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The proton spin-lattice relaxation time T, of residual stage-3 HNO;-intercalated graphite has
been measured as a function of temperature over the range 8—310 K. We observe two relaxation
times over the temperature range 8—180 K and four relaxation times in the range 180-310 K. We
observe changes in slope at 40, 90, 180, 210, and 250 K. The Fourier transform of the free induction
decay consists of three lines: a central peak with two satellites. The angular dependence of the sa-
tellites is fitted with a Lorentzian convolution of the spectrum of a conically averaged Pake doublet.
This analysis assumes that in one structural phase, pairs of HNO; molecules hydrogen bond to form
a dimer. Interatomic distances in such a molecule conform to a commensurate (V7 XV7)R19.11°
orientation with respect to the graphite lattice. The existence of several T values requires the ex-
istence of a second structural phase in islands separate from the first; this is proposed as

(V3XV3)R0° based on the sample stoichiometry.

I. INTRODUCTION

Interest in graphite intercalation compounds as a test-
ing ground for two-dimensional phenomena has led to
‘many recent studies of molecular diffusion and structural
phase transitions in nitric acid—-intercalated graphite.! >
This particular graphite intercalation compound (GIC)
exists in two forms. When the ordinary form, a-
Cs,HNO;, is exposed to air or N, gas for an extended
time period, the HNO; molecules, which stand essentially
perpendicular to the graphite planes, reorient to lie near-
ly- parallel, yielding the more dilute B-Cg, HNO; residue
compound. Here n denotes the stage, the number of
graphite planes between intercalate layers, of the GIC.
Because synthesis of the residue compound is difficult and
time consuming, most studies of HNO;-GIC’s have been
confined to the a type; we have therefore concentrated
the present NMR studies to temperature-induced
structural phase transitions in the residue compound.

'H NMR,%% 3C NMR,’ x-ray,>®"? and quasielastic
neutron scattering®!? spectroscopies have detected
structural phase transitions in a-type HNO,-GIC’s at ap-
proximately 210 and 250 K. The latter transition has
been observed in calorimetry!! and conductivity!*!* mea-
surements as well. Differential thermal analysis reveals
an additional phase transition at 133 K, attributed to the
freezing out of rotational motions of the nitric anions.'*
In the low-temperature phases, the HNO; molecules
form a lattice commensurate with the graphite, while be-
tween 210 and 250 K they form a striped domain phase,
commensurate with the graphite lattice along one @ direc-
tion and discommensurate along the perpendicular in-
plane direction.’ Above 250 K the HNO; molecules have
no long-range order and constitute a lattice liquid. Simi-
lar behavior has been observed in other molecular-
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acceptor GIC’s, most notably Br, (Ref. 15) and SbCls.'

In this paper we report the results of proton NMR of a
stage-3 B-type HNO;-GIC over the temperature range
8-310 K. Section II contains the experimental details
and our results are analyzed in Sec. III with the exception
of the angular dependence whose analysis is relegated to
the appendix. We propose a crystalline structure for the
intercalate which can explain our results.

II. EXPERIMENTAL DETAILS

All measurements were made on several stacked slabs
of HNO;-GIC’s characterized by (00/) x-ray diffraction as
stage 3 with graphite-intercalate layer thickness d; =6.55
A corresponding to that of the residue compound.
Weight uptake measurements yield a formula for this
sample of CHNO,; which contains more intercalate
than the Cy, HNO; reported in the literature.!” No more
than ~5% of the sample consists of a-C;sHNO;. The
sample size is 15X 10X 10 mm>. Details of the sample
preparation are given in Ref. 18.

Proton Fourier-transform (FT) NMR measurements
were made at a resonance frequency of 47 MHz over the
temperature range of 8-310 K. The results were ob-
tained using a single excitation pulse of 1 usec and
recording the free induction decay (FID) after the pulse.
The absorption signal for various temperatures is given in
Fig. 1. We observe a central peak and a symmetric dou-
blet which we assign to separate intercalate structures.
The spin lattice relaxation time T; was obtained by
Fourier transforming the FID signal after a saturation se-
quence and measuring the rate of growth of area of a win-
dow of ~2.5 kHz centered at the central peak and at one
of the satellites. When the sample is oriented with H|c,
the recovery of the area under the doublet can only be
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FIG. 1.

