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Thin ftlms of CuAlOzhave been reported to be optically transparent, p-type 

conductors. An NMR investigation at 8 T on 63Cu and 65Cu in CuAl02 has revealed a 

spectrum for the central transition of each isotope that is a few megahertz wide (4.633 

MHz and 3.69 MHz respectively). Sharp singularities appear at 87.122 MHz and 

91.755 MHz for 63Cu, and at 97.79 MHz and 94.1 MHz for 65Cu. The values of the 

spin-lattice relaxation time Tl were deduced from the curves describing the recovery of 

the longitudinal magnetization. The ratio of the relaxation times for the two isotopes 

was found to be 65T1/63T1 = 1.15, suggesting that energy transfer from the nuclei to 

the lattice happens via electric quadrupole interactions. Our data are consistent with a 

density of states at the Fermi level in CuAlOz that is about 10% of the same quantity 

in copper metal. 
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NMR Study of 1 ,4-phenilene-bis( dithiadiazolyl), 

Soil Organic Matter and Copper Aluminum Oxide 


Chapter 1 

Introduction 

Introduction 

Nuclear magnetic resonance (NMR) is the spectroscopy of the nuclear Zeeman levels 

of nuclear magnetic moments in magnetic fields. About 110 stable nuclei are NMR 

active, that is, they possess nuclear magnetic dipole moments. They can be used as 

excellent probes for the study oflocal magnetic and electric fields in bulk materials. 

NMR has had a great impact in the identification and structure detennination of solid, 

complex molecules, and, since the discovery by Knight of the metallic shift that now 

carries his name, NMR has contributed to the development of the theory of the 

electronic structure and physical properties of metallic solids. 

This thesis presents the results of three different nuclear magnetic resonance (NMR) 

investigations. Each investigation in this thesis constitutes the body ofa separate 

chapter, and a short abstract opens the chapter. 

In chapter 2 we report the 13C cross-polarization, magic-angle spinning (13C 

CP/MAS) NMR on the molecular conductor 1,4-[(SzNzq~H.(CNzS~][I] 

(abbreviated as 1,4-S[1] from now on). The motivation for the investigation was to 

explore the mechanism that makes 1,4-S[1] a diamagnetic insulator below temperatures 

close to 200 K, and a conductor above that same temperature. We describe the 

properties of the Hamiltonian for a dilute system of 13C nuclei in an external magnetic 

field and surrounded by lH nuclei, and we explain how to remove the effects that 

parts of the Hamiltonian have on the carbon spectrum using proton decoupling and 

magic-angle spinning. We introduce the concept of spin temperature, describe spin 
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locking, cross-polarization, and their pulse sequences. We then present the materials 

and methods, the results of the experiments done at room temperature and at variable 

temperature down to 153 K. 

In chapter 3 the same techniques used to probe 13C in 1,4-S[I] are used to probe 13C 

in soil organic matter. This work is part of a long-tenn cooperation with the 

Environmental Protection Agency in Corvallis, aimed at the study of the effects of 

elevated CO2 concentrations and elevated temperature brought about by the 

greenhouse effect on the global carbon cycle. We give a succinct summary of relevant 

aspects of the study, and then we describe the information that the same 13C CP/MAS 

NMR techniques outlined in chapter 2 can contribute when applied to soil organic 

matter (SOM). We report the preliminary results of our efforts to learn to use 13C 

CP/MAS NMR on SCM. 

In chapter 4 we report the work done on CuAl02• We have looked at copper in this 

compound, and since copper is a nucleus with spin = 3/2, we have described the 

electric quadrupole interaction and its effects on the copper NMR spectra. We present 

a description of the theoretical calculation leading to the equations that describe the 

recovery of the longitudinal magnetization of the copper nuclei in an external 

magnetic field, and illustrate the pulse sequences that have been used in the NMR 

experiment. Finally, we describe the materials and methods, we present the results of 

the experiments and provide an interpretation for them. 

The rest of this chapter is devoted to a short introduction to the fundamental ideas 

ofNMR 
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The Principles of Magnetic Resonance 

Basic principle and the rotating frame. The method of NMR depends on the fact 

that a large proportion of atomic nuclei possess a fixed magnetic moment, p, and 

angular momentum, or spin, related by 

p= PlI. (1.1) 

The symbol I denotes the angular momentum measured in units of h/2rc, where his 

Planck's constant, and must be an integer or integer + Y2. The factor ris the 

gyromagnetic ratio of the nucleus. When the nucleus is immersed in a magnetic field 

Bo oriented along the Z-axis, the Hamiltonian of the interaction is 

where", can take 21 + 1 values, '" = I, 1-1, "', - 1, and ~ is the component of the 

angular momentum operator in the direction of the Z-axis. Thus the eigenstates of Iz 

are also those of the energy. It follows that there are 21 + 1 energy (Zeeman) levels 

separated bypBo/1. Transitions between adjacent levels may be produced by an 

oscillating magnetic field of frequency Vo , often referred to as the Larmor frequency, 

which is given by the quantum condition 

(1.3) 

The previous discussion applies to a single magnetic moment, but it can be easily 

generalized to the macroscopic magnetization, which is defined as the total magnetic 

moment per unit volume 

(1.4) 
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where the sum includes all magnetic moments in the unit volume. A classical graphical 

representation is given in Fig. 1.1. 

y 

x 

Fig. 1.1. A magnetic moment precessing around the direction of +Z-axis. 

The observation of a macroscopic resonance effect is due to the presence in the 

sample of a net nuclear magnetization, which is normally produced by the presence of 

the magnetic field. This net magnetization is generally very small, being, in fact, several 

orders of magnitude less than the magnetic moment produced by ordinary electronic 

diamagnetism. The usefulness of NMR lies in its sensitivity to internal magnetic fields 

and electric field gradients in a material. If these fields are large and well defined, they 

might act as the polarizing field for the resonance experiment, and determine the 

resonance frequency. In most materials, however, these fields are too weak and/or ill

defined to act as the basis for resonance experiments and it is advantageous to apply 

an external magnetic field. In these cases the internal fields are treated as perturbations 

to the Zeeman levels of the system. 

A classical approach to NMR (Cohen-Tannoudji et al., 1977) begins with Newton's 

second law stating that the rate of change of the angular momentum is equal to the 

torque exerted on a magnetic moment Jl in a magnetic field Bo: 
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dp- =-]'B, x jJ. (1.5) 
dt 

The solution to this equation predicts that the magnetic moment precesses about the 

direction of the field with an angular frequency 

(1.6) 

The NMR experiment includes a small, time-dependent additional magnetic field »t, 
rotating in the x-y plane in the same sense and with nearly the same angular velocity as 

jJ. B1 is taken to be along the x-axis in the rotating frame and we will often refer to it 

as the radio frequency-field. This is because for typical laboratory fields, Vo lies in the 

range 10-500 MHz. In practice, one uses a linearly polarized oscillating field, but this 

can be resolved into two components rotating in opposite senses. Only the 

component rotating in the same sense as p has a significant effect on it; the other can 

be neglected. With a transfonnation to the primed coordinate system rotating about 

the Z-axis in which »t stands still, in the presence of both Bo and B10 p obeys the 

equation 

dp'
dt = -rB4' x p', (1.7) 

In this rotating frame the magnetic moment precesses about the direction of the 

effective field Beff 

(1.8) 

where 0) is the frequency of the oscillating field. When 0) = ~ is met, the magnetic 

moment precesses about the direction ofB1• 

So far the description of the dynamics ofp treated B1 as a small r.f. field applied 

continuously. In all the experiments carried out in this work the r.f. field has been 
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applied in very short. high power pulses of the duration a few microseconds. After the 

application of the pulse, the angle of inclination of}l depends on the intensity and 

duration of the r.f. field as 

(1.9) 

Choosing the angle ecorresponds to preparing the sample in a particular state. In 

many experiments we set the amplitude and duration of the pulse so that in the time t 

the angle e= 90°. This corresponds to a classical picture in which at the end of the 

pulse the longitudinal magnetization is null and there is a state ofphase coherence 

with a net component of the magnetization in the x-y plane. In this case we refer to 

this pulse as a 1C/2 pulse (ninety-degree pulse). Another case ofgreat importance is 

when the amplitude and the duration of the r.f. field are such that the total magnetic 

moment is left in the -z direction, and we call this a 1C pulse (one hundred and eighty

degree pulse). 

For a system of spins we have that, following a short and intense r.f. pulse, the 

macroscopic magnetization relaxes to the state it was prior to the application of the r.f. 

pulse. The NMR signal comes from the relaxation of the transverse component of the 

magnetization. Data is collected in the time domain and it is known as the free 

induction decay (flO). A typical example is shown in Fig 1.2.(a) on the next page, 

where the FID OflH in hexamethylbenzene is shown. In this case the time-domain 

signal is a sinusoidal damped oscillation. We are more often interested in the frequency 

response of the spin system, since the differences between spin states possess 

characteristic resonance lines at specific frequencies. Time domain and frequency 

domain are linked, and we can convert between the two using a procedure known as 

Fourier transfonnation. The Fourier transfonn relates the time-domain dataf(1) with 

the frequency-domain data f(CiJ) by the following equation: 

