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The effect of temperature on the structure of amorphous hydrogenated

carbon
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The results of a neutron diffraction study on the structure of amorphous hydrogenated carbon a-C:H

are presented up to a maximum temperature of 1000 °C. The data show clearly the effect on atomic
correlations of elevated temperatures, with the initial room-temperature amorphous network (a
mixture of single bonds and olefinic double bonds) becoming progressively aromatic, then graphitic
as hydrogen is evolved. Complementary x-ray diffraction and infrared spectroscopy data are also
presented, the infrared data enabling a more detailed discussion of the temperature-dependent
hydrogen environment, and the x-ray data are used to highlight the change in the carbon network.
Comparisons have been made with previous work on similar systems and a brief summary of these

results is given.

INTRODUCTION

Over the past 20 years, much work has been carried out
on amorphous materials and during this time they have seen
continued technological exploitation. As our knowledge of
the materials has grown, the number of technological appli-
cations and potential applications has also increased. Our
understanding of these novel and relatively complex amor-
phous materials is still far from complete, however, and im-
portant questions remain, especially those concerning the
atomic-level structure.

A material of contemporary interest is the family of
amorphous hydrogenated carbons (a-C:H). a-C:H may be
prepared harder, denser, and more re51stant to chemical at-
tack than any other solid hydrocarbon,? and these proper-
ties, coupled with a high degree of transparency to infrared
and histocompatibility have led to many applications. 34
However, a-C:H can be produced in a variety of forms, de-
pending on the deposition conditions, ranging from the ex-
tremes of the soft polymeric (high hydrogen content and high
sp> content with many —CH,~ chains) and graphitic (low
hydrogen content and high sp? content) forms to hard or
*djamond-like” a-C:H which has mixed bonding and a large
degree of cross linking and -structural rigidity. The macro-
scopic properties of the material are then cmtlcally dependent
on the conditions under which it was prepared with the hard
forms of a-C:H (of central importance to this work) being
associated with CVD/PVD processes involving intermediate
effective deposition energies and hydrogen contents.

It is self-evident that the bonding in a-C:H plays a cru-
cial role in determining the observed properties, particularly
the proportion of sp? and sp* carbon bonding environments.
What is required is a structural model for these materials
which can be used to relate “bulk” properties to the submi-
croscopic or atomic-level structure. Although a full under-
standing of this relationship does not yet exist, current mod-
els incorporate clusters of sp carbon linked via a
hydrogenated (or polymeric) sp® phase, where it is these
interconnections which are said to govern the overall me-
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chanical properties of the matenal A fuller account can be
found in reviews by Angus et al.! and Robertson.>*~’ Our
own diffraction data,®® together with other experimental and
molecular dynamic simulation work,'®!! is, however, provid-
ing clear evidence of the inadequacies of these models and
has provided the basis for an improved model structure.

Attention should be drawn to the important role played
by hydrogen in determining the properties of a-C:H. As well
as the expected chemically bonded hydrogen, trapped mo-
lecular hydrogen has been unambiguously detected in small
guantities by neutron scattering techniques. 12 Wlthm the
Robertson model, hydrogen is seen to stabilize the sp> re-
gions, reducing the size of any s p? clusters, but at the same
time increasing the number of network terminating bonds,
leading to a maximum hardness at intermediate hydrogen
concentrations. !

It is well-known that when a-C:H is heated, it suffers
irreversible hydrogen loss and a structural transformation to
graphite (see, e.g., Refs. 13 and 14); it is this process which
we wish to study in more detail.

Neutron diffraction has already been found to be an ex-
tremely useful technique for the structural investigation of
amorphous materials in general 516 and of «-C:H, in
particular.'’~!® The pulsed neutron source ISIS at the Ruth-
erford Appleton Laboratory (U.K.) allows one to obtam
hlgh-resolutlon real-space data since, unlike electron”® and
x-ray'® diffraction measurements where the range in k space
is very restricted, the ISIS source facilitates a significantly
wider dynamic range. Typically, data can be collected be-
tween 0.5 and 50 A, The extraction of real-space correla-
tion functions of very high resolution is therefore possible,
which in its turn provides an excellent probe for the complex
carbon bonding environment associated with a-C:H, allow-
ing the sp®> and sp® environments to be distinguished
directly.g'9 Furthermore, because the neutron, unlike x rays or
electrons, scatters from the nucleus, there is no Z-dependent
form factor and the correlations involving hydrogen are also
accessible. Conversely, this fact may be used to advantage in
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TABLE J. Compositional and other inforination for the sample at different temperatures..

