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Dynamic properties of perdeuterated pyrazine (pyrazine-d,) guest molecules in the layered
a-zirconium phosphate host structure have been established from solid-state ?H NMR line-
shape analysis and ?H NMR spin—Ilattice relaxation time measurements. Both techniques
indicate that the intercalation compound contains two different types of pyrazine-d, guest
molecules, which undergo different dynamic processes. The relative proportions of the two
types of pyrazine-d, guest molecules are approximately 30% (component A) and 70%
(component B). The pyrazine-d, molecules representing component B undergo two-site 180°
jumps about the N---N axis of the molecule, whereas the pyrazine-d, molecules representing
component A undergo an effectively isotropic motion. The activation energy for the two-site
180° motion of component B is estimated to be 39 kJ mol~! from the ?H NMR spin—lattice
relaxation time measurements and 49 kJ mol™! from the ?H NMR line-shape analysis.
Structurally, it may be inferred that component B comprises guest molecules for which the
N---N axis has a restricted orientation in space, presumably because of direct interactions
with the a-zirconium phosphate host structure, whereas component A comprises guest
molecules that are held rather weakly in the host structure (or on its external surfaces)
such that their reorientation is relatively unrestricted. Thermogravimetric analysis provides
direct evidence for the existence of two different types of pyrazine guest molecules in the
o-zirconium phosphate host structure, with different strengths of binding and with
populations in the approximate ratio 30:70. High-resolution solid-state *®N NMR and *3C
NMR spectra provide further support for the existence of two different types of pyrazine
guest species within the a-zirconium phosphate host structure and provide direct evidence
that the pyrazine guest molecules of component B are N-protonated (from the host structure).

1. Introduction

a-Zirconium phosphate (abbreviated o-ZrP) is a lay-
ered materiall™* with composition Zr(HPO,)-H20. In
the layers, Zr** ions are coordinated in an octahedral
arrangement by oxygen atoms of the HOPO32~ ions,
such that each Zr** ion is coordinated to six different
HOPO32~ ions. Three oxygen atoms of each HOPOz2~
ion are coordinated to Zr*t ions in this way, and the
OH group of each HOPO32~ ion is pendant between the
layers. One of the most widely studied properties of
o-ZrP is its ability to act as a host material in intercala-
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Chart 1. Molecular Structure of Pyrazine-d,
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tion reactions in which neutral “guest” molecules are
inserted between the layers. These guest molecules
replace the water molecules that are present between
the layers in the parent material Zr(HPO,),-H,0O,
although some of the water molecules may remain as
co-intercalated species. A wide variety of guest mol-
ecules (for example, amines, alcohols, diols, and thiols)
have been intercalated in this host structure.

We focus here on the intercalation compound com-
prising a-ZrP as the host material and pyrazine (Chart
1) as the guest species. In particular, we report solid-
state 2H NMR investigations of the dynamic properties
of the pyrazine guest molecules within the layered host

structure, for the o-ZrP intercalation compound con-
taining perdeuterated pyrazine (pyrazine-d,) guest mol-
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ecules. 2H NMR spectroscopy is a powerful technique
for studying molecular reorientation in solids,>~1° par-
ticularly (in the case of 2H NMR line-shape analysis)
when the rate of motion is in the range 103—-107 s™1.
Faster rates of motion may be probed using 2H NMR
spin—lattice relaxation time (T;) measurements. In this
paper, 2H NMR line-shape analysis is used to investi-
gate the dynamics of the pyrazine-d, guest molecules
in the a-ZrP host structure, by fitting simulated 2H
NMR line shapes for proposed dynamic models to the
experimental °H NMR spectra. Measurements of ?H
NMR spin—lattice relaxation times are also used to
provide complementary information on the dynamic
properties of the pyrazine guest molecules. In addition,
high-resolution solid-state 3C and ®*N NMR studies
provide important supporting evidence concerning struc-
tural characteristics of the pyrazine-d4 guest molecules
within this system.

2. Experimental Section

2.1. Synthesis. The pyrazine-d4/a-ZrP intercalation mate-
rial was prepared by the following procedure. Pyrazine-d, was
obtained from Aldrich and used without further purification.
Our method for intercalation®! involved the introduction of the
pyrazine-d, guest species directly during synthesis of the o-ZrP
host structure. In this approach, the “sol—gel” route'?'3 for
synthesis of a-ZrP is employed rather than the more commonly
used HF route.* The sol—gel method involved mixing equal
volumes of a phosphoric acid solution (85%) and a solution (1
mol dm~2) of zirconium propoxide in propan-1-ol. A gelatinous
precipitate formed immediately and was then kept in contact
with the mother liquor at 60 °C for about 1 week. Pyrazine-d,
was added to the phosphoric acid solution before mixing it with
the zirconium propoxide solution. The products were recovered
by centrifugation, thoroughly washed with water, and dried
in air.