j(CiJ) = [j(t)exp{iCDt)dt. (1.10) 



~~~~~~~~--~---- ~- - -
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~ig. t.~.(a). The FlO oflH in hexamethylbenzene. The time-domain signal is a 
SInusoidal damped oscillation. 
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Fig. 1.2.(b). Frequency-domain spectrum of the FID in Fig. l.2(a) obtained with 
a Fourier transfonn. 
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The Fourier transfonn as written in equation (1.10) is known as the continuous 

Fourier transfonn since the limits of integration extend between - 00 and + 00. Fourier 

transfonnation is achieved in NMR. by digital computers and under these 

circumstances we define the discrete Fourier transfonn: 

+«> 

!(w) = L!(t)exp{iat}dt (1.11) 

where the integral extends over a finite time interval. Fig. 1.2.(b) shows frequency

domain spectrum of the AD in Ftg. 1.2(a) obtained with a Fourier transfonn. 

The relaxation times Tl and Tzo There are processes that lead to the restoration of 

the thennal equilibrium populations of the spin states in the case that those 

populations are disturbed by the application of a r.f. pulse. The spin-lattice relaxation 

process is responsible for the establishment of thermal equilibrium between the spin 

states after the application of the static field ~. This process involves an energy 

transfer to the lattice degrees of freedom, where the term "lattice" includes everything 

in the sample except the magnetic moments. In the presence of a static magnetic field 

Bo along the Z-axis, the longitudinal component of the magnetization Mil often obeys 

the equation 

(1.12) 


where .Mo is the equilibrium value of the magnetization. In a classical sense this 

equation predicts that ifwe flip the bulk magnetization vector into, for instance, the -z 
direction with a 1800 r.f. pulse, then it will eventually lie along the equilibrium +z 
direction. The exponential time dependence of this motion is characterized by a time 

constant T1• 

Relaxation of the components ofMJ. has a decay time different from Tlo and it is 

necessary to introduce another time constant T z, corresponding to the spin-spin 

relaxation time. One major difference between spin-lattice relaxation and spin-spin 
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relaxation is that whereas changes in Mil involve the exchange of Zeeman energy with 

the lattice, changes in Mol do not alter the total Zeeman energy of the nuclear spins. 

Rather, T2 processes involve a mutual exchange ofspin energy. The net effect of this 

energy transfer is to cause a loss of phase coherence in the x-y plane, which 

correspond to a decay of the transverse bulk magnetization. 

Spin-spin interactions are not the only cause of the decay of the magnetization. Since 

the intensity of the field detennines the precessing rate, inhomogeneities in the local 

field will cause the transverse components of the magnetization arising from different 

portions of the sample to precess with slightly different frequencies. When we include 

the contribution from the inhomogeneity of the magnetic field the symbol 12 is 

introduced. The exact definitions of T2 and 12 must be considered carefully in 

individual cases since the decays are not necessarily exponential in time. 

Probe circuits and experimental setup. In a NMR experiment the sample sits in 

the coil forming the inductance of a LC circuit tuned to a frequency at or near the 

resonance frequency of the nuclei under observation. The axis of the coil is 

perpendicular to the direction of the external field. Transmission lines feed the r.f. 

pulse to this LC circuit, and the coil delivers the r.f. pulse to the sample. After the 

application ofa rc/2 pulse, the rotation of the components of Mol in the x-y plane 

produces a time-dependent magnetic flux in the coil, and the resultant induced emf 

can be observed. In the presence of spin-spin interactions and field inhomogeneities, 

the NMR signal decays in time to give rise to the FID, and T2 represents the rate of 

the decay. The Fourier transform of the FID is the NMR spectrum of the nuclei. For 

an exponential decay the linewidth at half height of the Lorentzian spectrum is given 

by 

1
Liv = (1.13)

~ 1fI:
2 
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As T2 becomes smaller, the decay rate of the FlD becomes larger, and the signal is 

observable for a shorter period of time. This increases the uncertainty in the frequency 

components of the FlD, and results in line broadening. 

Fig. 1.3. The basic circuit in an NMR 
probe. 

Fig. 1.3 shows the most basic LC circuit needed in a NMR probe. The capacitor Cr 
is a variable tuning capacitor that can be tuned to the resonant frequency of the r.E 

field. The capacitor c.. is another variable capacitor that takes care of matching the 

impedance of the tuned circuit to the 50 n of the transmission line that delivers the 

r.f. field to the circuit. Tuning and matching are carried out before the NMR 

experiment by empirically finding the values for c.. and Cr that minimize the power 

reflected by the probe. 

In the course of the experimental work we made use of double resonance techniques 

for the observation of the 13C signal for the purpose of enhancing the sensitivity and 

resolution of the spectra. In such experiments we have monitored the 13C transition 

while simultaneously exciting the resonant transition of 1H, and this requires the use of 

a double resonance probe. Fig. 1.4 shows the schematics of the double resonance 

probe we used in our experiments. 



---------_._----------------------

11 

l·lOpf Cs (Bade)MATCH 

4T 

S.OmmID l-lOpf CF 


6.5mm length 
 TUNE ..1.sFront)
18GA 

I 
Fig. 1.4. Schematics of the double 
resonance probe. 

The sample sits in a nine-tum coil located to the right in Fig 1.4. There is one channel 

for each of the two isotopes, and in our case we labeled the proton channel with the 

symbol 1H, and the 13C channel with the symbol X. Power is delivered to the circuit by 

transmission lines insulated from ground. We recognize a match and a tune capacitor 

for the X channel to the left in the picture, and for the 1H channel to the right. Both 

tuning capacitors are grounded. The four-tum inductance close to the matching 

capacitor helps with parasitic signals. The front and back capacitors are plug-ins that 

allow to tune the probe in different ranges of frequencies, depending on the isotope 

observed. The symbol used for the capacitor labeled as TUNE to the right in the 

picture is the symbol used by the manufacturer to represent the particular tuning 

element used in this probe. 

The book by Stejskal and Memory gives a good explanation of the design of double 

resonance probes (Stejskal and Memory, 1994). Here we limit ourselves to notice that, 

although in a double resonance experiment we excite two nudci at the same time, this 

particular probe uses a single coil, as opposed to the more intuitive arrangement 

provided by a double coil probe. Single coil double resonance probes provide better 

homogeneity for the two r.£ fields, and use the properties ofthe transmission lines to 

maintain isolation of the two circuits. 
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In our lab the external applied field is provided by a superconducting magnet built 

by American Magnetics Inc. It has a maximum field of 8T and about 1 ppm 

inhomogeneity over 1cm3
• The r.f. pulse generation, signal detection and data 

acquisition are achieved with a CMX340-1436 NMR spectrometer built by 

Chemagnetics Inc. All of the experimental parameters are software controlled using an 

Intel 80286 microprocessor interfaced with the spectrometer. Two independent PTS

500 frequency synthesizers generate pulses for two independent channels, so that the 

spectrometer can perform double resonance and cross-polarization. These techniques 

are discussed in chapter 2. The r.f. pulses are amplified in American Microwave 

Technology Inc. power amplifier for the carbon channel, and an EN! 5100-NMR 

amplifier for the proton channel, and then they are delivered to the probe. The signal 

coming from the probe is sent to a pre-amplifier and subsequently to r.f. amplifiers. 

Video amplification, analog-ta-digital conversion and storage are performed by the 

spectrometer. The final data processing usually involving noise filtering, Fourier 

transform and phase correction, is performed on PC's. 

References 

Cohen-Tannoudji, C, Diu, B. and Laloe, F., Quantum Mechanics, (W"tley-Interscience, 
Paris, France, 1977). 

Stejskal, E.O. and Memory, J.D., High Resolution NMR in the Solid State. FWldamentais of 
CP/MAS, (Oxford University Press, New York, 1994). 
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Chapter 2 

High Resolution BC CP-MAS NMR of the Molecular Conductor 
1,4-[(S2N2C)C6HlCN~~][I]. 

Francesca Monte and William Warren 
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Abstract 

Crystals of the mixed valence salts 1,4-[(S2N2C)C6H4(CN2SJ][I] are conducting 

above a metal-insulator transition at about 200 K and exhibit a paramagnetic 

susceptibility that increases strongly with increasing temperature. High-resolution CP

.MAS 13C NMR spectra from samples of 1,4-[(S2N2C)C6H4(CN2Sz.)][I] show that carbon 

nuclei in the C6H4 structure contribute peaks at 132 and 136 ppm, and the carbon 

nuclei in the CNzSz structure contribute one peak at 78 ppm. A shift of about 2 ppm 

of the 136-ppm peak suggests weak coupling of the protonated carbons to the 

conduction electrons. We discuss the suppression of the peak at 78 ppm at 

temperatures below 293 K in relation to the conduction mechanisms. 

Introduction 

In 1993 Bryan et al. reported the synthesis of a new synthetic molecular conductor 

which shows interesting magnetic and electric properties. This dithiadiazolyl diradical 

system has a benzene ring between two diradical units (Fig. 2.1). The unit cell is 

orthorhombic, with columns of uniformly spaced benzene-bridged diradicals, 

interspersed by columns of disordered iodine. 

(a) (b) 

Fig. 2.1. (a) The 1,4-phenylene-bis(dithiadiazolyl) diradical. (b)The crystal structure of 
1,4-[(SzNzC)C6H 4(CNzSz.)][I]. The open circles at the corner and at the center of the 
cell are iodine atoms. (From Bryan, et aL, Nature, 365, 821, 1993. With permission) 
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Perpendicular to the stacking direction, the diradical units lie in dove-tailed arrays. 

The DC conductivity is activated below 200 K, and there are two points of 

inflection between 170 K and 210 K. The low temperature transition shows hysteresis 

between 175 K and 185 K. Above 210 K the conductivity is weakly metallic until 

decomposition starts to occur. The magnetic susceptibility is an indicator of the degree 

to which a material responds to the application of a magnetic field. In 1,4-S [I] the 

magnetic susceptibility was determined using the Faraday method (Bryan et al., 1993). 

At low temperatures there is a small Curie tail due to defects in the crystal. Above 180 

K there is a steep rise in the paramagnetism, which becomes almost linear above room 

temperature until the sample decomposes. ESR measurements confirmed this 

behavior (Andrews et al., 1991). 

0 
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Fig. 2.2. (a) The electrical conductivity of 1,4-S [I] as a function of temperature 
and applied pressure. (b) The magnetic susceptibility of 1,4-S [I] as a function of 
temperature. (From Bryan, et al, Nature, 365, 821, 1993. With permission.) 
