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Infrared transmission spectra of graphite, and of both normal and ‘“lean

2 (“

residual” or “B”)

graphite nitrate, are presented. These spectra allow determination of the intercalant species as
HNO;. The nitrate plane is approximately perpendicular to the graphite planes in the normal com-
pound and parallel in the lean compound. The out-of-plane infrared-active vibration of the graphite
is observed to split by only 7 cm ™! upon forming the nitrate.

I. INTRODUCTION

Graphite intercalation compounds (GIC’s) are formed
when guest species penetrate the “gallery” between carbon
layers, with consequent (and often large) crystal expansion
along the ¢ direction. Intercalating reagents vary, and in-
clude both powerful oxidizing and reducing agents. Most
cause some charge transfer to the carbon 7 orbitals. The
resultant compounds exhibit = many fascinating
properties—for example, near-metallic conductivities and
high anisotropy—and have potential practical uses as elec-
trochemical electrodes and catalysts. They also pose im-
portant fundamental questions, and have been the subject
of many reviews and conferences.' ™’

The metallic nature of GIC’s limits the usefulness of
studies using long-wavelength radiation. For this reason,
studies using hard x rays and extended x-ray-absorption
fine structure (EXAFS) provide most of the known
structural information. Unfortunately, the limitations of
these techniques have caused much confusion, for exam-
ple, over the crystal structure of graphite nitrate.® In-
frared transmission spectroscopy, which - provides
structural information complementary to that provided by
the other methods, can resolve much of this confusion.
We particularly note that transmission methods can probe
the interior of the GIC and can determine the nature of
the intercalant. Compared to most other GIC’s, the ni-
trates are relatively nonreactive and stable,’ so they are a
good choice for initial application of this new technique.
We first briefly discuss the properties of GIC’s most
relevant to our studies, namely physical, vibrational, and
electronic properties, and the crystal structures proposed
for graphite nitrate, and then go on to present the
transmission studies and our conclusions.

A. Electronic structure

The electronic structure of a single, ideal two-
dimensional (2D) layer of graphite at 0 K is well known.!°
The valence band is full and the conduction band empty,
so our ideal system is a zero-band-gap semiconductor. In
practice, the 3D structure causes some overlap of the two
bands, and thermal motion excites some electrons, giving
graphite semimetallic properties in the a-b plane. The
weak c-axis bonding makes it an insulator in that direc-
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tion. This anisotropy can be exploited by making infrared
polarizers from chips thinned along the a axis.!! The a-b
layers serve as the wires in a wire polarizer, allowing only
light polarized in the ¢ direction to pass.

Both ‘donor and acceptor intercalants shift the Fermi
level Ep, vastly increasing the in-plane conductivity.
Typical acceptor anions (NO; ™, AsF¢™) have closed shells
and do not overlap with the carbon p, orbitals, so the c-
axis conductivity, already low, decreases. GIC’s with
these intercalants are even more anisotropic than pristine
graphite and should form better polarizers, allowing more
c-polarized light to pass. However, these compounds are
also more fragile along the ¢ axis, making them difficult
to handle for the optical experiments.

By contrast, typical low-stage donor compounds exhibit
large c-axis conductivity, even larger than that in the a-b
plane. Little light of any polarization can pass. This
behavior has been explained by postulating that the donor
ion’s empty s orbitals form a bond (or charge transfer)
with the carbon p, orbital.'® The simple 2D electronic
model, which works well for most acceptor compounds, is
a severe approximation here. '

B. Vibrations

The vibrational modes of a single layer of graphite are
shown in Fig. 1.">13 The unit cell of the graphite crystal
consists of four atoms with the two atoms shown in one
layer and another two atoms in an adjacent layer. The
normal modes of the full three-dimensional structure are
listed in Table I. Each of the modes of the single-layer
structure splits into two upon forming the three-
dimensional structure. The splitting is due to the inter-
layer forces, and so is expected to be relatively small. The
E (21&,) and 3(2:;) modes involve motion of adjacent planes,
and the E5Y mode is seen in the Raman at about
50 cm~!. The in-plane stretching or bending modes ap-
pear at 1584 cm~! in the Raman (E%) and 1588 cm ™! in
the infrared (E{2). The other optically active mode is the
A2 out-of-plane bending mode, and it has proven to be
the most difficult to observe. However, it has been recent-
ly seen at 868 cm™!, and this has allowed fitting to a fair-
ly complete normal-mode calculation.!®!*

