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Structural properties of amorphous hydrogenated carbon. III. NMR investigations
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Our NMR studies give experimental evidence of bonding heterogeneity in samples of a-C:H on the

nanometer scale. Two classes of protons were identified with distinctly different spin-lattice-relaxation

behavior. The difference in the spin-lattice relaxation provides a means of spectral editing of cross-

polarization magic-angle spinning, combined rotation and multiple-pulse spectroscopy, dipolar dephas-

ing spectra, and multiple quantum NMR experiments. This combination of the various NMR tech-

niques allows for a detailed structural investigation of a-C:H, e.g., the sp:sp' ratio, the relative amount

of hydrogenated and nonhydrogenated carbons, etc. A model incorporating the heterogeneity is estab-

lished and discussed. The NMR results are compared with neutron spectroscopy and diffraction data.

I. INTRODUCTION

In this paper we report the results of various NMR
measurements performed on the same samples used in the
high-resolution neutron-de'raction studies and the inelas-
tic neutron-scattering experiments (see papers I and
II,' ). This enables a direct comparison of the results ob-
tained by different techniques and allows for a more de-
tailed interpretation of the data.

The major results of the neutron-scattering and
diffraction experiments' can be summarized as follows:
(1) The neutron-difFraction experiments indicate that the
single:double bonds exist in a ratio of approximately 2.7:1
up to 3.6:1 and (2) most of the sp carbon is in the olefinic
and not in the aromatic/graphitic form. There was also
evidence for a small amount of molecular hydrogen.

Additionally, the inelastic neutron-scattering data have
been used to provide quantitative estimates of the con-
centration of CH„species. The new assignments have

been used to show that the dominant contributions to the
high-frequency (&500 cm ') region were attributed to
carbon moieties in the form of sp CHz and CH groups,
with at least as many CHz as CH groups, but few

((10%) CH3 groups.
Among the numerous techniques used for studying the

structure of such materials, NMR is becoming increas-
ingly important. Several papers have previously reported
results from ' C magic-angle spinning (MAS) NMR ex-

periments with cross-polarization (CP} and proton dipo-
lar decoupling measurements on systems with a high hy-
drogen content. The resulting ' C CP/MAS spectra
normally consist of two broad resonances. One reso-
nance at approximately 50 ppm (relative to TMS) is as-

signed to sp hybridized carbons, and the other resonance
at about 130 ppm is assigned to sp carbon. One can also
identify and quantify hydrogenated and nonhydrogenated
carbons in a-C:H by gated decoupling experiments.

In a previous communication we have suggested the
existence of structural heterogeneity on a nanometer

scale in our a-C:H samples by exploiting the multicom-
ponent H spin-lattice-relaxation behavior. Two distinct
types of protons clusters (here "proton cluster" is taken
to mean a group of hydrogen atoms exhibiting the same
relaxation behavior, spatially separated from the other
proton clusters in the sample) can be distinguished this
way. A simple model has been roposed consisting of
protons distributed in the sp -sp carbon network and
short chains of CH2 and CH groups separated by a "lay-
er" of nonprotonated sp

~ carbons.
In the following we will give more evidence and quanti-

tative results on this structural heterogeneity using vari-
ous NMR techniques. The standard CP/MAS experi-
ments with and without dipolar dephasing yield quantita-
tive information about the hybridization and the relative
amount of hydrogenated and nonhydrogenated carbons.
High-resolution combined rotation and multiple-pulse
spectroscopy ' ('H-CRAMPS) experiments have been
used to characterize the proton species (e.g. , Ref. 6),
whereas multiple quantum NMR (Refs. 11—13) is a suit-
able tool to characterize the distribution of protons. For
clustered distributions it is possible to determine the clus-
ter size, i.e., the average number of interacting protons.
Recent applications, for example, dealt with the deter-
mination of the cluster sizes in hydrogenated silicon and
silicon carbide and adsorbed hexamethylbenzene in a
zeolite. '4 "

II. EXPERIMENTAL DETAILS

A. Samples

Two samples of a-C:H were prepared using a saddle-
field fast-atom source (see explicit description in Ref. 1}
using acetylene and propane as precursor gases for
the samples, respectively. The deposition conditions
(effective beam energy: 960 eV, system pressure:
1.4X 10 mbar) yield hard forms of the a-C:H samples.
The sample densities (1.8 and 2.0 g/cm for the two sam-
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ples) were determined using a residual volume technique
and the compositions were obtained from Carlo-Erba
CHN combustion analyses. The acetylene prepared sam-

ple has a hydrogen content of 35at. %%uo, th eothe rof 32
at, . o.

