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Solid-state deuterium NMR measurements were used to characterize the flipping motion of the water molecule
in barium chlorate monohydrate, Ba(G)@?H,0. In particular, temperature-dependent quadrupole echo line
shapes, their dependence and spectral intensities, and the anisotropy of thelattioe relaxation observed

in inversion recovery experiments permit measurement of the 2-fold flipping rates. These were studied as a
function of temperature and yield an activation enegy= 30 kJ/mol and pre-exponential factés = 1.5

x 10", which are typical for molecular motion constrained by hydrogen bonds of moderate strength. A
discussion of experimental considerations is also presented.

Introduction of the essential features expectecPith quadrupole echo line
shapes. Forinstance, phenylalanine and tyrosine aromatic side
chains have been shown to exhibit two-site flip&! proline

ring motions have been observEdnd spectra of methyl and
ammonium groups display line shapes consistent with 3-fold
motion13-17 In addition, other applications have focused on
more complex systems such as polyméra! proteins?? and

lipid bilayers23-26 that, in general, exhibit complex line shapes.
For example, polymers commonly exhibit distributions of
correlation times and proteins can have multiple sites that display
a range of dynamic behaviors. In lipid bilayers multiple motions
can occur at different rates and therefore lead to complicated

Pulsed deuterium NMR, in combination with line shape
simulations, is a powerful tool for investigating dynamic
processes in solid and semisolid materidlsWith this tech-
nique details on the rate and mechanism of anisotropic molecular
motion are available from studies of line shapes that arise from
the deuterium quadrupole interactforiThe size of this interac-
tion is 170-250 kHz, and therefore, other anisotropic nuclear
spin interactions, such as the dipeldipole coupling and
chemical shift, are relatively small and do not have to be
considered explicitly for interpreting the spectral line shapes
or spin—lattice relaxation. To investigate processes with rates . .
betvf/)een 1851 (slow exchange) andgi&f(fast exchange), speqtra. Thus, despite the.relat|velyllarge numbéf—blNMR
the temperature dependence of quadrupole echo spectra and thgudies of molecular dynamics, there is a paucity of cases where
dependence on pulse spaciagcan be employett:é Particu- it has k?een possible to unam'blguouslly cqnflrm the correptness
larly dramatic changes in powder line shapes and spectraIOf the]me Shape'anilil calculations. |t.IS this fact thgt provided
intensities are observed when the rates of motion are on thethe primary motivation for the experiments described here.
order of the quadrupole coupling constarmt0*—10" s™. For To test the line shape calculations, we desired a molecule
faster motions, in the regime 4010 s71, the anisotropy of ~ that would exhibit relatively simple molecular motions. In
the spin lattice relaxation observed in inversion recovery addition, the material should display a single phase, with a single
experiments can be usé8. This latter experiment overlaps with  dynamically distinct site. Finally, it is useful to have a system
the upper end of the time scale of quadrupole echo measure-where the rates can be varied front* 10107 s™1, for instance
ments and in addition permits observation of faster motions at low temperatures where the quadrupole echo line shapes will
where the quadrupole echo line shape is insensitive to changese affected, to 18-10'* s~ at higher temperatures, whefe
in the rate of molecular reorientation. For both the quadrupole and T, anisotropies will change. The simple hydrates are
echo and inversion recovery techniques, information on the rateexcellent candidates for this type of study. Many of these
and mechanism of molecular motion is extracted by fitting substances have been crystallized and their structure and phase
experimental spectra with theoretical line shapes. behavior are well characterizé@:3° In addition, the HO

Generally, the theoretical spectra are calculated on the basismolecules of hydration exhibit 2-fold flips about the HOH
of a dynamic model, assuming particular values for the number bisector at rates that can be varied by controlling the temper-
of sites involved in the motional process, their populations and ature. Thus, at low temperatures the motion can be in the regime
relative electric field gradient (EFG) tensor orientations, and appropriate for quadrupole echo experiments, and since the
the exchange rates among the sites. A particular dynamic modelmolecules are relatively small and can therefore move rapidly
should be consistent with all the spectroscopic line shape dataat higher temperatures, the anisotropy of Thevill be affected.