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A preliminary study of the proton spin-lattice relaxation time as a function of 

temperature indicated that the metallic state is fully established just above the 

transition, in spite of the fact that the paramagnetic susceptibility strongly depends on 

the temperature (pilgrim et al., 1998). It was found that the shape and shift of the 

proton line do not change with temperature. This suggests that the protons do not 

couple strongly with the electrons responsible for the paramagnetism in this material. 

The protons are concentrated in the center of the molecule, while there is strong 

reason to believe that the conduction electrons are located at the edge of the molecule, 

where the diradical units are. As a consequence, there is the possibility that the 

protons do not occupy the most suitable location to study the conduction electrons. 

Carbon atoms are located on each comer of the benzene ring and O'n the vertex of 

each diradical where the bond with the benzene ring is located. 'They are therefore 

better candidates than the protons to couple with the conduction dectrons. 

Theory 

In a nuclear magnetic resonance experiment on spin-1/2 nuclei, there are a number 

of interactions that need to be considered (Gerasimowicz and Pfeffer, 1889). We can 

write the Hamiltonian of the system as a sum of tenns 

(2.1) 

Here Hz is the Zeeman interaction of the nuclear magnetic moment of the nuclei with 

the external magnetic field Bo. Ho is the nuclear dipolar interaction. In solid samples, 

the motion ofatoms is restricted and the effect of the dipole-dipcie interaction does 

not average to zero. The resonance frequency ofa particular nucleus depends on the 

magnetic field at its site, and since the local field due to neighboriDg spins varies from 

place to place throughout the sample there is a significant spread in the resonance 
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frequencies, resulting in broader lines. Hsc is the scalar interaction among the spins of 

the nuclei arising from an indirect coupling through the electron spins (the Fermi 

contact hyperfine interaction) called the spin-spin interaction, orJinteraction. Res is 
the chemical shift interaction due to a local field Bloc produced by a variation in the 

electron orbits in the strong external magnetic field. Ifl the absence of electronic 

paramagnetism the local field is diamagnetic, and we define a chemical shielding factor 

uas 

(2.2)Bloc = Do (1- u) 

In general, since the shift may depend on the orientation of the molecule with respect 

to the external field, the chemical shielding factor is a tensor 

U_ u>g u><t 

u=u.,.. u» u~. (2.3) 
u~ U:u u« 

In a powder sample the orientation of each crystal varies from crystal to crystal, with 

the effect that there is a continuous spread in the shifted lines and broadening occurs. 

Establishing a value for the chemical shielding tensor can be difficult, and in addition 

the value of the resonance frequency depends on the magnetic field. What is usually 

done is to calculate a chemical shift that is based on the frequency difference from a 

standard, and that is independent of the magnetic field. The reference substance 

usually has an extremely low Lannor frequency. The Larmor frequencies of the lH and 

13C in tetramethylsilane [!'MS, (CHl).Si] have proven to be slower than the 

frequencies of the same nuclei in most organic compounds, thus making TMS a very 

useful reference. The chemical shift is defined as 

6= v, - V,. x106 , (24)
V,. 

where V. and V. are the frequencies of the sample and reference. The units of 6 are 

parts per million (ppm). In the solution state 6= (uu + 0-22 +Ull)/3 = GISO, also known 
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as the isotropic chemicj shift. In solids this is not the case due to the lack of the 

averaging effect of molc.'EUlar motion. IH and 13C Larmor frequencies larger than the 

precession frequency f~ TMS correspond to positive values, but they imply weaker 

shielding fields. ThereflXe large ppm values mean weak shielding and vice versa. 

Hence the convention to reverse the direction of the x-axis in NMR spectra. 

The research describm. in this and the following chapter involved organic samples in 

which the protons form a spin system that is abundant and tightly bound by the 

homonuclear dipole-dipole interaction, and the 13C spin system is rare. What we mean 

by rare is that the natuar abundance of 13C is about 1.1 %. On one hand, this implies 

that we do not have to worry about homonuclear interaction among the 13C nuclei 

because these nuclei aresimply too far apart to interact. 13C nuclei, however, will 

interact vigorously with neighboring protons. On the other hand, the price we pay for 

the lack of homo nuclear interaction is that the sensitivity is greatly reduced. So 

reduced in fact that, wilIDut particular techniques that improve sensitivity and reduce 

the broadening brought about by the interaction we described earlier, an ordinary 

pulse Fourier transformNMR experiment barely produces a spectrum for rare spins. 

In Fig. 2.3a we see the -c spectrum of an hexamethylbenzene (HMB) sample 

obtained with 4 scans . .Ii broad line is barely visible above the noise. The shift is given 

with respect to the arbilrary frequency of 85.2266 MHz. What we need is to average 

the chemical shift and 'polar interaction to zero, and obtain only the isotropic 

chemical shift. 

Removal of dipolariDteraction: proton decoupling and MAS. Much of the 

linewidth of the broad ine of the rare 13C nuclei is due to the interaction with the 

more abundant proton spins. Proton decoupling is routinely used to remove the 

dipolar interaction between protons and 13C nuclei as weil as the I interaction, and it 

consists in inducing. transitions between spin-up and spin-down states of the 

protons by irradiating 6e protons at high rfpower during the data acquisition time. 

The effect contributedl,. decoupling is shown in Fig. 2.3b, where the spectrum of the 

same HMB sample spsttum now has a signal to noise ratio SIN == 20. 
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Another method that is very effective in dealing with the broadening effects of HD, 

Hsc> and Res is magic angle spinning (MAS). In the spinning NMR probe, the sample 

is caused to spin about an external axis forming an angle P with the direction of the 

external magnetic field. It can be shown (Slichter, 1996) that all of the interactions that 

cause the broadening of the line can be written in a form containing a factor (3 cos2p

1), where P is exactly the spinning angle we just introduced. When the angle p 
between the spinning axis and the external field is equal to 54.7" the factor (3 cos2p
1) reduces to zero and the broadening disappears. This angle is called the "magic 

angle". The spinning frequency must be comparable with the linewidth of the spectral 

line, and the effect of the spinning of the sample is analogous to the effect of rapid 

and random molecular rotation in a liquid sample. 

Fig. 2.3c shows the MAS 13C spectrum of the HMB sample obtained with 4 scans 

and by spinning the sample at 3.3 kHz. The spectrum has been phased in the 

frequency domain so that the main peak corresponding to the methyl group is 

symmetric. The line at about 110 ppm corresponds to the aromatic (benzene ring) 

carbons, and it is out of phase because the precessing frequency of the aromatic 

carbons is different from the frequency of the methyl carbons at -30 ppm. The other 

lines are spinning sidebands introduced by the spinning motion (Schatz and 

Weidinger, 1995). With MAS the signal-to-noise ratio is only about 11, but we are able 

to resolve the two different carbon groups. Finally Fig. 2.3d shows the HMB spectrum 

obtained with MAS and decoupling. Both peaks are resolved, and SIN == 37. 
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Fig.23. (a) HMB spectrum. (b) HMB spectrum with decoupling, SIN: 20. (c) HMB 
spectrum with MAS @ 3.3 kHz. SIN: 11. (d) HMB spectrum with MAS @ 3.3 kHz 
and decoupling, SIN: 37. 
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Spin Temperature and Spin-lock. We mentioned that due to the low natural 

abundance of 13C, nuclei the sensitivity of the NMR experiment is seriously 

compromised. Cross Polarization (CP) enhances the sensitivity, and in this section we 

will give a brief description of how CP works. Before we go into the details of CP, we 

need to introduce a couple ofuseful concepts, namdy spin temperature and spin-lock. 

These concepts have significance that goes beyond their application to CP. 

In analogy with what is done in thermodynamics. we want to think of the spin 

system as a collection of spins that can exchange internal energy via spin-spin 

interactions but are isolated from the lattice. In a characteristic time this system will 

reach a state of internal equilibrium, and the probability of finding the system in any of 

its energy levels is given by the Boltzmann distribution exp {-E/kT,}, where E is the 

energy difference between states, and T, is the spin temperature. During the time in 

which the spins are irradiated at their resonance frequency, more spins will tend to 

occupy the higher energy levds, and the probability of finding the system in the higher 

energy levels will grow larger. At this point we can choose to look at this time 

evolution as due to the fact that the spin temperature is increasing. By taking this 

reasoning to the next step, we can say that states with large longitudinal magnetization 

are characterized by low temperature. The spin temperature concept is useful in 

describing the cross-polarization process. During CP we prepare the proton spin 

system in a state with a low temperature (see next paragraph), and then we allow the 

rare spins to come into thermal contact with the cold abundant spin system. The rare 

spins will cool down, meaning that their magnetization will increase, and so will the 

sensitivity of the experiment Notice that this does not imply that the lattice 

temperature of the sample is getting colder. There is a second advantage in this 

strategy. Given the large heat capacity of the protons, the polarization transfer will also 

reduce the time required for the rare spins to replenish their longitudinal 

magnetization to the point where another FID can be measured. Again, the final effect 

here is that we can increase the rate at which we acquire data, and the sensitivity of the 

experiment will increase. 
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We mentioned that during CP we allow thennal contact between abundant and rare 

spins. During this time we need the protons to remain in their low-temperature 

polarization state. A 7f/2 pulse along the x-axis will bring the magnetization along the 

y-axis. We then change the phase of the rf pulse to make it collinear with the 

magnetization and we proceed to continuously irradiate the protons. In the rotating 

frame, the proton magnetization is locked in the direction of the rf field. We can 

quickly estimate the magnitude of the spin temperatures involved in this process. The 

proton magnetization is proportional to the excess number of spins in the lower 

energy levels in the external field Bo 

(2.5) 


where yp is the gyro magnetic ratio of the proton and TL is the temperature of the 

lattice. In the rotating frame this same quantity is given by 

N_'h 
- = exp[-hyp13qr/kI'sl (2.6)
N+'h 