B. NIVIR techniques

CP ;t~o OD

All NMR measurements have been carried out using a
Bruker MSL 300 spectrometer at a ' C resonance fre-
quency of 75.47 MHz and a 'H frequency of 300.13
MHz. The high-resolution ' C spectra have been mea-
sured with cross polarization (CP), magic-angle sample
spinning (MAS) and dipolar decoupling (DD). Spectra
were also recorded using the TOSS (total suppression of
sidebands) pulse sequence' that removes rotational side-
bands arising from inhomogeneous interactions larger
than the spinning frequency. In order to spectrally edit
the high-resolution ' C spectra, the proton magnetization
is inverted by a ~ pulse followed by a Sxed inversion
recovery delay [see Fig. 1(a)]. Because we can distinguish
two differently relaxing (T, ) proton systems in our sam-

ples, we can suppress the magnetization of one system by
setting the inversion recovery delay to the time when one
of the proton magnetization passes through zero while re-
laxing to the equilibrium magnetization Mo. Then the
remaining proton magnetization of the order system can
be used, e.g., for the polarization transfer in CP. Thus,
the ' C chemical shifts can be determined and correlated
to those protons that have been exploited for the CP pro-
cess.

Also, the gated dipolar decoupling experiment' allows
one to distinguish between hydrogenated and nonhydro-
genated carbons by switching off the dipolar decoupling
for a short time. The magnetization of protonated car-
bons disappears within approximately 60 ps because of

the strong heteronuclear dipolar coupling (dipolar de-

phasing). ' CP/TOSS experiments can advantageously
be used for these gated decoupling experiments, ' because
the data acquistion will always start at the echo max-
imum. Thus, proper phasing of the spectra is ensured.
For this experiment the decoupler is switched off between
two of the ' C m. pulses of the TOSS sequence [see Fig.
1(a}]. As explained before, an inversion of the proton
magnetization allows the study of the dipolar dephasing
for the various carbon resonances independently. Typical
'H and ' C n /2 pulse lengths were 4 ps. The MAS spin-
ning frequency was 3.1 kHz. This ensures a suKcient
suppression of spinning sidebands for the CP/MAS ex-
periments and enables gated decoupling times of up to
300 ps using the TOSS sequence. The cross-polarization
time was 1 ms, the repetition time was 1-2 s and typically
between 1000 and 2000 scans were averaged per spec-
trum. For our samples, the inversion recovery delays
used for selecting the two different proton clusters were 8
and 35 ms. Furthermore, ' C single-pulse excitation has
been used for the correct determination of the sp:sp ra-
tio with repetition times of 10 s.

High-resolution 'H NMR spectra have been acquired
using multiple-pulse sequences (MREV 8 in this case)
combined with MAS [referred to as CRAMPS (Ref. 10}]
for identifying the proton species. The schematic pulse
sequence preceding inversion of the magnetization is
shown in Fig. 1(b}. For these experiments a special Bruk-
er CRAMPS probe has been used. The MAS frequency
was 1.8-2.0 kHz; the n /2 pulse length was 2 ps. 'H and
' C chemical shifts are referenced to tetramethylsilane
(TMS).

The basic idea of multiple quantum (MQ} NMR exper-
iments in solids is to exploit the homonuclear dipolar
coupling between the nuclear spins. This can be used to
investigate the number of correlated spina. The schemat-
ic pulse sequence of a MQ NMR experiment is shown in
Fig. 2. Theoretical details of the experiments can be
found in the comprehensive reviews. "' The experiment
consists of three periods: preparation, mixing, and detec-
tion. During the preparation period an eight-pulse se-
quence irradiates the spin system. The average Hamil-
tonian developed by this cycle is

C CP

TOSS H' '= ——g Djk(IJ+Ik +I Ik )
j&k

(b}
,

z
/

XY YX XY YX

data acq

FICr. 1. Pulse sequences used for the spectral editing of both
' C NMR (a) and high-resolution 'H NMR (b). In both cases
the 'H magnetization is inverted by a ~ pulse. After a suitably
chosen delay ~ the normal CP experiment follows. For deter-
mining the ratio of hydrogenated and nonhydrogenated carbons
the dipolar decoupling (DD) is switched off for a short time tGD
between two of the TOSS ~ pulses. In case of the 'H NMR the
multiple-pulse sequence MREV 8 has been used.