TH absorption spectra of nitric acid intercalated graphite taken with HolC at temperatures (a) 291.8 K, (b) 238.7 K, (c)

197.7 K, and (d) 122.8 K. Graphs are normalized to the maximum value of the central peak.

fitted using two relaxation times whereas one is sufficient
for the perpendicular orientation. Above ~190 K we
could not saturate the central line and only the T'; of the
satellites was obtained by this procedure. In order to
measure the T, of the central line, we used the inversion
recovery method at 18, 47, and 60 MHz. In all cases, the
rate of growth of the magnetization could not be fit with

one exponential, indicating a return to equilibrium with
more than one relaxation rate.

III. EXPERIMENTAL RESULTS AND DISCUSSION

We measured both the temperature and the orienta-
tional dependence of the NMR parameters. While we
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FIG. 2. (a) FWHM of the central peak and (b) ratio of the amplitude of the central peak to the amplitude of the satellites in the ab-
sorption spectra with H,1€ as a function of temperature over the range 30-310 K.
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FIG. 3. Hysteresis of the (a) ratio of the central peak ampli-
tude to satellite amplitude and (b) FWHM of the central peak
over the temperature range 180-250 K for Hy|c.

found no orientational dependence of T, there was such
a dependence of the shape of the satellite doublet. We
first present the temperature dependence of the NMR pa-
rameters. Figure 1 shows four absorption spectra taken
with H,lC at the temperatures 122.8, 197.7, 238.7, and
291.8 K. In the succeeding discussion it will be shown
that these traces are representative of four different
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phases. This is seen in the significant differences in the
intensities of the satellite peaks relative to that of the cen-
tral peak and in the linewidth of the central peak itself at
the four temperatures. The temperature dependence of
these parameters is presented in Fig. 2: (a) the central
peak linewidth and (b) the ratios of the satellite to central
peak amplitudes. We have also studied the effect of cy-
cling the temperature on the line shapes and find a hys-
teresis around 180-250 K. The amplitude ratios and the
central peak width for these traces are plotted as a func-
tion of temperature in Figs. 3(a) and 3(b), respectively.
Using a waiting time of several hours at one temperature
had no effect on the data, in contrast to what de Groot
et al.' found for SbCls-intercalated graphite.

The results of our 7', measurements as a function of
temperature are seen in Figs. 4 and 5. The most striking
feature of our T, data is the coexistence of several dis-
tinct T, values at all temperatures. Within our experi-
mental error, we found no orientational dependence of
T,, as opposed to the line shape of the doublet in the FT:
the doublet is found to have less overlap with the central
line for Hyl€ than when H||¢. Hence, we were generally
able to fit the data to a single relaxation time separately
for the doublet and the central line when Hyl€. We label
these T‘,’ and T{ (doublet, central), respectively. When
Hy||c, there is significant overlap of the peaks and the
recovery of the area under the window of the doublet can
only be fit using two relaxation times. It is found that the
two values of T, coincide with the curves of T and T.
In Fig. 4, these are plotted on a log scale as a function of
temperature over the entire temperature range studied by
the saturation recovery method. The relaxation times of
the doublet are quite long, ranging from tens of seconds
to nearly half an hour at the lowest temperatures
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FIG. 4. Log of T, as function of temperature over the range 8—-300 K for Hj||¢ and H,l¢ measured at resonant frequency 47

MHz. The upper (lower) curve is T¢ (T) of text.
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reached, while the corresponding T'{ of the central peak
is consistently an order of magnitude smaller. At approx-
imately 190 K we were no longer able to saturate the cen-
tral peak with a comb of pulses due to the onset of a
much shorter T, probably resulting from the presence of
a new structural phase. This phase apparently does not
occur in the structure giving rise to the satellite peaks as
we were able to continue saturation recovery measure-
ments on them up to 310 K; the data points above 190 K
in Fig. 4 were obtained from the saturation recovery of
the satellite peaks alone. We note that at this same tem-
perature the amplitude of the satellites begins to decrease
relative to the central peak.