. _ Number
Temperature C in sample H in sample Density ~ density
(°c) - (+2.0 at. %) (2.0 at. %) (£0.02 gem™?) (£0.05 atoms A™3)

25 65.0 35.0 1.81 . 0.13
100 63.7 ' 36.3 1.73 0.13
200 ' 63.5 365 172 0.13
300 - 66.2 N 33.8 1.77 0.13
380 . 65.2 . 348 176 .. .0.13
460 . 71.2 .- . 288 L76 . . 0.12
550 . e 80.4 . 19.6 1.80 . 011
630 ) 85.8 . 142 175 0.10
800 934 ~ 6.6 175 - ' 0.09

1000 . 98.7 1.3 1.74 0.09 -

x-ray diffraction, where it is possible to obtain a pair coire-
lation function which highlights the carbon—carbon correla-
tions only. e :
Infrared spectroscopy has been used in this study to pro-
vide complementary information on the hydrogen bonding
environment and the types of hybridization present in a-C:H.
Previously, Dischler et al.?! performed an extensive infrared
study of the hydrogen bonding environment in a-C:H, and he
has proposed bonding environment assignments for all ob-
served frequencies. Also, Vandentrop et al? used infrared
spectroscopy to estimate CH,:CHj ratios, but all the infrared
results necessarily depend on assumptions for the matrix el-
ements of each vibration and a fully quantitative analysis is
very difficult. More quantitatively reliable information on
this ratio is obtained:from inelastic neutron scattering
measurements'®; however, in the work discussed here; we
require only qualitative information from the infrared work.

EXPERIMENTAL DETAILS

The a-C:H sample used in this series of experiments was
prepared using a saddle-field fast-atom (i.e., neutral particle)
source??* with acetylene as the precursor gas. The sample
was prepared at an effective beam energy of 500.¢V and a
system pressure of 1.4X10™* mbar. These deposition condi-
tions pertain to the hard form of the sample Knoop hard-
nesses of 2000H, have been measured? for this material (cf.
600011 000H,, for diamond,! although hardnesses greater
than 6000H, have also been-observed. The sample was pre-
pared in the form of a micron-size powder.. .

Data were collected for both the neutron diffraction-and
infrared spectroscopy measurements at a series of tempera-
tures up to 1000 °C, and a combustion analysis was carried
out for each temperature using a Carlo—Erba CHN combus-
tion analyzer. Also an “initial”” density was evaluated using a
residual volume technique and then, using this baseline value
and the results of the combustion’ analysis, the number den-
sities for the heat-treated samples were determined. The re-
sults of all these measurements are summarized in Table L
The neutron diffraction data were collected from a single
sample which was heated in situ in a vacuum furnace. The
infrared data derive from samples (from the same batch),
which were preheated for 4 h under vacuum.

Diffraction studies

The neutron diffraction work presented here was carried
out at the pulsed neutron facility ISIS at the Rutherford
Appleton Laboratory (UK) on the instrument LAD,? which
is particularly well-suited for the study of covalently bonded
amorphous materials ‘due to the wide dynamic range avail-
able (up to 50 A™"). The ISIS spallation source produces
neutrons with a spread of velocities, and therefore a spread
of arrival times at any' detector, giving a smooth variation if
neutron wavelength as a function of time ‘of flight (TOF).
Neutrons are scattered from the sample into fixed angle de-
tectors on each side of the instrument, and for each detector
pair (i.e., at a given scattering angle 26), the scattered neu-
tron intensity is measured as a function of TOF, which can
itself be directly related to momentum transfer. The complete
scattering profile is then obtained by combining overlapping
spectra from several detector angles. Also, monitors in the
incident and transmitted beam record TOF spectra to provide
information on the total neutron cross section and the inten-
sity:wavelength profile of the incident beam. Each experi-
ment requires measurements for the sample, the empty
sample container, a background in the absence of sample,
and a vanadium rod with a geometry comparable to the
sample and its container. The vanadium rod measurement
supplies the information necessary to put the sample scatter-
ing on an absolute scale since it has an almost entirely inco-
herent neutron cross section which is well known.?” A sche-
matic representation of the scattering arrangement is shown
in Fig. 1.~ :

