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The heavens declare the glory of God;
the skies proclaim the work of his hands.
Day after day they pour forth speech;
night after night they display knowledge.
May the words of my mouth and the meditation of my heart
be pleasing in your sight,
O Lord, my Rock and my Redeemer.

Psalms 19:1-2, 14
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Abstract

Carbon nitride films (a-CNy) have the unusual combination of two properties,
hardness and elasticity which suggest a variety of important applications. When hydrated
these properties deteriorate. By studying hydrated graphite samples and other carbon
based materials, we hope to further understand the water adsorption properties. Using
Nuclear Magnetic Resonance spectroscopy (NMR) we hope to determine how much

water is adsorbed on the film and the nature of the absorption sites.



Chapter 1
Introduction

1.1 Carbon Nitride Films (a-CNjy)

Carbon nitride films (a-CNy) are thin layers deposited with atomic ratios of
approximately 80% carbon ('*C) and 20% nitrogen (‘*N). They are prepared by vacuum
deposition on a substrate such as a silicon wafer. Amorphous carbon materials are
primarily used as protective coatings for hard disk drives and have the unique property of
being both hard and elastic simultaneously. Adding nitrogen to the carbon films retains
this unique combination of desired properties and results in a reduction of the thickness
of the film. From previous NMR experiments, it was found that heating the a-CNj to
approximately 150 °C caused a two fold decrease in the intensity of the broad,
asymmetric line in the proton NMR spectrum [1]. These results suggest that water is
binding to the material. From NMR measurements, the researchers hypothesized that the
water is preferentially bonded to the nitrogen sites of the film, possibly by a hydrogen
bond. However, the degree to which the water penetrates into the bulk material remains
unknown [1,2].

In my experiments, I will explore the extent to which the water is adsorbed on the

thin films of a-CNy. To investigate this hypothesis, we are going to record and interpret



'H and *H NMR spectra from carbon based films exposed to controlled percentage
humidity chambers containing both H,O and D,0O. From these spectra, we will be able to
detect the presence of hydrogen bonds and the amount of 'H,0 and *H,O that has been
adsorbed. Interpretation of the adsorption sites is more easily done with *H NMR than 'H
NMR because the deuteron has a nuclear quadrupole moment which couples with the
local electric field gradients. This interaction eases the spectral interpretation because the

peaks are usually better resolved than in the 'H spectrum.

1.2 Graphite

The a-CNy thin films are very expensive and time consuming to make, especially
the amount needed for NMR experiments. Therefore, to initiate the study of water
adsorption, I will investigate the adsorption on graphite, a carbon based compound that
has a similar molecular structure to the carbon nitride films. The structure of graphite (as
seen in Fig. 1.1) consists of hexagonal carbon rings connected to each other through sp
hybridized covalent bonds. These sheets of rings then stack on top of each other and are
bonded together through weak Van der Waals forces. Because these weak forces hold
the sheets together, the graphite layers are able to slide over each other, giving graphite
its lubricating properties. In each sheet, the delocalized pi electron is free to move
throughout the carbon atoms pi orbitals within its perspective sheet. This causes the

bonds between the carbon atoms to be very strong because these free electrons form
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alternating double bonds between the molecules giving the graphite rings a structure

similar to benzene [3,4].

Figure 1.1: The picture on the left is a picture of the molecular diagram of graphite
which shows the sp” hybridization and the bonding of the carbon molecules to each other
[3]. The picture on the right shows the sheets of graphite. The dotted lines are the Van
der Waals forces that bond the graphite sheets and allow the layers to slip and slide over
each other [4].

Comparing the structure of the a-CNy to the structure of graphite, we can see
many similarities. The carbon atoms are arranged in hexagonal rings and have sp
hybridization. The nitrogen atoms are incorporated into the carbon rings by substituting
for the carbon or bonding to the carbon on the edges of the ring; this bond is also sp’

hybridized. The similarities of the structures can be seen by comparing the graphite

structure in Fig. 1.1 with the a-CNj structure in Fig. 1.2 [5].
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Figure 1.2: The structure of amorphous a-CNj films. From the structure the similarities
to graphite can be seen [5].

