral jump model. The best fit was obtained with qcc =200 kHz and # = 0.

resonance was observed at temperatures where the C2TET model
predicts both k¢ and kexcn, are in the intermediate exchange re-
gime, ket ~ qcc and Kexcn ~ qcCC.

4.7. Comparison of theory and experiment for T, relaxation

The experimental T, data obtained over a range of temperatures
at 76.77 MHz [37] for the sharp central resonances of 2H,O-hy-
drated Zeolite A and ?H,O-synthesized kanemite are plotted on
the background of the theoretical T, values calculated for isotropic
rotational diffusion (v =6 D), ideal C, symmetry jumps (v = Keep,
ke, = 25,833+ ket for Zeolite A; v = ke, kc, = 1000%kee; for kane-
mite); ideal tetrahedral jumps (v= k), and the C2TET model, Eq.
[3,9,12-14] in Figs. 23 and 24. In these plots it was assumed for
the C2TET model that v = ke and ke, /keec = 25,833 for the Zeolite
A data and ke, /keer = 1000 for the kanemite data, respectively, the
same values used for the T; plots in Figs. 17-21.

The experimental T, values for both samples depend on the
NMR method used to obtain them, consistent with intermediate
exchange effects on the T, relaxation times [36]. Using the same
keer and k¢, values and ratios as for the T; analyses, the experimen-
tal data lie between the theoretical T, for C; symmetry jumps and
the theoretical T, expected for the other models (C2TET, pure tet-
rahedral, or isotropic rotational diffusion). This observation is con-
sistent with the C2TET model, because T, relaxation is more
sensitive to exchange effects than T; relaxation [36], and ki is in
the intermediate exchange regime (Fig. 9). As a consequence, the

contribution to the observed deuterium relaxation from the popu-
lation of water molecules experiencing tetrahedral jumps of their
0-2H bonds is severely attenuated, yielding results that are domi-
nated by the population of water molecules experiencing C, sym-
metry jumps of their O-2H bonds.

5. Conclusions

It is widely recognized that a variety of models can be used to
match NMR relaxation data. We have been guided by the principle
of Occam’s razor, namely that the simplest model that matches the
data is probably the best. The well known tetrahedral jumps of the
O-H bonds on the ice I lattice and G, symmetry jumps of the O-H
bonds observed for crystalline hydrates provide a logical basis for
the C2TET model.

The comparison of theoretical and experimental deuterium T;
data for 2H,0-synthesized kanemite and 2H,0-hydrated Zeolite A
shows that the C2TET model works well, and is the only one
that successfully accounts for the magnetic field dependence of
T; values observed experimentally at ambient and higher tem-
peratures. FTIR and variable temperature deuterium lineshape
analyses of both materials are also consistent with the C2TET
model. The experimental deuterium T, data are imprecise due
to exchange effects. Based on the T; relaxation and lineshape
analysis, the kinetic activation parameters for the 2H,0-hydrated
Zeolite A are AH,/}'=+17KkJ/mol, AS,t=-109]/(mol K),
AH,* = +19KkJ/mol, and AS.*= -20]/(mol K). For the 2H,0-
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Fig. 18. The low temperature experimental T; data for the sharp central resonance of 2H,0-hydrated Zeolite A are plotted on the background of the best fit theoretical T,
values for the C2TET model (black theoretical curves, yiet = %c2 = 0.5, V = ktet, Kc, [ktet = 25,833) and the pure C, jump model (red theoretical curves, where we have used
ke, = 25,833 v so direct comparison is possible with the C2TET model) for deuterium frequencies of 46.03, 61.42, 76.77, and 92.13 MHz. For the C2TET model, the ratio of
ke, [keer Was assumed to be constant throughout the temperature range, and was chosen to yield the best possible fit of the resulting theoretical curves to the experimental
data. Curves for pure tetrahedral jumps and pure isotropic rotational diffusion are off the scale of this figure. There was no way to fit the experimental data with the isotropic
rotational diffusion model or the perfect tetrahedral jump model. The best fit was obtained with qcc =200 kHz and # = 0.
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Fig. 19. Eyring plots [33] of the k¢, and ke values in 2H,0-hydrated Zeolite A obtained from the simulations in Fig. 12 (low temperature data) and from the T; data from
Fig. 17 (high temperature data). AH,.* = +17 k]J/mol, AS..* = —109 J/(mol K), AH,* = +19 kJ/mol, and AS,* = —20J/(mol K).