In the high temperature region, we measured the much
shorter T; which appears using the inversion recovery
method. Because the long T, in this region is of the or-
der of tens of seconds, a pulse repetition rate that would
permit its measurement is prohibitively long, so we used
a faster rate which saturated that portion of the signal
and could measure only the newly appearing shorter re-
laxation times, again obtaining two distinct T, values.
These are labeled T, and T ; in the plot of logT’, as a
function of 1/T for the high-temperature region in Figs.
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FIG. 5. Log scale plots of (a) T, and (b) T ; vs 1000/T with
Hyl€. Temperatures of phase transitions are marked with ar-
rows.
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5(a) and 5(b), respectively. We note a break in T'{ ; at 210
K and a break in T ; at 250 K, similar to the results of
Avogadro and Villa? for ordinary HNO; GIC’s. Another
important feature is that the minimum in T at about 200
K has essentially the same value for all three resonant
frequencies, evidence that it is due to a phase transition
and not to the motionally induced minimum predicted by
Bloemberger-Purcell-Pound theory.”® We find this be-
havior to be orientationally independent.

Figures 1-5, when considered together, provide strong
evidence for several structural phase transitions occur-
ring in this intercalation compound. Beginning with the
highest-temperature transition, we note discontinuities in
the traces of Figs. 2(a), 2(b), and 5(b) at 250 K and the
end of the hysteresis in Figs. 3(a) and 3(b) at this same
temperature. Figure 5(a) exhibits a sharp break at 210 K
which is accompanied by a large change of slope in the
relative amplitudes plotted in Fig. 2(b). Weaker features
at this temperature are noted in Figs. 2(a) and 4. The
other end of the hysteresis loops in Figs. 3(a) and 3(b)
occurs at 180 K as do discontinuities in the linewidths,
relative amplitudes and short T, values, most notably in
Figs. 2 and 5(b). All these data support a model of four
different structural phases, each represented by one of the
four absorption spectra in Fig. 1. Extrema in the T, data
are noted at 42 and 75 K, indicating the possible presence
of additional lower temperature phases. The discontinui-
ties at 210 and 250 K were also found for a-HNO;-GIC’s
where the 210-K transition was attributed to a change
from a commensurate to a semi-incommensurate phase’
accompanied by rotational HNO; motion?! and the 250-
K transition is to a lattice liquid state® accompanied by
translational motion.?!

In Fig. 6 we show the free induction decay from which
the Fourier transform was taken close to the transition
near 180 K. In the trace at 182.3 K we note the presence
of only quickly decaying oscillations. At T=187.4 K, we
begin to see an additional oscillation with very small am-
plitude and much longer decay time, T,. The amplitude
of the latter increases with the temperature and by
T=191.3 K is a prominent feature of the decay, while the
short decay remains practically unchanged. This is a vi-
vid demonstration of the emergence of the new phase
having a long T, and short T, [as seen in Fig. 5(a)] as the
temperature is increased above 180 K.

Another important feature of the Fourier-transform
spectra is the dependence of the line shape on the angle
between the € axis and Hy, seen in Fig. 7, spectra taken at
T=235 K. At small angles 6, from about 0° to 30°, the
satellites each split to two distinct peaks which eventually
merge at the position of the inner frequency peak, be-
come narrow at approximately 60°, then broaden and
move out from the center around 90°. This behavior is
explained on the basis of a particular ordered in-plane
structure wherein two HNO; molecules are hydrogen
bonded resulting in a pairing of hydrogen atoms giving a
Pake doublet.