1.3 Carbon Nanoflakes

A second carbon based compound that we experiment with is carbon nanoflakes.
Carbon nanoflakes are a newly developed material. The nanoflakes are made using heat
deposition onto a substrate such as silicon. Much research is being done on the
nanoflakes to determine their structure. What is known about them is that they are quasi
two dimensional nanoscale sheets of carbon less than 10 nm in thickness. Once
deposited the nanoflakes stand vertically upon the substrate. This increases the surface

area of adsorption on the films which makes them a good material for our study [6,7].

1.4 Carbon Nanotubes

A final material of interest that we didn’t experiment on but would be necessary
to test with in future experiments are carbon nanotubes. Nanotubes also have a similar
structure to graphite. As seen in Fig. 1.3, a carbon nanotube is simply a sheet of

nanosized graphite, rolled into a tube, and bonded to itself creating the strongest fibers on
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earth that are currently known. The hybridization remains sp> which maintains the
delocalized electrons that are free to roam throughout the nanotube, governed by the laws
of quantum mechanics. This delocalization allows the nanotube to take on a variety of
electric properties. Depending on how the nanotube is folded, it can be a semiconductor

or a metal or both within the same nanotube [8].

Figure 1.3: The structure of a carbon nanotube [§].

Chapter 2
Theory

2.1 NMR Spectroscopy

NMR spectroscopy is based in the concepts of quantum mechanics particularly
the concept of spin. Some nuclei have spin, or angular momentum, which in turn creates

a magnetic moment (p) given by the following equation:

p=ylh, (1)
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where v is the magnetogyric ratio, h is Planck’s constant over 2, and I is the nuclear spin
quantum number. For any nucleus with angular momentum quantum number I, there are
(21 + 1) possible spin component values, I,. These correspond to discrete spin states. In
the absence of a magnetic field, all spin states have the same energy. However, when
placed in a static magnetic field (Bo), the Zeeman interaction shifts these energy levels
and the quantized, allowable energies are given by the following equation:

E; = -hyL,Bo (2)
in which I is the magnetic component quantum number. NMR spectroscopy capitalizes
on these energy differences of spin states [9].

When placed into a magnetic field, the nuclei begin to precess about the magnetic
field. In NMR a static magnetic field (B,) defines a the z-axis and causes the nucleus to
begin to precess around the magnetic field at a certain frequency called the Larmor
frequency (vy), as seen in Fig. 2.1. This frequency is nucleus specific and can be defined
mathematically as:

Vo = YBo/2m. (3)
The net magnetization is defined by

M=N;—-N,, 4)
where N, is the number of spins in the higher energy level and N; is the number of spins

in the lower energy level.
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Figure 2.1: A nucleus with magnetic moment p precessing about a static magnetic

field By along the z-axis.
When a time dependent radiofrequency is pulsed in a coil perpendicular to the magnetic
field at the same “resonance” frequency as vy, the spin of the nucleus will “flip” from a
lower energy level to a higher energy level resulting in absorption of energy. When the
nucleus spin flips, a voltage is induced in the sample coil; this free induction decay (FID)
signal is what is measured in an NMR experiment [10].

After the nucleus has been pulsed and the spin has jumped to a higher energy
level, it must then return to its original lower energy state. The spin system has to “relax”
back to thermal equilibrium, this occurs in a time known as longitudinal spin relaxation
time, T;. In addition, as the spin begins to precess in the xy plane, dephasing and
transverse relaxation, T, cause the inducted voltage in the coils to decay in time. This
time domain signal is digitized by ADC’s in the receiver is known as free induction
decay (FID). The time domain FID is Fourier transformed to give the NMR frequency

spectrum [10].
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For atoms which have a spin I = 2, experiments are relatively simple. For this
spin, there are two quantized energy levels; the lower level being for I, = + /2 and the

higher level for I, = - /2. This relationship is illustrated in Fig. 2.2. More nuclei are

/ -1/2

MNE =hymBo

+1/2

Figure 2.2: Diagram showing the energy levels of a nucleus with spin state [=1/2.