time-of-flight
detector

incident
beam
monitor

’ i sampl
incident pulsed,

neutron beam
. o 1 .
transmitted lgf
. beam - Q
. . monitor
Ky

FIG. 1. A schematic representation of the neutron experimental arrange-
ment, e : :
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In performing a diffraction experiment, the quantity we .

wish to obtain is the structure factor S(Q), where for an
amorphous material (i.e., an isotropic scatterer)27

dmp (=
S(Q)=1+ ————Q f r drlg(r)—1]sin(Qr), 1)
0

where p is the average number density of atoms in the ma-
terial, |Q _|=|k;- —ks_]| is the wave vector transfer associ-
ated with the diffraction experiment, which for elastic scat-
tering from a liquid or amorphous solid is defined as
Q=(4m/\)sin 6, where 26 is the scattering angle and A is the
neutron wavelength, and g(r) is the pair correlation function,

which is a measure of the atomic density at a distance r from -

a given atom at the origin. The pair correlation function may
be obtained by Fourier transformation of the structure factor,
which is directly related to the measured neutron scattering
intensity. ,

In a multicomponent system, there are contributions to
the total structure factor from each atom-type pair. For a
binary system such as a-C:H, we therefore have three inde--
pendent contributions which are weighted to give the total
structure factor. The corresponding function in real space is
the total pair distribution function G(r), which is a weighted
combination of partial pair distribution functions (according
to the Faber—Ziman formalism?®’

G(r)=2, Blcacpbabpgap(r)], @)

where ¢, is the atomic fraction and b, is the coherent scat-
tering length, respectively, of element «, and where g,z(r)
represents the partial terms in G(r) and describes the prob-
ability of finding an atom of type (8 at a distance r from an
atom of type « at the origin. From the weightings of the
partial terms, it is evident that the dominant terms will be
those arising from the carbon—carbon and carbon—hydrogen
correlations, with the carbon-hydrogen correlations appear-
ing as troughs rather than peaks since by is negative (due to
the 7 phase shift experienced by a neutron on scattering
from hydrogen; the correlation must also be equivalent to the
hydrogen—carbon correlation term).

The derivation of these equations is predicted on the
validity of the static approximationzs'29 which requires that
any change in a neutron’s energy upon scattering is small
compared to its incident energy. Before the structure factor
can be generated, several corrections have to be made to the
raw data,’® the major ones being for background, container
and multiple scattering, attenuation, and the effects of inelas-
ticity. By far the most problematic of these is the inelasticity
correction for deviations from the static approximation. Ana-
lytic approaches such as Refs. 31-33 break down for low
mass atoms, especially hydrogen, and so an empirical
method has been adopted. This involves fitting a low order
polynomial through the data to remove the underlying self-
scattering curve; to first order, the effects on inelastic scat-
tering are embedded in this term. There are problems with
applying this method, particularly concerning the subsequent
quality of the data at very low r values (below~1A) and
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particularly for hydrogen correlations at short distances; this
fact must be borne in mind when conclusions are drawn from
the G(r).

Also, as will be seen in the data, the effective Q range of
the structure factor for the elevated temperature experiments
only extends down to ~3A™". This is due to a problem with
the furnace scattering at low scattering angles. However, the
absence of these low Q data in the S(Q) data does not affect
the conclusions drawn from the results.