synthesized kanemite, the kinetic activation parameters are Our goal in future work is to uncover more details of the
AH ' =+23 KJ/mol, AS.'=-69]/(mol K), AH'=+23k]/mol, dynamics in these and other systems, in particular the details of
and ASCZi = —11]/(mol K). For both samples the C, jumps of the exchange between the water populations experiencing C, and
the O-?H bonds are much faster than the tetrahedral jumps at tetrahedral jumps of their O-H bonds. Other questions include
all temperatures. the role of the cation in such systems and whether the C2TET mod-
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Fig. 20. The high temperature experimental T, data for the sharp central resonance of 2H,0-synthesized kanemite at 46.03 (red curve) and 76.77 MHz (blue curve) plotted on
the background of the theoretical T, values the C2TET model (et = %c2 = 0.5, V = Ket, K¢, [kiee = 1000). The ratio of ke, [kec (assumed to be constant throughout the temperature
range) was chosen to yield the best possible fit of the resulting theoretical curves to the experimental data. Plots of the pure C, model, calculated for k¢, = 1000 v so that the T;
values can be expressed in terms of k., at 46.03 (green) and 76.77 MHz (purple) are shown for comparison. Curves for pure tetrahedral jumps and pure isotropic rotational
diffusion are off the scale of this figure. There was no way to fit the experimental data with the isotropic rotational diffusion model or the pure tetrahedral jump model. The
best fit for the C2TET model was obtained with qcc = 210 kHz and # = 0.1. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this paper.)
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Fig. 21. Lower temperature experimental T; data for the sharp central resonance of 2H,0-synthesized kanemite at 46.03 and 76.77 MHz (red curves) plotted on the
background of the theoretical C2TET T; values ( (et = X c2 = 0.5, V = Keet, Kc, [ktee = 1000). The ratio of ke, [kt (assumed to be constant throughout the temperature range) was
chosen to yield the best possible fit of the resulting theoretical curves to the experimental data obtained at higher temperatures, Fig. 20. Plots of the pure C; model (blue
curves), calculated for k¢, = 1000 v at 46.03 (lower) and 76.77 MHz (upper) are shown for comparison. Curves for pure tetrahedral jumps and pure isotropic rotational
diffusion are off the scale of this figure. There was no way to fit the experimental data with the isotropic rotational diffusion model or the perfect tetrahedral jump model. The
best fit was obtained with qcc =210 kHz and # = 0.1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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Fig. 23. The experimental T, data (CPMG 2 7 pulses, double echo) for the sharp central resonance of ?H,0-hydrated Zeolite A at 76.77 MHz plotted on the background of the
theoretical T, values calculated for isotropic rotational diffusion (v= 6 Do, blue curves), ideal tetrahedral jumps (v =k, black curves), and C2TET model (Vv = Kier,
ke, [keer = 25,833, green curves). The ratio of kc, /keer Was the same as used in Figs. 17 and 18. It is also used in the plot of the “pure” C, curve (red curve), which is expressed in
terms of v= kee (for example, if v=1 x 10°s™!, k¢, = 2.5833 x 10° s~!). The temperatures shown in the figure are placed at the same v = k values as used in the plots of the T;
data made to fit the C2TET model in Figs. 17 and 18. The T, values for isotropic rotational diffusion of bulk liquid water are off the scale of this plot, over two orders of
magnitude longer than the experimental values. The isotropic rotational diffusion coefficient range shown in the plot corresponds to supercooled liquid water at 200 K and
extremely high pressure [8]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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Fig. 24. The experimental T, data (CPMG 2 & pulses, double echo) for the sharp central resonance of 2H,0-synthesized kanemite at 76.77 MHz plotted on the background of
the theoretical T, values calculated for isotropic rotational diffusion (v =6 D,o, blue curves), ideal tetrahedral jumps (v =k, black curves), and C2TET model ((v = Ktet,
ke, [keer = 1000, green curves) at both frequencies The ratio of k¢, [kiec = 1000 (assumed to be constant throughout the temperature range) was the same as used in Figs. 20 and
21, and is also used in the plot of the “pure” C, curve (red curve), which is expressed in terms of v= ke (for example, at v=1 x 10657, ke, =1x 10°s~1). The temperatures
shown in the figure are placed at the same v values as used in the plots of the T; data constructed to the C2TET model in Figs. 20 and 21. The T, values for isotropic rotational
diffusion of bulk liquid water are off the scale of this plot, over two orders of magnitude longer than the experimental values. The isotropic rotational diffusion coefficient
range shown in the plot corresponds to supercooled liquid water at 200 K and extremely high pressure [8]. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this paper.)

el can successfully describe deuterium T; relaxation in other hy-
drated materials.
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