Powder X-ray diffraction indicated that the pyrazine-ds
guest molecules are intercalated within the layers of the o-ZrP
host material, as is evident from an increased interlayer
separation in comparison with the parent host material
Zr(HPOy4)2-H0 (typical powder X-ray diffraction patterns for
materials prepared by this method are shown in ref 11). The
pyrazine/a-ZrP intercalation compound is characterized by the
(002) reflection at 26 = 8.3° in the powder X-ray diffraction
pattern (Cu Kay radiation), corresponding to an interlayer
distance of 10.65 A. For comparison, the parent host material
Zr(HPOy4)2:H20 is characterized by the (002) reflection at 26
= 11.7°, corresponding to an interlayer distance of 7.56 A.
Clearly, the intercalation of pyrazine is associated with a
significant increase in the interlayer separation in the host
material. From the powder X-ray diffraction pattern, we
deduce that the pyrazine-ds/o-ZrP intercalation material
prepared in this work had comparatively good crystallinity,
with no evidence for any significant amount of an amorphous
component. The particle sizes have not been determined in
the present work. We recall*>%6 that careful control of the
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synthetic conditions can have an important bearing on the
crystallinity of o-ZrP intercalation materials.

2.2. Solid-State NMR. Solid-state 2H NMR spectra were
recorded for a polycrystalline sample of the pyrazine-ds/o-ZrP
intercalation compound in the temperature range 213—383 K
using a Chemagnetics CMX-Infinity 300 spectrometer operat-
ing at 46.080 MHz. A Chemagnetics single-resonance static 5
mm probe was used. The conventional quadrupole-echo (90°),—
7—(90°)4..—7'—acquire—recycle pulse sequence'’” was used,
with a 90° pulse duration of 2 us, an echo delay 7 of 30 us, and
an eight-step phase cycle. At 298 K, further spectra were
recorded with different values of the echo delay between 30
and 120 us. The recycle delay ranged from 4 to 600 s depending
on the temperature. For temperatures above 223 K, the recycle
delay was longer than 5T;, whereas for temperatures below
223 K, the recycle delay was about 3Tj.

2H NMR spin—lattice relaxation times (T) were measured
using saturation—recovery and inversion—recovery techniques.
Saturation—recovery experiments'® were carried out in the
temperature range 273—403 K using the pulse sequence [t4—
(90°)x]n—7r—(90°)y—7—(90°)4o—7' —acquire—recycle, where n
=31, 7qg = 250 us, T = 30 us, and 7, = t,[(10)V1°]N-1, where t; is
the duration of the first delay and N is the delay number. The
data obtained from the saturation—recovery experiments were
fitted to multicomponent exponential recovery functions using
the spectrometer software. Inversion—recovery experiments
were carried out at 298 K using an inversion—recovery pulse
sequence modified for 2H nuclei,'® consisting of a composite
inversion pulse followed by quadrupole-echo detection:
[(CP)(CP)(CP)]o—7r—(90°)y—7—(90°)p+-o—7' —acquire—recycle,
where (CP) = 17°, 62°, 99°, 144° (overbars indicate a 180°
phase shift) and v = 30 us.

High-resolution solid-state **C NMR spectra were recorded
at 298 K for a polycrystalline sample of the pyrazine-dJ/a-ZrP
intercalation compound using a Chemagnetics CMX-Infinity
300 spectrometer operating at 75.489 MHz. A Chemagnetics
4 mm triple-resonance magic-angle-spinning probe was used.
Separate spectra were recorded using **C < 'H cross-polariza-
tion (contact time of 4 ms) and using **C direct polarization.
Because the *C NMR experiments used pyrazine-ds/a-ZrP,
which contains deuterated guest molecules (i.e., the same
material prepared for the °H NMR studies), the 3C < *H cross-
polarization will arise from *H nuclei that originate in the
o-ZrP host structure. Both 3C NMR spectra were recorded
under conditions of magic-angle sample spinning [spinning
frequency of 5000 =+ 2 Hz] and high-power *H decoupling (using
the TPPM decoupling sequence;?° decoupler field strength of
ca. 75 kHz). The recycle delay was 6 s for the cross-polarization
experiment and 3 s for the direct-polarization experiment.
Chemical shifts are reported relative to the *3C resonance in
tetramethylsilane. In the case of the 3C direct-polarization
experiment, a background suppression sequence?:22 was em-
ployed to suppress the signal from Teflon spacers in the rotor.