The existence of the satellites and the dependence of
their shape on the angle between the € axis and the mag-
netic field leads us to conclude that there exists a struc-
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FIG. 6. Free induction decay at resonant frequency 47 MHz
with Hj at 45° to € for temperatures (a) 182.3 K, (b) 187.4 K,

and (c) 191.3 K. Similar results were obtained at other orienta-
tions. Note the change of time scale in (c).

ture in which the hydrogen atoms form pairs with fixed
distances between them and the line connecting them
makes a fixed angle B with the € axis. The details of how
this model yields the observed behavior is given in the
Appendix. The second coexisting structure consists of
unpaired HNO; molecules, giving rise to the central line.
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A possible structure wherein the hydrogen lie close
enough for the pairing giving rise to the doublet could be
a commensurate phase of C;, HNO;. The unit cell rela-
tive to the graphite host, (‘/DIX V7)R19.11° is illustrated
in Fig. 9(b).

As noted in Sec. II, the chemical formula of our stage-
3 sample is C;(HNO,;, lying between Cgz HNO; and
C,;,HNO,;. A commensurate phase must therefore con-
sist of domains of each structure separated by boundary
walls of HNO,; molecules in slightly incommensurate po-
sitions. The commensurate orientations of (a) Cq, HNO;
and (b) C;,HNO; are depicted in Fig. 8. The unit cell
relative to that of the graphite host corresponding to
C4, HNO; is (V3XV3)R0°. We note that the C;, HNO,
unit cell contains two HNO; molecules which are
sufficiently close to allow hydrogen bonding of an oxygen
atom from each molecule as indicated by the dotted lines
in the figure, thus forming a Pake doublet. Specifically,
this model predicts an intermolecular O-O distance of
~2.33 A and an intramolecular O-O distance of 1.96 A
where in each case a H atom is associated with one of the
oxygens. We assume that one lies above and the other
below the NO; plane, separated by the inter-proton vec-
tor r=1.5 A as calculated from the theory for a conically
averaged Pake doublet discussed below. Although the ni-
tric acid is more dilute in the C;, HNO; compound, the
HNO; molecules are more evenly spaced in the
Ce, HNO; commensurate orientation so that the shortest
intermolecular O-O distance of 4.25 A is considerably
longer than in C,;,HNO,;. Again, the average inter-
proton separation depends on the exact position of each
H atom with respect to the O to which it is bonded, but is
clearly longer than in the C,;, HNO; orientation.

Above approximately 180 K, the thermal energy is
sufficient to break the hydrogen bonds. Hence at this
temperature one can expect the HNO; dimers to begin to

FIG. 7. Fit of conically averaged Pake doublet theoretical line shape (dotted line) to experimental data (solid line) for angles (a) 7°,
(b) 22°, (c) 52°, and (d) 67° between H, and € for B=25°, v, =25 kHz, and o =5 kHz. Data were taken at T=235 K.
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(a) Cg (HNO3)

(b)  C7(HNO3)

FIG. 8. In-plane ordering of HNO; molecules in (a)
C¢, HNO; and (b) C,,HNO;. Vertices of honeycomb represent
C atoms of the graphite plane, large solid circles are O atoms,
smaller solid circles are N atoms, and the smallest solid circles
are H atoms which are placed only schematically and lie above
and below the N-O plane. Dashed lines represent hydrogen
bonds between O atoms which are not linear.

break up, yielding the observed increase in the central
line intensity with respect to the satellites. Additionally,
the HNOj; molecules of both structures would rotate, re-
sulting in the observed central peak line narrowing and
the emergence of the wiggles previously discussed in con-
text with Fig. 6. The two T';’s of the central line can also
be attributed to these separate structures (Cs, HNO; and
the broken dimers in C;, HNO;).