Upon intercalation with FeCl; or K, two in-plane Ra-
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FIG. 1. Approximate normal modes for a single layer of gra-
phite. The motions designated by + and — are out-of-plane.

man bands appear near the E (2) stretching mode, one
blue-shifted by only a few wave numbers from the band in
pure graphite, the other around 20 cm™! higher in fre-
quency. The nearest-layer model, which considers only
the two layers adjacent to any given layer, attributes these
two bands to vibrations of ““interior” layers (surrounded
by other carbon layers) and ‘“boundary” layers (with inter-
calant on one side), respectively. The model predicts that
the relative intensity of the two bands should be propor-
tional to the number of corresponding layers, and this is
confirmed by experiment.”> For example, stage-2 com-
pounds show no “interior” line. Infrared reflectance stud-
ies, though harder to interpret, follow similar trends.!
Upon intercalation a new band also appears in the in-
frared, a few wave numbers lower than the pure graphite
band, with an intensity proportional to the number of
boundary layers.

In a few instances, the “guest” molecule modes have
also been studied. The Raman bands of intercalated
FeCl; lie within five wave numbers of those in the crystal,

TABLE I. Vibrations of graphite in Dg, symmetry. (ir
denotes infrared; R denotes Raman.)

but are somewhat broader.!? Raman lines observed in
stage-1 graphite-H,SO, are generally within several wave
numbers of those found in S,0,2~, which is proposed as
the actual ionic species within the carbon layers.!® Solin!’
has suggested that the FeCl; Raman spectra are
resonance-enhanced, and that the lack of such enhance-
ment explains the failure to observe molecular modes in
GIC’s intercalated with nitric acid, AsFs, SbCls, and other
molecules.

C. Graphite-nitrate crystal structures

Rudorff,'® who performed the first preparative and
structural studies on salts of graphite and strong mineral
acids (HNOs;, H,SO,), found a typical formula of
Cp4TNO3xHNO; with x =3. He proposed a strange crys-
tal structure where the nitrate ions form double planes be-
tween the graphite layers and leave a lot of empty space.
This is illustrated in Fig. 2(a). The neutral molecules
(which also appear in other graphite-acid salts) may serve
as dielectric spacers between the anions, may aid in hydro-
gen bonding, or may be extraneous.

A careful recheck of the x-ray data led Touzain® to pro-
pose an alternate stoichiometry C, 3, H,NO; (n =stage,
x=7%), and a crystal structure with the nitrate ions per-
pendicular to the a-b plane. However, the available data
is sparse enough to allow for other possibilities, such as
the nitrate ions leaning at a slight angle. A further com-
plication is the existence of another phase of graphite ni-
trate, alternately called “residual,” “lean,” or B.!° When
“normal” graphite nitrate, which has a gallery spacing of
7.8 A, is either pumped on or allowed to sit in air for a
few days, some intercalant desorbs and the gallery spacing
drops to 6.55 A. There is little doubt that in these lean
compounds the nitrate ions form single layers which are
parallel to the graphite layers. These possibilities are all
presented in Fig. 2.

II. EXPERIMENT AND RESULTS

A. Procedure

Highly ordered pyrolytic graphite’® (HOPG) was
mounted on a glass slide with crystal bond cement. The ¢

2D structure 3D structure

Ey in-plane 2 (ir) (1584 cm™!)
EZ(R) (1588 cm™Y)

By out-of-plane B(zzg], A% (ir) (868 cm™1)
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FIG. 2. Possible structures of graphite nitrate. Normal com-

pound: (a) Rudorff’s model (Ref. 18), (b) Touzian’s model (Ref.

8), () tilt model, and (d) lean compound.
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axis was placed parallel to the glass, and the specimen was
ground on a standard grinding wheel.?! The glue was re-
moved with acetone, yielding a fragile chip roughly 3
mm X5 mm X 50 pm, which was allowed to dry. Samples
were placed between 1-in.-diam AgCl windows in a stan-
dard infrared cell, and an aluminum-foil shield was used
to block light from going around the small sample. We
used a Nicolet model 8000 vacuum Fourier-transform in-
frared spectrometer with a ‘“globar” source and an
extremely  sensitive  Infrared  Associates liquid-
nitrogen—cooled MCT-InSb sandwich detector which was
often set to the low-frequency (MCT, mercury cadmium
telluride, sensitive to light <1800 cm™!) mode for in-
creased sensitivity. Most sample spectra were run at one
wave number resolution and extremely high gains (128 or
more compared to one for the background). The aperture
was increased by a factor of 10 for the sample spectra to
further increase the signal. Inert silver chloride windows
were used, and no reaction with the sample was observed.
It was noticed that NaCl windows did react with the sam-
ple to form NaNO;.