where Bgfis the effective field in the rotating frame, and Ts is the spin temperature. A 

comparison between these last two expressions shows that 

(2.7) 

and, since Bgf « Bo, we have a large magnetization for the protons spin-locked in the 

rotating frame with a spin temperature much lower than the temperature of the lattice. 
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Cross-polarization. The 13C solid-state CP sequence is shown in Fig. 2.4. This 

sequence can be generated by the r.f. gating circuits in the CMX-340 spectrometer 

under computer control. 

1Cf2 
x-axis y-axis 

1epCatspin lock decoupJing 

contact time recycle time 
II 

time range 
II 

Fig. 2.4. Uc CP sequence. 

The sequence starts with a 90° pulse applied to the proton system and spin-lock. At the 

same time the proton spin system is locked, the 13C nuclei are irradiated at their 

resonance frequency in the external magnetic field. In the rotating frame the rare spin 

magnetization precesses about the direction of the effective field with an angular 

frequency given by 

(2.8)
CiJ1C = r c~c· 
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The proton spin system and the carbon can exchange energy, and the energy transfer 

will be more effective the more the characteristic energies of the two systems are 

matched. This translates into a condition for the relative intensities of the oscillating 

field amplitudes, known as the Hartmann-Hahn match (Hartmann and Hahn, 1962) 

(29) 

When the power levels obey this condition, resonance exchange of energy between the 

two spin systems can take place through a mutual spin-flip mechanism. The thermal 

contact will lead to a slight warming up of the proton spin system, and a considerable 

cooling down of the carbon spin system, due to the difference in the heat capacities of 

the two systems. The cooling down will cause the spin temperature of the carbon spin 

system to drop down to the same temperature as the proton spin system 

Since the spin temperature of the carbons by direct spin-lock would have been 

(211) 


this procedure has lowered the temperature of the carbon system by a factor ref rp = 
1/4. This means a theoretical increase by a factor of 4 in the sensitivity in a free 

induction decay resonance experiment of the carbon spin system. The time during 

which we allow thennal contact is called contact time, following which we tum off the 

carbon oscillating field and we observe the carbon free induction decay. 
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Materials and Methods 

Samples of 1,4-S [I] were obtained from the Universitiit Marburg in Gennany, in the 

foan ofa black crystalline powder sealed in glass ampula. The reason for keeping the 

sample sealed is that electric conductivity measurements show big changes after one 

day of exposure to the air. This could be a just a surface effect, and conductivity 

measurements are sensitive to surface effects at the electrical contacts. NMR is a bulk 

measurement and may not be affected by this effect. However, since samples were not 

readily available, we wanted to preserve them for as long as possible. We opted to seal 

our samples in a quartz cell that would closely fit the pencil rotor. This provides a 

good filling factor, but the strength of the glass can be a limiting factor, and caution 

must always be exerted when spinning. It is important that the cell has a symmetric 

seal, and we used silicon dioxide as ballast for smooth spinning. We developed a 

procedure for filling the cells. Starting with a long quartz tube, we put the sample into 

the tube in a glove box under argon atmosphere. The sample was cleaned from the 

walls of the tube and lightly packed with a q-tip, to prevent ignition during the sealing 

and insure the strongest possible seal. The tube was temporarily sealed with grease, 

taken out of the glove box and fitted into a vacuum line with Tygon ™ tubing. Finally 

the cell was sealed with a microflame while the bottom of the cell itself was kept cool 

in liquid nitrogen. The use of a sealed cell greatly reduces the size of the sample, 

thereby adding to the sensitivity problem we discussed before. 

13c CP/M.A5 with proton decoupling NMR measurements were in an 8-Tesla field 

of a superconducting magnet. The samples were spun at 7.5 kHz in a 5-mm pencil 

rotor. The spectra were acquired at a frequency of 85.5859 MHz, with 1-ms contact 

time , which is a fairly typical value for this type of compounds, and a 500-ms recycle 

time. In order to prepare the spectrometer for proton decoupling and CP we followed 

the procedures outlined in chapter 2 of the User's Guide (() Getting Started onyour 

Chemagnetics CMX Sper:trrJmeter, and Chapter 1 of the CMX Spectrometer Rgerence Manlll1i 
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/ 

available for reference in the lab. Chemical shift is reported relative to 

tetramethylsilane (TMS). 

Results and Discussion 

Spectra and assignment of the peaks. The spectrum in Fig. 2.5 shows three peaks 

located at 132, 136 and 78 ppm respectively. The more intense peak at 136 ppm can 

be reasonably assigned to the four carbons connected to the hydrogen atoms in the 

ring. The peak at 132 ppm is attributed to the two carbons in the ring that share a 

bond with the dithiadiazolyl radical. The higher ppm value for both peaks when 

compared to the aromatic peak in HMB (110 ppm) indicates a weaker shielding. The 

peak at 78 ppm is assigned to the carbon in the dithiadiazolyl ring. 

136 ppm 

132 ppm 

78 ppm 
spinning sideband 
I spinning sideband 

« , I « , « , f • , , , I , I , I , , , • I , , • , I, , « , I . , , , I , •. ,I I 

225 200 175 150 125 100 75 50 25 

Chemical Shift (ppm) 

Fig. 2.5. 1,4-S[1] spectrum with CP, decoupling and MAS @ 7.5 kHz. 
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Variable temperature measurements. Two attempts at measuring the temperature 

dependence of shift and lineshape of the specttallines in 1,4-S [I] were made. The 

spectra are the result of7,200 acquisitions. Fig. 2.6 shows how the peak at 78 ppm is 

suppressed as the temperature is lowered No appreciable change in the features of the 

other lines is noticeable over the course of these three runs. 

The second set ofmeasurements was taken using a different sample in similar 

experimental conditions. Fig. 27 shows that the peak at 78 ppm is somewhat 

depressed in the 273 K run, and it seems to be shifted in the room temperature run. 

The peak is suppressed in the other runs at lower temperature. NMR signals usually 

improve as the temperature is lowered, so the fact that this peak vanishes at lower 

temperature is quite interesting, especially when we consider that the conduction 

electrons in this material are probably located on the diradical units. One can speculate 

that since the spin-lattice relaxation time (see Ch. 4 for an introduction to the spin

lattice relaxation time) is inversely proportional to the electron spin correlation time, 

the signal intensity will decrease when the correlation time becomes longer and longer. 

The data therefore suggest that the correlation time may be increasing as the 

temperature is reduced toward 200 K where the electronic transition occurs. 

We mentioned that this sample is different from those used to obtain the spectra in 

the previous figures. A feature at about 91 ppm in the runs at 293 K and 273 K, and 

tends to be suppressed at lower temperatures. This feature it is not present in Fig. 2.5., 

and it could have been introduced by impurities present in this particular sample 

In Fig. 2.7 we notice a slight shift toward negative frequency of the dominant peak 

in the region where the electronic phase transition is supposed to occur. The shift is 

shown in Fig. 28. This could be an indication that the carbons on the ring are weakly 

coupled to the conduction electron, and further variable temperature measurements of 

the shift could be used to investigate the behavior of the magnetic susceptibility as a 

function of temperature. 
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T =253 K 

T =273 K 

T = 293 K 

180 160 140 120 100 80 60 

Chemical Shift (ppm) 

Fig. 2.6. 1,4-S[1] spectrum vs. temperature. First set of meallt"ements. The 
peak in the 80 ppm region is suppressed as the temperatuIris lowered. 
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Fig. 2.7. 1,4-S[1] spectrum vs. temperature. Second set of measurements. The 
peak in the 80 ppm region is suppressed as the temperature is lowered. 
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Fig.2.B. Shift of the 132-ppm peak vs. temperature. Inset shows a more 
detailed view of the shift. 

Summary 

High resolution 13C NMR can probe carbon atoms located on the benzene ring and 

on the radical units. 13C in 1,4-S [1] is a rare, spin-1/2 isotope with very strong dipolar 

coupling to the proton spins. The natural consequence of this is low sensitivity and 

broadening of the spectral lines. In this chapter we have described proton decoupling, 

magic angle spinning and cross-polarization, and we have shown how these techniques 

make it possible to obtain a 13C spectrum of 1,4-S [1]. The assignment of the peaks 

needs to be confirmed. One way to do this would be using dipolar dephasing, a 

technique in which decoupling is suppressed during the data acquisition of an NMR 

run. Since decoupling is more effective for narrowing spectral lines of carbon nuclei in 
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proximity of protons, the linewidth of the signal coming from these carbons would 

suffer, and their line would be positively identified. We have also shown the 

preliminary results of variable temperature measurement on the same compound. In 

the first set ofdata, there might be an indication that the peak in the SO-ppm region is 

sensitive to changes in temperature. In the region of temperature where the transition 

from the non-metallic to the metallic state occurs, we have detected a small shift of the 

132-ppm peale It would be desirable to investigate this further. 
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Abstract 

We have explored the use 13C CP/MAS NMR. techniques on samples of ''litter'' 

coming from the TERA facility at the Corvallis EPA. A study of the decomposition 

process occurring in soil organic matter (SOM) under different climate conditions can 

provide information about the effects ofglobal warming on the global carbon cycle. 

NMR has proven to be a non-destructive method for looking at the complex 

structures present in SOM. In the next paragraph we describe how global warming can 

affect the global carbon cycle. Next we describe the information that high-resolution 

llC cp/MAS NMR on SOM provides. Finally we report preliminary results that allow 

us to look at the changes in the relative proportions of the alkyl (0-50 ppm, Cn~+J, 

O-alkyl (50-110 ppm), aromatic (110-160 ppm), and carbonyl (160-220 ppm, CO) 

carbon groups during decomposition occurring in four different type of controlled 

climate environments in the Terracosms. 

Background of the Project 

Global Warming and the Carbon Cycle. The sun is the primary source of energy 

for the earth and it can be viewed as a black body emitting radiation with a broad 

distribution ofwavelengths centered at about 550 nm, and extending from about 150 

nm to 5000 run. The surface of the earth absorbs part of the radiation that penetrates 

the atmosphere and the clouds, thereby increasing the average temperature at its own 