Analogous statements may be made about the analysis of
x-ray diffraction data, although in this case, the weighting
coefficients in the G(r) include a form factor, which is de-
pendent on the atomic number Z. It is apparent then that the
pair correlation function determined in this way will approxi-
mate to the partial g..(r). The x-ray data shown here, which
are part of an extensive series of synchrotron x-ray diffrac-
tion studies on a-C:H to be published elsewhere, may there-
fore be used to isolate the changes occurring in the underly-
ing carbon network from the overall picture provided by
neutron diffraction. It also provides something of a consis-
tency check on the data analysis procedures.

The x-ray structure factor for the sample that had been
heated to 1000 °C as part of the neutron experiment was
determined by standard 6:26 x-ray diffraction using station
9.1 at the Daresbury Laboratory synchrotron radijation
source, Warrington (UK). The raw data are first corrected for
any background, polarization, and scattering volume effects,
than the self-term and Compton scattering contributions are .
removed by fitting and subtracting a polynomial. The result-
ant interference function is finally corrected for absorption.
Any misalignment of the Compton contributions resulting
from this empirical correction may have some residual effect
on the relative peak heights in the structure factor, but accu-
rate interatomic distances can still be extracted from the data.

Infrared spectroscopy

Infrared spectroscopy is particularly well suited as a
probe of the bonded hydrogen. In this experiment, infrared
characterization measurements were performed using a Bio
Rad - Diffuse Reflectance Infrared Fourier Transform
(DRIFT) FTS60 spectrometer.

Given the intrinsic difficulties associated with any at-
tempt to analyze infrared data quantitatively, we here con-
centrate on using Gaussian peak fits to the fundamental
carbon—hydrogen stretch modes to examine the overall na-
ture of the hydrogen bonding environment, and its qualitative
variation between samples preheated to the temperatures
shown in Table L.

RESULTS AND DISCUSSIONS
Combustion analysis

From the results of the combustion analysis, it is pos-
sible to look at the variation of hydrogen content in the
sample as a function of temperature (see Fig. 2). It is clear
that hydrogen evolution is a continuous process, with irre-
versible changes occurring even by 300 °C, but with a rapid
increase in the rate of hydrogen evolution thereafter. These
data should be compared with the calorimetry work of

J. Chem. Phys., Vol. 101, No. 5, 1 September 1994
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50 - +

40 |

H content (at. %)

0 L 1
0 200 400

600 800 1000

Temperature (degrees C)

FIG. 2. Hydrogen content of the sample as a function of temperature (solid line) compared to the data of Lukins (Ref. 34) (+) and Yasuda (Ref. 35) (X) (for

this data only the y scale is arbitrary).

Nyaiesh and Nowak>® on similar materials, which suggested
the presence of significant exothermic transitions at ~550
and ~750 °C. Our own calorimetry measurements failed to
identify any transition temperature, but the combustion
analysis results would seem to indicate that a “threshold”
temperature in the region of 300 °C does exist. We have no
such supportive evidence for a threshold/transition at higher
temperatures. It is important to note, however, that their
sample was deposited in a markedly different way to ours
(glow discharge using a methane precursor), and their ex-
periments carried out on a sample prepared in such a way as
to maximize its surface area—and hence enhance the effec-
tive sensitivity of the measurement.>’

Table I compares threshold temperatures and maximum
hydrogen effusion rates for various samples as compared to
the hydrogen content of the as-prepared sample. We note that

the general trend is that for samples with an initially high
hydrogen content, effusion begins at a lower temperature
than for those where the prepared sample has a low hydrogen
content, i.e., as the initial hydrogen content increases, the
threshold temperature for hydrogen effusion decreases. The
temperature at which the effusion rate reaches as maximum
is generally in the range 450—600 °C, irrespective of hydro-
gen content.

Neutron and x-ray diffraction

Figures 3 and 4 show the structure factors and pair cor-
relation functions, respectively, for each of the temperatures
derived from neutron diffraction spectra, and for the analo-
gous 1000 °C x-ray spectrum. From each pair distribution
function, a radial distribution function J(7) can be generated

TABLE . “Threshold” temperatures and temperatures for maximum rates of hydrogen evolution for various

samples.