and creates even-order MQ coherences 0, 12, 14,
k6, . . . , +2n. The mixing period is similar to the
preparation period except that each pulse phase is shifted
by 90', creating the same average Hamiltonian but with
negative sign. Thus the unobservable MQ coherences
(developed during the preparation period) are converted
back into observable populations as at the beginning of
the preparation period. Then the magnetization is read
out by a pulsed spin locking sequence after a short delay
of approximately 1 ms to allow dephasing of spurious
unwanted coherences. This signal is stored as the first
point of a MQ signal. Hence, the entire sequence is re-
peated n times by advancing the overall pulse phase @of
the preparation sequence by 6@. This ensures separation
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I(t)=I exp
2

tGD
+I„exp

2T2 1l

P

(3)

with t&D being the length of the decoupling pause. IP is
the amplitude of the Gaussian-like decaying part which is
associated with the protonated carbons, hence the sub-
script p. I„ is the measure for the nonhydrogenated car-
bons which are assumed to decay exponentially.

As mentioned previously, the fast relaxing protons
cross polarize both sp and sp carbons. Our gated
decoupling data imply that only 20% of the sp carbons

recovery delay is set to 35 ms then the fast relaxing pro-
tons are selected for the cross-polarization transfer to the
carbons. For this inversion recovery delay no 'H magne-
tization of the slower relaxing protons is available, since
their net magnetization is zero. Under this condition
strong ' C resonances due to sp and sp carbons are ob-
served [Fig. 3(b)]. Now, the peak position for the sp res-
onance is still at 65 ppm, but the shoulder on the right-
hand side of this line disappears [compare with Fig. 3(a)].
This can easily be explained by selecting 8 ms for the
recovery delay. Now the proton magnetization of the
slowly relaxing protons is exploited for the cross-
polarization transfer. As can be seen from Fig. 3(c), the
NMR signal is then negative as to be expected. More in-
teresting is the fact, that those slowly relaxing protons
cross polarize only sp carbons (assigned as sp

3 in the fol-
lowing} with a mean chemical shift of approximately 40
ppm which is distinctly difFerent from the other sp car-
bons. Additionally, this 'sC signal corresponds to that
which disappears when selecting the fast relaxing protons
[Fig. 3(b}]. Hence, the overall line shape [Fig. 3(a)] is
simply the superposition of the two T, edited lineshapes
[Figs. 3(b) and 3(c)]. A line deconvolution gives a sp3:sps
ratio of approximately 1:2.

Of course, single-pulse ' C experiments without CP but
with TOSS and decoupling have been carried out to
determine the correct sp:sp ratio. As reported in Ref. 6
there is no significant difference between the CP and
single-pulse spectra. In our case, the sp signal loss due
to the TOSS sequence was corrected using the two-
dimensional MAS sideband separation technique, ' which
does not require any guesses on the anisotropy of the
various ' C resonances. A correction factor of 1.55 was
found for the sp intensity which results in a sp:sp ratio
of 1.44 or (5922)'%f:(41+2)%. Our correction factor
agrees well with that of 1.6 (Ref. 6) exploiting the spin-
ning speed dependence of the TOSS intensity. In both
cases the same MAS frequency of 3.1 kHz and magnetic-
field strength has been used.

As pointed out in the Introduction, gated decoupling
experiments yield reliable information on the ratio of hy-
drogenated and nonhydrogenated carbons. The results of
those experiments are summarized in Fig. 4 and Table I.
Since we can edit the carbon spectrum by the differently
relaxing protons, it is easy to obtain correct experimental
results for each of the carbon resonances separately plot-
ting the line intensities as function of the gated decou-
pling time tGD. These gated decoupling curves are usual-
ly analyzed by the equation
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FIG. 4. Variation of the "C line intensities for the sp, sp',
and sp' resonances as function of the decoupling pause tGD.
Using Eq. (3) the relative amount of hydrogenated and nonhy-
drogenated carbon atoms is obtained. The results are listed in
Table I.

are hydrogenated [Fig. 4(a)], whereas the corresponding
relative amount is 35% for the sp carbons [Fig. 4(b)].
This result together with the experimental fact of a
strong CP efFect for both sp2 and sp3 carbons (see discus-
sion of Fig. 1) suggests that the fast relaxing protons are
obviously statistically distributed in the sp -sp carbon
network.