A high-resolution solid-state *®N NMR spectrum was re-
corded at 298 K for a polycrystalline sample of the pyrazine-
ds/a-ZrP intercalation compound using a Bruker MSL300
spectrometer operating at 30.423 MHz. A Bruker 7 mm double-
resonance magic-angle-spinning probe was used. The spectrum
was recorded under conditions of >N — 'H cross-polarization
(again, the ®N < 'H cross-polarization will arise from H
nuclei that originate in the a-ZrP host structure), magic-angle
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sample spinning [spinning frequency of 5000 + 2 Hz] and high-
power *H decoupling (decoupler field strength of ca. 50 kHz).
The recycle delay was 1 s, and the cross-polarization contact
time was 1 ms. Chemical shifts are reported relative to the
15N resonance in CH3NO..

2.3. Simulation of 2H NMR Spectra. Line-shape analysis
of the 2H NMR spectra was carried out using the program
MXQET.? Calculations using MXQET include effects arising
from the virtual free induction decay and corrections for
imperfect spectral coverage (due to finite pulse power). The
latter generally causes a reduction in the intensity of the
shoulders of the experimental 2H NMR spectrum. In modeling
dynamic processes by jump models, each 2H site involved in
the motion is specified by the Euler angles {«a, 3, y}, which
define the orientation (relative to a space-fixed reference
frame) of the principal-axis system of the electric field gradient
tensor (VPAS) at the 2H nucleus. The components of VPAS are
defined such that |Vz| = |Vyy| = |Vx|. The asymmetry param-
eter » is defined as (|Vyy| — |Vx|)/|Vz| (and is in the range 0 <
n =< 1), and the quadrupole coupling constant y is defined as
eQVz./h (where Q is the electric quadrupole moment of the
nucleus). The z axis of the VPAS tensor for each 2H nucleus in
the pyrazine-d, molecule is assumed to lie along the direction
of the C—D bond.

2.4. Thermal Analysis. Thermogravimetric analysis (TGA)
of pyrazine-ds/a-ZrP was carried out on a Perkin-Elmer TGA6
instrument. The sample (7.0 mg) was heated from 273 to 673
K at a rate of 10 K min~'. Differential scanning calorimetry
(DSC) data were recorded for pyrazine-dJ/a-ZrP on a Perkin-
Elmer Pyris 1 differential scanning calorimeter. The sample
(3.9 mg) was cooled from 293 to 100 K at a rate of —10 K min—2.

3. Results and Discussion

3.1. Preliminary Interpretation of 2H NMR Spec-
tra. Quadrupole-echo 2H NMR spectra of pyrazine-ds/
o-ZrP recorded at temperatures between 213 and 383
K are shown in Figure 1. The spectra at the lowest
temperatures (213 and 223 K) show the type of line
shape expected for pyrazine-d, guest molecules in the
slow motion regime (z; = 1072 s). With an increase in
the temperature to 233 K, a narrow line appears at the
center of the spectrum, and this narrow line persists at
higher temperatures. Thus, at 233 K and higher tem-
peratures, the spectrum clearly consists of two separate
components: a broad powder pattern for which the line
shape and intensity change substantially with temper-
ature (over the range 223—383 K) and a narrow line
which does not change significantly with temperature.
Such spectra clearly suggest that there are two “types”
of pyrazine-d, guest molecules undergoing different
dynamic processes. Any exchange between the two types
of pyrazine-d, guest molecules is presumably slow with
respect to the 2H NMR time scale. Subsequently, we
refer to the narrow component as component A and the
broad component as component B.

As justified fully below, we assign the motion of
component A as an essentially isotropic reorientational
motion, and we assign the motion of component B as a
two-site 180° jump motion about the N---N axis of the
pyrazine-d4 molecule. For component B, we note that if
the nitrogen atoms of the pyrazine-d, guest molecules
are engaged in specific interactions (for example, hy-
drogen bonding) with the a-ZrP host structure, the
orientation of the axis passing through the two nitrogen
atoms of the molecule may be fixed relative to the host
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P. D.; Raidy, T. R. J. Magn. Reson. 1987, 72, 89.

Bach-Vergés et al.