that are available. Thus, testing the applicability of a model Finally, hydrates are easily labeled simply by recrystallization
requires careful analysis of the line shapes and intensity of from D,O.

quadrupole echo spectra as a function of temperature and of
the solid echo pulse delay. Furthermore, one must be able to
simulate the anisotropic spitlattice relaxation recorded by the
inversion recovery experiment using this model. Sample Preparation Single crystals of Ba(Cl§)-2H,0

In the past few years, there have been sevef&IMR studies  were grown by slow evaporation of a saturated solution of
of simple and complex molecules that have demonstrated manybarium chlorate in BO at room temperature. The dried crystals
were crushed to form a powder that was sealechi5 mm
® Abstract published irdvance ACS Abstractdanuary 15, 1997. sample tube.
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NMR Spectroscopy The NMR measurements were per-
formed on a home-built spectrometer operating at a deuterium
frequency of 61.05 MHz using quadrature detection and a dwell
time of 0.5us. Then/2 pulse length was 1-62.0us. A phase-
cycled quadrupole echo sequence was employed to observe
7-dependent and temperature-dependent spectra. The quadru-
pole echo pulse spacing varied between 30 and@0CPartially
relaxed spectra were recorded with an inversion recovery
sequence, where Zeeman magnetization was inverted with a
pulse. After a recovery delay of tintg, Z-magnetization was -58 1.7x 7.5x10°

monitored by a quadrupole echo sequence. To guarantee the
fidelity of the 2H NMR line shapes, the recycle delays employed
were typically 6 timesT; for the quadrupole echo experiments 74 M 3.4x 1.9x10°

Scale Rate

6.7x10°

o0

1.2x 3.5x107

and 12 timesT; for the inversion recovery sequence.
Powder Line Shape Calculations The line shape calcula-
tions discussed below account for anisotropic transverse and -83
longitudinal relaxation, as well as finite pulse width effects. The
details of the simulations are explained elsewlfe@iven the

4.5x% 8.3x10°

2.7x M.5X1 o?

simplicity of this system, correlation functions fgr= 0 were -119

also included in the relaxation calculation. In the rigid lattice —_— — i
limit (T ~ —120 °C), deuterons in Ba(Clg,-2H,O exhibit a 20 00 100 0 20 00 O o0 20
guadrupole coupling constane?qQ/h) = 244 kHz and an FREQUENCY (kHz)