Rel. amount Hydrogenated Nonhydrogenated

sp
Sp

sp

(59%2)%
27%

Total: (41+2)%
14%%uo

20% (CH)
35% (CH)

100% (CH, )

80%%uo

65%

TABLE I. Distribution of the carbons. The second column
gives the relative amount of the carbons in the different hybridi-
zation states (sp and sp' are the carbons with the fast or slowly
relaxing protons in the neighborhood, respectively). Columns 3
and 4 give the relative proportions (out of the numbers of
column 2) for hydrogenated and nonhydrogenated carbons.
High-resolution 'H CRAMPS give a ratio of 1:1.44 for the fast
and slowly relaxing protons which are attributed to sp and sp
CH groups and sp' CH2 units, respectively.
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On the other hand, the sp carbons associated with the
slower relaxing protons are fully hydrogenated within the
SjN ratio [Fig. 4(c)j. This is important in so far as we
have already mentioned the very small sp CP signal
which arises from those protons. One straightforward
conclusion is to assume those protons —and hence the as-
sociated carbons —to be con5ned to a small network re-
gion. One way of checking this assumption is to measure
the high-resolution '8 spectrum. These CRAMPS spec-
tra are plotted in Fig. 5 in the usual way, where Fig. 5(a)
shows again the complete spectrum and Figs. 5(b) and
5(c) represent the spectra obtained after T, editing with
the two different inversion recovery delays as in the pre-
vious figures. The only difference to the former experi-
ments is that the remaining proton magnetization is not
transferred to the carbons but used to obtain the 'H
CRAMPS line shape. The overall spectrum shows a
maximum at approximately 2 ppm with a shoulder at
about 5-7 ppm and is quite similar to the spectra present-
ed in Ref. 6. The whole pattern is inhomogeneously
broadened by distributions of isotropic chemical shifts.
Hence, it is impossible to deconvolute this NMR pattern,
e.g., by two Gaussian lines as already mentioned in Ref.
6. However, this can easily be achieved by the spectral
editing technique. The dotted lines in Fig. 5(a) show the
result of such a procedure. Taking the area as a measure
for the proton ratio we obtain a ratio of approximately
1:1.5 for the fast and slowly relaxing proton species, re-
spectively.

Cross checking this quantitative result with the ' C CP
measurements (especially the different CP efficiencies)
and taking into account the mean 'H chemical shifts, the
slowly relaxing protons are assumed to form sp' CH2

mq order
30

groups which can form sections of polymerlike chains.
Obviously these "chains" are short and confined to small
regions in the network. Under these circumstances the
CP efFect is limited to the carbon of those CH2 chain
units which explains the small sp carbon signal.

In contrast to this the fast relaxing protons are as-
sumed to exist in sp and sp CH groups and these pro-
tons are statistically distributed. This ensures the strong
cross-polarization efFect when selecting this cluster, be-
cause one proton can cross polarize several carbons. This
assignment is in good agreement with the inelastic
neutron-scattering data suggesting approximately equal
concentrations of sp CH and CH2 groups. Following
that assignment a CH:CHt ratio of about 60%%uo.40% is
obtained. The quantitative results are summarized in
Table I.

The discussion so far has implied two conclusions.
First, the fast relaxing protons are statistically distributed
in the carbon network and secondly others should be
confined to small network regions. This is a nearly per-
fect situation for multiple quantum NMR. Since we can

(b)

M
C 80-
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FIG. 5. Spectral editing of the high-resolution 'H spectra
{compare also Fig. 3). Case (a): Normal 'H CRAMPS spec-
trum. Case {b): 'H CRAMPS spectrum of the fast relaxing pro-
tons. Case (c): 'H CRAMPS spectrum of the slowly relaxing
protons. For further details see text.

FIG. 6. Comparison of the MQ NMR spectra of hexamethyl-
benzene (a) and those of a-C:H (b). The number of correlated
spins N, as function of multiples of the preparation time cycle t,
are plotted in (c). Clearly in contrast to hexamethylbenzene
there is a limited number of correlated spin for a-C:H.
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select the two differently relaxing types of protons sepa-
rately we can check experimentally whether those con-
clusions on the distributions of the protons are indeed
true. Furthermore in case of a clustering of some pro-
tons, their size can be determined.