expected to reside in the lower energy level and their distribution is described by a
Boltzmann distribution:

Nuw/N; = exp(-AE/kT) 4)
in which N, is the number of nuclei in the upper energy level, N; is the number of nuclei
in the lower energy level, and k is the Boltzman constant. If the spin is greater than >
then the description becomes more complex since other spin interactions begin to enter
the picture [9]. The interaction of greatest importance to the experiments described in
this thesis will be the quadrupolar interaction of the deuteron, I = 1. But before we get to

the quadrupolar interaction, we must first discuss magic angle spinning.
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2.2 Magic Angle Spinning

Magic angle spinning (MAS) is a technique used to help eliminate the anisotropic
interactions in solids. For example, when two different nuclei are placed in a magnetic
field a distance r away from each other, the dipolar field of the nuclei modifies the static
magnetic field, By, and this affects the observed frequency of the second nuclei. Since By
is along the z axis, the change in the magnetic field is:

B, = (y17:hw/r’)(3cos™0 — 1), (5)
where 0 is the angle between By and the internuclear vector. The angle at which
(3c0s°0 -1) = 0 is 54.44° and this angle is called the magic angle. When the rotor is
oriented at this angle and then the sample is spun, all of the terms depending on (3cos’0 —
1) cancel. This eliminates all second rank tensor interactions including the heteronuclear
dipolar coupling. This technique works well for spins with I=1/2 [9].

The deuteron (*H) has a spin value I = 1. This spin quantum number results in
quadrupolar interaction which is a result of the non-spherical, asymmetric charge
distribution of the nucleus interacting with the local electric field gradients. The
quadrupole interaction adds an additional term to the Hamiltonian and energy. Only one
term in the Hamiltonian depends on (3cos’0-1), therefore using MAS on a quadrupolar
nucleus, the second-order term is not completely eliminated by the magic angle spinning
but it is greatly reduced. If there are any heteronuclear dipole-dipole affects, they will be
eliminated by the MAS. Because of this observation, for deuterons it is preferable to
complement “H MAS measurements with static quadrupole echo experiments to get

optimal results.
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2.3 Static Quadrupole Echo Experiment

The quadrupole echo experiment is a pulse technique used to help get undistorted
better resolved spectra on spins experiencing dipolar or quadrupolar couplings. This
experiment is comprised of two pulses; the pulse sequence can be seen in Fig. 2.3. The
initial excitation pulse is a 90,° pulse along the x-axis and then there is a time of free
evolution. Next a second, 90, pulse applied along the y-axis. The FID is measured after
this second pulse which refocuses the magnetization along this axis [11,12]. By
refocusing the spins, a stronger signal is attained outside the electronic dead line of the

probe.

80 20

| data acquisihon

[ ' I
dl di 47 UUU

Figure 2.3: The pulse sequence of the quadrupole echo: 90,° pulse followed by a 90yO
pulse. Acquisition of data is started before maximum height of the peak after the second
pulse to receive the optimum signal.
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2.4 Spinning Quadrupole Echo Experiment

The spinning quadrupole echo experiment combines the techniques of magic
angle spinning and the quadrupole echo pulse sequence. This experiment is more
complicated than the static QE experiment because it requires synchronization of the
spinning rotor with the time between the two radiofrequency pulses. If this
synchronizing isn’t done, it can result in interference with the pulse and the rotary echo

formation.

Chapter 3

Experimental Techniques

As a preliminary experiment, we investigated graphite samples because graphite
is an abundant and cheap carbon based material and has many similarities to the carbon
in the a-CNy. We began with the graphite sample because of the small amount of a-CNy
samples available are very precious since they are time consuming to make. Beginning
with graphite, we wanted to see if enough D,O would adsorb onto the surface for us to
obtain a detectable NMR signal. The calibration was done using liquid D,0O and salts to
create chambers of known relative humidity. The range of humidities was from 11-97

percent at room temperature depending on the type of salt used [13, 14].
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3.1 HzO VS. DzO

To begin the experiment, I created two chambers. One contained a saturated
solution of potassium sulfate (25 ml of D,O with an excess of K,SO,) to create a relative
humidity of 97%. The second chamber was identical except H,O was used instead of
D,0. Once the solutions were mixed, known amounts of graphite were placed on
platforms in the solution and the chambers were closed with parafilm to maintain the
constant, known humidity environment. The graphite sat in these chambers for several
days in order to equilibrate and ensure as much D,0O and H,O was adsorbed as possible.
Upon taking the graphite out of the chambers, it was re-weighed and then packed into a
rotor and run on the spectrometer.