Intercalation was achieved over the course of a few
days in a closed two-chamber cell which held the chip in
one side and Baker and Adamson red fuming nitric acid
(specific gravity of 1.60) in the other. This gas-phase in-
tercalation is gentle on the fragile sample, and yields a
stage-2 compound when the chamber is continuously
flushed with dry nitrogen.?? However, in our closed sys-
tem, much water evolves, as is expected from the reaction
mechanism,?

2HNO3<_—)H20+N03—+N02+ ’
NO,*+C—C*+NO,1,
nC*t4NO;~ +xHNO;—-GIC ,

which prevents the intercalation from reaching stage 2.
Two types of samples were examined. One was fresh out
of the reaction chamber, and presumably a “normal” in-
tercalant. X-ray powder spectra, taken after the infrared
spectra, revealed a predominantly stage-3 structure, but
with some disorder. These samples then sat around for
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FIG. 3. Infrared transmission spectrum of a thin layer of
pristine graphite; the transmission is polarized parallel to the ¢
axis. The transmission scale has an arbitrary zero.

about 4 d, during which time HNO; desorbed and they
changed to the “lean” form, as evidenced by the change in
intensity of various spectral bands, which we will now dis-
cuss.

B. Vibrational spectra
1. Graphite modes

The spectrum of pristine graphite, presented in Fig. 3,
shows two features. The first feature arises since the
penetration depth of radiation into a conducting solid is
proportional to its wavelength and thus the transmittance
is smaller at high frequencies. This gives the spectrum its
overall shape. The other spectral feature is a sharp line at
867 cm~!, which has a full width at half maximum
(FWHM) of 0.7 wave numbers in our higher- (0.25 cm™!)
resolution studies. The frequency confirms the results of
the earlier infrared reflectance spectra of the out-of-plane
A,, bending mode. However, our results are more direct
since they need not be fitted using dispersion analysis to
obtain the actual frequencies and bandwidths,'? and are
not due to a surface phenomenon. The in-plane modes
have the wrong polarization (perpendicular to the c axis),
and so do not appear.

Graphite nitrate has a less noticeable background fre-
quency dependence, due to its lower c-axis conductivity (it
also transmits more light than plain graphite), but still
shows the sharp A4,, band at 867 cm~'. In addition,
another sharp (0.9 cm~! FWHM) line appears at 873
ecm~! in the “normal” compound and at 872.5 cm~! in
the “lean” compound (Figs. 4 and 5). We attribute the
new band to boundary-layer motions, and the nearest-
neighbor model appears to work successfully. The small
shift conflicts with lattice-dynamics results which factor
the dynamic matrix into three submatrices,

Dy Dgr

D= D¢ Deg

’

containing graphite-graphite, graphite-intercalant, and
intercalant-intercalant interactions. When D 4, is chosen
to give the observed Raman splitting of 20 cm ™! (the E (2?
mode discussed earlier), the predicted splitting of the A4,,
band between interior and boundary layers is predicted to

1840 1710 1580 1950 1320 1190 1060 930 800
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FIG. 4. Infrared transmission spectrum of “normal” graphite
nitrate showing HNO; and graphite bands.
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FIG. 5. Infrared transmission spectrum of “lean” graphite
nitrate showing HNO; and graphite bands.

be roughly 100 cm~! (Ref. 24) rather than the 6 cm ™! we
observe.

One might expect the simple nearest-layer model to
break down in stage-1 compounds, since in these the inter-
layer interactions have been dramatically changed.
Indeed, in stage-1 graphite fluoride? (Fig. 6) the out-of-
plane vibrational band at 850 cm~! is broad, in complete
contrast to the present compounds, which have extremely
narrow bands. Also, the in-plane vibration at 1584 cm™!
appears as a broad band, possibly due to the presence of a
distribution of graphite-fluorine bonds (see Ref. 25 for a
discussion of the x-ray structures).