surface to about _180 C. In addition, the earth emits part of the energy absorbed from 
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the sun with a black body radiation spectrum centered at about 14,000 nm, and 

extending form 4000 nm to 100,000 nm. In the atmosphere surrounding the earth 

there are a number of radiatively important trace gases [CO:z, CH., N 20, 0 3 and 

chloro-fluorocarbons (CFCs)] which absorb some of the energy emitted from the 

earth, and this brings the average surface temperature to approximately 15° C. This is 

what is known as the greenhouse effect. 

Studies of the gases trapped in glacial ice reveal that the concentrations of 

radiatively important trace gases (RITGs) have been constant throughout the ages. 

Since the beginning of the industrial revolution there has been an observable and very 

rapid increase of the concentrations of all the RITGs. More RITGs enhance global 

warming, and the dynamics of this scenario are not known. This has alerted scientists, 

politicians and citizens all over the world to the possible effects ofglobal wanning. 

Global warming is going to alter temperature and the concentration ofgases that are 

important to plant life cycle. One of these gases is CO:z, and we know that CO2 is 

important for plants' respiration, transpiration, growth, and processes that occur in 

soils. 

There are four reservoirs of carbon on earth: the oceans, the terrestrial system, the 

atmosphere and the geological reservoir. The terrestrial system includes vegetation, 

soils, and the geological reservoir contains fossil and mineral carbon like oil, coal, and 

natural gas. Carbon is constantly exchanged among these four reservoirs, giving rise to 

a global carbon cycle. Over two thirds of all the terrestrial carbon is stored in soil and 

in partially carbonized vegetable matter known as peat, making soils the largest 

terrestrial reservoir of carbon. One of the concerns is that global warming will affect 

the global carbon cycle because of the role that CO2 plays in processes like respiration 

of plants, photosynthesis and decomposition of organic matter, which ultimately 

determine the amount of carbon stored in the terrestrial reservoir. 

A similar concern exists for changes in temperature. Temperature is important for 

photosynthesis, respiration of plants, the processes that determine size and 

proportions of plants, and how vegetation is distributed on the earth. These are all 
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factors that contribute to the determination of the amount of carbon stored in the 

terrestrial reservoir. Global warming causes an increase in temperature, and hence we 

have the concern that global warming will affect the global carbon cycle. 

Utter Decomposition Study at TERA.. The Global Change Research Program at 

EPA-Corvallis built the Terrestrial &ophysiological Research Area (fERA) to 

simulate and investigate the effects of elevated CO2 and climate change on plants. 

Douglas fie seedlings grow in 12 experimental chambers called Terracosms. 1ERA is 

designed to have a life-span of20 years or more, and in each Terracosm local changes 

in air temperature, ambient CO2 and dew point are continuously monitored Twelve 

Terracosm chambers are covered with Teflon film and two additional chamberless 

Terracosms are also present as control units. Fig. 3.1 on the next page shows the 

layout ofTERA, and the treatments assigned to each Terracosm. Ambient conditions 

are indicated by the capital letter A, elevated conditions are indicated by an upward 

pointing arrow (t). 

The type of SaM we studied is known as litter layer. litter is broadly defined as any 

type of plant material that is not attached to the plant. Leaves, twigs, seeds, pods, bark 

are all examples of litter. Litter falls to the forest floor and immediately becomes an 

important component of the forest nutrient cycle. A large proportion of fine roots is 

found in the litter layer, where a lot of microbial and animal activity also takes place. 

We define as upper litter the topmost layer of litter in which plant material is still 

recognizable. Toward the bottom of the litter layer we find highly decomposed 

material that looks pulverized, and we refer to it as lower litter. The Douglas fie 

seedlings in each Terracosm did not provide their own litter and soil. Soil and litter 

were collected in one of the EPA field sites in the Cascades. At the site the litter layer 

was 6 em thick with about 4 em of slightly decomposed material on top of 2 em of 

highly decomposed material. The litter layer was collected, mixed up, and used to form 

a 6-em layer in the Terracosms. Enough litter was collected to be able to add to the 

T erracosms every time the litter layer in the chambers is less than 3 em thick. 
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Decomposition processes take about two years to tum upper litter into lower litter, 

and they are supposed to be influenced by temperature and ambient conditions. An 

NMR study of the upper and lower litter layer in each T erracosm i;S expected to reveal 

the differences in the decomposition pathways as climate treatments differ from 

chamber to chamber. We have applied 13C Cp/MAS NMR methods described in the 

previous chapter to SOM coming from the first four of the Terracosms. Chamber 1, 

(f1), is one of the control chambers, chamber 2, (1'2), has seedlings growing with a 

treatment ofambient temperature and ambient COlo chamber 3, (f3), has elevated 

CO2 and ambient temperature, and chamber 4, (f4) has elevated CO2 and elevated 

temperature (+4°C). 

13C NMR Applications 

In this section we present the information that can be extracted from the typical 

spectrum obtained with high-resolution techniques. Due to the challenging 

characteristics of SOM, NMR has been applied to SOM only in the past 15 years. 

SOM samples are usually solids or some intermediate state, like colloids or gels. They 

are heterogeneous, very dilute, and structurally complex. NMR on SOM has become 

possible only after high-field superconducting magnets have become available, and 

CP/MAS methods for increasing resolution and sensitivity have been developed. In 

this research we focussed on 13C NMR, but in SOM there are a number of other nuclei 

that are suitable for NMR, such as ~ 1~, 23Na, Z7AI, 29Si, and 31p. NMR can be used 

to probe organic and inorganic material, it can be applied directly to whole soils, and it 

has the advantage of conserving the sample for further work. The work we describe 

here was the first attempt analyzing SOM in our lab, and the results we have obtained 

are very encouraging, but they are only preliminary and partial at this point. 
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Fig. 3.2 on the next page is an example of the type of information that NMR can 

provide for soil scientists. In the left column in Fig 3.2 we show NMR data relative to 

upper and lower litter samples collected in chamber 13 under ambient temperature 

and COl' The technique used to obtain the spectra is similar to that described in the 

previous chapter. The samples were spun at 6 kHz in a 5-mm pencil rotor. The spectra 

are the result of 7200 scans with 1-ms contact time, 500-ms recycle time. On the x

axis we report the chemical shift in ppm with respect to TMS. We can distinguish 

carbon nuclei contained in different chemical structures by looking at the chemical 

shift values, since each chemically distinct type of carbon has a characteristic chemical 

shift value. However the carbon chemistry of SOM is so complex that it is not usually 

possible to identify specific compounds. The spectra in Fig. 3.2 have been divided into 

four spectral regions corresponding to alkyl (0-50 ppm, CnH 20+J, O-alkyl (50-110 

ppm), aromatic (110-160 ppm), and carbonyl (160-220 ppm, CO). Detailed lists of 

solid-state 13C NMR chemical shift values ofcarbon atoms contained in many known 

chemical structures are available (Wilson, 1987; Duncan, 1986). Within each region the 

chemistry of the carbon atoms is similar, and the name given to each region indicates 

the dominant form of carbon. 

After obtaining the spectra we have calculated the proportion of a dominant type of 

carbon by integrating the signal intensity contained in each chemical shift region, and 

normalizing to the total intensity. The bar graphs to the right of each spectrum offer a 

graphical representation of this information. Frequencies outside the range of interest 

are not included in the graphs. We want to mention that in our graphs the portion of 

the spectrum between 220 and - 50 ppm usually sits on a broad background, and the 

baseline is raised accordingly. 

A comparison between the relative intensities of the different carbon groups can give 

insight on what happens during decomposition. A good example of how the chemical 

shift can elucidate the chemistry of decomposition can be found in the work of 

VanderHart on long chains made of polymethylene (VanderHart, 1976), where he 

showed that the chemical shift values of the terminal CHl carbon, the CHl carbon 
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Fig. 3.2. tlC CP /MAS with proton decoupling NMR spectra ofupper litter 
(f13LIU05796) and lower litter (T13LIL05796) from Terracosm 13 at ambient 
CO2 and ambient temperature. The bar graph to the right ofeach spectrum 
represents the integrated area of the four regions of the spectrum to their left. 
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adjacent to CH3 , and the (~)tl carbon in a polymethylene structure were 17, Zl, and 

35 ppm respectively. Signals having chemical shift values in the vicinity of 30 to 35 

ppm are thus ascribed to alkyl carbon in long chain polymethylen~ (C~)tl. A decrease 

in the chemical shift of this signal towards 25 ppm indicates a reduction in the amount 

of long chain material and an increase in short chain material. Without going in any 

further detail, the point we want to make here is that the evolution of the peaks in the 

spectra from the upper litter (undecomposed plant material) to lower litter 

(decomposed SOM) can help understand the chemistry of decomposition. 

There are three issues that need to be considered if one wants to extract quantitative 

information from these type ofgraphs. First of all cross-polarization sequences are in 

general more efficient for carbons in close proximity to protons. Cross-polarization 

occurs over a time, to called contact time (1 ms in our experiments). During this time 

the polarization of the carbon spins increases while spin-lattice relaxation processes 

tend to deplete the same polarization. These two processes occur at different rates. We 

define the rate ofgain of polarization l/Tau and the rate ofloss of polarization 1/T1p> 

where T CH is the time interval over which cross-polarization takes place, and T1P is the 

proton spin-lattice relaxation time in the rotating frame. For a solid that is 

homogeneous at the molecular level there is a unique TIP. For a solid that consists of 

domains of different structures there is a different TIP for each type of domain. Also, 

TCH is shorter for carbons linked in open chains rather than in rings. The contact time 

of the experiment should satisfy the condition 

(3.1) 


and tc must be appropriately chosen. One way to estimate the correct tc is to run a 

series of spectra with different values of tc and see how the intensities of the signals 

arising from different regions of the spectra are affected. The value of the proportions 