With these two graphite samples, I was able to run several single pulse
experiments. The experiments were run on a Bruker Advance spectrometer operating at
7T ("H Larmor frequency of 300.07 MHz and *H Larmor frequency of 46.06 MHz).
Each sample was packed into a 2.5 mm rotor and was irradiated with a 90,° pulse of
length 2.1 psec and attenuation level of 1.2 dB. The graphite samples hydrated with H,O
were investigated using proton NMR at 300 MHz. We did two different single pulse
experiments, one static and another using magic angle spinning (MAS) at 25 kHz. The
pulse sequence for the single pulse experiment can be seen in Fig. 3.1. The details of the

typical number of scans and recycle delays (14) are found in the Fig. 4.1 caption.
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Figure 3.1: An illustration of the single pulse experiments.

The sample hydrated with D,O was run using “H NMR on resonance at 46.06
MHz. On this sample, we irradiated the deuterons using a single 90,° pulse with MAS at

10 kHz. The details of the number of scans and t4is found in the Fig. 4.2 caption.

3.2 D,O Hydrated Graphite Samples at

Various Humidities

After running the initial experiments, I created three more chambers in addition to
the 97% humidity chamber. Using D,O and additional calibrating solutions, I was able to
make a chamber with 85% relative humidity (excess of KCI), a chamber of 53% relative
humidity (excess of Mg(NOs),), and a chamber of 43% relative humidity (excess of
K,CO3). Experiments were run on all four of these samples using a Bruker Advance
spectrometer. Each sample was packed into a 2.5 mm rotor and we ran MAS

experiments on these samples, along with a static quadrupole echo experiments. All
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three of these experiments were on resonance. The single pulse MAS experiments were
done with hard pulses with pulse length equal to 1.6 psec at an attenuation level of 1.2 dB.
The quadrupole echo experiments were done at an attenuation level of 3.10 dB,
corresponding to a 90° pulse length of 1.8 psec. The recycle delay between the pulse
sequences (d1) was set to 1 sec. The length of the first pulse along the x-axis (pl) was
equal to the length of the second pulse (p2) along the y-axis which was set to 1.8 psec.
The delay between the two pulses (d6) was set to 30.2 psec and the delay time between
the second pulse and acquisition (d7) was set to22 psec to ensure digitization of the echo

maximum.

3.3 D,O Hydrated Carbon Nanoflakess

After looking at the graphite samples, we decided to test a second carbon based
material, carbon nanoflakes. To study adsorption on these, we wanted to compare the
spectra we obtained from the graphite and see if the nanoflakes had similar characteristics
and shapes to that of the graphite. This hydration was done in a slightly different manner
than the graphite experiments.

The carbon nanoflakes that we obtained were deposited on two silicon wafers. In
order to have the maximum surface area, we had to leave the nanoflakes on the wafer to
adsorb the D,O. We placed the wafers into sealed plastic bags, onto a platform. Then,
we placed D,O solution into the bags. To increase the rate of adsorption, we heated the
bags for an hour with a hair dryer. This would speed up the creation of a humid

environment. Once we noticed that sufficient D,O was in the air and on the sides of the
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bags, we turned off the hair dryer and let the samples sit in the humid environment
overnight. After equilibration we scraped the nanoflakes off of the silicon substrate and
loaded the rotor. On these samples, we performed a static, QE experiment using the same
pulse parameters we used on the graphite with a pulse length equal to 1.6 psec and an
attenuation level of 3.10 dB. The recycle delay between the pulse sequences was 1sec,
the length of both pulses was 1.8 psec, the delay between the two pulses was 30.2 psec

and the delay to acquisition was 22 psec.