The angular dependence of the satellite peaks is well
described by a conical average of a Pake doublet convo-
luted by a Lorentzian line,2? as seen by the fits of this
theory to our data for 8=7°, 22°, 52°, and 67° in Fig. 7.
Since highly oriented pyrolitic graphite (HOPG), the host
lattice of our sample, consists of small crystallites with
randomly oriented 2 axes and well aligned € axes, with a
mosaic spread of less than 2°, one takes a conical average.
To account for the Pake doublet, we must assume a
structure in which hydrogen atoms from two different
HNO; molecules are sufficiently close to form a pair.
This condition is met for the commensurate unit cell of
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the C,, HNO, structure, as seen in Fig. 8(b). The greater
spread in our experimental data is attributed to the pres-
ence of several stacked samples, causing more misalign-
ment of the € axis, estimated at ~10°. Additional spread
is due to the contribution of H atoms in the domain walls
at discommensurate positions.

Two parameters of our fits to the data are the angle 8
between the proton-proton vector and the graphite € axis
and v, the dipolar splitting,

=34 )
43’

where 7 is the proton gyromagnetic ratio and r the inter-
proton distance. We obtain a value of 28°t4° for 3, indi-
cating that the H atoms are well out of the NO; plane.
Using our derived value for v, in Eq. (1), we obtain
r=1.5+0.1 1°\, consistent with our proposed unit cell.
More specifics of the theory of a Pake doublet in a two-
dimensional powder are presented in the Appendix.
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APPENDIX: CONICAL AVERAGE
OF A PAKE DOUBLET

In this Appendix, we derive the conical average of the
dipole-dipole interaction of a pair of two spin-J nuclei
separated by a distance r. This interaction splits the cen-
tral line into a doublet, known as the Pake doublet.?
The resulting expression was fit to our Fourier transform
data taken at 235.1 K for different orientations of the
sample €-axis with respect to the magnetic field Hy. The
graphite € will be the Z axis. We can express the vectors
T and H,, in terms of their angular components,

r=r(sinB cos¢X +sinBsingy +cospz) ,

(A1)
H,=H,(sin6% +cos6Z) ,

~ where 6 is the angle between Hj, and the graphite € axis

and B is the angle between the interproton vector and this
axis in the azimuthal angle ¢ has a random distribution
around the € axis in the xy plane. Using the dot product,
the angle a between T and Hj is given by

cosa =sin® sinf3 cos¢ +cosfcosf . (A2)

The shift of the frequency of one of the doublets is
given by

v=vp(3cos’a—1)=vp[(acosp+b)—1], (A3)
if we define
172
Fl(v)=l 1+ a+b+[l+—v— ]
VD Vp

127y-172 -

X la—b— |1+ H , (A4
Vb

where a =V"3sinf sinB and b=V3cosfcosB. Then for
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FIG. 9. Calculated curve of conically averaged Pake doublet convoluted with a Lorentzian with width v, =1 and o =0.03 for
B=10", (a) 6=15°, (b) =45°, and (c) 6=75° and for B=80", (d) =15, (¢) 0=45", and (f) 6=75" (see Appendix).

a>0, b>0, and a =b (case I), the probability density
F(v) of one member of the doublet is given by

2F,(v) for —1<v/vp<(a—b)*—1, (AS5a)

F(v)={F,(v) for (a—b)?—1<v/vp <(a+b)?—1, (A5b)

0 otherwise . (A5¢)
If a >0, b >0but a <b (case II),

F(v) for (a—b)»—1=v/vp <(a+b)*—1 (A6a)
(A6b)

Fv)=
0 otherwise .

The restriction @ >0 and b >0 limits our discussion to
0<6=<7w/2 and 0=<B=1m/2. The extension to other an-
gles is easily obtained.

When the above expression is convoluted with a
Lorentzian line shape we obtain

(a—b)—
Pw=2 [ 7" F (v ) —ydv’
1+ | =
g
2__
+ [ e vy —av (A7)
(a—b)—1 v—v'
1+
g
(case I) and
2
Pw=2[ "0 F ) L _av (a9
a— — At
1+ v v
g

(case IT). The expression can be integrated by parts to re-
move the singularities. To obtain the full spectrum, one
must take the sum P(v)+P(—v). A sample of the calcu-
lations for v, =1, =10° and 80° and 6=15°, 45°, and 75°
is given in Fig. 9 for 0 =0.03v,.
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