of each type of carbon obtained in the final run can be corrected to the theoretical 

intensity (\Vdson, 1987; Kinesch et al., 1995). 
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N ext we need to make sure that spinning sidebands are not included in the window 

of frequencies covered by the spectrum. There are two solutions to this problem. One 

is having the capability to spin fast enough to push the sidebands outside the 

frequency window of the spectrum. In our experiments a spinning speed of 6 kHz \WS 

enough to eliminate this problem. The second solution is to go to lower applied 

external fields, 2 T - 25T for camon. In this case the sensitivity of the experiment is 

gready reduced. 

Finally, ifa carbon sits close to a paramagnetic center the electron spins reduce the 

spin-lattice relaxation rate of the proton so much that there is no time to transfer 

polarization to the cam on and that carbon is not observed. Iron (Fe3
) is very 

common in soils and it acts as a paramagnetic center. If the paramagnetic centers are 

localized, the sensitivity of certain functional groups is reduced, otherwise the 

sensitivity of the whole spectrum might be affected. Several researchers have 

investigated this problem, and more research is needed (Skjemstad et al., 1997). 

Materials, Methods and Discussion 

The top layer of the litter in the Terracosms was collected as upper layer, and the 

layer lying 4 em below the top \WS collected as lower layer. Litter samples were freeze 

dried and ground to a powder. 13C CP/MAS with proton decoupling NMR 

measurements were in an 8-Tesla field of a superconducting magnet. All of the 

samples were spun at 6 kHz in a 5-mm pencil rotor. The spectra are the result of 1200 

scans with 1-ms contact time, SOO-ms recycle time. The chemical shift is reported 

relative to TMS. 
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In Fig. 3.3 we show data coming from the control chamber Tl. A comparison of the 

bar graphs in the left column shows that there is a decrease in the ratio of O-alkyl to 

alkyl carbon, while the rest of the spectrum corresponding to aromatic and carbonyl 

carbon remains unchanged. There is no appreciable shift of the dominant peaks of the 

spectrum. In Fig. 3.4 we show data from chamber 1'2 at ambient temperature and 

ambient CO2• We notice a loss in the ratio ofboth the O-alkyl and alkyl carbon to the 

aromatic and carbonyl regions of the spectrum. We notice a shift to higher values of 

chemical shift in the peak in the O-alkyl region, and the peak in the alkyl region. In 

Fig. 3.5 we show data from chamber T3 at elevated CO2 and ambient temperature. 

The proportions of alkyl and aromatic carbon do not change, and there is an increase 

of the carbonyl carbon at the expenses of the O-alkyl carbon. We also notice a slight 

shift to higher chemical shift values of the peak in the O-aJkyl region. In Fig. 3.6 we 

show data from chamber T4 at elevated temperature and elevated CO2• There is a 

reversal of proportion between O-alkyl carbon and alkyl carbon. O-alkyl carbon 

increases slightly, while alkyl carbon decreases quite dramatically. The largest gain 

occurs in the carbonyl region and the aromatic region gains moderately. 

The spectra shown in Fig. 3.3 - 3.6 show a low signal-to-noise ratio (SIN). The 

information we can gather from the data is only qualitative at this point, and 

identifying trends like we just did in the previous paragraph is all we can do. The major 

reason for this state of things is that the signal from 13C is extremely weak:, and the 

acquisition ofa good spectrum requires a massive amount of acquisition. In particular, 

we have had some problems with our spectrometer that have reduced the SIN by at 

least a factor of two. In order to gain back that factor of two, the number of 

acquisitions has to increase by a factor of four. The quality of data will improve when 

the spectrometer problem is solved. 
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Fig. 3.3. 13C CP/MAS with proton decoupling NMR spectra of upper litter 
(f1LIU06997) and lower litter (f1LIL06997) from the chamberless control 
Terracosm 1. The bar graph to the right ofeach spectrum represents the 
integrated area of the four regions of the spectrum to its left 
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Fig. 3.4. 13C cp/MAS with proton decoupling NMR spectra ofupper litter 
(f2LIU06997) and lower litter (f2LIL06997) from Terracosm 2 at ambient 
CO2 and ambient temperature. The bar graph to the right of each spectrum 
represents the integrated area of the four regions of the spectrum to its left 
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Fig. 3_5. 13C CP/MAS with proton decoupling NMR spectra ofupper litter 
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Summary 

In summary, we have described how 13C CP/MAS NMR can provide a non

destructive method for observing the evolution of complex organic structures during 

decomposition in litter samples. We have produced qualitative results that allow us to 

compare the relative proportions of different carbon groups in litter sample at 

different stages of decomposition, and outlined the steps that we need to take to make 

NMR on SOM more quantitative. 
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Abstract 

Thin films of CuAlOz (copper aluminum oxide) have been reported to be optically 

transparen~ p-type conductors, having room-temperature conductivity up to 1 S em-1
• 

CuAlOzhas delafossite structure with axial symmetry. For the copper nuclei (spin = 

3/2), the electrical interaction between the nuclear electric quadrupole and the gradient 

of the electric field broadens the spectrum of the central Zeeman transition (111 =1/2 

t+ 111 = - 1/2). An NMR investigation at 8 T on 63Cu and 65Cu in CuAlOzhas revealed 

a spectrum for the central transition ofeach isotope that is a few megahertz wide 

(4.633 MHz and 3.69 MHz respectively). Sharp singularities appear at 87.122 MHz 

and 91.755 MHz for 63Cu, and at 97.79 MHz and 94.1 MHz for 65Cu. The values of 

the spin-lattice re1axation time Tl were deduced from the curves describing the 

recovery of the longitudinal magnetization. The ratio of the relaxation times for the 

two isotopes was found to be 65Ttf63T,. =1.15, suggesting that energy transfer from 

the nuclei to the lattice happens via electric quadrupole interactions. Our data seem to 

be consistent with a density of states at the Fermi level in CuAlOzthat is about 10% of 

the same quantity in copper metal. 

Introduction 

Transparent conductive oxides (fCO). TCO combine high optical transparency 

and electrical conductivity. These two properties are usually considered mutually 

exclusive, as transparency relies on the existence of band gap larger than 3.18 e V and 

corresponding to a wavelength of 390 nm which is beyond the limit of visible light. 

The interest in developing p-type TCO arises from the fact that recently several n-type 

TCO have already been discovered, and a combination of the two types of conductors 

could open the door to a range of new applications. In the'literature, (Kawazoe et al., 

1997), CuAlOz has been reported to be a p-type TCO having a room temperature 
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conductivity up to 1 S em-t 
• Samples ofCuAl02 have been produced at OSU by 

thermal co-evaporation and rf magnetron sputtering. Sputtered samples are highly 

transparent in the 300 - 800 nm wavelength range, with a peak in the transmittance of 

about 70% at 640 nm, but they have a large resistivity (Dimitrova et al., 1999). 

We have carried out an NMR investigations with the purpose of measuring and 

comparing the values of the spin-lattice relaxation time Tt for the two isotopes of 

copper, 63Cu and 65Cu. 

Theory 

Electric quadrupole interaction and its effect on NMR spectra. The theory of 

the quadrupole effects in NMR is treated in many review articles (Carter et al., 1977). 

Consider a nucleus of atomic number Z whose total electric charge Ze is distributed 

over the nuclear volume with a density ~x) at the point x. Let Vex) be the electrostatic 

potential arising from all charges other than those of the nucleus under consideration. 

We are interested in the part of the Hamiltonian that depends on the orientation of 

the nucleus, and which contributes to the spin dependent effects involved in the 

hyperfine structure. Such a Hamiltonian can be written as 

(4.1) 


Here both ~ and V ~ are second rank tensors, known as the quadrupole tensor and 

the field gradient tensor respectively. The electric charges in the nucleus precess very 

rapidly about the direction of the nuclear spin, and thus the external charges interact 

only with the time average of the nuclear charge distribution, which is cylindrically 

symmetric about the nuclear spin. This semi-classical picture allows us to reduce the 

number of components of the quadrupole tensor, and to simplify the form of the 

Hamiltonian. By symmetry, the time-averaged quadrupolar components then are ~ = 
oforj~ Ie, Qu=~. But ~t+ ~+ Q,3 =0, so that all quadrupole moments can be 
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expressed in terms of ~ referred to the spin axis. The field gradient tensor Vjt is 

defined as 

- ifv __ OEaVjt - - .
Ux '/)xL Ux. (4.2)J" J 

From this definition we see that the nuclear electric quadrupole interacts with the 

gradient of the electric field at the nuclear position. V it is symmetric and V2V =0 at 

the nuclear site, and, as a consequence, its components are not all independent. Ifwe 

move to the set of principal axes, the number of independent components is reduced 

to three, and these three components must obey the Laplace equation. Thus only two 

parameters are sufficient to specify the field gradient in the principal axis system. An 

appropriate choice of the orientation of the principal axes system makes it possible to 

define two parameters eq and 11 as 

(4.3) 

(4.4) 

The parameter eq is used to describe the electric field gradient (EFG), and the 

parameter 11 is called the asymmetry parameter. Crystals of CuAl02 have 11 = 0 due to 

the axial symmetry of their structure. In the high-field case in which the quadrupolar 

energy ~ is small compared to the magnetic energy HM = - J.1 • Do of the nucleus in 

the applied field, we may treat ~ as a perturbation. A small quadrupole interaction 

shifts the magnetic energy levels, splitting the magnetic resonance line into its 2I 

components. The quadrupole frequency 
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2 

v = 3e qQ (4.5)
Q 21(21 -1)h 

is a measure of the strength of the quadrupole interaction and it can be detennined 

experimentally. Fig. 4.1 shows the effects of the quadrupole interaction for a single 

spin-3/2 nucleus. When only the interaction with the extemal magnetic field is 

considered (a), there are 2I + 1 =4 equally spaced energy levels, so that there is one 

resonance line at the Lannor frequency v. To first order in the quadrupole interaction 

the central transition is not shifted, and the transitions that are shifted are called 

satellites (b). They are symmetrically disposed about the central resonance line in pairs 

corresponding to the transitions 3/2 4+ 3/2 - 1, and - (3/2 - 1) 4+ - 3/2. To second 

order in the quadrupole interaction (c), the central component is shifted with respect 

to the Larmor frequency Vo by an amount V, and the satellites are pushed further out 

from the central line. 

-3/2 

-1/2 
C 