Chapter 4
Results

4.1 HzO VS. DzO

From the graphite samples hydrated in the water solution, we were able to find
that there was a significant amount of water adsorbed on the graphite. As seen in Fig. 4.1,

the static signal has two peaks that have a width at half height of 14.7 kHz.
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300 200 00 0 -100 200 300 ppm

Figure 4.1: The sample that was run using 'H NMR. It was a static, single 90,° pulse
created in 64 scans with 14 = 4.5 pusec. The chemical shift of the first peak is 5586 Hz
while the chemical shift of the second peak is 0 Hz. The width at half height is 14.7 kHz.
This line was quite broad so we performed a MAS experiment spinning at 25 kHz. The
sample was irradiated with a single, 90,° pulse. This signal was obtained in 64 scans with
atg=4.5usec. The spinning of the sample caused the two peaks to separate and
become individual peaks: chemical shift of the small peak is 6; = 5585 Hz and the
chemical shift of the second, larger peak is 6, = 739 Hz. The width at half height of the
second peak is 776 Hz. We think that the two peaks are due to the dipolar coupling
interaction between the hydrogens in water.

In the samples hydrated with heavy water deuterons the results confirmed the
proton results obtained using the H,O hydrated samples. The first experiment we ran
mimicked the experiment run on the proton hydrated samples. We ran a single, 90° pulse
experiment but obtained no noticeable signal. This was to be expected because the
quadrupole moment of the *H nuclei makes the signal very small and difficult to detect.
Since we didn’t obtain a signal with the static single pulse experiment, we performed a

single pulse MAS experiment.
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These MAS experiments were run spinning at 10 kHz. From this technique, we
were able to get a single peak with a width of 49 Hz, as seen in Fig. 4.2. These results
show that deuterium has in fact adsorbed on the surface of the graphite. These results

confirm the conclusions drawn from the study of the H,O hydrated samples.

Figure 4.2: Graphite hydrated in a 97% DO solution. The experiment was performed
using ’H NMR with MAS at 10 kHz. The sample was irradiated with a single 90° pulse
and was obtained with 256 scans and t4= 8.93 psec. The chemical shift is 0.028 Hz and
the width at half height was 49 Hz.

4.2 D,0 Hydrated Graphite Samples at

Various Humidities

Using the graphite samples hydrated in the D,O constant humidity chambers we

ran several different NMR experiments. We began by running single pulse MAS
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experiments on the four different hydrated samples followed by static quadrupole echo
experiments. The results from these experiments are as follows.

We performed the MAS experiment spinning at 10 kHz on the samples hydrated
in 97%, 85%, and 53% humidity solutions. The results were quantitatively similar to the
results for the 97% hydrated sample discussed in the previous section. Results for the
85%, and 53% humidities are shown in Figs. 4.3 and 4.4 respectively. In all three of
these experiments, the conditions remained identical and the only difference was the

humidity percentage of the hydrating D,0O solution.

Figure 4.3: Graphite hydrated in an 85% D,O solution using “H NMR with MAS at 10
kHz. The sample was irradiated with a single 90° pulse and was obtained with 256 scans

and t4= 8.93 psec. The chemical shift is 7598 Hz and the width at half height was 19.5
Hz.
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Figure 4.4: Graphite hydrated in a 53% D,O solution using “H NMR with MAS at 10
kHz. The sample was irradiated with a single 90° pulse and was obtained with 256 scans
and t4= 8.93 psec. The chemical shift was -17.6 Hz and the width at half height was

around 10 Hz.

From each of these samples, the width of the spectral line decreases with decreasing
humidity. These results are consistent with the hypothesis that less D,O is adsorbed at
lower percent humidity. A summary of the results of the varying humidity experiments

done with deuteron magic angle spinning are summarized in Table 4.1.
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Humidity 0 (kHz) A (kHz)

Percent

97% 0.028 49
85% 7.6 19.5
53% -17.4 10

Table 4.1: A summary of the results of “H MAS experiments: & = the chemical shift (Hz)
and A = the width at half height (Hz).