Temperature at Temperature for

As-prepared which hydrogen maximum rate of
hydrogen evolution begins hydrogen
Sample content (°C) evolution (°C)

Gonzalez-Hernandez® Low ~600
Gonzalez-Hernandez" Medium/high ~400 ~500
Nyaiesh et al.? ~25 at. % ~450 ~550
Our sample ~35 at. % ~300 ~500
Dischler® ~39 at. % ~300 ~550
Lukins? ~50 at. % ~300 ~500
“Reference38. ‘Reference 21.

bReference36. dReference 34.

. Chem. Phys., Vol. 101, No. 5, 1 September 1994
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(arbitrary scale)

5(Q)

1 1 1 11 1

10 15

20

25 30 35 40 45

Q (Angstromg**-1)

FIG. 3. The structure factor S(Q) at (a) 25; (b) 300; (c) 550; (d) 630; () 800; and (f) 1000 °C derived from neutron data; and (g) at 1000 °C from x-ray data.

where J(r) =47rr2pG(r) and provides a direct count of the
number of atomic centers at a distance r from the origin.
From this function, an indication of the carbon—carbon co-
ordination number can be obtained by fitting the first shell
peak with a series of Gaussians allowing both position and
area to vary, and therefore the change in the carbon—carbon

coordination number as the temperature is increased can be
investigated (see Fig. 5). Also, the positions of the peaks in
the J(r) give an indication of the change in average bond
length, which for the carbon—carbon first coordination shell,
in particular, shows clearly the change in the type of bonding
(see Table IIT).

(arbitrary scale)

G(r)

1

data.

3

4
r (Angstroms)

FIG. 4. The total distribution function G(r) at (a) 25; (b) 300; (c) 550; (d) 630; (e) 800; (f) 1000 °C derived from neutron data;and (g) at 1000 °C from X-ray

J..Chem. Phys., Vol. 101, No. 5, 1 September 1994
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Area under first carbon-carbon peak

X ! 1
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0 200 400

600 1000
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FIG. 5. The area under the carbon—carbon first neighbor peak (+0.3) as a function of temperature.

From Fig. 4, it is clear that as the temperature is in-
creased, the carbon—carbon peak moves from a broad peak at
~1.5 A [although from the slight asymmetry of the peak, we
can postulate that in fact it has two components — a peak at
~1.3 A corresponding to sp? (olefinic) carbon—carbon and a
peak at ~1.54 A corresponding to the sp® carbon—carbon, as
has been observed in other, more detailed measurements at
room temperature®] to a narrow peak centered at ~1.4 A; a
change is already apparent at 500 °C. There is therefore a
definite trend for the carbon—carbon bonding environment to
move from sp3 to sp2 and for the olefinic 'sp2 to become
more aromatic/graphitic in character. Further evidence for
this can be found in the decrease in the area under the first-
shell carbon—carbon peak shown in Fig. 5.

Also, although the quality of the low r data is subject to
larger uncertainty due to the empirical nature of the inelas-
ticity correction, there is clearly a gradual weakening of the

TABLE 1II. Bond distances and their assignments at the different tempera-
tures. :

Temperature Position of the first
(°C) C-C shell 0.01 (A) Assighment
25 1.34 C=C olefinic
1.52 c-C
300 1.38 - C=C
’ olefinic/graphitic
- and/or aromatic
B 1.51 C-C
550 142 . C=C graphitic . _.
630 1.41 C=C graphitic
800 i 1.42 C=C graphitic
1000 ) 142° C==C graphitic

carbon-hydrogen trough at ~1.0 A and.the hydrogen—
hydrogen peak at ~0.8 A, as'would be expected given that,
as the temperature is increased and hydrogen is evolved, the
number of carbon-hydrogen bonds and the amount of mo-
lecular hydrogen present is reduced. Finally, the second-shell
carbon—carbon-carbon correlations giving rise to the peak at
~2.5 A should be highlighted. This ‘peak is seen to sharpen
as the temperature is increased, which indicates a move from
a mixed towards a single carbon bonding environment. The
second shell peak position at 1000 °C is consistent with a
second neighbor separation of 2:47 A, which implies an av-
erage bond angle of 120° (i.e., as would be expected from
7-bonded- graphite). ' o