~...-............ 

-----._------

1/2 -------.... _--

3/2 _...-----_.. --_... 

IBAI C~ I
 
v v 

0 0 

(a) (b) (c) 

Fig. 4.1. (a) Unperturbed Zeeman levels for a spin-3/2 nucleus. (b) First-order 
corrections in the quadrupolar interaction. (c) Second-order corrections in the 
quadrupolar interaction. 



53 

The frequency shift depends on the angle between the crystal symmetry axis and the 

external field. 

(4.6) 

where e is the angle between the crystal symmetry axis and the applied external field. 

Due to the random distribution ofcrystal axis orientations in a powdered sample, the 

spectral line corresponding to the second-order central transition is broadened into 

what is known as a powder pattern. For the case of a symmetric field gradient, the 

central component in the second-order pattern is illustrated in FIg. 4.2 

Fig. 4.2 Second-order powder pattern spectrum, central transition. 

The frequencies vand V 
U correspond to evalues such that cos2 e =0 and 5/9 

respectively. Powder pattern curves for a sample can be reproduced experimentally. 

Once the frequencies of the two singularities VI, vn and Liv = v I
_ vn are determined, 

it is possible to calculate the shift K from the Lannor frequency of the unperturbed 



spectrum, the quadrupole coupling constant, and the true resonance center frequency 

Vo~ according to: 

Vo -v.(
K=--~, 

(4.7)v~ 

iqQ
--= 27713../VoAv. 

h (4.8) 

(4.9) 

The values of the gyromagnetic ratio for the two copper isotopes 63Cu and 6SCU are 

11.285 MHz/T and 12089 MHz/T, and it is possible to observe one second-order 

powder pattern for each isotope. 

Spin-Lattice Relaxation Mechanisms. In metals, the magnetic hyperfine fields of 

the conduction electrons give rise to a considerable shift of the spectral lines and 

provide a strong mechanism of spin-lattice relaxation. The shift is caused by the 

polarization of the conduction electrons by the magnetic field. Relaxation is due to 

fluctuations of the local hyperfine field. Since the conduction electrons have a 

magnetic interaction with the nucl~ the latter see an extra field &-I and so resonate at 

different frequency. The resulting shift can be written in general as the sum of several 

contributions: 

K =L(a,X, +a.z.) (4.10)..... 
where Z. and Xo are the Pauli spin paramagnetism and the orbital paramagnetism 

respectively. Here we make the assumption that there is no spin-orbit coupling. The 

coupling coefficients a. and ao depend on the wave functions of the electrons. In 
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(4.12) 

general we will have contributions from each partially filled band and the summation 

runs over all of these. In the present case we will consider the case of a simple metal 

in which there is only one partially filled band and the orbital term in Zo can be 

neglected. Ifwe consider a nucleus surrounded by a cloud ofconduction electrons in a 

magnetic field H, the magnetic moment density at a point P identified by the vector r 

is given by 

(4.11) 

where ¢i..r) is the electronic wave function normalized over an atomic volume n. The 

field in the direction ofH produced at the nucleus by the polarization of the electron 

1S 

where ris the distance of the point P from the nucleus, f) is the angle the between the 

field H and the vector r, and OF indicate an average over the Fermi surface. In order to 

eliminate the possibility that the integral be indeterminate, it is customary to exclude a 

sphere in the immediate neighborhood of the nucleus from the integration. The 

contribution to the electron density inside this sphere is 

Mi~ = 8: Hz,n(l¢(ot)p (4.13) 

This contribution is known as contact interaction and it is important because 

conduction electrons frequently have wave functions of type s that peak at the origin. 

Consequently &-I~ tends to be the dominant contribution to the extra field at the 

position of the nucleus, and what is left of the integral is then known as the classical 

dipole interaction. 



Assuming that we have only contact interactions from one band, the relaxation time 

Tl is given by: 

(4.14) 

The inverse proportionality of T,. to the temperature, T, is a very general characteristic 

of spin-lattice relaxation in metals, but here we want to call the attention to the fact 

that T1 is inversely proportional to the square of the nuclear gyromagnetic ratio y. In 

addition for metals the metallic shift K, the spin-lattice relaxation time and the 

temperature are related by the Korringa relationship 

(4.15) 

Nuclear spin-lattice relaxation by conduction electrons is usually of magnetic origin. 

In addition to that mechanism, spin-lattice relaxation can occur due to the interaction 

of the nuclear electric quadrupole moments with fluctuating electric fields produced by 

lattice vibrations. Van Kranendonk developed the theory of quadrupolar relaxation by 

lattice vibrations (Van Kranendonk, 1954). According to this theory the Hamiltonian 

of the quadrupolar interaction ~ is a function of the distances between a given 

nucleus and the other atoms capable of producing an electric field gradient at the 

nucleus. If there are vibrations in the lattice, the Hamiltonian Hq is a function of the 

small displacements of the ions from their equilibrium positions in the lattice, and ~ 

can be expanded in a Taylor series about the lattice equilibrium position 

H - H (0) +H (1) +H (2)
Q- Q Q Q' (4.16) 

where ~(O) is the static part of the quadrupolar Hamiltonian responsible for the shift 

in the Zeeman energy levels. The term ~(1) involves the vibrational displacements to 
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the first power, and gives rise to relaxation processes only for those vibrational modes 

whose frequencies are equal to the Lannor frequency. These are direct processes in 

which the nuclear spin flips as a phonon loses or gains energy, and since the Lannor 

frequency is in the radio frequency region of the phonon spectrum these process are 

very rare. On the other hand, the term ~(2) involves the vibrational displacement 

quadratically, and these terms contains the difference in the vibrational frequencies. 

These are the so-called Raman processes in which the nuclear spin flips while one 

phonon loses energy and another one gains energy. What counts in this case are the 

energy differences among all vibrational modes, and this process dominates the 

nuclear relaxation. 

The relative importance of the magnetic and electric interactions in producing 

relaxation can be tested when looking at copper, because more than just one copper 

isotope is available. On one hand, as equation (4.14) shows, when the spin-lattice 

relaxation occurs via conduction electrons, Tl is inversely proportional to the square of 

the nuclear gyro magnetic ratio. On the other hand, when the relaxation occurs via 

electric quadrupolar mechanisms, Tl is inversely proportional to the square of nuclear 

quadrupole moment ~ and we refer the reader to the 1957 paper by Mitchell, where 

there is an example of the calculation that leads to this result (Mitchell, 1957). This 

implies that, ifwe form the ratio 6STtfer1 , we can find that either 

"T, =(Q..J=1.17 (4.17) 
~ ~ 

or 

=OB7 (4.18)"T, =(r"J 
~ r6S 

dependending on wheather the relaxation is magnetic or quadrupolar. We see then 

that a measurement of the ratio of the relaxation times 6ST1/ 
63T1 will nicely 

discriminate between the two relaxation processes. 
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Saturation-recovery techniques for Tl measurements.The relaxation time Tl is 

a parameter that can be detennined experimentally by recording the return to 

equilibrium of the longitudinal component of the magnetization after a suitable 

sequence ofRF pulses. In the case of copper in CuAl02 , due to significant quadrupole 

broadening, only the central transition with Lim =± 1/2 is observable. The master 

equation that gives the time evolution of the populations of the energy levels is 

where 1/1/2(0) and 1/3/2(0) represent the deviation from the equilibrium popUlations of 

the spin states available to the system (Clark, 1961, p. 108), and w,. and W2 the 

probability of the transitions with Lim =± 1 and Lim =± 2 respectively. The anti

symmetric condition, 1/p = -1/-p, ensures that the solutions for the remaining energy 

levels can be obtained from the two equations given here by simply changing the sign. 

The values of the coefficients in square brackets represent the initial conditions, and 

they are determined by how the system is prepared prior to the relaxation of the 

populations of the spin states. We used a saturation-recovery pulse sequence, and 

because of the broadening we were only able to saturate the 111 = ± 1/2 levels and left 

the populations of the 111 = ± 3/2 levels unperturbed. This implies that T/±3/2(0) are 

null, and 

n (0) = +- No (E±1I2)
·'±1/2 4 kT (4.20) 

where No is the total number of spins and E±t/2 is the energy of the 111 =± 1/2 levels. 

The values of the transition probabilities WI and W2 are determined by the quadrupole 

interaction, and they determine the relaxation time for each transition. The master 

equation therefore reads: 

(4.21) 
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Quadrupolar echo pulse sequence and saturation-recovery pulse sequence for 

Tl measurements. One consequence of the broadening of the central line is that the 

free induction decay occurs very rapidly and it is hard to capture. One way to observe 

the signal is to use echo techniques (Fig. 4.3). A quadrupolar echo pulse sequence 

consists of two 1C/2 pulses separated by a time interval called the pre-refocus time. 

The first pulse brings the magnetization in the x-y plane, and during the pre-refocus 

time the spins are allowed to dephase. The second pulse is 90° degree out of phase 

with respect to the first one and refocuses the spins. After a time interval an echo is 

observable. The sequence is shown in Fig. 4.3.a. 

pw pw 

~ 
"echo" 

(a) 

saturating comb pw pw 

( ) 

A't
2 

Fig. 4.3. (a) Quadrupolar echo pulse sequence. (b) Quadrupolar echo pulse 
sequence with initial saturating comb used in the Tl measurements. 
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The curves that portray the recovery of the longitudinal magnetization were 

obtained with the saturation-recovery method. The pulse sequence (Fig. 4.3.b) starts 

with a saturating comb of 16 pulses. Looking at the amplitude of the echo for 

increasing values of the pre-refocus time affords a quick estimate of Tz• Setting the 

time interval between saturating pulses in the comb equal to about 2Tzallows to obtain 

the phase loss typical of saturation with the least possible number ofpulses and 

therefore reducing accumulation ofheat in the sample. After the end of the saturating 

comb the longitudinal magnetization starts its recovery, and in order to capture the 

rate of the recovery a snapshot of the magnetization is obtained with a regular 

quadrupolar echo sequence at different intervals of time 'f'z after the end of the 

saturating comb. 

Materials and Methods 

The sample of CuAlOzwas prepared by mixing alumina (AlZ03) and cuprous oxide 

(CuzO) in the correct stoichiometrical ratio and ground in a mortar. The mixture was 

sintered at 1200 °c in air for 24 hours, and quenched immediately after to yield a black 

crystalline powder. 

The NMR measurements were obtained on a CMX-360 spectrometer operating at 8 

T. A five-tum, 2.3 em-long, silver coil was used for 63Cu, and the same coil, stretched 