In addition to the MAS experiments, we also ran static quadrupole echo
experiments on all four of these samples. These experiments were run using the QE
pulse sequence shown in Fig. 2.3, and all four samples had a 14 = 4.5 psec. When
interpreting these spectra, we used DMfit simulation software [15]. We fit each spectrum
to a simulated QE spectrum. We also used the simulation to calculate the o shift of each
peak (a combination of the chemical shift and the quadrupole shift), the amplitude of the
peak, Lb factor (the exponential multiplication related to the dipolar coupling), nuQ (a
symmetry factor related to line broadening), and etaQ (a curve symmetry factor).

Looking first at the sample hydrated in 97% humidity, we can see the
convergence of the two peaks (see Fig. 4.3). This spectrum shows that the two separate
peaks we’d expect to see from a QE experiment overlapped. We believe that this is due
to the fact that so much D,O has adsorbed onto the surface that it caused the signal to
collapse. Further support of this hypothesis comes from research done on graphite water

adsorption in which it was found that at humidities above 90%, there is the formation of
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several water layers and “islands” of water that can form and that move around to create
even larger regions. This shows that at these high humidities, large quantities of water

build up on the surface of the thin films. [16]

Emmm—  Experimental spectra
mmmmmmm  Simulated spectra

149.8 99.9 49.9 0 -49.9 (kHz)

Figure 4.5: Graphite hydrated in 97% D,0 solution, using a static QE experiment with
d1 =1 sec, d6 = 30 psec, and d7 = 22 psec. This spectrum was taken in 40, 960 scans
with 2048 data points.

Looking at the sample hydrated with D,O in an 85% relative humidity, the two
distinct peaks of the quadrupole echo are visible (see Fig. 4.6). From the presence of
these peaks, we are able to see that D,O has in fact adsorbed onto the surface at this
humidity. Looking at the spectrum obtained at 85% humidity, the right edge of the
spectrum seems to be cut off. We believe that this is actually the formation of the other

side of the quadrupole peak that has been averaged. The peak that appears in the center

of the spectrum, with a chemical shift of zero, is very pronounced and looks like some
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pure liquid D20 in the sample that was either sitting on top of the surface, unabsorbed, or

released from the sample due to time spent in the rotor.

I x perimental spectra
e Simulated spectra

..‘ﬂl 1’“‘.“ Jit \ WM

‘ I

399.6 199.8 0 -199.8 -399.6 (kHz)

Figure 4.6: Graphite hydrated with D,O in an 85% relative humidity solution using a
static QE experiment with d1 = 1.0 sec, d6 = 30 psec, and d7 =22 psec. The spectrum
was taken with 4,000 scans and 2,048 data points.

The sample hydrated in the 53% relative humidity also had similar spectral peaks to the
previous samples however the peak decreased in intensity and became much noisier due
to the decreasing humidity. This suggests that as the relative humidity decreases, the

amount of water adsorbed on the graphite decreases. The results for the graphite

hydrated in 53% humidity can be seen in Fig. 4.7.
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Figure 4.7: Graphite hydrated with D,O in a 53% relative humidity solution using a
static QE experiment with d1 = 1.0 sec, d6 = 30 psec, and d7 =22 psec. The spectrum
was taken in 2,048 scans with 2,048 data points.

The results for the graphite hydrated in 43% humidity were also similar to the
three previous peaks. Like the other spectra, this sample continued the trend of decreased
intensity and larger signal to noise that we believe is due to the smaller amount of D20
present in the sample. The 43% spectrum is similar to the 85% spectrum (seen in Fig. 4.6)
in that the right side of the spectrum is clipped. Like the 85% spectrum, we believe that
this clipping is due to the creation of a quadrupole peak with the pure D20 peak in the
center. These two different sites cause signal averaging which causes the distortion seen
in the spectrum. Also, the simulation fit is also not as good in this spectrum as it is in the
others. This is due to the large amount of noise in the sample and the fact that there was

so little D,O in the sample that measurement of this D,O is more difficult. The results for

the sample hydrated at 43% relative humidity is seen in Fig. 4.8.
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Figure 4.8: Graphite hydrated with D,O in a 43% relative humidity solution using a
static QE experiment with d1 = 1.0 sec, d6 = 30 psec, and d7 =22 psec. The spectrum
was taken with 2,048 scans and 2,048 data points.