It is apparent from the x-ray data shown in Figs. 3 and 4
that our conclusions concerning the changes in carbon—
carbon network bonding are borne out, with the position of
the (less well-resolved) first shell peak being 1.42 A, and a
final second shell peak position consistent with graphitic
bond angles. :

Although the maximum Q value of the x-ray data is less
than that for the equivalent TOF neutron data and hence
provides poorer real-spacé resolution, the k-space, x-ray data
are actually more clearly’ resolved. Bragg peaks resulting
from the formation of graphite crystallites are clearly visible
in these data. ' : '

Infrared spectroscopy

The infrared spectra for each of the annealing tempera-
tures are shown in Fig. 6. For each temperature, the absor-
bance peaks in the C—H stretch region, (3400-2600 cm™})
were fitted with a series of Gaussians [see Figs. 7(a)-7(g)]
with the frequency position fixed and the width and height

J. Chem. Phys., Vol. 101, No. 5, 1 September 1994
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FIG. 6. Infrared spectra at (a) 25; (b) 100; (c) 200; (d) 240; (e) 300; (f) 380; (g) 460; (h) 550; (i) 630; and (j) 800 °C.

allowed to vary; Table IV summarizes the results for each of
the temperatures, together with the vibrational assignments.
By its very nature, infrared data cannot be fully quantitative,
but still allow broad conclusions to be drawn on the concen-
trations of the various structural units observed. A compari-
son with Dischler’s result would indicate that our data is of
slightly lower resolution; however, the Gaussian fits obtained
are satisfactory as a means of providing qualitative informa-~
tion on the trends occurring. In order to allow a comparison
between the samples annealed at different temperatures, the
peak areas given in Table IV have all been normalized so that
the total area in the range 2600-3400 cm ™! correlates with
the decreasing hydrogen content of the samples. The general
decrease in linewidth of the ~3000 cm ™' peak with increas-
ing temperature is associated with a reduction in the variety
of sp?> CH (olefinic/aromatic) hydrogen bonding environ-
ments.

We can see that the trends observed are similar to those
seen by Dischler,”! Yasuda,>® and Lukins,* where the in-
creasing aromatic character with temperature is seen in the
appearance of the sp? CH (aromatic) stretch around 3050
cm™!, together with a corresponding decrease in magnitude
of the sp? CH (olefinic) stretch (3000 cm™Y), and peaks as-
sociated with sp® CH, and CH; symmetric and antisymmet-
ric stretches (2870, 2920, and 2690 cm_l). One other point
of note is that the infrared measurements detect the presence
of sp! CH, which neutron diffraction cannot do without am-
biguity (since the strongly negative carbon—hydrogen corre-
lation will obscure a weak sp' carbon—carbon correlation).
X-ray data has too poor a real-space resolution to distinguish
the various carbon—carbon bond lengths.

At room temperature, we observe in our sample the same

features as seen by Dischler and Yasuda, except that, like
Lukins, we see that our sample does contain some CHj;
groups (although quantitative inelastic neutron scattering
data on the same samples shows that such groups are present
in small concentrations only'?). As the temperature is in-
creased to 240 °C, we can see, looking at the normalized
peak areas in Table IV, that while there has been only a small
loss of hydrogen, some structural changes have already oc-
curred. The areas for both the sp> CH, and CH; symmetric
(~2860 cm™') and the sp® CH; antisymmetric (~2960
cm™!) stretches have reached their maximum values. How-
ever, at the same time, the area of the sp> CH, antisymmetric
(~2920 cm™!) peak is at a minimum. So there is a definite
movement of hydrogen within the network which results in
the formation of CH; network-terminating groups, at the ex-
pense of CH, groups. Further evidence for this hydrogen
transport comes from the increase in area of the sp? CH
(olefinic) stretch peak (~3000 cm™!) between room tem-
perature and 200 °C. As hydrogen is lost from CH, groups, it
is transported through the network via the formation of ole-
finic C—H bonds to CH; groups. This would appear to be the
first stage in structural rearrangement that appears to occur
before significant hydrogen evolution has begun. Following
this, there is then a reorganization of the carbon network.
Between 300 and 460 °C, we observe that the sp* CH (ole-
finic) stretch peak (~3000 cm™!) moves to a position of
~3050 cm ™', which may be assigned to sp> CH (aromatic)
stretching. In Dischler’s and Yasuda’s data, we see a similar
transformation with the gradual loss of the olefinic CH
stretch and growth of the aromatic CH stretch peaks. From
our data, which are of lower resolution, it is only possible to
say that the peak around 3000 cm™' is a combination of the