In Fig. 6 the MQ spectra of hexamethylbenzene [Fig.
6(a)] are compared with those of the a-C:H [Fig. 6(b)].
The number of correlated spins as function of the MQ
preparation time is plotted and compared for the two
samples in Fig. 6(c). Clearly, a continuous increase of the
number of correlating spins N, as function of the
preparation time is found for hexamethylbenzene, as to
be expected. But an obviously limited cluster size is
found for the protons in a-C:H even if the MQ spectra of
both types of protons are measured simultaneously.
After a fast increase of N, to about ten this number in-
creases further only slowly.

For a correct interpretation of the MQ spectra of a-
C:H, however, we have to perform those experiments for
each of the proton clusters separately. The evolution of
the MQ coherences for short preparation times are com-
pared in Fig. 7 in the same way as in the other figures.
The spectra and the graph of Fig. 7(b) clearly show a con-

FIG. 8. Schematic model of the microstructure of a-C:H en-
tirely based on the NMR data showing heterogeneity in the
structure on a nanometer scale. For details see text.

tinuous increase of the number of correlated spins. These
are the statistically distributed protons of the sp and sp

z

CH groups. In contrast to it, the MQ spectra of the CHz
groups do not change very much after the first prepara-
tion cycle. This means that even for the shortest prepara-
tion period (67 p,s) all the spina are already correlated.
According to Fig 7(c).we have only about ten correlated
protons which would result in a mean chain length of ap-
proximately Sve CHz units. This is clearly a heterogenei-
ty on a nanometer scale.

All these NMR results can be summarized in a
structural model which is schematically sketched in Fig.
8. It consists of short sections of CHz chains and statisti-
cally distributed CH groups in a sp -sp carbon network
with ole5nic rather than aromatic carbons. These two
environments are separated by regions of nonhydrogenat-
ed sp carbons which are responsible for the breakdown
of the H spin diffusion which would otherwise equili-
brate the spin-lattice-relaxation time. This microscopic
model is entirely consistent with the quantitative results
spatially averaged from neutron-difFraction and spectros-
copy data presented in papers I and II.

2-
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T tc

12.
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&IG. 7. Spectral editing of the MQ NMR spectra of a-C:H
for the shortest preparation times. Case (a): Overa11 spectra
and number of correlated spins N, . Spectrum represents super-
position of the signals due to the two difFerently relaxing proton
"systems. " Case (b): Fast relaxing protons are selected. The
slow (almost linear increase of N, suggests statistically distribut-
ed protons. Case (c): Slowly relaxation protons are chosen.
Even after the shortest preparation time all spins are already
correlated (H, =10).

IV. CONCLUSION

In the previous section the NMR results have been ex-
plained and discussed in terms of a model for the
nanoheterogeneity in these a-C:H samples. One way of
checking the consistency of these results is to calculate
the hydrogen content using the numbers listed in Table I
in conjunction with the structural model. Following this
computation we obtain a hydrogen content of 33 at. %, in
good agreement with the chemically determined compo-
sition of (35+1) at. % hydrogen. Because the neutron-
scattering experiments' and these NMR measurements
have been carried out using identical material it is in-
structive to compare the results of these complementary
methods in more detail.

The neutron-scattering data give a CH:CH2 ratio of
about 1:1.25 (~20%). This agrees reasonably well with
the ratio of 1:1.5 (~25%) found by the 'H high-
resolution NMR spectra. Furthermore, the hydrogen has
a preference of bonding to sp rather than to sp carbons
following the neutron-scattering data. This is supported
by the NMR investigations where a ratio of I:2 is ob-
tained for ~p CH:sp CHlCHz groups which results in a
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ratio of 1:3 for the hydrogen atoms bound to sp and sp
carbons, respectively.

There is, however, one discrepancy between the two
sets of results. %hereas neutron scattering yields a ratio
between single:double bonds in the range of 2.6:1 up to
3.7:1, the corresponding NMR value is about 4:1
(~ 10%). The reason for this discrepancy is not yet clear
and requires further investigations.

Despite this difficulty of detail, the good coincidence
between the NMR and the neutron-scattering data illus-
trates the high degree of complementary of the various
data sets. This in its turn has allowed us to postulate in

detail a model for the atomic-scale structure of a-C:H
which differs significantly from those used hitherto.
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