A summary of the data for the static QE experiments can be found in table 4.2. In
this table, it is easy to compare the four experiments. Fig. 4.9 shows a plot of nuQ versus
percent humidity. From the graph, it is clearly shown that as the percent humidity
increases the signal broadening decreases and the spectrum doesn’t cover as wide a range
of kHz. Also, from the nuQ we can determine that as the nuQ decreases, amplitude

increases, and molecular motion becomes faster. This indicates that as the percent

humidity increases, there is more D,O on the sample.
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Humidity 0 (kHz) Amp LbHz(kHz) nuQ(kHz) etaQ

Percent

97% 21.4 6.80 11.1 61.13 0.84
85% -3.4 1.77 11.0 110.0 0.90
53% 6.8 1.00 23.9 118.3 0.99
43% -20.0 1.41 33.9 190.0 0.99

Table 4.2: A summary of the *H static QE experiments. & = the position function that
takes into account the chemical shift and the quadrupole shift. Amp = the relative height
of the peak. LbHz = the exponential multiplication related to the dipolar coupling. nuQ
= factor that takes into account both motion and amplitude of the peak, and etaQ = the
relative symmetry of the curve.
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Figure 4.9: Graph of the nuQ versus the percent humidity of static QE experiments run
on the graphite samples hydrated with DO solutions.
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4.3 D,0 Hydrated Carbon Nanoflakes

The results for the carbon nanoflakes hydrated with D,O were very similar to the
results of the graphite samples. As can be seen in Fig. 4.10, the spectrum has the two
spikes that we expect to see from a quadrupole echo sequence. Using the DM fit
simulation sequence we were able to fit a simulated curve. The results from the
simulation show that the actual spectrum is much more closely matched than it was in the
graphite samples. Also, we were able to change the recycle delay time and confirmed
that the dip between the two peaks is resulting from the quadrupole interactions and not
due to the recycle delay time being too short. The results for the simulation are
summarized in table 4.3. Also in the table are the data from the QE experiment on
graphite at 85%. While we don’t know the exact percent humidity in the bags, we can
expect that it was large due to the heating of the environment and the visibility of D,O
along the sides of the bag. Comparing the shapes of the two spectra, the nanoflakes most
closely resemble the 85% hydrated graphite sample because both samples have
distinctive spikes on either side of the spectra resembling the QE line shape. Also,
comparing the numbers, both curves have similar nuQ values. From these values and
spectra, we can see that the nanoflakes and the graphite have similar water adsorption

patterns.
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Figure 4.10: Carbon nanoflakes hydrated with D20 using a static QE experiment with d1
= 1.0 sec, d6 = 30 psec, and d7 = psec. This spectrum was taken in 65,546 scans with
2,048 data points.

Material 0 (kHz) Amp LbHz(kHz) nuQ(kHz) etaQ

Graphite -3.4 1.77 11.0 110.0 0.90
(85%)

Nanoflakes 2.8 15.36 9.3 92.78 0.43

Table 4.3: Summary of the simulation data taken from the carbon nanoflakes. Above
this data is the data taken from the 85% D,O hydrated graphite samples for comparision.
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Chapter 5

Conclusion

In this project we have studied the hydration of carbon based materials. From the
results we have determined that when placed in a constant humidity environment,
sufficient water does adsorb onto the surface of graphite to perform both proton and
deuteron NMR experiments. We achieved consistent results by looking at several
different experiments; MAS single pulse experiments and static Quadrupole echo
experiments on both graphite and carbon nanoflakes. These results are encouraging
because we expect more water to both adsorb and bond to the a-CNy films due to the
presence of nitrogen making the film more reactive and providing specific binding sites.
Analogous experiments need to be performed on the carbon nanotubes and a-CNj thin
films to determine if the behavior is generic to carbon based materials or specific to a-

CN; thin films.
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