2. Intercalant modes and assignments

A typical transmission spectrum of fresh, “normal”
graphite nitrate (Fig. 4) has strong, broad bands at 1680,
1410, 1311, and 937 cm~! wave numbers, and a weak
band at 820 cm~!. The intensity of this low-frequency
band varied somewhat between different fresh samples,
but was always small. In contrast, the lean samples (Fig.

1840 1710 1580 1$50 1320 1lso0 1060 930 800
wave numeers (cm™)

FIG. 6. Infrared transmission spectrum of stage-1 graphite
fluoride. The very broad band at about 1100 cm~! is the C—F
stretch. Note the width of the 850-cm™! graphite band com-
pared to the narrow bands in Figs. 3—5.
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FIG. 7. ‘Normal modes of HNOs;. The diagrams show only
the major motions of the atoms. The frequencies given are
those observed in the liquid [Ref. 26(a)].

5) show only weak bands above 900 cm~!, but do have an
intense 820-cm~! band. The frequencies, and those ob-
served in nitric acid,?%®»26®® are summarized in Table II
and Fig. 7. Remember that only vibrations polarized
along the c axis should be observed.

Examination of Table II and Fig. 7 suggests that the
observed 820-cm™! band is due to the out-of-plane “um-
brella” mode of the nitric acid, and that the higher-
frequency bands are due to the various in-plane modes of
the acid. The appearance of the 820-cm~! band as the
only intense band in the “lean” sample confirms the pro-
posed crystal structure!® [Fig. 2(d)]. In this structure only
the out-of-plane motions are polarized along the ¢ axis,
and thus are allowed in the transmission spectrum. The
presence of the weak in-plane bands shows that either our
lean samples still contain some normal graphite nitrate or
our samples are not perfectly polarizing (possibly due to
the disruption of the crystal structure by the grinding pro-
cess).

We can attempt to assign the in-plane modes using two
different models for the normal structure. One views the
interior as being predominantly composed of NO;™ ions
with protons in random positions. (This is closest to the
various x-ray structures proposed, which tend to ignore
the invisible protons.) As already noted, the 820-cm~!
band is then the “umbrella” mode, which occurs at 838
cm~! in the sodium salt.?’” However, the other lines are
hard to assign. The 937-cm~! band does not correlate
well with any nitrate modes. The NO;~ degenerate (E)
vy stretch, which occurs around 1350 cm ™! in the sodium
salt, could split under the strongly anisotropic environ-
ment into the two bands observed at 1311 and 1410 cm ™},
but even then only the component polarized along the ¢
axis should be observed. The 1680-cm™! band would
have to be assigned to a hydrogen bending motion of some
type and the v, NO;~ band (at about 724 cm~! in the
crystal) would remain unobserved.

A better model views the intercalant as HNO; mole-
cules. . Although some are missing their protons (the exact
percentage of nitrate anions is subject to debate, but al-
ways well under half), we assume that the protons are
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TABLE II. Graphite nitrate assignments.

Observed Frequency in
frequency liquid HNOs?
(em™1) Band (cm™1) Comments
Intercalant modes
820 Vg 771 “umbrella” mode, 838 cm~! in NaNO;
937 Vs 926
~1050 vy (H;07) 1100 H;O0* “umbrella”®
1311 V4 1303 1350 cm~! in NaNO; (E mode)
1410 V3 1395 . OH bend
1680 vy 1675
Graphitic modes
868 interior layers A,,
872.5 boundary layers (“lean” GIC)
873 boundary layers (‘“normal” GIC)

2Reference 26(a).
"Reference 28.

shared, and so treat all the intercalant as the neutral form.
Again, the 820-cm~! band can be assigned to an out-of-
plane NO bend, this time vg, which shifts up from 770
cm™! (see Table I). The 937-cm~! band is the in-plane
NO, band vs, the 1311-cm~! band the symmetric NO,
stretch v,, and the 1680-cm~! band the antisymmetric
stretch v,. In this model the O—H bend, v;, is assigned to
the 1410-cm ™! line. The nitric acid model is thus satis-
factory (Table II), and the frequencies observed in the
GIC’s lie between those observed in liquid and solid nitric
acid.?® All of these in-plane bands are intense in the
“normal” GIC’s, and weak in the “lean” GIC’s.