K i /LKB/ g
383 /L /L—3.3x107
363 /L'1.3x107
343 ,L 5.0x10°
318 FL JL1.4x106
208 6.0x10
273 J* J_,\ 2.0x10°

J_L 3
253 __,Lg.ono
233_,,/\'A‘L_ _)J‘J\\'Lsxma
223J’L J_Ldﬂst
213__,.//\-.J\\_ ﬂdnm&

100 0 -100 100 0 -100

kHz kHz

Figure 1. (Left) Experimental 2H NMR spectra recorded for
pyrazine-ds/o-ZrP as a function of temperature using the
quadrupole-echo pulse sequence with 7 = 30 us. Note that the
spectrum recorded at 213 K has been symmetrized. (Right)
The simulated ?H NMR spectrum giving the best fit to the
experimental spectrum at each temperature shown. The
simulated spectra were calculated using the dynamic models
discussed in the text (see Table 2). The jump rate (xB) for
component B is shown.

structure, and reorientation would be expected to in-
volve rotation about this axis. Given the symmetry of
the pyrazine-d, molecule, it is reasonable in the first
instance to propose that such reorientational motion
should take the form of a two-site 180° jump motion
about the N---N axis. Clearly, these two different
motional models imply that there are two structurally
different types of pyrazine-d, guest molecules within the
o-ZrP host structure and that these different types of
guest molecules have significantly different interactions
with the host structure. Further experimental evidence
concerning the existence and nature of the two different
types of guest species is provided in sections 3.4—3.6.

We now consider in detail the 2H NMR spin—lattice
relaxation time measurements in section 3.2 and the
2H NMR line-shape analysis in section 3.3.

3.2.?H NMR Spin—Lattice Relaxation Time Meas-
urements. °H NMR spectra recorded at 298 K using
the inversion—recovery pulse sequence are shown in
Figure 2 as a function of the recovery delay z,. It is clear
that the two parts of the spectrum (the broad powder
pattern and the central narrow line) relax independ-
ently and are characterized by different spin—lattice
relaxation times, confirming that the two parts of the
spectrum do indeed represent different dynamic com-
ponents within the pyrazine-d/a-ZrP intercalation com-
pound. The narrow line (component A) exhibits faster
recovery from inversion than the broad powder pattern
(component B).

To investigate the 2H NMR spin—lattice relaxation
behavior as a detailed function of temperature, we have
used the saturation—recovery technique. Fitting the
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Figure 2. ?H NMR spectra recorded at 298 K using the
inversion—recovery technique as a function of the recovery
time 7,. The recovery is faster for the central line (component
A) than the broad powder pattern (component B) and is
particularly evident from the spectra recorded with 7, in the
range 0.01—-0.2 s.

saturation—recovery data to multicomponent exponen-
tial recovery functions confirms that there are two
separate relaxation processes characterized by different
spin—lattice relaxation times [although at the highest
temperatures studied (363—383 K), the spin—lattice
relaxation times for the two processes have similar
values]. From this fitting procedure, we establish that
the component with slower relaxation represents about
60% of the pyrazine-d, molecules in the sample and the
component with faster relaxation represents about 40%.
The proportions are essentially independent of temper-
ature. The powder average (denoted [1/T.[J) of the
reciprocal of the 2H NMR spin—lattice relaxation time
was measured from the saturation—recovery data. If the
temperature dependence of the correlation time t.
exhibits Arrhenius behavior [i.e., 7. = 19 exp(Ea/kgT),
where E, denotes the activation energy], it can be shown
(for example, using eqs 1—3 discussed later) that in the
“extreme narrowing” limit (i.e., wotc < 1), a graph of
IN[((/T,03)~Ys] versus T~-Y/K~* should be a straight line
with gradient —E./R, whereas for the so-called “rigid
lattice” limit (i.e., wotc > 1), a graph of In[(C1/T10d)~Y/s]
versus T~1/K~1 should be a straight line with gradient
+EJ/R. The spin—lattice relaxation time data for com-
ponent B are clearly in the limit corresponding to wot
> 1, and from the plot of In[((1/T103)"¥/s] versus T~/
K~! shown in Figure 3, the activation energy for
component B is estimated to be 39 kJ mol~1. For
component A, the activation energy is clearly too low to
be estimated reliably from these data (see Figure 3).
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Figure 3. Graphs of In[(@/Ti0)"%s] versus T YK™1 for
component A (+) and component B (®). The spin—Ilattice
relaxation times were determined from a two-component fit
to the saturation—recovery data.

To determine the correlation times (z;) for the motions
of components A and B at each temperature studied,
the equations described below have been used. Note
that, because the spin—Ilattice relaxation behavior has
no significant anisotropy (see Figure 2), analysis of the
experimental data using expressions for the powder
average [1/T.[J represents a good approximation. For
isotropic motion,?* [1/T1[{ is given by the equation

2.2 2
/T, = %f—(l + %)[Jl(a)o) +43,209] (1)

and for a two-site 180° jump motion,” [1/T1[{ is given
(under the approximation that » ~ 0) by the equation

/T, =

2 2
—gqox Peq(1) Peg(2) SIN*(20)[I3(w) + 43,2wp)] (2)

In these expressions,

Tc

J (Mwg) =————
™1 4 (magr)?

