PHYSICAL REVIEW B

VOLUME 50, NUMBER 2

1 JULY 1994-11
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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-diffraction studies and the inelas-
tic neutron-scattering experiments (see papers 1 and
11,2). 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> CH, and CH groups,
with at least as many CH, as CH groups, but few
(<10%) CHj; 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 '3C 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 apg)roximately 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
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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 groposed consisting of
protons distributed in the sp?-sp® carbon network and
short chains of CH, 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."*~ 17

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:
1.4X10™* 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 35 at. %, the other of 32
at. %.

B. NMR techniques

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 3C spectra, the proton magnetization
is inverted by a 7 pulse followed by a fixed 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 M,. Then the
remaining proton magnetization of the order system can
be used, e.g., for the polarization transfer in CP. Thus,
the 13C 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 us because of
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FIG. 1. Pulse sequences used for the spectral editing of both
3C NMR (a) and high-resolution '"H NMR (b). In both cases
the 'H magnetization is inverted by a 7 pulse. After a suitably
chosen delay 7 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 ¢gp
between two of the TOSS 7 pulses. In case of the 'H NMR the
multiple-pulse sequence MREYV 8 has been used.

the strong heteronuclear dipolar coupling (dipolar de-
phasing). 3CP/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 7 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 7/2 pulse lengths were 4 us. The MAS spin-
ning frequency was 3.1 kHz. This ensures a sufficient
suppression of spinning sidebands for the CP/MAS ex-
periments and enables gated decoupling times of up to
300 us 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, '3C single-pulse excitation has
been used for the correct determination of the sp2:sp3 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 7/2 pulse length was 2 us. 'H and
3C 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 spins. 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

HO=—~- 2
2]<k

(G +ITT) (1)

and creates even-order MQ coherences 0, *+2, 14,
+6,...,*+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 A®. This ensures separation
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FIG. 2. Schematic picture of the multiple quantum experi-
ment (a) and the basic shape of a MQ spectrum (b). For details
see text.

of the MQ coherences in the MQ spectrum. Typically 60
increments have been used allowing the recording of MQ
orders up to 30 (A®=6"). The /2 pulsewidth was 2.8 us
which results in a cycle time of ¢, =67 us for the eight-
pulse sequence. Figure 2(b) shows a theoretical MQ spec-
trum, obtained after Fourier transformation. Combina-
torial arguments predict that the intensity of the nth-
order coherence, I(n), in an isolated cluster of N, spins
can be approximated by a Gaussian distribution (N 2 6):

I(n)<exp(—n?/N,) . ()

Consequently, the number of correlated spins N, can be
determined by fitting the amplitudes of the MQ coher-
ences to a Gaussian line. Varying the preparation period
in multiples of the basic eight-pulse preparation se-
quence, N, can be determined as function of that time,
which in turn allows the discrimination between a limited
cluster size or a continuous distribution. In the first case
the number of correlated spins N, remains constant after
a sufficiently long preparation time.

III. RESULTS AND DISCUSSION

In the following we will discuss the experimental re-
sults obtained for the acetylene prepared sample in detail.
Within the signal-to-noise ratio the results of the NMR
measurements of the sample with propane as precursor
gas are almost identical to the acetylene prepared a-C:H
sample.

In our previous paper we reported a two-component
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bons separating the two proton clusters (Ref. 8 and Fig. 8
here).

Figure 3 summarizes the results of the 'H T, spectral
editing of the *C CP/MAS spectra. If a long recovery
delay of 200 ms or longer is chosen, the normal CP spec-
trum is observed [Fig. 3(a)]. The spectrum clearly shows
sp? carbons at 130 ppm and a broad resonance due to sp*
carbons at 65 ppm (peak position). These results are
similar to those of other authors.>*~7 However, if the
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FIG. 3. '3C CP spectra as function of the delay 7 between the
7 pulse and the beginning of the ordinary CP experiment. Case
(a): Normal spectrum showing sp? and sp resonances as usual.
Case (b): Fast relaxing protons were used for the cross polariza-
tion. sp? and sp? signals are found. Case (c): Slowly relaxing
protons cross polarize only sp> carbons. For further details see
text.