Two other weak bands appear. The “lean” spectrum
has a band at 1550 cm ™! which we cannot assign. Both
samples have a weak feature around 1050 cm~! wave
numbers. This band appears in wet nitric acid, and has
been attributed to the v, symmetric bend (‘“umbrella”) of
H;01 26128 Water is generated during the reaction, so it
is certainly possible that some H3;O™* is present in the
“normal” GIC galleries. In order to fit into the “lean”
compound, the pyramidal hydronium ion would have to
lie parallel to the a-b planes and be squashed flat, in
which case this mode would have the correct symmetry
(parallel to the ¢ axis) to be seen. Since the inversion bar-
rier of H;0% is estimated to be less than 1 kcal/mol,? it

seems possible to squeeze the H;O™ into the graphite gal--

leries. :

Spectra of graphite prepared with DNO; all were iden-
tical to those above. Either the deuterium exchanges with
hydrogen too quickly, so that most of the observed bands
are due to HNOj;, or there is no observable isotope shift.
In any case, this prevents us from assigning the hydrogen
modes with complete certainty. The assignments we have
made are summarized in Table II.

C. Implications for crystal structure

The fresh “normal” compound shows only a weak
HNO; “umbrella” mode, and this is strong evidence

against Rudorff’s model, for which this absorption should
be strong, as in the “lean” compound. The strong in-
plane absorptions can be explained only if the nitrates, in-
stead of lying flat, “sit up” roughly perpendicular to the

. graphite layers. If the angle were exactly 90°, the “um-

brella” mode should not appear at all. There are three
possible explanations for the occurrence of this weak ab-
sorption: either our samples are not perfect polarizers,
there is some lean component present, or the nitrates are
tilted.

The strong in-plane lines are almost absent from the
“lean” samples (the samples do polarize the light better
than 90%), so it seems that the degree of polarization is
sufficiently good that the first possibility cannot fully ex-
plain the results. The disorder evident in the x-ray data,
and the fact that the samples are exposed to air for many
minutes during transfer to the sample cell, and then ex-
posed to the windows (and some air) for hours while the
spectrum is taken, suggests the second possibility. It is
even possible that in our samples, during the transition to
a lean compound, there coexist three nitrate orientations:
parallel, perpendicular, and in between.

Since in no sample is the “umbrella” mode entirely ab-
sent, nitrate tilt remains a strong possibility. Recent x-ray
studies on carefully prepared samples suggest that the ni-
trate plane lies along, but may be rotationally disordered
about, the graphite ¢ axis.’® A tilt of the plane away from
the ¢ axis cannot be ruled out and we cannot discriminate
between this “nitrate tilt” explanation and the “some lean
compound present” explanation for our spectra.

Some samples were cooled below the reported 2D
order-disorder (sometimes termed “ordered-liquid”) tran-
sition at —20°C,%! but gave identical infrared spectra.
One interesting result was obtained when, in attempting to
prepare DNO; samples, the graphite was reacted with a
mixture of nitric and sulfuric acid. An additional broad
band appeared at 1100 cm ™!, near the frequency observed
in crystalline K,SO, for the v; in-plane stretching vibra-
tion.? This indicates that intercalated sulfate ions do not
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lie parallel to the carbon layers. As in graphite nitrate,
the “guest” molecule’s frequencies do not shift much
upon intercalation. Since S,0,2 also has a strong band
at 1100 cm—',1% it is also possible that it is S,0,%~ that is
the sulfate species present.

III. SUMMARY AND CONCLUSION

We have shown that it is possible to take infrared
transmission spectra of both pristine graphite and gra-

phite nitrate. The spectra show only bands that are polar-

ized along the c¢ axis of the graphite, and so provide a
measure of the orientation of the intercalant in the gra-
phite. We have examined both the “normal” and ‘“lean”
forms of graphite nitrate. Surprisingly, both the graphite
and nitrate bands are shifted only slightly upon intercala-
tion and remain sharp. The graphite modes can be satis-
factorily explained by a nearest-layer model. The nitrate
bands correspond to nitric acid. Since the frequencies are
hardly shifted, we conclude that there are no strong
‘“valence” interactions between the nitric acid and the gra-
phite.

Different nitrate bands are strong in the “normal” and
“lean” compounds. The bands show that the nitrate
planes are perpendicular to the graphite planes for the
“normal” compound and parallel for the “lean” com-
pound. The possibility of a tilt of the nitrite away from
exactly perpendicular is discussed.

The A,, graphite mode moves only slightly upon form-
ing the GIC and the 7-cm~! splitting between the interior
and boundary-layer modes is much less than predicted by
recent theory. No effect on the infrared spectrum is ob-
served upon cooling through the phase transition at
—20°C.
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