@)

and wo denotes the Larmor frequency of the 2H nucleus.
The quadrupole coupling constant y was determined in
the present case from the 2H NMR line-shape analysis
discussed in section 3.3. For the two-site 180° jump
motion, peq(1) and peq(2) denote the relative populations
of the two sites and 6 denotes the angle between the
jump axis and the principal axis of the electric field
gradient tensor at the 2H nucleus (which is assumed to
be parallel to the C—D bond). For the two-site 180° jump
motion, the jump frequency « and correlation time 7.
are related by 7. = (2«)~1. For the two-site 180° jump
motion, we have assumed that the populations of the
two sites involved are equal; i.e., peq(1) = peg(2) = Y2 in
eq 2. Furthermore, the use of eq 2 assumes that the
rates of any librational motions around the potential

(24) Spiess, H. W. NMR Basic Principles and Progress; Springer-
Verlag: Berlin, 1978.
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Table 1. Jump Rates (Denoted as kB) for Component B
Derived from the Values of Correlation Time z.
Determined from the Spin—Lattice Relaxation Time Data
(kB = 1/27.)2

T/IK kB/s~1 TIK kB/s~1 TIK kB/s~1

393 2.4 x 107 363 8.4 x 10° 318 1.6 x 108
383 1.5 x 107 353 6.1 x 108 295 5.5 x 10°
373 1.2 x 107 348 4.3 x 106 273 1.1 x 10°

aNote that the values of «B determined from the fitting
procedure at temperatures above ca. 363 K are considered to be
less reliable because the values of T; for components A and B are
close to each other (see Figure 3).

minima are too high and their amplitudes are too low
to affect the spin—lattice relaxation.

When egs 1 and 2 are applied to the experimental
data, the correlation times (z;) for the motions of
components A and B have been determined (and hence
also the jump rate «B for component B). From these
results, it is clear that the motion causing the relaxation
for component B is in the intermediate motion regime
(1077 s = 7. = 1073 s) and the motion causing the
relaxation for component A is in the rapid motion regime
(re = 1077 s) throughout the temperature range from
273 to 403 K. The values of «B determined in this way
from the spin—Ilattice relaxation data are shown in
Table 1 and are consistent, within experimental errors,
with the values of «B obtained from the 2H NMR line-
shape analysis discussed in section 3.3 (although we
note that it is only over a restricted set of temperatures
that «B has been determined by both techniques).

3.3.2H NMR Line-Shape Analysis. It is clear from
the spin—lattice relaxation time measurements and
from qualitative inspection of the 2H NMR line shapes
(see section 3.1) that the pyrazine-ds/a-ZrP intercalation
compound contains two different types of pyrazine-d,4
guest molecules with distinguishable dynamic proper-
ties. In our quantitative analysis of the 2H NMR line
shapes, different dynamic models have been used for
component A (short T1) and component B (long Ty).

For component A, the narrow line in the spectrum at
233 K and higher temperatures is characteristic of an
effectively isotropic motion and has been simulated
using an isotropic line shape in the rapid motion regime
(™ = 107 s71).

For component B, we consider a two-site 180° jump
motion about an axis passing through the two nitrogen
atoms of the pyrazine-d, molecule, with equal prob-
abilities for the two orientations of the molecule. As-
suming that there is no distortion of the pyrazine-d,
molecules from D, symmetry, the angle (0) between the
jump axis (N---N axis) and the C—D bond is the same
for all 2H nuclei in the molecule. From the molecular
geometry, the angle 6 should be close to 60°. However,
because it is known that the 2H NMR line shape for a
two-site 180° jump motion in which 6 is close to the
magic angle is very sensitive to the actual value of 6,
the angle 6 was included as a variable in fitting the
experimental line shape recorded at 298 K. The best-
fit value of # was 57.5° and is close to the value (57.9°)
calculated from the crystal structure of pyrazine (de-
termined at 184 K from a detailed analysis of single-
crystal X-ray diffraction data®®). This value of 6 was

(25) De With, G.; Harkema, S.; Feil, D. Acta Crystallogr. 1976, B32,
3178.

Bach-Vergés et al.

Table 2. Parameters Used To Calculate the Best-Fit
Simulated 2H NMR Line-Shape at Each Temperature?

T/IK 2/kHz n kBls™1 Pe
383 167 0.06 3.3 x 107 0.69
363 167 0.06 1.3 x 107 0.72
343 167 0.06 5.0 x 106 0.70
318 168 0.06 1.4 x 106 0.75
298 168 0.06 6.0 x 10° 0.69
273 170 0.06 2.0 x 10° 0.70
253 169 0.06 9.0 x 103 0.70
233 168 0.07 1.3 x 108 0.69
223 168 0.07 SMR

213 168 0.07 SMR

axB denotes the rate of the two-site 180° jump motion for
component B, pg denotes the proportion of pyrazine-d4 molecules
representing component B, y is the quadrupole coupling constant,
7 is the asymmetry parameter, and SMR denotes the slow motion
regime (kB < 108 s7%).

then kept fixed in fitting the experimental line shapes
recorded at all other temperatures. The variable-fitting
parameters for component B were, therefore, the rate
(«B) of the two-site 180° jump motion, the quadrupole
coupling constant y, and the asymmetry parameter .
We note that no significant temperature dependence
was found for y and 7.