J. Chem. Phys., Vol. 101, No. 5, 1 September 1994
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FIG. 7. (a)—(f) Infrared data (solid line) with the fitted Gaussians (broken lines) for temperatures between 25 and 460 °C.
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olefinic sp* CH (~3000 cm™') and the aromatic sp> CH
(~3035 cm™'). With increasing temperature, the olefinic
peak lessens and the aromatic peak grows, and this manifests
itself as a drift in peak position from 3000 to 3035 cm ™. So
even before significant loss of hydrogen has occurred, the
network has a highly aromatic character. On heating above
460 °C, all the peaks are seen to decrease (see Fig. 7) as
hydrogen is rapidly evolved. Also, note that as the sample is
heated, the area of the peak at 3300 cm ™' (sp! CH stretch)
decreases, so that at 460 °C, no sp' CH remains.

From Fig. 7, we can also note the presence of various
CH bending vibrations for CH, and CH; at 740, 835, 1050,
1080, 1375, and 1450 cm™!. Since in this region the spectra
are relatively noisy, the changes with temperature are not
examined in detail, although they are consistent with those
described by the CH stretch region.

Our results show quite clearly the general trend from sp>
to sp? bonding. Proposed mechanisms for the structural
changes given by Refs. 21, 39, and 40 in conjunction with
our own findings would seem to indicate that sp® CH is the
primary source of hydrogen for effusion, such that, on an-
nealing, molecular hydrogen is formed wherever there are
two neighboring hydrogen atoms. Only on annealing to rela-
tively high temperatures is hydrogen lost from any remaining
sp? CH, and graphitization is complete.

CONCLUSIONS

From the evidence, it appears that there are two stages to
the hydrogen evolution process: up to 300 °C, very little hy-
drogen is evolved, but from the neutron diffraction and in-
frared results, significant structural reorganization does occur

TABLE IV. Observed frequencies and normalized areas from the infrared data with their assignments.

Observed Normalized Normalized Normalized Normalized Normalized Normalized Normalized

frequency peak area peak area peak area peak area peak area peak area peak area
Assignment (cm™) at2§ °C at100 °C at200 °C at240 °C at300 °C at380 °C at460 °C
sp' CH 3298-3308 0.69 1.1 0.48 0.11 0.09 0.01 0.00
sp?CH
(olefinic/ 2966-3035 16 30 28 14 18 16 15
aromatic)
sp? CHj
(asymmetry) 2953-2966 0.12 1.1 L1 39 1.9 20 2.1
sp? CH,
(asymmetry)
and sp> CH 2917-2927 12 2.1 24 1.5 3.9 6.9 42
sp® CH, and
CH, (symmetry) 2850-2880 11 7.5 10 20 15 15 12
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TABLE V. A summary from the literature of the effects of annealing on a variety of samples.