to 4 cm, was used for 6SCU. The resonance frequency for 63Cu and 6SCU in the 

reference compound copper chloride at 8 T are 89.988 MHz and 96.397 MHz 

respectively. The room temperature spectra of 63Cu and 65CU were reconstructed by 

acquiring a NMR signal using a quadrupole echo pulse sequence with a recycle delay 

of 700 ms, and a pre-refocus time of 96 J.1S for 63Cu, and 210 J.1S for 65CU. Since the 

width ofeach spectrum exceeds the spectral width of the r.£ pulse, the spectra shown 
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in Fig. 4.4 and Fig. 4.5 result from piecing together several tens of measurements 

performed at different values of the carrier frequency. The intensity of each 

experimental point represents the integral of the real component of the echo in the 

time domain, and it is given in arbitrary units. The values of the carrier frequency were 

chosen so that the important features of the spectrum could be resolved. 

The curves shown in Fig. 4.6 and Fig. 4.7 represent the recovery of the longitudinal 

magnetization after saturation. The data points are the result of 256 scans for 63Cu, 

and 1000 scans for 6SCU, and they are obtained using a saturation-recovery sequence 

with a recycle delay of 300 ffiS. The carrier frequency was set equal to 87.122 MHz for 

63Cu, and 94.1 MHz for 6SCu, which correspond to the values of the low frequency 

singularity in each spectrum. Each point in the curves is the result of the integral of 

the real component of the echo in the time domain, and the intensity is given in 

. arbitrary units. 

Results and Discussion 

The powder patterns for 63Cu and 6SCu were recorded in preparation for the 

relaxation time measurement. The signal is strongest for values of the carrier 

frequency equal to the frequency of the left peak in the powder pattern, and as a 

consequence this is where we set the frequency during the Tl measurement. The 

sharpness of the singularities indicates that the sample material is of very high 

crystalline perfection. Looking at the 63CU spectrum in Fig. 4.4 we notice many more 

lines than just the two singularities present in a powder pattern. This is because rTAI (y 

= 11.094 MHz/1) and ~a (y =11.262 MHz/1) are also in this range of frequency. It 

is in cases like this that having a second isotope to look at is very convenient. The 

gyromagnetic ratios of 63Cu and 6SCU are different enough, and the two spectra do not 

overlap. The spectrum of 6SCU is the spectrum ofa central resonance for the case 

where second order quadrupole effects are present We notice the singularities at V I = 
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Fig. 4.4. Powder pattern spectrum for 63Cu. 
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Fig 4.5. Powder pattern spectrum for 6SCU. 
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Fig. 4.6. Curve for the recovery of the longitudinal magnetization for 63Cu. 
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Fig. 4.7. Curve for the recovery of the longitudinal magnetization for 6SCU. 
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97.79 MHz, and v n = 94.1 MHz. The spectrum is about 3.96 MHz wide, and a great 

deal of attention was devoted to the resolution of the singularities at V 1 and v n, while 

the rest of the curve is mapped less accurately. An evaluation of the Knight shift from 

the spectrum and knowing that the width of the central line is inversely proportional 

to the frequency provide enough guidance to be able to identify the peaks at 87.122 

MHz and 91.755 MHz as the singularities in the "Cu spectrum. The group of lines 

between 88.038 MHz and 89.625 MHz do not belong to the copper spectrum, and 

they are likely to be part of the spectra of 'r1AI and ~a. In the table that follows we 

list the values of the quadrupolar frequency vQ> the central line width Li V. Lannor 

frequency Yo. quadrupolar coupling constant I qQ/b and shift for "Cu and 6SCU as 

calculated from the spectra in Fig. 4.4 and Fig. 4.5. The values of the quadrupole 

coupling constant allow to calculate the ratio of the nuclear quadrupole electric 

moment of"Cu and 6SCU as ~/I2t.s = 1.082, in good agreement with the tabulated 

value~/~s = 1.0806 (Nuclear Data Tables, 1969). 

VQ 

(MHz) 

Liv 

(MHz) 

Vo 

(MHz) 

lqQ/b 

(MHz) 

shift 

(103 ppm) 

"Cu 28.31 ± 0.02 4.63 ± 0.01 90.09 ± 0.01 56.61 ± 0.0 1.1 ± 0.2 

6SCu 26.14 ± 0.02 3.69 ± 0.01 96.46 ± 0.01 5229± 0.0 0.7± 0.2 

The values of the quadrupolar coupling constant are not small compared to the 

Lannor frequencies of copper (87 - 94 MHz), suggesting that third-order corrections 

might be in order when treating the quadrupolar interaction as a perturbation. This 

could explain why the shift of Vo from the reference compound is not the same for the 

two isotopes, and is larger for "Cu, the isotope with the largest quadrupole moment. 

An estimate of the spin-lattice relaxation time from the Korringa relationship (4.15) 
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yields a 6ST1 of the order of 10 ms, in complete disagreement with the estimate of 

about 100 ms coming from the experiments. The shift is probably the sum of 

contributions coming from chemical shift and metallic shift. 

From Fig. 4.6 and Fig. 4.7 we see that the relaxation of the magnetization follows a 

double exponential law. Each of the transition probabilities ~ =(1.7 ± 0.4) S·l and W2 

= (12 ± 3) S·l correspond to one of the two transitions necessary to restore the thermal 

equilibrium between the - ~12 and + 1/2 levels despite the fact that a direct transition is 

forbidden. We can estimate a single exponential decay constant for each of the curves, 

and we assume that this is good estimate ofa characteristic relaxation time. The 

relaxation occurs faster in 63Cu, with a decay constant for 63Cu equal to 63y = 89 ms, 

and a decay constant for 65CU equal to 6ST =102 ms. The ratio of the characteristic 

relaxation times for the two isotopes was found to be 6ST,/63T, = 1.15, suggesting that 

the transfer of the energy from the nuclei to the lattice happens via electric quadrupole 

interaction as opposed to the interaction with conduction electrons. The relaxation 

relaxation mechanism in CuAl02 is less efficient than the quadrupolar relaxation that 

takes place in CuC} (Tl == 6 ms). In copper metal, magnetic relaxation is certainly 

present and Tl = 4.6 ms (Carter et al., 1977). While we cannot exclude a magnetic 

contribution to the spin-lattice relaxation, a comparison of the value of Tl in copper 

metal with the characteristic relaxation time from Fig. 4.6 and Fig. 4.7 seems to 

indicate that the density of states for the conduction electrons at the Fenni surface is 

less than about 10% or less for CuAl02 with respect to copper metal. This is 

consistent with the observation that this material must be doped away from 

stochiometry in order to achieve significant conductivity (Dimitrova et al., 1999). 



66 

Summary 

In this chapter we reported the 63Cu and 6SCU NMR. work done on CuAl02• Thin 

films of CuAl02 prepared by rf magnetron sputtering have been reported to be 

optically transparent, p-type conductors. We have described the electric quadrupole 

interaction and its effects on the copper NMR. spectra. An NMR. investigation at 8 T 

on 63Cu and 65Cu in CuAl02 has revealed a spectrum for the central transition of each 

isotope that is a few megahertz wide (4.633 MHz and 3.69 MHz respectively). Sharp 

singularities appear at 87.122 MHz and 91.755 MHz for 63Cu, and at 97.79 MHz and 

94.1 MHz for 65Cu. The ratio of the relaxation times for the two isotopes was found to 

be 6ST1/ 
63T1 = 1.15, suggesting that if conduction electrons are present their density at 

the Fermi level is not high enough to provide a mechanism of relaxation that can 

compete with that offered by interaction of phonons with the nuclei. Our data seem to 

be consistent with a density of states at the Fermi level in CuAl02 that is no more than 

about 10% of the same quantity in copper metal. 
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ChapterS 

Summary 

In chapter 1 we have provided a short description of the content of each chapter, 

followed by an introduction to the NMR principles that we have made constant use of 

during the work described in this thesis, and that constitute the background of the 

ideas and methods described in later chapters. 

In chapter 2 we discussed how high resolution 13C NMR can probe carbon atoms 

located on the benzene ring and on the radical units. 13C in 1,4-S [I] is a rare, spin-1/2 

isotope with very strong dipolar coupling to the proton spins. The natural 

consequence of this is low sensitivity and broadening of the spectral lines. We have 

described proton decoupling, magic angle spinning and cross-polarization, and we 

have shown how these techniques make it possible to obtain a 13C spectrum of 1,4-S 

[1]. We have also shown the preliminary results ofvariable temperature measurement 

on the same compound that support the idea that the conduction electrons are located 

in the dithiadiazolyl diradicals. 

In chapter 3, we have described how 13C CP/MAS NMR can provide a non

destructive method for observing the evolution of complex organic structures during 

decomposition in litter samples. We have produced qualitative results that allow to 

compare the relative proportions of different carbon groups in litter samples coming 

from four of the Terracosms of the Terrestrial Ecophysiological Research Area 

(fERA) in Corvallis, where a project aimed at simulating and investigating the effects 

of elevated CO2 and climate change on plants is currently in progress. We also 

outlined the steps that we need to take to make the SOM NMR spectra more 

quantitative. 

In chapter 4 we reported the 63Cu and 65CU NMR work done on CuAl02• Thin films 

of CuAl02 prepared by rfmagnetron sputtering have been reported to be optically 

transparent, p-type conductors. We have described the electric quadrupole interaction 

and its effects on the copper NMR spectra. An NMR investigation at 8 T on 63CU and 
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6SCu in CuAlOz powders has revealed a spectrum for the central transition ofeach 

isotope that is a few megahertz wide (4.633 MHz and 3.69 MHz respectively). Sharp 

singularities appear at 87.122 MHz and 91.755 MHz for 63Cu, and at 97.79 MHz and 

94.1 MHz for 6SCU. The ratio of the relaxation times for the two isotopes was found to 

be 6sTl/63Tl = 1.15, suggesting that if conduction electrons are present their density at 

the Fermi level is not high enough to provide a mechanism of relaxation that can 

compete with that offered by interaction ofphonons with the nuclei. Our data seem to 

be consistent with a density of states at the Fermi level in CuAlOz that is no more than 

about 10% of the same quantity in copper metal. The magnitude of the shift of the 

Larmor frequency from the frequency of the reference compound CuCI indicates that 

in there is chemical shift in addition to a metallic shift. The fact that the shift is not 

equal for the two isotopes is probably due to the third and higher order corrections to 

the powder pattern analysis. The value of the quadrupolar coupling constant is about 

62% of the value of the Larmor frequency of copper in this compound, and it may be 

necessary to go to orders higher that the second order in the calculation of the 

relevant features of the interaction. 
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