The experimental 2H NMR line shapes were fitted by
summing ?H NMR spectra simulated using the dynamic
models described above for components A and B. To fit
the overall experimental line shape, the ratio of the
numbers of deuterons representing components A and
B was treated as a variable in the fitting process,
together with the rate («B) of the two-site 180° jump
motion of component B, and the quadrupole interaction
parameters y and . Because the motion of component
A is in the rapid regime, no variables describing this
motion were required to be introduced in the simula-
tions. We note that the simulation of the contribution
to the line shape from component B implicitly takes into
account the attenuation of intensity within the inter-
mediate motion regime.

By finding the simulated line shape that gives the
best fit to the experimental line shape recorded at each
temperature, the jump rate «B for component B has been
determined as a function of temperature (see Table 2
and Figure 1). Thus, «B increases from the slow motion
regime (xB < 103s 1) at 213 Kt0 3.3 x 107 s~ at 383 K,
covering virtually the full range of the intermediate
motion regime. Below 213 K, the motion enters the slow
motion regime and a “static” 2H NMR line shape is
observed. The graph of In(«xB/s™1) versus T~Y/K~1 (shown
in Figure 4) is linear, and assuming Arrhenius behavior
for the temperature dependence of «B, the activation
energy is estimated to be 49 kJ mol~1. This value is
comparatively close to that obtained from the spin—
lattice relaxation time measurements for component B
(see section 3.2).

From the line-shape fitting, the ratio of the two
components was found to be essentially constant over
the temperature range studied, with about 70% of
component B and 30% of component A. Within experi-
mental errors, this result is in broad agreement with
the ratio obtained from the spin—Ilattice relaxation time
data.

Component A is in the rapid motion regime («* = 107
s~1) at temperatures down to 233 K. At 223 and 213 K,
only the powder pattern of component B is readily
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Figure 4. Graph of In(x®/s™%) versus T-Y/K™1 for the two-site

180° jump motion of component B, using values of «B(T)
obtained from the ?H NMR line-shape analysis.
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Figure 5. Experimental ?H NMR spectra (left) recorded at
298 K for different values of the 7 delay in the quadrupole-
echo pulse sequence and the corresponding simulated 2H NMR
spectra (right). The simulated spectra were calculated using
the parameters shown for 298 K in Table 2, except for the
different value of the 7 delay. Note that the major change in
the spectrum as 7 is varied concerns the shape in the region
of the “maxima” in the line shape of the broad component.
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distinguished in the experimental 2H NMR spectrum.
At these temperatures, the powder pattern of component
A has broadened to an extent that it has become
indiscernible in superposition with the powder pattern
from component B (which represents a greater number
of deuterons). Thus, from the lack of evidence available,
we do not speculate on the dynamic character of
component A in this low-temperature range.

In summary, the combination of the dynamic models
for components A and B gives good agreement between
simulated and experimental 2H NMR line shapes over
the complete temperature range studied (Figure 1).
Furthermore, several spectra were recorded at 298 K
for different values of the echo delay 7 in the quadrupole-
echo pulse sequence between 30 and 120 us. As shown
in Figure 5, there is good agreement between the
simulated and experimental 2H NMR line shapes as a
function of 7 (note that the simulated spectra in Figure
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Figure 6. High-resolution solid-state >N NMR spectrum
recorded for pyrazine-d,/a-ZrP at 298 K using N — *H cross-
polarization.

5 were calculated with all parameters fixed at the values
established for 7 = 30 us, and only the value of 7 was
changed). This result further supports our assignment
of the dynamic processes in this system.