asymmetry parametep = 0.0743% As the temperature iS  Figyre 1. Temperature dependence of the experimental quadrupole
increased, vibration attenuates the quadrupole coupling constankcho spectra of Ba(Cp-2H,0 and corresponding simulations for a
and averages the asymmetry. If the water molecule is not pulse delay ofr = 30 us. The jump rates used in the simulation and
flipping, it vibrates with frequencies on the order off1671,32 the scaling of the intensities are as indicated.
However, this is much higher than the Larmor frequency
employed in our experiments and should have little direct effect temperature spectrum &t119 °C), where the exchange rates
upon the observed spitattice relaxation, but as stated above, ¢an be determined with high accuracy. In particular, at each
an oscillatory motion of the water molecule about the bisector temperature an entire series of partially relaxed line shapes are
leads to a decrease of the quadrupo|e Coup"ng Constantavailable for simulation rather than asingle SpeCtrUm.
proportional to the amplitude of angular oscillation. Both the  The spectra displayed in Figure 1 are typical for the rigid,
quadrupole coupling constant and asymmetry parameter werelntermediate, and fast exchange limits and demonstrate the
studied as a function of temperature in the single-crystal excellent agreement that can be achieved between the experi-
experiments of Chiba and co-workers. Their values were used Mental and calculated line shapes. -At19°C, using a recycle
in the present study. Since the deuteron sites are identical, thedelay of 200 s, we obtain an almost rigid lattice line shape
equilibrium population of each is one-half. A jump angle of displaying an asymmetry parameter= 0.074. In contrast,
110.7 was used in close agreement with neutron diffraction SPectra recorded betweerB3 and—58 °C are characteristic
analysis® The spectra discussed below demonstrate that of the intermediate exchange regime where the rigid lattice
deviations in the B-O—D angle from the tetrahedral angle and te€nsors of the water molecule are transformed to an averaged
the asymmetry of the statEFG tensor compensate for one field gradient tensor by the 2-fold flipping motion. In com-
another to yield am = 1 spectrum in the fast exchange limit. parison to the rigid lattice spectrum, the intermediate exchange
The pulse widths, quadrupole echo pulse spacing, and theliN® shapes show no parallel edges and concurrently a spike
delay in the inversion recovery sequence are input parameters2PPears in the middie of the spectrum, which develops with
dictated by the experiment. To account for other relaxation ncréasing temperature. The components of the rigid lattice
mechanisms, a homogeneous transverse relaxation time wa§!ectic field gradient perpendicular to the plane of the water
introduced in the calculation by exponentially broadening the Molecule V) are not affected by the 2-fold flipping motion,
line from each crystallite subspectrum bysifg*) = 1 kHz. but th_e averaged tensor element Iy|n_g along the axis of motion
This value is based on the measuremeni.dh the fast motion  (the bisector of the water molecule) is approximately zero and
limit (data not shown). This is somewhat shorter than usually CO'Tesponds to the center of the spectrum. Sinceldyre 0,
observed in deuterium spectra and can be attributed to the dipoleih€ third tensor element must be the negative of the element of
coupling between the deuteriums in the water molecule, which the static field gradienttVr) that is not averaged by the jump
is unattenuated by 180flips. Thus, the only unknown  Process. Thusysand =V correspond to the outer edges of
parameter in this simulation was the exchange rate, which wasthe averaged spectrum. BetweeB7 and 18°C the rates are

adjusted to provide satisfactory agreement between experimentaj the rapid exchange limit for the quadrupole echoes and the
and calculated spectra. line shapes show no changes at higher temperature except that

the width of the spectra decreases slightly, reflecting further
averaging of the electric field gradient tensor via vibrafién.
To illustrate ther-dependent quadrupole echo spectra, line
Deuteron Quadrupole Echo Line Shapes In Figure 12H shapes recorded for a pulse spacing of 30, 100, anc/2Ca
NMR quadrupole echo spectra of Ba(G)@?H,0 are shown a temperature of 74 °C are presented in Figure 2a. Despite a
as a function of temperature betweet19 and 18C, together large change in pulse spacing, the alterations in line shapes due
with simulated spectra for a tetrahedral jump between two sitesto anisotropic dephasing of transverse magnetization (in the
of equal population. In a manner that will be described below, intermediate exchange regime) are relatively minor. However,
the rate constants for some of these simulations were obtainedt can be readily observed thab is longest if the magnetic
from the inversion recovery experiment (except for the low- field orientation is perpendicular (outer edges) or parallel (spike)

Results and Discussion



990 J. Phys. Chem. A, Vol. 101, No. 6, 1997 Long et al.

(a) Delay (usec) 90.0F

60.0
30

PHI

30.0F

0.0

100 0.0
90.0

60.0

PHI

L
200
30.0F

200 I 0 -2’00 -2'00 0 200
FREQUENCY (kHz) 0.07%

N 90.0F
(b) 1OfF l | T L

60.0 -

PHI

30.0F

0.0 — 1 ' 1 '
0.0 30.0 60.0 90.0

THETA
Figure 3. Contour plots representing the anisotropyTefin which

the anglesd and ¢ specify the magnetic field orientation in the
molecular frame: (topk < wo; (middle) k ~ wo; (bottom)k > wo.

signal intensity can be measured in the rapid exchange limit
where the echo intensity has an almost exponential dependence
on; there, extrapolation of the points to= 0 is possible. By
correction of these intensities for temperature variations through
use of the Boltzmann factor; &/kD, the desired fast limit echo
intensities of the FID can be calculated. For the intermediate
exchange regime, where relaxation is strongly orientation-
dependent, this extrapolation of data points is not possible, since
the transverse relaxation is very nonexponential. An additional
consideration in calculating absolute echo intensities is the fact
that finite pulse width effects are larger for a rigid lattice than
for motionally averaged spectra, which may result in excessively
low echo intensity measurements for! < we.