4299

Characteristics of the

Characteristics of heat

Reference Composition Preparation as-prepared sample treated sample
Small, significantly substituted 70% C 30% H
D.c: magnetron aromatic groups, Aromaticity ~1.0
50% C glow discharge Nonaromatic C as a highly Aromatic clusters—possible
Lukins (Ref. 34) 50% H C,H,—Ar connective network. olefinic linking.
Tetrahedral network
50.7% C D.c. magnetron modified by C=C bonds. 66.1% C 31.9% H 1.9% O
42.6% H sputtering Crystallite size <6 A. Increased amount of
Craig (Ref. 39) 6.7% O C,H,-Ar Some five-, six-, and seven-fold rings. sp? bonding.
66% C 32% H 2% O
51% C D.c. magnetron s p3 C dominates with some Defective graphite planes—
43% H glow discharge aromatic C. Much CH;, possible tetrahedral
McKenzie (Ref. 41) 7% O C,H,—Ar some CH,, some C=C. linking.
D.c. magnetron
glow discharge Highly microporous
Yin (Ref. 42) CH,-Ar Mesoporous; porosity~0.15. throughout. Porosity ~0.40.
D.c. glow ~75% polymeric.
discharge ~14% diamond-like.
Smith (Ref. 43) C,H, ~11% graphitic. ~82% graphitic.
Rf couple glow
discharge : Microcrystalline graphite.
Gonzalez-Hernandez (tow rf power) Polymeric. CH; dominant. Condensed ring structure.
(Ref. 38) CH, High H content. T.ong range order.
Rf couple glow
discharge More graphitic, less Microcrystalline graphite.
Gonzalez-Hernandez (high f power) polymeric. CH, dominant. Condensed ring structure.
(Ref. 38) CH, . Low H content. Long range order.
Plasma
deposition
CH, sp? C—H dominant. High H Increased sp? C content.
Couderc (Ref. 40) (high pressure) content. Polymeric component. More graphitic.
Rf glow ~19% bonded H; ~6%
~75% C discharge chemisorbed H. Distorted Microcrystalline.
Nyaiesh (Ref. 36) ~25% H CH, graphite structure. Graphitic.
- D.c. PCV
deposition Predominant sp® C bonding. Dominant trigonal (sp?)
Kumar (Ref. 44) ~100% C CH4-Ar DLC. crystallites. Graphitic.-
Rf plasma
61% C deposition sp3 Cisp? C=2/3:1/3. CH ~0%sp* C. sp° C. sp? C=0:1.
Dischler (Ref. 21) - 39% H benzene dominant over CH,. Completely aromatized. -
Ton beam sp® C~C bonds:sp® C-C bonds
65% C deposition sp* C~C bonds:sp? C—C bonds =0:1. C—C bond distance
This work 35% H C,H, ~2.6:1. ~1.42 A. Aromatized.

in this temperature region. Above 300 °C, hydrogen evolu-
tion begins to occur at a much higher rate such that, by
800 °C, over 75% of the total hydrogen within the sample
has been lost. By the same temperature, the process of
graphitization is well advanced (evident from the trends seen
in both the neutron and infrared data, i.e., the move from sp>
to sp> bonding). It should be emphasized that structural
transformations are seen to occur throughout the heating pro-
cess, i.e., there is limited evidence for “transition tempera-
tures” at which dramatic changes occur. This is in contrast to
the differential scanning calorimetry experiments carried out
by Nyaiesh and Nowak>® who found well-defined transitions
occurring in their (somewhat different) sample when it was
heated.

A summary of the characteristics of samples before and
after annealing is given in Table V. Whatever the nature of
the as-prepared sample there is always an increase in sp* C

bonding on annealing. The annealed sample is therefore pri-
marily graphitic or aromatic depending on the amount of
hydrogen remaining following heat treatment. In some cases,
where the initial hydrogen content of the sample was low
and the highest temperature reached in the annealing process
was relatively high, microcrystalline graphite was observed.
Therefore we have a transition from the as-prepared sample
to an aromatic ring structure, then to a disordered graphitic
ring structure, and finally to microcrystalline graphite.

It would be interesting to look at these structural changes
in more detail using neutron diffraction and inelastic neutron
scattering, especially between room temperature and 400 °C.
Work is already planned to obtain more reliable low r infor-
mation from steady-state (reactor) neutron diffraction experi-
ments, which will enable a more detailed examination of the
hydrogen environment.

On the mesoscopic scale, it is of interest to use small
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angle x-ray scattering (SAXS) to study the effects of tem-
perature on the pore structure. McKenzie* ‘and Yin*? have
noted in their samples an initial increase in pore size fol-
lowed by a collapse of the porous structure, and SAXS will
provide the analogous information for our samples; these
experiments are already planned and the results will be pre-
sented in due course. ‘
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