3.4. N NMR. The high-resolution solid-state 15N
NMR spectrum recorded for pyrazine-ds/a-ZrP is shown
in Figure 6. Although the spectrum was recorded with
15N < IH cross-polarization over a period of 2.6 days,
the signal-to-noise level is still relatively poor (we recall
that the natural abundance of the I°N isotope is
0.37% and the receptivity relative to 'H NMR is only
3.85 x 107%). Nevertheless, two isotropic peaks are
clearly discernible above the noise level at —53.0 and
—152.5 ppm. These peaks may be assigned as non-
protonated and protonated N nuclei in pyrazine-ds,
respectively. For comparison, the isotropic °N chemical
shifts in pyridine (liquid) and N-protonated pyridine are
reported?® to be —63.2 and —165.2 ppm, respectively.
The N NMR spectra recorded under conditions of
15N — 1H cross-polarization are not necessarily quan-
titative, and we may propose (partly in conjunction with
the 13C NMR results discussed in section 3.5) that
the two signals observed are due to the pyrazine-d4
molecules representing component B (i.e., the compo-
nent present in higher amount) in the pyrazine/o-ZrP
intercalation compound and that these molecules are
protonated on one nitrogen atom as a consequence of
proton transfer from the o-ZrP host structure. We note
that N-protonation of the pyrazine-d, guest molecules
will be with H rather than 2H nuclei, as the ?H nuclei
on the pyrazine-ds guest molecules are not expected
to undergo any substantial exchange with the H
(natural abundance) nuclei of the a-ZrP host structure.
It is well-known that pyrazine is essentially a monobasic
compound; thus, while N-protonation can occur readily,
N,N’-diprotonation occurs only under conditions of very
strong acidity. Thus, within the a-ZrP host structure,
no significant amounts of N,N’-diprotonated pyrazine
are expected to be present.

As concluded from our discussion of the dynamic
properties (sections 3.2 and 3.3), it is reasonable to
propose that the pyrazine-d, guest molecules represent-
ing component B engage in hydrogen-bonding interac-
tions with the a-ZrP host structure such that the
orientation of the N---N axis of these pyrazine-d, guest
molecule is essentially fixed in space. Clearly, N—H-:-O
hydrogen-bonding interactions involving a protonated
pyrazine-d, guest molecule and oxygen atoms of the

(26) Levy, G. C.; Lichter, R. L. Nitrogen-15 Nuclear Magnetic
Resonance Spectroscopy; John Wiley & Sons: New York, 1979.
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Figure 7. High-resolution solid-state *C NMR spectra re-
corded for pyrazine-d4/a-ZrP at 298 K: (a) with 3C — H cross-
polarization and (b) with 13C direct polarization. The broad
peak observed at ca. 110 ppm in the 13C direct polarization

spectrum is due to the presence of Teflon spacers in the rotor.

o-ZrP host structure represent one possible form of such
interactions.

The inability to observe a discernible signal in the
15N NMR spectrum due to component A may reflect
the lower amount of this component or may reflect
substantially different >N <— H cross-polarization
characteristics for the pyrazine-d; molecules repre-
senting components A and B. In this system, different
15N — 1H cross-polarization characteristics for compo-
nents A and B may originate as a consequence of their
different dynamic properties and/or as a consequence
of the protonation (by 'H) of the pyrazine-d4 molecules
representing component B, which provides the op-
portunity for intramolecular >N < 1H cross-polarization
(in contrast, molecules of component A, which we
propose are nonprotonated, must rely upon inter-
molecular ®N < 1H cross-polarization). The fact that
the two 15N signals observed in the spectrum have
significantly different intensities presumably arises
from the expected differences in the >N <— IH cross-
polarization characteristics for protonated (i.e., directly
bonded ®N—1H) and nonprotonated N environments
in the pyrazine-d, molecules representing component
B.

3.5. 3C NMR. The high-resolution solid-state 13C
NMR spectrum (Figure 7a) recorded for pyrazine-das/o-
ZrP under conditions of 3C < IH cross-polarization
contains three isotropic peaks at 148.6, 143.2, and 138.0
ppm. The peaks at 148.6 and 138.0 ppm have essentially
the same intensity, which is greater than the intensity
of the peak at 143.2 ppm (at the specific cross-polariza-
tion contact time used). In contrast, the high-resolution
solid-state 13C NMR spectrum (Figure 7b) recorded
under conditions of 2C direct polarization (with a
recycle delay of 3 s) contains only one isotropic peak at
143.2 ppm. These observations are readily reconciled
with the existence of the two different types of guest
species introduced in the discussion of the 2H NMR
results, and the proposal from our >N NMR studies that
the pyrazine-d, guest molecules representing component
B are protonated on one nitrogen atom, thus giving rise
to two different 13C environments in these molecules.
Thus, the three isotropic peaks may be assigned to the
two 13C environments in component B and the single
(time-averaged) 13C environment in component A. The
fact that only one isotropic peak (at 143.2 ppm) is
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Figure 8. TGA data for pyrazine-ds/o-ZrP recorded at a
heating rate of 10 K min=2.

observed in the 12C direct polarization experiment may
be attributed to differences in the 13C spin—Iattice
relaxation times for components A and B, such that,
with the comparatively short recycle delay used to
record this spectrum, only the component with shorter
13C spin—Ilattice relaxation time (in general, the com-
ponent undergoing the faster dynamic process, i.e.,
component A) is observed in the spectrum. On this basis,
the isotropic peak at 143.2 ppm is attributed to compo-
nent A, and the isotropic peaks at 148.6 and 138.0 ppm
are attributed to component B. It is clear that proton
exchange between the N-protonated pyrazine-d, guest
molecules and the a-ZrP host structure and/or between
different pyrazine-d4 guest molecules must be slow with
respect to the 13C NMR time scale.