RATE The solid lines in Figure 2b are calculated signal intensities
Figure 2. (a)z-dependence of quadrupole echo spectra at a temperaturefor pulse spacings of 30, 100, and 208 on the basis of the
of —74 °C. (b) Calculated (solid lines) and experimental signal two-site jump model for the water molecule assuming a fast-
intensities for three different pulse spacings= 30 (@), 7 = 100 @), limit T, of 320 us. Although this relaxation parameter does
andz = 200 (&) us. not change the line shape profile, it largely determines the echo
to the HOH bisector, while other orientations relax more quickly. intensity in the rigid and rapid exchange cases, since transverse
The calculated line shapes in Figure 2a are in good agreementelaxation in these limits is no longer dominated by modulation
with the experimental spectra and describe the observedof the quadrupole interaction. This is particularly significant

NORMALIZED SIGNAL
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anisotropy. In a similar manner, the exchange-inducei- for longer pulse delays. In addition, finite pulse width effects
pendence of the spectra can be interpreted. lead to signal intensities of less than 1, since broad-band
Quadrupole Echo Spectral Intensities In Figure 2a, all excitation of the spectra is limited. For short pulse spacing this

spectra have been scaled to the same intensity to ensure thatontribution to the reduction of signal intensities may over-
details of the line shape may be observed. However, the shadow losses due to transverse relaxation, and losses are larger
tetrahedral jump model should not only account for changes in for the rigid exchange limit than for the fast exchange limit
the line shape withr and jump rate, but it should also predict because of the broader spectral width for the static case. The
the variation of signal intensity with temperature. For this jump rates for the experimental points were obtained by
reason we must compare experimental and calculated integratecnalyzing the corresponding inversion recovery spectra as
signal intensities for a given value ofat each temperature. discussed in the next section. The variation of the signal
The measurement of absolute signal intensities is complicatedintensities shows that, in the rigid and fast limit regimes for
by the fact that a value far= 0 is required, and this cannot be the quadrupole echo experiment, significant attenuation of the
obtained because of the finite recovery time of the spectrometerecho is observed even though the line shapes are no longer
components following the rf pulses. However, the absolute dependent on the jump rates. Interestingly, the curves are
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Figure 4. (a) Experimental and calculatdd anisotropy profiles at five different temperatures betwe@® and—60 °C (k < wo): (top curve)
—89°C,k=4.3 x 10 (v) —83°C, k= 7.6 x 1(P; (o) —81°C, k= 9.65x 1(°;, (M) —71°C, k= 2.4 x 105, (®) —62°C,k=5.2 x 1(f. A
spectrum taken near tflg zero crossing (230 ms) at83 °C is also plotted. (b) Experimental and calculale@nisotropy profiles at five different
temperatures betweemd5 and—8 °C (kK ~ wo): (top curve)—44°C, k= 2.30x 10" (v) —37°C, k= 3.98 x 10’; (a) —34°C,k = 4.66 x 10";
(m) —23.5°C,k =8.75x 10"; (®) —8.4°C, k = 2.10 x 1. A spectrum taken near th| zero crossing (5.5 ms) at37 °C is also plotted. (c)
Experimental and calculateli anisotropy profiles at six different temperatures between 0 amtC5& > wg): (bottom curve) 1.0C, k = 3.20
x 103 (second from bottom) 20.5C, k = 6.92 x 1%, (¥) 27.3°C, k= 9.45x 1(% (A) 36.2°C, k= 1.34 x 10° (W) 45.6°C, k= 1.85x 10’
(®) 54.9°C, k = 2.48 x 1(°. A spectrum taken near th& zero crossing (3.6 ms) at 36°€ is also plotted.

asymmetric with a minimum that is dependent on the pulse Anisotropic Spin—Lattice Relaxation. In addition to quad-
spacing. It is shifted to slower exchange rates with increasing rupole echo line shapes, we have employed the anisotropy of
pulse spacing. In particular, for a delay of @8 the minimum the deuteron spinlattice relaxation to determine the rates of
occurs at logf) = 5, with a signal intensity of about 11% of motion. Before discussing line shapes for partially recovered
the FID intensity. The corresponding minima for the pulse spectra recorded as a function of temperature, we examine the
spacings 100 and 2(@s occur at log) = 4.5 and 4.2, with orientation dependence of (Figure 3). As usual, the spherical
signal intensities of 3% and less than 1%, respectively. The polar anglesf and ¢, define the orientation of the external
comparison of experimental and calculated signal intensities magnetic field in the molecular frame. Note that the orientations
shows good agreement. We did not measure signal intensitieswith longerT;’s are shown by dotted contours, while the faster
for rates below lod{) = 4.5, since the relaxation tim&; relaxing orientations are indicated by solid lines. These contours
becomes prohibitively long. were generated using correlation functions for two-site°180
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flips.3* The Zeeman relaxation is dominated by motions of the
quadrupole nucleus on the order of the Larmor frequency and
twice the Larmor frequency,

37, 5 2
7(9 qQ/N)TIy(wp) + 43,(2w)] 1)

1z

For two equivalent sites, the correlation functions, assuming
=0, are

Ji(wp) = 2 k2 smzﬁ co$ A[1 —3cog 6 +
4 cod 0 + (4 cod 6 — 5cog 6 + 1)cos ] (2)
J(2wy) = sm2 B cog B[1 — cod 6 —

2 k2
sin* 6 cos 2] (3)

wheref is the angle between the-D bond and the flipping
axis. For tetrahedral geometry, this angle is near the magic
angle (54.79). In the top plot of Figure 3k < wg, so the
expression for the correlation functions reduces to

Ji(wg) + 43,(2w0) =

3K 3cog 6(1 — co< 0)(1 + cos 2,15)] (4)
20 2

If the hopping rate is equivalent to the Larmor frequency,
Ji(wg) + A (2wg) =

6%[1 - g cos 6 + %(cos4 6 — 1)(1+ cos 2,15)] (5)
This result is plotted in the middle of Figure 3. Since the rate

increases until it is much greater than the Larmor frequency,
the relaxation follows

I (wg) + 4320g) = 1 23 sm2 6(1— cos 2;5)] ©)

as shown in the bottom plot of Figure 3.
To understand the effect of orientation-dependegri#t on the
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Figure 5. (a) Experimental and calculateld anisotropy profiles at
27.3: (®) experimental data;{-) k = 9.45 x 1%, eqQ/h = 231.4
kHz, 7 = 0.040; ) k = 9.76 x 1%, €qQ/h = 231.4 kHz,y = 0;
(---) k=1.07x 1®°, qQ/h = 243.5 kHz,y = 0.074; - — —) k=
1.14 x 10°, €qQh = 243.5 kHz,n = 0. (b) Experimental and
calculatedT; anisotropy profiles at 27°3 (@) experimental data with
inversion pulse length of 4,0s; (a) experimental data with inversion
pulse length of 4.4s; (--+) k = 9.45 x 10%, pulse width correction of
4.4us; (—) k=9.45x 1 pulse width correction of 4.@s; (- - -) k
= 9.45 x 1(, pulse width correction of 3.6s; (— — —) k = 9.45 x
1%, no pulse width correction.

We now examine the experimental and calculati&ts
measured via inversion recovery experiments at several different
temperatures. The&;'s in Figure 4a were measured between
—90 and—60°C wherek < wq. Discounting finite pulse width
effects (discussed below), little anisotropy is seen in the
frequency profile. However, if individual spectra taken near
the zero-crossing are examined, it is still possible to see

partially relaxed line shapes, it is necessary to relate the tensorsignificant anisotropy. Such a spectrum is plotted at the bottom

elements/, andVg to their spectral frequencies. In the case of
the motionally averaged asymmetric = 1 spectrum, the
elementstVg (6 = 90°, ¢ = 0°, 9C°) define the outer portion

of the spectrum, whil&/, (6 = 0°) generates the center of the
spectrum. Next, we consider tfig anisotropy for three cases
with jump ratek < wq (Figure 3, top)k = wo (middle), andk