3.6. Thermal Analysis. The results of TGA are
shown in Figure 8 and clearly indicate three separate
mass losses. The first step occurs from ca. 320 to 367
K, with a mass loss of 2.6%. The second step occurs from
ca. 367 to 443 K with a mass loss of 3.6%. The third
step occurs from ca. 443 to 515 K with a mass loss of
8.1%. The first mass loss can be attributed to the
removal of water molecules from the structure. As
discussed above, water molecules are present in the
parent material Zr(HPOQO,),-H,O and are replaced by
pyrazine-d, molecules during the intercalation process.
However, not all of the water molecules are replaced
during intercalation, and some water molecules remain
as co-intercalated species. The second and third mass
losses are attributed to the removal of the pyrazine-d,
guest molecules, confirming that there are two different
types of pyrazine-d4 molecules in the structure. Overall,
the TGA results are consistent with a stoichiometry
comprising one pyrazine-d, molecule and one water
molecule for every two zirconium phosphate units in the
pyrazine-ds/o-ZrP starting material.

The difference in the temperature at which the two
types of pyrazine-d4 guest molecules are lost from the
host structure suggests that one type of pyrazine-d,
guest molecule is held more strongly within the host
structure. The less strongly bound pyrazine-d, guest
molecules are lost at lower temperature in the TGA
experiment and may be assigned as component A (for
which there is rapid isotropic motion). The more strongly
bound pyrazine-d4 guest molecules are lost at higher
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temperature in the TGA experiment and can be as-
signed as component B. As discussed above, these
pyrazine-d, molecules undergo 180° flips, which may
reflect the formation of specific interactions (e.g., hy-
drogen bonds) with the host structure. The mass loss
at lower temperature represents 31% of the total
amount of pyrazine-d, guest molecules, and the mass
loss at higher temperature represents the remaining
69% of the pyrazine-d, guest molecules, in very close
agreement with the ratio of components A and B found
from the ?H NMR line-shape analysis (and in reasonable
agreement with the ratio determined from the spin—
lattice relaxation time data).

DSC shows no evidence for any thermal anomalies
in the temperature range (100—293 K) studied.

4. Concluding Remarks

Our 2H NMR studies provide clear evidence that there
are two different types of pyrazine-d, guest molecules
in the pyrazine-ds/a-ZrP intercalation compound, char-
acterized by different dynamic behavior. The relative
amounts of the two types of guest molecules are about
30% and 70%. The higher population (component B)
comprises guest molecules for which the axis passing
through the two nitrogen atoms of the pyrazine-ds
molecule has a restricted orientation in space, presum-
ably as a consequence of a direct interaction with the
o-ZrP host structure. These guest molecules undergo
two-site 180° jumps about this molecular axis, with the
jump rate ranging from less than 10° s at 213 K to
3.3 x 107 s7t at 383 K. The lower population (component
A) comprises guest molecules that undergo an effectively
isotropic motion. These guest molecules are presumably
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held rather weakly within the host structure or on its
external surfaces, such that their reorientation is
relatively unrestricted. The two-site 180° jump motion
of component B passes through the intermediate motion
regime (for 2H NMR line-shape analysis) within the
temperature range from 233 to 383 K and enters the
slow motion regime below about 233 K. The effectively
isotropic motion of component A is in the rapid motion
regime at temperatures down to 233 K. The activation
energy for the two-site 180° motion of component B is
estimated to be 39 kJ mol~! from the 2H NMR spin—
lattice relaxation time measurements and 49 kJ mol~!
from the 2H NMR line-shape analysis. Results from
TGA provide direct evidence for the existence of two
different types of pyrazine-d, guest molecules in the
pyrazine-ds/o-ZrP intercalation compound, with differ-
ent strengths of binding and with approximate relative
populations of 30% (less strongly bound component) and
70% (more strongly bound component). High-resolution
solid-state ®N and 13C NMR spectra provide further
support for the existence of two different types of
pyrazine-d, guest species and provide direct evidence
that the pyrazine-d4 guest molecules of component B
are N-protonated (from the a-ZrP host structure). The
results from TGA, ®N NMR, and 3C NMR are clearly
in good accord with conclusions on the dynamic and
structural properties of the pyrazine-ds/o-ZrP intercala-
tion compound reached from our 2H NMR studies.
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