> @ (bottom). For jump rates much slower than the Larmor
frequency;T; is longest if = 45° and¢ = 0°, while the shortest

T, is given by orientations wheré = 0° or & = 90°. Thus,

the portions of the spectrum determined-byy andV, should
recover first. In the middle frame of Figure 3 the jump rate is
comparable to the Larmor frequency and characteristics of the
T, anisotropy of the slow and fast regimes are superimposed.
Examining the bottom contour plot, we see thatThanisotropy

is distinctly different for jump rates faster than the Larmor
frequency. AgainT; is shortest iff = 90°, ¢ = 90°, reflecting

the tensor elemen¥y that is not averaged by the molecular
motion. However, in this regim&; is longest forV; (center of

the spectrum). Consequently, a reversal in the anisotropy of
the powder pattern will be observed upon going frerk wg

to k> wq.

of Figure 4a. In parts b and c of Figurel4's were measured

in the ranges-45t0—8 °C and 1 to 55C, respectively. These
correspond to jump rates with~ wo andk > wo. Observed

and simulated relaxation rates are in excellent agreement for
all temperatures. In particular, it is possible to see the reversal
in the anisotropy at the center of the spectra as the hopping
rate increases, and for the rapid exchange liknit wo, the
center of the spectrum exhibits a relatively Iohgn accordance
with our predictions from the anisotropic relaxation profiles in
Figure 3. Examination of spectra taken near the zero-crossing
at—37°C and 36.2C (parts b and ¢ of Figure 4, respectively)
also demonstrates this reversal of anisotropy at the center
frequency.

Finally, in this section we will discuss the dependence of the
relaxation simulations on vibrational averaging of the quadrupole
coupling constant ang as well as finite pulse width corrections.

In Figure 5a the relaxation observed at room temperature is
plotted along with best-fit simulations using the rigid-lattice and
vibrationally averaged quadrupole coupling constants both
including and neglecting the contributions gf= 0 to the
correlation functions. Within experimental error these simula-
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ool T T T ™ ™ of Ba(Cl0;),-H,0 provided an activation energy of 19422.1
kJ/moPO (the isotope effect due to the substitution of deuterium
predicts a ratio of 1.4 for the activation energies.), while CW
deuteron line shape analysis performed on single crystals of
Ba(Cl(s)2° D0 vyielded an activation energy of 27.2 kJ/nibl.

20— - )
Conclusions

Deuterium NMR spectroscopy has been employed to inves-
tigate the motion of the water molecule in barium chlorate
18L monohydrate. A simple two-site jump model describing
= exchange between degenerate orientations has been demon-
=1 strated to provide excellent agreement between experimental
= and simulated quadrupole echo and inversion recovery spectra.
In the temperature range considered in this work, lattice vibration
16 - and internal vibratory motions of the water molecule need not
be explicitly included in the calculation of the longitudinal
relaxation timeT;, but they do lead to averaging of the
guadrupolar coupling ang.

Motions with rates higher than the quadrupole coupling
- 7] constant can be studied conveniently by the inversion recovery
sequence, while motions with rates on the order of or slower

ot than the coupling constant may also be determined using the
| ) | , | | 7-dependence technique. Thus, the combination of quadrupole
3.0 35 40 45 5.0 5.5 echo and inversion recovery measurements, with iterative
1000/T(K) simulations pf the da’ga, provides an excellent toql for.probi.ng
the mechanism and time scale of molecular motions in solids.
Figure 6. Observed temperature dependence of the jump rate for the
180 flilpping motiqn of the water molecule. A least-squares fit of the Acknowledgment. J. R. Long is the recipient of a National
data yields an activation energy of 2&490.9 kJ/mol. Science Foundation predoctoral fellowship. This work was
supported by the National Institutes of Health (GM-25505, GM-
23289, and RR-00995).
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